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DISTANCE MEASUREMENT FOR
INTRUSIVE OBJECTS ON RAILWAY TRACKS

Jian Song, Junyuan Yang
Guangzhou Zoweetech Ltd.
Guangzhou, Guangdong, PR China
songj@zoweetech.cn

ABSTRACT
It is required to measure the distance between the moving carriage and intrusive foreign objects or
the carriage ahead during shunting operations. The traditional solutions for distance measurement
include laser and radar distance measurement methods, while more and more studies about the
binocular vision system come up. For laser distance measurement methods, one dimensional
rangefinder is feasible for the objects in a straight line ahead; however, the scanning laser rangefinder
cannot distinguish whether the objects ahead are on the railway track. Limited by the measurement
accuracy resulting from camera installation on board, the binocular vision system[1] is not suitable for
measuring the distance of intrusive objects on tracks as well. In this paper, a monocular vision system
based on special designed image pre-processing algorithm is presented, which will accurately
recognize and locate the railway tracks and objects on tracks. Moreover, this system could calculate the
distance between the carriage with camera and the objects detected.

1. Introduction
Shunting operation is the center of a railway yard, and is the important component of the whole
railway transportation. As shunter driver could not detect carriages or intrusive foreign objects on the
tracks while the train is moving backwards, a detection mechanics or system should be applied to
monitor the intrusive objects and carriage on the tracks which the train is running, and to measure the
distance between for safety guarantee.
The binocular method[1] for foreign object detection uses a binocular camera to measure the track
area, and performs stereo matching and three-dimensional reconstruction on the images collected by the
left and right cameras to detect invading foreign objects. However, due to the huge amount of calculation
in the reconstruction, it is very difficult to apply binocular method. Regarding the foreign object
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distinguishing algorithm, an attempt was made[2] to classify the target by extracting target features and
combining with SVM classifier. Another study[3] tried to discover intrusive behaviors based on the
motion tracking of moving targets. There are other achievements related as well, but all these
achievements using fixed cameras are not the best choice for railway shunting.
An solution combining both railway track recognition and invading foreign objects detection is
present in this paper. An onboard device with built-in camera is used to recognize the running tracks,
shunting carriage and foreign objects, then to measure the distance between.

2. System Framework
The system is composed by four modules, including image acquisition, data transmission, image
processing, result display and alert, among which image processing is the focus of this paper. The flow
chart of the framework can be shown as figure 1:

Figure 1: Flow chart of the whole system

There are two parts in image processing module, ranging and recognition. The ranging algorithm
based on track detection consists of the following four steps:
1)

Optimizing the edge detection algorithm to perform Canny edge detection [4].

2)

Sifting to distinguish the edges of the railway track and that of the crosstie/ballast.

3)

Distinguishing current running tracks.

4)

Distance measurement based on perspective principle.

While the local texture features are extracted by LBP algorithm, and classified by SVM, the
foreign objects are identified by their coordinates and the information of the bounding rectangular
frame. Then the KCF + DSST algorithm are applied for precisely real time and multi-scale target
tracking. The flow chart of image processing can be shown as figure 2:
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Figure 2: Flow chart of image processing

3. Railway Track Detection Based on Edges Recognition
3.1 Edge Detection Based on Canny Method
Based on Canny edge detection, an optimized edge detection algorithm with Hough line
recognition is introduced in this paper to prevent unnecessary interference during image process. The
edge detection operator usually distinguishes the edge of the target in the image according to the
gradient mutation of the image pixel, which is mainly divided into two detection methods:
1)

Based on the first derivative, the target edge detection is performed by calculating the
gradient value at the corresponding pixel, such as: Prewitt operator, Roberts operator and
Sobel operator.

2)

Based on the second derivative, the image edge detection is performed by seeking the
zero-crossing points in the second derivative, such as: Canny operator, Laplacian operator,
and LOG operator.

The application of Canny edge detection algorithm[4] is divided into 5 steps:
1)

Process the original image using Gaussian filter to reduce the invalid edges caused by noise.

2)

Convolve the gray image to calculate the direction derivative and gradient.

3)

Non-maximum suppression of the amplitude angle of the result.

4)

Double threshold on the results after non-maximum suppression, and determine the pixels on
the edge by the higher threshold, the lower threshold, and the connectivity of pixel.

5)

Connect the edges points of the image after double threshold processing.
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3.2 Meanshift Filtering
Light, shadow, crosstie etc. will cause many useless edges and noise in the image, so an
appropriate filtering algorithm should be chosen for preprocessing the image. Comparing the Gaussian
filtering algorithm with the Meanshift filtering algorithm, Gaussian filtering will blur the edge of the
railway track and cripple the far edge detection, while Meanshift filtering can blur the texture
information inside the railway tracks, but with little impact on the important track edge information.
MeanShift algorithm is essentially a general clustering algorithm. For a given number of samples,
one of the samples is selected, and the sample is used as the center point to define a circular area and
determine the center of mass. Then, continue to perform above-mentioned iterative process with this
mass center point as the center until it finally converges.
In this paper, this feature of the mean shift algorithm is used to achieve smooth filtering of the
image at the color level. This method could neutralize pixel color with similar neighbor pixel color,
thereby erasing the texture details inside the railway track.

(a) Original image

(c) after Gaussian Filtering

(b) Gray image

(d) after Meanshift Filtering

Figure 3. Comparing original image and that after filtering

Figure 3 shows that the Meanshift filtering algorithm can eliminate the texture interference inside
the object while ensuring the railway track edges not blurred.
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3.3 Edge detection combined with Meanshift and Canny
With excellent characteristics of single-pixel edges and robustness, the edge algorithm based on
Canny operator is effective on the edge detection for most images, so Canny operator is widely used in
edge detection. However, due to the complex texture information such as light and shadow interference
and crosstie/ballast edge noise in the image, there are a lot of useless edges when directly detecting the
railway track edge using Canny. For an improvement, an optimized edge detection algorithm that
combines Canny edge detection algorithm combined with Meanshift filtering is introduced to retain the
railway track edge information to the max and to eliminate the useless edge information of background
and other interfering objects. Figure 4 below compared Canny edge detection algorithm and filtering.

(a) Canny without filtering

(b) Canny with Gaussian filtering

(c) Canny with Meanshift filtering

Figure 4: Results of different Canny filtering method

3.4 Point Assembling Algorithm
Since the result from Canny edge detection is a binary image containing edge information, the
scattered points cannot reflect the continuity of the track edges, and cannot determine whether a edge
point belong to the track or belong to the interfering. An algorithm for point clustering and improves
the search method based on the traditional 8-domain search method is proposed in following.
Number 8 field directions in order from 0 to 7 as figure 5:
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Figure 5: Non-zero center point and next non-zero point

As shown in figure 6, the connection status can be classified into two types: stable connection and
virtual connection. The stable connection is in the positive direction of the valued point, that is, a
non-zero point located on the 1,3,5,7 direction. The virtual connection is the valued point in the oblique
side direction, that is, on the 0,2,4,6 direction lies a non-zero point.

Figure 6: Stable connection and virtual connection

The improved 8-domain search method can reduce the number of times to find the next value
point at a certain extent, thereby improving search efficiency, and speeding up the performance of the
algorithm. The operation process is shown as follows:
1)

Search non-zero points in the image from left to right and from bottom to top. The first point
found will be used as the initial point, and the first current point. A new point set class is set
up to store the attributes such as the position coordinates of the continuous non-zero points
set growing from this initial point.

2)

Look for the non-zero points in the stable connection direction of the current point. Store the
new non-zero point to the list of non-zero points contained by the point set class and store
the current point if there is one, then set the current point value as 0.

3)

If there is none, then search the non-zero point in the virtual connection direction. Store the
point in the list of non-zero points and set the current point value to 0 if there is.

4)

If no non-zero points can be found in the stable connection direction and the virtual
connection direction, the current value point is determined as the endpoint.

5)

Select the next point from the list of non-zero points as the next current non-zero point.

6)

Repeat above steps until all valued point sets in the image are generated.

In a experiment, a total of 17-point sets were found without the optimization process. The running
time of the point assembling algorithm is 0.25531 seconds, the total time for processing the single
image is 0.41285 seconds.
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After optimization by algorithm above, a total of 18-point sets were found. And the time
consumed for the point assembling algorithm was 0.16253 seconds, the total time for processing the
single image is 0.33530 seconds. The speed of point assembling algorithm is increased to 36.34% while
the speed of processing a single image is increased to 18.78%.
The output image of the improved point assembling algorithm can be shown as figure 7. The
white line is the searched non-zero point set, and the red points indicate the endpoints.

Figure 7: Left is the Canny edge detection result, right is one of the recognized point set

3.5 Delineating Region of Interest with Probabilistic Hough Transform
In the field of computer vision, it is common to complete straight line detection by Hough
transform algorithm[5], which maps the plane of the rectangular coordinate system to the curves of the
polar coordinate system and maps the straight line to cross over point of the polar coordinate system. In
this paper, the improved Probabilistic Hough Transform method, that is Progressive Probabilistic
Hough Transform, prompt by Xu[6] is used, which alleviates the shortcomings of excessive storage
occupation in standard Hough Transform.
In order to solve the problem caused by the complicated background, a ROI selection method
combined with probabilistic Hough Transform is adopted in this paper to constrain the initial point of
the point set. Thereby speeding the point assembling.
Generally, the process of probabilistic Hough Transform can be illustrated as bellow:
1)

Input the image after edge detection by optimized Canny Algorithm.

2)

Randomly sample the edge points in above image.

3)

Transform the selected points by Hough and vote in the accumulator space formed by the
distance ρ and the angle θ (0 ~ π)

4)

When the threshold is reached, it is considered that a straight line exists, and move along the
straight line direction to find the two endpoints of the straight line.

Select appropriate Hough Transform parameters to obtain a series of straight lines, which are
classified as "right-inclined straight line" and "left-inclined straight line" by their slope. These straight
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lines in different situations require different methods of constructing ROI.
For a right-inclined straight line, the coordinates of the upper left endpoint [x1-5, y1-5], [x1 + 5,
y1-5] form the two endpoints of the parallelogram; the coordinates of the lower right endpoint [x2-5,
y2 + 5] , [X2 + 5, y2 + 5] forms the other two endpoints of the parallelogram.
For a left-inclined straight line, the coordinates of the lower left endpoint [x2-5, y2-5], [x2 + 5,
y2-5] respectively form the two endpoints of the parallelogram. The coordinates of the lower right
endpoint [x1-5, y1 + 5], [x1 + 5, y1 + 5] form the other two endpoints of the parallelogram.
ROI constructing method can be shown as figure 8:

Figure 8: ROI constructed by right-inclined straight line and left-inclined straight line

The parallelograms after expanding all the straight line segments in the probabilistic Hough
straight line detection result are represented in an image, named ROI_Mask, as shown in the figure 9:

Figure 9: Region of interest for point assembling algorithm

The initial point of the point assembling algorithm should have the non-zero pixel at the position
in the Canny edge detection map, and the non-zero pixel at the corresponding position in the
ROI_Mask image. This approach eliminates the set of interference points generated by the edges of the
crosstie/ballast, background, etc.
Without ROI delineation in the experiment, the point assembling algorithm needs to search 982
times, and 31 point sets are found. The point assembling had taken 0.24538 seconds, while a single
image process costed 0.42791 seconds, and the result of point clustering is shown in the figure 10:
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Figure 10: Point assembling result without improvement

If ROI delineation algorithm is applied to limit starting point selection, there are 84 searches in the
point assembling, with a total 18 point sets found. The point assembling takes 0.15757 seconds, and the
single image process takes 0.33620 seconds. The speed of point clustering is increased by 35.74%, and
the speed of single image process is increased by 21.43%.

Figure 11: Point assembling result with ROI optimizing

4. Track Pair Determination Algorithm
The assembled point set is obtained after above steps, and points in the set are continuous.
However, we still cannot distinguish point sets of the Railway Track from the ballast or other
interference term.
In fact, the edge point set attribute can be used to preliminarily separate the track edge from most
of the background interference items such as crosstie/ballast edge. In addition, the edge point sets
belonging to the same track are merged and smoothed, each track has its unique corresponding edge
point set. A score table could be generated by judging whether each two edges constitute a track group,
to indicate which two tracks constitute a track group.
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4.1 Determine Railway Track Point Set
After a series of point sets obtained from point assembling, we need to distinguish railway track
point set from ballast point set by checking the attributes of each point set. Four attributes listed below,
derived from the continuity of the edge point set, gradient similarity and other characteristics, are set as
the criteria for distinguishing the railway track point set from the interference items.
1)

The number of non-zero points in the point set.

2)

The height difference between the highest point and the lowest point of the point set.

3)

The angle value of line formed by the starting point and the ending point.

4)

The standard deviation of the gradient of all points in the point set

Various threshold combinations were tried in the experiment, the threshold of the number of points
in the point set is 100, the angle threshold is 40°, and the gradient standard deviation threshold is 20.
The flow chart of sifting processing is as figure 12:

Figure 12: Flow chart for sifting processing

In the case where the edge point set is not sifting, in addition to the needed railway track point set,
there are point set of interference objects such as background, as shown in figure 13:
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Figure 13: Point set without sifting

After using the sifting algorithm, in figure 14, the railway track point set is retained, and most of
the crosstie/ballast edges and background edges are removed:

Figure 14: Point set with railway track threshold sifting

4.2 Determine Crosstie Edge Point Sets
As a pair of tracks lies on a set of , it is possible to identify a pair of tracks by the position of the
crossties. Having set some thresholds, 20°for angle, 20 for height, 5 for aspect ratio, 20 for gradient
standard deviation, the crosstie edge determining process is shown as figure 15:
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Figure 15: Flow chart for determining crosstie edge point set

The recognition result is shown as figure 16:

Figure 16: crosstie edge point set recognizing result

Corresponding to the original picture, in figure 17, it can be found that there are some background
interferences identified as crosstie, but the basis for distinguishing the track pair is the number of
crossties in the middle of the two tracks. So a few crossties misrecognition will not affect the result of
the track pair recognition.

Figure 17: crosstie edge point set located in original image
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4.3 Merging and fitting of Point Sets of the Same Railway Track
Observing the result of railway track sifting recognition, it can be seen that the same rail has two left
and right edge lines due to the influence of light, and when it is disturbed, one track may be represented
as more number of point set. Therefore, an algorithm needs to be designed to merge all edge point sets
of the same track and fit a smooth curve to represent the track position.
There are the following steps to merge the point sets of the same track:
1)

Sort railway track point set according to the intercept at the bottom of the image.

2)

Determine that the set of points with a difference in intercept of less than 20 pixels is the
edge of the same track, and merge them by merging the points at the same horizontal height
(same y). The x coordinate of merged point is formed according to weighted average using
the gradient size.

3)

Perform multiple function fitting and smoothing on the points after weighted average.

The result can be shown as Figure 18.

Figure 18: Point set after merged by railway track

Corresponding to the position in the original image (as shown in the Figure 19), it is found that the
set of fitting points is roughly located on the track centerline, which can be used as the basis for the
next step, distance measurement based on the railway track spacing and perspective principle.

Figure 19: Merging and fitting result shown on original image
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4.4 Track Pair Distinguish with Crosstie Edge Information
After obtaining the track coordinates, it is necessary to further determine which two tracks belong
to one track pair. It can be found by observing the Canny result that there are crosstie edge in the
middle of track pairs. So this paper proposes a track pair determination method taking crosstie edge
information into consideration.
First calculate the position of the gravity of each crosstie point set; then randomly select two point
sets i and point set j with similar height as the point set identified as the railway track. Finally,
determine the height range for the two point sets, that is, the minimum value of the highest height of
the two point sets is selected as the upper limit of the common height range, and the maximum value of
the minimum height of the two point sets is selected as the lower limit of the common height, as shown
in the figure 20.

Figure 20: Sketch map for two railway point set and their common height range

Take two points at the same height within the common height range, and calculate their midpoint.
Calculate the abscissa difference x_delta from the midpoint to the gravity of the crosstie point set with
the same ordinate value. That difference, x_delta, can be used as the scoring criteria for judging
whether point sets i and point set j belongs to the same track group.
Table 1

Score contribution by different x_delta

The more the crosstie gravity between point set i and point set j, the more the crosstie center of
gravity will contribute to "score of the same track group" for point set i and point set j. The track
group is determined by the final formed score table. If the scores of the track edge point set i and point
set j are the highest in the row of point set i, as well as in column point set j, it is determined that the
track edge point set i and point set j are two rails of the same set of tracks .
As shown in Figure 21, there are a large number of crossties between point set 0 and point set 1, it
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can be determined that these two point sets form the same track group, and the (0,1) position and (1,0)
position in the constructed score table has a score of 735; there are a large number of crossties between
point set 3 and point set 4, it can be determined that these two point sets form the same track group, and
score in the (3, 4) position and (4, 3) in the constructed score table is 260.
Table 2

Score table constructed for judging track group

Figure 21: Red lines are the recognized railway track edges and crosstie edges, blue points indicate the position of
gravity of crosstie; according to their positional relationship, the track group can be determined

5 Foreign Object Identification and Tracking
5.1 Feature Extraction Based on LBP
LBP, Local Binary Pattern, is an operator for describing local texture features in images and is
widely used in face recognition, expression recognition and other fields[7]. In this paper, LBP is used
for extracting the feature of railway track, crosstie/ballast and unknown objects (background).
The circular LBP operator can freely adjust the sampling radius and specify the number of
sampling points to be used. For example, LBP8,1 refers to sampling 8 pixels on a circle with a sampling

radius of 1. If the gray value of the sampled pixel is higher than the center gray value, it is marked as 1,
otherwise marked as 0, and finally a set of binary sequences would be outputted. Convert this binary
sequence to decimal to get the LBP value of the center pixel.
Because the LBP feature calculated by the circular LBP operator used in this paper has rotation
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invariance and gray invariance, it can be well adapted to the misjudgment of foreign objects that may
be caused by light and shadow interference. After processing the image using the LBP operator, an LBP
"code" can be obtained at each pixel, and the extracted LBP feature is still an image. The image is
divided into 40 * 40 small blocks, which is convenient for subsequent SVM classification processing.
The LBP feature map is shown in the figure 22.

(a) LBP feature for the whole image

(b) LBP feature for railway track block

(c) LBP feature for crosstie block

(d) LBP feature for unknown objects (background)
Figure 22: LBP feature map for the whole image, railway tracks, crosstie and unknown objects

5.2 Foreign Object Recognition by SVM Classifier
SVM[8] is a classifier that can achieve better based on fewer sample amount. Its basic model is
defined as a linear classifier with the largest interval on the feature space. Its learning strategy is to
maximize the interval, which can be converted into a convex quadratic programming problem [9]. The
SVM algorithm was originally designed as a binary classifier. In this paper, the one-versus-rest SVM is
applied, and a multi-classifier is constructed by combining multiple classifiers.
In this paper, the extracted LBP feature parameters are used as a classification basis, by which
all the small blocks are manually divided into three categories: rails, crosstie/ballast, and unknowns
(background). During AI training, one kind of sample is classified into one class as a positive set, and
the remaining as a negative set. Three kinds of samples produce three SVM classifiers. During the test,
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the test vectors are tested with three trained SVM classifiers respectively, and three scores are obtained,
and the largest one of the three scores is taken as the classification result.
The image is divided into multiple blocks of 40×40 pixels, and each block is classified into a
training set and a test set of three kinds of samples. There are 1458 blocks in the track test set and 516
blocks in the test set; 1549 blocks in the crosstie/ballast training set and 605 blocks in the test set; 2998
blocks in the background training set and 2140 blocks in the test set.
The model file clf.model obtained from the training set was used to test the recognition accuracy.
The accuracy of the track recognition was 0.87, the accuracy of the crosstie/ballast recognition was
0.89, and the accuracy of the background recognition was 0.97.
The result of recognizing the whole image is shown in the Figure 23 below, where label 1
indicates recognition as a track, label 2 indicates recognition as a crosstie/ballast, and label 3 indicates
recognition as an unknown object (background).

Figure 23: Recognizing the whole image

However, classifying all the small blocks of the full image will cause excessive time consumption.
Usually, the detection of a whole image will take about 3 to 4 seconds, which cuts down real-time
performance of the algorithm. This paper proposes a warning area division method based on railway
track pairing.
First, extract a pair of tracks, as in Figure24 (a), then connect two highest points of the two tracks
of the track group, and two lowest points to form a closed loop, as shown in Figure 24 (b).
Second, perform a dilation algorithm for the closed loop in order to expand the single pixel
identified by the Canny edge detection to multi-pixel width, as shown in Figure 24 (c). Then look for
the convex hull of the expanded graphics, and observe that the convex hull contains the track and
ballast area, which will be used as the early warning area, the corresponding area in original image is
shown in Figure 24 (d) .
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The SVM only processes small blocks in the early warning area. If an unknown object
(background) is detected, an alarm would be issued and the coordinate position of the unknown object
(background) area is sent to the tracking module for tracking foreign objects.

(a) Railway track pair recognized

(c) Processing dilation

(b) Connect to form a closed loop

(d) Early warning area in original image
Figure 24: ROI defining process

5.3 Foreign Object Tracking Algorithm Based on KCF-DSST
Since direct foreign object detection algorithm for each frame of image will cause heavy overhead,
a foreign object tracking algorithm based on correlation filtering is added to the foreign object
detection algorithm. The foreign object intrusion algorithm is processed every 1 second / 15 frames,
and the rest frame is using the tracking algorithm that keeps track of foreign objects. This method can
ensure the accuracy of the algorithm and the timely detection of foreign body intrusion, and ensure the
real-time performance of the algorithm as well.
The tracking module uses the KCF, kernelized correlation filters[10], to track the results of foreign
object detection, which better target multi-scale transformation using discriminative scale space
tracking method proposed by Martin Danelljan and Fahad Shahbaz Khan in 2016 [11].
The algorithm has designed two consistent correlation filters to achieve target tracking and scale
transformation, defined as translation filter and scale filter respectively. Translation filter is responsible
for positioning the current frame target, and scale filter is used to estimate the current frame target scale.
Two filters are relatively independent, so we can select different feature types and feature calculation
methods to train and test.
In practical applications, the location and scale information of rectangular frame tracking are
selected based on foreign object recognition, and the target position is found through the translation
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filter calculation response in next frame. After the scale filter calculation response, the target’s next
frame scale is found. The result of the filter is used as the updated target position and target scale, and
then the updated tracking rectangle is used for training and optimizing the translation filter and scale
filter, and the above steps are looped to achieve target tracking. The tracking result can be shown as
Figure 25.
The processing speed of the tracking algorithm is about 60fps

Figure 25: Tracking Using KCF-DSST

6 Ranging Algorithm Based on Track Group Detection
The distance measurement based on the perspective principle mainly depends on the relationship
between the target distribution in the actual scene and the corresponding target position in the image.
The width of the rail in the actual scene is certain, and the width of the rail in the image decreases with
the distance increasing due to the perspective principle. The relationship between those two can be used
to calculate the actual distance from the camera to any position on the rail.
As shown in Figure 26, in the schematic vertical view of the actual scene, the point O is the
camera position on the train, and the two red straight lines represent the railway track which the train is
running at; E, F are the two points on the railway track that initially entered the camera screen and
actual distance from EF to camera is 𝑙𝑙0 ; the two points A and B are the positions of the left and right

vertex that can be seen at the bottom of the image in the actual scene; the blue object in Figure 26

represents the foreign objects appearing on the rail, and the two points G and H are the two points of
the rail where the foreign object appears, the distance from the invading foreign object to the camera is
𝑙𝑙1 ; the two points C and D represent the corresponding positions in the actual scene of the most left and

right points that can be observed on the horizontal line of G' and H' in the Figure 27. The distance from
the connection lines of C and D to the camera is also 𝑙𝑙1 ; the width of the rail adopts the international

standard gauge, that is 1435mm.
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Figure 26: A schematic vertical view of the actual scene, showing the actual positional relationship between the
camera, the railway track and intrusive foreign objects

In the image collected by the camera, due to the perspective principle, the width of the railway
track (the red curve) continues to shrink in the picture. As shown in Figure 27, suppose the width of the
image is W and the image size is 1280 × 720, so 𝑊𝑊 = 1280. The E', F' points in the image represent
the intersection of the railway track and the bottom of the image. The A', B' points are the left vertex

and the right vertex at the bottom of the image; the intrusive foreign object is found at the G' point in
the image, and the H' point is the same height of G' and on another railway track; the position of the
two points C', D' in the image is the intersection of the horizontal line G'H' and the left and right
borders of the image.
The abscissa difference between E' and F' is set as 𝑤𝑤0 , and the abscissa difference between G' and

H' is set as 𝑤𝑤1 .

Observing the schematic vertical view of the actual scene, since the triangle OAB and the triangle

OCD form a pair of similar triangle, the ratio of the CD side to the AB side is equal to the ratio of the
distance 𝑙𝑙1 from CD to point O and the distance 𝑙𝑙0 from AB to point O, given by Equation 1:

𝑙𝑙𝐶𝐶𝐶𝐶 𝑙𝑙1
=
𝑙𝑙𝐴𝐴𝐴𝐴 𝑙𝑙0

(1)

The actual length of 𝑙𝑙0 is roughly 7.9m, and the distance between the intrusive object and the

camera can be obtained by calculating the ratio of 𝑙𝑙𝐶𝐶𝐶𝐶 with 𝑙𝑙𝐴𝐴𝐴𝐴 .

The CD line segment in the actual scene is shortened to the C'D' line segment in the image, and

the GH line segment is shortened to the G'H' line segment. Considering that the actual scene is shot by
the camera, the scaling ratio of objects from the same distance is the same, the equation can be deduced
as:
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𝑙𝑙𝐶𝐶𝐶𝐶 1435𝑚𝑚𝑚𝑚
=
𝑊𝑊
𝑤𝑤1

(2)

Similarly, the EF line segment is shortened to the E'F' line segment, and the AB line segment is
shortened to the A'B' line segment, and the equation can be written as:

𝑙𝑙𝐴𝐴𝐴𝐴 1435𝑚𝑚𝑚𝑚
=
𝑊𝑊
𝑤𝑤0

(3)

Combining above three equations, the expression of the distance 𝑙𝑙1 of the intruder from the

camera can be derived as

𝑙𝑙1 =

𝑤𝑤0
𝑋𝑋𝐹𝐹′ − 𝑋𝑋𝐸𝐸′
× 𝑙𝑙0 =
× 𝑙𝑙0
𝑤𝑤1
𝑋𝑋𝐻𝐻′ − 𝑋𝑋𝐺𝐺′

(4)

Figure 27: Schematic diagram of camera shooting image

7 Conclusion
In this paper, we designed a system to detect and track the intrusive foreign objects on railway
tracks, and a distance measuring method based on railway track group recognition. In order to promote
the effectiveness and real-time ability, we optimized the Canny edge detection algorithm, point set
assembling algorithm and SVM classification algorithm. Furthermore, we proposed the track group
classification algorithm and up to now no such algorithm is in use.
There are some problems to be solved in future:
1)

Due to the complexity of the actual track scene, there will often be interference and
occlusion, which leads to some reduce of the accuracy rate.

2)

The limitation of the detection algorithm makes it hard to distinguish the complex rail
sections such as turnouts.
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3)

Due to the limitation of network bandwidth, it is difficult to transmit high-definition video
images for processing, which has a negative impact on long-distance foreign object detection
and rail detection

The next research direction is to improve the accuracy of foreign object recognition and optimize
the algorithm, improve the overall efficiency of the algorithm, and speed the algorithm to better meet
the actual real-time requirements.
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Abstract:
The use of energy harvesting devices (EHDs), such as solar cells and thermoelectric generators, offers a promising opportunity for powering self-sufficient wireless devices. This becomes more important due to the miniaturization of electronic components and the resulting reduction in power consumption of integrated circuits. As a result, wiring and maintenance costs can be reduced or possibly
omitted at all. However, the available output power of EHDs is highly dependent on the mounting location as well as on environmental conditions and may vary greatly over time. Therefore, it is meaningful
to evaluate the EHDs at the location of use over a certain period of time in order to characterize them
in real world scenarios. In this paper, we present a mobile and wireless measurement system for the
characterization of EHDs. The measurement system enables the acquisition of different EHDs’ characteristics for specific applications under various environmental conditions. This simplifies the selection of a suitable EHD and the design process of an energy management system for a particular application. An evaluation of the implemented measurement system has been carried out by characterizing
a specific solar cell at different illumination levels for an industrial application.
Key words: Energy harvesting devices, characterization, wireless measurement system, industrial
application, power supply evaluation.

Introduction
In the course of industrial internet-of-things
(IIoT), more and more sensors are applied at
machines and processes to supervise and optimize them further. However, their wiring is a
cost intensive task and reduces flexibility. It
could be omitted if self-sufficient wireless sensor nodes are used. The wireless sensor nodes
connect with each other to form a so-called
wireless sensor network (WSN). Each sensor
node measures physical quantities of industrial
plants or processes and transmits them wirelessly towards a gateway using a certain communication protocol [1], [2]. The power supply
of the wireless sensor nodes can be implemented in two different ways[3]:
First, the energy can be applied during the installation of the wireless sensor node by any
kind of battery. Thus, the available energy for
operation is limited and the operational time
depends mainly on the average power consumption of the wireless sensor node and the
capacity of the battery (neglecting
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any leakage currents and dynamic discharge
behavior of the battery). The advantage is, that
it allows the estimation of the operational time
without any knowledge of the location of installation. For application scenarios with a specified
operational time or if the device needs periodic
physical maintenance, this solution could be
more cost effective than the following solution.
Second, the power needed for supply can be
harvested from the environment using so called
energy harvesting devices (EHDs). EHDs can
convert power of the environment into electrical
power, for example solar cells or thermoelectric
generators. Therefore, the operational time of
the devices can be increased significantly.
However, the harvestable electrical power of
the environment is highly variable [4] and [5].
Therefore, an energy storage is needed to provide a continuous supply of the wireless sensor
node. The energy storage can be implemented
using for example rechargeable batteries or
supercapacitors. If the capacity is well dimensioned, a perpetual operation is achievable [6].
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Wireless sensor nodes supplied by energy harvesting have the advantage of a possible
maintenance-free operation. As already said,
the available output power of EHDs is highly
dependent on the mounting location as well as
on environmental conditions and may vary
greatly over time. Therefore, it is meaningful to
evaluate the EHDs at the location of use over a
certain period of time in order to characterize
them in real world scenarios. Using this realworld characterization data, an evaluation of
continuous power supply can be performed.
This paper presents a mobile and wireless
measurement system for the characterization of
EHDs. The measurement system enables the
acquisition of different EHDs’ characteristics for
specific applications under various environmental conditions. This simplifies the selection of a
suitable EHD and the design process of an
energy management system for a particular
application. The rest of the paper is organized
as follows: First, this paper summarizes the
industrial application scenario, second, it introduces the measurement system, and third, it
discusses the measurement accuracy and
shows first measurement results. Finally, it concludes the paper and outlines directions for
future work.
Application Scenario
Testing of prototypes is an essential part in
development and optimization of automotive
powertrain systems. Prototypes are assembled
and instrumented as unit-under-test (UUT) in an
appropriate laboratory environment, such as a
powertrain test bed. This allows observing
properties in a realistically simulated environment. Such measurements help to characterize
the UUTs to support further development. Wireless sensor nodes offer several advantages:
First, a faster and simpler instrumentation due
to elimination of cabling. Second, avoidance of
plug contact problems and confusion that may
occur with conventional instrumentation. And
third, improvement of signal quality, because
the analog signal is digitized directly at the node
and all measuring points are electrically isolated
from each other and from the automation system.
Energy supply of the wireless sensor nodes
should not cause interruptions to the usual
workflow. Any maintenance needs of nodes
should be avoided during a measurement campaign (typically a few hours to several weeks).
The wireless sensor nodes are therefore typically powered by batteries or energy harvesting
systems (EHSs) [3] and thus severely energy
constrained. They have either a limited amount
of energy (batteries) or are prone to a low
available power (EHSs) [7]. To be able to eval-
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uate the energy supply guarantee, it is needed
to know average power consumption of the
wireless sensor nodes and the available power
over time. The following chapters presents the
proposed measurement system for characterization of EHDs and first evaluation results.
Measurement System for the Characterization of Energy Harvesting Devices
The proposed measurement system is flexible
and can be composed of several mobile measurement nodes for the simultaneous characterization of several EHDs at different locations as
introduced in [8]. The autonomous measurement nodes consist of the developed measurement hardware and perform the characterization task. The characterization is based on a
cyclic acquisition of the current-voltage characteristics of the connected EHDs. The measurement interval and the number of measurement
points to be recorded can be configured. The
measuring nodes form a mesh network with the
base station and additional routing nodes and
transmit the characterization data wirelessly to
the base station. The thread radio protocol is
used for communication. This is an IPv6-based
mesh network protocol that is designed for secure, reliable and power-saving wireless communication [9]. OpenThread is used as open
source software stack implementing the thread
communication protocol.
The measurement hardware is powered by a
rechargeable battery to enable mobile use and
is designed for a characterization period of up
to one year. Fig. 1 shows the simplified block
diagram of the measurement hardware with the
individual function blocks. The EHD to be characterized and external sensors for the acquisition of relevant environmental parameters are
connected to the hardware. The supply circuit is
responsible for the power supply of the other
circuit components and provides the required
voltage levels. The measurement hardware can
either be supplied by an internal energy storage
for mobile use or an external power supply. The
internal energy storage is composed of a lithium-ion battery and a supercapacitor. In addition, it is possible to use the connected EHD to
recharge the battery between the cyclic characterization measurements. This may extend the
operational time of the measurement hardware
significantly depending on available power.
The System-on-Chip (SoC) nRF52840 from
Nordic Semiconductor is used as microcontroller and radio transceiver. This controller takes
over the control of all hardware components,
the power management, and provides the required IEEE802.15.4 radio interface for communication using OpenThread.
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Fig.1: Block diagram of the proposed measurement hardware with connected external sensors and energy harvesting device.

The measurement circuit is responsible for recording the characteristics by measuring the
current-voltage characteristic of the EHD. Using
a variable load, different operating points including the short-circuit and open circuit case
are set, and the resulting output currents and
voltages of the source are measured. For a
specific operating point, the output voltage of
the EHD is controlled by the operating point
controller to a desired preset value. The microcontroller uses a digital-to-analog converter
(DAC) to provide the preset value. The measurements of the currents and voltages are carried out with an analog measurement circuit
and an analog-to-digital converter (ADC). The
measurable voltage ranges from below 1 mV to
up to 24 V and the measurable current ranges
from below 1 µA to up to 1 A. In order to cover
the wide measurement ranges with sufficient
accuracy, the voltage measurement range is
divided into two sub-ranges and the current
measurement range into three sub-ranges. The
change between the individual current measurement ranges is performed by an analog
comparator circuit to ensure fast and automatic
switching between the measurement ranges.
The voltage measurement range is set by the
microcontroller.
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External sensors can be connected to the sensor interface for the acquisition of environmental parameters required for characterization,
such as temperature or illumination level. A 2.5
V supply voltage is provided for supplying the
sensors and an I²C interface for communication. The sensor interface allows the simultaneous connection of several sensors, which enables the acquisition of different environmental
parameters.
The ultra-wide-band (UWB) communication
module is intended for a localization of the
measurement hardware. This allows an automatic capturing of the position of the measurement node and a detection of any undesired or
illegitimate movement. During normal operation,
this hardware component is deactivated most of
the time to keep the average power consumption as low as possible.
Measurement Accuracy
The evaluation of the measurement accuracy
and calibration of the measurement hardware
has been carried out using the reference instrument SourceMeter® 2602B from Keithley.
Two calibration cycles have been performed
with a temporal distance of four months. This
enables an evaluation of the temporal drift of
the measurement circuitry. During the calibra-
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Tab.1: Minimum and maximum average measurement deviation of the two voltage measurement ranges of
the measurement hardware.

Measurement
Range

Measurement deviation between measurement hardware and reference device
Δ Vmax (mV)

Δ Vmin (mV)

Δ Vmax (%)

Δ Vmin (%)

1: 0 – 24 V

0,98

-1,73

0,004

-0,007

2: 0 – 4 V

0,17

-0,60

0,004

-0,015

Tab.2: Minimum and maximum average measurement deviation of the three current measurement ranges of
the measurement hardware.

Measurement

Measurement deviation between measurement hardware and reference

Range

instrument
Δ Imax

Δ Imin

Δ Imax (%)

Δ Imin (%)

1: 10 mA – 1 A

0,33 mA

-0,38 mA

0,033

-0,038

2: 100 µA – 10 mA

4,66 µA

-5,52 µA

0,047

-0,055

3: 0 – 100 µA

22 nA

-16 nA

0,022

-0,016

tion, different current and voltage values distributed over the individual measurement ranges were applied using the source of the reference instrument. The resulting currents and
voltages are measured with the measurement
hardware and the measurement unit of the reference instrument. Each measurement range is
divided into 101 different measurement points,
at which the current or voltage was applied. At
each measurement point, 100 sample values
are recorded with the measurement hardware
and 250 values with the reference instrument.
Using this data, a gain-offset calibration of each
measurement range of the measurement hardware has been carried out. The mean values of
the individual measurement points were used
for the calibration and for the evaluation of the
measurement deviations. The measurements
were performed at room temperature. A statement about the noise performance of the
measurement hardware is not possible with the
used reference instrument since the noise is
mainly determined by the noise behavior of the
current or voltage sources of the reference instrument. In the following, the determined
measurement accuracies of the measurement
hardware are discussed for the supported voltage and current ranges.
Tab. 1 shows the absolute and relative deviations of the calibrated measurement hardware
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from the reference instrument for the two voltage measurement ranges. The relative deviations are referred to the respective upper range
value. The manufacturer of the reference instrument specifies an accuracy of ±(0.015% +
1 mV) for the voltage measurement range up to
6 V and ±(0.015% + 8 mV) for the measurement range up to 40 V [10]. The deviations of
the calibrated circuit from the reference instrument are very small and lie within its measurement uncertainties.
The deviations of the three current measurement ranges of the calibrated measurement
hardware are shown in Tab. 2. The relative
measurement deviations are again related to
the respective upper range value. The slightly
increased deviations of measurement range 1
(10 mA to 1 A) and range 2 (100 µA to 10 mA)
are partly due to the slightly increased noise of
the source of the reference instrument in these
ranges. Despite this fact, a measurement error
of well below ±0.1% is achieved in all three
measurement ranges. The manufacturer of the
reference instrument specifies an accuracy of
±(0.02% + 25 nA) for the current measurement
range up to 100 µA, ±(0.02% + 2.5 µA) for the
measurement range up to 10 mA and ±(0.03%
+ 1.5 mA) for the measurement range up to
1 A [10]. The minimum and maximum average
deviations of the measurement hardware and
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Tab.3: Nominal performance parameters of the three evaluated solar cells for standard test conditions (STC).

Solar cell type

No. seri-

Area

VOC

ISC

VMPP

IMPP

PMPP

al cells

(cm²)

(V)

(mA)

(V)

(mA)

(mW)

SLMD121H09L

9

13.0

5.67

50.0

4.50

44.6

200.7

SM141K09L

9

14.5

6.22

58.6

5.02

55.1

276.6

Solems07048032

7

15.4

5.00

12.0

3.90

9.9

38.6

the reference instrument of the three current
measurement ranges are very small and are in
the order of magnitude of the measurement
accuracy of the reference instrument.
Evaluation Results of Energy Harvesting
Devices
Three different solar cells have been evaluated
using the proposed measurement system,
which are SLMD121H09L from IXYS Corporation [11], SM141K09L from IXYS Corporation [12], and Solems07048032 from SOLEMS
S.A. [13]. Their nominal performance parameters for standard test conditions (STC) are
shown in Tab. 3. The STC are 25 °C cell temperature, irradiance of 1000 W/m² and an air
mass 1.5 (AM1.5) spectrum. This corresponds
to direct sunlight on a clear day for a sun-facing
37°-tilted solar cell and a sun at an angle of
41.81° above the horizon [14]. However, the
application scenario targets an indoor application of the solar cells to supply wireless sensor
nodes. Thus, the solar cells are evaluated under indoor equivalent illumination conditions
which is typically less than 5% of STC (approx.
1000 to 2500 lux compared to 100.000lux).
As reference light source we used an LED light
source (Vibesta Capra 12B) with the spectrum
shown in Fig. 2 (determined with Hamamatsu
C11351-10 spectrometer).

Fig. 3 and Fig. 4 shows the maximum power
point (MPP) of the solar cells’ power output
densities at different illumination levels given in
illuminance (Lux) and in irradiance (mW/cm²)
respectively. The illuminance in Lux has been
measured using the sensor OPT3001 from
Texas Instruments [15]. The irradiance in
mW/cm² has been measured using the sensor
OPT3002 from Texas Instruments [16].

Fig. 3: Output power density of the three different
solar cells depending on the illumination in Lux.

Fig. 4: Output power density of the three different
solar cells depending on the irradiance power density
in mW/cm².
Fig. 2: Normalized spectrum of the reference light
source at different illumination levels.
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Although the Solems07048032 has significant
lower nominal performance parameter at STC,
it performs best compared to the other two solar
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cells at low illumination levels. This is because
it is developed especially for indoor applications.
Fig. 5 shows the open circuit voltage VOC over
different illumination levels. It can be seen that
the Solems07048032 has the highest output
voltage, which results in its better performance
regarding the MPP power output at low illumination levels.

this relies on the voltage ratio of the open circuit
voltage VOC to the MPP voltage VMPP. To optimize the MPP tracker’s power output, the fixed
ratio of VMPP to VOC must be set according to
the measurements.
As shown above, the characterization data can
be used first, to select the best solar cell for the
given use case, and second, to adapt MPP
trackers to the targeted solar cell and application scenario.

Fig. 5: Open-circuit voltage VOC of the three different
solar cells over the illuminance in Lux.

Conclusion
This paper presents a mobile and wireless
measurement system for the characterization of
EHDs. The measurement system enables the
acquisition of different EHDs’ characteristics for
specific applications under various environmental conditions. This enhances the development
process of energy harvesting wireless devices
and enables a prediction of sufficient power
supply. The evaluation of three solar cells reveals performance differences of the MPP
power output and the ratio of MPP voltage to
the open circuit voltage at low illumination levels. The results should be considered during
design of energy harvesting systems in order to
optimize the power supply.

Fig. 6 shows the ratio of the measured MPP
voltage VMPP to the measured open circuit voltage VOC at different illumination levels.

Future work will target a long-term evaluation of
different EHDs at different environmental conditions for industrial applications.
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Abstract
The paper presents the usage of modern strap-down inertial measurement systems with innovative
signal processing within the wide range of applications from highly precise aircraft motion surveying
and aircraft testing to airborne gravimetry. A unified hardware and software architecture is shown
which allows covering quite different applications like vehicle testing or geodetic surveying with the
same platform approach. High dynamics measuring capabilities as well as reliability and accuracy are
key requirements for aircraft testing applications, while e.g. quite static flight conditions are the challenge for the missions when determining the Earth’s gravity on micro-g level.
Between both applications, which are discussed in the paper, based on practical flight data obtained
from a test mission of upgraded CH-53OBS and flight tests for aircraft certification of Airbus A350XWB
(and other civil Airbus A/C types like A330neo, etc.), located for most of them over South of Europe,
also flight missions from fighter aircraft up to supersonic missile navigation with similar systems of
iMAR’s iNAT INS/GNSS family are presented as well as the usage of these systems on optical surveying pods for environmental monitoring tasks. Beside these applications, the impact of used inertial
sensor technologies like MEMS, fibre-optic or ring-laser gyroscopes is explained.
As a counterpart or in addition to airborne surveying with aircraft installed equipment, in the third section of the paper a new generation of ground-based aircraft trackers of type iIPSC-MSG with highspeed and IR cameras for surveying tasks is presented.
Key words: precise dynamics measurement, unified architecture, strap down, inertial, airborne gravimetry, aircraft motion surveying, Airbus civil and military aircraft, iMAR navigation systems, motion
tracking, cinetheodolite
Introduction
Today, a huge amount of different tele-metrical
tasks require various levels of inertial precision.
These requirements can start at very rough km
precision in WGS84 and go down to sub mm
motion analysis of customer targets, which
might be necessary for further correlation of
different measuring sensors like vector magnetrometry or gravimetry for example. iMAR therefore developed the iNAT / iXCOM family as an
inter-compatible system network consisting of
modular devices and control software as well as
open protocols for easy adaption in any customer usage. Devices of several sensor classes, from the highest performant free inertial
class (so called strategic class) down to industrial or even consumer performance classes,
are available and behave transparent for the
customer in the same manner. Additionally, lots
of different aiding possibilities are given - in
most cases GNSS for instance is used to get
direct relation to the global world coordinate
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system. Pressure sensors, magnetic compass
sensors and odometer data for example can
also be connected and fusioned by the 42+
state extended Kalman filter in real-time. Additionally, lots of different customer data or events
can be synchronized and time stamped, also for
later post-processing. This allows the user an
easy way to switch between several systems of
the same family of iNAT / iPRENA, iSULONA,
iATTHEMO or iCORUS regarding his requirements.
Differences between inertial measurement
systems
To choose the correct INS, it is important to
understand the differences between the different types of inertial sensors. Most common
gyroscope sensors at the moment are MEMS
based, FOG, RLG and HRG. Accelerometers
are mainly MEMS or servo types. Each type of
sensor has its benefits and disadvantages, both
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technically and commercially. To better understand those differences, they will be compared
in the following in a short overview.
Comparison of different types of gyro sensors
First of all, we should have a quick consideration of gyro’s relevant parameters. What kind of
parameter do they have, what do they mean
and what is the impact on the navigation solution?
Angle Random Walk (ARW) is a stochastic
noise effect (generated for example due to
manufacturing inaccuracies and other physical
impacts) and describes the impact of the noise
on the measured angle obtained from the gyro
output. It is typically characterized under static
condition of the gyro.
Drift or day-to-day bias is the offset to be expected on the data of the gyro after calibration.
It is characterized over temperature and other
specified environmental impacts.

dead-reckoning, i.e. if heading would be assumed to be course-over-ground.

y

error angle
x

heading direction

moving direction

Figure 1: Position error due to dead-reckoning error.

This miss-measured angle is caused by the
vertical gyro sensor error and even worse, as a
gyro does not measure angles but rotation
rates, the measured value has to be integrated
and the heading error increases over time.
With a constant speed of 50 m/s (typical slow
aircraft speed) over ten minutes, the position
error as a result of dead-reckoning of three
different gyro types is compared vs. each other
in the next figure. For simplification, only gyro
bias instability effects on heading gyro due to
dead reckoning are shown.

Bias Stability is obtained as a result of Allan
Variance Analysis and characterizes the instability of the gyro bias at static condition (motion
as well as temperature). It is typically much
lower in value than the day-to-day bias and is
used e.g. for data fusion parameterization.
Maximum Rate describes the gyros measurement range of angular rate, a high data output
rate mostly corresponds with a high sensor
bandwidth. Other important parameters are
quantization, linearity, scale factor accuracy
and stability, but also group delay and many
other parameters.
Table 1 shows an overview of an excerpt of
typical gyros parameters.
T yp e:
iN A T -RQH
(di f . cl asses)

-RQT
(di f . cl asses)

-FLSG
-FSSG
-M SLG
-SLN
-SLD
-SLC

Gyr o T yp e
RLG
RLG
FOG
FOG
M EM S
M EM S
M EM S
M EM S

ARW
°/ sq r t ( h)

D r if t
°/ h

0.001 0.0025
0.0012 0.005
0.0045
0.15
0.1
0.15
0.15
0.26

0.002 0.0036
0.004 0.01
0.05
1
5
3*
5*
10*

B ias
St ab ilit y
°/ h

max. R at e
°/ s

SR
Hz

< 0.001

800

300

< 0.001

400

400

0.01
0.1
0.1
0.5
2.5
5

500
500
500
400
500
450

600
450
490
500
500
500

Figure 2: Deflection on a straight line with 50m/s
forward motion. Displacement and angle errors over
30 km (600 s) distance due to gyro drift.

This dedicated effect results in a position error
for RLGs of smaller then 2 cm, typical fiber
optical gyro of around 10 m and an industrial
range MEMS Gyro of > 200 m for a distance of
30 km (600 s).

Table 1: Gyro performance table of different INS
(excerpt)

* after algorithm converging under motion with GNSS
aiding at const. temperature

Now, if we consider a moving inertial sensor
(for simplification just in a simple two dimensional model), we can see that an erroneous
angle determination for instance directly would
lead to a misinterpretation of position due to
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Figure 3: Deflection on a straight line with 50 m/s
forward motion. Displacement and angle errors over
1 km (20 s) distance due to vertical gyro drift.
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But, considered for a shorter distance of 1 km
(20 s), this dedicated sensor error generates an
error of smaller then 20 µm by RLG sensor
performance, of around 1 cm by typical FOGs
and of approximately 25 cm by industrial range
MEMS gyros. Of course, real-world deviations
are much larger – the here given values shall
only show the relation between the different
sensor classes.
So, an underrated effect for long term stable
free inertial measurements is the gyro bias stability. But what does long term mean? As the
effect on position error behaves in an exponential function, the shorter the time period to aid
the position measurement the lower the error,
but again, the better the gyro stability, the better
the solution.
Considering the error for a very small period of
time, it is obvious that an angular displacement
is very small. In navigation applications, GNSS
signals are used as complementary data source
to provide position with low data rate, compared
to the inertial data, i.e. usually not faster than
10 Hz. Now, even gyroscopes with high drift
and instability can be used to interpolate the
target position with high data rate between
those GNSS based position points with satisfying overall precision, as the increase of the gyro
related position error within this period is possibly still far below the error of the GNSS signal
itself. It all depends on the requirements of position precision.
Therefore, it is possible to get higher dynamic
information (>10 Hz) due to the higher sample
rate of the sensors. This is obligatory to do fast
platform controlling for example.
Gyro noise ARW describes the expectable data
precision after a specified amount of time. It is
an indicator of the statistical error of such a
data sample depending on the sample rate of
course.
The following figure shows typical values of
gyro stability and noise density of different gyro
types.
In general, it could be mentioned that for standard navigation, surveying and other precision
requiring applications, ring laser gyros have
today the most stable bias as well as the lowest
noise. MEMS based inertial sensors are still far
away from such precision, but became much
more precise in the last few years. Fiber optical
gyros are in the range between RLGs and
MEMS gyros MEMS gyros today even supersede smaller FOGs.
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Figure 3: typical Gyro Angle Random Walk vs. stability (examples).
Legend: red +: MEMS, green o: FOG, blue x: RLG

The high reliability, performance and strong
robustness of RLGs even in environment with
high vibration and strong temperature gradients
compared to the behaviour of FOG and MEMS
based sensors has also to be considered in
sensor selection. HRG sensors still lack a sufficient availability for the markets described in
this paper.
The following table shows the typical impacts.
imp act wit h
Gyr o t yp e
RLG
HRG
FOG
M EM S

V ib r at io n

T emp er aur e

low
low
high
low…high

low
low
medium
high

T emp er at ur e
g r ad ient
low
low
medium…high
low...medium

M ag net ism

A cceler at io n

medium
low
medium
low

low
low
low
medium…high

Table 2: Gyro environmental influence dependencies

Another criterion for usage is the quantisation
noise for example. RLGs show very high accuracy, but their quantisation is quite high due to
the short optical path length. Furthermore, the
optical path guiding prism is dithered (mechanical vibration around each sensitive axis with
about 500…800 Hz, depending on gyro type) to
allow a sufficient separation of the two internal
optical waves which are required to detect the
angular rate based on the Sagnac effect, even
at low angular rate. This dithering leads also to
significant vibration on the accelerometers
mounted close to the ring laser gyros, and
therefore the accelerometers have to fulfil certain requirements.
So, each gyro type has its own advantages and
hence the design and selection of appropriate
gyro technology within an INS/GNSS system
needs extended engineering experience.
Accelerometers
Servo accelerometers are used if navigation
grade performance is required (high bias dayto-day performance, low bias drift over time and
temperature, accurate scale factor accuracy
and linearity, low rectification error etc.), while
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open-loop accelerometers are used for more
economical challenging applications with lower
performance requirements. Both types are
available on MEMS basis, while most accurate
navigation grade accelerometers today still are
manufactured according the “Q-Flex” principle
for many decades now. Manufacturing MEMS
based accelerometers with similar performance
under similar rugged environmental conditions
is a technological challenge, suitable and really
comparable devices are expected on the market within the next few years.
But, as a simple engineering example, an accelerometer bias of 1 mg would lead only to a
short time position error of 0.01 m/s² x 0.5 x 10²
s² = 0.5 m within only 10 sec. This explains why
a good, navigation grade inertial measurement
system usually uses accelerometers with a bias
of better than 50 µg.
Influences on navigation
As described above, the precision of inertial
measurement depends mainly on the precision
of gyros and accelerometers. To select the
correct types of sensors, it is important to be
aware of the requirements one really needs in
the specific application. If we need mainly to
bridge short GNSS aiding values (position, velocity), a MEMS based INS might be the sufficient choice, because during such short GNSS
outages, IMU temperature stays comparable
constant and with sufficient motion, the inertial
sensor errors can be estimated quite well. On
the other hand, if we have to expect long GNSS
drop-outs, for example due to strong manoeuvring with significant roll or pitch, due to jamming or any other reason, or if there is the need
of very precise RPY angles or position accuracy
at any time (e.g. to aid SAR sensors), RLGs are
mostly used. FOG based systems are used for
performance requirements between both and if
no significant temperature gradients and vibration impacts are to be expected (e.g. in subsea
environment).
In the following, some typical applications and
usages for different types of INS sensors are
presented.
Flight data collection of upgraded CH-53
Airbus Helicopters has been instructed to upgrade the German Forces CH-53 helicopters
due to obsolescence of some avionic equipment to a state-of-the-art Helicopter with new
flight control and navigation system.
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Figure 4: German Forces CH-53 Helicopter.

Airbus Helicopters uses an iMAR iNAT-RQT4003 RLG based INS/GNSS system to evaluate
the flight characteristics of al of their helicopters. In the following an example of testing the
CH-53 with high accuracy is presented.
These tests took part in March 2020 near Donauwoerth / Germany. Here, an example of a
measured trajectory is given.

Figure 5: Example trajectories of Airbus Helicopters
test flights with CH 53.
Violet: GNSS 1 Hz Data, Blue: INS 10 Hz Data

In deeper analysis of this data, different motion
of GNSS antenna versus the inertial system
can be found. This is explicable as the leverarm
between the inertial sensors of the INS/GNSS
system and the GNSS antenna is quite huge.
Sideward flight and turns are shown impressively in the next figure.
The violet trajectory shows the motion of the
GNSS antenna, the blue one the motion of the
INS (which is located several meters away from
the antenna).
All these data are available in real-time with
their maximum rate of 400 Hz inside the used
RLG based iNAT-RQT INS, to feed for example
an online flight assistant or to determine limitations of allowed flight parameters for example.
Using RTK aiding of GNSS, the 3D trajectory
accuracy in real-time is about 2 cm, with an
according high accuracy of 3D velocity.
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The following pictures show a typical integration
of the INS/GNSS system – all orange painted
equipment and components being mounted on
top of it shows flight testing equipment (due to
confidentiality reasons the integration into the
CH-53 cannot be shown in this paper).

Figure 6: Example trajectories of Airbus Helicopters
turn over, rotate and drift manoeuvres (zoom).
Violet: GNSS 1 Hz Data, Blue: INS 10 Hz Data

The INS also collects all relevant flight motion
data of the helicopter together with precise
time-stamps, which can be used for further post
processing and to further improve the measurement performance in forward/backward calculation. As an option the iNAT systems can be
used as PTP time server to provide accurate
time stamping for all other measuring systems
on board.

Figure 7: Acquired RPY information of the helicopter.

Additionally, of course, the data can be easily
converted and processed with common scientific tools like Matlab etc. to any other format,
TM
e.g. to be visualized in GoogleEarth . The data
can be provided in real-time on several interfaces like Ethernet, UART and CAN, where an
individual data decimation (in this case to 10 Hz
from internal 400 Hz) and an individual data
filtering with user applicable response function
can be applied by the flight test engineer. Furthermore, each iNAT INS/GNSS system contains a “black-box” which allows to additionally
store all INS/GNSS data (raw and processed
data) on non-volatile memory.
Due to the open interface architecture of the
iNAT systems, also customer specific data interfaces can be provided, like the Airbus specific IENA protocol, which can be linked into the
iNAT standard software and allows delivering
systems to customers with dedicated features
on request to ease the operation by customer’s
staff.
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Figure 8: Example of iNAT-RQT integration in H145
helicopter at Airbus Helicopters.

Figure 9: H145 with integrated iNAT-RQT during test
flight at Airbus Helicopters.

Monitoring flight tests for aircraft certification of Airbus A350XWB
Airbus Operations SAS uses more than half a
dozen of iMAR’s iNAT-FSLG fibre optic gyro
based INS/GNSS systems. They are specifically installed onboard of the development and
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certification aircrafts for performing flight tests
for dynamics testing as well as for certification
purposes in front of the Airworthiness Authorities (e.g. EASA) of either new air-craft types,
new functions or new systems.

Figure 12: Airbus A330neo back to back installation
of light weight iNAT-FSLG (left) and (previous used)
standard aviation INS

Since 2018 Airbus Operations SAS uses
iMAR’s iNAT-FSLG devices in productive operation - on many different types of aircrafts so
far.
Figure 10: Airbus A320neo, A330neo and A350XWB

The used DO160G qualified iNAT-FSLG-01
contains accurate fiber optical gyros as well as
a surveying class all-frequencies / all-constellations GNSS receiver, a sophisticated integrated 42+ state extended Kalman filter, 32+ GByte
non-volatile memory as “black-box” for data
collection and a full airborne qualified power
supply and EMI/EMC filtering. It also contains a
new developed L-band based GNSS correction
based on TerraStar, supporting world-wide operation.

Figure 11: Airbus A330neo single installation

The INS/GNSS system is used mainly for aircraft handling performance testing purposes,
both – for real-time guidance used by the flight
test engineers and for post-mission data analysis.
iMAR’s iNAT-FSLG had been qualified in terms
of accuracy towards the A/C certification authorities and performed a demonstration of
providing at least the same accuracy or better
compared to the previous used traditional INS
system.
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Figure 13: Airbus test flight trajectory collected with
iNAT-FSLG in real-time

The following figures show the real-time measured inertial data as well as attitude and velocity. The standard deviations of attitude, heading
and velocity show the superior performance of
the used sensor system and online hybridization of the INS/GNSS data.
Impressive are the strong pitch angles after
take-off during ascending, the significant roll
angles during circular flight and the low standard deviations of measured attitude and speed.
More detailed data cannot be shown due to
confidentiality reasons.

Figure 14: Airbus test flight GNSS satellites used and
satellites tracked, correlated to current roll angle
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Figure 15: Airbus test flight position and altitude plot
(all collected and processed in real-time)

Airborne Strap-Down Gravimetry with high
performant RLGs
Another very interesting application for use of
very high performant inertial measurement systems is the discovery of earth’s gravity field
disturbances. Even most modern gravity field
models like e.g. GRACE gravity model still deal
with inaccuracies of several meters as their
wavelength resolution is above 100 km. To
correct these errors, usually 2 axes gimbaled
gravimeters are flown in aircrafts to observe the
shorter wavelength areas in between.
The idea behind airborne strap down gravimetry
is to use a very accurate GNSS signal, which is
referenced on WGS84, and a very accurate
inertial sensor signal and to subtract their results from each other, including all kind of coordinate transformations, compensations and so
on. In general the result should be the difference between both solutions. This difference is
the gravity disturbance in WGS84.
motion GNSS

Figure 16: Test flight roll / pitch / heading plot

motion inertial
gravity vector

Figure 17: Test flight roll / pitch / heading standard
deviations plot

Figure 19: Principle of airborne strap down gravimetry

Figure 18: Test flight velocity and course-overground plot
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In simplified words, the GNSS determined motion from the aircraft is removed from the inertial
determined motion and only the gravity vector is
left. The variation of gravity can be shown in the
post processed data.
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Figure 20: Bouguer anomaly measured south of
Darmstadt in iMAR’s Odenwald Mission 3/2018

Therefore, the dedicated measurement system
iCORUS has been developed considering all
significant influences on gyros, accelerometers
and timing as mentioned above.

Figure 21: iMAR’s iCORUS Gravimeter system

Especially thermal effects are limiting the stability of gyros and accelerometers. Therefore, a
highly sophisticated thermal modelling and stabilisation has been developed and applied.
Also, most accurate servo accelerometers are
used as the distortion of the gravity field is typically in the range of a few mGal only; a value of
1 mGal is the required precision (remember:
1 mGal is equal to 1 µg or 10 µm/s²).
The acceleration stability of this advanced setup within iCORUS has been verified to be better than 0.1 µg.
As the inertial measurement is to be considered
as “free inertial” - at least during the flight lines
for surveying - a very accurate gyro design has
to be used beside the accelerometers also to
minimize position and location errors. For this
application, usually gyros with bias significantly
better than 0.01 °/h have to be used together
with a dedicated sensor modelling and treatment.
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Direct trajectory measurement of flying supersonic objects with iNAT
While the previous chapters deal with the surveying of the flight behaviour of helicopters and
fixed-wing aircrafts, this chapter deals with the
question of how to monitor the trajectory and
flight behaviour of very fast, small and agile
objects. A good example is the request to survey a supersonic missile on a test range. As the
obtained results of the flight campaigns in 2018
and 2019 are confidential, the setup shall still
be explained. We call this method the “direct
trajectory measurement” setup, while the “indirect” method is explained in the following chapter.
For controlling or monitoring supersonic targets,
a stand-alone GNSS solution will not be satisfying due to several reasons:


The GNSS data rate is comparably
small: Even fast GNSS receivers provide not more than 100 Hz data rate



Taking the GNSS position noise and
standard deviation into account as well
as the difficulties to obtain continuous
GNSS reception on such target, the duration between valid GNSS samples
might increase dramatically in real
world environment and hence significant information is lost.



To monitor the behaviour of a supersonic target flight controller or even to
feed such controller with relevant data,
such data should contain also angular
rates and acceleration.

Test flights on a so-called “half scale Pershing”
evaluation missile had been performed using
iMAR’s iNAT-M200/SLN INS/GNSS solution,
both for passenger flights as well as for flights
where the iNAT-M200 had been used for flight
control. The iNAT-M200/SLN is based on
MEMS gyroscopes and MEMS accelerometers
and an advanced multi-constellation / multifrequency GNSS receiver of latest generation
(2019).
The performance of missile, flight controller and
iNAT-M200 had been demonstrated, validated
and approved at a speed > 2 Mach. Both the
real-time solution of the iNAT as well as all raw
data had been transmitted on a radio link to the
ground station during the flights. The flight tests
confirmed the highly accurate real-time solution
of the INS/GNSS system as well as the capability to improve these data in post-processing
accordingly.
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Figure 22: Example of MEMS based INS/GNSS to
control or survey trajectories on high speed targets

Besides surveying or control tasks, this setup
with the iNAT system is also used to transmit
the target’s precise location and orientation to a
ground station to control the orientation of RF
antennas in order to establish a high speed
communication link between ground station and
target.
Indirect trajectory measurement of flying
objects based on optical triangulation
If there is no possibility to apply an INS/GNSS
system on the flying target to obtain the its position and orientation directly as in the previous
example, a ground based target tracking has to
be considered. This method allows to track
flying targets due to indirect triangulation.
With a certain amount of optical tracking platforms with known position and orientation it is
possible to determine the target’s position in
any local or world frame coordinate system.

To minimize the statistic errors and to avoid
singularities, usually at least a third tracker is
used as well. Each optical tracker knows its
own position in WGS84 or any other coordinate
system from GNSS or geodetic surveying. Due
to the integrated INS/GNSS solution and the
high resolution encoders, each optical tracker
can be operated stationary or applied on a truck
or on a naval vessel, and it provides azimuth
and elevation of its line-of-sight to the tracked
target in real-time. The control centre calculates
the three-dimensional trajectory (position and
speed) and the estimated future position according to an applicable dynamic motion model
of the flying target including its standard deviation.
Several test ranges worldwide are equipped
with this equipment. Details are covered by
confidentiality of the operators. Published details can be found under the following link:
https://www.imar-navigation.de/downloads/Documentations/iIPSC/20141128_NewDiana_Poster_01.pdf

iMAR solution: A system approach
To provide reliable and accurate inertial measurement systems, a large amount of system
and application know-how is necessary.
iMAR’s pretention is to give the customer an
easy possibility to operate any kind of
INS/GNSS solution, optionally extended by
magnetometer sensors, air data sensors,
odometer etc. with different types and performance classes of sensors within the same toolchain and setup.
To any operator, it does not make any significant difference whether he uses a standard
MEMS INS or a high precise RLG INS. All setup, control and data evaluation procedures are
similar.
For this purpose iMAR introduced the iXCOM
Standard. Any iMAR iNAT device communicates and stores data according to the iXCOM
protocol definition. This allows using the same
post processing software (iPosCAL), command
tools (iXCOM-CMD) and even customer software for any device with the same data interface, independent of the requirements of the
application.
iMAR provides off-the-shelf INS as well as customized or OEM versions for an easier integration on customer side:
iNAT / iXCOM – one protocol, one family

Figure 23: set up of iIPSC-MSG target tracker measuring the trajectory of a moving target
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As an open standard, iXCOM can also be implemented in customer applications to allow
direct integration. Support tools like Python
scripts and an SDK are available.
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Figure 24: iMAR’s iNAT Family Tree with iXCOM interface (excerpt)

Further information can be found under www.imar-navigation.de

Abbreviations
ARW

Angle Random Walk

FOG

Fiber Optical Gyro

GNSS

Global Navigation Satellite System

INS

Inertial Navigation System

MEMS Micro-Electro-Mechanical Systems
RLG

Ring Laser Gyro
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SAW Temperature Sensing for Automotive
Test Bench Systems
Mag. Hannes Kurz, Dr. René Fachberger
sensideon GmbH, Ligusterstraße 4, 4600 Wels

Abstract:
Most measurement systems have evolved along with the evaluation and testing of piston engines and
are currently being modified to meet the changing expectations with regards to electric engine testing.
Hence, some such specific challenges require innovative and new testing and measurement solutions
– e.g. Surface Acoustic Wave technology.
Key words: SAW, Heavy Duty Telemetry, engine temperature measurement, wireless sensing

Problem
The electrification of the automotive has raised
much uncertainty in an entire industry and still,
consumers debate about whether an electric
engine can compete with the “good old” combustion engine when it comes down to convenience and performance.
Clearly, a comparison cannot easily be done
but it emphasizes the high expectations towards eMobility. To improve the performance of
such a powertrain system there are many variables that have to be taken into consideration.
One of them is the temperature dynamic of the
magnets inside the rotor. To keep track of this
indicator, especially during driving operation,
wired or optical measurement systems are unsatisfactory. Further, active metrology, especially one that builds up on amplifiers, usually
shows limited resistance towards temperatures
beyond 160°C, electromagnetic influence, high
velocities and oil abrasion. As a result, new
approaches come into consideration and are
being developed, to speed up and improve the
development process of hybrid and full-electric
drivetrains. One such approach is based on
surface acoustic wave technology.
Technology
Surface Acoustic Wave (SAW), is already
known to be suitable for remote temperature
measurement under industrial conditions [1].
The sensors are robust, work passively and due
to a batteryless function, the sensors can be
applied under fairly high temperatures. However, a use in the field of automotive test bench
development is rather unconventional.
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The system configuration described in this paper is based on the principle, where the material specific change in resonance frequency [2],
brought about by a temperature change, is being measured and converted into a temperature
value.
System Solution
To represent sufficient added value, one main
requirement was to create a design, suitable for
both, vehicle and test bench testing and simultaneously to provide a reduced system, that
affects the specimen to a minimum.
The applied telemetry system (Fig. 1) uses a
modular design consisting of a transponder, a
2,4 GHz antenna and the reader electronics.
The transponder consists of a SAW resonator
connected to a high temperature stable printed
circiut board antenna. All components are tailored flexibly to meet the geometrical requirements of almost any engine design, no matter
the rotor diameter, magnet type, rotational
speed, oil cooling or electromagnetic interference.

Fig. 1. System configuration SAW telemetry
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Fig. 2. Temperature plot over time (arb. unit) of a 4 channel SAW telemetry measurement with Stick Sensors S1
to S4 during vehicle prototype tests in Sweden

Due to the minimalistic design, the entire system gets mounted inside the engine housing
without influencing oil jets or the performance.
Test Bench vs. In-Car Measurement
The environment of a test bench allows more
flexibility when it comes to measurement systems. Cable routings may be more chaotic and
it is possible to test single components of a
powertrain separately. Telemetry systems can
be relatively spacious since it is possible to
mount them on shaft extensions for several
reasons. When it comes to the testing of encapsulated modules or testing of integrated
components especially during vehicle driving
operation, to validate the entire system, shaft
extensions and complicated wire routings become an issue.
The advantage of a SAW telemetry system is
the ability to perform such measurements in
any environment with no adaptions necessary.
Fig. 2 shows an excerpt of vehicle measurements, recorded during driving performance
tests in Sweden winter 2019. The specific challenge was to integrate a telemetry system into a
prototype with no software based engine temperature management in order to show the
performance potential of a new engine concept
at an early stage in the means of a minimum
viable product (MVP). Hybrid powertrains have
even less available space when the engine is
integrated into the gearbox.
SAW Resonator Performance
The measurement result shows a relatively high
dynamic of the magnet temperature in certain
driving modes. To capture this behavior, the
telemetry is dependent on a sensor with an
adequate sensor dynamic.
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Fig. 3 displays the temperature step response
of the stick sensor module used. After applying
a temperature shock, T90 is reached within 1.65
seconds, representing the time the sensor
takes to reach 90% of the equilibrium value.

Fig. 3. Step response of Stick Sensor S

Findings
SAW temperature measurement systems are
an enlargement of existing telemetry solutions.
It addresses the demand to perform sophisticated measurement tasks in the field of automotive electric engine development.
The technology provides reliable and dynamical
measurement data and performs such in places, that have not been accessible with conventional measurement technologies so far.
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Abstract
Fibre Bragg grating (FBG) and interferometric direct fibre-optic shape sensing (DFOSS)
instrumentation were deployed on helicopter rotor blades during a full-speed ground run to provide
insights into the blade dynamics. Data were streamed wirelessly from the rotor hub-mounted sensor
interrogators. Changes in strain and vibration signatures in response to a series of pilot test inputs
were successfully identified and high-resolution blade shape change data has been acquired.
Key words: optical fibre sensors, fibre Bragg gratings, shape sensing, modal analysis, interferometry.
Introduction
Helicopter rotor blades incorporate complex
light-weight internal structures to facilitate their
operation over a broad flight envelope. With the
increasing use of numerical model-based
design approaches, there is a need for the
development of methodologies for the validation
in real flight conditions of the complex
aeroelastic models. Instrumentation used in
ground
vibration
testing,
including
accelerometers and strain gauges, are
inappropriate for in-flight use due to the added
weight and potential influence of the sensors
and the cabling on the blades’ aerodynamics
and structural dynamics. While imaging
approaches have been trialed in wind tunnels
and on whirl rigs [1], their in-flight use is
hampered by the large observation angle and
depth of field required to measure along the
entire length of the blade, along with issues
related to background light and to the fouling of
the blade surface. Optical fibre based
approaches have the potential to meet both the
measurement requirements and the demands
of the measurement environment, with recent
reports of flight testing of blades instrumented
with optical fibre Bragg gratings (FBGs) [2].
FBGs represent a relatively mature technology,
and their use in the ground vibration testing of
rotor blades was described in [3], where their
sensitivity to the flapping and lagging vibration
modes of the blade was a result of the local
curvature induced strain and was shown to be
dependent on the location of the optical fibre
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relative to the structure’s neutral axis, requiring
an appropriate distribution of the sensor
elements over the surface of the rotor blade.
Direct fibre optic shape sensing (DFOSS) [4],
based on the fibre segment interferometry
approach [5] deployed in the form of three
optical fibres arranged around a thin, flexible
plastic former and attached to the surface using
adhesive tape, was shown to allow the full
characterization of the rotor blade’s structural
dynamics using a single sensor rod aligned
along the axis of the blade [3]. Successful
characterization of vibration mode shapes has
also recently been achieved. Here the two
optical fibre based sensing approaches are
deployed on two of the four, 5 m long,
bearingless main rotor blades of an Airbus
Helicopters H135, with the aim of monitoring
blade dynamics and operational mode shapes
during a series of full-speed ground runs.
The sensor interrogators were mounted in
custom designed hub support cap assemblies,
with battery-powered wireless telemetry to a
ground station located away from the
helicopter. The hub support cap assemblies
also included a kill functionality that allowed the
pilot, or other protection circuits, to rapidly shut
down the system for safety reasons. In addition
to monitoring during a track and balancing
activity, the sensor performance was assessed
as the pilot provided a number of control inputs
to the blades with the aim of exciting blade
dynamics. A schematic of the ground test
arrangement is shown in Fig. 1.
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Hub Cap Support
Assembly

Fig. 1. Ground run configuration. The hub support cap
assembly contained the sensor interrogator, battery,
and local pc and Wi-Fi router. Data received by the
ground station PC was streamed to the vehicle
monitoring unit (HT-VMU) over an Ethernet cable

Sensors and Instrumentation
Four FBG sensor arrays, each containing 10
wavelength-division multiplexed FBGs, were
fabricated in-house in hydrogen loaded SMF 28
optical fibre, with the sensors distributed along
a 2.1 m length of the fibre. Arrays were bonded
to the top and bottom surface of two rotor
blades using cyanoacrylate adhesive, located
35 mm chordwise from the leading edge, with
the final sensor in each array located at
approximately 55% of the rotor length. The
arrays were interrogated using a 4-channel
SmartScan Aero mini interrogator mounted in
the hub support cap assembly, running at a
data rate of 2.5 kHz.
For DFOSS, arrays of 11 low reflectivity (~10 to
100 ppm) broad bandwidth (FWHM 5nm)
FBGs, each of length 250 µm and with adjacent
FBGs separated by 190mm, were in 4 optical
fibres. These FBGs acted as the reflectors to
form an array of low finesse Fabry-Perot
cavities, which, together with the Fresnel
reflection from the cleaved fibre end, formed the
fibre segment interferometers in each fibre. The
optical fibres were bonded into slots cut along
the 1.2 m length of a D-shaped flexible PLA
plastic rod using cyanoacrylate adhesive, with
the fibres arranged in a rectangular lattice
configuration on the rod. The locations of the
reflectors in the fibres along the rod were
matched to within 1 mm. The interferometers
were interrogated and demodulated using the
range resolved interferometry approach [6],
which uses the wavelength modulated output
from a sinusoidal injection current modulated
telecoms DFB laser to produce a carrier signal
characteristic of each reflector based on its
range. This mechanically robust and simple
approach offers high resolution measurement of
strain (less than 1 nε/√Hz) over the 33 kHz
interferometric bandwidth. The broad optical
bandwidth of the low reflectivity FBG reflectors
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ensured that a reflection was achieved at the
laser wavelength irrespective of the strain or
temperature experienced by the FBG.
Differential measurement of the strains
experienced by the segment interferometers in
diametrically opposite fibres allowed the
sampling of changes in the angle of the rod at
the locations of the reflectors, which, by
interpolating between these measurement
points and integrating along the path, allowed
the shape of the rod, and thus the rotor blade,
to be determined as described in more detail in
[4]. The angular resolution of the measurement
at each reflector location was of order 10
nrad/√Hz. In general, DFOSS does not require
strain transfer from the object under test to the
fibres, but, in this case, the rod was bonded to
the surface of the blade using cyanoacrylate
adhesive.
The DFOSS sensing rod was attached near the
leading edge of the rotor blade, running parallel
to the axis of the blade and parallel to the FBG
arrays. The DFOSS rod and the FBGs were
covered by blade protection tape, which is
routinely used to protect the leading edge of the
blade from rain droplet induced erosion. A
bespoke DFOSS interrogator was constructed,
comprising the DFB laser, a network of
couplers to allow each array to be monitored by
an individual detector, 4 A-D converters and an
FPGA to provide the modulation signal and
undertake processing of the phase of the
returned signals from each interferometer.
Results
Results obtained from one array of FBG
sensors mounted on the upper surface of one
of the blades are presented in Fig. 2. The data
is down-sampled to a rate of 1Hz to allow the
effects of the pilot’s input to be seen clearly. As
the rotor began to rotate (after approximately 50
s), the fibres initially experienced a compressive
load as the initially drooping blades rose up to
the horizontal. As the rotation rate and
centrifugal forces increased, the FBGs
experienced tensile strain. The rotors were held
at idling speed for approximately 100 s and
then increased to full rotation rate. The pilot
then manipulated the controls to induce
different blade conditions and repeated these
three times before returning to idling speed and
then running down. The influence of pilot inputs,
the stepped collective input, where the pitch
angle of all four blades are changed, and the
collective doublet input, are visible in the data,
for example at 300s and 380s, respectively.
Detailed interpretation of the data is beyond the
scope of this paper and will be reported in
subsequent publications.
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Fig 2. Time-averaged (1s) strain measured by an FBG array bonded to the upper surface of a rotor blade
during a ground run on the helicopter. The numbers 1-10 denote the FBGs, with 1 closest to the rotor hub.

(a)

(b)

(c)

Fig. 3. (a) shows a section of the time series for data recorded from FBG 6, mounted on the upper surface of
the blade at 1.76 m from the centre of rotation, while (b) shows a 0.5 s section of the data. (c) shows the
power spectral density determined using Welch’s method. The dotted lines indicate the rotor frequency
harmonics. The dash-dot lines indicate the natural frequencies of the blade: 1l – 1st lagging mode, 1f – 1st
flapping mode, 2f – 2nd flapping mode, 2l – 2nd lagging mode, 1t - 1st torsional mode, 3f – 3rd flapping mode.

To illustrate the dynamic information that can
be determined, Fig. 3 shows a frequency
spectrum calculated from the strain measured
by the FBG located 1.76m from the centre of
rotation, on the upper surface of the blade. The
harmonics of the rotor frequency can be seen,
as can the 1st, 2nd and 3rd flapping (out-of-plane)
modes, the 1st and 2nd lagging (in-plane,
perpendicular to the long axis of the rotor)
modes and the 1st torsional mode.
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For DFOSS, Figure 4, shows the shape
changes determined by the DFOSS sensing
system, in the flapping and lagging directions,
as the rotor rate was increased from 0 to the
idling rate of 5 Hz. For clarity, the shape
changes in the vertical direction are referenced
to that measured with the blade rotating at
approximately 5 Hz. The raising of the blade
with increasing rotor rate is clearly observed,
the displacement of the blade at the outermost
measurement point being 31 mm. Extrapolation
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these inputs is being investigated. For the first
time, direct fibre-optic measurement of the
shape of the blade in the rotating frame has
been demonstrated, the analysis of which will
allow the aerostatic interactions to be better
understood, providing a new tool for the
validation of blade designs and potentially for
in-service blade condition monitoring.
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of 200-300 mm, in line with expectations.
Future work will seek to verify this
independently in the rotating frame in addition
to existing lab-based displacement verification
experiments [5]. In the lagging direction, the
bending of the blade away from the direction of
rotation is clear, with a small kink in curvature
data visible at ~1.9 m. The resolution of the
measurement of the displacement along the
interrogated 1.2 m long blade section is ~40 µm
over the 33 kHz interferometric bandwidth.

[4] T. Kissinger, E. Chehura, S.E. Staines, S.W.
James, R.P. Tatam, Dynamic fiber-optic shape
sensing using fiber segment interferometry,
Journal of Lightwave Technology, 36, 917-925
(2018); doi:10.1109/JLT.2017.2750759
[5] T. Kissinger, R. Correia, T.O.H. Charrett, S.W.
James, and R.P. Tatam, “Fiber segment
interferometry for dynamic strain measurements”,
J Lightwave Tech, 34, 4620-4626 (2016);
doi:10.1109/JLT.2016.2530940
[6] T. Kissinger, T.O.H. Charrett, R.P. Tatam,
Range-resolved interferometric signal processing
using sinusoidal optical frequency modulation,
Optics Express 23, 9415-9431 (2015);
doi:10.1364/OE.23.009415

Summary
Optical fibre sensing systems have been
deployed on a helicopter to measure
dynamically the strain and shape of the blade
during a series of ground runs. Time averaged
strain data allows the effect of pilot inputs to
control systems to be observed, and the
excitation of vibrational modes of the blade by
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Robust and Flexible Flight Test Instrumentation for Wireless and Wired Measurements
D. Foerder, G. Steiner
imc Test & Measurement GmbH, Voltastr. 5, 13355 Berlin, Germany

Abstract:
This presentation will discuss the range of tasks in flight test instrumentation that can be solved with a
modular and flexible flight test system. Examples include rotor tests, landing gear tests or complete
certification tests, just to name a few. Often, a common challenge is to synchronize and combine the
variety of data sources across the airplane or helicopter, like analog sensors, avionics or telemetry for
rotating parts. In addition, modern possibilities for handling and processing the live data will be discussed. That includes self-explanatory visualization, real-time processing and if relevant transmission
to ground.
Key words: data acquisition system, rotating telemetry, instrumentation, video, flight test
Basic Requirements for FTI
Flight test instrumentation nowadays needs to
fulfil a variety of basic requirements. Many of
these requirements are common throughout the
variety of aircraft. For example, a certification
test for a small airplane requires a similar variety of test parameters as one for a large aircraft.
Of course there may be differences in the number of sensors, distance between them, available space and permissible weight. In addition,
large aircraft allow test engineers to be onboard
while small ones rely on telemetry.
Common requirements are such as:


Acquisition of various sensor types like
strain gauges, thermocouples, RTDs,
LVDTs, RVDTs, voltages, pressures,
vibrations or flow rates



Integration of avionics or aircraft control
systems, commonly via ARINC-429,
MIL-STD-1553B or AFDX / ARINC-664



Synchronization between all FTI subsystems and with absolute time, typically referencing GPS time



Ruggedness in the mechanical sense
as well as against moisture, low temperatures, low pressures and vibration



Providing as much resolution as possible. Desirable and often possible is
24 bit. Then, saturation of A/D converters can be well avoided, as headroom
on input ranges doesn’t cost accuracy.
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Ability to handle thousands of parameters and channels

Potential of Flexibility
Flexibility can mean fundamentally different
things to different people, especially depending
on the industry they work in. Some of the concepts presented here actually do have their
origin in automotive R&D or railway certification
testing. There, some requirements are in line
with flight testing, others are not important while
again others are more crucial or simply more
common.
All the presented concepts and possibilities
have in common that they can make the testing
more productive. May that be by providing more
information to the engineers, reduce time or
reduce the possibility of making mistakes.
Intuitive software GUI
Displayed data is most useful to a viewer if it is
intuitive. Then it does not just show numbers or
graphs, but it tells the viewer whether the test is
going as expected, whether all subsystems are
operating properly or to what extend something
has improved compared to the previous test.
Everybody however has an own opinion of what
is intuitive. One often-appreciated approach is
to create a software GUI that looks similar to
reality. That can mean that cockpit instruments
are simulated with a realistic style and arrangement.
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tions of data for themselves without influencing
the overall data storage.
The number of PCs is flexible and can even
change during the test. Usually, these monitoring PCs are unable to control the central data
acquisition. They are purely for monitoring.
With such a structure, data is usually stored in
parallel in

Figure 1 Example software interface designed based
on customer ideas

On the other hand, many people appreciate a
software GUI that looks similar to what they are
used to, which is not necessarily from reality,
but from an earlier generation data acquisition
system (DAS).



the data acquisition systems,



an on-board storage, e.g. NAS or PC
and



optionally and partly at each monitoring
PC.

The concept can be used both with the PCs
being in the aircraft or on the ground, receiving
telemetry data.

Furthermore, sometimes the software instrument that perfectly illustrates a certain information is not available and difficult to build up
by combining standard elements.
So to really achieve something most intuitive,
following things have to be available:


A useful set of combinable software instruments (widgets)



A possibility to arrange and combine
these quickly, i.e. without the need of
software development



A possibility to realize custom widgets
for very specific subsystems

None of these points is a problem anymore in
modern software. The third point can usually be
realized by programming some C# addon or
plugin to the test software, such as imc STUDIO. So a software developer is needed, however modern scripting interfaces reduce the
needed development time to a few days only.
Multi-monitoring
During many tests, it is crucial that several engineers can access the live test data independently from each other. Then, an engineer
might decide he only wants to see 100 out of
10,000 channels. This may not influence the
overall acquisition nor what other engineers
see.
This structure usually utilizes a central PC handling and storing all data, while offering live
data streaming to further PCs. This can usually
be scaled up to at least 15 PCs.
On each PC, selected data can be displayed
with all the widgets mentioned earlier. Furthermore, engineers can decide to cut certain sec-
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Figure 2 Structure of multi-monitoring PCs

Real-time data analysis
The purpose of data analysis is similar to the
one of an intuitive software interface: to turn
data and numbers into information and conclusions.
Simple examples are digital filters, slope calculations, integration or statistics. However, also
advanced functions are useful like frequencydomain analysis, event detection or comparisons with reference data.
Nowadays all of these can be realized without
programming. Instead, formulas are used which
are commonly known from post-processing
software like imc FAMOS. This enables the test
engineers to implement the whole range of
analysis themselves on-site without consulting
external software experts.
Example formulas might look like:


Power = Voltage * Current



Velocity = Integral(Acceleration)



Res = CrossCorrelation(Ref, In1, 512)



Spectrum = FFT(Acceleration, 2, 1024)

Usually, in case of standalone applications, the
data acquisition system is responsible for carrying out the calculations using FPGAs or DSPs,
while any connected PCs or monitoring PCs
can add further calculations, or handle those
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needing rather massive processing power. The
PC-based calculations can also be modified or
extended during flight, again without influencing
or stopping data acquisition or interfering with
other engineers monitoring the test.
3rd-Party Device Integration
Often, the central data acquisition system
needs to be combined with further acquisition
systems or data sources. Only this combination
provides the needed data for complex applications such as certification tests.
Some technology originally developed for automotive R&D can be utilized here. There, it is
very common to have various subsystems,
controllers and data sources and have a data
acquisition combine and synchronize all of
these.

for communication and can be equipped with
custom firmware to support a specific protocol.
Nowadays, it is actually very common of electronic modules to fulfil completely different tasks
just with different firmware. Modern universal
fieldbus modules open these possibilities to
flight testing, as their firmware framework is
open source and can be adapted by any developer of embedded systems.
These programmable field-bus interfaces can
handle rather simple data sources like readings
of pressure sensors via a low-level RS485 port,
but also several thousand channels originating
from a control unit.
Rotating telemetry
The most typical requirements for rotating telemetry are to capture data from propellers,
rotors, turbines or wheels during taxiing or landing.

Figure 3 Example structure of combined subsystems
in automotive industry

Data acquisition systems traditionally offer interfaces for field-busses like ARINC 429. A similar
example is a maintenance port of a proprietary
control unit. It can be seen as a nonstandardized fieldbus. Such ports are often
utilizing Ethernet or serial (RS232, RS422 or
RS485) communication.

Figure 4 Example universal serial and Ethernet
interface in a data acquisition system

Figure 5 Example KMT telemetry measuring strain
on a helicopter main rotor

These telemetry systems are usually multichannel and relatively high-speed. An important
task of the central data acquisition system is to
receive their data. It needs to be synchronized
and made available in the same fashion as data
from any other subsystem.
That includes giving the engineers all the ways
of visualization, data analysis and monitoring
that they are used to. Apart from this, a customized field-bus interface can be very helpful. For
example, the telemetry system might output 16
channels of strain. Instead of needing 16 analog cables to transmit the data, a single Ethernet cable is sufficient. This reduces the number
of cables, weight of cables as well as uncertainty of data by replacing an analog conversion
stage with a digital transmission.

To support such program-specific communication interfaces, modern data acquisition systems offer universal serial and Ethernet interface boards. They come with a basic framework
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Figure 6 Digital communication between a 16
channel rotating telemetry system and the DAS

Video integration
Acquiring data in flight testing is more and more
augmented by capturing videos. That can mean
two different things:


Video camera data



Video signal data

The first point refers to cameras specifically
installed on the aircraft to monitor a certain
area. These cameras usually record throughout
the complete test, which can create rather large
files. It is however also possible to trigger video
recording. The trigger can be based on some
algorithm to detect meaningful events, or can
be manually released. In any case, a pretrigger
is also possible. For example, if an even occurs, the video starting 10 s before that can be
recorded.
Video signal data in contrast is based on already existing video signals in the aircraft. That
usually refers to cockpit displays. Using this
approach, test engineers can understand what
the pilot saw on his screen and utilize this during data evaluation.

Figure 7 Modules with independent housings that
form a variable-size DAS

A large portion of the FTI weight is the wiring.
Even with full instrumentation, reducing weight
can be achieved by reducing wiring. A typical
way to do that is by decentralizing the data
acquisition. Naturally, the location of several
data acquisition systems can be varied to get
closer to the sensor. However, it is also possible to distribute single modules around the aircraft.
Communication between the modules or to the
main DAS is often using established field busses such as CAN bus (for low-speed signals
like temperature) or EtherCAT bus (for high
speed signals). Distances of 100m can easily
be reached this way, combining potentially
hundreds of signals in just a single cable.

Video signals from any of these sources are
usually recorded in highly compressed format,
e.g. H.265, sometimes accelerated by dedicated hardware boards.
Modularity and decentralization
Size and weight of FTI is something every flight
test instrumentation engineer is interested to
reduce as much as possible. In small aircraft, it
can even pose serious problems as the tests
gain complexity.
One recent helpful possibility to achieve this is
to physically adapt the data acquisition system.
A good first step is to vary the number of modules depending on the needed inputs. With slotbased devices, this only means weight saving,
while there are also devices that reduce in size
as modules are removed.
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Figure 8 Example of distributed modules with CAN
bus as inbetween communication

Conclusion
Flexibility of flight test instrumentation doesn’t
only mean being able to make changes quickly
and easily. Fundamentally, it means that a data
acquisition system’s functionality can grow with
the demands of the test engineers.
Many demands evolve after the first test flight
and can actually still be implemented at that
point without waiting for specialized software or
hardware developers.
Utilizing such a level of flexibility, a data acquisition system cannot only cover a large variety
of testing tasks, but can also provide some
assurance to answer the unknown needs yet to
come during a program.
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Using Single Board Computers in FTI console
Óscar Gigato Rodríguez
Airbus, Paseo de John Lennon S/N, Getafe, Madrid (Spain)
oscar.gigato@airbus.com

Abstract:
The born of the first Raspberry PI computer in 2012 created a new market for low cost ARM based
single board computer (SBC), initially for teaching purposes; but nowadays, after an amazing increase
of computing power while maintaining costs, makes possible their use for many purposes. This incredible evolution allows their use for many tasks, including certain data processing workloads.
A cheaper, scalable, modular and more energy efficient system is proposed for onboard FTI consoles. It provides also an easy to use frontend dynamic web interface, usable from a laptop or a tablet
when A/C is on ground.
Several services will be provided with this solution, like online/offline monitoring through FxS dataservers, data recording and so on. Anyway, almost every service necessary onboard can be run in
these devices, which will be hosted in a distributed environment.
Key words: scalable, modular, energy efficient, web interface, cheaper
Current FTI consoles needs/services
Today’s aircraft FTI consoles provide multiple
services, such as data recording, monitoring
and so on. In Airbus Defence and Space, several console models are designed, most of
them taking into account many criteria, like
monitoring displays use, data analysis, FTI data
recording, either in RAW or processed mode,
etc. Cameras control (when present) is also a
typical work of these consoles.
Although there are many approaches to provide
FTI consoles services, all solutions normally
include the use of one or various PCs. These
PCs run several services, like data recording,
data exploitation utilities, FxS data servers and
some adoc processes.
Advantages of changing to Single Board
Computers
The two main advantages of using these mini
PCs are cost and energy efficiency. Other benefits for using this technology are: heat dissipation, quick replacement and upgrade, modular
design approaches, etc.
-

Cost: SBCs are really cheap. For example, talking about the successful
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Raspberry PI, a board with 4 GBytes of
RAM, 4 ARM Cortex A72 processing
cores, WiFi, Bluetooth LE, two USB 3.0
ports, etc, costs less than 100€, taxes
included.
-

Energy efficiency: Carrying on with the
Raspberry PI example, last model (4B)
consumes a maximum of 15W, but it
normally drains, under load, a bit more
than 7W. This includes peripherals, as
CPU only drains as much as 7,6W.

-

Heat dissipation: Although last RPi version normally need a fan, previous versions like 3B+, or other SBCs do not
need it. Only with a heat sink is
enough. This is not a really huge advantage, because many low power PCs
can be found in the market that do not
need active cooling (normally, ultra-low
voltage versions).

-

Modular design approaches: The little
size of these computers allows the use
from one to 2 or 4 devices (or even
more). As these SBCs have at least 4
processor cores, with 4 devices installed a total of 16 cores are available,
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which is indeed a very powerful distributed computer.
Drawbacks of SBCs
Of course, using these devices also have some
disadvantages. We are going to enumerate
some of them here:
-

-

-

Compatibility: Although there are SBCs
based on x86 architecture, the vast majority of them are based on ARM. This
fact has some advantages, as mentioned in the previous paragraph, but existing legacy software has to be recompiled and tested.
OS availability: As mentioned above,
most of SBCs are based on ARM architecture. Although Microsoft is developing an ARM version of Windows 10, is
only available on certaing SOCs of
ARM (Qualcomm Snapdragon). A
speacial version of Windows, Windows
IOT, is present in Raspberry PI board.
Without graphical envirnment, is suitable for certain projects. When using a
x86 platform, OS availability is higher.
Hardware limitations: Some SBC models are limited to 1 Gbyte of RAM
memory. This, that should be enough
for a majority of applications run in a
FTI consoles, is a limit for certain software.

-

CPU raw power: Compared to x86-x64
models, ARM processors are more efficiency oriented.

-

Ethernet connections
requirement:
Each node of this system requires its
own network connection. So, if we configure a four node system, we will need
four network sockets available.

Use of GPU for parallel computing
A common point for all SBCs is that, based on a
SOC (System On a Chip), is the integrated
graphics core, with 3D specialized hardware.
As this chip is designed for massive parallel
operations, and can be used by programming
standards like OpenCL for performing this kind
of calculations. Some libraries for C++, for
example, boost::compute, can bring this power
closer to the programmer. Of course, it’s necessary to install a driver first.
Although there are other hardware acceleration
libraries for GPUs, like nVidia CUDA or ATI
Stream, this one (OpenCL) is a multiplatform
and open solution, so it availability is more
spreaded.
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Figure 1: OpenCL task dispatching

This library allows parallel code to be executed
in CPU, GPU or other devices, like FPGAs,
DSP, etc.
The possibility of using this hardware acceleration is also available in classic PCs, but is mentioned here to realise that there is a lot of power
available in these little SBCs. For example,
there is an implementation available for RPI
3B+, and another one in development for RPI 4
(GPU of this model is different, and more powerful, than GPU of RPI 3B+).
In this use case, we propose (initially) to use
OpenCL for certain heavy calculations, that are
some times performed when using calculated
parameters. Of course, software has to be developed taking in mind this approach, to make
the most of all available execution units, that is,
CPUs + GPU.
Modularized system approach
To fit FTI consoles needs, for Airbus Defence
and Space, the initial proposal is based on a
modularized design. That is, a system built of
one, two or four SBCs working together like a
unique system. This allows a great amount of
scalability and flexibility that eases adaptation
to a variable number of scenarios. For example,
a basic system of only one SBC is possible for
giving basic services, and grow when needs
scale up.
As a common denominator, a web server must
be present in at least one node, just to host the
configuration service.
Advantages of this approach are crystal clear.
System can grow according to project needs,
and it can also decrease when too much power
is not necessary.
The main disadvantage of using this design is
the increased complexity, but it is totally affordable and it really worths. This kind of approach can also be adopted when using classical PCs, although this is out of the scope of this
paper.

59

DOI 10.5162/ettc2020/2.2

Hardware configuration
Many SBC devices are available in the market,
and most of them can fit the requirements for
their use in FTI consoles, as today regular PCs
are performing these tasks. It is true that there
are some devices specially designed for their
use in industrial environments, like NxP products. But, as commented above, regular PCs
accomplish these tasks until now, so there is no
special requirement for industrial SBCs.
Three different devices have been tested by us:
-

Raspberry PI 3B+: With Broadcom
BCM2837B0, 4x ARMv8 Cortex A53 at
1.4 GHz. 1 GByte of LPDDR2 RAM.
Gigabit Ethernet over USB2 (max 300
mbps), WiFI 802.11ac, Bluetooth, microSD of 8 gigabytes. USB 2.0.

Figure 4: A raspberry PI 4B

-

Raspberry PI Compute Module 3+: Not
tested yet, but one of our favorites. This
is a special version of the 3B+ model,
but compacted to fit in a SO-DIMM
module. This allows a custom made
designed board to fit one, two on up to
four of these modules. Moreover, it
comes with a size configurable eMMC
of 8, 16 or 32 GBytes. eMMC modules
are much faster than microSD, so this
option is really very attractive, although
board development cost has to be
taken into account.

Figure 2: A raspberry PI 3B+

-

Odroid C2: Amlogic ARMv8 Cortex A53 quad core CPU at 1.5 GHz, gigabit
Ethernet, 2 GBytes DDR3 RAM. eMMC
module. USB 2.0.

Figure 5: A raspberry pi Compute Module 3+

Software configuration
In this chapter, a description of all environment,
including operating system, base and management software,etc.
Figure 3: An Odroid C2

-

Raspberry PI 4: Broadcom BCM2711,
4x ARMv8 Cortex A72 at 1,5 GHz, 2
GBytes of LPDDR4 RAM, USB 2.0 &
3.0, WiFi 802.11ac, Bluetooth 5.0 BLE,
microSD of 8 GBytes.

Operating system
Nowadays, there are a general availability of
various flavours of Linux distributions for these
machines, although a special version of Microsoft Windows, Windows IoT, is also an option. As we have tested many devices, a description of different choices will be explained
here.
-
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Raspbian: A Linux distribution, now
known as “Raspberry Pi OS”, is a debian based distribution for Raspberry PI.
This is the more extended option for
Raspberry PI. Backwards compatible, it
runs from original Raspberry PI model
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B to latest 4 one. A new 64 bits version
is available, but is still beta version.

o

Applications need to be port to
this operating system.

-

Ubuntu 16.04: This version of Linux
was installed in Odroid C2. It is also
based in Debian. It’s a 64 bits version,
compiled for ARMv8 architecture (includes many instructions for specific
purposes).

o

-

Windows IoT Core: This version of Microsoft Windows was created for Raspberry PI 2, and it has been updated to
run in newer versions of this hardware.
It is designed for running only one application in the foreground. The main
disadvantage of this proposal is that it
has a license for commercial purposes.

Additionally, when working with
ARM architecture, some other
kinds of changes have to be
performed.
For
example,
ARVv7 architecture does not
permit an indirect access to
memory.

o

Developing tools are more
powerful in Windows environment. For example, Microsoft
Visual Studio is a reference for
developers. Although last versions are capable of developing and debugging using a
Linux host, there is still a gap
between the two platforms.

Once described the three alternatives tested in
these devices, let’s speak about our conclusions.
-

-

-

-

Advantages of choosing Windows IoT
Core:
o

Existing WIN32 applications are
easy to port.

o

DotNet apps are also portable.
In boths cases, not all desktop
API is available in Windows IoT
Core.

Disadvantages of Windows IoT Core:
o

Has a cost per license.

o

Only one foreground application is possible.

o

Closed source product.

Comparison between Raspbian and Ubuntu
has no sense attending to the orientation of this
analysis.
Master/Slave
In this system, one node takes on the role of
master. It will host the responsibility of managing the processes run in other nodes, and gather for the status of them. It will also host the
web server for the managing application (commented ahead).
Services
The common services to be run in these consoles are the following:
-

Data recording in RAW format: dumpcap (or similar). This is a very light application, whose main requirement is
enough bandwidth to storing system. A
USB or microSD can be used.

-

Data recording in PFF (Parameter Fast
File) format: Performed by our
pffrecorder application, written in C++,
requires a high IOPS storing device.
Performed in a fast USB3 stick
memory, or external USB3 SSD disk.

-

Online FxS Dataserver: An application
that reads IENA packets and serves
parameters to any client that asks for
them. Written in C++, runs smoothly in
a Raspberry PI 3B+, managing a data
flow of 60 Mbits per second.

-

Offline PFF Dataserver: An application
that access PFF files (recorded by
pffrecorder) and serves data to clients.
Is very lightweight.

-

Other little tools.

Advantages of choosing Linux:
o

It is a full desktop OS. Many
applications can be run in foreground.

o

Open Source project with great
support. This is especially true
in Raspberry PI OS.

o

Hundreds of packets that can
be installed for almost any purpose.

o

DotNet Core is available in
Linux environmnent, and future
developments seem to follow
this path.

o

It is a very lightweight Operating System is well configured,
ideal for this kind of devices.

Disadvantages of Linux:
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Future Services (in development)
- Web server: Hosts the managing/configuration service. Uses dotNet
Core technology.
-

Web client: Will use dotNet Blazor
technology. Blazor is a new framework
from Microsoft that enables the use of
C# code directly in a web page. Dynamic web pages can be built easily
with this tool, and the use of dotNet
Core, an open source implementation,
available in many platforms, as x86/x64
Linux, ARM Linux for raspberry PI and
others, guarantees a long term support
to this technology. Code can be run directly in the browser (with WebAssembly), or in the server.

The optimal use of this infrastructure is using a WiFi connection. The ideal scenario
would be turning on the WiFi when the aircraft is on ground. Then, the user will come
to the aircraft with a tablet/cellular phone (a
laptop would work too, of course). Opening
the internet browser and connecting to the
server would show the user interface of all
the system. Different pages/tabs are
planned for this application:
-

nodes, active services, configuration in
use, system alerts, etc.
-

Services configuration: Will show services available, services configured to
run, and associated node to run each
service.

-

Configuration database: For checking,
loading and applying configurations
(FTI parameters specification).

-

Profiles/modularization: Each node can
assume one or more roles. Depending
on system expected load, services will
be distributed among existing nodes.

-

Software update: This tab will allow an
update of software versions running in
the system (binaries). It will also show
current versions.

-

Logs/restart: A tab where system logs
can be viewed, downloaded and deleted. It will also show an option for system restart and/or shutdown.

The idea is to simplify the management of all
the system in a user friendly application, easy
to use and powerful at the same time.

System status: Will show a brief description of the system: number of

MASTER (NODE 0)

SLAVE (NODE 1)

WEB SERVER, ONLINE
DATASERVER, OTHER
TOOLS

OFFLINE DATASERVER,
PFF RECORDER,
CAPRECORDER

Figure 6: A typical system configuration

Test results
As we have port all base services to linux/ARM
environment, we can resume our personal experience with these firsts testing stages.
-

Speed: Several improvements have
been made to our C++ source tree, in
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order to be more stable and faster. We
have not seen any problem with speed,
so our Online data server starts in
about 9 seconds in a raspberry pi 3,
with an A400M configuration (really big,
more than 300k parameters). Odroid
C2 is a bit quicker, but barely noticeable. Raspberry PI 4 is much faster,
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starting our application in a bit more
than 5 seconds. Regarding CPU use,
raspberry PI 3 managed with no problem a data flow of almost 60 Mbps.
-

-

-

-

Memory utilization: Continuing with our
example, online data server uses 274
Mbytes of RAM memory with no clients
are connected (more than 300k parameters). So, thinking about its use in an
onboard console, where clients demand no more than 3000 parameters,
one of these SBCs will manage with no
suffering all clients’ requirements. As all
these devices have 4 core processors,
multithreading applications, like this
one, will benefit of this configuration.
There is still room for more processes
in a raspberry PI 3 running the online
data server.
Multithreading: As commented just
above, one of the key factors for the viability of using these devices is the multithreading programming approach. As
IPC (Instructions Per Clock) of ARM
Cortex A53 is much lower than regular
PCs processors, due to many reasons,
like in-order design vs out of order one,
cache sizes and so on, squeezing each
core is possible when multiples threads
are running. Our services design are
heavily multithreaded, and have been
optimized for a slow footprint in both
CPU and memory use.
Energy consumption: This is where
these devices bright when compared to
x86 alternatives. As ARM architecture
is designed primarily for energy efficiency, these processors have a really
small footprint in energy requirements.
For example, raspberry PI 4, the hungriest device of all tested, demands a
peak power of less than 8W. This device is really powerful, as it features a 4
core out of order processor, and up to 8
GBytes of RAM (2 GBytes our sample).
Two of these devices should be enough
to running all of our processes smoothly and would consume a maximum of
30W, including all necessary devices
connected to them. Moreover, two
raspberry PI 3b+ or two compute modules should be enough too, with a bit
less power requirements.

(like A400M). If we are using compute
modules, internal eMMC will cover our
requirements. Also, with Odroid solution, which uses eMMC, will also be
enough. Raspberry PI 4, with their
USB3 ports, will also perform well. The
only case that would cause any kind of
problem is Raspberry PI 3B+, because
it only features USB2 ports.
-

Upgradeable: Upgrading this kind of
design is very easy, as all Raspberry PI
have the same size since their first
model, Raspberry PI Model B, born in
2012.

Cost analysis
SBC devices are really cheap. You can buy a
Raspberry PI 4 with 2 GBytes of RAM for only
$35. You can also buy a Compute Module 3+
with 32 GBytes of eMMC for only $40. But, this
is not the only cost of the system. For building
it, you need to be concerned by:
-

Peripherals: microSD
SSD/USB stick.

or

external

-

Development costs: As our software
was already port to linux, base software
adaptation cost has been very low
(mainly configuring environment and a
few architectural bugs over ARM).
Managing service development is
pending, but this will benefit both PCs
and SBCs architectures.

-

Ad hoc hardware design: If Compute
Modules 3+ (or more recent models
when available) is going to be used,
designing, engineering and testing custom boards will be the highest cost. But
this development could be very useful,
as it would be very compact and expandable.

Taking into account all these aspects, we can
estimate the cost of a system based on SBCs:
Two Raspberry PI 4 + two microSD for booting
+ one external SSD (500 GBytes): aprox (including taxes in Spain): 188€.
Using a PC for these purposes is much more
expensive (more than 1000€).

Access to disk: There is only one application that requires a lot of IOPS to run
properly. This is pffrecorder, and this is
true specially when too many parameters at high bit rate are being recorded
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Figure 7: Cost comparison between PCs and SBCs

Conclusions
Single Computer Board devices have been a
revulsive for “cheap” computation. Raspberry PI
has founded a new category in computer devices. Originally thought as a teaching platform, its
evolution has converted this “toy” into a real
computer, powerful and cheap enough to handle very hard work. It is very cheap building a
multi device system with a great power as a
real alternative to classic PCs.
Last version of Raspberry PI can be configured
with up to 8 GBytes of RAM, enough for storing
medium databases. For our use cases, 2
GBytes is enough for handling with our processes. Even 1 GByte should work.
Using these SBCs can drop the cost of building
a console for FTI, at least the PCs for computing tasks. The scalability of these devices is
also a plus to have into account.
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Abstract
One of the main challenges of an
instrumentation engineer is to provide
accurately the required information while
preserving the test vehicle inherent behavior which, somewhere, breaches the universal
Heisenberg uncertainty principle.
This article presents the results of a technology
investigation based on an original modular 3D
electronic design. This technology aims at
minimizing
the
intrusiveness
of
an
instrumentation system while offering flexibility,
scalability, reliability and performances.
Based on a return of experience from the
legacy and current instrumentation systems, the
study also addresses the daily operational
constraints faced by an instrumentation
engineer: auto-configuration, plug and play, fast
reconfiguration,
harsh
environmental
conditions,…
Key words: FTI - Intrusiveness – SWAP – 3D
electronics – IOT
Background
Flight Test Instrumentation is at the heart of
several challenges. It requires collecting the
most precise and reliable data with minimal
influence to the vehicle being tested. It must
minimize intrusiveness while maximizing data
quality. In addition, it is used at a critical time,
just before market introduction and mass
production. The financial stakes are high. To
allow for fast delivery, it must therefore also be
reliable, flexible and quick to set up. This is
essential in order to enter the market and
refund R&D investments as quickly as possible.
This instrumentation must also be scalable to
adapt to all cases (from a few measurements to
tens of thousands in the same test vehicle
among commercial or military aircrafts, fighters,
helicopters, space launch vehicles, armaments,
maritime vehicles, automotive,…). It must also
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be dismantled without leaving signs after tests
or a certification campaign. The instrumentation
of a production vehicle does not allow neither
drilling of mounting holes nor the use of mods
but
must
allow
fast
and
efficient
troubleshooting. In real life, the complex
process of validation and certification of an
aircraft is very precise and perfectly mastered
by aircraft manufacturers, but a test campaign
is also full of unknowns which force the test
engineers to react to unexpected events and
therefore the instrumentation team has to adapt
to new requirements, as quickly and efficiently
as possible.
Legacy instrumentation systems are not
natively suited for all these use-cases. They
require compromises, modifications, time and
work to get results that are not always
satisfactory.
Global trend in Flight Test Instrumentation
Instrumenting an aircraft to successfully
succeed in getting flight certification is not an
easy task. It is a comprehensive area of
expertise that has pushed each product
generation to adapt, improve and take
advantage of new technologies to achieve
maximum efficiency in flight test campaigns.
However, we must approach these changes
and system improvements with the choices
inherited from the past in mind.
Flight Test Instrumentation, in its mission to
ensure valuable flight test results, was initially
led by the safety of data storage and the first
needs of specific physical value acquisition.
Since then, the main challenges are to get
proper data to record, display and transmit to
ground stations. The measured data must also
be accurately synchronized on a common time
base. It enables the engineers to process them
at the test vehicle scale and understand
complex physical effects that are affecting the
behavior of the vehicle.
Historically, instrumentation systems used to be
centralized, installed in cabin (e.g. 19-inch
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racks) [1]. This architecture centralized the
entire amount of data. Such systems ensured
accurately timestamped synchronous data
acquisitions.
These
systems,
sole
hearts
of
the
instrumentation, then combined all needed
operations in one location: they could acquire,
process, record, stream out and telemeter from
one unit, therefore offering a reliable solution.
The different applications requiring very specific
features were not left aside: customization was
made simple because of the centralization.
Although natively designed to fit the FTI
requirements, the centralized systems showed
limitations. One unit gathering all data means
several connections through the vehicle to the
data sources: sensors, buses, cameras… and
all the constraints that follow. For example, the
interferences on cables corrupting data could
make transmissions erroneous (bit swapping).
In addition to the data corruption risks, the
space available in the vehicle is limited, and so
is the room left for cables.
The need to reduce the number of flights
necessary for a test, to maintain or even
improve the level of performance of
acquisitions, the reduction of electronics
footprint and the emergence of new processing
capacities (on board or on the ground) with
"BigData" has triggered the possibility of an
evolution,
going
in
the
direction
of
decentralization, more data, more flexibility,
more precision and multiple optimizations.
Over the past 15 years, instrumentation
systems have become more decentralized. The
advantages are for example better data
accuracy, fewer cables, less weight, less impact
on the tested vehicle. New modular equipment
has come into operation, able to adapt to many
specific applications in aircrafts, rotorcrafts,
UAV, but also missiles and launch vehicles.
From sensors to telemetry, new standards,
methods and concepts emerged. Network
architectures have become more distributed
and very efficient using standards such as
Ethernet for fast data transfers, without
compromising quality, even over long
distances. Today, there is no longer a central
unit but remote devices smartly spread in the
aircraft, located in the few “empty spaces”.
Reducing the distance from the sensor to the
signal conditioning and acquisition system
improved the quality of the data. It can be
digitalized as soon as acquired, in a much
higher quality thanks to improvements
regarding bandwidth and storage capacity. With
modularity inside high performance small units,
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those distributed architectures address a lot of
use-case specific requirements.
Wireless protocols can also be used for more
flexibility (for the instrumentation of a helicopter
rotor for example). [2]
However, those systems are still aggregators of
acquisition, processing and communication
capacities. They are more distributed than the
previous generation but they still have a
significant impact on the vehicle linked to their
installation and operation. This paper presents
the thoughts carried out on the future of
instrumentation as well as its results.
The Internet of Things (IoT) Trend
The Internet of Things (IoT) is a system of
interdependent devices connected to a network
and/or to one another, exchanging data
(autonomously in general). Basically, the IoT is
a collection of electronic devices that can share
information among themselves.
From "ubiquitous computing" in the 1990’s to
the emergence of Industrial IoT (IIot), the IoT
market grew exponentially from zero to several
trillion dollars. Electronics have considerably
reduced in size (down to being smaller than
connectors
in
some
cases),
energy
consumption
has
drastically
decreased
enabling life-time of years on batteries,
networks have become wireless and more and
more efficient, embedded or cloud computing
capabilities followed Moore's law.
The information value loop (Use of sensors to
generate information, transfer and collection of
this information, discernment of patterns or
relationships between phenomena, enabling
descriptions, predictions, or prescriptions for
action leading to initiating, maintaining, or
changing an event or a physical state) [3] has
found applications in all areas of industry and
life (Examples include smart factories, smart
home devices, medical surveillance devices,
portable
fitness
trackers,
smart
city
infrastructure, vehicle telematics, among lots of
others) to the point that today there are 5 times
more IoT devices in the world than humans
(and still a two digit growth).
Limits of the current modular
instrumentation electronics
As previously discussed, an instrumentation
device needs to be scalable and modular in
order to offer the best size, weight and power
(SWAP) efficiency. In this respect two main
categories of mechanical architecture exist on
the market: the racks and the stacks. Both
offers advantages but also drawbacks:
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Racks: quick access to each module
but fixed size with step effect when
switching from a size to another (e.g.
from 9 slots to 16 slots). Usually less
ruggedized and compact than stacks.



Stacks: scalable size defined by the
exact number of module needed by the
user but changing a module requires
opening the stack. Most of the time,
more ruggedized and more compact
than racks

In both cases, the modules used for the racks
and the stacks are based on a printed board
circuit (PCB), an external connector and one
(racks) or two (stacks) internal connectors. Both
designs lead to parallelepiped volumes which
hit certain limits when downsized:
For interconnection between modules, the
design engineer is facing a challenging
alternative:




Apply the downsizing to internal
connectors with very tiny, small pitch
and low profile connectors, as the one
used today in most of our mobile
devices, that are proven solution for
high speed communication. However,
these kinds of connectors have also
shown their limits in terms of
ruggedization and usually do not cope
with:
-

Repetitive
assembly
and
disassembly by the end-user
who needs even sometimes to
work directly on the field

-

The
mechanical
harsh
environments
frequently
encountered in flight testing
where overall vibrations and
transient shocks levels can be
very harsh / severe.

Do not apply the downsizing to the
internal connectors and keep legacy
flight proven part numbers. In this case
the volume ratio between the
interconnection items and the electronic
parts hosting the features becomes too
big

For the external connectors, there are
traditionally two kinds of connectors: The ones
used to connect the signal/data source
(sensors, voltage lines, communication buses,
…): the “D-type” and the cylindrical connectors.
The “D type” connectors, with the famous SubD type connector, are the natural choice,
whatever the stack or rack design. They offer
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the best profile in terms of pin count when
mounted at the extremity of a PCB. The
downscaling of devices leads the connector
manufacturer to propose higher density Sub-D
HD and miniature versions: micro-D and even
nano-D connectors. The main drawback of
these connectors comes from the fact that, at a
certain point, they do not offer anymore the
minimal wire gauge #24 usually asked by the
instrumentation engineers and also no more
crimpable contact and only pigtail type
connection that prevents from any last minute
modification of the harness which is a key asset
in flight test domain.
The cylindrical connectors, as the famous
38999 series, are the reference connectors in
aerospace domain to establish connection
between devices. However, for modular
systems, this kind of connectors mostly requires
intermediate backpanels that routes the signals
from the flat PCB based modules to the
connectors, affecting badly the scalability, the
versatility and the overall size of the
instrumentation device
rd

Leveraging the 3 dimension
More and more electronic technology offer the
rd
capability to take benefits of the 3 dimension
in order to optimize integration factor, placing
more functions in a given space while
optimizing the distance between the electronic
components. 3D electronic integration can take
place at different level:
At PCB level: rigid/flex technology allow to fold
in 3 dimensions a flat PCB composed of rigid
parts where the components are mounted and
flexible ones insuring the interconnections
between the various rigid ones. This technology
offers the possibility of a secured connection of
device components with the assurance of
polarity and contact stability, as well as a
reduction in plug and connector components
[4]. The rigid/flex technology exists at various
scales and complexity levels (number and
nature of layers stacked together).

Figure 1: example of rigid/flex PCB technology

Component package: System In Package (SIP)
consists of a number of dissimilar integrated
circuits enclosed in a single highly miniaturized
package. The SIP performs all or most of the
functions of an electronic system, and, it can
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contain several silicon components (bare die or
package) and passive components. Safran
Data Systems has successfully experienced the
3D integration of the versatile analog frontend
of ANA module issued from the XMA Digital
Acquisition Unit (DAU) widely used in flight test
instrumentation. This 3D integration has been
conducted using the 3D-Plus technology, one
the key player in innovative 3D electronic
packaging [5].

a good fit to cylindrical connectors mounted on
both ends and allows to use COTS brackets,
clamps or straps already used in the vehicle
itself (to maintain harnesses and pipes) so
already available as in the inventory of the final
user. They are affordable, exist in different
sizes and materials in order to cope with the
local
environmental
constrains
(mainly
mechanical and thermal). The Figure 3 shows
examples of ideas captured by the designers to
illustrate and discuss the various concepts,
while the Figure 4 and Figure 5 respectively
show the CAD model imagined by the design
office and the real device manufactured for the
Proof of Concept (PoC) using fast prototyping
process.

Figure 2: 3D integration of an analog front-end using
SIP 3D packaging technology

µMA concept
Inspired by the flight test community feedback
and the various trends discussed above, Safran
Data Systems has decided to investigate
disruptive paths in order to identify and mature
the technology bricks needed for a new kind of
instrumentation systems. A bank of new ideas
have been generated during a set of creativity
sessions where design engineers (hardware,
software,
mechanics,
industrialization,…),
product owners, sales managers, end-users
(test and instrumentation engineers) from the
aerospace domain but also from automotive
and industry in general, met together to share
their return of experience and dream of the
future. These sessions were catalyzed by
designers and ideation experts in order to
stimulate creativity and conceptualize the main
ideas.

Figure 3: cylindrical shape concept

Figure 4: 3D CAD model rendering

One axis of the exploration process was about
an alternative form factor to the parallelepiped
housing. The main drivers of the exploration
process, presented hereafter were: ease
installation, ease daily operations and minimize
intrusiveness.
Ease installation
All the chassis and stacks on the market
requires the instrumentation engineer to design
specific mounting plate in order to install the
devices in the test vehicle. This step is costly,
time consuming and affects the reactivity facing
changing conditions. Among other ideas
identified to address this pain point, the
cylindrical shape appeared to be an interesting
alternative. Consequently, it has been decided
to baseline the concept on a tube housing. It is
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Figure 5: µMA Proof of Concept (PoC)

Ease daily operations
One of the key drivers was to keep the concept
modular to offer the instrumentation engineer all
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the versatility expected to cope with unique
needs. In this respect, a “building brick”
concept, called “cells” has quickly made a
consensus among the contributors. The
electronics shall be enough packaged to let the
cells being manipulated by the final user without
any risk of failure. The end-users promoted the
fact that the complete assembly/disassembly of
the device shall be performed without the need
of any tool in order to ease operations on the
field. The statement about internal connector
discussed previously motivated the team to try
to an innovative way to get rid of traditional
internal connectors. In the selected concept the
internal connectors are replaced by concentric
PCB copper patterns to transfer power supply,
data communication and synchronization
signals. The efficiency of the electrical
connection between the cells is insured by the
addition of an interposer with anisotropic
conductive properties. This interposer is based
on an elastomeric material that insures a
certain level of tolerance to mechanical axial or
angular misalignment. It also acts as a
mechanical decoupling interface between all
cells which provides a very good behavior
facing high level of vibrations and shocks. The
concentric pattern is composed of 8 circles,
providing a total axis of freedom in terms of
relative angular positioning of two adjacent
cells. The position and width of each circle is
determined according to the nature of the
electric signal to be routed but also takes into
account the relative positioning uncertainty and
the pitch of the conductive elements of the
interposer. For the final user, building his own
device should not create any headache: the
insertion and extraction of the cells are as easy
as opening an aspirin tube to get (or insert) a
tablet!

Figure 6: Birth of the cell concept
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Figure 7: 3D CAD models of the cells

Figure 8: prototype of µMA cell

Minimize intrusiveness
Keeping the device as small as possible was a
heavy constrain that everyone kept in mind
during all the ideation and design phases. The
weight optimization directly inherits from the
downsizing effort but also dictated some
choices in terms of materials (mechanical
housing, potting…). The IIoT trend also shows
the way to minimize intrusiveness by paying an
accurate attention to the power consumption of
every single electronic part involved in the
design in order to guarantee full power
autonomy with also decent life duration.
Wireless
and
less-wire
communication
technologies have also been selected at early
stages of the concept. At the end, the sweet
spot between the downscaling willingness and
the kind of features needed to be embedded in
the device due to integration constraints, led to
an optimal diameter being about 20mm.
From COTS bricks to bespoke solutions
Once the “cell concept” was agreed among the
design team, the next step consisted in
identifying the main categories of cells that
would compose the device. The challenge here
was to define the right level of modularity in
order to insure that the concept will be versatile
enough to cover the wide range of potential
applications, while staying simple to use and
open to embrace future needs not yet identified.
As a result, four main categories of cells have
been identified:
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Acquisition: these cells host the analog signal
conditioning front-end (AFE) and the analog to
digital converter (ADC). They are dedicated and
therefore optimized for each type of sensors.
Data storage: this optional cell can be added in
the device when local storage of the acquired
data is required. It is the case when the µMA
addresses autonomous data-logger use cases
but also when it is inserted in a medium to
large scale instrumentation systems, especially
wireless based systems, in order to secure or
optimize the data transfers. Different kinds of
data storage media have been considered, the
µSD format, compatible with the overall form
factor of the µMA concept has been selected as
a first choice for the density and performances
offered by the latest versions available on the
market. Its wide adoption by the consumer and
industrial domain makes the µSD standard a
sustainable future proof of choice.
Energy: behind this generic word, various kinds
of power sources are anticipated. The first one
is obviously the local battery that can be
disposable or rechargeable, as small as a
button cell, compliant to the standard AA size or
even as big as an 18650 form factor if
necessary. A local smart power converter
integrated in this cell provides the compatibility
between various kinds of battery output voltage
and deliver the appropriate constant voltage to
the other cells. The power lines between cells

are designed as a bus that distributes the
power in both directions and therefore can allow
an external source to power the cells and/or
recharge the internal battery. In the scope of
the less wire approach, Power over Ethernet
(PoE) has been identified as a good candidate
to merge data communication, synchronization
link and power.
Processing & Datalink: initially splitted in
separate cells categories, the development of
the proof of concept prototypes shown that
these two features were intimately linked
together. The processing is considered as the
brain of the device, coordinating all the features
hosted by the different cells so creating the
overall function needed by the final user. The
communications between the other µMA, the
other devices of the FTI network, a mobile
device (smartphone, tablet,…) or a PC are
managed by the processing and datalink cell.
Wired and wireless communications will require
dedicated cells as the physical interfaces are
specific (RF antenna, Ethernet, CAN,…). Even
if the rule is to implement only one processing
and datalink cell per µMA, one use case
justifies an exception: a wired and a wireless
processing and datalink cell can be connected
together in order to create a gateway between
the wired and the wireless domains (whatever
the type of standards: WiFi, BLE, UWB,
Ethernet, CAN, USB,…).

Figure 9: µMA cells categories

A fifth category of cell has also been added:
Sensor. It appears that for some kind of
measurements, it was possible to embed the
sensing part directly inside a cell, taking
benefits of the concept architecture and giving
the instrumentation engineer an access to
sensors designed to be soldered on a PCB.
Ambient air temperature and hygrometry
sensors but also MEMS microphones have
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been identified among others as good
candidates for being directly integrated into a
cell. This possibility brings also the need to
consider the sensing and acquisition cells to be
remotely placed from the main part of the
device (hosting the battery, the recording, the
processing and datalink cells) in order to ease
the installation of the sensing part as close as
possible to the area or piece to be instrumented
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while digitizing the information as early as
possible. In such scenario, the wired connection
between the remote part and the main body of
the device is composed of the exact same
number and type of connection available on the
cells themselves.

or function. It is therefore totally possible to
leverage the choice made by the final user at
the time of assembly to determine the expected
behavior. Being able to understand the users’
expectations is a way to optimize the setup
phase and even to completely bypass it in
some cases. This optimization requires to have
an accurate knowledge of the various cells
connected together using an auto-discovery
and identification process at power-up. This
analysis role is assigned to Processing and
Datalink cell. The user can select the expected
behavior to be applied by default (e.g.
acquisition of the maximal input range &
recording; streaming; sleep mode;…). It is of
course possible to apply a legacy configuration
process to fine tune every settings when
needed.

Figure 9: illustration of the concept of µMA remote
sensing cell

Network Architecture
From an architectural point of view, it is
possible to use the µMA concept independently
as a stand-alone device but also connected to
others - with or without wires - as light FTI.
Extension of an existing FTI (last minute
modifications for example) is also a use case.

Auto-discovery & self-configuration
Compared to other DAUs on the market that
cover wide range of features with a limited set
of part numbers thanks to a high level of
configurability, the µMA concept is based on
very specific cells dedicated to a given sensor

Figure 10: µMA concept in an FTI network

µMA concept assessment
Numerous prototypes have been manufactured
in order to evaluate and adapt size, weight,
ergonomic aspects, performances, harshness,
etc… An agile methodology has been applied to
quickly test and validate the different aspects of
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the concept. Some tests went well on the first
run, others failed, and in this case, the design
team learned, improved the concept and tried
again. The tests started at Safran Data
Systems labs, Test & Training Center and then
in real aircraft environments.
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Among these tests, the behavior while facing
high levels of vibrations and shocks of the
innovative assembly of the µMA concept has
been carefully studied in our Vibration Lab.
Various ways of mounting the device (including
P-clamps) have also been tested. Thanks to the
very light weight of the device and the presence
of the elastomeric interface between the cells,
all the mechanical test campaign was
successful.

evaluate the amount of energy radiated by the
device. Thanks to the use of low power
components with optimal clock speed the tests
were fully passed with radiated levels barely
unable to be detected by the measurement
tools of the electromagnetic laboratory.
The wireless communication capability of the
µMA prototype has been tested with a
Bluetooth Low Energy (BLE) implementation.
Radio link performance has been tested at
various data rates and transmitting power in
various environments including in a recent wide
body commercial aircraft and also in a twin
engine light aircraft as shown on the Figure 12.
All the tests conducted helped to mature the
different components of the µMA prototypes
and led to the validation of the overall concept.

Figure 11: µMA prototype during mechanical test
campaign

In terms of Electromagnetic compatibility (EMC)
derisking tests have been conducted to

Figure 12: µMA prototypes mounted on a Vulcanair P68 aircraft

Conclusion
Many constraints apply to flight test
instrumentation. It must be designed to be
integrated into a complex and often tiny
structure and to face extreme environments
(temperatures, pressures, shocks, vibrations,
EMI and EMC, etc.) while targeting to get ever
more knowledge about the vehicle. The IoT,
which uses the same value information loop as
the flight test instrumentation, paves the way to
a lot of new technologies (e.g. wireless or low
power). At the same time, electronics continue
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to gain in performance while reducing power
requirement and size.
We have shown with this exploration that the
flight test instrumentation can become more
distributed, less bulky, less heavy, less energy
hungry and less wiring consuming, getting
closer to the sensor, easier to install and
without need of modifications of the articles to
be tested, while remaining modular and
scalable.
From an architecture point of view, it is possible
to use the µMA concept independently but also
connected to each other with or without wires,
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as a light FTI with a new type of distributed
architecture but also as an extension of an
existing FTI (last minute modifications for
example).

Acronyms
ADC: Analog to Digital Converter

This success is not trivial. It has required
capitalizing on decades of experience in
innovation and development of instrumentation
systems, imagine new solutions and usages
with instrumentation players, thinking of
systems and architectures in a new way, to
develop a new modular approach of 3D
electronics, and to investigate low-power,
wireless and energy technologies from the
world of IoT and adapt them to the environment
of test instrumentation on aircrafts, helicopters,
armaments, launch vehicles, naval vehicles,
automotive or industrial systems.

BLE: Bluetooth Low Energy

Our investigations, our tests in laboratory and in
real environments, demonstrate that this new
approach of the desing (3D modular
electronics,
wireless,
low
consumption,
distributed architecture, reduced dimensions,
compliance
to
harsh
environmental
conditions,...) and usage (instrumentation as
close as possible to the sensor, no modification
of the structures, high speed deployment,
immediate
reaction
capacity,
live
troubleshooting, auto-configuration, plug and
play, rapid reconfiguration,...) creates a
revolution in instrumentation, testing and
certification activities for the transportation
vehicles of today and tomorrow. This survey is
only the very promising start of an adventure
towards new use-cases still to be invented for
this type of modular platforms.

MEMS: Micro Electro-Mechanical System

The overall µMA concept presented in this
document is patented and remains the full
property of Safran Data Systems.

AFE: Analog Front End
CAD: Computer Aided Design
CAN: Controller Area Network
COTS: Commercial Off The Shelf
DAU: Digital Acquisition Unit
FTI: Flight Test Instrumentation
HD: High Density
IOT: Internet Of Things
IIOT: Industrial IOT
PC: Personal Computer
PCB: Printed Circuit Board
PoC: Proof of Concept
PoE: Power over Ethernet
RF: Radio Frequency
SIP: System In Package
SWAP: Size Weight And Power
UAV: Unmanned Aerial Vehicle
USB: Universal Serial Bus
UWB: Ultra Wide Band
µSD: micro Secure Digital

All credits: Safran Data Systems
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Abstract:
As in other areas of Instrumentation, xml files are used for defining the characteristics of different
elements, in this case we are going to focus on instrumented sensors which are not already covered
by existing specific standards such as XidML or MDL files. Our intention is a new proposal that could
drive the industry to create a new standard that can help with some instrumentation tasks related with
these elements, specially software configuration and global configuration management. This would be
alike a sensors datasheet but in a xml file.
Key words: MDL [1] , XML [2], Open Standards, XidML [3], XdefML[4].
Introduction
Revising the existing schemas which could
represent a sensor we can find one stablished
schema called SensorML, but it is used in the
same way as XidML or MDL, because it
understands a sensor as a system to distribute
data instead of representing its internal features
and configuration options, but what we want to
propose it is to represent the datasheet of a
basic sensor like accelerometers, gauges, etc.
Similarly than standards
for transducers,
known as TEDS (Transducer Electronic Data
Sheet), which are focussed just in hardware
settings, we need a standard for covering
software settings and configuration.
The main objective is to involve
sensor
manufacturers so maybe they could provide in
the future this SensorDefML files the same way
they supply their datasheets.
What fields should show SensorDefML?
SensorDefML is a metamodel that allow us to
define the characteristics of a sensor. So if we
have a magnitude that we want to measure, this
it will be our input. We also can have additional
inputs to take into account. Generally, the
expected output should be a voltage or a
current, but could be any other magnitude. This
demonstrates that the schema has to be flexible
enough to cope all the variety we find in the
market.
Meanwhile
a
minimum
of
characteristics have to be taken into account.:
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Identification.
-

Manufacturer.

-

Model Identification.

-

Part Number.

-

Ordering notes.

-

Local supplier address.

-

Operating principle.

-

Application field.

Mechanical Characteristics:
-

Weight.

-

Dimensions.

-

Mounting instructions.

-

Drawing files.

Input/Output (Channel for)
-

Magnitude (Temperature, Pressure,
Voltage, Current, etc.), Power

-

Units.

-

Range / Span.

-

Impedance.

-

Bandwidth.
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-

Grounding.

-

Noise.

Metrologic characteristics:
-

Uncertainty.

-

Accuracy.(Class).

-

Dead zone / band.

-

Sensitivity.

-

Cross channel sensitivity.

-

Repeatability.

-

Hysteresis.

-

Bias.

-

Scale type.

-

Damping

-

Calibration formula.

-

Formula parameters.

-

Errors (sources of error).

Operating conditions
-

Temperature range.

-

Storage temperature.

-

Pressure. Static/Dynamic.

-

Humidity range.

-

Warm-up time.

-

Vibration range.

-

Maximum acceleration.

-

Impact acceleration.

-

MACH number limit.

-

Type of standard.

-

Accomplished Standards.

All of these characteristics are examples of
what has to be taken into account to help us to
create a first version of the schema. Obviously
a lot of different characteristics can appear later
on as more sensor classes start adopting the
SensorDefML. For that reason SensorDefML
has to be as much flexible and scalable as
possible, not only for supporting new and
different sensors but also new features or
settings without changing the defined internal
file structure.
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Working with SensorDefML SDK
In order to have an agile way of working and
also prevent recurrent errors it is helpful to have
a SDK[5] making easier some commonly used
methods such as create, read and write
SensorDefML files. This SDK should have
functions to extract all necessary information in
order to fill-in data in the memory data models
and/or in databases that the customer could
need.

Tools based in SensorDefML
Two tools are planned to use this schema.
One of them is an Inventory Control System
(ICS) which manages all the hardware related
elements belonging to a system. The other one
is a Systems Designer (SD), a tool for
designing the complete architecture of a
system, taking into account all the different
manufacturers and full integrated with the ICS
where the hardware items are available to be
placed in an architecture.
The ICS needs to persist new sensors, so the
best way to do this task is by importing a
SensorDefML file which contains all the
necessary information to fulfill the tool’s
requirements, such as quality politics and
others.
The SD can take advantage of SensorDefML
files to configure the complete measuring chain,
check specified ranges and ensure that every
sensor fits in the system. The calibration of the
sensor can be added afterwards, but most of
configuration will be valid, so a great deal of
work can be done from the beginning. Also, as
the SD is connected to the ICS database you
have available not only the sensor models that
you can use, but you can have the real serial
number you will use from the beginning.
Conclusions
SensorDefML files intends to be a key
technology for the ICS, SD and metrology in
ADS [6]. This kind of schema could become a
standard in the future. As a standard, their
definition should be agreed between all stake
holders in this field. So all of them are invited to
join this initiative.
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Addressing the Babel’s Tower of FTI Standards in a Network
Environment
Patrick Quinn
Aerospace Instrumentation
Curtiss-Wright
Unit 5, Richview Office Park, Clonskeagh, Dublin 14, Ireland
pquinn@curtisswright.com
Abstract: This paper discusses the different demands the
many industry wide standards place on flight test
instrumentation hardware and software in a networked
environment and the challenges of supporting all
standards from a supplier point of view.

It defines a specific data structure which the data must be
recorded. The structure of the Chapter 10 recording file is
presented in Figure 1.

Keywords: Paper format, instruction to authors
1. Introduction
Today’s networked flight test instrumentation (FTI)
hardware, and supporting software, needs to be a Babel
Fish, the universal translation device from Hitchhiker’s
Guide to the Galaxy, to support the multitude of industry
standards.
From Chapter 10, TmNS, iNET-X, IENA and DARv3
transmission protocols to TMATs, MDL, XidML and
XML metadata, both the hardware and software are
required to speak and understand multiple packet types
and file formats.
Each of these formats present their own challenges and
have their own advantages and shortcomings, and each
present different challenges in a distributed networked
architecture.
In an ideal world, connecting networked FTI systems
would be a simple – just “plug and play”. However,
experienced users will tell you that this is just not the
case.
This paper discusses some of the challenges imposed on
FTI, both at the hardware and software levels, by these
various standards and highlights how these may be
addressed.
2. Chapter 10 & TMATS
IRIG-106-Ch10 is probably the oldest standard of all the
ones discussed in this paper, and probably the one that
imposes the largest demands on a modern networked FTI
system.
The standard itself was originally a solid state recording
standard that evolved from the move away from tape
based recorders in the late 1990’s. It has evolved over the
years to add more data types and time formats.
The Chapter 10 standard is inherently a recording
standard. It is not network centric, it does not define how
any of the Ethernet protocols, like TCP/UDP/QOS etc.,
should be leveraged to optimize the FTI network.

Figure 1: The Chapter 10 format
The first packet in the recording is the Computer
Generated Data packet that describes all the subsequent
data packets in the recording. This is usually the TMAT’s
file.
2.1 TMATS
In a networked distributed architecture there are two
approaches to using chapter 10 as your data standard:
1. Record all data acquisition units (DAU) to a
single system wide chapter 10 recording
2. Record all DAUs to individual chapter 10 files
per DAU
For the TMATS file the challenge here, when using
approach 1, is primarily a software one. The FTI
configuration software must be capable of describing all
the data captured by all DAUs into a single coherent
TMATS file that describes all packets in the system.
When using approach 2, this is simpler, but the
configuration software must generate a TMATS file per
DAU and keep them all up to date as the configuration
changes.
2.2 Time Packets:
The real challenge at the hardware level when using
Chapter 10 in a distributed networked architecture is the
time packet.
The first dynamic packet in the recording must be a time
packet, this time packet must per periodic and repeat at a
minimum of 1 Hz.
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Chapter 10 defines 3 formats of time packet, Format 0 is
reserved for future use, Format 1 covers time from GPS /
relative time counter and Format 2 covers network time.
Format 1 contains a channel specific data word (CSDW)
that indicates the IRIG time source, covering everything
from free running to PTP locked to external embedded
time sources. The resolution of the time stamp in Format
1 is down to milliseconds.
Format 2 also contains a CSDW that indicates the
network time format (NTP, PTPV1 or PTPV2) and the
validity of the network time. It has a time resolution down
to nanoseconds. Format 2 would seem to be the ideal time
format to use in networked systems.
However, there is one major missing piece of the puzzle
that needs to be addressed for chapter 10 to be truly
useable in a distributed networked architecture, this is the
question of “Who creates the time packet?” and “How
does this time packet keep track the time from all the
other DAUs?”.
With multiple DAUs, each DAU can produce its own time
packet. When these time packets arrive to the recorder the
recorder must decide which time packet to use to time
stamp the full system recording. There are multiple
possible solutions to this:
1.

The system could be configured such that only one
DAU actually produces a time packet and the
recorder uses this time packet for its time source.
• This has the advantage of being a simple
approach, but it does not reflect the status of the
data from the other DAUs relative to the time
master DAU
• What happens if Time Master DAU goes out of
PTP lock?
• What happens if Time Master DAU time packet
is dropped or delayed?

2. The recorder could produce its own time packet
• Again a simple approach, but with the same
issues
3. The recorder could track the time packets from all
DAUs and make a decision on which is the best.
• Difficult to implement
4. The recorder could record each DAU to its own
individual chapter 10 recording
• Not an efficient use of recording bandwidth
5. The time packet requirement could be dropped by
the standard
• The secondary header time could be used in post
flight to align the data
2.3 Chapter 10 Data Types
Another feature that chapter 10 places on FTI hardware,
and software, are the excess of different data types and
different sub formats of each data type that must be
supported for a true Chapter 10 compliant FTI set up. As
of the IRIG-106-2019 release, the data types and versions

of each are supported by the chapter 10 standard as noted
in Table 1.
Data Type
Computer Generated Data
PCM Data
Time Data
MIL-STD-1553
Analog Data
Discrete Data
Message Data
ARINC-429 Data
Video Data
Image Data
UART Data
IEEE 1394
Parallel Data
Ethernet Data
TSPI/CTS Data
CANBUS Data
Fibre channel Data

Formats Defined
Format 0, 1, 2, 3 & 4
Format 0, 1 & 2
Format 0, 1 & 2
Format 0, 1 & 2
Format 0 & 1
Format 0 & 1
Format 0
Format 0
Format 0, 1, 2, 3 & 4
Format 0, 1 & 2
Format 0
Format 0 & 1
Format 0
Format 0 & 1
Format 0, 1 & 2
Format 0
Format 0 & 1

Table 1: Chapter 10 data types
Each of the above formats Chapter 10 also defines a UDP
Transfer Header, which has 3 different formats,


Format 1: Little Endian, 24 bit UDP Sequence
number



Format 2: Big Endian, 24 bit UDP sequence
number

Format 3: Little Endian, 16-32 bit Datagram
Sequence number.
Each data type has their own sub set of rules around how
the data is packed by the FTI hardware. For example,
there are 6 different ways of recording PCM data just in
PCM Data format 1 alone.


4. IENA
IENA is the Airbus network packet protocol that
originated during the A380 program and has been widely
adopted industry wide since then. Originally conceived as
a network standard, the IENA protocol is quite simple and
clear to understand, and support, from a networked
architecture point of view.
Some of the restrictions IENA places on FTI hardware
include
• Destination MAC must be Multicast, in the range
01:00:5E:01:01:00 - 01:00:5E:01:01:FF
• Packet fragmentation is allowed.
• Source IP must be in the format 172.28.X.X
• Destination IP must be in the format 235.1.1.X
• Source port must be greater than 50000
• Destination port must equal 51000.
• IENA time stamp is the number µS since the start
of the current year.
• There are two status sections of the IENA header:
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•
•

• Key Status – fixed for any IENA Key
• N2 Status – dynamic for any instance
The sequence number is 16 bits
There is an END word at the end of each packet,
must be the same for all packets in any
configuration

4.1 IENA Packet Types:

Figure 5: IENA M Type
4.1.5 Q Type – Message parameters without a delay field
Same as above, without the delay field.

IENA defines 5 parameter types, and it is forbidden to use
different parameter types in different IENA Keys.
4.1.1 P Type – Positional Parameters
Multiple occurrences of P Type parameters can be placed
in one packet, but must follow a repeating pattern, as
shown in Figure 1.

Figure 6: IENA Q Type
4.2 IENA shortcomings:
While IENA is popular there are a couple of shortcomings
in the standard that do not take full advantage of todays
networked systems capabilities:

Figure 2: P Type parameters must follow a repeating
pattern
One of the restrictions this places on any decom software
is that it must know exactly how many parameters are in
each packet and the occurrences of each in order to be
able to locate all samples of any individual parameter.
4.1.2 D Type – Standard parameters with a delay field
These are groups of a maximum of seven 16 bit data
words with an assigned parameter id and a 2 byte delay
field. The parameters must be placed in a particular order
and the delay field is the delay in µS from the packet time
stamp to the acquisition time.

Figure 3: IENA D Type
4.1.3 N Type – Standard parameters without a delay field
Same as above, but without the elapsed time field.

Figure 4: IENA N Type
4.1.4 M Type – Message parameters with a delay field
These are Message parameters whose length and
acquisition time of the entire message can be reflected in
the IENA packet. The data set can be padded if required
and the delay field is the delay in µS from the Packet time
stamp to the acquisition time.

1.

Time stamp is in µS, in both the packet time stamp
and the delay fields
Greater time resolution is possible with other
formats, such as IEEE 1588 PTP which allows time
resolutions of nanoseconds to be reflected in the
data
2. Parameter placement restrictions do not allow
multiple samples of the same parameter to be placed
contiguously
5. iNET-X
iNET-X is a network packet protocol developed by
Curtiss-Wright’s Dublin Office (formerly Acra Control).
Again, originally conceived as a network standard, the
iNET-X protocol evolved out of the early iNET (TmNS)
definition and is also simple and clear to understand and
support from a networked architecture point of view.
iNET-X does not support quality of service (QoS)
protocols like pause frames, it does not allow packet
fragmentation and does not support IGMP or DHCP. All
packets are UDP packets, so TCP traffic is not supported.
It does support aperiodic traffic transmission and SNMP.
File transfer protocols like TFTP are supported, but not
FTP.
From a network architecture point of view, iNET-X
expects minimal dynamic behaviour from the sources and
hardwired traffic routing. This requires the configuration
software to be able to map the traffic flow throughout the
entire FTI installation.
From a recording point of view iNET-X prefers open
standards like PCAP and FAT32 file systems.
Unlike IENA, iNET-X allows:
• Both multicast and unicast destination MACs
• There are no restrictions on source IP, source port,
destination IP and destination port
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•
•
•

The iNET-X time stamp takes full advantage of the
nanosecond resolution offered by PTP-1588, with
64 bit time stamps counting from 1/1/1970
There is a 32 bit flags field in the iNET-X header,
which is used to dynamically reflect status of the
data in the packets
The sequence number is 32 bits

5.1 iNET-X Packet Types
iNET-X defines 4 packet types: placed, bit-aligned, block
aligned, parser aligned and event.
5.1.1 iNET-X placed
This uses fixed, constant length packets, not exceeding
1426 bytes of payload. They must end on a 16 bit
boundary. Multiple occurrences of any type of parameters
can be placed in one packet, and multiple occurrences of
parameters are placed contiguously.

Figure 9: The iNET-X block-aligned packet type
5.1.4 iNET-X Parser-Aligned
These are variable length packets, used for bulk bus data
capture. Each parser aligned block is a complete bus
message, with elapsed time timestamp relative to the first
message in the packet.

Figure 10: The iNET-X parser aligned packet type
Figure 7: The iNET-X placed packet type
5.1.2 iNET-X bit-aligned
They have variable length packets, used for CVSD audio
packets. Max payload length of Nx4 bytes, not exceeding
1426 bytes.

5.1.5 iNET-X event
These are variable length packets, used for event marking.
Usually made of a string representation of event code and
a time stamp of the event.

Figure 11: The iNET-X event packet type
Figure 8: The iNET-X bit-aligned packet type
5.1.3 INET-X block-aligned
These are variable length packets, used for video transport
streams. Usually constructed of X blocks per packet, with
fixed number of bytes per block.

6. DARv3
DARv3 evolved out of the DAR standard, originally
developed by Boeing and the South-Western Research
Institute (SWRI) for the Boeing 787. It was adopted by
Curtiss-Wright’s Newtown business unit (formerly TTC)
and expanded upon to create DARv3. Once again, this
protocol started life as a network protocol and is also
simple to understand and support from a distributed
networked environment.
DARv3 does support QoS protocols like pause frames, it
does allow packet fragmentation, it does support IGMP
but not DHCP. All packets by default are UDP packets,
but TCP traffic is allowed. It does support periodic traffic
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transmission and SNMP. File transfer protocols like TFTP
and FTP are supported.
From a Network architecture point of view, DARv3
expects some dynamic behaviour from the sources, they
must be able to respond to pause frames, and must
advertise that fact to downstream devices during link
negotiation. This requires the configuration software to be
able configure a maximum latency for the packets to
manage the traffic flow throughout the entire FTI
installation.
DARv3 uses multicast packets and devices that support it
use IGMP to join or leave multicast groups. Multicast
packets use a default destination port of 50001, but this is
configurable.
DARv3 supports fragmentation of jumbo frames, with
fragmentation driven by message latency settings. DARv3
is big-endian. DARv3 also defines a network recording
standard, the direct structure of which is compatible with
the standard used for IRIG-106 Chapter 10, STANAG4575 Edition 1.
The DARv3 packet format is made up of the DARv3
header followed by 1 or more data segments as shown in
Figure 12.

type being used is indicated in the header of the packet. It
is therefore forbidden to mix data types in the same
packet. As of the 2016, DARv3 standard the packet types
in Table 2 are defined, each with its own set of rules
around how that traffic type must be encapsulated.
Name
1553
A429
ACQ
A664
AUD
ETH
Event
FAAD
FC
HFCI
HRV
IP
Link-16
LRV
MP2
NDO
PCM
Raw
Bayer
RDR
RGB
Status
TCP
UART
UDP

Protocol
MIL-STD-1553
ARINC 429
Analog / digital signal acquisition
ARINC-664
Audio
100/1000BT Ethernet
Event packets
Fwd Area Air Defence Standard
Fibre Channel
IMB protocol
High Res Jpeg-2000 Video
IP Packets
TDL 16
Low Res Jpeg-2000 Video
MPEG-2 Video
Arinc-664 Network Data Objects
PCM to IP gateway
High speed camera images
Radar
RGB video
Status packets
TCP packets
Serial Data
UDP Packets
Table 2: DARv3’s packet types
7. TmNS

Figure 12: DARv3 packet
Unlike iNET-X, the time stamp, while based on IEEE1588, is only the 32 bit seconds portion of the full 1588
time. The following data segments also follow a common
structure and are all 32 bit aligned.

Figure 13: DARv3 time stamp
Here, the time delta is the nanosecond portion of the full
1588 time stamp, relative to the time stamp at the start of
the packet.
6.1 DARv3 Packet Types
Similar to Chapter 10, DARv3 has multiple packet types,
dependant on the type of data being captured. The data

The Telemetry Network Standards Definition (TmNS) is
the newest of all the standards and one of the most
comprehensive in its attempt to define all aspects of the
networked environment for FTI. It comprises of eight
chapters of the IRIG 106 standard, covering everything
from message formats to system configuration and
management to RF networks.
TmNS does offer some new capabilities to the FTI
environment that are really interesting:
1. Bi directional telemetry
2. PCM back fill
3. Dynamic spectrum sharing
4. Quality of service
5. Fully interconnected systems
6. Over the horizon telemetry
TmNS device support is truly comprehensive in that it
covers all of the following:
• 100BT, 100BF, 1000BT, 1000B-SX, 1000B-LX,
10GBT, 10GB-SR, 10GB-LR, 10GB-ER
• Auto negotiation, MAC layer packets, IP protocols,
LLC protocols, Spanning Tree protocols, Quality of
Service protocols, ARP, IPV6, IPv4, ICMP, IGMP,
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TCP, UDP, IP Security protocols like TLS & SSL,
both DHCP & Static Ip Address assignment
• TnMS only allows PTP-V2, master, slave &
boundary clocks
• 1 PPS outputs and GPS time support
• Encryption
• SNMP – there is a TmNS management information
base (MIB)
This does not imply that all devices must support all of
the above, but compared to the other standards it includes
far more of the possibilities networked systems have to
offer.
TmNS attempts to keep the message format simple by
trying to define a single message format to describe all
traffic types.
The message definition consists of a message header
followed by a message payload. The message payload
consist of a series of TmNS packages.

Figure 16: TmNS package
The Package Header contains the fields shown in Figure
17.

Figure 14: TmNS message format
The TmNS message header consists of message fields
very similar to iNET-X.

Figure 17: The fields within the package header
While the attempt to use a single package definition is
admirable it runs the risk of not being able to describe all
data field for all data buses or analog signals inside these
restrictions for every vendor. This reduces the possibility
of interoperability between multiple vendors.
IRIG-106 chapter 25 requires that TmNS devices support
configuration over SNMP, with the use of various public
MIBs and a TmNS specific MIB. Again, here it is not
clear that all vendor device capabilities can be configured
via these MIBs.
TmNS is evolving over time and as adoption increases in
the customer base these issues will no doubt be addressed,
however, achieving a truly vendor neutral standard via
TmNS remains a long way off.
8. Becoming the Babel Fish

Figure 15 TmNS message header
Each payload package consist of a package header and
package payload and must be 32 bit aligned.

From a customer point of view, the benefits of ‘plug-andplay’ hardware are fairly obvious. The ability to pick and
choose between vendors without worrying about
integration issues or needing to alter IT infrastructure, has
many advantages.
From a vendor point of view, Curtiss-Wright will as
always be all things the all people. We will continue to
support IENA and INET-X out of Das Studio and DARv3
out of TTCWare. For Chapter 10 our Axon family DAUs
will support all time format packets, until the time packet
issues in distributed networked systems is addressed by
the RCC, all UDP data transfer formats and all data
formats, configurable by the user. Both TTCWare and
Das Studio will be able to produce TMAT’s files at both
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the individual DAU level and at the full system level to
support both the single recording per system and single
recording per DAU approach.
For TmNS Curtiss-Wright will build in the ability to
generate MDL files readable by both Das Studio and
TTCWare, but will continue to use our existing
configuration software to program the hardware until the
MDL schema and the TmNS MIB supports a way to
configure all of our hardware settings.
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How

conventional Flight-Test Instrumentation concepts can
contribute to the innovative eVTOL aerospace development
Luis Antonio Jacob da Motta
Lilium GmbH, Weßling - Germany
luis.motta@lilium.com

Abstract:
Even in face of all innovative aspects around VTOL aircraft development, specially for all-electric airplanes, the conventional FTI concepts shows up your real value: from Processes Organization until
Test Results, FTI can contribute providing solution in many scopes of the Flight-Testing, what includes
Requirements Control, Data Acquisition and Special Systems Design, Flight-Test Data Processing
and Analysis and Flight Results Reports. In this article, we’ll describe how the conventional FTI is being developed and implemented from the scratch in an eVTOL Startup, its development challenges
and how to keep improving the instrumentation concepts in front of all new technologies demand for
manned and unmanned flights.
Key words: Data Acquisition, Flight-Testing, VTOL, Data Processing, Startup.
Introduction
Keeping in mind we are planning to validate
something complete new and challenger, and
doesn’t matter what you are planning to test in
the air, the first and mainly concern we must
have “on the table” when designing is SAFETY.
And having it as our primary requirement in the
new project, now we can focus in everything we
must comply with all engineering requirements,
combining them between each other, providing
us coverage around the second most import
aspect in aviation: RELIABILITY and CONTROLABILITY.
In that way the Flight-Test Instrumentation (FTI)
has and important involvement and contributes
providing all relevant measurements and monitoring systems to the Systems Engineering and
Flight-Test Crew during performing flight-tests.
The idea is to have the clear aircraft’s behavior
when performing the tests (Real-Time Data
Processing), minimizing risks and maximizing
performance, and the possibility to analyze
deeply all data and flight conditions after tests
(Post-Flight Data Processing).
Even having an innovative scenario in this allelectric aircraft development, the conventional
FTI shows how important, reliable and useful it
is during the Flight-Test Campaigns (FTC), of
course respecting and complying with all electrical related aspects like Electrical Magnetic
Interference (EMI) and Unmanned Flight Operation characteristics and restrictions.
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FTI Macro Process
Represents a group of best practices sequence
of development phases that the instrumentation
is being performed at Lilium for a better and
faster implementation:
•

Conception:
Consists of phase where all preliminary
FTI definitions are evaluated;

•

Project:
Consists of phase where the FTI System is fully documented, which includes
electrical and mechanical installation
drawings;

•

Integration:
Consists of phase where the proposed
FTI System, sensors calibration and
aircraft system integration is performed;

•

Software_Development:
Consists of phase where all necessary
software (SW) development for controlling FTI information and Data Processing is performed (continuous development), even along the FTC’s;

•

Operation:
Consists of phase where the FTI System itself is operated and maintained in
the aircraft during the FTC’s.
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[Conception] FTI Measurements and Special
Systems definition
The Flight-Test Instrumentation List (FTIL) is a
group of measurements about what the System
Engineering is planning to monitor every test.
Aspects like numbering and naming standards,
type and range of measurement, sampling rate
and data-sourcing will be previously defined in
the list. Currently Lilium Jet FTIL contains
around 10K measurements created (April, 20).

Fig. 4.
Fig. 1.

Fig. 2.

Lilium FTIL sample.

Lilium FTI GCS Architecture.

[Project] FTI System installation design
The FTI System installation design includes all
electrical and mechanical installation drawings.
In special, the FTI Rack installation design is
shown below. Inside it, we’ll install the DAS,
Video and Radio Telemetry Systems, as many
other important FTI components:

Lilium Jet FTI Datasources mapping.

As FTI Special Systems we can consider a
mandatory group of systems or equipment to
perform the tests accordingly like Data Acquisition System (DAS), Radio-Frequency (RF) Telemetry System (Data + Image), Ground Control System (GCS), Pilot and Engineering Displays, etc.. – which provides to the FT Crew
and Engineering monitoring and controllability
conditions during the tests.

Fig. 5.

Lilium Jet FTI Rack mechanical installation
design.

[Project] FTI Sensors installation design
In the same way and standard, all sensors and
signal sources are identified in the installation
drawings, as you can see below:

[Conception] FTI Architecture definition
Combining all measurements, special systems
and operation requirements we can define the
FTI System Architecture, as you can see in the
figure below:

Fig. 6.

Fig. 3.

Lilium FTI Airborne System Architecture.
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Fig. 7.

Lilium FTI harnesses installation design.

Lilium FTI sensors installation design.
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As part of the FTI sensors documentation, is
also mandatory to prepare the FTI wiring diagrams, where all electrical connections between
DAS and Sensors are described, as you can
see in the figure below:

System (PIS) - are also transmitted via RF link,
but in the way-around, from the GCS to the
aircraft.

Fig. 10. Lilium GCS design and preparation.

Fig. 8.

Lilium FTI sensor wiring diagram example.

[Integration] FTI Integration, Bench Tests
and Sensors Calibration
All Lilium Jet FTI Integration has been performed in the Software/Hardware in the Loop
Laboratory (SiL and HiL), simulating flight conditions and all signal types from different data
sources into the FTI DAS. In parallel, all Ground
Control logical functions from the aircraft side
could be verified from the Pilot Control, also
available in the room, as you can see in the
figure below:

Fig. 9.

Lilium FTI SiL and HiL integration tests.

About FTI Calibration process, we are following
and complying with ISO-17025 requirements.

[Software Development] Lilium Flight-Test
Portal development
All information regarding to the FT Process,
including FTI, is controlled by the in-house developed FT Portal. It’s a web-based application
where FTIL, Reports, Test Plans and Results
are controlled and registered, and can be accessed by anyone in the company via web
browser.
The user-interface is friendly and the system
combines web applications with desktop (scriptoriented ones) running “behind the scenes”,
from the user point of view.

Fig. 11. Lilium FT Portal main page.

All FT Portal features are connected to the
Flight-Test Database (FTDB), developed inhouse, as you can see in the figure below.

[Integration] Ground Control Station design
The GCS consists in a remote station for the
aircraft monitoring (and control, for unmanned
flights). From there, Flight-Test Pilots and Engineers can perform different scopes of testing
and evaluate the aircraft maneuverability and
controllability aspects.
When performing flight-tests, the FTI data is
fully recorded inside the aircraft and transmitted
from the aircraft to the GCS via RF Telemetry
Link; Pilot commands - from the Pilot Control
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Fig. 12. Lilium FT Portal Architecture.
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[Software Development] Flight-Test Results
The Flight Test Results is a group of features
that, combined, can provide all information
around any test performed by Flight-Test Team
to the systems engineering, which includes FT
Reports and FTI processed data.

reference are always important to be registered,
and they can be useful for statistics analysis or
even in case of incident research.

Fig. 16. FTI Tasks Management System using
Redmine opensource issue tracker.
Fig. 13. Lilium FT Results user interface.

[Software Development] Pilot and FTE’s
Displays development
FT Displays are developed and customized inhouse for each FT Campaign, and they are
available in the GCS to the Pilot and FTE’s
every test. Once flying unmanned, they are
mandatory.

[Operation] General considerations for the
FTI flight preparation
Test Plan, Risk Assessment, Configuration
Control, Briefing, Pre and Post-Flight procedures are some of the mandatory safety and
quality steps to be complied with when working
in aviation - even more when flying unmanned.
#SafetyFirst
During performing the FTI pre-flight procedure,
systems like Data Acquisition, Data Recorder,
Telemetry Radio Links and Data Processing
Servers are tested and released for flight.

Fig. 14. Lilium Pilot and FTE’s Displays (example 1).

Fig. 17. Lilium Jet Flight-Test field preparation.

Fig. 15. Lilium Pilot and FTE’s Displays (example 2).

[Operation] FTI Task Management System
All FTI tasks performed in the aircraft (valid for
operation and design phases) must be traceable and logged accordingly: information like
task subject, type, assignee and document
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After performing the test, all FTI Data is moved
to the FTI servers and processed accordingly
converting them from a Raw Tormat to Engineering Units (e.g.: from “bits” to “Meters, degree Celsius, PSI, etc..”).
The reports from the Flight Crew are also helpful, providing relevant events and details about
how was the aircraft’s behavior during performing maneuvers, which will support system engineering during the data analysis.
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[Operation] FTI Statistics Monitoring System
In order to improve tasks performance and/or
evaluate how they are progressing, let’s use the
numbers in our favor. We can always correlate
important Key Performance Indicators (KPI)
with FTI planning and actions management.
FTIL growth, Design Changes rate and quantity
of tests performed can give us a good expected
workload indicator when performing a specific
Flight-Test Campaign; or even we can calculate
the average working time expended in a regular
instrumentation implementation, for example.

Fig. 18. FTI Statistics Dashboard using Grafana
opensource interface

Final Considerations
In the end, all conventional instrumentation
concepts, combined with aviation best practices
and engineering experience can provide a reliable and safer test environment, increasing the
quality of data acquired and test results, maximizing the aircraft systems development and
mitigating issues during performing the FlightTest Campaigns.
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Abstract
Satellite-based localization systems are nowadays widely deployed in transportation, especially with the
progress of global navigation satellite systems (GNSS). However, GNSS signals are easily degraded
by the local environment. This compromises the accuracy of the position solution and makes it challenging to implement satellite-based localization systems in the road and railway domain. With the help of
Bayes filters (e.g., Kalman and particle filter), the localization accuracy can be improved. However, these
filters are constrained by assumptions, and they require accurate modeling of errors for optimal estimation. Under these circumstances, another modeling method is researched in this paper. As machine
learning has become more sophisticated over the years, neural networks are now suitable for learning
the relation between the position errors and the abundant information from the GNSS receiver without
prior knowledge. Therefore, the dilution of precision, the elevation angle and the carrier-to-noise ratio
are appropriate indicators for signal degradation. In this paper, it is shown how neural networks are
trained to estimate the position error of satellite-based localization systems. For modeling the temporal
correlation in position error measurements, the long short-term memory (LSTM) network is applied.
Finally, it can be demonstrated that the neural networks are able to learn the trend in position errors.
Key words: satellite-based localization systems, machine learning, land vehicles, LSTM, error estimation
1 Introduction
With the ongoing advancement of global navigation satellite systems (GNSS), satellite-based localization has become more dependable for
transportation applications over the last decades. However, due to terrestrial influences, the
application of satellite-based localization encounters major challenges in the road and railway domain. The satellite signals are easily deflected, diffracted and obscured by buildings,
trees and tunnels on the ground. Commonly arising effects are for example the multipath effect
and non-line-of-sight (NLOS) signals. That degradation of satellite signals leads to a reduction
in accuracy and other characteristics concerning
the measurement quality of the localization systems.
Many approaches are developed to mitigate the
degradation of satellite signals. For example, the
Bayes estimators such as the Kalman filter and
the particle filter are nowadays widely implemented in the GNSS receivers for that purpose.
The Kalman filter is however restricted by the assumptions of linearity and normal distribution.
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The particle filter is applicable for nonlinear systems and non-Gaussian distributions, but it
comes at the expense of high computational
complexity. Furthermore, the Bayes estimators
require explicit modeling of the effects to be mitigated.
Multipath and NLOS reception are to a certain
extent deterministic effects because they mainly
exist due to surrounding objects such as buildings. Therefore, an accurate geometric modeling
of the degraded signals is feasible. An example
would be the ray-tracing method [1]. By analyzing the path of satellite signals, possible deflection, diffraction and obscuration can be found
with a 3-D map of the surrounding area. This
method is naturally very computationally expensive and its accuracy is highly dependent on the
accuracy of the map as well as on the model of
signal transmission.
Other methods focus on the possible indicators
for the existence of multipath and NLOS in the
GNSS receivers. Groves et al. propose a portfolio to mitigate signal degradation under the consideration of multiple possible indicators as well
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as antenna techniques [2]. Considered indicators are for instance the carrier-to-noise ratio
(C/N0) and the elevation.
Data fusion is also applied to integrate GNSS
with dead reckoning methods such as inertial
navigation systems (INS) and odometers. However, the two latter ones lack long-term accuracy
due to error accumulation over time and hence
cannot guarantee accuracy of the integrated
system during GNSS outages.
To improve the measurement quality of GNSS,
different signal augmentation techniques can be
applied, such as real-time kinematics (RTK),
Precise Point Positioning (PPP) or a hybridized
version of both to combine the benefits of both
approaches (PPP-RTK). RTK improves the
measurement quality by not only utilizing the
time information of the satellite signal, but also
by using the information gained by analyzing the
characteristics of the carrier phase. This is
achieved by using additional information provided by a near base station (30-50 km) or by a
network of base stations and advanced algorithms. Thus, RTK can provide an accuracy of up
to 1 cm. In contrast to that, PPP only relies on
GNSS satellite clock and orbit corrections provided by a global network via satellite or internet
link in order to estimate phase characteristics
and can achieve an accuracy in the decimeter
level. It is a challenging limitation that the algorithms need a different period of time for the position solution to converge (the so-called position
fix), i.e., from a few seconds (RTK) up to 30
minutes (PPP). The position fix can be easily lost
in environments with significant amounts of signal degradation, drastically reducing the availability of such systems. [3].
However, to the knowledge of the authors, the
existing methods can provide a solution to some
– but not to all – issues at hand. Over the last
decade, machine learning techniques have become a promising solution especially for the
cases when no exact models are required for the
problems to be studied [4]. In this paper, the possibility of applying machine learning as an estimator for the position error of satellite-based localization systems is explored and discussed.
2 Relevant Work
Similar to other domains, there is a growing interest in applying machine learning to satellitebased localization systems. In this chapter, relevant research is shortly introduced.
Satellite-based localization systems with GNSS
and INS are nowadays commonly found. However, an INS suffers from error propagation over
time and the position error from the INS can accumulate to a large level in a short period. Ma-
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chine learning is applied to learn how GNSS corrects the INS error during its normal operation.
The trained algorithm can then be implemented
to mitigate the INS error during GNSS outages
and to assure accurate localization over a longer
time span using a back propagation neural network [5]. Wang et al. further suggest that a hybrid
architecture with a radial basis function neural
network and an extreme learning machine can
improve the accuracy of prediction under dynamic conditions [6].
Machine learning is also adopted to improve the
accuracy of map-matching algorithms for satellite-based localization systems. Hashemi and
Karimi apply an online feedforward neural network to predict and reduce GNSS errors in order
to improve the correct segmentation rate of the
map-matching algorithm. The speed and horizontal dilution of precision (HDOP) are adopted
as the inputs for the machine learning algorithm
under the assumption that the position error is
temporally autocorrelated. However, the results
prove their assumption wrong. Instead, the neural network provides the best performance when
the input is constant. [7].
Machine learning is also applied to aid the detection of multipath and NLOS. Hsu develops a support vector machine (SVM) to distinguish line-ofsight (LOS), multipath and NLOS signals by analyzing features such as the received signal
strength, the change rate of received signal
strength and the pseudorange residue [8]. He reports a classification accuracy of about 75% for
certain features.
Kuratomi conducts similar research compared to
this paper. He develops a position error estimator for GNSS using machine-learning-based
methods such as decision trees and support vector machines. Common receiver measurements
such as C/N0, elevation as well as the information coming from the navigation filter such as
the innovation in the Kalman filter are applied as
the inputs for the estimator [9]. Furthermore, a
camera is used to detect multipath and the results are fed to the machine learning algorithms
as additional inputs. Though the final results are
promising, he proposes to use deep neural networks to achieve higher estimation accuracy.
3 Fundamentals
In this chapter, the sources and the propagation
of GNSS errors are firstly discussed. After that,
the used machine learning algorithm as well as
the applied dataset are shortly introduced.
3.1 Error Sources of GNSS
The accuracy of GNSS is under the influence of
many sources. The major sources are the clock
error, the ionospheric and tropospheric errors as
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well as multipath and NLOS. Fig. 1 illustrates
that the signal paths from the satellites can be
extended in the atmosphere as well as due to reflection on objects surrounding the receiver.
These error sources directly cause a deviation in
the pseudorange measurement corresponding
to every satellite. The receiver position is then
estimated by least square estimation or by the
Kalman filter based on the pseudorange measurements. The relation between the pseudorange measurement of the ith satellite and the receiver position [xr, yr, zr] to be estimated can be
expressed as
ρi = (xi - xr )2 + (yi - yr )2 + (zi - zr )2 +δρi

(1)

where [xi, yi, zi] is the satellite coordinate and δρi
is the sum of pseudorange errors. It can be easily noticed that the pseudorange measurement is
the sum of the geometric distance between receiver and satellite and the range errors. Moreover, the relation between pseudorange and position is nonlinear. The propagation of the pseudorange error to various localization solutions
such as position, velocity and time (PVT) information is dependent on the signal geometry,
which can be generally understood as the distribution of all used satellites in 3-D space. The signal geometry can be quantified by the dilution of
precision (DOP) [10]. The aforementioned
HDOP is a variant of the DOP and is dedicated
to horizontal planes, i.e., to describe the influence of the satellite geometry on the accuracy of
the horizontal position solution. A high HDOP
value indicates that the pseudorange errors
propagate to the horizontal plane to a great extent.

ceiver) and the horizontal plane. Generally, signals from satellites of low elevation are more influenced by atmospheric effects since their paths
in the atmosphere are longer than the paths of
signals from high-elevation satellites. Moreover,
low-elevation signals are more likely to be degraded by multipath and NLOS since the signals
are more probable to be blocked and reflected
[10]. C/N0, the carrier-to-noise ratio or signal-tonoise ratio, is considered to be relevant to the
quality of the received signals. In urban areas,
reflections happen frequently and C/N0 is observed to be lower. Hence, C/N0 is regarded as
indicator for multipath and NLOS [11].
Many models have been developed to analyze
the impact of error sources on pseudoranges.
For ionospheric and tropospheric effects, there
are sophisticated models that are especially applied to receivers of high quality. These models
are complex and require current data for a given
region from base stations.
For multipath and NLOS, the aforementioned
ray-tracing method has already been implemented for simulation purposes in commercial
software. However, the required 3-D map is not
available everywhere due to high data volumes
as well as due to the high complexity in generating the map. If the map is not up-to-date, it would
also lead to an accuracy degradation of the raytracing method. Moreover, running ray-tracing in
real time on vehicles would lead to high expenses on the computation hardware. Furthermore, multipath and NLOS do not simply lead to
the geometric elongation of signal paths, but the
resulting errors are also dependent on the signal
processing inside the receiver [12].
A model to correctly describe the error propagation from diverse error sources via pseudorange
measurement to the position errors is extremely
difficult to establish. Even if it can be realized, it
would be excessively complex with the classic
modeling techniques based on linear or nonlinear equations and various assumptions on the
underlying statistical distributions.

ƚŵŽƐƉŚĞƌĞ

3.2 Machine Learning

DƵůƚŝƉĂƚŚ
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Fig. 1. Illustration of major error sources for
GNSS

Several measurements of the receiver can be
linked to the error sources. The elevation is the
angle between the signal (from satellite to re-
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The advantage of machine learning is that it
does not require explicit modeling and that it can
be trained to discover the model by learning the
linkage between data. Due to the difficulties that
classic approaches have in finding a model for
the position errors of satellite-based localization
systems, machine learning could be suitable to
find this model based on the collected data in the
field.
Generally, there are three main kinds of learning
tasks with machine learning: supervised learning, unsupervised learning and reinforcement
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learning. Supervised learning is targeted to learn
the mapping function between the inputs and the
outputs based on the input-output pairs in the
training set and it is commonly applied to solve,
among others, regression problems. Apart from
that, unsupervised learning is often adopted to
study the distribution of data and it is widely used
for clustering and generating data. Reinforcement learning, however, has the feature that it
can update the model during deployment,
whereas for supervised and unsupervised learning, the model is determined during the training
phase and remains unchanged during deployment. Since the target of this paper is to find the
relation between several indicators and the position errors based on the collected data – without
further deployment of the model in the field –, supervised learning is suitable.
Many models can be applied to perform a machine learning task, such as the feedforward
neural network by Karimi [7]. This type of neural
network is normally applied to link the relation
between inputs and outputs of the same time
epoch, i.e., it only considers the static behavior.
However, the position errors of satellite-based
localization are timely correlated, i.e., the position error at time epoch ti can also be under the
influence of error sources of previous time
epochs [13]. The recurrent neural network
(RNN) is specially designed for processing sequential data [14] and is therefore suitable to
model time series. As shown in Fig. 2, an RNN
layer with multiple cells can process a sequence.
The cells not only learn the inputs, but also pass
information further to the next cell.

yt
cellt-3

cellt-2

cellt-1

cellt

xt-3

xt-2

xt-1

xt

Fig. 2. Illustration of a typical many-to-one mode
of RNN

The term RNN covers a class of recurrent neural
networks. The most widely applied network in
that class is the LSTM [15]. It is suitable for capturing both the long-term and the short-term pattern in the sequence. An LSTM network consists
of input it , forget ft and output gates ot . LSTM
networks use the cell state vector ct to receive
information from previous steps in the processed
sequence and to pass the information further to
the following steps in that sequence. Mathematically, an LSTM cell can be described using following equations
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ft = σ(Wf xt + Uf ht-1 + bf )

(2)

it = σ(Wi xt + Ui ht-1 + bi )

(3)

ot = σ(Wo xt + Uo ht-1 + bo )

(4)

ct = ft ⨀ ct-1 + tanh(Wc xt + Uc ht-1 + bc )

(5)

ht = ot ⨀ σ(ct )

(6)

where σ represents the sigmoid activation function and ⨀ denotes the element-wise multiplication. The major improvement of LSTM against
original RNN is that the vanishing and the exploding of gradients is avoided using the forget
gate [15]. LSTM networks can be applied for machine translation [16], also for the prediction of
time series [17].
3.3 Dataset
The data applied in this paper were collected in
Braunschweig, Germany, on several days in August 2014. For the data collection, an automotive-grade u-blox receiver and an OxTS RT 3002
integrated system were used as the common receiver on the vehicle and as reference respectively. The test vehicle followed the designed trajectory for 20 times in total. Data collected during
5 of those 20 runs are used as dataset since they
were all collected under the simplest receiver
settings without additional correction services.
Those settings truly represent the quality of an
automotive-grade GNSS receiver. The trajectory
consists of environments including urban areas,
multiple bridges, forest, suburban area and highway (Fig. 3). Both the u-blox receiver and the reference system recorded data at 5 Hz frequency.
With the aim to identify suitable inputs for the
machine-learning-based model, the available
quantities provided by the receivers are analyzed hereinafter. Apart from the PVT information, the u-blox receiver can provide different
metrics of dilution of precision, C/N0, elevation
and azimuth of the used satellites. Utilizing all
available C/N0 and elevation angles of the used
satellites as inputs for the neural network would
render the dataset too complex. Hence, those
measurements are reduced to their mean values. For C/N0, another parameter is considered,
i.e., the percentage of satellites with low C/N0.
This is done under the assumption that if most
used satellite signals are degraded by errors and
indicated by lower C/N0, the estimation algorithm in the receiver can neither identify nor exclude the erroneous measurements. Thus, large
deviations in the position measurements can be
expected. Here, the threshold for low C/N0 is defined at 20 dB. Moreover, the model requires reference values of position errors to evaluate the
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Fig. 3. Trajectory for data collection [18]

Fig. 4. Position error in north direction collected in one run

estimation. The reference values of the position
errors are calculated as the difference between
the positions measured by the u-blox receiver
and the reference receiver.
It can also be observed in Fig. 4 that the data for
diverse environments differ from each other. Using a single model to learn all the features
throughout the run would be particularly challenging. Therefore, the dataset is segmented on
the basis of the aforementioned environments.
3.4 Model
Based on the understanding of position errors in
the fields of satellite-based localization and ma-
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chine learning, a neural network with LSTM layers is applied in this paper to model the position
errors. The model consists not only of LSTM layers, but also of a fully connected linear layer. The
LSTM layers are used to discover the underlying
temporal correlation and the fully connected
layer links that correlation to the output. Moreover, a dropout layer is inserted between the
LSTM and the fully connected layers to improve
regularization in order to avoid overfitting. The
architecture of the model is depicted in Fig. 5.
Specifically, the following measurements are
adopted as the inputs for the neural network:
-

number of used satellites
HDOP
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-

mean value of C/N0 of used satellites
mean value of elevation angle of used
satellites
percentage of used satellites with low
C/N0 (< 20 dB)
speed over ground.

-

yi
&ƵůůǇĐŽŶŶĞĐƚĞĚ

ƌŽƉŽƵƚ
>^dD

4 Experiments and Results Analysis
For the training of the models, the dataset for the
environment “urban area” is used. The sizes of
training, validation, and test sets are respectively
36000, 4500, 4500. Here the size refers to the
number of timestamps with multiple quantities
measured per timestamp. The data are first normalized to improve the convergence speed and
to avoid instability in the training. Furthermore,
the dataset is sliced in a window form for the
training of the LSTM network. This process is depicted in Fig. 6. As it can be seen, the window
takes every time a subsequence in length of τ,
which corresponds to the input array mentioned
in eq. 8. After that, the window increments one
step further down in the input sequence.

xi-τ , xi-τ+1 , …, xi-1
Fig. 5. Architecture of the applied neural network

Two models with the same architecture as depicted in Fig. 5 are developed for two kinds of
outputs:
-

Model 1: the position errors in north and
east direction [δpN , δpE ] in local navigation coordinates are the outputs:

-

Model 2: the horizontal position error
δpH , calculated by following equation, is
the output:
δpH = √(δpN )2 + (δpE )2 .

(7)

Mathematically, the models can be formulated
as:
yi = f(xi-τ , xi-τ+1 , …, xi-1 )

(8)

where
-

yi is the position error(s)
xi-τ is the input(s) at ti-τ
τ is the time lag in the processed sequence.

The target is to minimize the difference between
the output estimated by the neural network ŷ i
and the reference values of position errors yi .
The mean squared error (MSE) is used as the
loss function. Mathematically, the MSE loss is
expressed as
L=

1
N

∑ Nn (ŷ - y)2

(9)

where N is the batch size.
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Fig. 6. Window method for dataset preparation with
time lag equal to 10 measurement points

The models are implemented with the help of the
machine learning library PyTorch [19] in Python.
The Adam [20] and the rmsprop [21] optimizer
have been tested. For the applied dataset, the
rmsprop optimizer provides better results.
For model 1, it can be observed as in Fig. 7 that
the estimated value of the model can generally
follow the trend of the reference value. However,
the model encounters difficulties in capturing the
short-term features such as the peaks with extreme values. Moreover, the estimated values
show a high frequency fluctuation. After further
parameter tuning, it is noticed that a stacked
LSTM layer or an LSTM layer with more hidden
units cannot improve the drawbacks of the model.
For the test set, the MSE loss for model 1 is
14.00 m2.
Model 2, however, presents different results. It
can be noticed in Fig. 8 that model 2 can capture
the short-term peak at the beginning of the dataset. It can also trace the trend of the reference
value. The MSE loss for the test set is 2.85 m2.
From the 2-D density plot in Fig. 9, it can also be
noticed that most estimations lie near to their
corresponding reference values. This result
shows that model 2 could potentially be used to
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Fig. 7. Comparison of estimated and reference position error for model 1

Fig. 8. Comparison of estimated and reference position error for model 2

calculate the horizontal protection level which is
used for the autonomous integrity monitoring of
GNSS-based localization systems.

-

Position errors contain both the deterministic part, which can be traced back
to the inputs, and the stochastic part,
which cannot be linked with the inputs.
Thus, the model would not be able to
learn the stochastic elements in the position errors;

-

Training and test demonstrate slightly
different patterns. Despite the effort to
improve regularization, the model is still

Possible reasons for the existing problems are
summarized as follows:
-

The used inputs are only indirect indicators for the error sources. More inputs
are possibly required to capture the transient arising peaks;
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overfitted to the training set. This resides
in the nature of machine learning that it
is data-dependent.
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Abstract:
SpaceWire (SpW) is a major communication standard used to connect systems in spacecrafts. It supports point-to-point and network connections. For the Wide-Field-Imager payload onboard the ESA
ATHENA satellite, the next generation European x-ray observatory, we have designed an intelligent
SpW router. It supports dynamic multilevel priority arbitration based on a maximum finder circuit and
multicast packet transmission. The SpW router was implemented as a VHDL component to have a
flexible design and a possibility to include it in other projects. The implemented SpW router has an
RMAP supported configuration port for remotely configuring the router.
A test setup was designed to characterize and test the SpW router functionality. A routing delay and a
packet router latency were determined. Simultaneous packet traffic from different sources with the
same and different priority levels was emulated to demonstrate the arbitration functionality. Based on
performed tests, the implemented router achieved a satisfying performance with the capability of handling transmission rates up to 200 Mbps. Moreover, the designed router increases payload system
functionality, eases the design of more complicated networks, and enables a new way to design redundant systems with its multicast transmission support.
Keywords: SpaceWire, SpaceWire router, multilevel priority arbitration, multicast packet transmission,
VHDL

Introduction
When designing a complex system, there is
always a need for transferring data from one
subsystem to another. Therefore, like for any
other application, there are defined communication protocols for satellite onboard datahandling systems. Among those is SpaceWire
(SpW), a communication protocol supporting
point-to-point and network connections. It is
used by several agencies, namely by ESA,
NASA, JAXA, and Roscosmos for current and
future space missions.
In the scope of ESA's ATHENA mission, the
Wide Field Imager (WFI) instrument uses
SpaceWire as the onboard data-handling system depicted in Fig. 1. Five Detector Electronics
(DE) are connected through a SpW router
(SWR) to a Central Processing Module (CPM)
in the Instrument Control and Power Distribution Unit (ICPU). The CPM compresses the
data from the detector electronics and sends it
to the mass memory of the spacecraft (S/C). It
is responsible for interpreting the telecom-
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mands from the spacecraft with which it controls the ICPU subsystems and detector electronics.
Despite several SpW router devices available
on the market from which two are directly supported by ESA, a ten port SpW router AT7910E
(Atmel) and an eighteen port SpW router
GR718 (Cobham). Both support two-level, high,
and low, priority arbitration. And a few commercial products such as Flexible SpaceWire router
with 2 to 32 ports from 4Links, 4-port SpaceWire router UT2000SpW4RTR with round-robin
output arbitration from Cobham, SpaceWire
router from NEC Japan, and an open-source
six-port SpaceWire router IP core with roundrobin arbitration from Shimafuji Electric, inc. We
saw the need for the improved capability of a
SpW router as there is no multicast transmission available in the mentioned devices.
The ICPU remote and main unit are designed in
cold redundant, single-point failure configuration. Cross-strapping between the units is pos-
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sible and optional. Nevertheless, as an example
use case for the SpW router, the multicast feature is expected to simplify the design of crossstrapping between nominal and redundant systems depicted in Fig. 1. Offloading the required
logic from DEs to the SpW router. For example,
instead of sending two identical packets from
DE, only one multicast packet is needed. Also,
implementing a multilevel priority arbitration
adds a degree of flexibility where each application protocol can be assigned a different priority
level. Moreover, priority levels can be changed
during operation if needed.

Fig.1.WFI SpW data-handling system.

SpaceWire standard
The SpaceWire standard is a standard for highspeed links and networks for use onboard
spacecraft, easing the interconnection of sensors, mass-memories, processing units, and
downlink telemetry sub-systems. SpaceWire
was developed under ESA in the late ’90s and
formally standardized by European Cooperation
for Space Standardization (ECSS) to provide
space users with directly applicable specifications. SpW standard is very similar to Myrinet, a
local area network (LAN) for computer clusters,
especially regarding data and control characters. Both use 9-bit data characters and several
control charters to control the flow of data
through a link [1].
SpW, as a communication standard, has a defined protocol stack. The SpW protocol stack is
composed of a Network layer, a Data Link layer, an Encoding layer, and a Physical layer.
Compared to the well-known OSI model, the
Network and Physical layer of the SpW protocol
stack match the OSI model, whereas the Data
Link and Encoding Layer both fall under the
Data Link layer in the OSI model as can be
seen in the Fig. 2.
The point of interest for this paper is the Network layer on which the SpW router operates.
Other lower protocol layers are fulfilled by the
SpW Coder/Decoder (CODEC) in router ports.
No furthers explanation for these layers is provided since this is out of the scope of this pa-
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per. The focus is on the router architecture and
the control logic
associated with it.

Fig.2.SpaceWire protocol stack compared to the OSI
model [2].

Devices on a Network layer operate on packets.
SpW packet structure depicted in Fig. 3 consists of a header, cargo, and end of packet
marker (EOP).

Fig.3.SpaceWire packet structure.

The header of a SpW packet holds the address
of the destination, and it is used to route a
packet through a SpW network correctly. The
Cargo section of the packet contains actual
data which can be encapsulated in any userdefined protocol. Each packet is ended with an
end of packet marker, which notifies a network
device about the end of transmission. Moreover, it provides information about whether a
packet transmission completed without any
errors.
In theory, the SpW network is considered a
switch-based network like Autonet, Myrinet, and
ServerNet. Switch-based networks are composed of links and a set of switches, which together usually form an irregular network topology. Each switch has a set of ports where a subset of these ports is connected to other switches, a subset to network nodes, and some are
left open. The network supports bi-directional
full-duplex links with support for multiple links
between two switches. However, the only guarantee of such networks is that the network is
connected. They provide the flexibility that is
required in LANs and the necessary scalability
for designing scalable systems. However, their
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irregular topology results in complicated routing.
Therefore, in switch-based networks, no routing
algorithm can be employed on a router level.
There are two possible routing techniques. One
of them is source routing. A source provides the
packet's destination in terms of a path that
needs to be taken through a network to reach
its destination. And distributed routing where a
routing table, which contains the routing information, is added to each switch in the network.
Before any packets are transmitted, a network
mapping algorithm needs to be executed to
populate the routing tables.
Based on the above-described routing techniques, there are two primary addressing
mechanisms in the SpW standard. One is
called path addressing, and the other one logical addressing. Path addressing, as the name
suggests, specifies the whole path that the
packet needs to traverse to reach its destination. Therefore, the header of a path addressed
packet consists of multiple characters where
each character specifies one turning point in the
network. Logical addressing, on the other hand,
requires only one character which uniquely
identifies a destination. However, for logical
addressing to work routers in the network need
a routing table where each routing table entry
maps a corresponding logical address to one of
the output ports or multiple output ports in case
of multicast.
The purpose of the router is to connect multiple
nodes and to route packets using the wormhole
switching technique from any input port to any
output port based on information within the
header. A packet can be forwarded through two
or more ports if a multicasting feature is provided. The number of external ports in the router is
limited to 31. Whenever two or more arriving
packets have the same output port as the destination, arbitration is needed to resolve the
output port contention. Together with low-error
rate, low footprint, low-cost, low-latency, fullduplex, point-to-point links, they form a SpW
network. Providing high-speed (2 Mbps to 200
Mbps), bi-directional, full-duplex connection
between two network nodes.

•

A configuration node that is accessible
through the port 0 (configuration port)
and enables configuration of the router
and port parameters.

The SpW standard includes some additional
features which are not listed here since they
were not implemented in the current version of
the presented SpW router. Mainly to simplify
the design and to shift the focus on to the control logic.
A configuration node of a router was mentioned. There is a defined communication protocol for accessing the memory of a remote
network node called Remote Memory Access
Protocol (RMAP). It can be used for configuring
and updating the router and port parameters
from anywhere within the SpW network [3].
SpaceWire Router Architecture
SpW router architecture presented in this paper
is based on a generic router model depicted in
Fig. 4, router architectures of currently available
devices mentioned in the introduction, and
Network-On-Chip routers presented in [4, 5].
Key components of a router are [6]:
•

FIFO buffers. They are used for storing
messages in transit. They are present
in input and output ports. Size of which
depends on the employed switching
technique.

•

A switch. Physically connects input
ports to output ports. Fully connected in
high-speed implementations.

•

Routing and arbitration unit. Responsible for executing a routing algorithm,
forwarding incoming messages to the
right output port, setting the switch, resolving conflict regarding simultaneous
access of an output port. Also known
as control logic and switch allocator.

•

Link Controller (LC). It controls the
flow of messages over a physical link.

Based on SpW standard specifications, a SpW
router shall comprise of[2]:
•

One or more ports that interface to the
SpW network.

•

A switch matrix which connects an input
port to an output port.

•

A routing table which, together with the
leading byte of a packet (header), determines through which port a packet is
forwarded.
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Fig.4.Generic router model [6].
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The SpW router uses a wormhole switching
technique as it enables the use of small input
and output buffers. Considering the router is
implemented as a VHDL IP-core, small buffers
are desired. One consequence of the wormhole
switching technique is that packets can span
through multiple routers at once, which can lead
to blocked paths and, in the worst case, a deadlock. Certain preventive measures can be implemented on the router level, such as packet
timeout. However, a degree of caution should
be taken when designing a network, including
wormhole-based routers.
Considering specifications from the SpW
standard, a few additional components were
added to the generic router model to form the
complete SpW router architecture depicted in
Fig. 5.

Fig.5.SpW router architecture.

One desired feature is the possibility of remotely configuring the SpW router. For accomplishing this, a configuration port or node, which is
accessible via port 0, is added. The purpose of
the configuration node is to create an interface
between SpW and internal interconnect. Its task
is to decode and encode RMAP packets. When
an RMAP command is decoded, it is translated
into corresponding internal interconnect command. If decoded RMAP command requires a
response (e.g., read command), then data from
the internal bus is encoded into the RMAP response packet. The core logic of the RMAP
decoder was taken from an open-source router
implementation from Shimafuji Electric Inc. [7].
It was adapted for the custom control logic,
different internal interconnect, and the RMAP
packet Cycle Redundancy check (CRC) calculation was changed from a look-up table implementation to on the fly calculation.
The configuration port is connected to all router
register via the Advanced Peripheral Bus
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(APB). All registers and the routing table are
memory mapped to comply with the RMAP
standard. APB was selected as it is simple to
implement, and there is no need for a higher
performance bus since only register read/write
operations are performed. The data width of the
interconnect matches the width of the registers.
Therefore, only one bus access is needed when
manipulating the register data. It is true that the
routing table, which covers a larger memory
space, is connected to the same bus. However,
this does not justify the use of a more complex
bus as the routing table is in usual cases accessed only by its entry fields, which also match
the APB data width.
All registers are implemented with fabric D flipflops; therefore, the content of registers is lost
after power loss. The same goes for the routing
table, which is based on the inferred SRAM
cells of the target FPGA device. As an option, if
the target device has an included Read-Only
Memory (ROM), the router can be initialized to
a default state after a power cycle or reset of
the device. Initialization is done by the initializer
block, which reads data from the ROM and
writes it to an appropriate register or routing
table entry. If ROM is not present on the target
device, the SpW router must be remotely initialized using RMAP before sending any normal
SpW packets.
The routing table fulfills the requirement for
SpW logical addressing. Moreover, it holds the
information about the priority level of a logical
address and some additional control flags. At
this point, it is composed out of three data
banks of size 256x32-bit with the possibility of
expending the number of banks. Each bank
represents a different routing table entry field. A
destination field which is used in normal logical
addressing meaning the logical address is
mapped to one output port. A multicast set field
that maps one logical address to multiple output
ports when multicast packet transmission is
enabled by the multicast enable flag. A control
field where the 8-bit encoded priority level of a
logical address, logical address deletion flag,
and group adaptive routing enable flag are
stored. The first 32 routing table entries are
reserved for direct external port addressing
when the path addressing is used. With this,
there are 223 available logical addresses left
plus the reserved logical address 0xFF. Logical
addresses directly map to the addresses of the
routing table entries; therefore, no additional
address decoding is needed when accessing
the routing table. The header of an incoming
SpW packet is directly used as an address applied to the routing table. Routing table entry
fields are 32 bits wide, which matches the SpW
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standard limit of 31 external ports plus the port
0. This way, each bit position corresponds to
the external port number with the same number
as the bit position.
The routing table is a common resource for all
input ports. Therefore, all requests are processed by an arbitration unit, which resolves
the contention for the routing table access.
Since the priority level of a packet is unknown
before accessing the routing table, it makes
sense to employ a fair arbitration such as
round-robin.
SpW ports are the link controllers of the SpW
router. Each SpW port is composed out of a
SpW CODEC, which is responsible for maintaining an active link between two network devices. And a packet processor that is responsible for extracting the routing information from
an incoming packet, communicating with control
logic, and controlling the flow of incoming packets.
All SpW ports and port 0 are connected through
a fully connected non-blocking crossbar switch.
Full connectivity allows routing packets from
any input port to any output port. Non-blocking
characteristic allows multiple connections at
once as long as an output port is not the same
destination for multiple input ports. When there
are no active requests for an output port, it is
disconnected from all input ports.
Crossbar switch allocation is controlled by the
control logic. Control logic is divided into two
subcomponents, an arbitration unit that handles
requests from input ports. And a switch allocator that generates correct control signals for the
crossbar switch based on the given grant signals from the arbitration unit. Each output port
is associated with its priority arbitration and
switch allocator logic.
Arbitration in the control logic is designed as a

two-stage arbiter inspired by the work presented in [5]. It follows a return-to-zero four-phase
handshake protocol for the request and grant
signal pair. There is no dedicated release signal; the de-asserted request signal releases the
output port. The control logic itself is designed
as a three-stage pipeline (see Fig. 6). In the first
pipeline stage (Stage0), the request and priority
signals are captured. In the second pipeline
stage (Stage1), the priority signals are masked
with the request vector to process only priority
levels of active requests. The highest priority is
determined with a k-bit maximum/minimum
finder circuit based on Array-Based Topology
(AbT), a fast and efficient circuit topology of a
max/min finder circuit [8]. When only one high
priority request is found, the arbitration process
is complete, and the one-hot encoded position
of this request (Addr OH) is passed to the grant
signal generator in the next pipeline stage
(Stage2). After that, the grant signal is passed
to the output grant signal on the next rising
clock edge.
A problem occurs when there are multiple requests with the same highest priority (among
current active requests). If that is the case, requests with the same highest priority are isolated and passed to the second arbitration stage
in the third pipeline stage (Stage2) of the control logic. Since these requests have the same
priority, a fair round-robin arbiter determines
which of those receives a grant signal. At the
end of the pipeline, a multiplexer selects the
appropriate grant vector based on whether
there were multiple requests with the same
highest priority or not.
Fig. 7 illustrates the above-described arbitration
process in case of packets with matching priority. The example is divided into four frames. In
the first frame, tow packets are waiting to be
forwarded through the same output port o2.

Fig.6.Control logic pipeline [9].
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Meaning round-robin arbitration takes place.
The last input port to have access to the output
port o2 was the input port i4. Therefore, in the
second frame, the input port i1 is selected, as it
is the first one in line based on the previous
access. Meanwhile, during the transmission,
another packet with the same address arrives
at the input port i2. In the third frame, input port
i2 is selected even though the packet arrived
later that the one on input port i3. Because of
the round-robin arbitration, the port i2 is higher
in line then the port i3. Finally, in the fourth
frame, the input port i3 is granted access to the
output port o2.

forwarded to the output port o2. In the sixth
frame, the last packet has completed transmission.

Fig.7.Arbitration of packets with matching priority [9].

Fig.8.Arbitration of multiple packets with different
priorities [9].

Fig. 8 illustrates another arbitration example
this time with packets with different priority levels. The example is divided into six frames
where packets with logical address 35 have
higher priority than packets with logical address
70. The first frame in this example is the same
as in the previous example. However, in the
second frame, during transmission of a packet
from the input port i1, a packet with higher priority arrives at the input port i4. Therefore, in the
third frame, input port i4 is selected as the next
port to access the output port o2 after the completed transmission of a previous packet. During the transmission of the packet from the input port i4, another lower priority packet arrives
at the input port i1. In the fourth frame, no high
priority packets are present at input ports. Previous input port with access to the output port
o2 when a packet with address 70 was present,
was the input port i1. Meaning, the first input
port in line is port i2. However, there is no
packet waiting on this port. The first place is
passed to input port i3, which is selected, and
the packet is forwarded to the output port o2. In
the fifth frame, after the previous packet has
completed transmission, the input port i1 is
selected. The packet from the input port i1 is
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Multicast packet transmission is implemented in
a way that the packet is forwarded through the
selected output ports only when all of them can
receive a new packet. Otherwise, the packet
has to wait for this condition to be true.
Fig. 9 illustrates how the control logic handles
multicast packet transmission. The example is
divided into four frames where the multicast is
enabled for the logical address 70. Indicated by
a set Bit 0 in the multicast-set. Set bits on the
other positions in the multicast-set denote the
output ports through which the multicast packet
should be forwarded. In the first frame, a multicast packet arrives at the input port i1. However, it is not immediately forwarded because
one of the output ports specified by the multicast-set is busy. In the second frame, the input
port i1 waits for the availability of all ports within
the multicast-set. In the third frame, the packet
that previously occupied the output port o2 has
completed transmission. Now the multicast
packet can be forwarded through the targeted
output ports, o2 and o4. In the fourth frame, the
multicast packet completes its transmission.

103

DOI 10.5162/ettc2020/3.2

traffic, for this scenario, sources interchangeably wait on each other.

Fig.10.Packet router latency [9].

Fig.9.Multicast packet transmission [9].

Results
The SpW router IP-core was tested on a Microsemi RTG4 FPGA. It was configured as a fourport router with an internal clock frequency set
to 50 MHz.

The router delay was determined by measuring
the time difference between two trigger signals,
which correspond to the events when the start
of a packet was received at an input port and
later at an output port. The router delay is different for each addressing mechanism. Fig. 11
depicts the measurement for packets using
path addressing. The router delay is equal to 7
clock cycles, which results in a router delay of
140 ns at a 50 MHz clock.

Besides an adequate control logic within the
router, there are two additional important characteristic parameters of a router. A router delay
and router propagation delay or packet router
latency. The latter is, of course, dependent on
the packet length. The router delay indicates
how long does the router need for processing
an incoming packet and determining its destination. Whereas, the packet router latency determines the time a packet needs to traverse
through the router.
Test setup for measuring the packet router latency included NI PXI system with RMAP
SpaceWire expansion card from STAR-Dundee
and an RTG4 development kit with FMC
SpW/SpFi card also from STAR-Dundee. The
PXI system was running a LabVIEW program
for two source nodes, logging, and a destination
node. Both sources were configured to sand the
same size packets to the same destination to
demonstrate the influence of an output port
contention alongside the packet router latency.
Preliminary tests were done on a Windows
machine where the execution of tasks cannot
be precisely controlled. It turned out that for
traffic with a packet length of 2kB, 3kB, and
4kB, the packets were transmitted just right that
when a packet from the first source completed
transmission, a packet from the second source
arrived at the router. Therefore, it did not experience any additional latency, except its own. In
other cases, the measurements were as expected, as can be seen in Fig. 10. In continuous
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Fig.11.Router delay in case of path addressing [9].

Fig. 12 depicts the measurement for packets
using logical addressing. In this case, the router
delay is larger. As expected, since there are
more processing steps in the packet processor,
besides that, access to the routing table takes
additional clock cycles. Altogether it takes 12
clock cycles to process a logically addressed
packet, which results in a router delay of 240 ns
at a 50 MHz clock. In case when multiple logically addressed packets arrive at the same
time. The first packet is delayed for 12 clock
cycles. However, subsequent packets from
other input ports are only delayed for an additional 6 cycles, which is the time needed for the
routing table access and an issued grant signal
from the control logic. It is not the full 12 clock
cycles because packets are already partly processed, and the input ports are just waiting for
the routing table access.
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SpW router ports were utilized. Fig. 15. depicts
a snapshot of packet traffic where all four
sources were transmitting packets with the
same priority to the same output port. Packets
follow the round-robin patter as it expected for
output port contention among packets with the
same priority.

Fig.12.Router delay in case of logical addressing [9].

Fig. 13 and Fig. 14 give an overview of individual SpW router subcomponents resource usage
compared to the resources used by the entire
SpW router. The most significant component
regarding the usage of Look Up Tables (LUTs)
is the control logic (CL), followed by SpW ports
(SpWP), and the configuration port (CP) (see
Fig. 13). The size of the other components is
negligible.

Fig.13.SpW router components LUT usage.

The most significant component regarding the
usage of D Flip-Flops (DFFs) are the SpW
ports, followed by the control logic, configuration port, routing table arbiter (RTA), and routing table (RT) (see Fig. 14). The RTG4 FPGA
has 151824 LUTs and DFFs. Overall resource
usage for a four-port SpW router was 13642
LUTs (8,99 %) and 5173 DFFs (3,41 %).

Fig.15.Snapshot of packet traffic, all packets have
the same priority.

In another test, the last source was transmitting
packets with a higher priority than all other
sources, which were transmitting packets with
the same lower priority. However, still through
the same output port in order to demonstrate
that a higher priority packet is granted access
as soon as the previous transmitting packet
completes its transmission. Snapshot of such
traffic is depicted in Fig. 16. Black vertical lines
indicate when a high priority packet arrived. The
high priority packet is granted access to the
output port as soon as the currently transmitting
packet completes its transmission. Upper three
sources in Fig. 16 still follow the round-robin
pattern.

Fig.14.SpW router components DFF usage.

Fig.16.Snapshot of packet traffic, packets from the
last source have a higher priority than the others.

A couple of tests were performed to demonstrate the functionality of the control logic. The
test setup was the same as for the packet router latency test. Though, for this test, all four

Conclusion
Due to missing multicast and multilevel priority
features in currently available devices, a design
of an intelligent SpW router is investigated.
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Essential aspects of the SpaceWire standard,
which are relevant for the SpW router operation, are presented in the scope of this paper.
Description of the implemented SpW router IPcore is provided in the form of sperate components, determining their purpose and functionality. The focus is on the control logic as it provides the brains of the router and it is implicitly
responsible for the flow of packets through the
router.
Though, one crucial aspect of the SpW router,
or rather the SpW CODEC, which can pose a
serious implementation challenge, is not described. It is a SpW clock recovery circuit in the
SpW CODEC [10].

https://github.com/shimafujigit/ SpaceWireRouterIP 6PortVersion, (May 2019)
[8] B. Yuce, H. F. Ugurdag, S. Go¨ren, and G.
Du¨ndar, “Fast and Efficient Circuit Topologies for
Finding the Maximum of n k-Bit Numbers,” IEEE
Transactions on Computers, vol. 63, no. 8, pp.
1868–1881, (August 2014); doi:
10.1109/TC.2014.2315634
[9] G. Skvarč Božič, "Intelligent SpaceWire Router
Design", Master's thesis, (2019)
[10] Implementing SpaceWire Clock and Data Recovery in RTG4 FPGAs Application Note, 3rd ed.,
Microsemi, (March 2018)

Preliminary tests show that the SpW router
meets all defined design goals. Two important
characteristic parameters are defined, a router
delay, and packet router latency. The control
logic arbitration unit follows the implemented
algorithm. Though, it is hard to showcase the
multicast traffic with the current test setup.
New test setup and procedures are in work for
evaluating the individual SpW router performance as well as performance on a system
(network) level. Including deterministic sources,
better network traffic logging, more extensive
network, better visualization, and more.
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Abstract
It’s highly critical to acquire, store, evaluate and analyze accurate real-time telemetry data during a
test flight. Flight Test Management Centers are designed and used for this purpose. However, the
capacity of Flight Test Management Centers are limited and majority of design engineers could not
attend the test flight. The need of an application that lets design engineers to monitor the ongoing
flight test from their workspace has occurred. For that reason, a software has been developed for realtime data monitoring and extracting.
On kick off of this project, two main objectives are aimed. The first one was to develop a smart system, which helps design engineers to monitor critical flight parameters in real-time. The second one
was to prevent human faults with pre-defined caution/error indicators and make predictions by using
data-driven algorithms.
The first phase of the project has determined as to gather data from flowing telemetry stream simultaneously in real-time and to store critical parameters in a time series database. The second phase has
determined as to visualize data in comprehensible and user-friendly dashboards by selecting proper
widgets. The last phase includes developing data models by using machine learning algorithms to
make predictions regarding to previously stored flight data.
Key words: Data Acquisition, Real-Time Data Visualization, Data Analysis, Flight Test Database, Big
Data

The Idea Behind
As Mustafa Kemal Ataturk told 100 years ago,
‘The Future is in the skies’. Aviation and Aerospace Industry has boomed in the last 100
years and it is still growing day by day. Requirements are changing and companies are
designing new products to meet that requirements. Time is more important than anything
else today. No matter how good the design is,
the product could not succeed if it has not
been served to the market on time. For that
reason, the design should be transformed into
the product very quickly.Testing activities are
vital in aviation and aerospace industry, significant time is allocated to flight testing activities
in the product development process. These
flight tests should be accomplished very carefully, in a very short time period. There is a
need to collect as much data as possible from
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the experimental aircraft and analyze this data
accurately. Rapid data analysis allows project
Flight Test Team to be ready for the next flight
test. Flight Test Management Centers are designed to visualize real-time data received from
the aircraft and manage the flight test according to this data. However, the capacities of
flight test management centers are limited and
designers who are not directly related with the
ongoing flight test does not attend to the test.
In many tests, design engineers also need to
monitor real-time data; so the data should be
available under authentication control outside
of the test management centers. First aim is to
extend the capacity with an in-house webbased software that allows engineers to monitor the data directly from their workspaces.
Second aim is to store real-time data that is
collected during the flight in a time-series database and use the stored data for further analy-
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sis. Thus, while the data is visualized in real
time, a flight test database will be created.
Telemetry data includes parameters that are
critical for analyzing the design. The data must
be stored in a database for design engineers,
product teams and flight test engineers. The
Flight test team should be able query this data
with different criterias. For example, comparison of values for the same parameter on test
flights in various weather conditions or test
points is very important.

After obtaining a sufficient amount of data,
predictions can be made by using machine
learning algorithms. As the size of the flight
test database grows, the data model built on it
will work with higher accuracy. Therefore, storing and labeling parameter data in each new
flight test is critical.

Fig. 1. A Flight Test Management Center, Turkish Aerospace Industries Inc.

Current Design of Telemetry Network
The flight test management center owns a
seperated network called ‘Telemetry Network’.
Desktop applications (such as IADS) runs on
client computers which are called test monitoring consoles. Flight test team can monitor the

flight ontest monitoring consoles. Every test
monitoring console runs a customized flight
test monitoring display which has designed
uniquely according to the flight test team
members requests.

Fig. 2. Telemetry System Design
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Extended Design
Turkish Aerospace has an internal network of
approximately 10000 clients. This network is
isolated from the Internet and telemetry network. Employees use computers on this network to carry out their jobs. Therefore, they
need to access telemetry data through this network. The design which has shown on Fig. 2
has extended as shown in Fig. 3. Conversion
of signals from telemetry is done by Decommutator. A software that fetchs data after this

transformation and inserts into database, has
been developed. As shown in the Fig. 3, this
software receives parameter data from the
source in the telemetry network and inserts into
a database in the company network where the
employees' workspaces are located. The database is a time-series database and data is
stored with its sampling rate. There is an
analytics platform running in the server. This
analytical platform provides real-time visualization of data recorded in the database.

Fig. 3. Access data through Company Network

Phases of Solution and Techologies Used
Three stages had to be applied to implement
the solution. In order to implement these processes, technologies commonly used in software world such as Python, Grafana, InfluxDB
and Docker have been selected. Docker has
been used to run container structures. Python
programming language has been used to develop software that fetches real-time telemetry
data and inserts into the database. Influxdb has
been used to store data, and Grafana has been
used to visualize stored data.
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Phase 1: Data Acquisition and Storage
The first phase was to develop an application
that reads telemetry data in real time and stores
into a time-series database. In telemetry network IADS CDS (Cache Data Server) is used to
serve data to client desktops. In addition to this,
IADS provides an API to get this data programmatically. This interface has been used to
read real-time data. Through this interface, it is
possible to get not only parameter data but also
many additional data such as test point logs,
event logs, parameter list, parameter calibration
definitions, and mission attributes tables.
The software has been developed with the Python programming language. It is a desktop
application that runs in a server in the telemetry
network. Since the data rate is very high, the
software has been developed to operate at
maximum speed and it works with a large number of threads to carry out the operations. It is a
desktop application without any visual components and works as a service. Parameter
names can be configurable for different type of
aircrafts. Information about which parameters
will be written to the database in real-time is

recorded in a configuration file and the software
performs data reading and writing operations in
accordance with this information.
For the selection of the database, the most
important criteria was the speed of writing and
reading. Planned writing and reading speed
was designed to be one tenth of a second. This
means that all selected parameters are both be
written and read within 100ms. Even delays in
the level of seconds can cause data to be misinterpreted. Since the data is processed on time
based, this database must be a time-series.
One of the most used time-series databases in
the software community, Influxdb was chosen
to meet that requirement. In addition to parameter data, the database contains metadata about
the flights. Test point and mission attribute data
are also stored in a relation in the database.
Storing these data together makes it easier for
flight test engineers to make detailed analyzes
with accumulated data. At the end of the test
flights, a telemetry-specific flight test database
has been created and this database is accesible for all users to run complex queries.

Fig. 5. Real-time Data Reader and Writer Application

Fig. 6. Sample Parameter Data
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Phase 2 : Visualization
Visualization of the data via using proper widgets is as important as acquiring it. Stored data
should be converted to visuals at high speed
and this visuals should be easy to understand
and interpret. Considering the speed of writing
data to the database, it should be displayed on
the dashboard with a delay of up to one second. Since the data is stored in a time-series
database, the visualization technology has to
support this type of database.
As the data visualization application will be the
gateway to data access and will operate on the
same network with all internal users, authorization control is very important. Only authorized
personnel should be able to access the dashboards to be developed. Therefore, a solution
with a strong security structure and in accordance with the authorization policy used in the
network should be chosen. It should also be
customizable and extensible. Although there
are some differences according to the technology used, generally there are standard visual
sets. These visual sets may not meet the requirement when the working area is very specific. Since aviation and aerospace is a very specific field, it cannot be expected that the products on the market to contain the visual sets
used in this field. Therefore, it should be open
to custom development. Grafana is the right
choice from this point of view. As many custom
plugins can be found and used, it is not difficult
to develop a new custom plugin. As a matter of

fact, some of the visuals used in the dashboards are customized for custom use within
the company. The infrastructures used in this
phase were preferred to be open source.
Community support is very important on these
open source platforms. This criterion was also
taken into consideration during the selection.

Fig. 7. Artificial Horizon-Community Plugin extended

Fig.8 Sample Visuals from Flight Test Dashboard

Fig 9. Flight Test Dashboard
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Phase 3: Post-Flight Further Analysis
It was mentioned that data is being stored into a
time-series database while visualization process. Thus, a database where post-flight analysis can be done after the flight was obtained.
Storing flight data with this method helps to
analyze the behavior of one or more parameters between different flights, test points and
conditions such weather, aircraft configuration
etc. Furthermore, important flight test data that
is acquired can be transformed into more valuable way by using machine learning methods.
One of the most important objectives of flight
tests is to detect abnormalities on the aircraft.
These abnormalities are very prone to faults
when attempted to be detected by the human
eye. Data models fed with sufficient data are
very successful in detecting these abnormalities. Machine learning techniques are used to
detect these abnormalities. Both of the two
most important types of machine learning
methods, supervised and unsupervised learning, can be used.
Supervised Machine Learning
In case the inputs and the outputs resulting
from these inputs are known, it is called
supervised machine learning. So there is a
function like f (x) = Y.
Here, x is input and Y is output. The aim is to
predict Y value based on previous data for new
x values. The data should be tagged here. For
example, the engine failure that occurs in a
certain combination of torque, engine speed
and oil temperature values should be labeled.
Thus, the data model will evaluate these parameters and predict whether an engine failure
will occur.
Unsupervised Machine Learning
Unsupervised machine learning is one of the
widely used methods. It allows for anomaly
detection by clustering method in cases where
Y result is unknown corresponding to x inputs.
What is done here is to group each parameter
by evaluating the values of previous data, even
if Y is unknown, and to identify values outside
this set.
Hundreds and even thousands of parameters
are collected at high frequencies according to
the measurement type during a test flight. It is
almost impossible for a human to evaluate such
this amount of data instantly and make right
decisions. At this point, where human abilities
are limited, using computer-aided methods will
increase the safety and effectiveness of test
flight. In order to use these methods, a flight
test database is required first. As mentioned in
the first part of the article, while the data is visualized, it is also recorded into the database. By
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using this database, the data model is trained
which values are normal under different conditions for each parameter. To give a simple example, when the engine speed is 3000 rpm and
it is known that the oil temperature should be
between 80 to 90 degrees celsius, it can be
considered as an anomaly when this temperature rises above 90 degrees. Although this is
easily detectable by a human and can be resolved with a simple warning mechanism, more
complex techniques are needed considering the
mentioned data. In this example, an inference
was made by evaluating only two parameter
and one rule. Although it varies depending on
the type of aircraft, thousands of parameters
from hundreds of sensors in an aircraft can be
collected at the frequency of a few kilo hertz. In
a dataset of this size, it is impossible to evaluate all parameters that may be related to each
other instantly. Moreover, while the relationship
between engine speed and oil temperature is
strictly known in the given example, thousands
of parameters in the same dataset could be
related to each other. Therefore, a solution has
been developed to detect abnormalities.

Fig 10. Anomaly Detection (Clustering)

Conclusion
The visualization and evaluation of the data
collected in flight tests with analytical systems
has a great importance for the schedule, cost
and success of the project. With the completion
of this software, it is predicted that the flight test
process carried out within the company will be
accelerated.
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Abstract
In recent years the amount of wind energy power plants has risen dramatically, driven by the
urgent need to increase the percentage of energy production from renewable, eco-friendly
sources. Thus, more and more on-shore and off-shore wind turbine fields have been installed.
While this increase is very desirable from an ecological climate perspective there are also sideeffects as noise levels, a threat to birds‘ lives and impact on the propagation of electromagnetic
waves, such as RADAR signals, air traffic navigation signals, and frequencies used for data
transmissions, e.g. from UAVs (Unmanned Aerial Vehicles) to the ground and back. Air traffic
control RADARs, for example, need to be able to detect and track all aircraft near the airport,
especially those flying at low altitude.
Detrimental effects include shadowing effects and scattering of signals, as well as increase in EM
noise due to scattering, leading to degradation and even loss of the wanted signal, handicapping
the data transmission between aircraft and ground stations and detection of flying objects by
ground-based RADAR.
In order to be able to assess the wind turbines‘ impact and degradation of the signals,
sophisticated computer simulation tools have been developed [1] which perform physically correct
calculations of signal propagation, including geometrical and physical optics [12], with relation to a
high resolution 3D environment accurately representing both the terrain including all man-made
objects such as the wind turbines and the moving land and air vehicles.
In this presentation we will explain the concept and the background of one such simulation tool
and present images and videos of UAV with and without interference caused by wind turbines. We
will also show examples of the impact on wind turbines on Signals at 433 and 915 MHz, as used by
UAVs for telemetry.

Keywords
Simulation, RADAR signals, telemetry signals, shadowing, interference, security

Introduction
In order to produce climate friendly electricity, more and more wind energy power plants and wind
farms have been built in recent years on-shore and off-shore. German energy produced has
increased from 105 TWh (Tera Watt hours) in 2017 to 131.8 TWh in 2019, with 29.456 installed
wind turbines on-shore, in Germany alone [2]. Wind turbines represent large structures, with static
and moving parts, and varying heights, some of them as much as 160-200 m high. Masts consist of
steel, and sometimes of concrete. Hubs and the blades consist of glass fibre reinforced carbon and
or metal.
The European Test and Telemetry Conference – ettc2020
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In Germany, many wind farms, which are fields of multiple wind turbines, are distributed across
the country side, which need a minimum distance of 1-15 km to the next airport according to
German regulations, a distance, which is different in different states of Germany. No new wind
turbines and farms can be built in a radius of 15 km around a D/VOR navigation station [7]. All new
wind turbines and farms need an official permission by the German aviation authority
(Luftfahrtbundesamt), before installation, to avoid dangerous Electromagnetic interference and
shadowing, as well as mechanical interference with low flying aircraft during take-off and landing.
Currently there are around 2.100 wind energy power installations near airports [8].
There is are huge amount of evidence that wind turbines and wind farms can interfere with RADAR
signals of ground based RADAR, e.g. for airport surveillance RADARs and air traffic control. Effects
on RADAR signals include shadowing and masking, backward clutter, meaning unwanted return
signals from wind turbines, distortion and fading of signals. [3, 4, 5, 6]. Shadowing means that the
wind turbine is large enough to block the return signal from an aircraft. Masking means that the
wind turbines act as obstacles. Backward clutter is caused by the reflections from the different
parts of the wind turbines and adds enough noise to the return signals to make detection of the
wanted target signal difficult or impossible. There are similar effects on a variety of aviation
navigation signals (VOR, DME, TACAN), communication signals (VHF, UHF) and airport landing
systems, such as ILS and MLS [5].
The effects are more pronounced for low-flying aircraft, e.g. during landing approach or take off,
especially near airports impairing the return of the RADAR signals of ground based airport
surveillance RADARs [4]. As these effects and unwanted additional signals can endanger normal
flight operations near and at the airport, there are regulations in different countries, prescribing
minimal distance of wind farms to the airport.
Civil UAVs generally fly at lower altitudes and rely on remote control by ground based pilot (uplink)
and transfer data back to user on the ground (downlink) on standard telemetry bands such as 395
MHz, 420-450 MHz or 902 – 928 MHz. In these cases, wind turbines can also block or partly block
line of sight between the transmitter and the receiver, and add noise and unwanted additional
signals to the transmission.
Simulating the effects on the signal propagation of RADAR, telemetry and other EM signals prior to
building and installing new wind farm and/or new RADAR and navigation sites, can help to avoid
interference and technical problems in the field. The goal is to assess the impact of Wind Turbines
on signal propagation of RADAR signals and other RF signals, before installation and operation of
new wind turbines and wind farms close to airports, aviation navigation aids and all sorts of
RADARs. Another goal is to improve signal detection and processing algorithms both in RADARs
and in on-board RF receivers or UAVs and aircraft for telemetry and communication signals, and
thus save time and cost in the end.
In order to achieve these goals, a computation tool with graphical output has been developed. It
combines the methods of 3D geospecific terrain modelling, simulation of the propagation of
electromagnetic signals with raytracing and RADAR modeling [1,12]. In this paper we will introduce
this tool, and show examples of simulations for signals of a ground based RADAR for UAVs and
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airplanes. We will also show examples of the impact on wind turbines on Signals at 433 and 915
MHz, as used by UAVs for telemetry.

Signal Propagation Modeling Tool
The computation tool consists of two parts: a signal propagation module and a RADAR modeling
module. The RADAR modeling is usually performed by the RADAR manufacturer and is included
into the tool as a plugin. The signal propagation module is publicly available and combines the
methods of 3D geo-specific terrain modeling, 3D wind turbine and wind farm modeling and the
simulation of the propagation of electromagnetic signals with raytracing and physical optics. The
tool was developed by Oktal-SE in cooperation with French research institutes and is called SEWorkbench-RF.
In the first step a 3D environment is modeled by importing satellite imagery, digital elevation
models and different static and moving objects, such as buildings, trees, UAV or ground vehicles,
and the RADAR emitter itself. The 3D model consists of millions of polygons and is made to be as
representative of the geographical landscape as possible. It can be very large, e.g. 130 * 130 km,
and takes into account the curvature of the Earth resulting in a correct RADAR horizon. Each of the
polygons is classified by assigning a physical material to it, with the electromagnetic properties
from the SE-WORKBENCH materials database, e.g. reflectivity and back scattering coefficient.
EM signal propagation is calculated in a deterministic way with the following methods:
• geometrical optics
• physical optics
• edge diffraction ECM
• monostatic RCS (Radar Cross Section) computation
• bistatic RCS computation for each reception point
The solution considered here has been developed jointly by OKTAL-SE and ONERA and is dedicated
to the simulation of raw data of large-scale environments including complex targets for several
kinds of RADAR.

State of the art
Computations are based on an electromagnetic simulation code based on ray tracing and
asymptotic methods [9]. These methods are less physically rigorous than “exact” methods that are
strictly based on the resolution of Maxwell equations. However, asymptotic methods enable to
handle complex scenes that are very large compared to the wavelength with enough accuracy. In
such situations, asymptotic methods provide main contributions of the electromagnetic field which
are correctly represented.
In our solution, rays are traced from transmitters towards reception points. These rays are grouped
four by four in beams. Rays are traced from transmitters through a grid (figure 1). The intersections
of theses beams are computed. There are two types of interactions (figure 2):
 Geometrical Optics (GO), when the beam is reflected by a metallic or dielectric surface
 Physical Optics (PO), when part of the beam energy is scattered towards the reception
points at each interaction.
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Figure 1. SE-RAY-EM emission grid

Figure 2. Principle of beam interactions

The ray tracing based on shooting and bouncing ray technique is used to identify the EM
contributors in the scene. In the very simple case illustrated by the figure here after (fig. 3)
composed by two flat polygons and a unique ray tube, two EM contributors are identified. Then
the amplitude and phase of the EM fields scattered to the receiving point by each EM contributor
are computed using PO.
Scattering to the receiving point
PO
PO

P

Ray tube
EM contributor

EM contributor

Figure 3. Concept of EM contributor

Validation is achieved through comparison of our solution with other codes based on different
methods: typically, an ONERA code based on the Method of Moments to solve the integral
equation, called MAXWELL3D [10]. Validation is also based on comparison between simulation and
measurements, in cooperation with Fraunhofer FHR for example, as illustrated hereafter (fig. 4):

Figure 4. Example of validation test
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Reduction of the computation time through GPGPU implementation
Nowadays, Graphic Processors Unit (GPU) have proven to be very efficient for optimizing General
Purpose (GP) computations, and particularly ray tracing applications [11]. However, the transition
to GPU is not straightforward and several issues have to be taken into account.
Double versus Float
Since GPU are designed to be very efficient for single precision floating point (float) computation,
our GPGPU implementation only uses double when it is absolutely necessary, mostly in the
computations that involve the phase of the electromagnetic signal.
Cone tracing
Instead of tracing individual rays, we use cones to trace beams. This way of anti-aliasing is more
reliable and the initial resolution can be really coarse. Another advantage of using cones is that
they can be processed independently of their neighbors, which is very interesting for
parallelization.
Multiple frequency cases
Multi-frequencies computations consist in computing several frequencies at the same time.
Frequencies are independent in terms of electromagnetic computations, but share all the
geometric computations. In our GPGPU version, frequency computations are postponed as long as
possible. The anti-aliasing process generates all geometrical contributors. These contributors are
then used multiple times for applying EM models, one time per frequency.
Validation of the GPU implementation
The GPU implementation is tested versus the CPU one in terms of both accuracy and
performances.
The first test consists in comparing qualitatively the results between the new implementation and
both the standard version of SE-RAY-EM and the reference from the MAXWELL3D software of
ONERA. The test consists in the computation of the Radar Cross Section (RCS) computation of an
aircraft for a frequency of 600 MHz (as represented in figure 5). Figure 6 shows that globally results
computed by the three codes are very similar.
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Figure 5. Aicraft RCS computation setup

Figure 6. RCS of an aircraft computed with ELSEM3D
(green), SE-RAY-EM (blue) and GPU version (red)
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The GPU implementation is 10 to 100 times faster than the standard SE RAY-EM version, depending
on the capacities of the graphic board as illustrated in [12].

Physical modelling of the environment
Any entity of the scene (terrain, wind turbines, mobile entities …) is considered through a
geometrical model (e.g. external surface of a vehicle) and then one or several physical materials
are assigned to this geometrical model.
In the simulation presented hereafter, the wind turbines (WTs) are supposed to be entirely metallic
which is a worst-case compared to the real life. It means that the physical material assigned to the
WTs is a Pefect Electric Conductor (PEC) material.
Concerning the terrain, texture classification is used to efficiently assign physical materials to the
3D model. Textures derived from measured aerial or space photos are mapped on geometries to
improve the quality of the appearance of the 3D environment, but also to assign physical materials
to the terrain by associating different materials to different colours identified in the image: this is
what we call texture classification.
Scenario edition
Entities of the environment are gathered to compose a virtual scene, shooting conditions are
defined, trajectories of mobile entities are created, temporal behaviours and events are handled
and the scenario edition tool also enables to interactively visualize the scenario while running.
Scene rendering
For each sensor defined in the scenario, the physical signal received by the sensor is computed at a
given date or over a time interval using realistic rendering (priority put on the precision of the
computed signal). The scene rendering consists in computing the EM signal in range gates or as a
function of angle of arrival or speed (Doppler shift).
The main advantage of using so complex 3d databases in RADAR simulation is that the real direct
interaction of the incident EM wave and the 3d scene can be simply taken into account. This
enables one to treat in the same run the target and the background, which is very interesting to
naturally deal with the complex interaction of the target with its background.
Special focus on the modelling of WT
The WT 3D model is decomposed in several parts which are:
 The mast in blue (see the picture hereafter of the WT 3D model, figure 8)
 The fixed part of the hub in yellow
 The rotating part of the hub in green
 The blades in red.
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Figure 8. Decomposition of the 3D model of the WT

This decomposition allows one to define rotation for orienting the plane of the blades facing the
wind and the make the blades rotating during the simulation. For defining the rotation of the
blades Python scripting is used as illustrated on figure 9 hereafter.

Figure 9. Python script used to define the rotation of the blades
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Wind directions considered in the simulations
In the simulation results presented hereafter, two wind directions have been considered:
 Wind blowing from the West (WD = -30°)
 Wind blowing from the South (WD = -120°).
The orientation of the 12 WTs of the wind farm considered in this work is adapted accordingly as illustrated hereafter (figures 10 and 11):

Figure 10. Wind blowing from the West

Figure 11. Wind blowing from the South

Scenario description
The scenario considered in this work is composed by (see figure 12 hereafter):
 the environment (hilly terrain) close to Lyon Saint-Exupery airport
 A wind farm made of 12 WTs put on a hill
 A target which is a drone (quadrocopter) flying along a trajectory at 25m/s speed
 A RADAR (in blue color) installed in the vicinity of the airport, dedicated to air surveillance.

Figure 12. Views of the scenario (the RADAR corresponds to the small blue box in the background)
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Time-Doppler computation in monostatic configuration

Doppler speed (m/s)

Doppler speed (m/s)

The results presented hereafter (Figures 13 to 16) were derived from the computation of the
RADAR echoes generated by the whole dynamic scene considering the Doppler shift due to the rotation of the blades of the WTs and the flying target, as function of time. The time sampling is
100Hz and the radar carrier frequency is 5.6GHz.
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Figure 14. One WT and WD = -120° (from South)
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Figure 13. One WT and WD = -30° (from West)
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Figure 15. 12 WTs and WD = -30° (from West)

Figure 16. 12 WTs and WD = -120° (from South)

It can be observed that the RADAR echoes generated by the WTs is stronger when the blades facing the radar, meaning when wind is blowing from the West. But the Doppler shift due to the rotation of the blades is higher when the blades plane is parallel to the RADAR Line-Of-Sight, meaning
when wind blowing from the South. In this situation, it is trickier to detect the target since its
Doppler shift is the same range as the Doppler shift of the rotating blades.
It can also be observed that the Doppler signature of the wind farm is much more complex than
the one of a single wind turbine.
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Range-Doppler computation in monostatic configuration
Results presented hereafter (Figures 17 and 18) were computed in the same conditions as before.
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Figure 17. 12 WTs and WD = -30° (from West)
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Figure 18. 12 WTs and WD = -120° (from West)

Once again, it can be observed that the Doppler shift of the WTs is larger when wind blowing from
the South, meaning the blades plane parallel to the radar LOS.
In this Range-Doppler analysis detection of the target is easier in both wind conditions since its
range is quite different from the WTs range domain.

Received power computation in bistatic configuration
The results presented hereafter (Figure 21 to 23) were obtained in bistatic configuration, meaning
the receiver is put on the drone target. Two different altitudes were considered for the drone target. At the lowest altitude the drone may be masked by the WTs which is not the case at the highest altitude (see figure 19 and 20 hereafter).

Figure 19. Drone flying at low altitude (100m)

Figure 20. Drone flying at higher altitude (200m)

To obtain the results presented hereafter, the so-called “Forward Scattering” model was used. It is
based on the Equivalence Principle which consists in computing the currents induced by the incident wave on all illuminated surfaces. Then we compute the EM fields (scattered fields) radiated by
those currents to the receiving point without any occlusion test. The final step is a coherent summation with those scattered EM fields with the fields generated by the wave radiated by the radar
directly to the receiving point without any interaction. This approach implemented in our solution
allows to compute the EM field in the shadow region of an obstacle. It has been validated with ONERA by comparison with MAXWELL 3D code based on Moment Method.
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Figure 21. Scintillations at 433MHz – Drone flying altitude = 200m
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Figure 22. Scintillations and Shadowing at 915MHz – Drone flying altitude = 100m

Shadowing can be easily observed at time of the scenario just after 37s.
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Figure 23. Scintillations and Shadowing at 915MHz
Scintillation is larger when the drone is flying at low altitude. Shadowing observed in low altitude
flying situation doesn’t occur when the drone is flying at an altitude higher than the wind farm as
viewed from the radar (see figure 20).

Conclusions
High fidelity RADAR simulation is considered more and more as an alternative and complementary
methods to real field measurements. Here we have shown a new simulation tool for efficiently
simulating the signal propagation of RADAR signals in the vicinity of wind farms with a high
computation speed. However, this tool needs to be further validated in different types of
environment with different sensor configurations. Some complex simulations require further
modeling, e.g. vegetation. The quality of the simulation depends heavily on the high fidelity of the
input data, such as accurate and high fidelity synthetic 3D modeling, physical characterization of
materials, and determining their EM parameters correctly, and modeling of the atmosphere close
to reality.
Validation of the presented solution has been conducted in cooperation with ONERA in the frame
of a project sponsored by the DGA (French MoD). Fitting between simulation and measurements is
quite good but results are confidential and can’t be presented in this paper.
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Abstract/Summary
The importance of visualizing time-critical data in aerospace telemetry applications cannot be
overstated. The latest data visualization solutions offer the ability for the telemetry facility to
utilize strip-chart display software, real-time chart printers or combination systems for range
safety, flutter testing, quick-look and other mission critical applications. These visualization and
recording systems are designed to support both existing and new ground stations by offering
analog as well as digital (network) interfaces. Sharing a common user experience (UX) design,
today’s telemetry data visualization solutions provide the immediate data display required by
flight test engineers, range safety personnel and others. Advances in recording, display, data
acquisition and security technologies are all part of the architecture of these recording systems,
which are easily adapted to the needs of each user.
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Introduction
Data visualization has been a crucial component of telemetry systems for many decades. From
early strip chart recorders with their unique ability to graphically represent continuous realtime data to the latest in both software and hardware-based recording systems, data
visualization is used in many applications including flight testing, rocket and missile launch
monitoring, range safety and satellite testing. The modern telemetry recording systems have
constantly evolved by utilizing the latest technologies to fulfill the needs of the users.

A Brief History of Telemetry Recording Systems
Telemetry data was originally recorded on strip chart recorders. These systems were originally
galvanometer-based pen-writing instruments. The typical recorder drew eight waveforms on
eight separate pre-printed grids of 40 mm width. The point-of-writing mechanism changed
over many years, from free-flowing capillary ink styli to pressurized ink, to heated elements on
thermally sensitive paper. While these recorders served the telemetry community very well,
the drawbacks to these methods include the mechanical limitations of the galvanometer for
high frequencies, the high maintenance costs of these systems, the untidiness of ink-based
recorders and the lack of communication for command and control.
Telemetry recorder technology evolved to include a light-beam oscillograph which marked a
photo-sensitive paper. While this offered higher bandwidth signal recording, the
photosensitive paper was expensive and did not archive well. The next technology evolution
was the electrostatic array recorder which was the first introduction of digital recording in a
previously analog field and offered advancements such as overlapping channels, alphanumeric
annotation, grids, graphics, and host control capabilities. One of the shortcomings of the
electrostatic array recorder was a digitization effect due to a recording technique that limited
the output resolution.
The thermal array recorder followed shortly after the electrostatic array recorder. This printing
method, almost exclusively the only type still used for telemetry today, has many benefits
including high resolution (300 dpi) printing, high frequency response, flexible chart formats, and
alphanumeric annotation. Full host control was a major advancement for thermal array
recorders, finally closing the loop between telemetry processor and recording system. Over the
many years since the introduction of the first thermal array recorder, features such as video
display, large memory capacities and digital signal processing were added to these instruments.
High-speed digital data inputs became widely used with the thermal array recorders,
eliminating the high costs and constant need for calibration of digital-to-analog converters
(DAC) at telemetry installations.
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Telemetry Recording Today
The data visualization provided by the telemetry recorder is still very relevant today. The
instruments have become much more than basic print recorders and have now advanced into
true multimedia recording systems. The additions of the large touch-panel display, intuitive
graphical user interfaces (GUIs), large capacity storage media and networking are capabilities
found in the modern telemetry recorders at many telemetry facilities. The latest of these
systems employ standard data protocols and include advancements in real-time data
visualization, recording and networking.
The trend with most telemetry facilities today is toward software-based solutions for the realtime visualization of the telemetry data. However, the ability to visualize the telemetry data in
a format that is useful to the engineer also calls for a hardcopy output for many applications.
What is important is that the user experience (UX) is the same for these visualization systems.
As paper is no longer the primary storage medium, the telemetry recorder plays a smaller, yet
no less useful role. Continuous paper output still offers many unique benefits to the user in
applications such as quick-look and range safety. The physical paper recording is a reliable and
tangible medium that can be quickly viewed, marked-up, and “flipped through” to see
important data or trending patterns. All of the data needed to make a determination is located
on the paper. This includes the waveform data itself, timing marks, IRIG timecode, text
annotation, event marks and even highlights of areas deemed important by the engineer.
While the strip chart printout itself can be an important part of the record, there are many
technologies utilized in the recorder that augment this fundamental capability.

Waveform Display and Video
The most recent designs of the telemetry recorder utilize a high-resolution touchpanel display
that gives the user the ability to visualize real-time waveforms, events, grids and timing
information in a traditional telemetry waterfall format. These displays can be totally
customized in terms of waveforms sizes and placement, colors, grid definition, timing marks
and annotation. In addition to the real-time waveforms, other types of graphs such as XY plots
and meter displays can be selected by the user. Figure 1 shows a typical display formatted for 8
channels.
These displays also offer an intuitive and familiar GUIs for local command and control of the
recording system. Control panels can be standardized or customized by the facility for specific
tests and missions. The control panel buttons seen at the top of Figure 1 are a good example.
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Figure 1: Screenshot of the recorder display

Another benefit of these instruments is the ability to have a video output available to allow the
display to be sent to another monitor, auxiliary feed to a control room, or to a video mixing
system. The latest designs utilize the High Definition Multimedia Interface (HDMI) for video
output, due to the industry acceptance and standardization of this interface.
Data Acquisition and Storage
One of the most important aspects of the next-generation telemetry recorder is the ability to
offer both digital and paper storage mediums, giving the engineer or analyst both options. In
fact, the data acquisition capabilities of these systems have been greatly improved based on
the requirements of the telemetry community. Sample rates of up to 200kHz per channel are
now standard for installations where analog signal inputs are required. Enterprise-grade solidstate drives (SSD), with their consistent performance and reliability, have replaced magnetic
hard drives in most of the newest installations. These drives are typically 3D NAND TLC flash
memory, offering a good balance between performance and cost.
A typical use case for the data acquisition capability is for an application that requires an entire
mission to be recorded locally on solid-state removable media, but the engineer or analyst may
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want to have a hardcopy printout of a few important areas of interest during the mission. The
modern telemetry strip chart recorder makes this possible and offers maximum flexibility.
Networking
The ability to network multiple telemetry recorders is a requirement for almost all telemetry
facilities. Many of these have central locations where one engineer or system operator can
control the various recorders that are used in the facility. The newest systems offer Gigabit
Ethernet (1000BASE-T) ports for interfacing to the equipment. This connectivity provides
command and control, file transfer capability, web interfaces, digital data interfaces and even
peer-to-peer communication. Figure 2 shows a typical block diagram for this interface.

Figure 2: Block diagram of the network interfaces for the telemetry strip chart recorder

Modern telemetry recorders utilize both TCP and UPD protocols, depending on the need of the
specific telemetry facility. FTP and HTTP protocols are also used in some facilities for file
transfer and support of web-based client software.
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The digital data interface over Ethernet is one of the most commonly used capabilities of these
recording systems, eliminating the need for DACs to provide analog data to the recorder. A
higher-level data protocol is used to transmit data to the recorder. An example is an Ethernet
digital data protocol which is optimized for strip chart recorder data with the use of the
min/max method and requires the host to send line segments based on the minimum and
maximum waveform values for a slice of time, or ΔT. The value of ΔT depends on the chart
speed of the recorder. The data packets containing the line segments also include timing
marks, IRIG time stamps and grid information that provide the host with advanced control over
the visualization and printing of the data. Other benefits of a digital data interface include the
reduced bandwidth requirements on the network and the advantage of glitch capture.
With glitch capture, the primary sample rate at the host can be much higher than the min/max
rate at which the packets are sent to the strip chart recorder. Therefore, a high-speed event
can be seen as a minimum or maximum even at the relatively low rate that data is being sent
across the network. In Figure 3, a waveform spike with frequencies of 1, 10, 100, and 1000Hz is
shown with the full amplitude information as recorded.

Figure 3: A sinusoidal waveform with glitch capture

Security
Security is an important consideration for any telemetry equipment today due to the
proliferation of both physical and cyber threats. Malicious code, viruses and state-of-the-art
intrusion methods are all concerns for the telemetry community. The next-generation
telemetry recorders play a role in mitigating these threats by the use of the advanced
technologies and operating systems in their designs.
From a physical standpoint, the recording system utilizes lockable and removable drive bays for
the system and data acquisition media. This security is not only utilized for protection against
malicious intent, but also to have the ability to use different media for distinct classified
projects.
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The Windows 10 operating system is now used for the display and GUI functions of the
recorder. This operating system, accepted by the DoD, offers the ability for Information
Assurance (IA) compliance with the configuration standards of the Security Technical
Implementation Guide (STIG).

Technology-Based Data Visualization Solutions
One of the challenges of telemetry facilities that use strip chart recorders is that many of these
instruments are aging and utilize obsolete technology. These systems are used in a mission
critical environment where failure is costly. Perhaps the most noteworthy development is the
interest of many telemetry facilities in replacing these older systems with a COTS solution of
customizable data visualization and printing methods that offer the same UX. This architecture
is viable because of the ability to separate the waveform display capability from the printing
capability in the latest recorder designs. Furthermore, the digital data protocol allows for a
seamless integration between the source of the data and the endpoints for visualization or
recording of the time-critical data. These endpoints are data visualization software stations,
continuous network printers and strip chart recorders.
Figure 4 shows an example configuration where a telemetry processor is sending packets via
the digital data protocol over Ethernet to these solutions. If only data visualization and local
digital storage is required, then the visual display software station is utilized. If only strip chart
recording is needed, then the continuous network printer can be used. If a full visualization,
data recording and strip chart solution is required then the telemetry strip chart recorder is
used. All three solutions share a common command and control structure as well as support
the digital data protocol.
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Gigabit Ethernet
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Processor / Server

Telemetry Strip Chart Recorder

Figure 4: An example of a custom data visualization and recording configuration

The benefit to this architecture is that the telemetry facility can adapt to the needs of their
customers. This flexible configuration can support different missions requiring different
numbers of recorded parameters. An example is having many engineers or analysts viewing the
data in real-time using the visual display software and having the ability to send data to the
continuous network printer upon demand. Another example could be the addition of IRIG 106
Chapter 10 recording and playback capability.

Conclusion
The telemetry recording system is still a useful and viable part of the instrumentation for
telemetry facilities throughout the world. While the need for a continuous printed record of
telemetry data has been reduced due to other recording media, the requirements for some
applications still call for the printed record. Today’s next-generation systems not only fulfill
that requirement but also offer the users and facilities much greater flexibility and capability in
terms of data visualization and data acquisition. By offering a combination of software-based
and hardware-based solutions, these telemetry recording systems are flexible in their
configuration and can be adapted to any telemetry facility. The latest technologies and
protocols used in today’s designs also ensure that these systems meet current and future
mission requirements.
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Abstract:
Eye gaze trackers have been studied widely for their utility in aviation domain since long time. So far,
numerous studies have been conducted in the direction of gaze-controlled interfaces for electronic
displays in flights and Head mounted display systems under simulated conditions. In this paper, we
present our study on usage of eye gaze trackers in real flight conditions and their failure modes under
such usage conditions and illumination. We show that the commercially available off the shelf (COTS)
eye gaze trackers with state-of-the-art accuracy fails to provide gaze estimates beyond certain level of
illumination on the eyes. We also show that the limited available tracking range of eye gaze trackers
limit them to provide gaze estimates even during the pilots’ natural operating behavior. Further, we
present three approaches of developing eye gaze trackers which are designed to use webcam instead
of infrared illumination and are aimed to be functional at high illumination conditions. We present our
intelligent tracker, developed using OpenFace framework, provides comparable results to COTS eye
tracker in terms of interaction speed for both indoor and outdoor conditions.
Key words: Eye gaze tracking, Eye gaze estimation, Gaze controlled interface, Human Machine Interaction, Cockpit Display
1. Introduction
Eye gaze tracking is the process of estimating
where a person is looking at. Eye gaze tracking
technology is used to understand eye gaze
scanning process, visual search and reading
th
behavior from late 18 century. With availability
of portable infrared based eye trackers, researchers also explored controlling digital user
interfaces just by looking at it. While the technique sounds intuitive, underlying technical
limitations like innate eye movement process
and the constraints on direct manipulation of
graphical user interfaces so far restricted eye
gaze controlled interfaces to limited applications
for people with severe disability [3] and as a
binary input channel (on/off) for a few
smartphone video viewing applications.
In recent time, a set of new applications were
explored for eye gaze controlled interfaces
where the operators’ situation impedes him/her
to operate traditional physical or touch screen
user interfaces. Examples of such situations
include undertaking secondary tasks in automotive [2, 8] and mission tasks inside combat aircrafts [10, 11].
Eye gaze tracking technology is widely explored
in aviation domain for pilot training, understating
pilots’ scanning behavior, optimizing cockpit
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layout and recently to estimate pilots’ cognitive
workload [6, 9]. Although a commercial product
is not yet available, different defense manufacturers are already investigating to use eye
gaze-controlled interfaces inside cockpit. While
most of the research on eye gaze-controlled
interfaces for military aviation concentrate on
Head Mounted Display Systems (HMDS) [4,
11], this paper explores use of eye gaze controlled interface for Head Down Display. The
paper initially explored a state-of-the-art wearable eye tracking device in a combat aircraft
undertaking representative combat maneuvers
and then proposed and evaluated a set of algorithms for developing screen mounted eye gaze
tracker for operating head down displays.
These algorithms can also be used in transport
and passenger aircrafts.
The paper is organized as follows. The next
section summarizes our earlier published research on eye gaze-controlled interfaces followed by the study on actual aircraft. Section 4
presents different eye gaze tracking algorithms
followed by concluding remarks.
2. Earlier Research
So far, we set up and undertook numerous
investigations to study the utility of eye gaze
tracking in aviation field. Our studies are set in
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different conditions like a fixed base flight simulator, a virtual reality (VR) based simulators. We
also performed user studies in actual transport
and military aircrafts. Our studies focused on
evaluating pilot’s interaction experience for
mission control tasks using gaze-controlled
interfaces in simulators and actual flights.
Initially, we set up a flight simulator and evaluated gaze-controlled interface for military fast
jets [10]. Our studies found that the gazecontrolled interface statistically significantly
increased the speed of interaction for secondary mission control tasks compared to
touchscreen and joystick-based control systems. Subsequently, we tested the gazecontrolled system inside a transport aircraft
both on ground and in-flight with military pilots.
We found that the pilots could undertake representative pointing and selection tasks in less
than 2 secs on average.
We also integrated the COTS eye tracker to a
flight simulator to evaluate the feasibility of its
functions as a part of HMDS and evaluated the
latency incurred to point at an aerial target. In
parallel, we measured pilots’ various ocular
parameters like fixation rate, pupil dilation and
saccadic intrusion in standard and VR based
flight simulators at various G levels in different
combat aircrafts. We compared these metrics in
various flight phases and during air to ground
attack maneuvers [1].
In addition to utilizing COTS based eye trackers
for our user studies, we studied the accuracy of
gaze control in various acceleration due to
gravity (G load) conditions under various flight
maneuvers. We used a COTS eye-gaze tracker
in an advanced jet trainer aircraft and we found
that the error is less than 5º of visual angle up
to +3G although it is less accurate at -1G and
+5G [7]. In line with our error measurements of
COTS eye gaze trackers under various flight
conditions, in the next section, we present our
analysis on various failure modes of COTS eye
gaze trackers in actual flight conditions.
3. Testing COTS tracker in Combat Aircraft
We have recorded data from two flights using
the COTS eye tracker (Tobii Pro Glasses 2)
which uses infra-red (IR) illumination-based eye
gaze estimation principles [12]. The duration of
the first flight is 55 minutes 58 seconds (Flight
1) and another flight’s duration is 56 minutes
(Flight 2), the flight profiles are furnished in
Table 1 below. The eye tracker contains a frontfacing scene camera which records the first
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Table 1 Flight Profiles
Sl No
Flight #1

Objective
Maneuvering
flight
with
head mounted
eye tracker on
Pilot in Command

Flight #2

Non - Maneuvering flight
with
head
mounted eye
tracker
on
Pilot in Command

Profile
Take-off – climb – level
flight to Local Flying Area
– Constant G (3G and 5G)
level turns both sides each
– Vertical loop – Barrel
Roll – Air to Ground dive
attack training missions –
Descent – ILS Approach
and landing
Take-off – climb – level
flight to Local Flying Area
– Straight and Level cruise
with gentle level turns –
Descent – ILS Approach
and landing

person view of the pilot. It also contains four
eye-cameras, two cameras per each eye, to
record the eye movements. The eye tracker
estimates gaze points at a frequency of 100 Hz.
The frame rate of scene camera is 25.01 frames/second at 1920 x 1080 resolution and that
of each eye camera is around 50 frames/second with a resolution of 240x240. Each
gaze point is recorded with a dedicated identifier, called “gidx”. We initially used Tobii Pro Lab
tool to analyze the recorded gaze samples and
observed that both flight recordings contain
gaze samples only for around 50% of the duration. We investigated this loss of data samples
during the flight using the raw data provided by
manufacturer in json format and by correlating
the raw data with the eye images.
The raw data obtained in json format contains
various other information recorded during the
flight like gyroscope and accelerometer data.
We discarded the irrelevant information and
retained the data points required for our investigation of lost gaze points.
At first, we synchronized the raw data stream
and the eye camera stream in time scale since
eye camera stream starts off with an offset from
raw data. This is achieved using the Position
Time Stamps (PTS) provided in both data
streams. We also find that the different frequencies of these two streams is a challenge
for data synchronization. Hence, we considered
the time duration between two successive frames of eye camera stream and consider all the
corresponding gaze data points recorded during
that time window. Thus, the latter frame and
these data points together form one pair of synchronized data points. Each time windowed raw
data may contain multiple gaze points. Every
gaze point with its “gidx” contains a status code,
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‘s’ which indicates the error associated to that
datapoint, if any. The status code 0 indicates no
error and any non-zero value of s indicates an
error associated is with the data point. We observed that all the gaze points with a non-zero
status code are recorded as zeros for both x
and y directions [0.0, 0.0]. The gaze points are
provided in normalized values, hence the minimum gaze point is [0.0, 0.0] and the maximum
is [1.0,1.0].
We segmented the synchronized data points
into two categories. The first category category1 contains eye stream frames whose corresponding gaze points have zero status code.
The second category category2 contains those
eye frames with all corresponding gaze points
with non-zero status codes. There are frames
whose data points have only a subset of gaze
points contains zero status code. We did not
consider these frames in our analysis as it
brings uncertainty on eye image tagging.
For Flight 1, we observed that out of 167,647
frames, only 57,111 frames fall under category1
and 69,732 frames fall under category2. For
Flight 2, we observed that out of 167,567 frames, only 81,911 frames fall under category1
and 51,402 frames fall under category2.
Summarizing, 41.6% of the frames does not
have any gaze points recorded during Flight 1
and for Flight 2, this stands at 30.7%. Further, if
we just look at unsynchronized raw data, both
flights recorded more than 51% of the gaze
samples are error-prone.
We visually inspected these flight recordings
and we hypothesize two reasons for this data
loss.
1. Higher levels of illumination on eyes
may affect the eye tracker resulting in
no gaze estimation.
2. Limited field of view (FoV), especially in
the vertical direction, renders the eye
tracker with no gaze estimates when
user looks beyond the tracking range.
We validated our hypothesis 1 using the eye
images in the above mentioned two categories.
Since the recorded video stream is an IR video,
we converted all eye images into grayscale and
computed average of all the pixel values for
each image present in both categories. Figure 1
represents the histogram of image intensities
for category1 and category2 for Flight 1. Figure
2 represents the same for Flight 2. Figure 1a
indicates that 93% of the images under category1 have an average intensity less than 131.
But, category2 contains 42% with average
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Figure 1. Histogram of image intensities for Flight 1
1a. Category1(Top) 1b. Category2 (Bottom)
intensity higher than 131. Further, this can also
be observed in Flight 2 case, shown in Figure 2.
Around 42% in category2 have higher intensity
than 150, while category1 contains 94% of the
images with intensity less than 150. This indicates that images with higher illumination, precisely above 131 in Flight 1 and above 150 in
flight 2 have low probability to obtain accurate
gaze estimates.
While this evidence supports our hypotheses 1
partially, we observed that there is overlap in
the left and right histograms plotted in Fig 1 and
Fig 2. Hence, we could not identify a clear
average image intensity threshold in order to
identify all the failure modes of eye gaze estimation.
We further investigated the data points in category2 to understand the 58% of the datapoints
which have lower image intensities than above
mentioned thresholds for each flight using our
hypotheses 2. Since we observed that the gaze
estimates are lost for a sequence of eye image
frames, we clustered the datapoints in category2 based on their “gidx”s. If a sequence of
datapoints under category2 are having successive gidx’s, then all those points are considered
as a single cluster. Hence, each cluster can
contain one datapoint or several datapoints.
Extending our hypotheses 2, we assumed that
the pilot must be looking at a
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Similarly, for flight 2, we obtained 8646 clusters
for 51,402 datapoints. For these clusters, 8408
(97.24%) clusters have boundary points that
satisfy the above criterion. Interestingly here as
well, we observed that the histogram of image
intensities for the above points lie in the range
of [117,164], which is the range of overlap identified in Figure 2a and Figure 2b.
Thus we infer that, this eye gaze tracker could
not identify beyond certain illumination level or if
the user is looking beyond its tracking range.
We should note that the pilot is performing his
assigned tasks during the flight and maintained
his natural behaviour. This indicates that the
tracking range offered by this eye tracker is not
sufficient for military aviation environments.

Figure 2. Histogram of image intensities for Flight 2
2a. Category1(Top) 2b. Category2 (Bottom)
position closer to the extreme tracking positions
(beyond which eye tracker cannot track), just
before or after the eye tracker fails to provide
gaze estimates. During our visual inspection of
first person video recorded using eye tracker,
we observed that the pilot looks down for various activities like looking at the information
displayed in the Multi-functional displays
(MFD)s while keeping the head faced horizontal
(perpendicular to the vertical axis of the aircraft). During such scenarios, we observed that
gaze points were not recorded.
Hence, we analyzed three preceding or subsequent datapoints adjacent to each cluster,
which we refer to as boundary datapoints. We
looked for boundary datapoints with gaze values beyond 0.8 and less than 0.2 (in both x and
y). If any of the boundary datapoints satisfy
above criterion, then we may infer that the loss
of gaze points is due to the pilot looking beyond
the tracking range of the eye tracker.
For flight 1, we obtained 12178 clusters for
69,732 datapoints. For these clusters, 11,865
(97.43%) clusters have boundary points that
satisfy the above criterion. To understand
image intensities for these datapoints, we plotted a histogram of the image intensities for the
datapoints whose boundary points satisfy
above criterion. We observed that these image
intensities lie in the range of [96,145]. This is
clearly in the overlap range identified between
Figure 1a and Figure 1b.
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Hence, using our two hypotheses and the raw
data, we studied the failure modes of eye gaze
tracker in aviation environment. We further add
that, while commercial off-the shelf eye trackers
may be used in real aviation environments,
researchers and practitioners should keep in
mind about both the horizontal and vertical tracking range of the eye tracker and it’s robustness to external illumination as there is a high
chance that the illumination varies rapidly at
high altitudes in high speed maneuvers.
4. Developing Eye Gaze Trackers
In this section, we have described three different eye tracking systems and compared them
through user studies Initially we described the
different algorithms used for estimating gaze
followed by two user studies.
HoG based Gaze Tracking System
We used a pre-trained facial landmark detector
with iBUG 300-W dataset [iBUG 2019], which
works on classic Histogram of Oriented Gradients (HoG) feature combined with a linear classifier to detect facial landmarks [Rosebrock
2019]. In comparison, Haar cascades are a fast
way to detect an object but often detect more
false positives compared to HoG and linear
classifier [Dalal 2005]. HoG features are capable of capturing the face or object outline/shape
better than Haar features. On the other hand,
simple Haar-like features can detect regions
brighter or darker than their immediate surrounding region better. In short, HoG features
can describe shape better than Haar features
and Haar features can describe shading better
than HoG features. In this case the shape is
more important as we need the landmarks of
the face hence HoG features produced a better
result. After detecting eye region, we detected
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pupil location by selecting the smallest rectangle possible in the eye region where the pupil
can exist. After retrieving pupil locations, we
calculated the Eye Aspect Ratio (EAR). We
have noted that the eye aspect ratio changes
with respect to the distance between the user
and the camera. We have modified the EAR
calculation formula by using the distance between the two eyes as denominator.
Webgazer.js
We implemented a second system using
webgazer.js [Webgazer 2020; Agrawal 2019] to
compare performance of the proposed system.
Webgazer.js runs entirely in the client browser.
It requires a bounding box that includes the
pixels from the webcam video feed that corresponds to the detected eyes of the user. This
system uses three external libraries (clmtracker,
js_objectdetect and tracking.js) to detect face
and eyes. It has methods for controlling the
operation which allows us to start and stop it.
We have taken the mean of last thirty points
from webgazer.js for better target prediction
and accuracy of system. We also calculated the
mean value during this time to predict the gaze
location on a webpage.
Intelligent System
We have developed a gaze block estimator
which maps user’s eye movements to 9 screen
blocks using OpenFace [Baltrusaitis 2018]
toolkit. Since the OpenFace (figure 3) was reported to have an error of 6⁰ for gaze point
estimation, we designed a calibration routine
which uses the gaze vector data from OpenFace and maps user’s eye movements to
screen blocks, instead of screen pixels. We
have divided the screen into 9 blocks of equal
area. We designed a smooth pursuit based
calibration routine where a marker traverse
across all these 9 blocks and user was asked to
follow the marker’s movement. The corresponding gaze vectors from OpenFace were recorded
and stored with the respective block number as
the label. Once the marker completes its path, a
neural network is trained to map these gaze
vectors to 9 blocks of the screen. For this classification task, we used a 2 hidden layer network with 256 and 128 neurons respectively
with cross-entropy loss function and with Adam
optimizer. We used the 70% of the data we
recorded during calibration for training, 15% for
validation and the rest for testing. On a i7 processor computer, we observed that each epoch
takes around 0.8 seconds and we trained the
network till the test accuracy reaches 90%.

Figure 3. Screenshot from OpenFace Face Tracker
User Study
We undertook the following user study to compare different eye tracker implementations in
different lighting conditions and compared them
with a COTS screen mounted eye gaze tracker.
Participants: We collected data from 9 participants (8 male, 1 female). All participants were
recruited from our university. They do not have
any visual or motor impairment.
Material: The user trial was conducted on a
Microsoft surface pro tablet powered by dualcore processor and it comes with 8 GB RAM
and running Microsoft Windows 10 operating
system. The surface has a 5 MP camera, which
was used to estimate gaze direction.
Design: We wanted to use the eye tracker to
operate a graphical user interface with limited
number of screen elements, hence instead of
traditional precision and accuracy measurement, we calculated the pointing and selection
times for a set of fixed positions in screen.
We created a user application in which we divided the screen into nine blocks and one of the
blocks gets randomly highlighted with blue colour as shown in figure 4a. If the user clicks on
the blue block, it turns green as shown in figure
4b and a different block was highlighted. If the
user is unable to click on the highlighted block
within 10 seconds, it turns randomly some other
block to blue. Using this interface, we calculated the response time by measuring the time
difference between appearance of a highlighted
block and its selection. Users selected target
using the left mouse button.
The trial was performed twice - once in laboratory with lux meter reading 180-200 lux and the
other in outdoor condition with lux meter reading between 1800-3000 lux.
The trial consisted of four eye tracking implementations
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HoG based bespoke webcam based gaze
tracker
Webgazer.js based webcam based gaze
tracker
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OpenFace based intelligent webcam based
gaze tracker
Tobii PCeye mini eye-gaze tracker (referred
hereafter as COTS tracker)

We found




significant main effect of type of eye gaze
tracker F(3,567)=15.44, p<0.01
significant main effect of lighting condition
F(1,567)=4.05, p<0.05
significant interaction effect of type of eye
gaze tracker and lighting condition
F(3,574)=3.45, p<0.05

Then we undertook two one-way ANOVAs for
each lighting condition and found significant
main effect of eye gaze tracker implementations.



Figure 4. Pointing Task application
For all trial conditions, we conducted trial on the
same user application discussed before. The
order of conditions was randomized to minimize
practice or learning effect. Each participant
undertook all trial conditions.
Results: We recorded 322 pointing tasks inside
room and 270 pointing tasks outside. We
measured the time difference between onset of
a target and its correct selection. We removed
outliers by identifying points greater than outer
fence. We removed only one point from the
selection times recorded from the bespoke eye
gaze tracker while 12 data points were found
values higher than outer fence for the COTS
eye gaze tracker.
Figure 5 presents the average selection times
and standard deviation. Participants took lowest
time to select target using the COTS tracker.
We undertook a 2 × 2 unbalance factorial regression based ANOVA (type of eye gaze
trackers × lighting conditions) on the response
times.

Figure 5. Comparing Average Response Time
among different eye trackers
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Inside room F(3,318)=8.43, p<0.01
Outside room F(3,266)=11.31, p<0.01

Finally, a pair of unequal variance t-tests did not
find any significant difference between COTS
tracker and our intelligent eye gaze tracker
implementation inside room at p<0.05 although
the difference in response times between the
intelligent system and COTS tracker was significant at outside condition at p<0.05.
Discussion: Our initial approach for eye gaze
estimation used feature based approach. We
used a method that extracts Histogram of Oriented Gradients (HoG) features combined with
a linear SVM to detect eye landmarks. These
landmarks were used to compute Eye Aspect
Ratio (EAR) feature to estimate the gaze block
on the screen. Even though HoG based landmark detection had been used earlier widely,
we observed that it occasionally failed to detect
landmarks of our users and affected the gaze
estimation accuracy. Variations in illumination
and appearance of facial features like beard or
spectacles could affect tracking accuracy based
on pre-selected facial features.
The second approach, Webgazer.js proposes
to map the pixel data of eye images directly to
gaze locations rather than to rely on handcrafted features from eye images. They used a 6 x
10 eye image patch for each eye and converted
them to 120-dimensional feature vector. This
vector is used as an input for a regression
model to map to gaze points on screen. This
approach also relies on multiple eye landmark
detection algorithms which suffers similar limitations as HoG based algorithms. Further, this
approach requires users to click at least 40-50
locations on screen for calibration purpose before it can make predictions which requires
significant time.
OpenFace uses a state-of-the-art deep learning
approach for landmark detection and gaze estimation. It uses Constrained Local Neural Field
(CLNF) for eye landmark detection and tracking. Unlike HoG and Linear SVM approach,
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which was based on handcrafted features and
trained on a relatively smaller dataset, OpenFace uses larger dataset and deep learning
approach to learn the estimation of 3D gaze
vector from the eye images. Even though
OpenFace is not very accurate in predicting
gaze points on screen, it does not suffer from
illumination and appearance to detect eye
landmarks. Further, OpenFace was implemented in C++ which makes real-time gaze estimation possible even on CPUs. In addition to
these, the reported state-of-the-art crossvalidation accuracy prompted us to test for a
gaze block detection application.
It may be noted that the response times were
lowest for the COTS tracker compared to
webcam-based approaches. The COTS tracker
used on board ASIC chip to run image processing algorithms, which has lower latency
than general purpose processor used in
webcam-based eye trackers [5]. It may be noted that still the difference in response times
was not significant inside room between COTS
and intelligent tracker. Our future work is investigating to further reduce the latency and make
eye tracking work in bright lighting condition.
5. Conclusions
This paper presents a case study of testing and
development of bespoke eye gaze tracker for
operating Head Down Displays in an aircraft
cockpit. Our study showed that present COTS
eye gaze trackers are not yet ready to be integrated to combat aircraft in terms of tracking
eye gaze at different lighting conditions and
vertical field of view. We presented a set of
algorithms that can be configured for operating
multi-function displays inside cockpit and a
particular intelligent algorithm using the OpenFace framework worked better than classical
computer vision based algorithms.
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Abstract:
Future developments require an approach able to deal with virtual, hybrid and real equipment integration testing. Benches will be designed as live entities that can evolve during the different phases of the
project, evolving from virtual integration to real equipment integration using the same bench.
For this purpose, VISTAS EUROCAE (ED-247) standard approach is going to be demonstrated on an
existing integration bench (traditional approach).
VISTAS standard virtualize avionic signals -discrete, analog- and avionic buses -A429, CAN, AFDX
…- on a standard Ethernet Bus. This standard includes also the possibility of failure injection. Benches
architectures based on VISTAS provide more flexibility and enable important wiring reductions.
Key words: Virtual Testing, V-Model, VISTAS, Virtualization
Introduction. The V-Model for aircraft development
In the V-model (see Fig. 1), two sides can be
distinguished. The left one, devoted to Design,
and the Right one at which integration activities
take place. The major issue related to this approach is that is necessary to wait until the system under test is designed, and the aircraft
equipments manufactured, considering hardware and software, to perform the integration
activities.
With the Virtual Testing approach, integration
activities located at the right side of the V are
moved to the left side, by using simulations, in
other words: real aircraft equipment (HW/SW)
are substituted by models (called Virtual Components) that are representative simulations of
the equipment/system/system of systems under
test.
The integration of these Virtual Components
produces Virtual Test Benches.
So, Virtual Testing comprises the development
and integration of Virtual Components and the
related testing activity.
The message is clear, the fact of performing
integration at the left side of the V model, by
using models, allow detecting integration related failures at earlier stages of development,
with the immediate effect related to time and
cost. It has been demonstrated that the time
and cost to fix these failures at earlier stages of
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development, is lower if compared to the traditional approach.
At the end test with real equipment –traditional
approach- are necessary, but considering Virtual Testing, the number of issues detected are
lower as the maturity at system level is higher.
VISTAS added value
VISTAS, which is an Standard for Virtual Interoperable Simulation for Tests of Aircraft Systems, allows the development of Virtual / Hybrid
/ Real benches with the possibility of performing
integration at the earlier stages of the V model,
with all the advantages described before.
Although the concept is not technologically a
novelty, the importance of VISTAS is that it is a
standard itself. Contributors come from different
areas such as aircraft manufacturers, aircraft
equipment manufacturers and Test System
Support companies. All of them are working
together and defining the standard. The revision
ED-247A of it has been published by EUROCAE in March 2020.
VISTAS standard includes Virtual Components
definition and protocols for interfaces standardization between test benches and Virtual components. A proper VISTAS implementation in a
bench can provide the following advantages:
Cost reduction:
• By allowing the integration at earlier stages
through Virtual Components, discovering
system errors and SW errors at the left part
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of the V, which is traduced in a lower cost
of fixing them if compared with the traditional approach of integration at the right
side of the V model.
•

By reusing SW libraries of virtual test HW.

•

By reducing the cost of bench development, based on an approach of VISTAS
implementation at bench architecture by using the so called VISTAS I/O bridges or
VISTAS I/O boxes.

Product Quality:
• By improving the regression testing. In the
regression testing, automation plays an important role, and combined with a VISTAS
implementation at which virtual / hybrid and
real scenarios can take place the results is
a very flexible and automated environment
which allows to perform regression testing
with a high degree of coverage, which impacts at the end in the robustness and maturity of the system under test prior to be installed at aircraft.
•

Providing a quick verification of system
design changes, before HW/SW implementation at real equipment, by minimizing the
number of iterations at aircraft equipment
level (Ex. only SW/HW changes are implemented at real aircraft equipment when
they have demonstrated functionality in a
virtual way).

Another advantage is less development time,
based on the possibility of the duplication of the
virtual environments as they are SW based,
and of course by performing integration testing
at earlier stage without HW availability. Even it
can be considered to distribute geographically
development and testing.
VISTAS Architecture
VISTAS architecture is defined by two buses
(see Fig. 2):
The first one is the ED-247 Data Bus, intended
for transporting all functional data, which are:


avionics and aircraft system exchanges
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non-avionics data for environment exchanges

In this bus communication lines (avionic buses)
are represented in a virtual way, and are used
for connecting virtual components (simulations)
and/or bridge components in the case of hybrid
and/or real equipment benches.
A second bus is a Command and Control bus
for operating ED-247 components in terms of
configuration, state machine, network modification and health monitoring.
In a virtual configuration, the different Virtual
Components are integrated through these two
buses.
In a hybrid configuration, real equipment can be
connected to VISTAS architecture by using an
I/O box or a BRIDGE box. This box interacts
with the real aircraft equipment and with the
ED-247 data bus and Command and Control
bus, and it is bi-directional. This element is
composed by an I/O stage which is connected
to the interface of the real aircraft equipment,
and a HW/SW which is able to convert real
aircraft buses and signals into VISTAS protocol
virtualized signals and vice-versa. The key point
in the development of these I/O boxes is the
capability of performing the conversion from/to
VISTAS Data Bus and real Avionic Buses and
signals with the minimum delay.
In addition, some aircraft equipment manufacturers can consider prototypes with VISTAS
interface for development purposes, so the
usage of the I/O box can be avoided.
Finally, and moving towards and scenario with
real aircraft equipment, the interaction of all the
equipments can be achieved through VISTAS,
by substituting real aircraft wiring by interconnection through VISTAS protocol. This approach enables the virtualization not only in
terms of wiring, but also the virtualization of
failure injection modules and patch panel modules which require a large number of wires,
manufacturing time and space in the bench.
The key point in this approach is the level of
representativeness comparing to real aircraft
wiring and the delays inherent to a conversion
from the real aircraft equipment interface to
VISTAS architecture, which maybe today is not
enough for obtaining credits for certification in
all of the cases.
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Fig. 1.

Fig. 2.

V-model.

VISTAS Architecture.

Implementation of VISTAS concept in a real
integrated test bench
In this chapter it is described the implementation of VISTAS concept in a real integrated test
bench, which is Cleansky 2 integrated bench.
Cleansky 2 is the largest European research
program, developing innovative, cutting-edge
technologies, aimed at reducing CO2, gas
emissions…

Objectives
The objectives of this work are the following:


To create a real demonstrator for VISTAS
concept based on existing test means, and
combining hybrid and real bench environments.



To implement VISTAS protocol in a real
bench with different signals and avionic
buses to be virtualized such as A429, CAN,
analog, discrete, serial, RVDT interfaces
and including in addition simulation models.



To assess the differences between real
integration and virtual integration through
VISTAS, specifically addressing the impact
produced by the I/O or bridge boxes during
conversion between real and virtualized
environment.



To develop the VISTAS capability into current Test System Supports available at the
bench. In Cleansky 2 integrated bench are
two different test systems support, one is
an “In-house” solution called SEAS and the
other is a COTS solution provided by National Instruments.

Inside the scope of this program ADS is participating at different fields (airframe, regional…)
promoting technologies in order to achieve the
emissions reduction objectives.
One of them is related the use of Electromechanical actuators, with the intention of substituting hydraulic by electro mechanic actuators.
For this purpose, an integrated rig has been
developed based on the existing C295 platform.
At this rig several systems are integrated such
as: electrical, hydraulic, flight control system,
cockpit, displays…
A project inside Cleansky 2 program is related
to the implementation of VISTAS in the CS2
integrated rig. A call for proposal has been
launched for this purpose.
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To establish a VISTAS based framework
that allows to connect CS2 integrated
bench with other existing benches at different locations (ex. avionics benches)



To foster the OPEN architecture concept
and connect different equipments/tools not
present in the current bench that provides
VISTAS interfacing functionality (UEI, AIDASS, SANDRA…)

Cleansky 2 integrated rig bench architecture
The Cleansky 2 integrated rig is composed by
the following test means (see Fig. 3):


Electrical rig, at which generation, conversion and distribution is integrated and tested shaping the electrical power generation
system of the aircraft.



Flight Control Computer bench, at which
the two Flight Control computers are integrated and tested.



Flight Test Instrumentation bench, at which
the Data Acquisition System installed at real aircraft is integrated at rig environment.



Flap Test Bench, at which High Lift Control
Unit computer is integrated and tested.



Cockpit and displays bench, used for cockpit systems integration: trim actuator,
springs, displays; and for handling qualities
evaluation, flight control laws evaluation
and emergency interim procedures evaluation.

Fig. 3.



Surfaces benches (for primary and secondary surfaces) at which integration between
computer and actuator is achieved.



Hydraulic rig for hydraulic system integration.

All of these benches can be operated in standalone mode, with the aircraft environment external to the equipment or system under test
completely simulated, or in integrated mode, by
interconnecting the benches through real aircraft wiring. In addition, an additional level of
integration can be reached by interconnecting
the benches in terms of electrical and hydraulic
power.
Using VISTAS approach all the benches are
interconnected using Ethernet with VISTAS
protocol implemented (see Fig. 4). The I/O boxes are based on the current Test System Support HW, as indicated before combining both
“in-house” and COTS solutions, so it has not
been planned to develop specifically any HW
devoted to VISTAS.
The “in-house” is based on SEAS and the
COTS is based on National Instruments Compact Rio and PXI (this last for electrical rig).
The SW deployed on all these platforms is
modified with the implementation of the VISTAS
protocol for interconnection of the different
benches.

Cleansky 2 Integrated Rig.
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Fig. 4.

Cleansky 2 Integrated Rig with VISTAS protocol implemented.

SW components diagram
Every bench which is part of CS2 integrated rig
has its own Test Support System, providing a
distributed Test Support System when all the
benches are working in integrated mode. The
implementation of VISTAS is based on the development of a dynamic link library which is
able to convert the Test Support System present at every bench into a I/O Bridge.

The working principle is the following (see Fig.
5):


The I/O Bridge interacts with the real aircraft equipment through signal/bus input
output stage.



The I/O Bridge is provided with the ECIC
file, at which the VISTAS configuration is
stated. It is necessary to remark that for
complex benches this ECIC file (one per I/O
Bridge) may be provided with the aid of a
Resolver SW application. In our case it has
be done manually without resolver application. In the ECIC file is included the following information: IP, ports, channel assignation, packetization strategy, timestamps,
and header… all the data necessary to virtualize the signals in an optimized way.



Using the different functions of the dll the
frames are generated and passed through
Ethernet over VISTAS protocol.

The objective of VISTAS implementation is to
keep physically all the benches in stand/alone
configuration, in other words, without considering all the interconnections between benches at
signal level, and substitute this by an interconnection through VISTAS protocol.
The dynamic link library with some functions
has been developed in C++. The dynamic link
library which has been developed is platform
agnostic, as it can works with the Windows
platform present at “in-house” test support systems such as SEAS, or it can works also with
Linux platform present at National Instruments
COTS platform.

Fig. 5.

Of course, this working principle is bidirectional.

SW components diagram.
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Status of the activities
The current status regarding VISTAS implementation at CS2 Integrated Rig is the following:

Performance tests
A429 Virtualization through VISTAS has been
tested at CS2 Integrated lab with different configurations as indicated in the table (see Fig. 6),
by the interconnection through VISTAS of different aircraft equipments.

The development of the ED247 library is
done for the avionic buses used at CS2 integrated rig, which are: A429, CAN BUS,
Analog, Discrete, and RVDT.

Current National Instruments compact RIO
present at the bench has been used as VISTAS
I/O bridges.



Generation of configuration files is done in
a manual way.

No packetization strategy has been considered,
which means one UDP packet per A429 label.



VISTAS performance testing activities are
taking place at CS2 integrated lab and other available benches



Implementation on existing HW is achieved
at National Instruments cRIO platform, but it
is still pending other platforms present at
CS2 integrated bench such as National Instruments PXI and PCI platform at SEAS
“in-house” test system support

In all the cases the latency average value is
very low if it is compared by the update rate of
the aircraft equipment A429 buses, which in
principle enables the multisystem integration,
without significant delays that can affect to the
behavior of the system/multisystem under test.





It has been observed different latencies that are
explained by the different model of switch used
for the test.

And finally, the pending activities are Monitoring/recording SW, development of resolver SW and bench manager SW is pending

Fig. 6.

Fig. 7.

A429 performance tests.

SW components diagram.
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CAN Virtualization through VISTAS has been
tested, using a National Instruments SB-RIO
demonstration kit as VISTAS I/O bridge, for
hosting the VISTAS SW (see Fig. 7).

References
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Different CAN BUS speeds, from 125Kbps to
1000kbps, and different message rates (3msec
and 10msec) have been considered to set up
the test case list. For each test case 10 tests
have been considered with duration of 10 seconds.
In all the cases the latency average value is
constant and independent on the CAN bus
speed.
Conclusion
And finally and as a conclusion, the key messages based on our expectations related to
integration with VISTAS are summarized:
•

It has been presented the VISTAS concept
as a future concept for bench architecture,
as a tool for virtual testing

•

It has been provided an overview of the
VISTAS implementation at CS2 integrated
Rig, and its current status, focusing on the
performance tests performed for A429 and
CAN buses

•

It can be evaluated the necessity of real
aircraft wiring for integration. If finally is
necessary, at least, VISTAS integration
provides the possibility of delaying real aircraft wiring manufacturing at rig until a reasonable level of maturity has been reached
through VISTAS integration, which will contribute to cost reduction as the number of
modifications and/or reworks over real aircraft wiring will be very limited. If finally real
aircraft wiring is not necessary, the next
step is to check if certification credits can
be obtained from VISTAS approach that is
not 100% representative of aircraft, but
provides integration capabilities.

•

It can be assessed if the signal exchange
between different elements is representative using VISTAS, because at the end, the
savings in terms of wirings, patch-panels,
and fault insertion HW devices… are based
on bidirectional conversions from acquired/issued signals to VISTAS protocol,
and the conversion itself provides some delay.
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Abstract:
As part of aircraft certification and optimization, wing bending and twist measurements are performed
under various load cases (aircraft weight, speed, angle of attack, etc.) to validate and improve wing
deformation models. Since these measurements are acquired during flight, their analysis requires to
face strong environmental constraints. Indeed, the highly varying luminosity conditions, the presence of
possible reflections or shadows, the vibrations and the deformations of the entire aircraft, are strong
constraints that need to be considered carefully.
Current approaches applied in Airbus are based on inertial measurement units installed inside the wing,
or on photogrammetry-based solutions using calibrated sensors and retro-reflective targets located on
the wings. These methods are not only highly intrusive, but also require time-consuming installation,
calibration phases and dedicated flights to produce only sparse measurements. Moreover, the use of
reflective targets on the wing has an impact on the wing aerodynamic, which should be avoided.
In this paper, we investigate a new method for estimating wing deformations. This method adapts a
photogrammetry approach classically used for reconstructing buildings or art structures to the aircraft
environment. To this aim, we propose to use synchronous videos from high resolution cameras, which
can be easily installed on the aircraft windows and on the vertical stabilizer. Appropriate features are
extracted from the images acquired by these cameras, related to wing joints or reference points located
on the aircraft wing. The system uses these features to autonomously recalibrate itself at each frame
and provide a dense 3D reconstruction of the wing in the aircraft reference coordinate system. Some
experiments conducted on real data acquired on Airbus aircrafts show that the proposed estimation
method provide promising results.
Key words: Photogrammetry, Wing Deformation, Flight Tests, A350
1. Introduction
Theoretical models of aircraft deformations are
developed to predict wing fatigue and behavior
in all flight conditions, simulating the wing deformations for varying scenarii depending for example on aircraft weight, speed, or angle of attack.
These models are built on the Finite Element
Method (FEM) reflecting the mechanical properties of the aircraft. However, theoretical models
may slightly differ from the real aircraft behavior.
Therefore, in aircraft certification procedures, it
is necessary to measure the 3D deformations of
wings to assess and further correct the models.
This paper considers the specific case of wing
deformations, which is important for many practical applications.
First of all, one could instrument the wing of interest to acquire the measurements. However,
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placing sensors inside the wing requires difficult
installation, and provides only few measurement
points. Another solution would be to install sensors on the wing surface, but this operation
should be conducted carefully, by avoiding to introduce disturbances in the wing aerodynamic
properties. For these reasons, we consider in
this study a non-contact 3D measurement
method, based on multiple view photogrammetry
form video cameras. It is worth mentioning that
LIDAR (Light Detection and Ranging) reconstruction is also a potential good candidate for
the problem addressed in this work.
The use of cameras for wing deformation estimation faces several constraints. On the one
hand, camera positioning is restricted presently
since the only available positions are on aircraft
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windows and on the aircraft rear stabilizer. Moreover, due to the geometry of the aircraft, cameras on windows with grazing views of the wing,
should be close enough to guarantee a good
overlap between images, which is not ideal for
photogrammetry triangulation. Indeed, the optimal distance between cameras should be close
to the distance between each camera and the
observed object. Finally, we must also take into
account that cameras will slightly move during
the flight as the whole aircraft is deforming.
On the other hand, our system should be robust
to varying environmental conditions. Indeed, luminosity variations during the flight, potential
shadows or reflections on the wing surface
strongly impact the 3D reconstruction method.
For instance, Fig. 1 illustrates the impact of luminosity variations on some real images, showing
the variability of the observed images.
This paper is structured as follows. Section 1
presents the current methods applied in Airbus
to provide the wing deformation measurements.
The proposed new photogrammetry approach is
introduced in Section 3. Results obtained on real
Aircraft measurements are reported in Section 4.
Conclusion and perspectives are finally reported
in Section 5.

Fig. 1. Several views of the same wing leading edge
under various illuminations.

2. Current Reconstruction Method
To estimate wing twist and bending, recent aircraft used in Airbus flight tests consider inertial
motion units (IMU) installed inside the wing.
These systems can deliver real time and accurate measurement of the wing bending and twist
with respect to a reference inertial unit at the
center of the aircraft. However, IMUs are not always available, and they only produce sparse
measurements. Indeed, only a few IMUs can be
installed inside the wing as they require difficult
installation. Therefore, for some specific needs,
Airbus also uses a photogrammetry approach.
2.1. Photogrammetry
The photogrammetry system used by Airbus to
estimate wing deformation is based on retro-reflective targets stuck orthogonally to the wing
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surface, observed by cameras installed on windows. The estimation approach is similar to the
studies presented [1] and [2] (see Fig. 2 for illustration). To limit distortions, standard windows in front of the cameras are replaced by
metrological ones. During flight, cameras are
triggered synchronously with flashes, illuminating the targets to easily and accurately detect
targets. Finally, the accurate position of targets
and cameras is initialized through a long calibration phase, and cameras are attached such that
that their locations remain fixed with respect to
the aircraft.

Fig. 2. Example of an aircraft wing imaged using a
photogrammetry system (from [2]).

Though this system provides very satisfying results during tests, it has several drawbacks.
First, the use of protuberant targets on the wing
induces aerodynamic disturbances, which can
alter the aerodynamic properties of the wing and
reduce the flight domain of the aircraft, thus enforcing the need for dedicated fights. Secondly,
to reduce the camera motions during flight, the
mechanical fixations of the cameras are intrusive
and not easy to install. Another drawback is the
time consuming calibration step required for the
system, which could be lightened. Finally, the
method provides only sparse measurements associated with target locations, and the necessary
time to recharge our flashes does not allow us to
record several images per second.
2.2. Other Studies
Other investigations in the domain of contactless
3D reconstruction were perform in Airbus. In this
field, we can mention the IPCT (image pattern
correlation technique) which was tested on aircraft A380 [15] and A350. Using pairs of cameras, this technique combines image correlation
and photogrammetry algorithms to recover the
3D shape and deformations of a surface. To capture image correlations, the method relies on the
presence of image texture. Thus stickers of random pattern are stuck on the wing surface (see
Fig. 4). Deflections of the surface are calculated
using a simplified deformation model of the wing
as function of a normal load under static conditions.
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Another explored method is based on deflectometry, which was tested in the A340 BLADE
(Breakthrough Laminar Aircraft Demonstrator in
Europe) project [3].The principle of this approach
is to consider the reflection of a known pattern
on a surface, and recover the local surface deformations from the reflected pattern deformations. To use this approach, strong assumptions on surface properties must be made (geometry, reflecting properties), which is only feasible within very specific applications. In the
frame of the BLADE project, a pattern was
painted on the wing edge, reflected on the wing,
and reflections were observed by cameras installed at the wing tip (see Fig. 3). To ensure
good reflection of the pattern, a specific paint
was used on the wing surface.

Reference
pattern

Reflecting
surface

Cameras

Fig. 3. BLADE wing with deflectometry installation.

Fig. 4. Example of pattern stripe installed for IPCT
tests on A380 in 2009.

Note that both methods gave interesting results,
but the required installations are intrusive and
onerous, and hence should be avoided.
3. Proposed Photogrammetry Approach
In this Section, we describe a new photogrammetry approach that cope with the principle
drawbacks of the previous methods. This
method operates a set of cameras installed at
window positions and another camera located
on the vertical stabilizer. The wing deformations
are then estimated by recovering the 3D coordinates of points located on the wing surface, using a generic photogrammetry method adapted
to the specific case of flight tests.
3.1. Photogrammetry Principle
The basic concept of photogrammetry is to recover the 3D position of points from their observations on images. To better understand its concept, some mathematical principles are recalled.
We observe a set of 3D points (𝑿𝑿𝑖𝑖 )=1,…,𝑁𝑁 , with N
the number of points, using a set of M cameras
(depicted in Fig. 5). Each camera has its own coordinate system with respect to that of the aircraft. The 3D points are expressed in the aircraft
coordinate system. To transfer the points from
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this system to the camera one, we use the camera transfer matrices (𝑷𝑷𝑗𝑗 )𝑗𝑗=1,...,𝑀𝑀 , which represent the extrinsic parameters of the M camera
(rotations and translations). Then 3D points are
projected from camera to image coordinates using the matrices (𝑲𝑲 𝑗𝑗 )𝑗𝑗=1,...,𝑀𝑀 , representing the
camera intrinsic parameters (focal, sensor center, pixel size). These matrices can be estimated
from a calibration phase. The resulting 2D points
can then be expressed as a function of the 3D
points and camera matrices:

𝑗𝑗

𝑗𝑗

𝒙𝒙𝑖𝑖 = 𝑓𝑓(𝑿𝑿𝑖𝑖 , 𝑷𝑷𝑗𝑗 , 𝑲𝑲𝒋𝒋 )

where 𝒙𝒙𝑖𝑖 and 𝑲𝑲𝑗𝑗 are known quantities. To recover the 3D points, several solutions can be
considered.
First we could choose for 𝑷𝑷𝑗𝑗 some known constants, which is done in the classical approach
(Section 2.1), or introduce constraints on the 3D
point coordinates (for instance, we could expect
points to lie on non-deformable solids). However, in this study, we seek to keep our system
as flexible as possible. Consequently, we use a
more generic approach, based on bundle adjustment [4]. To this aim, we work in the camera coordinate system, and simplify this system to ensure that matrices 𝑷𝑷𝑗𝑗 only represent rotations
and translation from camera to camera. Then,
we find simultaneously 𝑷𝑷𝑗𝑗 and 𝑿𝑿𝑖𝑖 that minimize
the reprojection error, i.e., the distance between
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̂𝑖𝑖𝑗𝑗 and its obserthe estimated point projection 𝒙𝒙
𝑗𝑗
vation 𝒙𝒙𝑖𝑖 on the image. This leads to the following minimization problem
𝑗𝑗

𝑗𝑗

̂𝑖𝑖 (𝑿𝑿𝑖𝑖 , 𝑷𝑷𝑗𝑗 )]².
min ∑𝑖𝑖,𝑗𝑗[𝒙𝒙𝑖𝑖 − 𝒙𝒙

𝑿𝑿𝑖𝑖 ,𝑷𝑷𝑗𝑗

drone can take pictures of the full scene from a
wide range of angles in less than 30 minutes.

(1)

Note that bundle adjustment is not convex and
thus relies on a correct initialization. Moreover it
requires a set of 2D observations and does not
directly outputs the 3D coordinates of estimated
points in the aircraft coordinate system. These
issues have to be accounted in the method, and
solutions are given through the processing
chain.
Fig. 6. Initial 3D reconstruction using the Metashape
software and images from a drone. Images are displayed in blue at their point of view.

Step (ii): For each new image acquisition, we
use the OpenCV undistortion function with the
distortion parameters estimated in Step (i).

Fig. 5. Diagram of the multiple view photogrammetry
for 3 cameras.

3.2. Algorithmic Chain
The algorithm chain is summarized as follows:
i.

Camera and scene calibration

ii.

Image acquisition and undistortion

iii.

Observation detection

iv.

Bundle Adjustment

v.

Registration

vi.

Parameters update

Step (iii): We propose three different ways to detect the 2D observation of the 3D points. First,
we can use the natural features existing on the
wing surface (corners, joints, writing, etc.). We
find points with strong information using the ORB
detection algorithm [7] and describe these points
using a combination of ORB, SIFT [8][7] and
DAISY [9] descriptors. Descriptors basically attribute a signature to a point based on the intensity values of it surrounding pixels. Descriptors
are then compared between images to find
matching points (see Fig. 7), which is performed
in our case using the FLANN algorithm [10]. To
increase the number of detected points, we use
the guided matching algorithm described [11].

Step (i) is performed before flight and step (ii) to
(v) are repeated for each new camera acquisition.
Step (i): The camera calibration is performed using pictures of a chessboard from different angles and distances, and using the OpenCV calibration functions [5], which outputs the intrinsic
parameters of the cameras and distortion coefficients. The scene is then calibrated to initialize
the positions of the 3D points and cameras. This
step is conveniently performed using pictures
from a drone and the photogrammetry software
Metashape [6] (illustrated in Fig. 6). Note that a
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Fig. 7. Example of natural features of the wing detected and matched on a pair of images. Left and right
images correspond to two distinct cameras.

The second approach to generate observations
consists in exploiting the presence of black lanes
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along the wings of most aircraft. To do so, we
rectify images using camera geometric properties estimated from a first set of corresponding
points [14]. Image rectification allows the horizontally alignment of the corresponding points in
a pair of images (see Fig. 8). Once images have
been rectified, matching points can be found by
searching lanes in image lines, which can be
done using sub-pixel line detection methods
[12][13].

Fig. 9. Rear camera view with some reference points
zoomed.

3.3. Constrained Bundle Adjustment
The method described in the previous section
enables the 3D shape of the wing to be reconstructed, for any camera and marker motion, using no prior knowledge about wing deformations.

Fig. 8. Example of stereo image rectification (from [14]
Zhang). Top – original pair of images, bottom – rectified images.

The third approach, when possible, is to use
markers stuck on the wing surface. Markers allow an easy and accurate localization of the observations. A more detailed description of the
markers is given in Section 4.1.

In this section, we go further and improve the
performance of the method by introducing prior
knowledge about the aircraft mechanical limits.
We take benefit from the FEM of the wings to
define limits corresponding to the ultimate loads.
Assuming that the wing would break in such extreme cases, we consider that they are not possible during the tests. Thus, we construct a set
of constraints that we inject in the classical bundle adjustment, such as local bending or elongation constraints (see Fig. 10). The resulting constrained bundle adjustment is constructed by
adding a penalty term to the classical reprojection error.

Step (iv): The initialization from step (i) and the
set of 2D observation from step (iii) are used as
input to the bundle adjustment, in order to minimize the reprojection error (1). The algorithm
outputs the optimum 3D points 𝑿𝑿𝑖𝑖 and the camera matrices 𝑷𝑷𝑗𝑗 in the coordinate system of the
cameras.
Step (v): The registration phase is performed using the rear camera. This camera can observe
reference points close to the aircraft fuselage
(see Fig. 9), which are considered as quasi-static
during the flight. By detecting these points on the
rear view image, we can recover the transfer matrix from the rear camera to the aircraft coordinate system. Since the rear camera is also part
of bundle adjustment in Step (iv), we also know
the transfer matrix from this camera to the global
camera coordinate system. Finally these matrices are combined to transfer the 3D points and
cameras to the aircraft coordinate system.

Step (vi): The initial parameters are updated,
taking the output of Step (v) as knew initial positions of the algorithm.
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Fig. 10. Illustration of the local bending constraint: Top
- constraints is respected, bottom - constraints is exceeded, and thus will be activated in the constrained
bundle adjustment.

4. Experimentations and Results
This section first describes the system installation for flight and presents some results obtained
from tests conducted on ground.
4.1. Preparation for Flight Tests
Our aim is to operate and validate our system on
an A350-1000, whose wing is equipped with an
IMU that will give a ground truth.
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The test was conducted using ruggedized cameras, offering a 31MP sensor with global shutter,
while preserving small dimensions (about
60x60x60 mm). Metrological windows were used
instead of classical ones to prevent optical distortions. The shape of these camera, combined
with our method, which is adapted to camera
motions, allows an easy installation of the cameras on the aircraft window using simple 3D
printed fixations. Cameras are placed as depicted in Fig. 11. Cameras 1 and 4 look at the
wing end half, camera 2 and 3 look at the engine
to tip section, and the rear camera 5 looks at the
fuselage and the wing beginning.
5

4.2. Test on Ground
The new photogrammetry system was evaluated
on ground on an A350-900. The devices were
installed in order to reproduce in-flight installation. We installed our markers on the wing surface, plus tape graduations on the two black
lanes of the wing, at about every 30cm (shown
in Fig. 13), and four 4K cameras on an aircraft
window. The cameras were placed about one
meter above the windows to produce similar
views that would be obtained at a window position with the wing bent (see Fig. 14). Examples
of the acquired views are displayed in Fig. 15.
Note that the wing and the cameras were not
moving during this test. However, several pictures of the wing were acquired during three
days to see the impact of the luminosity on the
reconstruction. As expected, we monitored illumination variations and moving reflections on
the wing, as visible in Fig. 15 for camera 3. This
induced the failure of correct detection of the
graduation located at the wing end. However,
quadrant markers remained always detectable.

Fig. 11. Positions of the 5 cameras for the tests.

For the acquisition and data storage, dedicated
computers were prepared with suited coaxlink
cards and synchronization cards. During tests,
data are recorded directly on the computer using
the StreamPix software.
On the wing side, for robust and accurate detection, we use quadrant markers printed on stickers using matte ink. These markers can support
flight conditions and the matte format allows correct detection for any illumination. Elongated
stickers of various sizes were used depending
on their positions onto the wing to ensure a similar aspect ratio when seen by the cameras (see
Fig. 12 and Fig. 15). The detection can reach
sub-pixel accuracy [16].
This setup was used in different experiments
conducted on ground to evaluate the relevance
of the proposed system.

Fig. 13. Markers and graduations installed on the
A350-900 wing.
Fig. 12. Stickers of quadrant markers. Left – close
view before installation, right - aspect of the target
from camera view.
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To initialize the algorithm presented in Section
3.2, we triangulated the 3D positions of reference points on the wing, using images taken
from a drone (see Fig. 6). We shook manually
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the wing at its tip to produce vibrations confirming the behavior of the system for small deformations. The amplitude of the vibrations was
estimated to about 5cm using a scale board.

straint allows us to obtain estimated displacements of the wing tip close to 5cm, which is coherent with our observation using the scale
board.

The proposed algorithm was implemented in
Python and tested on different images. Quadrant markers where detected and their 3D coordinates were estimated and registered in the
Aircraft coordinate system. Fig. 16 shows the
results of the algorithm superimposed on the
reference 3D shape of the wing (on ground). A
ground truth was not available for this test and
therefore we cannot determine the accuracy of
the reconstruction. However, the results seem
to correctly coincide with the 3D reference
shape.

5. Conclusion
This paper presented a new photogrammetry
method for estimating a wing deformation. This
method bypasses some limitations of previous
approaches, offering easy installation, more
flexibility, dynamic mapping, with no dedicated
test, and delivering more accurate estimations
of the wing deformations. The proposed method
is a flexible adaptation of the classical multiple
view photogrammetry for the specific case of 3D
deformation estimation. Our algorithm goes
even further by introducing mechanical limits in
the process to improve the reconstruction accuracy. The system has been prepared for flight
tests and tested on ground, where experimentations delivered promising results. The next
step will be to evaluate the system in flight with
countermeasure. Future work will focus on the
detailed assessment of the metrological accuracy of the system as a real sensor.

The study of mechanical limits applied as constraints on the bundle adjustment has also
shown promising results. Fig. 17 displays some
reconstruction results for markers with and without a volume constraint. This constraint states
that points in the aircraft coordinate system can
move only in a cylinder with a 5cm radius, oriented towards the z axis. Using the volume con-

Fig. 14. Camera installation above windows of an A350-900.

Fig. 15. Example of views from the camera during the test on ground. Left - camera 1, right- camera 3.
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Fig. 16. Results obtained with the proposed algorithm. Blue dots indicate the 3D reconstructions of graduations and
markers located on the A350-900 wing (that have been superimposed on the 3D shape reference of the wing).

Fig. 17. Estimated bending of two markers versus time while the wing was shaken. The result of the algorithm
without constraint is displayed in blue (ba) and the result with a displacement constraint is displayed in orange (cba).
Left - marker at the middle of the wing, right – marker on the wing tip.
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Abstract:
Aircraft manufacturers integrate a lot of equipment from different suppliers and on some occasion this
equipment are like black boxes, the only easy way to check the data is through special monitoring
displays supplied with the equipment. On other occasions a real aircraft display needs to be validated.
These displays can be very complex, big amount of symbols and very dynamics. The validation of
these displays can be a very tedious work if it is done by hand.
This document presents a methodology to automate the validation of the aircraft displays based on
image processing to extract numbers, texts and symbols. These displays are not completely standards
in the market and they have not been created taking into account these image processing techniques,
so it is almost impossible to develop a generic tool. A specific tool will be developed for each display
but they will share common stages from the specific pipeline.
There is a lot of literature about image processing but what it is really important is the definition of the
pipeline in order to have a robust and efficient data acquisition system based on image processing.
This document will give an overview of the different stages and some pipelines applied in real use
cases in Flight Test Airbus Defence and Space.
Key words: Image processing, computer vision, displays validation.
1.
bols
AC:

Acronyms, Abbreviations and Sym-

CSV:

Comma-Separated Values

Aircraft

2.
Introduction
Aircraft manufacturers integrate a lot of equipment from different suppliers and on some occasion this equipment are like black boxes, the
only easy way to check the data is through special monitoring displays supplied with the
equipment. On other occasions a real aircraft
display needs to be validated. These displays
can be very complex, big amount of symbols
and very dynamics. The validation of these
displays can be a very tedious work if it is done
by hand.
This document presents a methodology to automate the validation of the aircraft displays
based on image processing to extract numbers,
texts and symbols (see Fig. 1).

Fig. 1. Image of the aircraft display used for the prototype.

3.
The Challenge
The methodology presented in this document
will demonstrate the capacity to extract the
screen position, color, text and shape of the
symbols presented in a real AC display.
This display is not completely standard and it
has not been created taking into account the
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image processing techniques applied at a later
phase.
Relative to this data acquisition phase several
difficulties have been found and they will be
described below.

There are different types of symbols overlapping that difficult the symbol recognition: Arrows
that cross a symbol and several symbols overlapped (see Fig 4).

The symbols have not a unique identifier. It
makes it difficult to track two symbols with the
same identifier in a similar screen position or
when the symbols disappear for a while and
they appear again in different positions (see
Fig. 2)

Fig. 4. Image with overlapping issues.

The blue color is reused for static background
and some symbols. The colors in general are
not completely pure, they have an interval of
colors, i.e. when the blue symbols are analyzed
different blue colors are found. These issues
make the color recognition phase difficult (see
Fig. 5).

Fig. 2. Non-unique identifier.

There are rendering problems in some frames.
The origin of this problem is unknown but some
hypothesis could be related to the graphics
hardware or the codecs used for the recording
video (see Fig. 3).

Fig. 5. Blue color is reused in the display.

The objective is to minimize false positive with
the introduction of high restrictions to avoid
recognize positive symbols when they are not
true, e.g. recognize C1 when it is not really C1.
Other objective is to reduce false negatives
using the accuracy level, e.g. if a false negative
symbol as BB is recognized it may be rejected
because its accuracy is low.
4.
Prototype
To demonstrated the viability of this project a
low cost prototype to extract data using image
processing techniques from videos has been
developed.

Fig. 3. Image with rendering problems.
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Searching in Google it can be seen that there
are a lot of strategies to recognize text and
numbers. Different algorithm evaluations based
on Neural Network as the Tesseract [1] ocr
library has been tested but all of them were
very general and the accuracy wasn’t enough
for the requirements.
The philosophy applied in this prototype is to
develop a specific tool, versatile, with well differentiated phases in order to have a general
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strategy as much as possible but without compromising the accuracy.
OpenCV [2] has been selected as the computer
vision library. The library is cross-platform and
free for use under the open-source BSD license.
Python [3] has been chosen for rapid prototyping, departmental experience and for its good
integration with OpenCV.
The pipeline chosen to solve the data extraction
is described below:
First phase: Segmentation by color. The original
image and the chosen color are the inputs of
this phase. Due to the fact that the colors are
not pure an interval has to be taking into account. The output of this phase is the image
filtered by the chosen color (see Fig. 6).

Fig. 7. Binary image for contours recognition.

Fig. 6. Filtered image using red colors.

Second phase: Thresholding. The filtered image and the original image are the inputs of this
phase. Two binary images [4] are generated,
one for contours recognition from the filtered
image by color (see Fig. 7.). This binary image
is enhanced with a morphology close step [5]
(see Fig. 8).
Fig. 8. Morphology close image for contours recognition.

A second binary image is generated from the
original image for text and number recognition
(see Fig. 9).
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analyzed using geometry properties to identify if
the contours correspond to circles, squares or
diamonds. The outputs of this phase are the
different shapes with the corresponding bounding boxes (see Fig. 11).

Fig. 9. Binary image for text/number recognition.

Third phase: Contours recognition. The morphology close image is the input of this phase.
The contours found are filtered by the area
calculated from the moments [6] of these contours. The contours are smoothed out with the
convex hull [7] (see Fig. 10).

Fig. 11. Image with recognized shapes.

Fifth phase: Text/number recognition. The binary image (see Fig.9) and the bounding boxes
are the inputs of this phase. A training dataset
of all characters from the binary images is used
in this phase (see Fig. 12).

Fig. 12. Example of training dataset.

Each digit from the boundary box is isolated
based on geometry properties. For each digit a
correlation algorithm is used against the dataset
to find the characters that match with best accuracy. The outputs of this phase are the different
recognized texts with their corresponding accuracies (see Fig. 13).

Fig. 10. Image with recognized contours.

Fourth phase: Shape recognition. The contours
are the inputs of this phase. These contours are
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taken. In our case a maximum displacement
based on system information of 25 pixels is
used to consider that the symbol belongs to the
series. If the displacement is bigger than 25
pixels or it disappears during one frame a new
series is created with this symbol information.
5.
Results
For each color and text symbol a csv file is
generated with the following time series information: id image, accuracy, x screen position, y
screen position, shape and color.
A time series is drawn with each component
position. Each color represents a different series due to the restrictions explained in chapter
4, sixth phase (see Fig. 14).
Reviewing the time series is easy to detect
system malfunctions. A specific event detector
could be implemented to check these kinds of
malfunctions.
Fig. 13. Recognized texts in the image.

Sixth phase: Update symbol information in the
corresponding series. The actual and the historical information are used to better identify the
right series to add the new symbol information.
The non-unique identifier makes this operation
more difficult and some assumptions have to be

A time series drawing can show different symbols at the same time due to the non-unique
identifier (see. Fig. 15).

Fig. 14. Red B1 symbol x screen position.
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Fig. 15. Red C1 symbol x screen position.

A time series with the symbol accuracy is
drawn. Each color represents a different series
due to the restrictions explained in chapter 4,
sixth phase (see Fig. 16). This data is very interesting to filter symbol data with low accuracy.
False positive symbols identifications will disappear in this way, i.e. below 0.7 B1 symbols
will be filtered.
A final figure with the overall symbol accuracy is
drawn (see Fig. 17). This boxplot is a method

for graphically drawing groups of numerical
data through their quartiles.
The accuracy by symbol is represented. It is a
very useful figure to improve the accuracy data
of the overall recognition. In our video example
the only true symbols are B1, A7, C1, A8 and
C4, so if the data is filtered by an accuracy level
of 0.6 all false positives and false negatives are
rejected.

Fig. 16. Red B1 symbol accuracy.
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Fig. 17. Overall symbol accuracy.

6.
Recommendations
In order to facilitate these kinds of displays validations several recommendations could be
taking into account.

It can be concluded that displays validation
based on image processing is a valid methodology.

Visual data acquisition is a complex problem,
therefore it is important to have several testing
videos to increase robustness

[1] Tesseract

It could be very useful to design displays trying
to reduce all the challenges seen in chapter 3.
7.
Conclusions
Aircraft manufacturers integrate a lot of equipment from different suppliers and on some occasion this equipment are like black boxes, the
only easy way to check the data is through special monitoring displays supplied with the
equipment. On other occasions a real aircraft
display needs to be validated. These displays
can be very complex, big amount of symbols
and very dynamics. The validation of these
displays can be a very tedious work if it is done
by hand.
The methodology presented in this document
demonstrates the capacity to extract the screen
position, color, text and shape of the symbols
presented in a real AC display with great accuracy. This pipeline is in some way specific to
the display but it shares common phases to
other AC displays.
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This methodology provides very useful information in order to validate the system behind
the display or to validate the display itself.
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Abstract: Flight test instrumentation (FTI) have long
sought to benefit from the bandwidth, scalability, and low
cost of Ethernet networks and Internet Protocol (IP) based
systems. Merging video and imaging cameras in the next
generation FTI networks will require new methods and
protocols to enhance data movement and recording and
for time coherency of data. This paper will address the
system and performance of the video encoding and
decoding components, and various network performance
issues, and the vision for deploying camera and FTI
equipment in the same Ethernet network.
Keywords: IP cameras, H.264 AVC and H.265 HEVC,
FTI displays, telemetry

compression, SWaP is minimized and installation wiring
greatly simplified.
The images captured by an IP camera may be viewed
from anywhere in the network, whether via pc, laptop or
video display, telemetered to remote displays or dedicated
video analysis equipment and network recorders. In many
cases, as well as being able to view video footage and
listen to audio streaming, the camera may also be
controlled remotely.
The key considerations when designing and operating the
FTI devices on an aircraft or vehicle are image quality,
bandwidth and latency. This paper investigates and
evaluates these factors.
2. The IP video ecosystem components for FTI

1. Introduction
An internet-protocol camera, commonly referred to as an
IP camera, is a digital video camera much like a highdefinition (HD) camera or even a webcam. It transmits
and receives data over a network or utilizing internet
protocols to communicate video and audio information.
Unlike an ordinary webcam it is a standalone unit with its
own IP address that requires nothing more than a network
connection in order to transfer images. The IP camera
connects to a network in exactly the same way as any
other standard network device such as a laptop or printer
or even FTI Data Acquisition System (DAS) devices.
There is increasing demand for high-quality HD video for
airborne applications such as flight test instrumentation
(FTI). Ideally, such new camera solutions can reduce the
weight and difficulty of installing wiring, and enable data
to be coherently combined with image data. Ethernet
cameras can address these needs with built-in
compression and IP data format encoding with multiple
output video streams. Additionally, as Ethernet-based
networks have become an attractive choice for FTI
applications, we see increased requirements for
integrating Ethernet-based cameras alongside FTI data
acquisition equipment, network recorders, and telemetry
systems as this removes duplication of wiring and
devices.
Using an Ethernet camera that supports onboard
compression enables video compression to be removed
from the DAS, or it can eliminate a dedicated unit. The
camera can be connected via an Ethernet switch directly
into the system, like any other data acquisition unit. Even
better, because there is no need for dedicated hardware

The key considerations when designing and operating the
FTI devices on an aircraft or vehicle are image quality,
bandwidth and latency. This paper investigates and
evaluates these factors.
The internet was not originally designed to deliver video
and synchronized audio. HTTP live streaming protocols
emerged as a way to deliver video/audio files over the
internet by breaking the stream into a sequence of small
http-based video/audio chunks. By using http transactions,
live streaming can transverse firewalls and use standard
web servers to deliver video streams and scale when many
cameras are streaming to end-points.
The IP cameras used for FTI missions need to be designed
for rugged environment usage with aircraft power
converters able to withstand short power outages and
aircraft power levels, ruggedized enclosures able to
withstand high vibration and shock environments as well
as mitigation for EMI and EMC effects.
The base ecosystem consists of devices that provide data
as use-cases, such as


Acquire (data, video)



Record



Display



Telemetering

 Processing
These are all supported by the network “fabric” which
provides data movement and communication activities, as
shown in Figure 1.
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Figure 1: A network fabric supports all the use cases for the video data

3. Data acquisition in IP cameras for FTI Applications
Capturing and recording data from cameras in flight test
applications is just as important as capturing video. Data
is made available in multiple formats and transmitted in
multiple interfaces, but the most common formats by far
are carried over a standard serial port (RS232, RS485 or
RS422) or as embedded data packets in the blanking time
of SDI video. Single, slow events are many times
represented by contact closures or their digital equivalent,
a “GPIO” (general purpose input output).
Modern IP cameras tailored for flight test can acquire
these data items embedded in the video stream, from a
serial connection or from a GPIO. Because the data
collection and the video capture of the camera are
integrated and being performed in the video capture
device, the IP camera system is able to closely correlate
the time of arrival of these events with the time of each
frame of the video, resulting in a more tightly integrated
system with better performance and lower cost than a
similar system built up from multiple boxes.
4. Synchronization of the Video and Data Streams
Compressing the video dramatically reduces its bandwidth
requirements and is a necessary step for storing the video
stream, or enabling its transmission over a communication
method which provides less bandwidth than the full
uncompressed video (e.g. an IP network). Algorithms
such as JPEG, H.264 and H.265 among others “encode”
the images or video according to the rules of that standard

to reduce the number of bits required to represent the
image.
Video compression is a complex operation which can
sometimes introduce large amounts of jitter. In order for
the receiver of the stream to be able to pace the frames
correctly into the video compressor, the encoder includes
a time stamp with each video frame which identifies the
exact time when that frame is to be displayed. This same
mechanism is used to time stamp the data acquired prior
to bundling it with the video content for transmission. The
decoder at the receiving side is then able to put together
the sequence of events with their correct timing.
4.1. Synchronizing the Video, Audio and Data Streams
with real Time
As mentioned, compressed video from the IP camera
naturally carries timing information. It is possible, and
often desirable, to correlate the time stamps from the
video frames or metadata packets with a real-time clock.
In order to do so, some IP cameras with IP-encoders, can
use the time protocol IEEE-1588 PTP to synchronize the
video acquisition with the time in the real world. Once the
relationship is established the video and data time stamps
can be related to the world clock.
Depending on the streaming protocol desired, the
timestamps themselves can be made to carry real-time, as
opposed to a time relative of when streaming started or
power was turned on, or additional metadata. This can be
added to the stream making the correlation between the
camera hardware time and the world time reference.
The accuracy of the relationship depends on how the realtime is acquired and how good the time reference is. For
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example, using PTP is inherently more precise than using
the network time protocol (NTP). But neither would be
accurate if the network server that provides the time
reference to the IP camera itself has the wrong time or is
set up incorrectly.
In practice time stamps can be correlated to precisions
between 100’s of nanoseconds and tens of milliseconds,
which is perfectly adequate for the vast majority of
applications.
4.2 Synchronization of streams between multiple IP
cameras
It is possible (and fairly common) to synchronize and
correlate in real-time the data output of multiple IP
cameras, metadata streams and all.
The above mechanisms of providing a method to relate
one camera’s timestamps to a clock reference on the
outside world also provides the way for multiple streams
to relate to each other, provided that all IP cameras
involved are synchronized to the same time standard
reference. Once that reference is established, it becomes
possible to collect time-correlated data from multiple IP
cameras in multiple locations connected by just the IP
network. Streams synchronized this way can be recorded
for future use or displayed in real time, or both, all along
retaining the timing relationship between the various
video frames and data items.
5. Quality metrics and considerations for IP video and
telemetry
5.1 Video image quality vs network bandwidth
Understanding the basics about network bandwidth
availability and demands is critical to planning, designing
and deploying a network-based video systems with IP
cameras in FTI. To determine bandwidth availability, you
first need to determine what locations you are
communicating between.
The most important factor in determining how much
bandwidth is available is whether or not you are sending
video within a vehicle, or small space, or telemetering the
video from an aircraft to ground locations. Within a small
space such as a vehicle, the bandwidth availability could
be large, say 70 Mbps to 700 Mbps. Sending video offvehicle to ground stations or in a space application use,
the bandwidth could be quite small, e.g. 250 kbps to 4 or
5Mbps.
5.2 Image quality vs compression loss
Video compression is necessary so that the amount of
information created fits the allowed amount of capacity in
the channel. Video information is highly compressible
because it contains lots and lots of redundant, repetitive or
not very important information and encoding can
therefore eliminate the need to transmit or store such
information. The encoding process is a collection of
methods that seek to remove the “extra” information step
by step, in an assembly line kind of way.

One example on how compression is achieved is the
“color space” used to transmit the visual information. We
all know that red, green and blue are the primary colors
because they match the color receptor cells in our eyes.
The light sensors in our retinas are much more sensitive to
the overall light levels than to color, so the luminance
information of an image is more important for our brain
than the color information.
This causes the coloring book effect – a child can splash
color in a coloring book, and as long as the black and
white countour lines are visible our brains see a good
picture. This effect is applied by video compression,
where the algorithm is allowed to make the color
information “fuzzier” in order to lower its bandwidth
requirement.
To take advantage of this effect, the captured image which
has red, green and blue components or RGB, are
converted to a color space called YUV. The “Y” stands
for luminance, or brightness, while U and V carry the
color. Pretty much all image compression schemes use the
coloring book effect and just discard a lot of the color
information. H.264 and H.265 for example, discard a
whopping 75% of the color information.
If we started with, let’s say, four pixels, each with R, G
and B values, H.264/H.265 will convert to the YUV space
and keep four values of Y (that is the black and white,
important part) and keep only one value of U and V. So
instead of carrying twelve pieces of data (RGB x4) now it
carries only six (YYYY UV). This alone is already a 50%
reduction in the amount of information. The side effect is
that for all intents and purposes these four pixels are
painted with the same color at the receiver, when the
YUV data is converted back to the RGB color space.
The interesting point to make from the above example is
that information was lost. In the color space conversion
the loss of information is perceptually minimal – the
nature of our vision is such that we don’t really see the
negative effects of losing that data (color blurriness). The
data loss, however unimportant, is real.
Other obvious ways to remove redundancy is by
recognizing that video is by nature repetitive. Why
transmit pixels – even in YUV space – if these same
pixels were already transmitted before? So for example, if
the video stream is that of a clock on a wall where nothing
else moves, why keeping re-transmitting pixels of the wall
around the clock? Instead, it should be sufficient to just
send the pixels that changed when the arms of the clock
moved.
Indeed, motion video compressors do just that. By storing
the previous image on a local buffer, the encoder can use
the stored frame as a reference to compare the new image
with and only encode the parts that are different. Modern
encoders go a lot further than just requiring images to be
different. H.264/H.265 have methods to detect that objects
moved within the frame, and instead of sending all the
pixels of the affected area it can just send the information
that “this object moved from here to there”.
While all these schemes can achieve impressive
compression ratios, there is only so much truly redundant
information. At some point it becomes necessary to
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remove visual information from the picture in order to
achieve the amount of compression required to fit in the
channel. In the clock example above, if we only transmit
the pixels that have the clock hands we could lose the
change in shading on the wall itself due to the change of
illumination as the Sun goes up and down.
Perfect fidelity would require us to transmit all the pixels
all the time. “Good enough” requires us to update these
pixels only every so often as the motion is quite slow. The
important thing is that with encoding the fading brightness
of the wall in the evening will be in steps, as pixels are
refreshed by the encoder. We can choose to update these
pixels anywhere from very often to almost never and in
the process create a trade-off between more bits to create
a better image quality, or fewer bits to fit in a “smaller”
channel or record longer durations.
5.3 Choosing the best compression parameters
Video compression is a complex process with many
different “tools” looking for possible reduction in bits.
Each of these steps/tools are minutely specified by the
encoder standard, and many have parameters that can be
adjusted at the encoder, just as above we can imagine a
control parameter which would specify “how much
different is different enough” to trigger transmitting that
pixel. Tools exist that determine how big some area of
pixels should be for subsequent operations, how far
should the encoder look for objects that moved, how to
look for camera movement (whole image shifting), how
many and which frames to retain to use as reference for
future comparison, how to pack the bits resulting of the
encoding, etc. There are lots of different buttons and
levers that affect the trade-off of quality vs. amount of
bits.
In a compressed video system, such as the IP camera, the
quality of the image is directly related to the amount of
bits used to transmit it. More recent encoders are “better”
because they are more efficient in the sense that they can
create images that we perceive at the same quality level as
other encoders, only using less bits to do so. This is
accomplished by better, deeper analysis of the video given
to the encoder, which of course tends to be
computationally more intensive. As an example, H.265
coding is 25% to 50% more efficient than H.264, meaning
that it requires 25% to 50% less bits than H.264 to achieve
the same level of image quality. On the flip side the H.265
encoder uses about 10x the computing power required by
H.264.
The grand takeaways are that it is better to use H.265
encoding technology if is available, as it is going to
provide better image quality given the amount of bits that
can be had. Also, experiment with encoding parameters.
They are so complex and there are so many interactions
between them that it is best to just play around and get
familiar with them. The trade-offs can be significant and
many times the trade-offs are not intuitive.
For example it is common that for smaller bit rates a
smaller resolution stream looks better than one with
higher resolution. For example at 250 Kbps a video

stream at 320x240, 15fps will usually look better than a
720p, 60 fps stream (unless there is no motion).
When in doubt, ask the IP camera vendor for help. The IP
camera designers will be familiar with the behavior of
their camera (they are all different) in many different
applications, and will be able to provide at least pointers
for optimal configuration.
6. Video latency
Latency is defined as the amount of time between the
instant an image frame is captured by a camera and the
instant that frame is displayed. Low latency is a design
goal for any system where there is real-time interaction
with the video content is required; such as pilot, crew
video interaction or through robotic and computer image
processing applications.
There are several stages of processing required to make
the pixels captured by a camera visible on a video display.
The delays contributed by each of these processing
steps—as well as the time required for transmitting the
compressed video stream—together produce the total
delay, which is sometimes called end-to-end latency.
The following aims to define and explain the basics of
video latency, and discuss how one of the biggest impacts
in reducing latency comes from choosing the right video
encoding.
6.1 Acceptable latency
There are several stages of processing required to make
the pixels captured by a camera visible on a video display.
The delays contributed by each of these processing steps,
as well as the time required for transmitting the
compressed video stream, together produce the total
delay.
But the biggest contributors to video latency are the
processing stages that require temporal storage of data,
i.e., short-term buffering in some form of memory.
There is no universal absolute measure of video latency.
Instead, what is considered acceptable varies by use-case,
or application, of the video. When the application is for
human interaction, humans can react to stimulus input at
roughly 5 Hz (human reaction times are noted in Table 1).
Table 1: Human / Operator Average Reaction Time
Stimulus
Video / Visual

Ave. Time
250 ms

Audio / Sound

170 ms

Touch / Pressure

150 ms

Video latency under 200-250 ms is generally acceptable
while under 175 ms is considered low latency. In an
application where a machine will interact with video
stimulus, latency requirements are usually much lower;
under 50 ms and many times under 30 ms.
6.2 Examining latency within systems
From camera to network to telemetry to video displays
and recorders, most design goals look to achieve the
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optimum balance of encoding speed, network
transmission speed, telemetry bandwidth and video
quality.
A downside to achieving low latency is sacrificing video
image quality. Image sensor speed or image frames per
second can affect latency since smaller frames-per-second
add to latency. Testing also has shown that using the realtime protocol (RTP) and the real-time streaming protocol
(RTSP) lower overhead time and helps lower latency
performance. GOP size (group of pictures i.e. how many
images are bundled together as intra and progressive
coded pictures) is also important to latency; larger GOP
size improves latency.
There are typically five main sources of latency in an
Ethernet network IP camera video system:
 Image sensor/source
 Video encoder and compression
 Network and/or telemetry transport
 Video decoder
 Video display / renderer
The image source latency can come from image sensor
data architecture and sensor data-clock and data serializerdeserializer, raw (Color Bayer Pattern) data processing
and data to RBG conversion and, finally, color detect and
segmentation. This is shown in Figure 2.

Figure 2: Simplified camera architecture
The video encoder and compression engine introduces
latency as the encoder frame capture and process engine
can scale, filter and translate image data. Many times a
technique to lower latency will be to disable the upscaling
process and to set image sensor resolution appropriately.
Fehler! Verweisquelle konnte nicht gefunden werden.
below provides latency times from an FTI IP camera
using various compression techniques.

achieve the lowest possible latency results. This is
primarily due to the low overhead of the protocol.
Networks can be as simple as star configured Ethernet or
more complicated with Ethernet, PCM conversion, RF
telemetry radio communications, PCM-to-Ethernet
reconstruction, etc. Network throughput issues many
times cause buffer data to stack up on the encoder and
even momentary degradations can cause large amounts of
added latency to video.
Next, decoder latency issues can be the greatest source of
video latency. Here, timing is the issue. The decoder
needs to tie the encoder video time to the display timing.
The buffer level scheme should ensure the display never
runs out of buffer to ensure smooth video playback.
Hardware, FPGA-based, decoders are better at
synchronizing the encoder-display timing. Fehler!
Verweisquelle konnte nicht gefunden werden. shows
encoder and decoder effects on frames and decoder
network cache.
Table 3: Encoder - decoder effects
Encoder
FPS

Decoder
Network Cache

Frames in Decoder Buffer
(For Smooth Playback)

60

80 ms

5

30

180 ms

5+

15
7
5

400 ms
900 ms
1200 ms

6
6+
6+

Finally, the latency at the video display or renderer needs
to be considered. The display latency can vary widely
with display design architectures and display settings and
especially higher resolution settings can add latency. PC
and gaming settings can provide lowest latencies.
Measured display latency from 33 ms to 120 ms are
typical. See figure 5 below for measured and theoretical
latency.

Table 2: Codec and latency table
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Latency from network transport architecture illustrates
how many times that latency is dependent on the network
transport type. In testing it is shown that using RTP and
RTSP protocols allows most network architectures to

Figure 3: Measured and theoretical video latency
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7. Conclusions
In the FTI implementation of IP camera networks,
bandwidth dedicated to video is critical. This includes the
information communicated from acquisition to recording,
visual display and further processing.
The CODEC used greatly influences bandwidth and video
quality. As stated earlier, the grand takeaways are that it is
better to use H.265 encoding technology if is available, as
it is going to provide better image quality given the
amount of bitrate. At the video display, decoding
functions tightly tied to display operations will also
enhance latency timing.
Constructing the FTI network “fabric”, i.e. managed
network switches, is key. Elements such as IEEE-1588
PTP time grandmasters, and video and data acquisition
equipment able to time synchronize and time-stamp the
acquisition of data, and simultaneously send it to
consumptions point, such as recorders and displays, will
provide time coherency for data reduction activities.
Finally, while there are several elements that all
contribute to latency in a video system, including image
source, encoder, the network fabric and the display, the
most impact is often attributed to the decoder. This
latency can best be reduced by using hardware such as an
FPGA decoder that is tightly linked to the display.
7. Glossary
DAS:
EMC:
EMI:
FPGA:
FTI:
GOP:
GPIO:
HD:
IP:
NTP:
PCM:
PTP:
RF:
RGB:
RTP:
RTSP:
SDI:
YUV:

Data acquisition system
Electromagnetic compatibility
Electro magnetic interference
Field programmable gate array
Flight test instrumentation
group of pictures
general purpose input output
High definition
Internet Protocol
network time protocol
Pulse code modulation
Precision time protocol
Radio frequency
Red green blue
real-time protocol
real-time streaming protocol
Serial digital interface
Luminance-Bandwidth-Chrominance
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Beholder
Automated Data Validation in Flight Test
Miguel Arevalo Nogales
Airbus Defence and Space
miguel.arevalo@airbus.com

Abstract:
Current aircraft development mandate for very complex data acquisition systems, the amount of parameters being stored has grown over the years from a few thousands to almost half a million. Data
validation and sanitization has become a priority, especially given current (unattended) data analysis
techniques. These two problems mandate for an automated verification and validation system,
capable of detecting anomalies in real time [1].
Airbus Defence and Space has developed a custom solution to this problem, it is known as Beholder.
This software leverages user knowledge in the form of rules, making them into a validation piece of
code which is automatically loaded and executed over a data flow.
Airbus Daemons builds up on current Data Server technology to support an automated process execution system. The combination of both, Daemons and Beholder, provide Flight Test with an automated, unmanned data validation procedure, improving data quality and enhancing response times to
erroneous sensors or recordings.
Key words: Automation, validation, rule, sensor, acquisition, testing.
Introduction
Aircraft’s data analysis can take place in several phases, from system development to in service maintenance. We can, broadly speaking,
group these phases into:


Development



Certification



Delivery



In service

Certification can also require a complex data
acquisition system to provide proper evidence
to authorities, guaranteeing not only the aircraft
meets specifications, but also and most importantly flight safety.
Both development and certification have to deal
with non-aircraft native sensors, added on purpose to provide further data to analysts. These
sensors must be treated with special care
since, by their nature (exposition, installation
limits, etc.), they are susceptible to failures.

These phases require different types of data
acquisition systems, ranging from very intrusive
at the very beginning to almost non-existing in
the “in service” phase.

Delivery and in service phases normally rely on
simpler acquisition systems, usually no instrumentation is present, and analysts rely on bus
recorded data.

Development phase is, probably, the most intense phase regarding data acquisition. Design
offices have to test their theoretical models in
real world conditions, system integration has to
be tested and design problems may arise. The
consequence is data acquisition is really intense, not only internal aircraft data is recorded,
but custom instrumentation is installed and
prone to changes, having to deal with changing
needs. All this facts make data validation especially important during this phase.

All this data is later on used for data analysis,
be it a design change needed to fulfil specifications, some kind of evidence needed to certify
the aircraft or fleet analysis for predictive
maintenance. Of course if data quality is no
good all these analysis will be impacted.
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Data acquisition plays a major role in aircraft
development but, how can we guarantee data
quality? Manual validation is costly and error
prone, especially in modern developments due
to the sheer amount of acquired data; some
way of automatic data validation is needed.
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Solution Overview
Beholder is Airbus Defence and Space solution
for rule analysis and anomaly detection.
In an ideal world every system’s expert would
check for data quality not only after the test but
before and during the test itself, meaning that if
the data is not up to the quality levels needed,
the test could be stopped, resulting in improved
safety conditions and reducing expenses in
unproductive tests. Due to current acquisition
systems complexity and aircraft testing pace,
where several flights are performed in a single
day, this is utopic.
Beholder answers this problem by leveraging
expert knowledge, in the form of validation
rules, and produces a simple to read log where
every rule occurrence during the flight is recorded.
This methodology guarantees experts are not
encumbered by their computing skills and can
focus on defining a good-enough rule set that
grants recorded data is up to required quality
levels for later analysis.
Beholder makes test validation an autonomous
task, meaning the expert does not need to visualize or manually analyse the test recording to
validate data, but this process has to be executed manually whenever a new test is recorded.
Data recording in Flight Test normally happens
on-board during the flight, meaning the whole
data set is not available until the aircraft lands
and the hard drives are processed. This task is
time consuming and can take place during night
time; the experts may not be there to validate
their data when the data is available.
Airbus Defence and Space has developed a
Daemon Automation System intended to execute tasks whenever a new test shows in the
servers.
This system provides several advantages to
manual systems:
-

-

-

Tasks can be executed without human
interaction, they can be executed during
night hours and their results are normally
available next day in the morning.
No human interaction diminishes failure
risk and improves timing by not requiring
long working hours or turns.
Validation sharing, which is sometimes
overseen if user does not see immediate
profit from it, is improved as it is a natural
product of standardised rule sets and validation procedures.
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Beholder
The rationale behind Beholder is that an expert
can write a rule set that defines the data quality
level for the operation of the system, detecting
anomalies, strange working conditions, and
situations where limits or thresholds surpassed.
Manually detecting these conditions is possible,
but it is not a desirable approach since it is tedious, error prone and time consuming.
Beholder is based around the following concepts:
-

A rule is a logic condition which can be
evaluated by a common compiler into a
Boolean value.

-

Rules are external to Beholder; no rule
logic is stored inside the application.

-

Each rule can be triggered in every instant.

-

All rules are evaluated at the same pace;
this eases rule & parameter synchronization. This is what commonly known as
CVT: Current Value Table.

-

Rules can be grouped in sets; a set defines a system’s behaviour.

-

Beholder’s output is a time line describing
when rule’s conditions are met: the rule is
true.

As a software application Beholder’s main
characteristics can be summed up as follows:
-

Multiplatform: developed in Java, OpenJDK 1.8 [2] [3] compliant code.

-

Based on Flight Test Multiplatform Analysis Software (FT+) and Dataserver technology.

-

UI and BATCH processing modes. Normally the data validation process takes place
in an automatic, unmanned way, but a UI
offers the possibility to run Beholder on
purpose over a set of tests.

-

Dataserver is used as the data providing
technology, meaning IRF, PFF, or CDF
files are readily accessible.

-

Since it is Data Server based Client –
Server technology offers several benefits
including: scalability, heterogeneous systems, etc.

-

Automatic code generation. Beholder does
not store rules inside its code, they are defined externally to the application. In order
to get the best performance user rules are
automatically transformed into Java code,
which is compiled and linked dynamically
in execution time.
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-

All Java [2] syntax functionalities are allowed in rule definition: simple mathematical functions, more complex functions as
defined by Math class, etc.

-

Internal Beholder functions. In addition to
Java functions Beholder provides a set of
custom, internal functions to be used in
rules:

-

Timers: a timer is a special function intended to measure the amount of time a
rule has been in certain state.

-

Buffering functions: some functions need a
time slice to be usable, relying on past data to provide a meaningful value. Examples
of this kind of functions are maximum, minimum o mean values.

-

Macros. There are certain macro values
that are usable within Beholder rules, for
example: current time, analysis starting or
ending times, etc.

-

External mathematical functions: the idea
of these functions is extend Beholder functionalities to Machine Learning systems,
including classification algorithms, etc.

link (pointer) to a memory location that is
going to hold requested data, this data
changes every sample.
3. Timers are identified and extracted, for
every timer a new condition and rule is
created. Original timers are replaced, like
parameters before them, by a pointer to a
memory location; this location will hold the
timer value after the rule has been evaluated.
4. Buffering functions are identified and replaced by pointers, like parameters and
timers before them.
5. Rules are translated into plain Java language, every rule is written as a different
class, compiled, linked and loaded dynamically [5] [6] into Beholder core.
Beholder core is the processing nucleus of the
program, all other parts attach to it, preparing
rules, providing data or consuming rule events.

From a design [4] [9] [7] [8] point of view Beholder is divided in several modules:
1. Rule analysis and transcription
2. Beholder core
3. Loggers

Schema 2: Beholder core diagram. Once rules are
loaded into the core they are evaluated using Dataserver provided CVT data.

4. Interface
Prior to rule execution Beholder needs to transcript natural language syntax into a computer
intelligible language, in this case Java code.

Beholder is based in a processing pipeline; this
pipeline is repeated for every sample read from
Dataserver (CVT data in Schema 2).
1. Data is read from the Dataserver, one DBT
at a time. This DBT contains all parameter
information for a current time.
2. Data is copied into a static data array. This
is needed to ensure all rules get to access
their parameter information properly.
3. Elaborated functions are executed using
this static data array.

Schema 1: Beholder rule preparation workflow.

The process follows the following steps:
1. Rules are
database

loaded from a user selected

2. Parameters are identified and replaced
with a placeholder. This placeholder is a
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4. Timers rules are evaluated and the static
times array updated with their values
5. Rules are evaluated, in this step all variable values (buffered function values, timers, etc. are known).
6. An event is thrown for every rule state
change. These events contain relevant information such as time, change status
(true to false or false to true), etc.
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-

Bottom row has three buttons:
o

Load database

o

Start analysis

o

Exit application

As can be seen middle row holds most of the
options, the idea is for the user to proceed from
left to right, top to bottom selecting options:

Schema 3: Internal Beholder core workflow.

Events are processed asynchronously by different classes, external to the calculus core;
some of these classes provide a graphical representation of the events whereas others write
rule events in different formats (log files, databases, etc.).
Some examples of loggers include, but are not
limited to:
-

Database logger, where each event is inserted into a results table.

-

Simple text logger, output is a plain text
file.

-

Summary logger, where rules are grouped
by type.

Beholder user interface is a detachable module
intended to offer flexibility in test selection and
process execution. From a programmatically
point of view the design follows a MVC paradigm, separating control agents from graphical
representations and model structures.

-

Dataserver

-

Aircraft model and serial number

-

Data file filter

-

Acquisition system type (DFDR and or
AFDX)

Once this information is filled in user can look
up for files matching this criteria. Files are presented in the available file list, and can be
transferred into the selected file list.
For each file selected user is offered the option
to specify a custom time slice or set of time
slices. User is offered a default time slice covering the whole test.
Once all this information is selected the analysis is ready to proceed, user must only provide
a database containing a rule set.
When in UI mode there are several loggers
active intended to provide enhanced visual
information to user, whereas in batch mode
graphical loggers are reduced to save up resources and status information is shown in a
command window.
In order to properly display rules and events a
dedicated graphical logger is shown, the Detected Events window (see image 3).

Image 1: Main graphical interface.

Interface is divided in three rows:
-

-

Top row holds an icon bar for opening and
closing sessions, selection the amount of
threads used for analysis or customizing
outputs (logger types).

Image 2: Detected events window.

Middle row is dedicated to test selection.
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This logger displays a table with a single row for
every condition met, this table shows rule ID,
aircraft information, starting and ending times
and some rule information such as rule group,
description or severity level.
While Beholder is running Analysis status windows displays information about the whole process, seen as a data processing task. Conditions are show when they start or end, but the
main task of the window is to provide information about the data transfer status.

-

Beholder limits itself in the amount of rules
being analysable. This is a consequence of
having to run in real time, if rules cannot be
analysed in a timely manner it is better to
split the ruleset into smaller sets and execute multiple Beholder instances.

-

Data is not provided by an offline Dataserver but an IENA packet one. This type
of Dataserver is a real time based server
offering the same access protocol to real
time telemetry data. The fact that data access is homogeneous between real time
and files greatly simplifies the application.

-

Due to real time Dataserver way of working
there is no need to select an aircraft or data file, the Dataserver already knows which
aircraft, MSN and test number it is receiving data from.

-

A simplified UI is used, only detected
events are offered and a telemetry status
monitor is provided. This interface is controlled by the RTMS monitoring system,
ensuring it is auto relaunched if it fails.

Real time autonomous validation is a great
addition to any telemetry system; typically this
was done with ad-hoc applications meaning
small changes in sensors or parameters impacted monitoring software.
Beholder splits parameters from its validation
system and the software used for it, improving
validation opportunities.

Image 3: Analysis status dialog

Relevant data retrieval information such as
aircraft, data transfer status and connection
settings are shown in this logger.
Real Time Validation
Data corruption can sometimes happen during
testing, due to the large amount of systems and
parameter sometimes it is not feasible to check
all these data during testing phase, moreover,
even in the event of being able to do so, doing it
manually is error prone and stressing.
Beholder can act as a real time validation system.

A relevant real time monitoring use scenario,
that showcases the advantages of this separation, is adding new rules in real time while the
test is being performed. In this use case user
can define a new rule, add it to Beholder’s database and restart the application. Beholder will
analyse the rule and compile it into working
code, add it to the rule pool and continue the
monitoring process.
In order to improve performance real time mode
introduces a key characteristic over standard
Beholder, compiled rules are kept from one
execution to another, meaning that if there are
no rule changes between executions Beholder
does not need to recompile the whole ruleset.
This optimization is only used in real time because it may lead to lazy condition checking
problems; on the other hand it improves application start time, which is necessary if the application is to be managed by RTMS (Real Time
Monitoring System).

Under this working scenario Beholder works
exactly in the same way as described before,
but there are differences in parameter inputs
and capabilities.
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Daemon System
Daemon system is an external application used
to automatically run analysis tasks whenever a
new test is detected in Flight Test data servers.
Daemon concept is similar to the one used in
computer science, where a program, the daemon, is always running in the background. This
program is normally in sleeping state, not consuming resources, but it awakes periodically
and runs a predefined task.

There are control mechanisms in place to ensure daemons are alive, checking daemon status and working times. These guarantees there
are no zombie processes and all tasks are executed appropriately.
When a task is updated to an error status other
daemons running in different machines to the
one that executed this process previously can
re-execute the process, this leads to execution
redundancy.
One important fact about daemons is that multiple daemons can be configured to take care of
the same task type. We may have multiple Validation Daemons so when several flights are
uploaded into the Dataserver at the same time
they can be processed concurrently by different
machines. This kind of redundancy ensures that
if a machine is down for any reason others can
take its place and keep with the data analysis
tasks.

Schema 4: Daemon system

The rationale behind Flight Test Daemon System is that whenever a new flight is uploaded
into the server a daemon, the Dataserver Daemon, will find it and upload its meta-information
into a database, the Process Database. This
information describes a test univocally:
-

Aircraft model

-

Manufacturing serial number

-

Test identification: test type plus number.

Other daemons, known as Process Daemons,
consume this information; they add their own
information to the database and launch a user
defined analysis process.
This process can be configured when creating
the daemon, in the case we are analysing it is a
Data Acquisition Validation Process which is
uses Beholder.

Airbus Daemons have the following characteristics:
-

Multiplatform, developed in Java using
OpenJDK 1.8 [3] compliance.

-

Centralized database based [10]. This ensures multiple daemons, multiple machine
synchronization.

-

UI is web based.

-

Daemons can be tied to a user group,
meaning users can be notified whenever a
daemon is down or a new test has been
analysed.

Daemons interface has been developed using
HTML technology. This web interface communicates with daemon database providing
information and control over existing daemons,
showing their status (sleeping, working or
down).

The information added to the database is a
register, with the same meta-information added
by the Dataserver Daemon, adding some additional data:
-

Process Id.

-

Processing machine.

-

Processing date.

-

Process status.

When a new process is launched it updates its
status to ONGOING, if it fails it will automatically change to ERROR and when it finishes it is
updated to FINISHED.
Image 4: Daemon view
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Interface offers not only daemon status but also
process information. From the interface any
user can order a test reprocessing, check its
status or see when it was processed and what
machine performed the analysis.

small set of predefined values, for example
Open-Close o True-False.
-

Slope rules. These rules are based not in
parameter’s value, but how the parameter
changes from one instant to another.
Beholder offers several possibilities in this
situation; since we are computing a derivative we can do so taking into account a
predefined number of points, this buffer
can be selected by user when creating the
rule. We can also select the maximum or
minimum values for a given time buffer, or
even the mean.

Image 5: Process view

Parameter Validation
Previous chapters showcased different aspects
of Beholder, but they did not delve deep into
how it can be used as a parameter validation
tool and what are the benefits associated to its
usage.
First thing to do is define what we should understand by parameter validation. Sometimes,
especially when dealing with complex system,
we incur in a misconception, mixing system
validation with parameter validation, it is important to make a difference between these two
concepts.
-

Parameter validation only focuses in parameter value, checking if it is within limits
and its value is reasonable considering
contour conditions.

-

System validation checks if the parameter
is right considering system’s current state.

-

Cross system validation. It is common in
aeronautical environments to have different systems provide different parameters
for the same measurement. A very useful
rule for parameter validation is to compare
the difference between parameters or the
delay between signals corresponding to
the same parameter.

-

Data alive check. Some straightforward
validation consists on checking data
moves and reacts to stimulus.

Once rules have been defined the instrumentation validation phase starts. During this phase
systems are started, whenever possible, and
data is recorded into small test files, these files
are processed and added to Flight Test Dataservers.
As seen in previous chapters Daemons detect
these tests and run specific rule detection tasks
on them, looking for sensor misbehaviours,
parameter exceedances, etc.
The result of this analysis is automatically uploaded to web servers and communicated to
system owners and flight test instrumentation
personnel, when something strange is found
these groups can take proper action to fix the
issue or investigate it even further.

As can be seen sometimes the difference can
be very small, since a parameter out of bounds
may not mean our sensor is misbehaving but
the system providing erroneous data.
There are several approaches regarding parameter validation:
-

Threshold rules. In this case the user defines an upper and lower limit for the parameter. If the parameter exceeds these
limits then a warning is issued.
A especial case are defined state rules, in
this case a parameter can only take a
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Conclusion
Current aircrafts mandate for a large amount of
FTI sensors, sometimes more than on thousand. These sensors are added to an already
large parameter dataset provided by the aircraft.
Validation of all these parameters is a huge
task for which an automated system is necessary, manual validation does not guarantee
good enough quality standards.
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Making an automated system, open for end
users usage, like design offices, not only improves Flight Test data validation, but helps
users to get involved in their system’s acquisition task.
Since data is automatically processed large
amounts of test can be used for validation,
meaning a new realm of validation techniques
opens to end user: Big Data and machine learning. Using machine learning algorithms for data
validation can help to identify upcoming problems, meaning FTI can make predictive
maintenance to the acquisition system.
An additional benefit of automated data validation is react time improvement. Current technologies such as 3D printing or Data Science
applied to system analysis allow for fast paced
development, sometimes referred to as fast
prototyping. This methodology mandates for
improvements in FTI installation and validation,
due to the prototype nature of the modifications
being installed in the aircraft.
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Abstract:
BMAD is a big data oriented project which aims to automatize most of the flight test analysis process.
The idea is to classify and identify automatically all the manoeuvres of ADS (Airbus Defence and
Space) aircrafts fleet.
Up to now manoeuvres are selected interactively using plotting tools and in some cases these time
slices are not stored in a data base.
The project consists in the automatic identification of maneuvers, the storage of their representative
data in a database, and the exploitation of the data in a web service.
This paper will describe the use of wavelets for the detection of typical flight quality manoeuvres
applied to real data corresponding to a combat aircraft.
Key words: BMAD: Bigdata Manoeuvre Automatic Detection, SQL: Structured Query Language,
NoSQL: Not only SQL, Ftnet: Flight Test Net, CSV: Comma separate values, HDF5 : Hierarchical
Data Format, JSON : JavaScript Object Notation.
Introduction
BMAD starts from the need of automatizing
Flight Test data analysis chain.
This process covers: data acquisition and
processing,
time
slice
detection
and
manoeuvre
classification,
manoeuver’s
calculus and data storage, flight test report

Some manoeuvres like take off, landing or
stabilizations can be easily identified using
simple rules, for these cases we have an inhouse developed tool called Event Detector.
Event Detector is a program written in Java in
which you can define with a rule the initial time
and the final time of a manoeuvre.

generation and data exploitation: web services
& dashboards.

But for other kind of manoeuvres it is
necessary to use other techniques of
identification using complex patterns.

The first step is to classify and identify
automatically all the manoeuvres of ADS
(Airbus Defence and Space) aircrafts fleet.

Different technologies have been tested like
neural network and wavelets the latter
obtaining better results.

Each manoeuvre corresponds to a time slice
and it is identified by an initial and final time.
There are also some calculations associated
to each manoeuvres like maximum values,
minimum values, mean, standard deviation,
even complex calculus like parameter
identification .In most cases, the manoeuvres
are selected by the analyst using interactive
plotting tools.

Once the manoeuvres are identified, in-house
software, called JProcessor, is used for
automatically
performing
desired
data
reduction.
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The project consists in the automatic
identification of manoeuvres, storing the times
slices, calculations, and even the complete
manoeuvre in a NoSQL (not only SQL) data
base and the exploitation the data in a web
service.
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a) Analysis
focuses
on
multiples
manoeuvres, different flights and several
prototypes.
b) Paralleling processing is used for
improved
performance,
relying
on
MapReduce concept.
c) Increasing the number of machines
improves the speed of the analysis
process. Tasks are assigned using a task
scheduler (daemon) which controls the
work flow of the phase.
d) Queuing is used to minimize idle times
and improve data reduction efficiency.
Data reduction and calculus are performed by
JProcessor. This application is an in-house
developed tool coded in Java. This software is
plug-in based, meaning new calculus functions
can be added without modifying its structure.

This paper will focus on the use of wavelets for
the detection of typical Flight Test manoeuvres
following these steps:
a) Define the pattern signal corresponding to
the manoeuvre.
b) Obtain the best mother wavelet adapted to
this pattern.
c) Find the wavelet in the time series by
translation and dilations of the mother
wavelet using the Scalogram.

BMAD workflow
In the Figure 1 it is shown the diagram of the
BMAD project:

JProcessor reads data, builds a data
processing tree and calls elaboration
functions. Finally, when all data is computed, it
can write the results to several formats:
databases (SQL & NoSQL), data files (CSV,
CDF, HDF5), JSON etc.
Figure 1.BMAD workflow

a) Access to the flight test data using data
server.
b) Automatic manoeuvre determination using
Event Detector and/or Wavelets.
c) Automatic
elaborated
parameter
calculations (JProcessor).
d) Store desired information in a NoSQL data
base.
e) The server includes in addition to NoSQL
data
base,
all
flight
information:
documents, videos and relational data
base.
f) Finally, via web service (FTNet), you can
access to all flights information, status of
the program, plotting, streaming video
service and even an automatic generation
of Flight Test Reports.

Data Exploitation
Once the process of automatic manoeuvre
detection, involved calculus and the storage in
the data base is completed, BMAD process
includes data exploitation via web –based
services.
The web service will contain:
a) General Flight information: date, flight
objective, aircraft configuration….
b) Manoeuvres information: initial time, final
time, calculus results …
c) Status of the program : test point key
status …
d) Plotting cross-plots, comparing different
flights….
e) Streaming video service.
f) Automatic generation of Flight Test
Reports.

Data Reduction, Parallel Processing
BMAD adopts many Big Data concepts during
the data reduction phase:

2
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Figure 2. Web service

Figure 4. Mother wavelet ψ

Scaling ψ by a positive quantity s, and
translating it by u ∈ R, we define a family of
functions obtained from “mother” wavelet
:ψu,s ,

Analysis Methodology, Why Wavelets
The objective is the
detection in time series.

automatic

pattern

𝛙𝛙𝐮𝐮,𝐬𝐬 (𝐭𝐭) =

Typical algorithms used are:

𝟏𝟏

√𝐬𝐬

𝛙𝛙 (

𝐭𝐭−𝐮𝐮
𝐬𝐬

),

𝐮𝐮 𝛜𝛜 ℝ, 𝐬𝐬 > 𝟎𝟎

(1)

Given f, the continuous wavelet transform
(CWT) of f at time u and scale s is defined as:

a) Short time Fourier Transform, this analysis
has some limitations because it only works
in frequency domain.
b) Neural networks, they need a lot of time
for the training and results are not good
enough.
c) Continuous wavelet transforms. Is similar
to the Fourier analysis but it works not only
in frequency domain but also in time
domain. Fehler! Verweisquelle konnte
nicht gefunden werden..

+∞

Wf(u, s) = ∫−∞ f(t)ψ∗u,s (t)dt

(2)

Fourier versus wavelets
Fourier analysis has some limitations because
only works in frequency domain. Sometime
later, the notion of scale analysis by creating
structures that vary in scale was developed
The most interesting difference between these
two kinds of transformations is that individual
wavelet functions are localized in space.
Fourier sine and cosine functions are not. [5]

Wavelet analysis expands functions in terms
of translations and dilation of a wavelet
function called mother wavelet.
A wavelet is a function ψ ∈ L2 (R) with zero
average (i.e.∫R ψ = 0), normalized (i.e. ||ψ|| =

A wavelet is a mathematical function useful in
digital
signal
processing
and
image
compression. [2],[5]

1), and centred in t = 0.

Figure 3. Haar wavelet

Figure 5. Time-Frequency plane :Fourier transform

3
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Construction of Wavelets Approaching a
Pattern

𝑏𝑏

𝐵𝐵𝑖𝑖 = ∫ 𝑓𝑓 (𝑡𝑡)𝜌𝜌𝑖𝑖 (𝑡𝑡)𝑑𝑑𝑑𝑑
𝑎𝑎

The technique described in this paper is based
on the correlation of each manoeuvre with a
pattern.
The first step is to construct wavelets
adaptable, as well as possible, in the least
squares sense, to the specific pattern.
But it is no using the typical wavelet library like
Haar , b-spline,daubechies ,coiflet or Mexican
hat , it is adapting each pattern to a sum of
linear combinations of orthogonal polynomial
[6].

In numerical calculations, we have a finite sets
of values of the function in an interval [a,b]:
{(𝑡𝑡𝑘𝑘 , 𝑦𝑦𝑘𝑘 )}𝑘𝑘=1…𝑁𝑁 where 𝑎𝑎 ≤ 𝑡𝑡𝑘𝑘 ≤ 𝑏𝑏

and 𝑓𝑓(𝑡𝑡𝑘𝑘 ) = 𝑦𝑦𝑘𝑘

The problem consists in to find

𝑁𝑁
𝛼𝛼 = {𝛼𝛼𝑖𝑖 }𝑁𝑁
𝑖𝑖=1 and 𝜓𝜓 = ∑𝑖𝑖=1 𝛼𝛼𝑖𝑖 𝜌𝜌𝑖𝑖

Such that minimize in least square sense the
expression:

Take the family of N functions F ∈ 𝐿𝐿2 (a,b)
𝐹𝐹 = {𝜌𝜌𝑖𝑖 }𝑁𝑁
𝑖𝑖=1

(3)

2
∑𝑁𝑁
1 [𝜓𝜓(𝑡𝑡𝑘𝑘 )-𝑦𝑦𝑘𝑘 ]

We want to construct the approximation of the
pattern=f in the least square sense using a
linear combination of the F:
𝑁𝑁

𝜓𝜓 = ∑ 𝛼𝛼𝑖𝑖 𝜌𝜌𝑖𝑖

𝑏𝑏

∫ 𝜓𝜓(𝑡𝑡)𝑑𝑑𝑑𝑑 = 0

(4)

The vector α is obtained by solving the
equation (7).
Manoeuvre Detection using Wavelets
(5)

The steps used to identify the manoeuvres
using wavelets are the followings:
a) Select a pattern of the specific manoeuvre.
b) Obtain the corresponding mother wavelet
adapted to this pattern.
c) Find the pattern in the time series by
translation and dilations of the mother
wavelet function using Scalogram. Ref.3.

𝑖𝑖=1

Where:
𝑏𝑏

𝑅𝑅𝑖𝑖 = ∫ 𝜌𝜌𝑖𝑖 (𝑡𝑡)𝑑𝑑𝑑𝑑

(6)

𝑎𝑎

The vector {αi }N
i=1 and the function ψ are
obtained by solving the following linear system
where:
( 𝐺𝐺
𝑀𝑀

𝑀𝑀𝑡𝑡 ) (𝛼𝛼 ) = (𝐵𝐵 )
𝜆𝜆
0
0

(12)

𝑎𝑎

with the condition that:

∑ 𝛼𝛼𝑖𝑖 𝑅𝑅𝑖𝑖 = 0

(11)

With the constraint:

𝑖𝑖=1

𝑁𝑁

(10)

The following Figures 4, 5, 6 represent
manoeuvre identifications steps applied in a
theoretical signal composed by sines:

(7)

Where :

𝑏𝑏

𝐺𝐺𝑖𝑖𝑖𝑖 = ∫ 𝜌𝜌𝑖𝑖 (𝑡𝑡)𝜌𝜌𝑗𝑗 (𝑡𝑡)𝑑𝑑𝑑𝑑
𝑀𝑀𝑖𝑖= 𝑅𝑅𝑖𝑖

𝑎𝑎

(8)
(9)
Figure 6.Define pattern signal: SETP1

4
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In this case the mother wavelet is the sine
function:

Figure 10.Mother wavelet



The third step is to find the pattern in to
the time series.

Figure 7.Mother wavelet : STEP2

Figure 11.Find pattern in time
Figure 8.Find pattern in time :STEP 3

b) Lateral directional triplets
Examples

The following example will demonstrate that it
is possible to use this technique to identified
complex manoeuvres like lateral directional
triplets that is compound by three simple
doublets. The input of this manoeuvre is
generated mathematically and applied directly
to the Flight Control System (FCS Bias input).

This section shows cases of the usage of
wavelets for the identification of manoeuvres
corresponding to a Combat aircraft.
a) Rapid Roll
The following figures correspond to Flight
Quality test on
a Combat aircraft which
contains a series of Rapid Roll (lateral
directional manoeuvre).


First it will use the FBI input to define the
pattern and second the Rudder parameter, the
times slices of each identified manoeuvres will
be the same in both cases.

The first step is to select the pattern on the
STK_PARAM parameter:



Figure 12.Define pattern

Figure 9.Define pattern



The second step is to obtain
corresponding mother wavelet:

The first step is to select the pattern on the
FBI_PARAM parameter:



the

The second step is to obtain
corresponding mother wavelet:

the

5
The European Test and Telemetry Conference – ettc2020

182

DOI 10.5162/ettc2020/6.2

Figure 13.Mother wavelet



The third step is to find the pattern in to
the time series.

Figure 17.Find the pattern in time

Find Pattern Tool
The tool to find patterns using wavelets is an
in-house software written in Python.
First
a
library
corresponding to
generated.
Figure 14.Find the pattern in time

This library is composed by synthetic and real
manoeuvres.
Once the library is created, the steps for the
automatic manoeuvre detection are the
following:

The following example the Rudder parameter
is used as a pattern:


The first step is to select the pattern on the
DR parameter:

a) Select the fight to find the manoeuvres.
b) Select the initial and final time (by default
is applied to the full flight
c) Select the list of flight parameters used to
search the pattern.
d) Select the wavelet from de library and the
correlation and scale margins.
e) Use the wavelet to find Find all the
manoeuvres selected in the flight.
f) Store the time slices corresponding to
each manoeuvre in the data base.

Figure 15.Define the pattern



The second step is to obtain
corresponding mother wavelet:

of
mother
wavelets
each manoeuvre is

the

The following figure shows the interface of the
tool.

Figure 16.mother wavelet



The third step is to find the pattern in to
the time series.

6
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[6]

matemática aplicada y análisis ,
universidad de Barcelona .2005
Amara Graps. “An indroduction to
Wavelets”.
Wavelets and theirs applications. Michel
Misiti, Yves Misiti, Georges Oppenheim
and Jean-Michel Poggi

Figure 18. Find Pattern Tool

Conclusions
Nowadays, the Flight Test analysis process is
a mostly manual procedure.
The main idea of BMAD is to improve analysis
chain by:
a) Minimizing hand-made processes, prone
to human error (machine learning
techniques).
b) Automatic error detection through Big Data
analysis procedures.
c) Reducing the time need to generate
reports and documents.
d) Improving data access throw digitalization
and webs tools.
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Abstract:
The task of testing an aircraft to be considered “ready for delivery” is a task that implies a lot of work,
involvement of pilots, flight engineers and it demands significant costs. Optimize the time of acceptance flights is critical to save a lot of time and money. Currently the flight test engineers are responsible for supervising and planning all the maneuvers that are required to verify that all systems
work properly.
The objective is to create a machine learning system which will analyze all the actions carried out in
the aircraft during acceptance flights, and it will learn when to perform them, taking into account the
maximum information available.This machine learning system must be able to perform the task currently performed by the flight engineer and lead the pilots in the maneuvers to be performed, also
checking if they have been performed correctly.
Moreover, controlling thousands of variables that exist in an aircraft is only suitable for an artificial
intelligence entity, which might detect possible problems and warn them with enough time to avoid
major problems.This system could become an intelligent assistant essential in any environment.
Key words: machine learning, artificial intelligent, big data, deep learning, predictions
Introduction
New technologies are evolving at a very fast
speed, as well as the programming paradigms
that are progressing to achieve increasingly
complex and smart systems.
Tab. 1: Programming paradigms

A programming language is a
problem-solving tool
Imperative
Style Program

algorithms +
data

Functional
Style Program

functions *
functions

Logic programming

facts + rules

Object-oriented
Style

objects + messages

These have been the programming paradigms
more important in the last decades.
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However, we now have huge amounts of data,
of which, new tools are needed that allow us to
analyze hundreds or thousands of different
variables at once, obtaining new results and
knowledge.
Just as in his day, the pioneer Alan Turing created a machine to be able to evaluate the
mathematical calculations much more quickly
than any team of human beings, today we need
machines that autonomously analyze all the
millions of data we have in different contexts,
and are able to detect anomalies where we do
not see them, and even predict and recommend
actions as any human being would do.
This is where the new tool development environments come into play to create automatic
learning machines.
Machine learning applications make use of
patterns in the data to make predictions rather
than needing to be explicitly programmed.
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Actual System, ASSPA
Based on the acceptance programme for
A400M aircraft manufactured on the final assembly line in Seville, Spain. There are currently more than 100 aircraft delivered to customers, which have had to go through a series of
tests and flights to check every single part and
system of the aircraft.
There is an acceptance manual that collects all
the information with the results obtained in each
of the tests and manoeuvres performed on
each aircraft. This is the main basis for the customer to accept the aircraft.
Currently, we work with an application that uses
the latest programming technologies called
ASSPA (Automatic aSSistant Production Aircraft), which allows us to monitor and collect the
necessary data from each maneuver performed.

We can see in Figure 1 the standard profile of
an acceptance flight for an A400M aircraft.
This profile covers each of the maneuvers that
pilots must perform at each altitude (flight level
FL).
And in Figure 2 we can see a data collection
screen for the specific maneuver of Trim at FL
3XX (3XX00 feet)

Fig 2. Check Point of AC Trim at FL3XX

Fig 1. Standard Flight Profile for A400M Aircraft

This software helps flight engineers to collect
data and manage the maneuvers that must be
done at any moment. Collecting the data manually is practically impossible and each hour of
flight is quite costly. In fact, this tool has become essential for aircraft acceptance tests.
Great efforts have been made to automate the
activation and data collection of certain manoeuvres without human intervention. For this
purpose, certain variables such as flight phase,
speed, altitude, engine power, data sequences,
etc. have been taken into account with good
results. Although taking into account all the
casuistic that can occur in an aircraft, it is tremendously complex.

The European Test and Telemetry Conference – ettc2020

Remark
On the other hand, the aircraft's acquisition
system is able to collect and record more than
250,000 different parameters during flights that
can last up to 8 hours. Of these parameters, the
ASSPA system uses only about 3000 parameters. That is, only 1.2% of the available data is
used, and the current system can be considered quite advanced. A team of approximately
20-30 people is involved.
Who can extract the information we do not see
from the 98.8% of data that is currently not
used?
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Machine Learning
What is a Machine Learning?.
"A learning machine is one that learns by itself
to find patterns without being specifically programmed by a human being."
This technology is at the heart of artificial intelligence and big data management.
Machine learning works by feeding an "algorithm or model" with input data that collects
observations from the past, and builds a model
to predict and classify new observations not
known by the algorithm, imitating a human cognitive process.

We have the data, although we could need to
process it as input to the model.
The model is the "algorithms" that need to be
trained with the data in order to make predictions.
And the predictions are the conclusions that the
machine is able to detect by itself in the data.
There are four main types of learning algorithms in Machine Learning: supervised, unsupervised, reinforcement and deep learning.
Supervised learning is where you have input
variables (x) and an output variable (Y) and you
use an algorithm to learn the mapping function
from the input to the output. Y = f(X)
The goal is to approximate the mapping function so well that when you have new input data
(x) that you can predict the output variables (Y)
for that data.
For instance, regression and sales forecasting.

Ilustración 4. Classification, Regression

Ilustración 3. Machine Learning

Initially we do not know what we are looking for,
we do not know what there is in that huge
amount of data, we are not able to analyze
parameter by parameter the 250,000 parameters and much less find the correlations between them if any. We need "something" to dive
into all that data and look for "things" by itself
that we don't have programmed.
A learning machine consists of three main
parts:

DATA

Unsupervised learning is where you only have
input data (X) and no corresponding output
variables.
The goal for unsupervised learning is to model
the underlying structure or distribution in the
data in order to learn more about the data.
For instance, Clustering, Splitting, ...

Ilustración 5. I can see a pattern

Reinforcement
Identify which actions a software agent should
choose in a given environment in order to maximize some notion of "reward" or "penalty"

MODEL
PREDICTIONS
Ilustración 6. Reinforcement learning
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All these learning systems, allow us to classify,
predict, form the way to act, and are very powerful tools. But we're looking for something
even more advanced.
Machine Learning - Deep Learning

However, looking at the figures to the right, it is
not possible to identify the outlier directly from
investigating one variable at the time: It is the
combination of the X and Y variable that allows
us to easily identify the anomaly. This complicates the matter substantially when we scale up
from two variables to 10–100s of variables,
which is often the case in practical applications
of anomaly detection and in our case.
Here is where we begin to see the need to create more complex learning machines, able to
contrast and monitor hundreds or thousands of
variables at once and find correlations between
them.

Ilustración 7. Evolution of artificial intelligence

In the figure we can see the evolution of AI
(artificial intelligence) in the different decades.
While machine learning works with regression
algorithms or decision trees, deep learning uses
neural networks that function much like the
biological neural connections in our brain.

Neural Networks
Essentially, neural networks are composed of
layers of computational units called neurons,
with connections in different layers. These networks transform data until they can classify it as
an output. Each neuron multiplies an initial value by some weight, sums results with other
values coming into the same neuron, adjusts
the resulting number by the neuron’s bias, and
then normalizes the output with an activation
function.

It is extremely beneficial to data scientists too
who are tasked with collecting, analyzing and
interpreting large amounts of data.
The possibilities of creating learning machines
for different purposes are endless. And it also
depends on where our own imagination is able
to reach. And it is in this field where we are
interested.
Anomaly detection
We are at the beginning of our study to in a first
step be able to detect anomalies in any equipment of the aircraft. Even be able to detect that
an equipment is about to end its life time, before it fails completely.
Example of X-Y anomaly detection.
In case of two-dimensional data (X and Y), it
becomes quite easy to visually identify anomalies through data points located outside the
typical distribution.

Ilustración 9. Neural Network

A key feature of neural networks is an iterative
learning process in which records (rows) are
presented to the network one at a time, and the
weights associated with the input values are
adjusted each time. After all, cases are presented, the process is often repeated. During
this learning phase, the network trains by adjusting the weights to predict the correct class
label of input samples.

Ilustración 8. Sample anomaly X-Y
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Artificial Neural Network - Autoencoder
This is a popular type of neural network with
which we have started to create our first projects because could be fit with our goals.
An autoencoder is a type of artificial neural
network used to learn efficient data codings in
an unsupervised manner. The aim of an autoencoder is to learn a representation (encoding)
for a set of data, typically for dimensionality
reduction. Along with the reduction side, a reconstructing side is learnt, where the autoencoder tries to generate from the reduced encoding a representation as close as possible to its
original input.
Architecturally, the simplest form of an autoencoder is a feedforward, non-recurrent neural
network very similar to the many single layer
perceptrons which makes a multilayer perceptron (MLP) — having an input layer, an output
layer and one or more hidden layers connecting
them — but with the output layer having the
same number of nodes as the input layer, and
with the purpose of reconstructing its own inputs.

readings to a lower-dimensional representation,
which captures the correlations and interactions
between the various variables.
The autoencoder network is then trained on
data representing the “normal” operating state,
with the goal of first compressing and then reconstructing the input variables. During the
dimensionality reduction, the network learns the
interactions between the various variables and
should be able to re-construct them back to the
original variables at the output.
The main idea is that as the monitored equipment degrades, this should affect the interaction between the variables (e.g. changes in
temperatures, pressures, vibrations, etc.). As
this happens, one will start to see an increased
error in the networks re-construction of the input
variables. By monitoring the re-construction
error, one can thus get an indication of the
“health” of the monitored equipment, as this
error will increase as the equipment degrades.
Machine Learning for Aircraft Acceptance
For our specific study we have data from new
aircrafts, which we can choose those that we
know have a perfect behavior of all systems,
and that will be used to "train" our machine
learning, to make it learn how is the correct
behavior of each system.
Once our machine learning has been "trained"
with this data, it can be used to check the correct functioning of the new aircraft that leave
the factory, and to check the correct functioning
during the whole life cycle of the aircraft.
We would have the perfect real-time guardian
of the integrity of our entire aircraft.

Ilustración 10. Autoencoder Network

In the context of anomaly detection and condition monitoring, the basic idea is to use the
autoencoder network to “compress” the sensor
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And once this has been achieved, we will move
on to a systems that are able of telling pilots
when and how to act, without human intervention. The Machine Learning Assistant.
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ĞƌŝǀĞͲƌĞĂĚǇƚĞůĞŵĞƚƌǇƐǇƐƚĞŵƐĨŽƌƌŽƚĂƚŝŶŐ
ĂƉƉůŝĐĂƚŝŽŶƐ


'ĞƌŚĂƌĚ^Ɖŝƚǌ͕dĞĐŚŶŝĐĂůŝƌĞĐƚŽƌ
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tŝůĚŵŽŽƐϱ͕ϴϮϮϲϲ/ŶŶŝŶŐĂŵŵŵĞƌƐĞĞ͕'ĞƌŵĂŶǇ
Ő͘ƐƉŝƚǌΛĂǆŽŶͲƐǇƐƚĞŵƐ͘ĐŽŵ


ďƐƚƌĂĐƚ͗
dĞůĞŵĞƚƌǇƐǇƐƚĞŵƐĨŽƌƌŽƚĂƚŝŶŐŝŶƐƚĂůůĂƚŝŽŶƐƉƌŽǀŝĚŝŶŐĐŽŶƚĂĐƚůĞƐƐĚĂƚĂƚƌĂŶƐŵŝƐƐŝŽŶŝƐƐƚĂƚĞŽĨƚŚĞĂƌƚ
ŝŶŵĂŶǇďƌĂŶĐŚĞƐŽĨŵĞĐŚĂŶŝĐĂůŝŶĚƵƐƚƌǇ͘dŚĞŵĞĂƐƵƌĞŵĞŶƚŽĨƉŚǇƐŝĐĂůƋƵĂŶƚŝƚŝĞƐŽŶƌŽƚĂƚŝŶŐǀĞŚŝĐůĞ
ĂŶĚŵĂĐŚŝŶĞĐŽŵƉŽŶĞŶƚƐŝƐĂŶŝŵƉŽƌƚĂŶƚĐŽŵƉŽŶĞŶƚŝŶƚŚĞĚĞǀĞůŽƉŵĞŶƚŽĨŵŽĚĞƌŶĚƌŝǀĞƐ͘
/ŶĚƵĐƚŝǀĞƉŽǁĞƌƐƵƉƉůǇŝŶĐŽŵďŝŶĂƚŝŽŶǁŝƚŚZ&ĚĂƚĂƚƌĂŶƐŵŝƐƐŝŽŶĞŶƐƵƌĞƐĐŽŶƚĂĐƚͲĨƌĞĞĂŶĚƚŚĞƌĞĨŽƌĞ
ǁĞĂƌͲĨƌĞĞŽƉĞƌĂƚŝŽŶ͘/ŶĂĚĚŝƚŝŽŶƚŽƚŚĞĂŶǇǁĂǇĐŚĂůůĞŶŐŝŶŐĞŶǀŝƌŽŶŵĞŶƚ͕ŵŽĚĞƌŶĚƌŝǀĞĐŽŶĐĞƉƚƐ
ƌĞƋƵŝƌŝŶŐůĂƚĞƐƚƚĞůĞŵĞƚƌǇƐǇƐƚĞŵƐƚŽďĞĂĚĂƉƚĞĚƚŽƐŽŵĞŶĞǁĐŚĂůůĞŶŐĞƐ͕ĞƐƉĞĐŝĂůůǇƐƚƌŽŶŐD
ŝŵƉĂĐƚƐŝŶƚŚĞƐƵƌƌŽƵŶĚŝŶŐŽĨƚŚĞĞůĞĐƚƌŝĐĞŶŐŝŶĞ͘



dĞůĞŵĞƚƌǇƐǇƐƚĞŵƐĨŽƌƌŽƚĂƚŝŶŐŝŶƐƚĂůůĂƚŝŽŶƐĐŽŶƐŝƐƚŝŶŐŽĨ͗
ZŽƚŽƌhŶŝƚ

^ĞŶƐŽƌƐƵƉƉůǇ
^ŝŐŶĂůĂĐƋƵŝƐŝƚŝŽŶĂŶĚƉƌŽĐĞƐƐŝŶŐ
Z&ĂƚĂƚƌĂŶƐŵŝƐƐŝŽŶ

^ƚĂƚŽƌhŶŝƚ


/ŶĚƵĐƚŝǀĞƉŽǁĞƌƐƵƉƉůǇ



Z&ĂƚĂƌĞĐĞƉƚŝŽŶ
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ŽŶƚƌŽůhŶŝƚ


ĞŶƚƌĂůƉƌŽĐĞƐƐŝŶŐƵŶŝƚ



Z&ƌĞĐĞƉƚŝŽŶ͕ĚĞĐŽĚŝŶŐ



^ŝŐŶĂůƉůĂǇďĂĐŬ



/ŶĚƵĐƚŝǀĞƉŽǁĞƌĐŽŶƚƌŽů




ĐůĂƐƐŝĐƉŽǁĞƌƚƌĂŝŶ͕ĐŽŶƚĂŝŶŝŶŐĂŵŽƚŽƌ͕ĂŐĞĂƌďŽǆ͕ƉƌŽƉĞůůĞƌƐŚĂĨƚĂŶĚϮŽƌĞǀĞŶϰŚĂůĨƐŚĂĨƚƐĐĂŶ
ƌĞƋƵŝƌĞŵĂŶǇĚŝĨĨĞƌĞŶƚƚŽƌƋƵĞͲ͕ĨŽƌĐĞͲĂŶĚƚĞŵƉĞƌĂƚƵƌĞͲŵĞĂƐƵƌĞŵĞŶƚƐŽŶŝƚƐƌŽƚĂƚŝŶŐƉĂƌƚƐ͘
ĞƌƚĂŝŶůǇ͕ƚŚĞŵŽƐƚĐŽŵŵŽŶƚĞůĞŵĞƚƌǇŵĞĂƐƵƌĞŵĞŶƚĨŽƌĂƵƚŽŵŽƚŝǀĞĂƉƉůŝĐĂƚŝŽŶƐŝƐŵĞĂƐƵƌŝŶŐ
ƚŽƌƋƵĞŽŶĚƌŝǀĞƐŚĂĨƚƐĚƵƌŝŶŐƚĞƐƚĚƌŝǀĞƐĂŶĚůŽŶŐͲƚĞƌŵƚĞƐƚŝŶŐ͘ƵƚĂůƐŽ͕ƚŚĞŐĞĂƌďŽǆŝŶƉƵƚ͕
ĐƌĂŶŬƐŚĂĨƚŽƌĐĂƌĚĂŶƐŚĂĨƚƐŶĞĐĞƐƐŝƚĂƚŝŶŐƚŽƌƋƵĞŵĞĂƐƵƌĞŵĞŶƚƐ͘dĞŵƉĞƌĂƚƵƌĞŵĞĂƐƵƌĞŵĞŶƚƐĨŽƌ
ĞǆĂŵƉůĞĐĂŶďĞŶĞĐĞƐƐĂƌǇŽŶďƌĂŬĞĚŝƐĐƐ͕ĐůƵƚĐŚͲĂŶĚĚŝĨĨĞƌĞŶƚŝĂůƉůĂƚĞƐŽƌĞǀĞŶƐŝŶŐůĞŐĞĂƌŝŶŐƐ͘

,ŝŐŚĞƐƚƉŽƐƐŝďůĞĞĨĨŝĐŝĞŶƚĚƌŝǀĞƚƌĂŝŶƐĂƌĞŐŽŝŶŐƚŽďĞŝŶĐƌĞĂƐŝŶŐůǇŝŵƉŽƌƚĂŶƚ͕ǁŚĂƚĂůƐŽŵĂŬĞƐƚŚĞ
ĐŽŶƐƚƌƵĐƚŝŽŶƐĐŽŵƉůĞǆŝƚǇĞŶŽƌŵŽƵƐŝŶĐƌĞĂƐŝŶŐ͘

WĂƌƚŝĐƵůĂƌŝƚŝĞƐŽŶĞƌŝǀĞĂƉƉůŝĐĂƚŝŽŶƐ͗
,ŝŐŚƉĂĐŬĂŐŝŶŐĚĞŶƐŝƚǇ
,ŝŐŚŽƉĞƌĂƚŝŶŐƚĞŵƉĞƌĂƚƵƌĞ
,ŝŐŚZWD
,ŝŐŚDůŽĂĚ

ůĞĐƚƌŝĐĞŶŐŝŶĞƐŝŶƵƚŽŵŽƚŝǀĞĂƉƉůŝĐĂƚŝŽŶƐĐŽŵŝŶŐǁŝƚŚĞǆƚƌĞŵĞůǇŚŝŐŚƉŽǁĞƌ͕ĐŽŶƚƌŽůůĞĚďǇƐƚĞĞƉ
ĞĚŐĞƐǁŚŝĐŚůĞĂĚƐƚŽŝŵŵĞŶƐĞDůŽĂĚŽŶƚŚĞĚƌŝǀĞƚƌĂŝŶ͘^ŚĂĨƚƐŵŝŐŚƚĞǀĞŶǁŽƌŬĂƐ“ƚƌĂŶƐŵŝƚƚŝŶŐ
antennas” for the disturbances.ƐĨŽƌĞǆĂŵƉůĞƚŽƌƋƵĞŽƌƚĞŵƉĞƌĂƚƵƌĞŵĞĂƐƵƌĞŵĞŶƚƐĂƌĞďĂƐĞĚŽŶ
ƚƌĂŶƐĚƵĐĞƌƐŝŐŶĂůƐŝŶƚŚĞƌĂŶŐĞŽĨђs͕ŝƚŝƐŽďǀŝŽƵƐƚŚĂƚƚŚĞƐĞĞŶǀŝƌŽŶŵĞŶƚĂůĐŽŶĚŝƚŝŽŶƐĐĂŶůĞĂĚƚŽ
ƐŝŐŶĂůƐƉŝŬĞƐŽƌĞǀĞŶƚŽƚĂůĚĂƚĂůŽƐƐ͘
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ƐƉĂĐŬŝŶŐĚĞŶƐŝƚǇŝŶŵĞĐŚĂŶŝĐĂůƚĞĐŚŶŽůŽŐǇŝƐŝŶĐƌĞĂƐŝŶŐ͕ŝŶƐƚĂůůĂƚŝŽŶƐƉĂĐĞĨŽƌĂĚĚŝƚŝŽŶĂůŵĞĂƐƵƌŝŶŐ
ƚĞĐŚŶŽůŽŐǇŽƌƚĞůĞŵĞƚƌǇƐǇƐƚĞŵƐŝƐĐŽŶƚŝŶƵĂůůǇƐŚƌŝŶŬŝŶŐ͘dĞůĞŵĞƚƌǇŶĞĞĚƐƚŽďĞďŽƚŚ͕ƐŵĂůůĂŶĚ
ĨůĞǆŝďůĞŝŶŝƚƐŝŶƐƚĂůůĂƚŝŽŶƚŽƵƐĞƌĞŵĂŝŶŝŶŐŝŶƐƚĂůůĂƚŝŽŶƐƉĂĐĞŝŶĂŶŽƉƚŝŵĂůǁĂǇ͘

DĞĞƚƚŚĞƌĞƋƵŝƌĞŵĞŶƚƐŽĨŵŽĚĞƌŶĞƌŝǀĞĂƉƉůŝĐĂƚŝŽŶƐ
ZŽƚŽƌhŶŝƚƐŽĨůĂƚĞƐƚƚĞůĞŵĞƚƌǇƐǇƐƚĞŵƐŶĞĞĚƐƚŽďĞĞƋƵŝƉƉĞĚǁŝƚŚĂŶĞǆƚƌĞŵĞƉŽǁĞƌĨƵůZ&
ƚƌĂŶƐŵŝƚƚĞƌďǇŵĞĞƚŝŶŐƚŚĞZddΘdͲƐƚĂŶĚĂƌĚƐĐŽŵŝŶŐǁŝƚŚƚŚĞͲĐĞƌƚŝĨŝĐĂƚŝŽŶĂƚƚŚĞƐĂŵĞƚŝŵĞ͘ůƐŽ͕
ƚŚĞŽŶƚƌŽůhŶŝƚŝƐĐŽŵŝŶŐǁŝƚŚĂŶĞǁ͕ĞǆƚƌĞŵĞƐŚĂƌƉĨŝůƚĞƌĨŽƌďĞƐƚƉŽƐƐŝďůĞĚĂƚĂƌĞĐĞƉƚŝŽŶ͘
^ƚĂƚŽƌͲUnits with option “E” additionally are equipped with an EMC suppression right on tŚĞ
ƌĞĐĞŝǀŝŶŐĂŶƚĞŶŶĂǁŚŝĐŚĂůůŽǁƐĂŶĞĂƌůǇĂƐƉŽƐƐŝďůĞĨŝůƚĞƌŝŶŐŽĨĂŶǇĚŝƐƚƵƌďŝŶŐĨŝĞůĚƐ͘dŚĞŝŶĚƵĐƚŝǀĞ
ƉŽǁĞƌƚƌĂŶƐŵŝƐƐŝŽŶŽĨƚŚĞ^ƚĂƚŽƌhŶŝƚŝƐŶŽƚĂĨĨĞĐƚĞĚĂŶĚƌĞŵĂŝŶƐĞǆƚƌĞŵĞůǇƉŽǁĞƌĨƵů͘ĞƐŝĚĞƐDͲ
ŝŶƚĞƌĨĞƌĞŶĐĞƐĂůƐŽƚŚĞƐŝǌĞŽĨƚŚĞƚĞůĞŵĞƚƌǇĐŽŵƉŽŶĞŶƚƐŶĞĞĚƐƚŽďĞĐŽŶƐŝĚĞƌĞĚ͘dŚĞĂƌƌĂŶŐĞŵĞŶƚŽĨ
ZŽƚŽƌhŶŝƚ͕^ƚĂƚŽƌhŶŝƚ͕ĂŶƚĞŶŶĂĂŶĚƚƌĂŶƐĚƵĐĞƌŶĞĞĚƐƚŽďĞƉŽƐƐŝďůĞŝŶĚŝĨĨĞƌĞŶƚǁĂǇƐƚŽƵƐĞƚŚĞ
ƐƉĂĐĞŝŶĂŶŽƉƚŝŵĂůǁĂǇ͘ZŽƚŽƌhŶŝƚƐĂƌĞĂǀĂŝůĂďůĞŝŶĚŝĨĨĞƌĞŶƚĚĞƐŝŐŶƐŝŶŽƌĚĞƌƚŽŵĞĞƚƚŚĞ
ƌĞƋƵŝƌĞŵĞŶƚƐŽĨĂŶǇŝŶĚŝǀŝĚƵĂůĂƉƉůŝĐĂƚŝŽŶ͘ůĞĐƚƌŽŶŝĐƐĂƌĞĂǀĂŝůĂďůĞŝŶƌĞĐƚĂŶŐƵůĂƌƐŚĂƉĞǁŝƚŚ
aluminium housing, round in carbon housing or flexible without housing to be “wrapped” around the
ƐŚĂĨƚ͘
dŚĞŽŶƚƌŽůhŶŝƚǁŽƌŬƐĂƐƚŚĞĐĞŶƚƌĂůƉƌŽĐĞƐƐŝŶŐƵŶŝƚ͕ĐŽŶƚƌŽůůŝŶŐƚŚĞŝŶĚƵĐƚŝǀĞƉŽǁĞƌƐƵƉƉůǇĂŶĚƚŚĞ
ĚĂƚĂƌĞĐĞƉƚŝŽŶ͘/ƚĂůůŽǁƐƚŽďĞĚŝĨĨĞƌĞŶƚ^ƚĂƚŽƌhŶŝƚƐĐŽŶŶĞĐƚĞĚĂƐǁĞůůĂƐƐŚĂĨƚĚŝĂŵĞƚĞƌƐďĞƚǁĞĞŶ
ϱĐŵƚŽϮŵĞƚĞƌƐ͘
ƐŵŽĚĞƌŶĚƌŝǀĞƚƌĂŝŶƐĐĂŶĚĞǀĞůŽƉĂůŽƚŽĨƚŽƌƋƵĞ͕ƉĂƌƚŝĐƵůĂƌůǇǁŚŝůĞŵŝƐƵƐĞͲƚĞƐƚŝŶŐŚĂůĨƐŚĂĨƚƐĐĂŶ
ďƌĞĂŬ͘dŽĂǀŽŝĚůŽƐŝŶŐĂƚĞůĞŵĞƚƌǇŝŶƐƚĂůůĂƚŝŽŶŝĨĂƐŚĂĨƚďƌĞĂŬƐ͕ƚŚĞƚŽƌƋƵĞŵĞĂƐƵƌĞŵĞŶƚĐĂŶďĞ
ĐĂƌƌŝĞĚŽƵƚŽŶŐĞĂƌďŽǆŽƵƚƉƵƚĨůĂŶŐĞƐĂƐƚŚĞƐĞĐŽŵƉŽŶĞŶƚƐĂƌĞĞǀĞŶŵŽƌĞƌŽďƵƐƚĂŐĂŝŶƐƚƚŽƌƋƵĞ
ƉĞĂŬƐ͘ďƌŽŬĞŶŚĂůĨƐŚĂĨƚĐĂŶďĞĞĂƐŝůǇƌĞƉůĂĐĞĚ͕ĂŶĚƚŚĞƚŽƌƋƵĞŵĞĂƐƵƌŝŶŐĚĞǀŝĐĞƌĞŵĂŝŶƐ
ƵŶĚĂŵĂŐĞĚ͘
'ĞĂƌďŽǆŽƵƚƉƵƚĨůĂŶŐĞƐĂƐǁĞůůĂƐƐŚĂĨƚŝŶƐƚĂůůĂƚŝŽŶƐǁŝƚŚĂŵĞĂƐƵƌŝŶŐƌĂŶŐĞŽĨũƵƐƚĂĨĞǁEŵĂƐǁĞůů
ĂƐĞǀĞŶDEŵ–ĂůůĐĂŶďĞŽƉĞƌĂƚĞĚǁŝƚŚƚŚĞƐĂŵĞƐǇƐƚĞŵǁŝƚŚŽƵƚƚŚĞŶĞĞĚƚŽĐŚĂŶŐĞĂŶǇ
ĂĚũƵƐƚŵĞŶƚƐ͘
dŽĂƌƌĂŶŐĞĂƚŽƌƋƵĞŵĞĂƐƵƌŝŶŐŝŶƐƚĂůůĂƚŝŽŶ͕ŶŽŵĞĐŚĂŶŝĐĂůŵĂŶŝƉƵůĂƚŝŽŶŽŶƚŚĞƚĞƐƚŽďũĞĐƚŝƐŶĞĞĚĞĚ͘
^ƚƌĂŝŶŐĂƵŐĞƐ͕ƚĞůĞŵĞƚƌǇ͕ĂŶƚĞŶŶĂĂŶĚǁŝƌŝŶŐĂƌĞďŽŶĚĞĚƚŽƚŚĞƐŚĂĨƚďǇƵƐŝŶŐĂĚǀĂŶĐĞĚĂĚŚĞƐŝǀĞ
ƚĞĐŚŶŽůŽŐŝĞƐ͘
dŚĞƐĂŵĞĂƉƉůŝĞƐĨŽƌƚĞŵƉĞƌĂƚƵƌĞŵĞĂƐƵƌĞŵĞŶƚƐ͘&ƵůůĨůĞǆŝďŝůŝƚǇĂůůŽǁƐŵĞĂƐƵƌĞŵĞŶƚƐŝŶĞůĞĐƚƌŝĐ
ĞŶŐŝŶĞƐ͕ĐůƵƚĐŚƉůĂƚĞƐ͕ũŽŝŶƚƐ͕ŐĞĂƌŝŶŐƐĂŶĚŵĂŶǇŵŽƌĞ͘>ĂƚĞƐƚƐǇƐƚĞŵƐĐĂŶŵĞĂƐƵƌĞƵƉƚŽϭ͘ϮϱϬΣ͘
dŚŽƐĞƐǇƐƚĞŵƐĂƌĞĞƐƉĞĐŝĂůůǇĚĞƐŝŐŶĞĚĨŽƌŵĞĂƐƵƌŝŶŐƚĞŵƉĞƌĂƚƵƌĞƐŽŶďƌĂŬĞĚŝƐĐƐ͕ƐƵĐŚĂƐŶĞĐĞƐƐĂƌǇ
ŽŶĚǇŶĂŵŽŵĞƚĞƌƚĞƐƚďĞŶĐŚĞƐ͘tŚĞŶƵƐĞĚŝŶďŝŐƚĞƐƚďĞŶĐŚĞƐ͕DǁŝůůďĞĂŶŝƐƐƵĞĂƐƚŚĞƚĞƐƚ
ƐƚĂŶĚƐĂƌĞƵƐƵĂůůǇĞƋƵŝƉƉĞĚǁŝƚŚůĂƌŐĞĨƌĞƋƵĞŶĐǇĐŽŶǀĞƌƚĞƌƐǁŚŝĐŚĐĂŶĂĨĨĞĐƚĞůĞĐƚƌŝĐĂůŝŶƐƚĂůůĂƚŝŽŶƐ
due to EMC impacts. Temperature telemetries with “option E” allow safe and reliable measurements
ŝŶƚŚŝƐĚŝĨĨŝĐƵůƚĞŶǀŝƌŽŶŵĞŶƚ͘
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Automated closed-loop testing of cyber-physical systems
Gonçalo Valadas (Principal Engineer), Nuno Bustorff Silva (Business Development Manager)
Critical Software S.A., Pq. Ind. de Taveiro, Lt 49, PT-3045-504 Coimbra, Portugal
goncalo.valadas@criticalsoftware.com, nuno.bustorff@criticalsoftware.com
ďƐƚƌĂĐƚ͗DŽĚĞƌŶƐǇƐƚĞŵƐĞŶǀŝƐĂŐĞƐĨƵƐŝŽŶŽĨƚĞĐŚŶŽůŽŐŝĞƐĂĐƌŽƐƐƚŚĞƉŚǇƐŝĐĂů͕ĚŝŐŝƚĂůĂŶĚďŝŽůŽŐŝĐĂů
ǁŽƌůĚƐ͕ĂŶŝŶĐŽŵŝŶŐĞƌĂŽĨĐǇďĞƌͲƉŚǇƐŝĐĂůƐǇƐƚĞŵƐƉŽǁĞƌĞĚďǇĂƌƚŝĨŝĐŝĂůŝŶƚĞůůŝŐĞŶĐĞ;/Ϳ͕ƚŚĞ/ŶƚĞƌŶĞƚ
ŽĨ dŚŝŶŐƐ ;/ŽdͿ͕ ĂƵƚŽŶŽŵŽƵƐ ǀĞŚŝĐůĞƐ ĂŶĚ ďŝŐ ĚĂƚĂ͘ DŽƌĞ ƚŚĂŶ ĂŶǇ ŽƚŚĞƌ ŝŶĚƵƐƚƌǇ͕ ĞƌŽƐƉĂĐĞ Θ
ĞĨĞŶĐĞ ŝŶŶŽǀĂƚŝŽŶ ĂŶĚ ƉƌŽĚƵĐƚŝŽŶ ĚĞŵĂŶĚ ƉƌĞĐŝƐŝŽŶ ĂŶĚ ŚŝŐŚͲƋƵĂůŝƚǇ ƉƌŽĚƵĐƚƐ͘ ĞƌŽƐƉĂĐĞ Θ
ĞĨĞŶĐĞ /ŶĚƵƐƚƌǇ ŵƵƐƚ ĂĚŽƉƚ ĨĞĂƚƵƌĞƐ ŽĨ ŵŽĚĞƌŶ ƉƌŽĚƵĐƚ ĚĞǀĞůŽƉŵĞŶƚ ůŝŬĞ ŐŝůĞ ŵĞƚŚŽĚŽůŽŐŝĞƐ͕
ĞǀKƉƐ͕ĂŶĚƚĞƐƚƐĂƵƚŽŵĂƚŝǌĂƚŝŽŶ͕ƚŽĂĐĐĞůĞƌĂƚĞƚŝŵĞƚŽŵĂƌŬĞƚĂŶĚďƵƐŝŶĞƐƐǀĂůƵĞ͘
dŚĞ ŝŶĐƌĞĂƐŝŶŐ ĐŽŵƉůĞǆŝƚǇ ĂŶĚ ǀĂůŝĚĂƚŝŽŶ ĐŽƐƚƐ ƌĂŝƐĞƐ ĂŶ ƵŶĂĨĨŽƌĚĂďůĞ ƚƌĞŶĚ͕ ƉĂƌƚŝĐƵůĂƌůǇ ŝŶ ƚŚĞ
ĞǀŽůƵƚŝŽŶ ĨƌŽŵ ŚĂƌĚǁĂƌĞͲďĂƐĞĚ ƐǇƐƚĞŵƐ ƚŽ ŵŽĚĞƌŶ ƐŽĨƚǁĂƌĞͲďĂƐĞĚ ƐǇƐƚĞŵƐ͕ ǁŚĞƌĞ ƚŚĞ ĐŽƐƚƐ ƚŽ
ĚĞǀĞůŽƉ͕ŝŶƚĞŐƌĂƚĞ͕ĂŶĚŵĂŝŶƚĂŝŶƐŽĨƚǁĂƌĞĐŽŶƚŝŶƵĞƐƚŽŐƌŽǁĂƚĂŶƵŶƉƌĞĚŝĐƚĂďůĞƌĂƚĞ͘
tŝƚŚƚŚĞŽďũĞĐƚŝǀĞŽĨƉƌŽǀŝĚŝŶŐĂŶŝŶĨƌĂƐƚƌƵĐƚƵƌĞĨŽƌƚĞƐƚŝŶŐŚŝŐŚŝŶƚĞŐƌŝƚǇĐǇďĞƌͲƉŚǇƐŝĐĂůƐǇƐƚĞŵƐŝŶ
ĐůŽƐĞĚͲůŽŽƉ͕ƌŝƚŝĐĂů^ŽĨƚǁĂƌĞŚĂƐĚĞƐŝŐŶĞĚĂŶĚĚĞǀĞůŽƉĞĚĂŶĞŶĚͲƚŽͲĞŶĚƉƌŽĐĞƐƐ͕ŝŶƚĞŐƌĂƚŝŶŐŐŝůĞ
ŵĞƚŚŽĚŽůŽŐŝĞƐ͕ĐůŝĞŶƚƚŽŽůĐŚĂŝŶĂŶĚĂŶĂƵƚŽŵĂƚŝŽŶƚĞƐƚŝŶŐƉůĂƚĨŽƌŵ͘dŚŝƐŝŶƚĞŐƌĂƚĞĚƐŽůƵƚŝŽŶĞŶĂďůĞƐ
ƌĞĂůͲƚŝŵĞĐŽŶƚƌŽůĂŶĚũŽŝŶƚĂŶĚĨůĞǆŝďůĞŝŶƚĞŐƌĂƚŝŽŶŽĨƐŝŵƵůĂƚŝŽŶŵŽĚĞůƐĂŶĚƉŚǇƐŝĐĂůĐŽŵƉŽŶĞŶƚƐŽƌ
ƐƵďƐǇƐƚĞŵƐƚŽďƵŝůĚĂĐůŽƐĞĚͲůŽŽƉƚĞƐƚĞŶǀŝƌŽŶŵĞŶƚĂĚĂƉƚĂďůĞƚŽĂŶǇĚĞǀĞůŽƉŵĞŶƚĞŶǀŝƌŽŶŵĞŶƚ͘
dŚŝƐƉĂƉĞƌƉƌĞƐĞŶƚƐƌŝƚŝĐĂů^ŽĨƚǁĂƌĞΖƐ^ǇƐƚĞŵsĂůŝĚĂƚŝŽŶĂƉƉƌŽĂĐŚƚŽƌĞĚƵĐĞďŽƚŚƚŚĞƚŝŵĞĂŶĚĐŽƐƚ
ŽĨƚĞƐƚŝŶŐŚŝŐŚͲŝŶƚĞŐƌŝƚǇĂŶĚĐŽŵƉůĞǆƐǇƐƚĞŵƐĨŽƌƚŚĞĞƌŽƐƉĂĐĞΘĞĨĞŶĐĞ/ŶĚƵƐƚƌǇ͘
<ĞǇǁŽƌĚƐ͗ ĞĨĞŶĐĞ͕ ĞƌŽƐƉĂĐĞ͕ ŐŝůĞ͕ ĞǀKƉƐ͕ dĞƐƚŝŶŐ WůĂƚĨŽƌŵ͕ ůŽƐĞĚͲ>ŽŽƉ dĞƐƚŝŶŐ͕ ZĞŐƌĞƐƐŝŽŶ
dĞƐƚŝŶŐ͕^ĞĐƵƌŝƚǇdĞƐƚŝŶŐ͕ǇďĞƌͲWŚǇƐŝĐĂů^ǇƐƚĞŵƐ͕ŽŵƉůĞǆ^ǇƐƚĞŵƐ͕sĂůŝĚĂƚŝŽŶ


ϭ͘ /ŶƚƌŽĚƵĐƚŝŽŶ
ĞǀĞůŽƉŵĞŶƚƐŝŶƌƚŝĨŝĐŝĂů/ŶƚĞůůŝŐĞŶĐĞ;/Ϳ͕ƚŚĞ
/ŶƚĞƌŶĞƚ ŽĨdŚŝŶŐƐ ;/ŽdͿ͕ ĂƵƚŽŶŽŵŽƵƐ ǀĞŚŝĐůĞƐ
ĂŶĚ ďŝŐ ĚĂƚĂ ĞŶĂďůĞĚ ƚŚĞ ĐƌĞĂƚŝŽŶ ŽĨ ŶĞǁ
ĂĞƌŽƐƉĂĐĞ ĂŶĚ ĚĞĨĞŶĐĞ ƐǇƐƚĞŵƐ ƚŚĂƚ
ŚŝƐƚŽƌŝĐĂůůǇ ǁĞƌĞ ŵĂŝŶůǇ ŚĂƌĚǁĂƌĞͲďĂƐĞĚ ďƵƚ
ĂƌĞ ŐƌĂĚƵĂůůǇ ďĞĐŽŵŝŶŐ ŵŽƌĞ ƐŽĨƚǁĂƌĞͲ
ĚĞĨŝŶĞĚ ϭ͘ ^ŽĨƚǁĂƌĞ ĚĞĨŝŶĞĚ ŵĞĂŶƐ ƚŚĂƚ
ŝƚĞŵƐ Žƌ ĨƵŶĐƚŝŽŶƐ ƚŚĂƚ ǁĞƌĞ ŵĂŝŶůǇ ƉŚǇƐŝĐĂů
ŚĂǀĞ ŶŽǁ ďĞĐŽŵĞ ǀŝƌƚƵĂů͕ ĐŽŶƚƌŽůůĞĚ ĂŶĚ
ĂƵƚŽŵĂƚĞĚ ďǇ ƐŽĨƚǁĂƌĞ Ϯ͘ dŚĞƐĞ ƐǇƐƚĞŵƐ
ŝŶƚĞŐƌĂƚŝŶŐ ĐŽŵƉƵƚĂƚŝŽŶ͕ ŶĞƚǁŽƌŬŝŶŐ ĂŶĚ
ƉŚǇƐŝĐĂů ƉƌŽĐĞƐƐĞƐ ĂƌĞ ĐĂůůĞĚ ĐǇďĞƌͲƉŚǇƐŝĐĂů
ƐǇƐƚĞŵƐ͘ ǆĂŵƉůĞƐ ŽĨ ƚŚŝƐ ƐǇƐƚĞŵƐ ĂƌĞ ƐŵĂƌƚ
ŵĞĂƐƵƌŝŶŐ ƐǇƐƚĞŵƐ͕ ƌŽďŽƚŝĐƐ͕ ǁŝƌĞůĞƐƐ ƐĞŶƐŽƌ
ŶĞƚǁŽƌŬƐĂŵŽŶŐŽƚŚĞƌƐ͘
dŚŝƐ ĞǀŽůƵƚŝŽŶ ǁĂƐ ƚƌŝŐŐĞƌĞĚ ďǇ ƚŚĞ ŶĞĞĚ ŽĨ
KDƐ ƚŽ ŚĂǀĞ ĨĂƐƚĞƌ ĂĐĐĞƐƐ ƚŽ ƚŚĞ ŵĂƌŬĞƚ͕
ďŽŽƐƚ ĞĨĨŝĐŝĞŶĐǇ ĂŶĚ ƉƌŽĚƵĐĞ ĞĐŽŶŽŵǇ ŽĨ
ƐĐĂůĞ͘ dŚĞ ƵƐĂŐĞ ŽĨ ǀŝƌƚƵĂůŝǌĂƚŝŽŶ͕ ĐůŽƵĚ
ĐŽŵƉƵƚŝŶŐ ĂŶĚ ĂƌƚŝĨŝĐŝĂů ŝŶƚĞůůŝŐĞŶĐĞ ŵĂĚĞ
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ƉŽƐƐŝďůĞ ŶĞǁ ƚĞĐŚŶŽůŽŐǇ ĚĞǀĞůŽƉŵĞŶƚƐ ĂŶĚ
ĐŽŵƉůĞǆ ŶĞƚǁŽƌŬƐ ŐĞŶĞƌĂƚŝŶŐ ŚƵŐĞ ĂŵŽƵŶƚƐ
ŽĨĚĂƚĂƚŽďĞĂŶĂůǇƐĞĚĂŶĚŵĞĂƐƵƌĞĚϯϰ͘
ƚƚŚĞƐĂŵĞƚŝŵĞ͕ƚŚĞĞĨĨŽƌƚĂŶĚƚŝŵĞŶĞĞĚĞĚ
ƚŽ ǀĂůŝĚĂƚĞ ƚŚĞƐĞ ƐǇƐƚĞŵƐ ĂůƐŽ ŐƌŽǁ Ăƚ ĂŶ
ĞǆƉŽŶĞŶƚŝĂů ƌĂƚĞ ďĞĐĂƵƐĞ ŽĨ ƚŚĞ ŝŶĐƌĞĂƐŝŶŐ
ĐŽŶĨŝŐƵƌĂďŝůŝƚǇ ŽĨ ƚŚĞƐĞ ƐǇƐƚĞŵƐ͕ ƚŚĞ ŶƵŵďĞƌ
ŽĨĞǆƚĞƌŶĂůŝŶƚĞƌĨĂĐĞƐ͕ĂŶĚƚŚĞŶĞĞĚĨŽƌƐĂĨĞƚǇͲ
ƌĞůĂƚĞĚĐĞƌƚŝĨŝĐĂƚŝŽŶ͘
tŝƚŚŝŶƚŚŝƐƐĐĞŶĂƌŝŽŽĨĐŽŶƐƚĂŶƚĞǀŽůƵƚŝŽŶĂŶĚ
ĂĚĂƉƚĂƚŝŽŶ͕ ŝƚ ŝƐ ŝŵƉŽƐƐŝďůĞ ƚŽ ĐŽŶƚŝŶƵĞ ƚŽ
ĞǆĞĐƵƚĞ ƚŚĞƐĞ ĚĞǀĞůŽƉŵĞŶƚƐ ŝŶ Ă ĐůĂƐƐŝĐĂů
ǁĂƚĞƌĨĂůů ůŝĨĞĐǇĐůĞ͘ sĞƌŝĨŝĐĂƚŝŽŶ ĂŶĚ sĂůŝĚĂƚŝŽŶ
ĂĐƚŝǀŝƚŝĞƐ ŵƵƐƚ ďĞ ƉĞƌĨŽƌŵĞĚ ĨƌŽŵ ƚŚĞ
ďĞŐŝŶŶŝŶŐ ŽĨ ĚĞǀĞůŽƉŵĞŶƚ ĂŶĚ ĂŶ ŝƚĞƌĂƚŝǀĞ
ĂƉƉƌŽĂĐŚ ƚŚĂƚ ĞŶĂďůĞƐ ƚŚĞ ƐǇƐƚĞŵ ƚŽ ďĞ
ĚĞǀĞůŽƉĞĚ ĂŶĚ ǀĂůŝĚĂƚĞĚ ŝŶĐƌĞŵĞŶƚĂůůǇ ŝƐ
ƌĞƋƵŝƌĞĚ͘ dŚĞ ŶĞǁ ŐŝůĞ ĂƉƉƌŽĂĐŚ ƐĞĞŵƐ ƚŽ
ƐŽůǀĞĂůůƚŚĞƐĞƉƌŽďůĞŵƐ͕ďƵƚĂĨŽƌŵĂůƉƌŽĐĞƐƐ
ŵƵƐƚďĞĚĞĨŝŶĞĚƚŽŐƵĂƌĂŶƚĞĞƚŚĂƚƚŚĞ^ǇƐƚĞŵ
hŶĚĞƌdĞƐƚŝƐĂďůĞƚŽĂĐĐŽŵƉůŝƐŚŶŽƚŽŶůǇƚŚĞ
ĨƵŶĐƚŝŽŶĂůƌĞƋƵŝƌĞŵĞŶƚƐďƵƚ͕ƐŽŵĞƚŝŵĞƐ ĞǀĞŶ
194
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ŵŽƌĞ ŝŵƉŽƌƚĂŶƚůǇ͕ ŵĞĞƚƐ Ăůů ŶŽŶͲĨƵŶĐƚŝŽŶĂů
ƌĞƋƵŝƌĞŵĞŶƚƐǁŚĞŶĐŽŵƉůĞƚĞϱ͘
sĂůŝĚĂƚŝŽŶ ĂĐƚŝǀŝƚŝĞƐ ƐŚĂůů ďĞ ƉĞƌĨŽƌŵĞĚ ŽǀĞƌ
ĂŶĚ ŽǀĞƌ ĂŐĂŝŶ͕ ƌĞŐƌĞƐƐŝǀĞůǇ͕ ǀĂůŝĚĂƚŝŶŐ
ĚŝƐƌƵƉƚŝŽŶƐ͕ ƐŽ ĂŶ ĂƵƚŽŵĂƚĞĚ ĂƉƉƌŽĂĐŚ ŝƐ Ăƚ
ŽŶĐĞ ƉŽƐƐŝďůĞ ĂŶĚ ŶĞĐĞƐƐĂƌǇ͘ ůƚŚŽƵŐŚ ŝƚ ŝƐ
ƵŶĚĞƌƐƚĂŶĚĂďůĞ ĂŶĚ ĞĂƐŝĞƌ ǁŚĞŶ ŝƚ ĐŽŵĞƐ ƚŽ
ƚĞƐƚƐŽĨƚǁĂƌĞ͕ŝƚďĞĐŽŵĞƐŵŽƌĞĐŽŵƉůĞǆǁŚĞŶ
ƚŚĞ ƚĞƐƚŝŶŐ ĞŶǀŝƌŽŶŵĞŶƚ ĂůƐŽ ŝŶĐŽƌƉŽƌĂƚĞƐ
ŚĂƌĚǁĂƌĞ͘
ĞƐŝĚĞ ƚŚĞ ĂƵƚŽŵĂƚŝŽŶ͕ ĂŶŽƚŚĞƌ ŝŵƉŽƌƚĂŶƚ
ƚŚŝŶŐ ŝƐ ƚŽ ŚĂǀĞ Ăůů ƚŚĞƐĞ ĂĐƚŝǀŝƚŝĞƐ ŝŶƚĞŐƌĂƚĞĚ
ŝŶƚŽ ƚŚĞ ĐƵƐƚŽŵĞƌ’Ɛ ďƵŝůĚ ĂŶĚ ĚĞƉůŽǇ
ĞŶǀŝƌŽŶŵĞŶƚ͘ ƐƚĂďůŝƐŚŝŶŐ Ă ĐŽŶƚŝŶƵŽƵƐ
ŝŶƚĞŐƌĂƚŝŽŶ ĞŶǀŝƌŽŶŵĞŶƚ ŝŵƉƌŽǀĞƐ ƌĞůŝĂďŝůŝƚǇ
ĂŶĚ ƌŽďƵƐƚŶĞƐƐ ŽĨ ƚŚĞ ǀĂůŝĚĂƚŝŽŶ ƉƌŽĐĞƐƐ͕
ƚŚĞƌĞĨŽƌĞ ĂůƐŽ ŝŵƉƌŽǀŝŶŐ ƚŚĞ ƌĞůŝĂďŝůŝƚǇ ĂŶĚ
ƌŽďƵƐƚŶĞƐƐ ŽĨ ƚŚĞ ƐǇƐƚĞŵ ƵŶĚĞƌ ǀĂůŝĚĂƚŝŽŶ ĂƐ
ǁĞůůĂƐŝƚƐŽǀĞƌĂůůƋƵĂůŝƚǇ͘
dŽ ŽǀĞƌĐŽŵĞ ƚŚĞƐĞ ĐŚĂůůĞŶŐĞƐ͕ ƌŝƚŝĐĂů
^ŽĨƚǁĂƌĞ ĚĞĨŝŶĞĚ Ă ƉƌŽĐĞƐƐ ƚŽ ǀĂůŝĚĂƚĞ ŚŝŐŚ
ŝŶƚĞŐƌŝƚǇƐǇƐƚĞŵƐ͕ĂĚĚƌĞƐƐŝŶŐƚŚĞǀĂůŝĚĂƚŝŽŶŽĨ
ƐŽĨƚǁĂƌĞ ĂŶĚ ŚĂƌĚǁĂƌĞͲŝŶͲƚŚĞͲůŽŽƉ ĂŶĚ
ƌĞƐƵůƚŝŶŐ ŝŶ ŝŵƉŽƌƚĂŶƚ ĐŽƐƚ ĂŶĚ ƚŝŵĞ ƐĂǀŝŶŐƐ͕
ĂƐƉƌĞƐĞŶƚĞĚŝŶƚŚĞĨŽůůŽǁŝŶŐƐĞĐƚŝŽŶƐ͘

Ϯ͘ /ŶƚĞŐƌĂƚĞĚsĂůŝĚĂƚŝŽŶWƌŽĐĞƐƐ
ƌŝƚŝĐĂů ^ŽĨƚǁĂƌĞ’s ŝŶƚĞŐƌĂƚĞĚ ǀĂůŝĚĂƚŝŽŶ
ƉƌŽĐĞƐƐ
ĞŶĂďůĞƐ
ƚŚĞ
ƐƉĞĐŝĨŝĐĂƚŝŽŶ͕
ŝŵƉůĞŵĞŶƚĂƚŝŽŶ ĂŶĚ ĞǆĞĐƵƚŝŽŶ ŽĨ ƚŚĞ
ŶĞĐĞƐƐĂƌǇ ƚĞƐƚ ĐĂƐĞƐ ƚŽ ǀĂůŝĚĂƚĞ ƚŚĞ ^ǇƐƚĞŵ
hŶĚĞƌ dĞƐƚ͘ /ƚ ŝƐ ĐŽŵƉŽƐĞĚ ŽĨ ĨŽƵƌ ŵĂŝŶ
ĂĐƚŝǀŝƚŝĞƐĂƐŽƵƚůŝŶĞĚŝŶƚŚĞĨŝŐƵƌĞďĞůŽǁ͘


&ŝŐƵƌĞϭ͗WƌŽĐĞƐƐĨŽƌƐǇƐƚĞŵǀĂůŝĚĂƚŝŽŶ

Ϯ͘ϭ dĞƐƚ^ƉĞĐŝĨŝĐĂƚŝŽŶ
/Ŷ ŽƌĚĞƌ ƚŽ ƉƌŽƉĞƌůǇ ĞƐƚĂďůŝƐŚ Ă ƚĞƐƚ
ƐƉĞĐŝĨŝĐĂƚŝŽŶ͕ ƚŚĞ ĨŝƌƐƚ ƐƚĞƉ ƐŚŽƵůĚ ďĞ ƚŽ ŐĂŝŶ
ŬŶŽǁůĞĚŐĞ ĂďŽƵƚ ƚŚĞ ƐǇƐƚĞŵ͘ dŚŝƐ ŝƐ ĚŽŶĞ
ƚŚƌŽƵŐŚ ƉĞƌĨŽƌŵŝŶŐ ŝŶƚĞƌǀŝĞǁƐ ǁŝƚŚ ƚŚĞ
ĚĞǀĞůŽƉŵĞŶƚ ƚĞĂŵ͕ ƌĞĂĚŝŶŐ ƚŚĞ ƐǇƐƚĞŵ
ƌĞƋƵŝƌĞŵĞŶƚƐ ƐƉĞĐŝĨŝĐĂƚŝŽŶ ;^^^Ϳ͕ ĂŶĚ
ƌĞǀŝĞǁŝŶŐ ƚŚĞ ĞǆŝƐƚŝŶŐ ŝŶƚĞƌĨĂĐĞ ĐŽŶƚƌŽů
ĚŽĐƵŵĞŶƚƐ;/ƐͿ͘
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dŚĞ ǀĂůŝĚĂƚŝŽŶ ĂŶĚ ŝŶƚĞŐƌĂƚŝŽŶ ƐƚƌĂƚĞŐŝĞƐ ĂƌĞ
ĚĞĨŝŶĞĚĂƚƚŚŝƐƐƚĂŐĞ͘dŚĞƚĞƐƚŝŶŐŵĞƚŚŽĚƐĂŶĚ
ĂĐƚŝǀŝƚŝĞƐ ƚŽ ďĞ ƉĞƌĨŽƌŵĞĚ ĂƌĞ ŝĚĞŶƚŝĨŝĞĚ͕
ŝŶĐůƵĚŝŶŐ ƚŚĞ ĚŝĨĨĞƌĞŶƚ ƚǇƉĞƐ ŽĨ ƚĞƐƚƐ ƚŚĂƚ ƚŚĞ
ǀĂůŝĚĂƚŝŽŶ ƉƌŽĐĞƐƐ ǁŝůů ŚĂǀĞ ƚŽ ĞǆĞĐƵƚĞ ;Ğ͘Ő͕͘
ƐĞĐƵƌŝƚǇ͕ ƉĞƌĨŽƌŵĂŶĐĞ͕ ƵƐĂďŝůŝƚǇ͕ ŽƚŚĞƌ
ĨƵŶĐƚŝŽŶĂů Žƌ ŶŽŶͲĨƵŶĐƚŝŽŶĂů ƚĞƐƚƐͿ͘ dŚĞ
ĐƌŝƚŝĐĂůŝƚǇ ŽĨ ƌĞƋƵŝƌĞŵĞŶƚƐ ĂŶĚ ƐǇƐƚĞŵ
ĐŽŵƉŽŶĞŶƚƐ͕ ƐŽĨƚǁĂƌĞ Žƌ ŚĂƌĚǁĂƌĞ͕ ĂƌĞ
ƚŚŽƌŽƵŐŚůǇ ĚĞƚĂŝůĞĚ͘ ĞƌƚŝĨŝĐĂƚŝŽŶ ĂŐĂŝŶƐƚ
ƐĂĨĞƚǇƐƚĂŶĚĂƌĚƐ͕Ğ͘Ő͘/ϲϭϱϬϴŽƌŝƚƐŝŶĚƵƐƚƌǇ
ƐƉĞĐŝĨŝĐ ĚĞƌŝǀĂƚŝǀĞƐ͕ ƌĞƋƵŝƌĞ ƚŚĂƚ ƚŚĞƐĞ
ĂĐƚŝǀŝƚŝĞƐĂƌĞĚŽĐƵŵĞŶƚĞĚƚŽƉƌŽǀŝĚĞĞǀŝĚĞŶĐĞ
ƚŽƚŚĞĐĞƌƚŝĨŝĐĂƚŝŽŶĂƵƚŚŽƌŝƚǇ͘
dŚĞŶ͕ ƚŚĞ ƚĞƐƚ ƉůĂŶ ƚŽ ǀĂůŝĚĂƚĞ ƚŚĞ ƐǇƐƚĞŵ ŝƐ
ĐƌĞĂƚĞĚ͕ ǁŚŝĐŚ ĐŽǀĞƌƐ Ăůů ƚŚĞƐĞ ĚĞĨŝŶŝƚŝŽŶƐ͘
ĞĐĂƵƐĞ ƚŚĞ ƚĞƐƚ ŽƵƚƉƵƚƐ ǁŝůů ďĞ ǀĂůŝĚĂƚĞĚ
ĂŐĂŝŶƐƚ ĞǆƉĞĐƚĞĚ ǀĂůƵĞƐ͕ ŝŶ ƚŚŝƐ ƉŚĂƐĞ ƚŚĞ
ĂƉƉůŝĐĂďůĞ ƚŚƌĞƐŚŽůĚƐ ƵƐĞĚ ŝŶ ƌĞƐƵůƚŝŶŐ
ĂƐƐĞƐƐŵĞŶƚ ŽĨ ŶŽŶͲĚĞƚĞƌŵŝŶŝƐƚŝĐ ƐǇƐƚĞŵƐ ĂƌĞ
ĂůƐŽĚĞĨŝŶĞĚ͕ĂƐƚŚĞƐĞƐǇƐƚĞŵƐĂƌĞŶŽƚƵƐƵĂůůǇ
ƉƌĞĐŝƐĞ ďƵƚ ǁŝůů Ĩŝƚ ŝŶƚŽ Ă ƌĂŶŐĞ ŽĨ ĂĐĐĞƉƚĂďůĞ
ŽƵƚƉƵƚƐ͘
DĂƉƉŝŶŐƚŽƚŚĞŐŝůĞǁŽƌůĚ͕ƚŚŝƐĐŽƵůĚďĞƚŚĞ
WƌŽĚƵĐƚ sŝƐŝŽŶ ĂŶĚ ĂĐŬůŽŐ ĐƌĞĂƚŝŽŶ ƉŚĂƐĞ͘
dŚĞƚĞƐƚ ƐĞƚƐĂƌĞƚŚĞ ĞƉŝĐƐĂŶĚƚŚĞƚĞƐƚĐĂƐĞƐ
ĂƌĞ ƚŚĞ ƵƐĞƌ ƐƚŽƌŝĞƐ ĚĞƐĐƌŝďĞĚ ǁŝƚŚ ƚŚĞ
ĂĐĐĞƉƚĂŶĐĞĐƌŝƚĞƌŝĂ͘

Ϯ͘Ϯ dĞƐƚ ŶǀŝƌŽŶŵĞŶƚ ^ĞůĞĐƚŝŽŶ ĂŶĚ
WƌĞƉĂƌĂƚŝŽŶ
dŚĞ ĞŶǀŝƌŽŶŵĞŶƚ ƐĞůĞĐƚŝŽŶ ĂŶĚ ƉƌĞƉĂƌĂƚŝŽŶ
ĂƌĞŝŵƉŽƌƚĂŶƚŝŶĞƐƚĂďůŝƐŚŝŶŐƚŚĞďĂƐŝƐĨŽƌƚĞƐƚ
ĂƵƚŽŵĂƚŝŽŶ͘ dŚĞ ŝĚĞŶƚŝĨŝĐĂƚŝŽŶ ŽĨ ƚŚĞ ƚĂƌŐĞƚ
ƐǇƐƚĞŵ͕ ďŽƚŚ ƉŚǇƐŝĐĂů ĂŶĚ ůŽŐŝĐĂů ŝŶƚĞƌĨĂĐĞƐ͕
ĂƌĞ ƚŚĞ ŵŽƐƚ ƌĞůĞǀĂŶƚ ĂƐƉĞĐƚ ŝŶ ĞŶǀŝƌŽŶŵĞŶƚ
ƉƌĞƉĂƌĂƚŝŽŶ͘
dŽƉĞƌĨŽƌŵƚŚĞĂƵƚŽŵĂƚŝŽŶŽĨŝŶƚĞŐƌĂƚŝŽŶĂŶĚ
ƐǇƐƚĞŵƚĞƐƚƐ͕ƌŝƚŝĐĂů^ŽĨƚǁĂƌĞŚĂǀĞĚĞǀĞůŽƉĞĚ
Ă^ǇƐƚĞŵsĂůŝĚĂƚŝŽŶ&ĂĐŝůŝƚǇƉůĂƚĨŽƌŵ͕ĂŶĂƐƐĞƚ
ƉƌŽǀŝĚŝŶŐ ƚŚĞ ďĂƐŝƐ ĨŽƌ ƚŚĞ ĚĞǀĞůŽƉŵĞŶƚ ŽĨ
ĂƵƚŽŵĂƚĞĚ ƚĞƐƚ ƐĞƚƐ ƚŚĂƚ ǁŝůů ĞǆĞƌĐŝƐĞ ƚŚĞ
ƐǇƐƚĞŵ ĂŶĚ ĐĂƉƚƵƌĞ ƚŚĞŝƌ ŽƵƚƉƵƚƐ ƚŽ ǀĂůŝĚĂƚĞ
ƚŚĞŵĂŐĂŝŶƐƚĞǆƉĞĐƚĞĚǀĂůƵĞƐ͘
dŚĞƐǇƐƚĞŵǀĂůŝĚĂƚŝŽŶĨĂĐŝůŝƚǇŝƐĂŶĂƵƚŽŵĂƚĞĚ
ĞǆĞĐƵƚŝŽŶ ĞŶǀŝƌŽŶŵĞŶƚ ƌĞƐƉŽŶƐŝďůĞ ĨŽƌ ƚĞƐƚ
ĞǆĞĐƵƚŝŽŶ͕ ŝŶĐůƵĚŝŶŐ ƚŚĞ ƐŝŵƵůĂƚŝŽŶ ŽĨ ƚŚĞ
ŶĞĐĞƐƐĂƌǇŝŶƉƵƚĐŽŶĚŝƚŝŽŶƐĂŶĚƚŚĞĞǀĂůƵĂƚŝŽŶ
ŽĨƌĞƐƉŽŶƐĞǀĂůƵĞƐ͘/ƚĂůƐŽĐŽŵƉĂƌĞƐĞǆƉĞĐƚĞĚ
ĂŶĚ ĂĐƚƵĂů ƚĞƐƚ ĐĂƐĞ ŽƵƚƉƵƚ ǀĂůƵĞƐ͕ ǀĂůŝĚĂƚŝŶŐ
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ƚŚĞŵ ĂĐĐŽƌĚŝŶŐ ƚŽ ƚŚĞ ĂĐĐĞƉƚĂŶĐĞ ĐƌŝƚĞƌŝĂ
ĚĞĨŝŶĞĚĨŽƌƚŚĂƚƚĞƐƚĐĂƐĞϲ͘
ŶŽƚŚĞƌ ŝŵƉŽƌƚĂŶƚ ĨĞĂƚƵƌĞ ŽĨ ƚŚĞ ƐǇƐƚĞŵ
ǀĂůŝĚĂƚŝŽŶĨĂĐŝůŝƚǇŝƐƚŚĞĂďŝůŝƚǇƚŽƉĞƌĨŽƌŵĨĂƵůƚ
ŝŶũĞĐƚŝŽŶ Ăƚ ŚĂƌĚǁĂƌĞ ůĞǀĞů͘ dŚĞ ĂďŝůŝƚǇ ƚŽ
ŝŶũĞĐƚ ĨĂƵůƚƐ Ăƚ ŚĂƌĚǁĂƌĞ ůĞǀĞů ĞŶĂďůĞƐ ƚŚĞ
ƚĞƐƚĞƌ ƚŽ ƐŝŵƵůĂƚĞ ŝŶƚĞƌŶĂů ĨĂƵůƚƐ ŽŶ ƚŚĞ
^ǇƐƚĞŵ hŶĚĞƌ dĞƐƚ ĂŶĚ ĞǀĂůƵĂƚĞ ƚŚĞ ƌĞĂĐƚŝŽŶ
ƚŽ ĞƌƌŽƌƐ ŝŶƐĞƌƚĞĚ ŝŶ ĚŝĨĨĞƌĞŶƚ ƉĂƌƚƐ ŽĨ ƚŚĞ
ƐǇƐƚĞŵ͕ ƐƵĐŚ ĂƐ ƚŚĞ ƉƌŽĐĞƐƐŽƌ ƌĞŐŝƐƚĞƌƐ͕ ƚŚĞ
ŵĞŵŽƌǇ͕ Žƌ ƚŚĞ ĂƉƉůŝĐĂƚŝŽŶ ĐŽĚĞ͘ &ĂƵůƚƐ ĂƌĞ
ŝŶũĞĐƚĞĚ ǁŝƚŚ ŵŝŶŝŵƵŵ ŝŶƚĞƌĨĞƌĞŶĐĞ ǁŝƚŚ ƚŚĞ
ƚĂƌŐĞƚƐǇƐƚĞŵǁŽƌŬůŽĂĚ͕ŵĂŬŝŶŐŝƚĂůŵŽƐƚŶŽŶͲ
ŝŶƚƌƵƐŝǀĞ͘ dŚŝƐ ĞŶĂďůĞƐ Ă ǀĞƌǇ ƌŽďƵƐƚ ƚĞƐƚ
ĐĂƉĂďŝůŝƚǇ ŽĨ ƚŚĞ ƐĂĨĞƚǇ ĂŶĚ ƌĞůŝĂďŝůŝƚǇ
ŵĞĐŚĂŶŝƐŵƐǁŚŝĐŚĂƌĞŶŽƚĞĂƐŝůǇƚĞƐƚĂďůĞ͘
/ŶƚŚĞŐŝůĞƉƌŽĐĞƐƐƚŚŝƐƉŚĂƐĞŵĂƚĐŚĞƐƐƉƌŝŶƚ
Ϭ͕ ǁŚĞƌĞ ƚŚĞ ŝŵƉůĞŵĞŶƚĂƚŝŽŶ ƐƉƌŝŶƚƐ ĂƌĞ
ƉƌĞƉĂƌĞĚ͕ĂŶĚƚŚĞďĂĐŬůŽŐŝƐƉƌŝŽƌŝƚŝƐĞĚ͘
dŚĞ ĞŶǀŝƌŽŶŵĞŶƚ ƉƌĞƉĂƌĂƚŝŽŶ ĂůƐŽ ŝŶĐůƵĚĞƐ
ƚŚĞƐĞƚƵƉŽĨĂĐŽŶƚŝŶƵŽƵƐƚĞƐƚŝŶŐĞŶǀŝƌŽŶŵĞŶƚ
ǁŚĞƌĞĂƵƚŽŵĂƚŝĐďƵŝůĚ͕ƚĞƐƚĂŶĚƐƚĂƚŝĐĂŶĂůǇƐŝƐ
ŝƐ ƉĞƌĨŽƌŵĞĚ ǁŚĞŶ Ă ĐŚĂŶŐĞ ŽĐĐƵƌƐ ŝŶ ƚŚĞ
ǀĞƌƐŝŽŶ ĐŽŶƚƌŽů ƐǇƐƚĞŵ ƌĞƉŽƐŝƚŽƌǇ͘ ƚ ƚŚŝƐ
ƉŽŝŶƚ͕ ƚŚƌĞĞ ŵĂũŽƌ ǀĞƌŝĨŝĐĂƚŝŽŶƐ ĂƌĞ ďĞŝŶŐ
ƉĞƌĨŽƌŵĞĚ͗ ;ĂͿ ƚŚĂƚ ƚŚĞ ďƵŝůĚ ƐǇƐƚĞŵ ŝƐ
ĐŽƌƌĞĐƚůǇŐĞŶĞƌĂƚŝŶŐƚŚĞƚĂƌŐĞƚƐǇƐƚĞŵ͖;ďͿƚŚĞ
ƚĂƌŐĞƚ ƐǇƐƚĞŵ ƉĂƐƐĞƐ Ăůů ĚĞĨŝŶĞĚ ƚĞƐƚ ƐƵŝƚĞƐ͖
ĂŶĚ ;ĐͿ ƚŚĞ ƐǇƐƚĞŵ ĐŽĚĞ ĐŽŵƉůŝĞƐ ǁŝƚŚ ƚŚĞ
ĚĞĨŝŶĞĚĐŽĚĞƋƵĂůŝƚǇƌƵůĞƐĞƚ͘

Ϯ͘ϯ dĞƐƚŽĚŝŶŐĂŶĚƌǇZƵŶ
dĞƐƚĐŽĚŝŶŐĂĐƚŝǀŝƚǇŝƐǁŚĞƌĞƚĞƐƚĐĂƐĞƐĚĞĨŝŶĞĚ
ŝŶƚŚĞƐƉĞĐŝĨŝĐĂƚŝŽŶĂƌĞŝŵƉůĞŵĞŶƚĞĚ͘dŚŝƐŝƐĂ
ŵĂŶƵĂůĐŽĚŝŶŐĂĐƚŝǀŝƚǇǁŚĞƌĞĚĞǀĞůŽƉĞƌƐǁƌŝƚĞ
ƚŚĞ ĐŽĚĞ ƚŚĂƚ ĞǆĞĐƵƚĞƐ ƐƚĞƉƐ ĚĞĨŝŶĞĚ ŝŶ ƚŚĞ
ƚĞƐƚ ĐĂƐĞ͘ dŚĞ ƵƐĂŐĞ ŽĨ ƌƚŝĨŝĐŝĂů /ŶƚĞůůŝŐĞŶĐĞ
ƚĞĐŚŶŝƋƵĞƐ ŝŶ ƚŚŝƐ ƉƌŽĐĞƐƐ ƚŽ ĂƵƚŽŵĂƚŝĐĂůůǇ
ŐĞŶĞƌĂƚĞƚĞƐƚĐĂƐĞĐŽĚĞǁŽƵůĚďĞďĞŶĞĨŝĐŝĂůĂƐ
ƐǇƐƚĞŵƐďĞĐŽŵĞŵŽƌĞĐŽŵƉůĞǆ͘/ŶƉƵƚǀĞĐƚŽƌƐ
ƚŚĂƚƐƚŝŵƵůĂƚĞƚŚĞŝŵƉůĞŵĞŶƚĞĚƚĞƐƚĐĂƐĞƐǁŝůů
ďĞĚĞĨŝŶĞĚƐĞƉĂƌĂƚĞůǇŝŶŽƌĚĞƌƚŽĐŚĂŶŐĞƚŚĞƐĞ
ŝŶƉƵƚƐǁŝƚŚŽƵƚŚĂǀŝŶŐƚŽƌĞďƵŝůĚƚŚĞƚĞƐƚĐĂƐĞƐ
ŝŶƋƵĞƐƚŝŽŶ͘
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&ŝŐƵƌĞϮ͗dĞƐƚǆĞĐƵƚŝŽŶ^ĐĞŶĂƌŝŽ

dŚĞ ĨŝƌƐƚ ŝƚĞŵ ƚŽ ǀĂůŝĚĂƚĞ ŝƐ ƚŚĞ ĐŽƌƌĞĐƚ
ŝŵƉůĞŵĞŶƚĂƚŝŽŶ ŽĨ ƐǇƐƚĞŵ ŝŶƚĞƌĨĂĐĞƐ͘ dŚĞƐĞ
ǁŝůů ƚƌĂŶƐƉŽƌƚ ƚŚĞ ŝŶƉƵƚƐ ŽĨ ƚŚĞ ƚĞƐƚ ĐĂƐĞƐ ƚŽ
ƚŚĞ^ǇƐƚĞŵhŶĚĞƌdĞƐƚĂŶĚƌĞƚƵƌŶƚŚĞƌĞůĞǀĂŶƚ
ŽƵƚƉƵƚƐ͘
ƵƌŝŶŐƚŚŝƐĂĐƚŝǀŝƚǇ͕ĚƌǇƌƵŶƐŽĨƚŚĞƚĞƐƚƐƵŝƚĞƐ
ƐŚĂůů ďĞ ƉĞƌĨŽƌŵĞĚ ƚŽ ŐƵĂƌĂŶƚĞĞ ƚŚĂƚ ƚĞƐƚƐ
ĞǆĞĐƵƚĞ ĂƐ ƐƉĞĐŝĨŝĞĚ ĂŶĚ͕ ŝĨ ŶŽƚ͕ ĂƌĞ ĂďůĞ ƚŽ
ĚĞďƵŐ ĂŶĚ ĐŽƌƌĞĐƚ ƚŚĞ ƚĞƐƚ͘ ƚ ƚŚŝƐ ƚŝŵĞ͕ ƚŚĞ
ĨŝƌƐƚ ŝƐƐƵĞƐ ĂƌĞ ƌĂŝƐĞĚ ĂůůŽǁŝŶŐ ĚĞǀĞůŽƉĞƌƐ ƚŽ
Ĩŝǆ ĂƌŝƐŝŶŐ ƉƌŽďůĞŵƐ ďĞĨŽƌĞ ƚŚĞ ĨŽƌŵĂů ƚĞƐƚ
ƌƵŶƐ͘
dŚĞ ƵƐĂŐĞ ŽĨ ĂŶ ŐŝůĞ ŵĞƚŚŽĚŽůŽŐǇ ƚŽ
ŝŵƉůĞŵĞŶƚ ƚŚĞ ƚĞƐƚƐ ĂŶĚ ǀĞƌŝĨǇ ƚŚĞŝƌ
ĐŽƌƌĞĐƚŶĞƐƐ ĞŶĂďůĞƐ ŝŶĐƌĞŵĞŶƚĂů ǀĂůŝĚĂƚŝŽŶ ŽĨ
ƚŚĞ ƚĞƐƚ ŝŵƉůĞŵĞŶƚĂƚŝŽŶ ĂŶĚ ƚŚĞ ^ǇƐƚĞŵ
hŶĚĞƌ dĞƐƚ͕ ŝĚĞŶƚŝĨǇŝŶŐ ƚŚĞ ĨŝƌƐƚ ŝƐƐƵĞƐ ƚŽ ďĞ
ƌĂŝƐĞĚĚƵƌŝŶŐƚŚĞƐĞĨŝƌƐƚĚƌǇƌƵŶƐ͘
ƵĞ ƚŽ ĂƵƚŽŵĂƚŝŽŶ͕ ƚŚĞƐĞ ƚĞƐƚ ƐƵŝƚĞƐ ĐĂŶ ďĞ
ƌƵŶǁŚĞŶƌĞƋƵŝƌĞĚƚŽƉĞƌĨŽƌŵĂĚŚŽĐƚĞƐƚƌƵŶƐ
Žƌ ĞǆĞĐƵƚĞ ƌĞŐƌĞƐƐŝŽŶ ƚĞƐƚŝŶŐ ŝŶƚĞŐƌĂƚĞĚ ŝŶƚŽ
ƚŚĞĐŽŶƚŝŶƵŽƵƐŝŶƚĞŐƌĂƚŝŽŶĞŶǀŝƌŽŶŵĞŶƚ͘
tŚĞŶ ƚŚĞƚĞƐƚ ĐŽĚŝŶŐ ŝƐ ĨŝŶŝƐŚĞĚ ĂŶĚ Ăůů ƚĞƐƚƐ
ĂƌĞ ďĞŚĂǀŝŶŐ ĂƐ ƐƉĞĐŝĨŝĞĚ͕ ƚŚĞ ĂƵƚŽŵĂƚŝŽŶ
ƚĞƐƚŝŶŐ ĞŶǀŝƌŽŶŵĞŶƚ ĐƌĞĂƚŝŽŶ ƉƌŽĐĞƐƐ ŚĂƐ
ďĞĞŶĐŽŵƉůĞƚĞĚ͘

Ϯ͘ϰ &ŽƌŵĂůdĞƐƚǆĞĐƵƚŝŽŶ
dŚĞĨŽƌŵĂůƚĞƐƚƌƵŶƐĂƌĞĞǆĞĐƵƚĞĚĂĐĐŽƌĚŝŶŐƚŽ
ƉůĂŶ͕ ƌƵŶŶŝŶŐ ƚŚĞ ƌĞůĞĂƐĞĚ ƚĞƐƚƐ ĂŐĂŝŶƐƚ ƚŚĞ
ƌĞůĞĂƐĞĚƐǇƐƚĞŵ͘
dŚĞƐĞĂĐƚŝǀŝƚŝĞƐĂƌĞĨƵůůǇĂƵƚŽŵĂƚŝĐĂŶĚĐŽŶƐŝƐƚ
ŝŶ ƚŚĞ ĞǆĞĐƵƚŝŽŶ ŽĨ Ăůů ƚĞƐƚƐ ǁŚŝĐŚ ĂƌĞ ƚŽ ďĞ
ĨŽƌŵĂůůǇƵƐĞĚĨŽƌƚŚĞĐĞƌƚŝĨŝĐĂƚŝŽŶƌĞĐŽƌĚ͘dŚĞǇ
ĂƵƚŽŵĂƚŝĐĂůůǇ ƉƌŽĚƵĐĞ Ă ƌĞƉŽƌƚ ǁŝƚŚ ƚŚĞ
ǀĂůŝĚĂƚŝŽŶĞǀŝĚĞŶĐĞĂƚƚŚĞĞŶĚŽĨƚŚĞƉƌŽĐĞƐƐ͘
tŚĞŶ ƚŚĞ ĞŶƚŝƌĞ ƐǇƐƚĞŵ ŝƐ ĨŝŶŝƐŚĞĚ͕ Ă ĨŝŶĂů
ĨŽƌŵĂů ƚĞƐƚ ŝƐ ĞǆĞĐƵƚĞĚ ƚŽ ƉƌŽĚƵĐĞ ƚŚĞ
ĚŽĐƵŵĞŶƚĂƚŝŽŶ ƵƐĞĚ ĨŽƌ ĐĞƌƚŝĨŝĐĂƚŝŽŶ
ƉƵƌƉŽƐĞƐ͘ƚƚŚŝƐƉŽŝŶƚ͕ƚŚĞĚĞǀĞůŽƉŵĞŶƚŵƵƐƚ
ďĞ ĨƌŽǌĞŶ ĂŶĚ ƚŚĞ ǀĞƌƐŝŽŶ ƚŽ ďĞ ĨŽƌŵĂůůǇ
ƚĞƐƚĞĚƐŚŽƵůĚďĞƌĞůĞĂƐĞĚ͘
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ĨƚĞƌƚŚŝƐ͕ƚŚĞ ^ǇƐƚĞŵ hŶĚĞƌ dĞƐƚ ŝƐƌĞĂĚǇĨŽƌ
ĐĞƌƚŝĨŝĐĂƚŝŽŶ͕ ďƵƚ ƚŚĞ ĂƵƚŽŵĂƚĞĚ ĞŶǀŝƌŽŶŵĞŶƚ
ĐƌĞĂƚĞĚ ĐĂŶ ďĞ ĐŽŶƚŝŶƵŽƵƐůǇ ƵƐĞĚ ƚŽ ƐƵƉƉŽƌƚ
ĨƵƚƵƌĞ ĞŶŚĂŶĐĞŵĞŶƚƐ ŽĨ ƚŚĞ ƐǇƐƚĞŵ͘ /Ĩ ƚŚŽƐĞ
ĞŶŚĂŶĐĞŵĞŶƚƐ ĐŚĂŶŐĞ ƚŚĞ ĞǆƉĞĐƚĞĚ
ďĞŚĂǀŝŽƵƌƐ Žƌ ŽƵƚƉƵƚƐ͕ ƚŚĞ ĂƵƚŽŵĂƚĞĚ
ĞǆĞĐƵƚŝŽŶ ĞŶǀŝƌŽŶŵĞŶƚ ŵƵƐƚ ďĞ ĂĚĂƉƚĞĚ
ĂĐĐŽƌĚŝŶŐůǇƚŽƐƵƉƉŽƌƚƚŚĞŶĞǁďĞŚĂǀŝŽƵƌ͘

ZĞĨĞƌĞŶĐĞƐ
ϭ 'ƌĂŶƚ:͘DĐŽŶĂůĚ͕zǀŽŶƵĚĞƚƚĞ;ϮϬϭϴͿ͕
ΖDĂŬŝŶŐ ƚŚĞ ŵŽǀĞ ƚŽ /ŶĚƵƐƚƌǇ ϰ͘ϬΖ͕
ƉƵďůŝƐŚĞĚ ŝŶ ĂŶĂĚŝĂŶ ĞĨĞŶĐĞ ZĞǀŝĞǁ
DĂŐĂǌŝŶĞ͕&ĞďƌƵĂƌǇϮϬϭϴ͘
Ϯ ^ĂĚŝŬƵ͕DΘEĞůĂƚƵƌǇ͕^ƵĚĂƌƐŚĂŶΘDƵƐĂ͕
^͘ ;ϮϬϭϳͿ͘ Ζ^ŽĨƚǁĂƌĞ ĚĞĨŝŶĞĚ ĞǀĞƌǇƚŚŝŶŐΖ͕
ϰ͘ϰϴͲϱϬ͘

ϯ͘ ŽŶĐůƵƐŝŽŶ

ϯ Ăůŝƌŝ͕ ͕ ĂƐ͕ Z͕ KƌŝĨŝĐŝ͕ ͕ DĂƌǌŽĐĐĂ͕ W
ĂŶĚ ŽůĞ͕ / ;ϮϬϭϵͿ͕ ΖsŝƌƚƵĂů ĞƐŝŐŶ͕
KƉƚŝŵŝƐĂƚŝŽŶ ĂŶĚ dĞƐƚŝŶŐ ;sKdͿ
ĨƌĂŵĞǁŽƌŬĨŽƌŝŶŶŽǀĂƚŝǀĞƐƵƐƚĂŝŶŵĞŶƚΖ͕ŝŶ
WƌŽĐĞĞĚŝŶŐƐ ŽĨ ƚŚĞ ϭϴƚŚ ƵƐƚƌĂůŝĂŶ
/ŶƚĞƌŶĂƚŝŽŶĂů
ĞƌŽƐƉĂĐĞ
ŽŶŐƌĞƐƐ
;/ϭϴ͗ϮϬϭϵͿ͕DĞůďŽƵƌŶĞ͕ƵƐƚƌĂůŝĂ͕ϮϰͲ
Ϯϲ&ĞďƌƵĂƌǇϮϬϭϵ͕ƉƉ͘ϭϮϮͲϭϮϴ͘

dŚŝƐ ƉĂƉĞƌ ƉƌĞƐĞŶƚĞĚ ĂŶ ŝŶƚĞŐƌĂƚĞĚ ƉƌŽĐĞƐƐ
ĂůůŽǁŝŶŐ KDƐ ƚŽ ĞŶŚĂŶĐĞ ƚŚĞŝƌ ƉƌŽĚƵĐƚ
ĚĞǀĞůŽƉŵĞŶƚ ďǇ ĂƵƚŽŵĂƚŝŶŐ ƚŚĞ ǀĂůŝĚĂƚŝŽŶ
ƉƌŽĐĞƐƐ ĂŶĚ ƚŽ ƌĞĚƵĐĞ ƚŚĞ ƚŽƚĂů ĐŽƐƚ ŽĨ
ŽǁŶĞƌƐŚŝƉ ŽĨ ĐƌŝƚŝĐĂů ƐǇƐƚĞŵƐ ƚŚƌŽƵŐŚ ƚŚĞ
ĂƵƚŽŵĂƚŝŽŶ ŽĨ ƐĞǀĞƌĂů sĞƌŝĨŝĐĂƚŝŽŶ ĂŶĚ
sĂůŝĚĂƚŝŽŶĂĐƚŝǀŝƚŝĞƐ͘

ϰ <ŝŵ͕ĞŽŵͲ^ƵΘ <ŝŵ͕<ŝͲ/ůΘ ^ŚĂŚ͕ĂďĂƌ
Θ ŚŽǁ͕ &ƌĂŶĐŝƐ Θ <ŝŵ͕ <ǇŽŶŐ ,ŽŽŶ͘
;ϮϬϭϵͿ͘‘tŝƌĞůĞƐƐ^ĞŶƐŽƌEĞƚǁŽƌŬƐĨŽƌŝŐ
ĂƚĂ ^ǇƐƚĞŵƐ’͘ ^ĞŶƐŽƌƐ͘ ϭϵ͘ ϭϱϲϱ͘
ϭϬ͘ϯϯϵϬͬƐϭϵϬϳϭϱϲϱ͘

dŚĞ ƵƐĂŐĞ ŽĨ ƚŚĞ ^ǇƐƚĞŵ sĂůŝĚĂƚŝŽŶ &ĂĐŝůŝƚǇ
ĞŶĂďůĞƐ ƚŚĞ ĂƵƚŽŵĂƚŝŽŶ ŽĨ ƚŚĞ ƚĞƐƚƐ ƵƐŝŶŐ
ŚĂƌĚǁĂƌĞͲŝŶͲƚŚĞͲůŽŽƉ͘ dŚĞ ĂƵƚŽŵĂƚŝŽŶŽĨ ƚĞƐƚ
ƐƵŝƚĞƐ ƌĞĚƵĐĞƐ ƚŚĞ ƚŝŵĞ ĂŶĚ ĞĨĨŽƌƚ ƚĂŬĞŶ ƚŽ
ƌĞĂůŝƐĞ ƚĞƐƚ ĐĂŵƉĂŝŐŶƐ ĂŶĚ ĞĂƐĞƐ ƚŚĞ ƉƌŽĐĞƐƐ
ŽĨ ƉƌŽĚƵĐŝŶŐ ĐĞƌƚŝĨŝĐĂƚŝŽŶ ƌĞĐŽƌĚƐ ĂŶĚ
ǀĂůŝĚĂƚŝŽŶ ĞǀŝĚĞŶĐĞƐ͘ dŚĞ ĂďŝůŝƚǇ ƚŽ ƉĞƌĨŽƌŵ
ƌĞŐƌĞƐƐŝŽŶƚĞƐƚŝŶŐŐŝǀĞƐĞŶŐŝŶĞĞƌŝŶŐƚĞĂŵƐƚŚĞ
ƚŝŵĞ ƚŽ ĨŽĐƵƐ ŽŶ ŚŝŐŚ ǀĂůƵĞ ƚĂƐŬƐ ŝŶƐƚĞĂĚ ŽĨ
ƐƉĞŶĚŝŶŐƚŝŵĞƌĞͲƌƵŶŶŝŶŐƚĞƐƚƐƵŝƚĞƐŵĂŶƵĂůůǇ͘
&ĂƵůƚ ŝŶũĞĐƚŝŽŶ Ăƚ ŚĂƌĚǁĂƌĞ ůĞǀĞů ĞŶĂďůĞƐ ƚŚĞ
ƚĞƐƚĞƌ ƚŽ ƐŝŵƵůĂƚĞ ŝŶƚĞƌŶĂů ĨĂƵůƚƐ ŽŶ ƚŚĞ
^ǇƐƚĞŵ hŶĚĞƌ dĞƐƚ ĂŶĚ ĞŶĂďůĞ ƚŚĞ ǀĂůŝĚĂƚŝŽŶ
ŽĨ ŚĂƌĚǁĂƌĞ ďƵŝůƚͲŝŶ ƚĞƐƚƐ ĂƐ ǁĞůů ĂƐ ƚŚĞ
ƌĞĂĐƚŝŽŶƚŽĞƌƌŽƌƐŝŶƐĞƌƚĞĚŝŶĚŝĨĨĞƌĞŶƚƉĂƌƚƐŽĨ
ƚŚĞƐǇƐƚĞŵƐƵĐŚĂƐƚŚĞƉƌŽĐĞƐƐŽƌƌĞŐŝƐƚĞƌƐ͕ƚŚĞ
ŵĞŵŽƌǇ͕ŽƌƚŚĞĂƉƉůŝĐĂƚŝŽŶĐŽĚĞ͘
dŚĞƵƐĂŐĞŽĨĂ^ZhDĂƉƉƌŽĂĐŚŝŶĚĞǀĞůŽƉŝŶŐ
ƚŚĞ ĂƵƚŽŵĂƚĞĚ ĞǆĞĐƵƚŝŽŶ ĞŶǀŝƌŽŶŵĞŶƚ ŝƐ
ďĞŶĞĨŝĐŝĂůĂƐŝƚŵĞĂŶƐĐŚĂŶŐĞĐĂŶďĞŵĂŶĂŐĞĚ
ĂƐ ĂŶ ŝŶƚĞŐƌĂů ƉĂƌƚ ŽĨ ƚŚĞ ƉƌŽĐĞƐƐ ĂŶĚ ĂůƐŽ
ƐŚŽƌƚĞŶƐĨĞĞĚďĂĐŬůŽŽƉ͘

ϱ sĂůĂĚĂƐ͕ '͘ ;ϮϬϭϵͿ͕ ΖtŚŝƚĞ WĂƉĞƌ Ͳ hƐŝŶŐ
ŐŝůĞ ƚŽ ĞǀĞůŽƉ ,ŝŐŚ /ŶƚĞŐƌŝƚǇ ^ǇƐƚĞŵƐΖ
ƉƵďůŝƐŚĞĚ ďǇ ƌŝƚŝĐĂů ^ŽĨƚǁĂƌĞ͕ KĐƚŽďĞƌ
ϮϬϭϵ͘
ϲ ͘ŚĂǀĞƐ͕Z͘DĂŝĂ͕͘ĞůĐŚŝŽƌ͕Z͘ƌĂƷũŽ
ĂŶĚ '͘ 'ŽƵǀĞŝĂ ;ϮϬϭϴͿ͕ Ζ<ŚƌŽŶŽ^ŝŵ͗ 
WůĂƚĨŽƌŵĨŽƌŽŵƉůĞǆ^ǇƐƚĞŵƐ^ŝŵƵůĂƚŝŽŶ
ĂŶĚdĞƐƚŝŶŐΖϮϬϭϴ/ϮϯƌĚ/ŶƚĞƌŶĂƚŝŽŶĂů
ŽŶĨĞƌĞŶĐĞ ŽŶ ŵĞƌŐŝŶŐ dĞĐŚŶŽůŽŐŝĞƐ
ĂŶĚ &ĂĐƚŽƌǇ ƵƚŽŵĂƚŝŽŶ ;d&Ϳ͕ dƵƌŝŶ͕
ϮϬϭϴ͕ƉƉ͘ϭϯϭͲϭϯϴ͘


/Ŷ ĨƵƚƵƌĞǁŽƌŬ͕ ƚŚĞ ƌŝƚŝĐĂů ^ŽĨƚǁĂƌĞ’Ɛ ^ǇƐƚĞŵ
sĂůŝĚĂƚŝŽŶ &ĂĐŝůŝƚǇ ĂŝŵƐ ƚŽ ƵƐĞ ƌƚŝĨŝĐŝĂů
/ŶƚĞůůŝŐĞŶĐĞ ƚŽ ŐĞŶĞƌĂƚĞ ƚĞƐƚ ĐĂƐĞƐ ƚŚĂƚ ǁŝůů
ƐŝŵƉůŝĨǇƚŚĞƚĞƐƚ ƐƉĞĐŝĨŝĐĂƚŝŽŶ ĂĐƚŝǀŝƚǇ ĂŶĚƵƐĞ
ƌƚŝĨŝĐŝĂů /ŶƚĞůůŝŐĞŶĐĞ ƚŽ ĚĞǀĞůŽƉ ƚĞƐƚ ĚĂƚĂ ĨŽƌ
ƵƐĞĂƐŝŶƉƵƚǀĞĐƚŽƌƐŝŶƚĞƐƚĐŽĚŝŶŐĂŶĚĚƌǇƌƵŶ
ĂĐƚŝǀŝƚŝĞƐ͘
ĂƐĞĚ ŽŶ ƚŚĞ ĞǆƉĞƌŝĞŶĐĞ ŽĨ ƐŽŵĞ ŽĨ ŽƵƌ
ĐůŝĞŶƚƐ͕ƚŚŝƐƉƌŽĐĞƐƐƌĞĚƵĐĞĚƚŚĞdKŽĨĐƌŝƚŝĐĂů
ƐǇƐƚĞŵƐďǇƵƉƚŽϱϬй͘
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Abstract: The purpose of this paper is to show an integrated Job Process architecture that allows
executing heavy jobs that can be parallelized at process level without the need to use complete Big
Data Architecture. This solution can be seamlessly integrated into any Data Centre, be it in a Linux or
Windows environment. PostgreSQL is shown as the system to coordinate the workflow of execution of
these processes.
1

Key words: Job, Process, PostgreSQL , Parallelization, Batch processing
Introduction
The flight test world has to deal with large
amounts of information coming from test activity
recordings, which needs to be analysed in different ways. Many of the analysis involve heavy
computational processes that take long periods
of time, and are repeated many times with different sets of data. When there are a high number of test activities that need to be processed,
it can take many days to get the results.
There are many Big Data and cloud computing
2
platforms like Hadoop YARN or Microsoft Az3
ure Batch that could handle these processes,
but there could be some downsides: complex,
expensive and cloud dependent that may not
be allowed when it comes to military data.
The Job Process architecture proposed enables
the parallelization of data analysis processes on
a virtualized computing platform to accelerate
results and report generation.

Figure 1. Job Process Architecture

Here, we can identify some definitions:


JOB: A group of tasks that could have
a specific order of execution.



TASK: The minimal piece of analysis,
performed by a console executable
process.



NODE: A Windows/Linux computer
connected to the same network, running a “Job Process” Windows Service
or Linux Daemon for task queue execution.



Parallelizable App: Any app accessible from the “local” network such as
Matlab or Python processes that can be
run in console mode, receives an ar4
gument in JSON for the inputs, and
generates results unattended.

Job Process Architecture
To provide a simple solution, we propose to
create a task queue in a database that will run
on a set of virtual machines connected to the
“local” network.
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FxS Dataserver: Provides access to
test activity recordings.



DataSet DB: The system provides a
database to store task results.

The core of this architecture is the service/daemon running on the Nodes. It will periodically query the database for available task
that comply with a set of rules. Once a task is
found, it will be locked down to avoid double
execution and if lock is granted, the executable
process associated to the task will be run in the
node. Once the task is completed, its status is
updated on the database and the service will
continue looking for new tasks.

TASKEXECUTIONS

Used as a locking mechanism to prevent multiple nodes executing the same task. An index on
TaskId, Status and Attempt fields, ensures that
only one Node will be able to lock the task for
execution.
TASKOUTPUTS

Stores the standard output of the task process if
any. It could be useful to trace execution errors.
TASKPREDECESSORS

Defines the order of execution of tasks for a
given Job.

Database structure
Figure 2 shows the tables used to handle the
Jobs scheduling and processing.

Figure 3. Task Precedence example

Figure 3 illustrates an example of the order of
task execution on 3 nodes with predecessor
tasks defined. This is what happens in the first
iteration:
Figure 2 Job Process Database diagram
JOBS

Defines groups of tasks requested by a User
with a specific priority level.

Task1 has no predecessors so it will be the first
executed task by node 1.
Node 2 will try to execute Task 2, but it needs that
Task 6 be executed first so, it will run Task 6.
Node 3 will check Task 3, which needs Task 7 to be
executed first, and it also needs Task 8 to be executed first, so it will run Task 8.

Each of the processes that comprise the Job,
with information to run the process and properties that deterime when and where this task will
be executed.

The same process continues in the next iterations, if the Task has a predecessor, it will try to
run that task instead. If a task is set as Final, it
won’t run until all other tasks are completed.
Also, if there is an Initial task, no task will be ran
until that task execution has finished.

POOLS

NODES

It allows the reservation of a set of computers
for the execution of specific tasks, generally for
any type of analysis that should have priority
over any other task.

The Windows service / Daemon installed on the
Nodes stores information about the characteristics and status of the Host in this table. It is
used by the Job Monitor Service to detect
blocked tasks or nodes.

TASKS
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NODESTATISTICS

Used by Job Monitor Service to store information about task execution performance to
generate statistical reports.
API

The System exposes an API that allows users
to develop tools to manage and request Job
execution.
It also allows gathering information about the
system and the status of jobs, tasks and nodes.
JOBPROCESS Service / Daemon
This is the core of the architecture. It is a service that can be installed on any computer connected to the local network. It turns it into a
Node that will start looking for tasks to run,
making system scalability really simple.

Figure 4 Service/Daemon workflow

The service queries the database every 10
seconds looking for a task suitable to execute.
FAIL CHECKS

Since the tasks that make up the jobs are external processes to the system architecture, we
must bear in mind that these tasks may not
work correctly, and some node may be blocked
for uncontrolled reasons, so the system must
be prepared to handle these situations.
Every task has 3 attempts to complete on the
node that has picked it. If it continues to fail, a
different node will try to run it once. This is to
discard the issue is related to the node. The
TaskOutputs table contains information about
the task execution and could help to investigate
issues.

Job Monitor service reverts the results to clear
any incomplete data.
JOB MONITOR Service
This service runs in the computer where the
API is hosted and it is responsible of system
health monitoring.
Its main functions are:
1. Gather Node task execution statistics
every minute.
2. Monitor and reset tasks running on
nodes that has been unresponsive for
more than 40 seconds, and rollback
partial results.
3. Restart blocked nodes (available for
VMWare virtual machines).
Conclusion
The Job Process System Architecture can be
easily implemented to allow scheduling heavy
computational tasks such as flight data analysis. Also, it can be used to run any kind of task
that involves an unattended console App with
JSON inputs.
Nodes can be created either with physical or
virtual devices increasing the parallelization
capacity to reduce Job execution times. Installation of the JobProcess service/daemon turns
any computer connected to the system network
into a node that will execute tasks.
Providing “intelligence” to nodes instead of having a task dispatcher makes the system simpler
and easier to scale, and having a distributed
architecture, a critical point of failure is avoided.
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When using the system DataSet database to
store the results, if a task fails to execute, the
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Abstract
Telemetry ground stations have to ensure missions with always growing complexity (reception from
various data provider, increase of data load, distribution on several sites) making them more and more
expensive to maintain. Their refurbishment is usually carried out by successive iterations in order to
reduce costs and secure the integration of new hardware and software bricks. One major consequence
is the appearance of heterogeneous data formats representing the same telemetry data (CH10 packed,
unpacked, PCM Data + Clock, raw PCM over IP, TMoIP, Hardware proprietary format, etc.). This article
describes architectures and methods we implemented in order to assure the most efficient BSS / BSC
processing of those heterogeneous data formats with various data quality factors (as DQM, DQE), time
desynchronization of the sources, allowing to provide, as a selection or as a combination of telemetry
data, the best telemetry stream to the end user.
Key words: Telemetry, Best Source Selector, Best Source Combination, Ethernet, Time
Synchronization, Software Frame Sync
Introduction
For more than a decade, telemetry data formats have evolved as much on board as on ground
installation. New data encapsulation formats have emerged (CH10, CH7, TMoIP, IENA, AFDX,
Hardware proprietary format, etc.); transmission protocols have also evolved to come closer to standard
network formats (TCP / IP, UDP / IP). Telemetry systems are complex installations which must be able
to adapt to these changes without compromising their general architecture.
Telemetry Range with distributed architecture are connected through Ethernet network and Analog
signals have been reduced to the minimum length. Ethernet assets are obvious: Standard cable
connectors, worldwide protocol for data transfer from & to anywhere. That has been a great opportunity
to reduce the cost of the telemetry installation with distributed architecture.
Large Telemetry Ranges with several remote sites have to proceed to Best Source Selection (or Best
Source Combination) to ensure to get in real time the best telemetry stream without interruption and at
any position of the target to track. To do this, it is required to concentrate all telemetry streams to the
Telemetry Data Centre and this whatever the data format proposed by the hardware. Nowadays,
installations evolve from Analog signal transmission to Ethernet transmission through mux / demux
equipment. However, these evolutions can be expensive, they must therefore be able to be carried out
iteratively, to reduce the cost but also to ensure a simpler validation of the modifications as well as to
preserve the operational continuity of the installations. Nevertheless, BSS/BSC has still to be done from
any Antenna on the range. Currently, Most of the Telemetry Ground Station equipment (receivers,
decom stations) provide Ethernet outputs. However, the Ethernet protocol is not always following a
standard and can be based on a proprietary Ethernet format.
BSS/BSC, which has to manage all these streams (Ethernet, Data+Clock, etc.), needs first to
standardize the inputs in a common data format before proceeding to the Best Source Selection or Best
Source Combination Algorithm.
This paper presents:
Ͳ

The most common PCM formats and quality factors

Ͳ

The different packet transmission methods

Ͳ

The BSS/BSC architecture that NEXEYA experimented
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Ͳ

Some practical cases

A conclusion based on the case study results
Most common PCM format and quality factors
PCM CH4 Streams Description:
PCM CH4 are defined as follow:

Figure 1: PCM CH4 format

PCM Packet Timestamp
PCM packets can be dated in several ways:
Ͳ

Packets are dated when the frame is transmitted. For example, each short cycle contains reserved words
containing its timestamp

Ͳ

Packet are timestamped by reception hardware. The reception equipment adds a proprietary dating
header. This format may differ from one supplier to another.

Quality Factors
Generally, raw PCM frames do not contain any quality factor. It is however possible to calculate, using
to the content of the minor frame, some quality factors using the following information:
Ͳ

Number of bits in error on the synchronization word

Ͳ

SFID value

Ͳ

Parity errors on PCM words

Ͳ

Calculation and verification of a CRC present in the cycle

Ͳ

…

CH10 PCM Streams Description:
PCM Packet in CH10 streams are defined as follow:

Figure 2: PCM Packet in CH10 format

Three different transmission modes are available in CH10 mode
Ͳ

Pack

Ͳ

Unpacked

Ͳ

Throughput

PCM Packet Timestamp
The PCM packets are timestamped using a 48 bits counter (100 ns precision)
The PCM packets are timestamped using the optional header “Intra Packet Time Stamp”. If the header
is missing, the packet is timestamped using the last received “Time Packet”. If both packets are present,
a correlation can be made to ensure data synchronization.
Quality Factors
Generally, PCM packets in CH10 streams do not contain any quality factor. It is however possible to
calculate, using to the content of the minor frame, some quality factors using the following information:
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Ͳ

Number of bits in error on the synchronization word

Ͳ

SFID value

Ͳ

Parity errors on PCM words

Ͳ

Calculation and verification of a CRC present in the cycle

Ͳ

…

CH7 PCM Streams Description:
CH7 is an encapsulation of CH10 streams and proprietary network streams. The PCM data is generally
sent in CH10 packets
TMoIP (IRIG 218-10) Streams Description:
TMoIP (IRIG 218-10) are defined as follow:

Figure 3: TMoIP Packet Format

Packet Timestamp
The TMoIP (IRIG 218-10) packet format does not contain any clock information that would be useful in
reconstructing the PCM output at the receiving device. The standard makes a reference to using the
IETF RFC 1889 Real Time Protocol (RTP) to provide clock recovery support for TMoIP (IRIG 218-10).
The required RTP header fields are shown in the following figure and the IRIG 218-10 packet is placed
in the payload of the RTP packet.

Figure 4 : RTP Header for IRIG 218-10 timestamp

Quality Factors
The TMoIP (IRIG 218-10) implements Data Quality Encapsulation (DQE) standard and Data Quality
Metrics (DQM) standard as described in IRIG 106 Chapter 2 Appendix G9.

Figure 5: DQE format

The data payload is prefixed by a header including a synchronization word (0xFAC4), a version and the
Data Quality Metrics (DQM).
TMoIP (IRIG 218-20) Streams Description:
TMoIP (IRIG 218-20) are defined as follow:

Figure 6 : IRIG 218-20 Header Format

Packet Timestamp
TMoIP (IRIG 218-20) are timestamped using a 64-bit timestamp in PTP format:
Ͳ

32-bit seconds field

Ͳ

30-bit nanoseconds field

Ͳ

Timestamps are relative to 00:00 01 Jan 1970

Quality Factors
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The TMoIP (IRIG 218-10) implements DQE standard and DQM standard as described in IRIG 106
Chapter 2 Appendix G9.

Figure 7: DQE format

The data payload is prefixed by a header including a synchronization word (0xFAC4), a version and the
Data Quality Metrics (DQM).
PCM Ethernet Streams Description:
Ethernet is a wide world with open protocol and data format. This is the same with Ethernet PCM
streams, different data normalization are available. This section introduces the Major cases.
Here is the standard format of a PCM Ethernet Message:

Figure 8: Example of Ethernet UDP message

IP/UDP header will not be explained here; only payload has interest. It is generally formatted according
to manufacturer’s Telemetry receiver, or following a standard (UDP Ch10, Ch7, iNet, PCM over
Ethernet…).
Generally, the UDP payload consists in the following data:

Figure 9: Example of UDP/IP payload

Common PCM Information:
The packet Timestamp
The quality factors (if provided)
The PCM stream
Packet Timestamp
Packet Timestamp is mandatory as Ethernet is non-deterministic protocol. Therefore, The Ethernet
source of the PCM stream needs to have timestamped the packet before sending it on the Network.
Quality Factors
Quality factors also depends on the Ethernet Source. These information depend on the ability of the
receiver. Generally, we have to deal with AGC, Eb/N0, and Lock Status.
Finally, Each Manufacturer sends the PCM data stream in a dedicated format with its own positioning &
its own format (integer, float, double format…). It is then necessary to apply the right process to extract
all the required information.
PCM Packet Data Transmission:
Three possibilities of PCM stream transmission are possible:
Ͳ

Unpacked

Ͳ

Packed

Ͳ

Throughput

Unpacked mode is a synchronized data flow with PCM word set on a 16-bit or 32-bit word container
with additional padding. Therefore, to manage this stream it is necessary to know the word container
size and the alignment (right or left).
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Figure 10: PCM Unpacked format

PCM word on 16-bit word container
Packed mode is a synchronized minor frame put on a 16-bit or 32-bit payload size. So Additional bits
are added at the end to complete the minor frame on a 16-bit or 32-bit full size frame.

Figure 11 PCM Packet format

Throughput mode is used by telemetry receivers, which are not composed of a Frame Sync. So digital
data are provided directly from the Bitsync Output and the stream is a raw data stream which could still
be encrypted and not synchronized.

Figure 12: PCM Throughput format

These three formats can be possible in the Ethernet output stream of a TM station and in order to
compare the contents, it is first required to standardize the format before proceeding to BSS.
BSS / BSC Architecture
With these PCM stream formats, it is now possible to determine the different required tasks to define a
BSS / BSC with an architecture able to manage these heterogeneous streams. Regarding the previous
chapter an architecture based on three layers is adequate:

Figure 13: BSS / BSC Architecture

Proprietary Protocol layer is in charge of extracting the required information for the BSS from specific
data format:
Ͳ

Timestamp

Ͳ

PCM stream

Ͳ

Quality factor (if provided)
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This layer will be specific depending on the provider (manufacturer) of the telemetry source. There will
be as much Proprietary Protocol layer module as manufacturers.
Software Frame Sync layer will have three goals:
Ͳ

Proceed to the frame sync on throughput data

Ͳ

Reformat extracted data (unpacked, packed, throughput) for suitable comparison in BSS

Ͳ

Compute the quality factors based on the minor frame data (parity, synchronization word error
bits, etc.).

Using the Software Frame Sync will sort the data in a common format to make data easy to compare
for BSS.
Parameters input of this frame sync are
Ͳ

The PCM format (FS size, MF size, mf size, word size etc…)

Ͳ

The Word mapping (Word container size: 16 or 32 bits, MSB or LSB…)

Ͳ

PCM payload buffer

Ͳ

Timestamp of the buffer

Ͳ

Format of the quality factors provided (DQM, EB/N0, Parity, Synchronization word bit errors,
etc.)

From these inputs, the soft frame sync will provide a timestamped and qualified standardized output.
The interest of the Software Frame Sync is that any kind of data format can be managed: Throughput
data, PCM words from 3 bits to 32 bits, swapped or not, MSB or LSB…
Finally, the output is always in the same format: MSB PCM throughput data.

Figure 14: Reformatting data example

Figure above shows the reformatting of a 12 bits PCM word packed stream. The output holds the same
data but in a different way that will be comparable with the other sources.
Once this part is complete, the BSS will always work on standardized data streams.
BSS can then be applied on all the sources received, as they are now comparable. Additional Quality
factors extracted from the proprietary layer can help to the decision following the criteria and the
weighting associated to these factors. Each minor frame is timestamped and with SFID information, it is
possible to time align the different sources and proceed to BSS algorithm.
Figure below shows an example of a PCM stream comparison from three heterogeneous sources.
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Figure 15: PCM Stream comparison/combination

In this example, the three sources are carrying the same PCM stream but in heterogeneous format.
Proprietary layer extracts the PCM stream information and the TGS quality factors. Software Frame
Sync formats the PCM streams in comparable data frames, extract frame quality factors so it is possible
to compare it in the BSS. All the minor frames are timestamped and can be compared bit to bit with the
standardized weighted quality factors.
Packet Synchronization
The main challenge we had to deal with was the packet synchronization: Ethernet protocols are buffered
and non-deterministic. The propagation time of the telemetry signals is dependent on the varying
distance between the mobile and the antenna, thus causing varying delays. If there is no information
available on the PCM data to timestamp and evaluate this delay, BSS/BSC architecture could produce
invalid results if the delay is greater than a long cycle duration.

Figure 16: Example of receiving time desynchronization

Most of telemetry systems timestamp the data at receiving time, PCM frames must include some
identification parameters (SFID, counters, etc.) to be able to synchronize and compare the short cycles.
Figure below presents an example of synchronization using timestamps and SFID values.
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Figure 17: Example of synchronization algorithm using timestamps and SFID values

Practical case
To validate this model, several architectures have been tested with good results.
The Three layers BSS have been implemented in MAGALI Telemetry Software used as the telemetry
data software.
The first practical case is based on Telemetry receivers sending proprietary Ethernet Output in
throughput mode which are connected to MAGALI decom station. Each Telemetry Receiver sends three
Ethernet Outputs (LHCP / RHCP / Combined) at 30 Mbps to the MAGALI telemetry software.
The decom station had to produce a QLM (Quick Look Message) stream. This is an Ethernet message
(50Hz) composed of selected Telemetry parameters (filtered from ICD).

Figure 18: 30Mbps streams / QLM Output

The Telemetry Stream is a 30Mbps PCM-FM with 50 µs minor frames.
The tests have been done on Core i7-6700@3.4GHz CPU. CPU Load was around 20% for the six
streams with a 130 Mbps Ethernet Load. Delay measurement was around 60ms with a deviation of 30
ms.
Tests have shown that this solution ensures signal continuity over long distances by defining the best
time to switch from one source to another automatically.
The second practical case is based on three heterogeneous sources as shown in figure below. The
system had to generate the best Ch10 unpacked telemetry stream. The sources came from several
installation on the range.
Ͳ

A new receiver able to provide TM throughput signals in Ch10 format

Ͳ

A MAGALI TGS front end which provides Frame synchronized data blocks

Ͳ

A PCM source which has been upgraded few years ago with a PCM to Ethernet Module to
broadcast telemetry over Ethernet. This source was a redundant source in case of failure as
there is no other quality factor than Frame sync Lock.
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Figure 19: Heterogeneous sources

The bit rate in this case does not exceed 10Mbits but the interesting aspect is the heterogeneous
sources as PCM inputs. Even if the complete installation has not been upgraded with the same hardware
interfaces, the Ethernet BSS is able to manage the different kind of inputs. Therefore, end customer did
not have to buy other hardware to manage the different inputs. Time delay has not been measured for
this project, nevertheless the system was performant and delay was not exceeding 200ms to provide
the Ch10 stream in real time.
The best source selection algorithm used in this case (with 3 systems) allows to correct the frames and
obtain 42% of corrected bits compared to a single-stream system (20 % in term of corrected frames).
The third practical case is based on four heterogeneous sources as shown in figure below. The
sources came from: two receivers sending TMoIP (IRIG 218-10) streams and a MAGALI TGS front end
which provides 2 frames of synchronized data blocks.

Figure 20: TMoIP and PCM DATA+CLOCK

The bit rate in this case is 20Mbits but the interesting aspect is the heterogeneous sources as PCM
inputs and the heterogeneous format of quality factors (DQM for TMoIP, and frame quality factors for
PCM DATA+CLOCK). The MAGALI system had to compute standardized quality values to permit the
BSS/BSC module to perform selection and/or combination.
The combination algorithm used in this case (with 4 systems) allows to correct the frames and obtain
50% of corrected bits compared to a single-stream system (30 % in term of corrected frames).
Conclusion
The BSS/BSC architecture is a good answer to:
Ͳ

The prolific Ethernet PCM format that all the manufacturers can propose.

Ͳ

The management of heterogeneous sources in case of a partial update of an existing
installation.

This solution is a low cost investment as it is only software based. Moreover, the three layers architecture
provides a flexible model in case of new format management, only the first layer has to be upgraded
with a new plugin in order to manage the new format. Software Frame Sync & BSS Layer remain the
same once the information are provided.
The BSS/BSC algorithms allows to correct the frames and obtain from 42% to 50 % of corrected bits
compared to a single-stream system (20 % to 30 % in term of corrected frames).
The constraint of this architecture is that the packets are timestamped using different formats and
packets can be sent with a variable delay (as an example, Ethernet is a non-deterministic protocol). The
BSS/BSC architecture must ensure that:
Ͳ

The packets must be timestamped using a standard format.
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Ͳ

The packet synchronization: the BSS must compare (and then combine or select) full
synchronized packets using timestamps and counters extracted from the frames (SFID for
example).

Another constraint of this architecture is in case of encrypted data, throughput data cannot be compared
with synchronized data. It is necessary to decrypt all the data before using this method or to compare
only encrypted throughput data based on a random sync pattern.
If all the streams are encrypted using the same algorithm, another solution would be to transmit these
streams to the BSS / BSC module. In this case, a bit correlation could be applied in order to synchronize
the frames. This mechanism, which consumes a lot of processor time, could be transferred to external
processors (GPU for example)
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Abstract
To protect telemetry from antenna masking during flight tests, two antennae must be used on-board.
To avoid phase opposition of the two transmitted signals at reception, frequency diversity has been
used for decades. However with spectrum auctions this technique is no longer compatible with the
requirement of higher bit rate. To overcome this issue, well-known modulation format like COFDM
may be used at the expense of power efficiency, with few constraints on antennae position. IRIG-106
standard proposed also SOQPSK-TG STC which is efficient both in power and in spectrum at the
expense of the antennae position. To demodulate this format a dual-trellis solution has been proposed based on XTCQM representation [1] with results very close to SISO as far as distance between
antennae does not exceed half bit delay. Therefore this decoding scheme is a hard decision scheme
and consequently is less power efficient when a FEC such as LDPC is used. In this paper a new decoding scheme will be presented with soft decision outputs to increase power efficiency, and with a
better tolerance to differential delay.
Key words: Flight test, spatial diversity, Space time coding, telemetry.
Introduction
Transmitting real-time telemetry with low latency on aeronautical channel is very demanding.
The data link has to be error free on at least
four different channel models from high Doppler
spread take-off fading channel to low SNR far
flight channel [1]. Spectrum auctions constrain
even more the data link pushing it to C band
and requiring spectral efficiency to transmit up
to 20Mbps to meet market demand. A first
waveform based on COFDM meeting all these
requirements has been proposed [1][2] to
transmit telemetry from commercial aircraft.
However for small aircraft or for carriers with
little power available, the amplifier back-off required by COFDM could be incompatible with
mission requirements. For such missions
SOQPSK-TG combined with equalization techniques can meet power and spectral efficiency
on channel with moderate frequency selectivity
[3]. However under certain aircraft to ground
station geometries, antenna masking occurs,
leading to link outage. A MISO hard bit scheme
Alamouti like has been proposed [4] to mitigate
the shadowing and the associated differential
delay based on XTCQM decomposition of STCSOQPSK-TG waveform. In this paper a new
low resource decoder with soft output and its
performances will be presented.
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IRIG-106 STC-SOQPSK-TG
IRIG-106 has standardized constant envelope
waveforms with ever increasing spectral efficiency enabling use of power amplifier at saturation

Fig.1 IRIG-106 waveforms comparison

However to prevent data link from on-board
antenna masking outage, dual antennae (MISO) transmission is required to ensure errorfree telemetry transmission, and SOQPSK-TG
features an interesting trade-off between spectral efficiency with an occupied bandwidth of
0.78*bit rate and power efficiency thanks to its
4dB synchronization level and its performance
when coupled to an ARJA LDPC FEC [5].
Combining SOQPSK-TG and MISO space diversity is however not straightforward as modu-
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lation is not linear and antenna spacing onboard induced a differential delay at reception
which is not compatible with Alamouti scheme.
In [6] an Alamouti like scheme has been proposed, and a SOQPSK-TG space time decoder
based on XTCQM representation given. This
scheme has been standardized by IRIG-106
group [7] enabling telemetry transmission with a
high quality of service whatever the aircraft to
ground station geometry.

Fig.2a Miso scheme with differential delay

Fig.3 STC detection performance vs differential time
delay

Consequently, the ability to decrease degradation related to differential delay could be a way
to relax constraints on antennae position or to
increase telemetry rate with the same position
constraints. Another constraint of the differential
delay on the XTCQM LS decoder [4][6] is it
requires to implement two trellis, which increases its complexity.
STC PAM LS decoder
In [9] a new PAM decomposition was proposed
by Othman, STC signal can then be written as
�
�
𝑠𝑠� (𝑡𝑡) ≈ ∑� 𝜌𝜌�,�� 𝑤𝑤� (𝑡𝑡 𝑡 𝑡𝑡𝑡𝑡𝑡) − 𝜌𝜌�,���� 𝑤𝑤� (𝑡𝑡 𝑡 𝑡𝑡𝑡𝑡𝑡 𝑡 𝑡𝑡) +
�
�
�∑� 𝜌𝜌�,���� 𝑤𝑤� (𝑡𝑡 𝑡 𝑡𝑡𝑡𝑡𝑡 𝑡 𝑡𝑡) − 𝜌𝜌�,�� 𝑤𝑤� (𝑡𝑡 𝑡 𝑡𝑡𝑡𝑡𝑡)�

(2)

Where :
Fig.2b STC on-board modulator

𝑝𝑝 𝑝 𝑝𝑝𝑝𝑝𝑝 is the on-board antenna number
�

𝜌𝜌�,� = �
�

𝜌𝜌�,� = �

Fig.2c Bit level STC encoder

As can been noticed on fig.3 the tolerated differential delay is strictly limited to one bit, and a
noticeable BER degradation occurs at half a bit
period. Taken into account plane geometry and
constraints on antennae location, a direct consequence of this limitation is a limitation of the
telemetry rate which cannot be higher than
(1)

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅
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𝑏𝑏� and 𝑏𝑏� are ith bits feeding respectively
channel 0 and 1 encoded accordingly to fig2.C
𝑤𝑤� (𝑡𝑡𝑡 and 𝑤𝑤� (𝑡𝑡𝑡are shaping pulse given in [9]
and fig.4

𝑐𝑐
2𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷

Where Dant is the distance between antennae,
considering differential delay due to on-board
cables has been perfectly compensated.
Fig.4 DBD Pulse shape
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On ground antenna I the signal received is
𝑟𝑟� (𝑡𝑡𝑡 𝑡 �ℎ�,� 𝑠𝑠� �𝑡𝑡 𝑡 �𝑡𝑡�,� � + ℎ�,� 𝑠𝑠� �𝑡𝑡 𝑡 �𝑡𝑡�,� ��𝑒𝑒 ������ �
+ 𝑧𝑧� (𝑡𝑡)

(3)

Where
ℎ�,� is the LOS channel complex gain between
antenna p and antenna I

�𝑡𝑡�,� is propagation delay between antenna p
and antenna I and �𝜏𝜏� = �𝑡𝑡�,� − �𝑡𝑡�,�
�𝑓𝑓� frequency offset, 𝑧𝑧� (𝑡𝑡) additive noise

In Miso scheme I=0, considering perfect carrier
synchronization and combining (2) and (3) received signal after ADC could be written

𝑟𝑟� (𝑛𝑛)

Then the following likelihood function is considered
𝛬𝛬�𝑆𝑆� =

(���)/�

�

���

����

�� (�� � )

�
ℎ� �� 𝜌𝜌�,�
𝑤𝑤� (𝑛𝑛𝑛𝑛 �

�
� 𝜌𝜌�,�
𝑤𝑤� (𝑛𝑛𝑛𝑛 �

− 𝑖𝑖𝑖𝑖𝑖 �𝜏𝜏) +
− 𝑖𝑖𝑖𝑖𝑖 �𝜏𝜏)�
�������������������������������������
�
�
�� (�� � ���)

+ 𝑧𝑧𝑧𝑧𝑧𝑧𝑧 � )

(4)

Where 𝑇𝑇 � is sampling time. As shown on fig.4
shaping pulse lasts more than T, consequently
intersymbol interference remains and has to be
filtered. Optimal detection filter is discussed in
[10], after filtering and sampling of two TX
channels samples can be written using (4) accordingly to Fig.5:
�

�
�
𝑤𝑤
�� (𝑖𝑖𝑖𝑖) + ℎ� 𝜌𝜌�,��
𝑤𝑤
�� (0)
𝑦𝑦(4𝑘𝑘) ≈ ℎ� � 𝜌𝜌�,����
����

�

�
+ ℎ� � 𝜌𝜌�,����
𝑤𝑤
�� (𝑖𝑖𝑖𝑖𝑖 �𝜀𝜀𝜀𝜀)

(�) �

(��) �

� � � ��𝐵𝐵�,� � + �𝐵𝐵�,� � ��

(7)

�
�
≈ ℎ� �� 𝜌𝜌�,�
𝑤𝑤� (𝑛𝑛𝑛𝑛 � − 𝑖𝑖𝑖𝑖) + � 𝜌𝜌�,�
𝑤𝑤� (𝑛𝑛𝑛𝑛 � − 𝑖𝑖𝑖𝑖)�
�������������������������������
�
�

+

Fig.5 STC SOQPSK-TG decoder

Where
(�)

�
𝐵𝐵�,� = 𝑦𝑦(4𝑛𝑛 𝑛 𝑛𝑛) − ℎ� �∑����� 𝜌𝜌�,������
𝑤𝑤
� � (𝑖𝑖𝑖𝑖) +
�
�
�
𝜌𝜌�,���� 𝑤𝑤
�� (0)� − ℎ� �∑���� 𝜌𝜌�,������ 𝑤𝑤
� � (𝑖𝑖𝑖𝑖𝑖 �𝜀𝜀𝜀𝜀) +
�
𝜌𝜌�,����
𝑤𝑤
�� (−�𝜀𝜀𝜀𝜀)�

(8)

(��)
�
𝐵𝐵�,� = 𝑦𝑦�� (4𝑛𝑛 𝑛 𝑛𝑛) − ℎ� �∑����� 𝜌𝜌�,������
𝑤𝑤
� � (𝑖𝑖𝑖𝑖𝑖
�
�𝜀𝜀𝜀𝜀) + 𝜌𝜌�,����
𝑤𝑤
�� (�𝜀𝜀𝜀𝜀)� −
�
�
ℎ� �∑����� 𝜌𝜌�,������
𝑤𝑤
� � (𝑖𝑖𝑖𝑖) + 𝜌𝜌�,����
𝑤𝑤
�� (0)�

(9)

The ML estimate is then
𝑆𝑆� = argmin 𝛬𝛬�𝑆𝑆�
(10)

�

Where 𝑆𝑆� = [𝑏𝑏��

𝑏𝑏����

𝑏𝑏����

𝑏𝑏���� ]

Thus the more likely underlying LLR sequence
can be estimated with SOVA algorithm using a
16 states trellis (Fig.5 & 6)

����

�
+ ℎ� 𝜌𝜌�,��
𝑤𝑤
�� (−�𝜀𝜀𝜀𝜀) + 𝑛𝑛�(4𝑘𝑘𝑘𝑘𝑘

(5)
�

�
𝑦𝑦�� (4𝑘𝑘) ≈ ℎ� � 𝜌𝜌�,����
𝑤𝑤
�� (𝑖𝑖𝑖𝑖𝑖 �𝜀𝜀𝜀𝜀)
����

�
+ ℎ� 𝜌𝜌�,��
𝑤𝑤
�� (�𝜀𝜀𝜀𝜀)
�

�
𝑤𝑤
�� (𝑖𝑖𝑖𝑖)
+ ℎ� � 𝜌𝜌�,����
����

�
+ ℎ� 𝜌𝜌�,��
𝑤𝑤
�� (0) + 𝑛𝑛�(4𝑘𝑘𝑘𝑘𝑘 �𝜀𝜀𝜀𝜀𝜀

(6)

Where 𝑤𝑤
�� is filtered pulse shape, 𝑛𝑛� is z filtered,
and �𝜀𝜀 is nearest integer from �𝜏𝜏𝜏𝜏𝜏
The European Test and Telemetry Conference – ettc2020

Fig.6 STC-SOQPSK-TG DBD trellis

213

DOI 10.5162/ettc2020/7.2

Instead of trellises derived from XTCQM decomposition [4], it should be noticed that the
expressions (8) and (9) remains unchanged
whatever the sign of the differential delay between channels, consequently a unique trellis
has to be implemented in the decoder instead
of two. Moreover considering (8) and (9) and
taken into account that each STC symbol is a
block of 4 bits, 2048 sub-metric should be computed to decode at bit level, however developing (8) and (9) as a function of the branch bits
leads to consider only 320 sub-metric [10]
against 480 in [4]. It could also be noticed that
on AWGN channel at high SNR regime DBD
PAM decoder outperforms XTCQM decoder of
more than 1dB at BER 10E-6 for a 0.4 differential delay.

STC PAM LS soft decision decoder
Soft decisions may be extracted thanks to
MAX-log-MAP equivalent SOVA for non binary
codes [12]. The classical approach to estimate
the underlying bit sequence and its soft information consists then in making a full trellis
search up to a certain depth δ and then performing a trace-back loop, which means, for the
proposed trellis, to calculate 256 metrics and to
store 256 δ reliability values. Instead of extending all states from one symbol time to the next,
a suboptimal technique in [11] consists in extending only the M best states, which is called
M-algorithm. Othman in [8] proposed to adapt it
to its non-binary STC 4 bits, which leads to
calculate 16.M branch metrics.

Fig.8 STC M-algorithm AR4JA BER vs M parameter
Fig.6 BER proposed decoder vs XTCQM decoder

To estimate optimal M value decoder has then
been simulated on AWGN channel in combination with IRIG-106 AR4JA LDPC code K=2/3
L=4096. As shown on Fig.8 for M > 4 BER degradation is below 0.2dB dividing by 3 metrics to
be calculated, for M=8 metrics calculation is
divided by 2 at no BER cost. Taken into account Fig.9 giving required resources, for M=8
we thus get a significant gain in gates between
the XTCQM hard bit decoder and the proposed
one with LLR output.

Fig.7 Proposed decoder BER vs differential delay

Instead of improving link budget of 1dB, looking
at Fig6. and 7, as proposed decoder has the
same BER performance at 10E-6 for a 0.6 differential delay than the XTCQM decoder at 0.4
differential delay, antennae position constraints
could be relaxed of 50%, or bit rate could be
increased of 50% with the same antennae position constraint .

The European Test and Telemetry Conference – ettc2020

Fig.9 Operations required by STC decoder

Both decoders have then been simulated using
IRIG-106 AR4JA FEC on Fig. 10 exhibiting a
1.5dB gain. Once again this gain could be used
to relax link budget or antenna position constraint or increase bit rate as the proposed decoder enables a higher differential delay margin
at constant BER.
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of Space
Time
Processing
(STP)
2.2 Performance
of Space
Time
Processing
(STP)
There
a need
for STP
to eliminate
interference
There
was was
a need
for STP
to eliminate
interference
between
an upper
lower
antenna
interference.
between
an upper
and and
lower
antenna
interference.
delays
between
the upper
lower
antennas
TimeTime
delays
between
the upper
and and
lower
antennas
is is
typically
caused
by cable
length
differences.
Typical
typically
caused
by cable
length
differences.
Typical
propagation
delay
in coaxial
cables
propagation
delay
in coaxial
cables
can can
varyvary
fromfrom
1.2 1.2
to 1.6
nanoseconds
depending
to 1.6
nanoseconds
per per
foot,foot,
depending
on on
the the
material.Ordinarily
Ordinarily
a short
cable
material.
withwith
a short
cable
this this
has has
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minimal
minimal
impact.
impact.
DueDue
to the
to the
nature
nature
of telemetry
of telemetry
equipment
equipment
being
being
added
added
afterafter
the air
the vehicle
air vehicle
is built,
is built,
longlong
cable(s)
cable(s)
are are
generally
generally
usedused
as they
as they
are are
routed
routed
through
through
vehicle
vehicle
causing
causing
the the
difference
difference
in in
the the
propagation
propagation
delays.
delays.
The The
author
author
has has
discovered
discovered
that that
mostmost
implementations
implementations
measure
measure
and and
match
match
the cable
the cable
delays
delays
to minimize
to minimize
the the
effect.
effect.
The The
tri-band
tri-band
transmitter
transmitter
provides
provides
a feature
a feature
to to
delay
delay
the the
STCSTC
datadata
pattern
pattern
fromfrom
nonenone
to one
to one
clock
clock
period
period
increments
increments
of 1,024
of 1,024
steps,
steps,
independently
independently
of of
the the
two two
RF RF
outputs
outputs
to match
to match
the the
delay
delay
of each
of each
RF RF
path.path.
Tests
Tests
performed
performed
withwith
a STC
a STC
enabled
enabled
receiver
receiver
(STC-ER)
(STC-ER)
has has
determined
determined
that that
when
when
a timing
a timing
mismatch
mismatch
of one
of one
clock
clock
period
period
or less,
or less,
the the
STC-ER
STC-ER
performs
performs
as expected.
as expected.
Larger
Larger
mismatches
mismatches
thanthan
one one
clock
clock
period
period
results
results
in ainsignificant
a significant
loss loss
of lock
of lock
and and
no data.
no data.
The The
vendor
vendor
of the
of the
STC-ER
STC-ER
provided
provided
a a
metered
metered
representation
representation
of of
the the
miss-match
miss-match
that that
provides
provides
the the
useruser
withwith
a visual
a visual
indication
indication
of the
of the
balanced
balanced
timetime
delay
delay
withwith
the air
the system
air system
to make
to make
the the
adjustment
adjustment
of the
of the
tri-band
tri-band
transmitter
transmitter
delay
delay
feature
feature
simple
simple
and and
repeatable.
repeatable.
2.3 Forward
2.3 Forward
Error
Error
Correction
Correction
(FEC)
(FEC)
The The
author
author
has has
beenbeen
a telemetry
a telemetry
supplier
supplier
of RF
of RF
hardware
hardware
for close
for close
to 40
to years
40 years
and and
has has
usedused
FECFEC
in in
several
several
forms
forms
(Convolutional
(Convolutional
& &
Reed-Solomon
Reed-Solomon
primarily)
primarily)
overover
this this
longlong
career.
career.
Today,
Today,
withwith
the the
adoption
adoption
of LDPC
of LDPC
forward
forward
errorerror
correction,
correction,
IRIGIRIG106-19
106-19
standardizes
standardizes
six varying
six varying
coding
coding
schemes
schemes
for for
improved
improved
link link
margin.
margin. The The
improved
improved
noisenoise
performance
performance
is not
is not
for for
free free
as itas increases
it increases
the the
bandwidth
bandwidth
withwith
the FEC
the FEC
datadata
overhead.
overhead.
The The
expansion
expansion
factor
factor
(EF)(EF)
as described
as described
in the
in IRIGthe IRIG106-19
106-19
standard,
standard,
states
states
regardless
regardless
of the
of block
the block
length
length
the EF
the for
EF ½
forrate
½ rate
is 33/16,
is 33/16,
2/3 2/3
rate rate
is 25/16,
is 25/16,
and and
the the
4/5 rate
4/5 rate
to beto21/16
be 21/16
to include
to include
the FEC
the FEC
as well
as well
as the
as the
alternate
alternate
synchronization
synchronization
method
method
(ASM).
(ASM).
The The
six six
coding
coding
schemes,
schemes,
and and
theirtheir
information
information
block
block
length
length
(IBL),
(IBL),
are as
arefollows:
as follows:
 1 = Code
1 = Code
RateRate
1/2, 1/2,
IBLIBL
10241024
 2 = Code
2 = Code
RateRate
1/2, 1/2,
IBLIBL
40964096
 3 = Code
3 = Code
RateRate
2/3, 2/3,
IBLIBL
10241024
 4 = Code
4 = Code
RateRate
2/3, 2/3,
IBLIBL
40964096
 5 = Code
5 = Code
RateRate
4/5, 4/5,
IBLIBL
10241024
 6 = Code
6 = Code
RateRate
4/5, 4/5,
IBLIBL
40964096
As an
Asexample
an example
of the
of EF
the for
EF afor
4 Mbps
a 4 Mbps
NRZ-L
NRZ-L
stream
stream
withwith
LDPC
LDPC
4 (2/3
4 (2/3
rate;rate;
block
block
4096)
4096)
would
would
result
result
in a in a
datadata
rate rate
of 6.25
of 6.25
Mbps.
Mbps.
The The
samesame
4 Mbps
4 Mbps
NRZ-L
NRZ-L
stream
stream
when
when
encoder
encoder
withwith
LDPC
LDPC
5 would
5 would
result
result
in a in a
rate rate
of 5.25
of 5.25
Mbps,
Mbps,
and and
at the
at LDPC
the LDPC
1 code
1 code
rate,rate,
the 4the 4
Mbps
Mbps
would
would
result
result
to beto8.25
be 8.25
Mbps.
Mbps.
The The
equation
equation
is is
as follows,
as follows,
where
where
R isRrate
is rate
and and
F is Ffactor:
is factor:
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= 𝑅𝑅=
𝑅𝑅𝑁𝑁𝑁𝑁𝑁𝑁−𝐿𝐿
× 𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
× 𝐹𝐹𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑅𝑅𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
𝑅𝑅𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
𝑁𝑁𝑁𝑁𝑁𝑁−𝐿𝐿
𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

Experimenting
Experimenting
in ainlab
a lab
environment
environment
withwith
this this
FECFEC
determined
performance
of the
encoding
determined
that that
the the
performance
of the
encoding
is is
behaved.
algorithm
performs
as described
wellwell
behaved.
The The
algorithm
performs
as described
in IRIG
the IRIG
standard.
performance
without
in the
standard.
BERBER
performance
without
and and
be seen
in Figure
2 and
Figure
withwith
FECFEC
can can
be seen
in Figure
2 and
Figure
3. 3.

2.4 Thermal
2.4 Thermal
Management
Management
The The
“drop
“drop
in replacement”
in replacement”
approach
approach
for the
for tri-band
the tri-band
transmitter
transmitter
resulted
resulted
in thermal
in thermal
management
management
issues
issues
withwith
the initial
the initial
prototype
prototype
of the
of new
the new
transmitter.
transmitter.
The The
primary
primary
heatheat
sinksink
pathpath
for for
transmitters
transmitters
is the
is the
bottom-mounting
bottom-mounting
surface.
surface. WithWith
the the
thermal
thermal
dissipation
dissipation
equally
equally
distributed,
distributed,
the the
modules
modules
that that
are are
farther
farther
away
away
fromfrom
the bottom-mounting
the bottom-mounting
surface
surface
havehave
a higher
a higher
temperature
temperature
rise rise
overover
the the
lower
lower
modules.
modules.
Temperature
Temperature
rise rise
of 20°C
of 20°C
was was
measured
measured
between
between
the the
bottom
bottom
baseplate
baseplate
and and
the internal
the internal
temperature
temperature
of the
of the
top module.
top module.
2.5 Mitigation
2.5 Mitigation
of the
of thermal
the thermal
rise rise

Figure
2: BER
performance
no FEC
Figure
2: BER
performance
withwith
no FEC



Depending
Depending
on your
on your
ground
ground
statestate
receiver
receiver
of choice
of choice
the change
the change
overover
fromfrom
no FEC
no FEC
to FEC
to FEC
being
being
enabled
enabled
maymay
taketake
several
several
seconds
seconds
to reconfigure.
to reconfigure.
Planning
Planning
of of
when
when
to change
to change
overover
in flight
in flight
will will
taketake
scheduling
scheduling
to to
avoid
avoid
longer
longer
loss loss
of data.
of data.
Certainly
Certainly
though,
though,
FECFEC
works
works
and and
has has
beenbeen
the the
method
method
of improving
of improving
link link
margins
margins
for many
for many
years.
years.



Figure
Figure
3: BER
3: BER
performance
performance
withwith
FECFEC
Be advised
Be advised
that that
the operational
the operational
region
region
for repeatable
for repeatable
performance
narrows
as coding
the coding
increased
performance
narrows
as the
gaingain
increased
to to
a point
where
using
maximum
a point
where
using
the the
maximum
gaingain
withwith
the the
½ ½
coding
the operation
region
is somewhat
limited
coding
rate,rate,
the operation
region
is somewhat
limited
down
to several
down
to several
dB. dB.
of FEC
is useful
not useful
for applications
all applications
The The
use use
of FEC
is not
for all
and and
special
consideration
should
be made
before
deciding
special
consideration
should
be made
before
deciding
to use
to obtain
telemetry
From
to use
this this
tool tool
to obtain
youryour
telemetry
data.data.
From
tri-band
transmitter
perspective,
switching
the the
tri-band
transmitter
perspective,
switching
the the
LDPC
is quite
sending
LDPC
on on
and and
off off
is quite
easyeasy
by by
sending
a a
transmitter
command
of “FE1”
to “FE6”
to enable
transmitter
command
of “FE1”
to “FE6”
to enable
desired
a “FE0”
to disable
youryour
desired
codecode
rate rate
or a or
“FE0”
to disable
it. it.
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Decreased
Decreased
the thermal
the thermal
resistance
resistance
between
between
the module
the module
sections
sections
withwith
overover
lapping
lapping
mechanical
mechanical
joints
joints
combined
combined
withwith
increased
increased
wallwall
thickness
thickness
on the
on center
the center
(power
(power
supply
supply
mode)
mode)
reduced
reduced
the thermal
the thermal
rise rise
fromfrom
the the
20°C20°C
to 15°C.
to 15°C.
The The
increased
increased
the the
RF RF
efficiency
efficiency
withwith
optimized
optimized
RF RF
tuning
tuning
through
through
the the
RF RF
chain
chain
gained
gained
a reduction
a reduction
in current
in current
drawdraw
and and
a temperature
a temperature
rise rise
decrease
decrease
of anofaddition
an addition
3°C.3°C.
Thermal
Thermal
protection
protection
was was
implemented
implemented
withwith
a microa microcontroller
controller
in the
in transmitter
the transmitter
that that
monitors
monitors
keyskeys
areasareas
in the
in the
transmitter
transmitter
to control
to control
the the
dissipation
dissipation
by by
regulating
regulating
the output
the output
RF power.
RF power.
ThisThis
control,
control,
when
when
activated,
activated,
would
would
throttle
throttle
backback
the the
RF RF
output
output
power
power
when
when
temperature
temperature
risesrises
above
above
a preset
a preset
temperature
temperature
(typically
(typically
75°C)
75°C)
to eliminate
to eliminate
the risk
the risk
of exposing
of exposing
the the
devices
devices
in the
in top
the module
top module
to excessive
to excessive
temperatures.
temperatures.
The The
thermal
thermal
protection
protection
is enabled
is enabled
by the
by end
the end
user.user.
To To
reduce
reduce
the risk
the risk
of damage,
of damage,
to the
to user
the user
would
would
set the
set the
desired
desired
temperature
temperature
threshold
threshold
and and
thenthen
enable
enable
the the
control
control
through
through
the the
transmitter
transmitter
communication
communication
port.port.
ThisThis
feature
feature
was was
found
found
to work
to work
wellwell
and and
is anis easy
an easy
safesafe
guard
guard
against
against
hardware
hardware
damage
damage
when
when
in the
in the
field.field.
3. Summary:
3. Summary:
Every
Every
development
development
includes
includes
newnew
features,
features,
problem
problem
resolution,
resolution,
manufacturing
manufacturing
maturity,
maturity,
and and
wellwell
as as
surprising
surprising
results
results
and and
the the
tri-band
tri-band
development
development
was was
no different.
no different.
The The
complete
complete
control
control
overover
the RF
the output
RF output
power
power
withwith
independent
independent
control
control
of the
of the
RF RF
power
power
going
going
to the
to the
upper
upper
and and
lower
lower
antenna
antenna
was was
evidently
evidently
a useful
a useful
tool tool
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for lab
for testing.
lab testing.
No longer
No longer
doesdoes
the test
the test
engineer
engineer
needneed
to carry
to carry
the variety
the variety
of RF
of attenuators
RF attenuators
to match
to match
the RF
the RF
to perform
levels
levels
driving
driving
the the
test test
equipment
equipment
to perform
BERBER
tests.tests.
A simple
commanded
adjustment
of the
RF RF
power
A simple
commanded
adjustment
of the
power
allows
a smooth
RF RF
levellevel
adjustment
rather
thanthan
the the
allows
a smooth
adjustment
rather
manual
stepstep
attenuator.
eases
performance
manual
attenuator.ThisThis
eases
performance
testing.
TheThe
author
of this
paper
historically
did did
not not
testing.
author
of this
paper
historically
support
the the
1 dB
stepstep
adjustment
in RF
power
but but
in RF
power
support
1 dB
adjustment
afterafter
completing
this this
development,
the the
advantage
of of
completing
development,
advantage
this this
feature
is obvious
and and
the the
credit
goesgoes
to the
feature
is obvious
credit
to the
telemetry
community
for this
advance.
telemetry
community
for this
advance.
TheThe
easeease
of of
responding
to to
bothboth
the the
106-15
responding
106-15
programming
protocol
and and
the the
106-19
command
programming
protocol
106-19
command
protocol
waswas
a surprise.
From
a transmitter
vendor
protocol
a surprise.
From
a transmitter
vendor
perspective,
the transmitter
command
listing
between
perspective,
the transmitter
command
listing
between
the the
various
versions
of the
IRIG
standard
havehave
various
versions
of the
IRIG
standard
evolved
to now
wellwell
overover
60 commands.
For For
the the
evolved
to now
60 commands.
user,user,
remember
the the
appropriate
protocol
for for
that that
remember
appropriate
protocol
transmitter
transmittercauses
causesdelays
delaysand andinappropriate
inappropriate
programming.
tri-band
acknowledges
the the
programming. TheThe
tri-band
acknowledges
previous
command
structure
as well
as the
latest
previous
command
structure
as well
as the
latest
IRIG
standard
command
structure,
which
saves
timetime
IRIG
standard
command
structure,
which
saves
and and
increased
typing
accuracy
for the
engineer.
increased
typing
accuracy
for test
the test
engineer.

STCSTC demodulation
demodulation performance
performance as as the the
interoperability
interoperability
testing
testing
results
results
provided.
provided.
TheThe
tri-band
tri-band
transmitter
transmitter
requirements
requirements
willwill
continue
continue
to to
evolve
evolve
as user
as user
gaingain
experience
experience
in using
in using
this this
modern
modern
transmitter
transmitter
tooltool
to to
assure
assure
the the
datadata
is received
is received
successfully
successfully
in the
in the
current
current
and and
future
future
frequency
frequency
bands.
bands.
4. References
4. References
NoteNote
1: Range
1: Range
Commanders
Commanders
Council
Council
IRIG-106-19
IRIG-106-19
Telemetry
Telemetry
Standard,
Standard,
Chapter
Chapter
2 and
2 and
Appendix
Appendix
(performance
(performance
datadata
provide
provide
fromfrom
the standard
the standard
for for
clarity)
clarity)

Temperature
protection
to throttle
backback
the RF
Temperature
protection
to throttle
the power
RF power
to limit
the the
highhigh
temperature
of the
tri-band
saves
to limit
temperature
of the
tri-band
saves
hardware
damage.
some
applications
it isit is
hardware
damage.For For
some
applications
desirable
for for
the the
transmitter
to “die
trying”
and and
desirable
transmitter
to “die
trying”
continue
to transmit
through
highhigh
temperature
events.
continue
to transmit
through
temperature
events.
ThisThis
is not
truetrue
for for
flight
test test
where
therethere
are are
longlong
is not
flight
where
preflight
and and
flight
times
where
the the
temperature
preflight
flight
times
where
temperature
limiting
function
willwill
savesave
the the
hardware
fromfrom
limiting
function
hardware
damage.
ThisThis
is certainly
an advance
feature
and and
damage.
is certainly
an advance
feature
welcome
for the
flight
test test
community
not not
to have
to to
welcome
for the
flight
community
to have
turnturn
the transmitter
off to
it toitcool
down.
the transmitter
offallow
to allow
to cool
down.
Thumbwheel
and and
serial
portport
programming
is still
Thumbwheel
serial
programming
is still
required
for for
these
flight
test test
transmitters
and and
the the
required
these
flight
transmitters
author
found
that that
to be
to use
and and
veryvery
few few
author
found
to easy
be easy
to use
difficulties
in in
communicating
to to
the thetri-band
difficulties
communicating
tri-band
transmitter.
TheThe
taketake
away
herehere
is the
simpler
the the
transmitter.
away
is the
simpler
better
and and
it allit works.
TheThe
friend
of this
interface
is is
better
all works.
friend
of this
interface
the the
”?” ”?”
command,
where
the the
tri-band
prints
out out
the the
command,
where
tri-band
prints
many
command
structures
to guide
the the
test test
engineer
many
command
structures
to guide
engineer
on the
command
structure.
on proper
the proper
command
structure.
Cable
delay
matching
between
the the
upper
and and
lower
Cable
delay
matching
between
upper
lower
antennas
providing
delay
matching
between
the the
antennas
providing
delay
matching
between
cables
lengths
is now
quitequite
easyeasy
in using
the the
STCSTC
cables
lengths
is now
in using
balance
displays
on some
of the
vendor’s
receivers.
balance
displays
on some
of the
vendor’s
receivers.
delay
matching
to within
is require
TheThe
delay
matching
to within
1-bit1-bit
timetime
is require
for for
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Protecting satellite downlink Tracking and Telemetry
channels by IMT-2020 5G Base Stations Protection
Belts surrounding Satellite TT&C Earth Stations
operating in the 40 GHz Band
R. Pinto Prata12, R. T. de Sousa Jr2, A. Linhares de Souza Filho1, E. Barbosa de Souza1,
Calil Queiroz3, T. Aurélio Bakaus1
1 National Telecommunication Agency (ANATEL), SAUS, Qd 6, Brasília, DF, Brazil
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Abstract:
Telemetry, tracking & command (TT&C) earth stations (ES) constitute a sensitive part of the communication critical infrastructure in satellite networks, because harmful interference to TT&C channel can
cause the total loss of communication with the space station. The ITU WRC 2019 1 identified frequency
bands to be shared by 5G (IMT-2020) and satellite systems, including the 40 GHz band, which requires
interference mitigation techniques.
This work presents and discusses simulation results to evaluate the effectiveness of characterizing a
zone (Protection Belts) where 5G base stations (BSs) could operate under more restrictive configurations to protect from harmful interferences the satellite downlink TT&C channels operating at the 40 GHz
band. The “protection belt” concept would reduce the need for a wide “silent zone” surrounding the
TT&C earth station (ES). The simulations were performed with an open source tool [1]23 that complies
with Recommendation ITU-R M.2101 [2]. For more realistic scenarios, our simulation shows the positive
effects of reducing the aggregate I/N (interference-to-noise ratio) generated by 5G BSs as a result of
more restrictive parameters for the 5G operation deployed nearby the TT&C earth station, avoiding cochannel harmful interference.
Key words: Radio frequency, Spectrum sharing, IMT-2020, Satellite TT&C, Cybersecurity.

1

Sharm el Sheik, 2019, https://news.itu.int/wrc-19-agrees-to-identify-new-frequency-bands-for-5g/
https://github.com/SIMULATOR-WG/SHARC
3 https://ieeexplore.ieee.org/document/8121171/
2
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Background
The main driver for the Economy 4.0 will be the
5G mobile networks, also named by the International Telecommunication Union (ITU) as International Mobile Telecommunications 2020
(IMT-2020) radio interface standard. The IMT2020 technical requirements place the need for
enormous amounts of spectrum resources,
meaning a high challenge for Administrations,
and demanding new approaches on the spectrum management study field.
The ITU World Radiocommunications Conference 2019 (WRC-19) reviewed the Radio Regulations (RR), an international regulatory spectrum treaty, and identified 17.25 GHz of spectrum in millimeter waves for usage by IMT. The
newly identified bands are 24.25-27.5 GHz, 3743.5 GHz, 45.5-47 GHz, 47.2-48.2 and 66-71
GHz [3]. In the scope of the present work it is
highlighted a new footnote (5.550B) to the band
37-43 GHz, in the RR international table of frequency allocations, as highlighted bellow (emphasis added).
“5.550B The frequency band 37-43.5 GHz, or portions thereof, is identified for use by administrations
wishing to implement the terrestrial component of International Mobile Telecommunications (IMT). This
identification does not preclude the use of this frequency band by any application of the services to
which it is allocated and does not establish priority in
the Radio Regulations. Because of the potential deployment of FSS earth stations within the frequency
range 37.5-42.5 GHz and high-density applications in
the fixed-satellite service in the bands 39.5-40 GHz
in Region 1, 40-40.5 GHz in all Regions and 40.5-42
GHz in Region 2 (see No. 5.516B), administrations
should further take into account potential constraints
to IMT in these bands, as appropriate. Resolution
243 (WRC-19) applies. …”

The present paper addresses some of the potential constraint solutions to IMT on the shared
use of 37-43.5 GHz frequency band, especially
considering its possible use for downlink of
Tracking and Telemetry data for TT&C functions in satellite master control centers.
TT&C in the satellite world
In the satellite system, the Tracking, Telemetry
and Command (TT&C) subsystem is responsible for the monitoring and controlling functions
of the space station during its operational lifecycle. In summary, the tracking (or ranging) function collects information about the angles, distance and velocity to estimate satellite position
in its orbit. The telemetry function collects operational status data of the satellite allowing the
satellite master control center to continuously
monitor its condition. The telecommand subsystem receives all the information, including those
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received from tracking and telemetry subsystems, and send commands to the space station.
The tracking and telemetry are downlink based
subsystems and telecommand subsystem is
uplink based, as shown in Fig.1 from [4].

Fig.1. Typical TT&C link (ITU-R S.1716)
In a regulatory level, article 1 of ITU Radio Regulations [5] defines:
“…1.133 space telemetry: The use of telemetry for
the transmission from a space station of results of
measurements made in a spacecraft, including those
relating to the functioning of the spacecraft. …
1.135 space telecommand: The use of radiocommunication for the transmission of signals to a space station to initiate, modify or terminate functions of equipment on an associated space object, including the
space station.
1.136 space tracking: Determination of the orbit, velocity or instantaneous position of an object in space
by means of radiodetermination, excluding primary
radar, for the purpose of following the movement of
the object. …”

The TT&C systems are different subsystems
jointly working, integrated, so the perfect
functioning of satellite command and control
processes rely on their total availability.Their
earth stations are considered a crucial part of
satellite communication critical infrastructures.
Harmful interferences to tracking and telemetry
downlink channels can cause the total loss of
contact with the space station, affecting services rendered to millions of users. In this
regard, it is clear the high criticity of such
communication systems and the need to ensure
their protection from radio interferences.
The increasing relevance of studies about interference prevention on TT&C ES relies on the
fact that there are around 200 geostationary
satellite network filings under coordination process in ITU which have specific TT&C payloads
in Q/V bands. Their orbital positions in the geostationary arc are distributed around all the
globe, as shown in Fig.2. These filings reflect
satellite projects to be launched and be brought
into use in less than 7 years from now.
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Fig.2. Satellite Network Filings for Q/V TT&C payload per orbital position (Source: the authors)
Previous cases of frequency sharing
between TT&C and terrestrial systems
It is not a new debate and references can be
found dealing with approaches for spectrum
sharing between different TT&C systems and
other radio communication system in several frequency bands. TT&C channels are used by
highly critical applications, in that sense new approaches should be explored for preserving the
security of such sensitive systems while a more
efficient usage of spectrum is also promoted. In
this context, the Aeronautical Mobile Telemetry
(AMT) topic was addressed in the European Test
and Telemetry Conference - ETTC 2018 [6],
where the spectrum environmental congestion
challenges led to new ideas on better tools and
methodologies to accommodate the telemetry
operations in this new densely occupied spectrum scenario with IMT.
Although it is well understood that the TT&C industry must also evolve by promoting researches into new technologies and concepts to
operate in a shared spectral environment, there
are also opportunities to study ways to protect
the TT&C operations by the adoption of technical
variations in the co-shared system, which means
the IMT-2020 in this case. In this scenario, taking
the perspectives from directional beams domains, advancements in smart phased array antenna field, especially in terms of beamforming
techniques and sidelobe cancelling, can help the
co-channel interference over TT&C stations to
be removed. The concept herein discussed is
clearly one of the new tools, as pointed out in [6],
to be developed to establish the necessary RF
“fortress” for protecting TT&C critical applications in a congested spectrum environment.
In 2018, the national regulatory authority of Hong
Kong issued a decision [7] on the change of primary allocation of 3.4 to 3.7 GHz frequency band
from Fixed Satellite Service to Mobile Service.
Given the fact that existing TT&C earth stations
of satellites in Hong Kong´s territory operate in
this band and noting that they are important for
the operation of licensed satellites currently in orbit, the decision also issued that TT&C will be
protected from radio interference of public mobile services. In this regard, an exception was
created, allowing TT&C earth stations as having
a sort of “primary status” in two restriction zones
(in Tai Po and Stanley in Fig. 3) where these
TT&C Stations are located. In those regions,
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geographical polygons are delineated to constrain the deployment of mobile base stations
(BSs) of public mobile services operating in the
3.4–3.6 GHz band.
As stated in the decision about the “restriction
zones”, the authority stated that the necessary
spatial separations between TT&C Stations and
mobile BSs in different directions are devised to
prevent desensitization of satellite receivers
caused by in-band signals of the public mobile
services in the 3.4–3.6 GHz band, taking into account the actual terrain, clutters, buildings in the
surrounding areas and deployment of BSs over
the years, among others.
It can be understood that this specific condition
of confining the TT&C in only two sites was necessary due to C band propagation characteristics, and because it will be mostly used for 5G
macro cells, making restriction zones extremely
extensive as seen in Fig. 3 [7].

Fig.3. Restriction zones for protection of C
Band TT&C earth stations in Hong Kong [7]
Considerations for sharing Q/V bands
between IMT and satellite TT&C ES
The use of Q/V band (40/50 GHz) for TT&C will,
by nature, face additional challenges due to
propagations characteristics, including high levels of attenuation caused by dry air and water
vapor (see Fig. 4) from [8]. On the other hand,
satellite TT&C links in Q/V will benefit from high
building entry losses (see Fig. 5) getting additional protection from terrestrial emissions.
In this regard, the deployment of concrete made
structures surrounding the TT&C earth station
may be a way to impose at least 20dB or more
protection due to attenuation from terrestrial interference signals received by the antenna sidelobes in 40 GHz band, as it may be seen in Fig.
5 [9].
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level of protection, depending on the proximity to
the TT&C earth station and the QoS required for
IMT.

Fig.4. Atmospheric attenuation from 1GHz to
350 GHz in dB/km (Rec. ITU-R P.676-12)
This behavior is particularly important in millimeter waves, and definitively a positive factor for
better protection from IMT-2020, mainly in urban, or suburban environments.

Fig.5. Building Entry Loss (Rec. ITU-R P.2109)
TT&C Protection Belt concept
In a traditional coordination between IMT BS and
TT&C in co-channel operation, the solution
would be to establish a very wide separation distance surrounding the TT&C ES, acting as a sort
of “silent zone” where no IMT operation is allowed in the same frequency band. The proposed approach is to study ways to protect a
TT&C ES in a more spectrally efficient way, by
adopting restrictions to IMT BS operating in
these areas surrounding the TT&C ES, allowing
reduced “silent zones”.
Fig.6 illustrates a general idea of “protection belt”
concept, which benefits from the possibilities of
antenna beamforming techniques and flexible
adjustments in some RF parameters.
Although this study will focus on the application
of only one “protection belt” zone near the TT&C
ES, this idea could evolve in the future towards
a set of several concentric protection belt layers
centered in the TT&C ES position, with different
radius and widths, each one providing a different
*

Fig.6. TT&C Protection Belt concept
Spectrum sharing methodology and
simulation tool (SHARC)
In order to evaluate the frequency sharing scenario between TT&C ES and IMT, this study
made use of an open source collaborative simulation tool developed under leadership of Spectrum, Orbit and Broadcasting Division of the Brazilian National Telecommunication Agency
(ANATEL), called SHARC (simulator for SHARing and Compatibility studies) [1]. The tool follows the harmonized methodology defined by
ITU [2], which was applied by several sharing
and compatibility studies performed in preparation to ITU WRC-19 discussions and regulatory
decisions for the identification of new frequency
bands for IMT-2020 (5G) such as [10]*.
The ITU-R M.2101 recommendation [2] specifies, among other, how simulations should address the possible deployment scenarios of BSs
in the IMT-2020 network (i.e. Indoor, Micro and
Micro Suburban and Urban), power control, advanced antenna, antenna height, density distribution, propagation models, network topology,
modelling of IMT network for interference calculation, simulation algorithm defining calculation
steps, antenna beamforming implementation,
determination of aggregate interference and
demonstration of results.
Summary of simulation and calculations
The focus on the present study is on co-channel
interference emissions from downlink of IMT2020 BSs into the reception of downlink TT&C
ES channel, since it will be responsible for the
major impact in the unavailability of satellite
TT&C channel caused by interference as illustrated by Fig 7.

Reference documents may be provided upon motivated request.
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One of the most important components for the
computation of inter-system interference is the
gain from BSs antenna towards the TT&C ES,
which is directly affected by IMT BS antenna pattern resulting from the IMT antenna beamforming expressions from [2].
After computing 𝐼𝐼𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 , and in conjunction with
the value of the receiving TT&C ES noise power,
finally the main output performance indicator, Interference-to-Noise Ratio (I/N), is obtained by
means of a CDF (Cumulative Distribution Function) of I/N over all snapshots samples.
Fig.7. TT&C ES Downlink Interference scenario
The interference scenario to be discussed is the
one where the interferer and interfered-with systems operate on the same frequency (co-channel), which is the dominant type of interference.
A summary of simulation steps and relevant calculations performed for this specific scenario:
1.Generation of IMT BS locations in hotspot topology
2.Generation of IMT user equipment
3.Apply load BS activity factor probability
4.Connect UEs to BSs and calculate path coupling loss

Simulation of interference from IMT base
stations into TT&C ES in 40GHz
The sharing study to evaluate the interference
from IMT-2020 BSs into a TT&C ES in 40 GHz
band is performed by simulating the aggregate
interference generated by all the IMT BSs into
the victim system (TT&C ES). The aggregate interference is translated into a I/N value, which is
compared to protection criteria. When the I/N exceeds the protection criteria, the protection is assumed as not achieved, and harmful interference may occur, otherwise the victim system is
not likely to be interfered.

5.Apply “Power control” / “scheduler”

The TT&C earth station and IMT-2020 BS reference parameters used as input data in the simulation tool [1] are presented in Tabs. 1 and 2.

6.Calculate interference to interfered-with system

Tab. 1: TT&C Earth Station (ES) reference setup for
downlink channel of a geostationary satellite

7.Calculate interfered-with system performance
degradation (I/N) and CDF

Parameters – TT&C Earth Station (ES)

Following the same approach of previous studies for this frequency band [11], the simulation
considers Recommendation ITU-R P.452-16
[12] model for propagation between IMT and the
TT&C earth station and Clutter loss according to
Recommendation ITU-R P.2108-0 [13]. As for
the channel model within the IMT system, it is
considered the (UMi) Urban Micro from 3GPP.
The aggregate external-system interference
from IMT-2020 BS towards the TT&C earth station, as indicated in step 6, is performed following [2], according to (1).
𝐼𝐼𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = ∑
𝑗𝑗

(1) Where:
𝑈𝑈𝑈𝑈

𝑈𝑈𝑈𝑈

∑ 𝐼𝐼𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 ( 𝑇𝑇𝑇𝑇𝐵𝐵𝐵𝐵𝑗𝑗𝑘𝑘 , 𝑅𝑅𝑅𝑅 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 )
𝑘𝑘

𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣

) (2) Inter-system interfer𝐼𝐼𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 (𝑇𝑇𝑇𝑇𝐵𝐵𝐵𝐵𝑗𝑗𝑘𝑘 , 𝑅𝑅𝑅𝑅
ence from base station BSj (when its k-th UE is
𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
served) to the interfered receiver (𝑅𝑅𝑅𝑅
).

𝐼𝐼𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 : Aggregate external system interference
towards the interfered-with system.
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Centre Frequency

40.750 GHz

Channel Bandwidth

1 MHz

Antenna height

6m

Antenna diameter

6.1 m

Antenna Gain (peak)

66.1 dBi

Antenna pattern

ITU-R S.580 [14]

Antenna elevation

50 degrees

Noise temperature

250 K

Max I/N protection criteria

-12.2 dB

The input parameters of satellite TT&C earth station, of “victim system” are collected from ITU
from previous studies and information provided
by ITU concerned groups [10] [11] [15].
Regarding the protection criteria, there are different approaches on requirements of Fixed Satellite Services, including long and short-term values. The most relevant [17] is based on percentages of time, probability or location for which the
I/N value could be exceeded, and establishes
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+8dB (0.02%), -6dB (1%) and -10.5dB (20% or
I/N average). Since we are dealing with a critical
application (TT&C), and in order to promote a
higher protection, a more conservative criteria of
-12.2dB I/N was considered as a basis for the
assessments of this study. However, it is recognized that this subject deserves further discussions.
For the IMT-2000 system, acting as “interferer”
in the simulations, a “reference setup” represents an assumed regular IMT operation, with no
additional restrictions to protect TT&C ES from
co-channel interference. The set of IMT system
parameters and propagation models adopted
are based on those recommended for sharing
and compatibility studies [11], and further related
studies. In order to allow comparability, some
values adopted as input parameter are similar to
previous studies [10] performed with the same
simulation tool [1]. Tab. 2 presents a summary of
main parameters used for the reference setup.
Tab. 2: IMT-2020 link reference setup for downlink
channel

Parameters – IMT-2020
Base station (BS) transmitter
Centre Frequency

40.750 GHz

Duplex method

TDD

Channel bandwidth

200 MHz

Signal bandwidth

>90% of channel

Antenna pattern

ITU-R M.2101 [2]

Antenna array

8×16 elements

Element gain

5 dBi

BS front to back ratio
of single element

30 dB

BS horizontal and vertical 3dB beamwidth of
single element

65 degrees

Conducted power per
antenna element

8 dBm/200 MHz

Parameters – IMT-2020
Element gain

5 dBi

Noise figure

12 dB

In order to measure the positive effects in terms
of I/N, some of the IMT RF parameters of the reference scenario are isolated, varied and simulations are repeated in order to assess the interference reduction from IMT into TT&C ES from the
new scenario. Each simulation performs 5.000
snapshots, and the % CDF I/N output curves
quantifies the probability that, for one snapshot,
the defined protection criteria is exceeded, and
in those cases it is considered that the TT&C ES
may be harmfully interfered. The IMT hotspot topology in Fig.7 from [10] is the most likely for the
IMT-2020 BSs in this frequency band. The position of IMT BSs and user equipment in the simulation follows random distribution at each simulation snapshot, as recommended by [2].
In modelling of previous studies from [10], the interference generated into a victim system (e.g.
Fixed Satellite ES) was assessed by calculating
the aggregate interference generated by
hotspots deployed inside an IMT cluster with 57
cells concentrated in an area of 1.9km 2. The
hotspots are uniformly distributed, one per cell,
and randomly located. Macro cells are not considered because they operate in lower frequencies. The Users Equipment are distributed within
the hotspot coverage area, with a Rayleigh distribution with scale parameter σd = 32 m for the
distance between UE and BS hotspot, and a normal distribution for the azimuth between them,
truncated at the ±60o range, with mean μa = 0o
and standard deviation σa = 30o.

Deployment (outdoor urban hotspot)
Hotspots density

30 BSs/km2

Antenna height

6m

Network loading factor

50%

UEs/cell

3

User Equipment characteristics
Antenna Pattern

ITU-R M.2101 [2]

Antenna array

4×4 elements
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Fig.8. Hotspots in the Macro cell topology and
TT&C Earth Station separation distances
In the present study, in order to estimate the aggregate interference generated by hotspots deployed inside a specific area surrounding the
TT&C ES, in the format of a “belt”, the model was
adapted to meet a geometrical modelling of a circular crown.
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Fig.9. IMT Hotspots zone in the “protection belt”
A segment factor concept from [18]* is applied in
order to adapt the cluster topology and allows
estimating the aggregate interference from IMT
hotspots in the protection belt (hotspot zone).
The separation distance “Ez” also named as “silent zone radius”, of 150m between the TT&C ES
and the inner border of the protection belt represents the radius of a “silent zone”, where no IMT
hotspot is deployed in the same frequency of the
TT&C ES. A hotspot zone width (w) of 1.7km in
the protection belt is defined, as shown in Fig. 9.
Variation of IMT base station parameters
The study was focused only in the IMT BS downlink parameters because its output power is
higher than the user terminal, being more harmful for co-channel interference. Also, it is much
more complex to customize and promote modifications in billions of user terminals, which involves many factors including increased costs
for manufacture and consumer, and a need for
industry scale to be effective.
Besides variating the distance between the
TT&C ES to the inner border of the protection
belt (Ez), the following IMT BS parameters were
focused:
•

Number of elements of IMT BS antenna array (line and column)

•

Conducted power per antenna array element

•

Downtilt angle of IMT BS antenna

Separation distance (Ez) between the TT&C ES
and the inner border of TT&C ES Protection Belt
The initial simulations, made for reference purposes, adopted input parameters from Tab. 1
and 2, and considered 0m,150m, 300m and
500m separation distances “Ez” between the
TT&C ES and the inner border of the protection
belt.

Fig.10. CDF of I/N (0m, 150m, 300m and 500m).
The results, as shown in Fig.10, indicated exceedance of the protection criteria (I/N) on
99.76% of snapshots for 0m, and 6.7% for 150m,
considering the aggregate interference from the
same total number of IMT BSs. Simulations with
300m and 500m indicated 1% and 0% exceedance of protection criteria, respectively, which
confirms that when higher separation distances
are applied, the I/N protection criterion is easily
achieved. However, this leads to a more inefficient use of spectrum because IMT could not operate in a larger “silent zone’.
Based on that, the present work focused on a
smaller separation distance of 150 meters, in
which 7% of the snapshots still exceed the I/N
protection criteria. This can be considered insufficient for protection of such a critical service as
TT&C. In this context, it is assumed that most of
the problem is concentrated around this % of
cases with higher I/N, and where opportunities
for a layer of protection belt can be investigated.
IMT BS antenna array size (number of elements
in rows and columns)
The simulations resulted in different curves of %
of cases where I/N values are exceeded for each
antenna array sizes simulated (8x8, 8x16,16x32,
32x64 and 64x128) as presented in Fig. 11. For
better visualization, the plot was focused on the
behavior over the 20% of samples with most degraded I/N values. Tab.3 indicates the % of
cases where I/N exceeds the protection criteria
per BS antenna array size.

*Reference documents may be provided upon motivated request.
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in relation to the reference scenario (8x16 array),
as shown in Fig. 14.

Fig. 11. I/N CDF curves for different antenna array sizes
Tab. 3 % of cases where protection criteria is exceeded for different antenna array sizes

Array
Size

% of cases I/N exceeds
protection criteria

8x8

2,86%

8x16

6,72%

16x32

9,84%

32x64

9,04%

64x128

11,62%

It is important to have in mind that a higher number of elements in the IMT BS antenna array will
increase the array gain, and will also increase
the RF power delivered to the array, leading to a
higher EIRP (effective isotropic radiated power),
which helps increasing the % of I/N exceedance.

Fig.12.CDF of antenna gain towards TT&C ES

Fig.13. BS antenna patterns for different arrays

In situations of “in line” events, when the main
lobe of the IMT BS antenna beamforming points
towards the direction of TT&C ES, the interference will be higher than what would happen with
a smaller array. However, the different shapes of
antenna patterns will also influence on the interference behavior and may compensate (in some
measure) the negative effects of EIRP increase.
For better clarification on the effects of different
array sizes, Figures 12 and 13 present the CDF
curves of antenna gain towards the TT&C ES
and antenna array patterns for different array
sizes, respectively. It is concluded that, once different array configurations are adopted, careful
adjustments in other parameters may also be
necessary depending on the aimed objective.

Tab 4 shows that the different antenna array
sizes will have different responses due to different composite antenna pattern, gain characteristics and output EIRP.

Conducted Power per element of IMT BS antenna array

Tab. 4: % reduction in the cases of protection criteria
exceedance (-3dB power per element)

A reduction of 3dB at the conducted power per
antenna element resulted in 3,46% reduction in
cases where the protection criterion is exceeded
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Fig. 14. I/N CDF curve for – 3dB power/element

Size

Reduction % I/N exceedance

4x8

0,14%
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8x16

3,12%

16x32

3,54%

32x64

3,92%

Downtilt angle of IMT BS antenna
The reference scenario was simulated with a
downtilt angle of 10 degrees for the hotspot antennas. Further simulation applying 20 degrees
to the same reference setup indicated additional
reduction of around 1% in cases where I/N is exceeded, as shown in Fig. 15.

Fig. 15 I/N CDF curves for 10 and 20 degrees
IMT BS antenna downtilt angles

Conclusions for TT&C ES Protection Belts
in Q/V bands
This study concludes that there are possible alternatives for the effectiveness of implementing
a geographical layer (“Protection Belts”) where
the deployment of IMT BSs could operate with a
more restrictive configuration in order to prevent
co-channel interference to TT&C ES in 40 GHz
band.
Simulations performed with higher separation
distances between the TT&C ES and inner border of the IMT hotspots zone (500m and 300m)
confirmed that the most effective way to prevent
interference into a TT&C ES from IMT in cochannel operation is by increasing this distancing. However, it leads to a wider “silent zone”. In
order to promote a more efficient use of spectrum in 40 GHz, it is possible to reduce this distance by promoting a “fine tuning” on the parameters of IMT BS deployed in an area surrounding
the TT&C (“protection belt”), with good results up
to a reduced separation distance of 150m.
This can be achieved by combining the adjustments of IMT BSs antenna parameters such as
alternate array sizes, reduction on the conducted
power per array element and increasing downtilt
angle. When adopted, it could additionally prevent up to 10% of cases where I/N exceeds protection criteria. If the adjustments were not
adopted, a wider “silent zone” would be needed.

From Tab. 5 it can be concluded that the improvement on the I/N curve for 10 degrees
higher downtilt angle has also an intimate relation with the IMT BS antenna array sizes, as a
result from additional simulation scenarios. In
this case, 8x16 array had a better result.
Tab. 5: % reduction in the cases of protection criteria
exceedance (+10 degrees in IMT BS downtilt angle)

Size

Reduction % I/N exceedance

8x8

0,56%

8x16

1,16%

16x32

0,78%

32x64

0,36%

A last simulation scenario was tested in which
variations of the different parameters were combined. In this scenario the following parameters
of the IMT BS antenna array were adjusted. An
array size 8x8, 5 dBm/200 MHz in the conducted
power per element, and 20 degrees downtilt
were adopted. This resulted in only 0,22% of
cases where the I/N exceeded the protection criteria.
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Fig.16. CDF of I/N with % cases exceeding protection criteria
Fig. 16 presents simulation results for more restrictive configurations of IMT that could be applied in a protection belt concept in order to reduce % I/N exceeding the protection criteria.
Further studies
It is important to highlight new opportunities for
innovative spectrum coordination approaches in
Q/V band. Due to its physical characteristics,
and depending on the services involved, lower
protection efforts will be necessary to promote its
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shared use, than what happens in lower bands.
Interesting solutions are expected and, in a more
refined spectrum coordination scenario, some of
the parameters for IMT operating inner a “Protection Belt” zone could be subject to coordination agreements jointly developed between the
5G and satellite operators. Although it has not
been subject to simulations performed in this
study, it can be understood from [9] that, due to
particularly high Building Entry Losses in the
40GHz band, new opportunities are in place to
combine building infrastructure concrete wall as
a shielding implementation in the satellite operator side, in order to improve even more the protection of TT&C ES.
In addition, further work should be done for evaluating the results of simulating the impact of
wider, or several layers of IMT protection belts,
representing larger urban and suburban areas.
Studies should also be done on further mitigation
techniques for reducing the aggregate impact on
TT&C earth stations connecting to NGSO, with
other elevation angles, the impact of unwanted
emissions from IMT in adjacent bands and new
techniques for avoidance angles to reduce in line
events between IMT BS and TT&C ES and antenna sidelobe cancelling techniques.
This is a study with academic purposes, based
on simulated scenarios. For real deployments,
other factors may fluctuate the results, and field
test approaches are also recommended.
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Abstract:
Flight test results on a novel approach to Aeronautical Mobile Telemetry (AMT) employing 4G Long
Term Evolution (LTE) Cellular Technology are presented. In this system, Doppler shifts are handled by
an appliqué providing a front-end to a Commercial-Off-The-Shelf (COTS) LTE modem. The appliqué
performs Doppler compensation via real time analysis of LTE signals and allows seamless operation
of LTE signaling, including connection setup and handover events. The flight test results clearly demonstrate the capability of the system to sustain an uninterrupted LTE connection at varying aircraft
speeds that produce Doppler shifts that are significantly higher than what typical commercial LTE systems can handle. In these tests, the radio link delivered substantial bi-directional data rates up to a
maximum range of 60km, while the combination of Doppler compensation and handovers at the TA
provided an uninterrupted radio link in both directions. Overall, the flight test confirmed that an airborne COTS LTE transceiver in combination with a Doppler compensation appliqué can successfully
operate at high aircraft speeds. This proof-of-concept flight test also forms a basis from which to
further refine AMT solutions based on 4G, and the emerging 5G technologies.
Key words: “Test Range,” Telemetry, Aeronautical, Mobile, Cellular, LTE, 4G, Handover, Speed,
“Doppler Shift,” “Frequency Offset,” Compensation, “Flight Test“.
1. Introduction
Aeronautical Mobile Telemetry (AMT) for test
ranges is typically implemented with point-topoint radio links using a wide-beam antenna on
the Test Article (TA) that is paired with a highgain parabolic ground station antenna pointing
to and tracking the TA. The spectrum used by
the radio link is dedicated to that link for the
duration of the test. As pointed out in [1] and
[2], an alternative implementation of AMT, using
a cellular network employing 4th generation
3GPP LTE standards [3], offers several potential benefits over current practice. However, in
order to implement such a system, a few technical hurdles need to be overcome. The most
formidable of these technical challenges is one
posed by the high Doppler shifts in the uplink
(UL) signals encountered in an AMT system. In
the 4G LTE-based AMT system described in
[2], the problem of high Doppler shifts in the UL
signal is overcome by deploying a Doppler
compensation appliqué between the LTE terminal (located in the TA) and its transmit antennas. (See fig. 1 below.) The appliqué estimates
the Doppler shift by processing the UL signals
transmitted by the LTE terminal and proactively
compensates for the shift expected to be present in the signals as they arrive at the base

station receiver. As a result, UL signals arriving
at the base station have their center frequency
close to where the base station receiver expects it to be.

Fig. 1. A Schematic of LTE-Based System with a
Doppler Compensation Appliqué

The combination of a COTS LTE terminal and
the appliqué has been extensively tested in the
lab with a variety of simulated environments. As
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the next step in proving the viability of the LTEbased AMT system, a set of flight tests was
planned and executed at Edwards Air Force
Base (EAFB) in October, 2019. This paper presents the test setup that was used in the flight
tests and describes the highlights of the results
of these tests. Over all, the flight tests provided
positive confirmation of the viability of an LTEbased AMT system. They also brought out the
key features of system behavior that point out
the areas where further refinement may help
improve the overall system performance.
The rest of this paper is organized as follows: In
Section 2, we describe the test setup at EAFB
including the layout of the terrestrial segment of
the LTE network. Section 3 presents a discussion of the results obtained in the flight tests
and their analysis. Finally, Section 4 rounds out
the paper by summarizing our conclusions.
2. Flight Test Setup
The proposed AMT system will essentially
comprise a complete cellular network based on
the 3GPP LTE standard [3], which was developed by the 3rd Generation Partnership Project
(3GPP). 3GPP is a worldwide organization for
mobile wireless standards, which developed the
first LTE standard (Release 8) in 2008. Several
enhancements of the LTE standards have been
published in subsequent releases since then.
As in a typical LTE network, the ground-based
network infrastructure of the proposed AMT
system will have base stations (also referred to
as eNodeBs or eNBs) connected via backhaul
links to the Enhanced Packet Core (EPC). The
EPC includes the key elements of the LTE core
network. An LTE User Equipment (UE), which
is the LTE term for mobile devices that connect
to the network, will be mounted on the TA to
provide the communication link to carry telemetry data to the ground network. The UE will
establish an LTE connection to the wireless
infrastructure on the ground, which will then
forward the telemetry data to the appropriate
server. Fig. 2 shows an illustration of the proposed AMT network architecture.
As shown in Fig. 2, each eNB is connected to
the Mobility Management Entity (MME) through
an S1 interface on the control plane, and to the
Serving GateWay (SGW) with an S1-U interface on the user plane. In LTE terms, the eNBs
comprise the Radio Access Network (RAN),
while the rest of the functional elements other
than the Network Management System (NMS)
and Integrated Cellular Network Controller
(ICNC) comprise the LTE Evolved Packet Core
(EPC). The RAN and the EPC together are
referred to as the LTE network.
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Fig. 2. An Illustration of the Network Architecture of
the Proposed AMT System

It should be highlighted that the interfaces referred to in the previous paragraph are Internet
Protocol (IP)-based and logical. That is, no
direct eNB-eNB physical connection is required.
The control plane’s physical connection links
can be routed through the MME if the MME is
placed at a central location. The Evolved Packet Core delivers data to external elements, like
the existing range telemetry system, via the SGi
interface. The entire LTE network is managed
through a Network Management System
(NMS). Each vendor’s implementation of the
NMS is different as it is not a standardized element. However, the functionality remains the
same; that is, all NMSs provide facilities to
manage parameters and settings on all of the
LTE network elements, and obtain key performance indicators (KPIs).
A key element of the proposed AMT system is
the Integrated Cellular Network Controller
(ICNC). The ICNC interacts with elements of
the LTE network to force handovers to the desired eNB; the mechanism to do so is through
the NMS. Parameters of the LTE network can
be modified in real time through the interface to
the NMS. The EPC, the NMS, and the ICNC
can be located on the same server, with a virtualized implementation of each element.
Perspecta Labs installed a complete standalone LTE network at EAFB. The LTE RAN
consisted of 3 LTE base stations (eNB1, eNB2
and eNB3) installed at different locations at
EAFB. The objective was to provide coverage
to the runway during taxiing and take-off and a
broad open area while flying at low and high
altitudes. The eNBs operated with power amplifiers and 4-way receive diversity in the Lower
C-Band. The antennas had a broad beamwidth
in azimuth and elevation and were up-tilted for
maximum elevation-angle-range coverage. The
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three eNBs’ backhaul connections to the LTE
core network were wireline, providing IP connectivity. The ICNC was communicating in real
time with the eNBs receiving real-time reports
from the physical and RRC layers on the status
of the connections.
Perspecta Labs’ Velocite airborne LTE transceiver consisted of a COTS LTE terminal, an
RF power amplifier and a Doppler Compensation appliqué based on software-defined radio.
The system was installed on a rack and mounted in the pressurized cabin of a Beechcraft C12J aircraft. Two antennas, both situated at the
aft and bottom of the fuselage were used for the
test. The aircraft flew at different altitudes up to
20,000ft and at up to 253KGS (knots Ground
Speed) during the test. The Velocite transceiver, would connect to a File Transfer Protocol
(FTP) server on the ground through the overthe-air LTE connection. The FTP server was
connected to the SGi interface of the LTE PGW
node. The airborne Velocite transceiver would
connect to the FTP server and generate IP
traffic in both directions. A layer was built on top
of this iperf application to enable optimized
operation in the presence of disruptions in the
radio link whose performance. The link was
assessed through the iperf-provided statistics.
Actual time and position information was recorded during the flight, and compared with the
LTE system measurements after the flight.
3. Flight Tests: Results and Analysis
The flight tests were carried out over two days –
October 30-31, 2019. On each day, a specific
flight plan was prepared and executed. Each
flight plan comprised a take-off segment and
various routes including linear segments and
circular paths. These routes tested different
features of the LTE-based AMT system. Figure
3 shown below illustrates the flight plan executed on the first day. The figure also shows the
three base stations (with their respective orientations) that constituted the ground segment of
the AMT system. A similarly complex flight plan
was executed during the second day of flight
tests.

Fig. 3. Flight Plan Executed on the First Day
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During the flight tests, a large amount of data
was collected. While the main focus of the test
was to study the system’s ability to maintain the
bi-directional link between the airborne LTE
terminal and the ground-based base stations
and deliver high throughput, data on a large
number of parameters was collected to study
how they affected system performance. The
more important among them were the Doppler
shift, distance, speed, received signal strength
(RSRP), handover successes and failures.
On-board systems provided Time-SpacePosition Information (TSPI) data, which included the GPS-synchronized universal time,
instantaneous location (latitude, longitude, altitude), speed, and heading of the TA. This data
was collected in real-time. The Doppler shift,
distance from each eNB, and the Line-Of-Sight
(LOS) angle of arrival of RF signals were then
calculated from the TSPI data after the test was
complete. The Doppler shift calculated in this
manner is referred to as the actual Doppler.
During the test, the CeRTN ICNC software was
used to capture LTE protocol messages generated by the eNB. These were signaling messages associated with the link between the LTE
terminal and the eNB that provided information
regarding the reported RSRP, timing advance,
connectivity, and pending handovers. They also
included information on any neighboring eNBs
that were detected by the terminal. The information on neighbor eNBs was limited to RSRP,
eNB ID, and pending handovers.
Figures 4a-4c, shown below, are illustrative of
some of the data collected during the tests. Fig.
4a shows the RSRP from the serving and
neighbor base stations as reported by the LTE
terminal. Successful handover events (represented by green vertical lines) have been superimposed on the RSRP measurements. Note
that RSRP measurements from neighbor base
stations are available only if it is strong enough
to be detected by the LTE terminal. Notice the
close bunching of handover events near the
09:33 mark. Here, the RSRP levels associated
with two or three base stations are close to
each other. As a result, relatively small fluctuations in the measured RSPP levels cause corresponding changes in the base station seen by
the terminal as the best to connect to, leading
to frequent handovers. It is interesting to note
that the distances from the base stations involved in the handovers to the LTE terminal are
close to each other during this phase. (See fig.
4b.) Fig. 4c shows the actual and estimated
Doppler shift for eNB1 and eNB2 during the
take-off phase. (The estimated Doppler is referred to as measured Doppler in the figure.)
Note that the appliqué estimates Doppler only
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for the serving base station. It is clear that the
measured (estimated) Doppler closely tracks
the actual Doppler for the serving base station
regardless of the base station it is connected to.

Fig. 4a. RSRP and Handovers during Takeoff Phase

Fig. 4b. Distance to Base Stations during Takeoff
Phase

Fig. 4c. Doppler Estimation during Takeoff Phase

One of the important characteristics that was
sought to be tested was the maximum range for
the wireless connection between the LTE terminal and its serving base station. In order to
determine the maximum range, the fight path
included a segment where the TA was flown in
a straight line until the connection was dropped.

Fig. 5a. Doppler Shifts during Max. Range Phase

Figures 5a and 5b respectively show the measured and actual Doppler shifts and the distances to the base stations eNB1 and eNB2
during this segment. As one can see from these
figures, the flight test determined the maximum
range for the LTE connection to be around 60
km. Also, it is evident that the appliqué was
able to accurately estimate and compensate for
the Doppler shift over this entire range.
Data throughputs for the downlink and uplink
directions during the maximum-range segment
are shown in figs. 6a and 6b, respectively. They
show clear correlation to distance dependent
pathloss with strong peak data rate near the
eNBs and a sustained data rate up to 60Km.

Fig. 6a. Ground-to-Air (DL) Data Throughput

Fig. 6b. Air-to-Ground (UL) Data Throughput

We now present plots of the probability distribution functions (PDFs) of uplink (UL, i.e. air-toground) and downlink (DL, i.e. ground-to-air)
throughputs and the Doppler shifts that were
observed during the course of the tests.

Fig. 7a. PDF of Uplink Throughput

Fig. 5b. Distances to Base Stations during Maximum
Range Phase
Fig. 7b. PDF of Downlink Throughput
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Figures 7a, 7b respectively show the PDFs of
UL and DL throughputs. As these figures show,
the median UL throughput was 13 Mbps with
the 75th percentile at 18 Mbps, while the median
DL throughput was 4.5 Mbps. The disparity
between the UL and DL throughputs was due to
the fact that in the Time-Division-Duplex (TDD)
scheme used in the wireless link, the UL
connection had access to the wireless medium
80% of the time. The probability mass at zero
can be attributed mainly to the following causes: some quirks in the iperf software used to
generate traffic, and breaks in the link during
certain maneuvers that caused the TA antenna
to be obscured by the aircraft body.

needed further fine-tuning to adjust to the flight
characteristics.
4. Conclusions
The flight tests carried out at EAFB to study the
viability of the Velocite AMT system demonstrated a strong agility to adapt to varying high
Doppler shifts. The prototype system used in
the test showed that it was able to estimate and
compensate for the Doppler shift at the serving
base station under a variety of challenging conditions, helping to maintain link connectivity and
delivering a high throughput. It was also demonstrated that the system could support a
maximum range of 60 km and a high probability
of handover success. Overall, it was shown that
the addition of a Doppler appliqué on a COTS
LTE modem at the airborne system in combination with a well-designed ground network enables a full duplex AMT link over large areas that
can be covered with relatively few cells equipped with broad-beam antennas. Future prototypes are expected to provide enhancements
for higher speeds and more features to further
improve the robustness of the radio link.
Acknowledgements
This work is being funded by NSC Project No.:
W15QKN-15-9-1004 for the T&E S&T SET
Program at Edwards Air Force Base.
References

Fig. 8. PDF of Doppler Shifts

Fig. 8 shows the PDF of the Doppler shifts observed during the flight tests. As can be seen in
the figure, most of the probability mass in the
Doppler shift associated with both base stations
is located between 1.20 and 1.75 kHz, which is
well beyond the tolerance of COTS base station
receivers. However, as demonstrated throughout this test, the combination of the LTE modem with the Doppler compensation appliqué
enables the AMT system to maintain a goodquality link to the base stations on the ground,
delivering a high throughput.

[1] A. Kogiantis, K. Rege and A. Triolo, “LTE System
Architecture for Coverage and Doppler Reduction
in Range Telemetry,” presented at The International Telemetering Conference, Las Vegas, Nevada, Oct. 23-26, 2017.
[2] E. Fung, W.H. Johnson, A. Kogiantis and K.M.
Rege, “Doppler Estimation and Compensation for
LTE-Based Aeronautical Mobile Telemetry,”
presented at The International Telemetering Conference, Glendale, Arizona, Nov. 5-8, 2018.
[3] S. Sesia, I. Toufik, and M. Baker (eds.), LTE –
The UMTS Long Term Evolution – From Theory
to Practice, Second Edition, John Wiley and
Sons, Chichester, U.K., 2011.

We conclude this section with some remarks on
the handovers observed during the flight tests.
Handovers enable seamless connectivity in the
cellular-based AMT system, and a high rate of
handover successes indicate a well-designed
network. During the flight test, a large number
of handovers were observed (more than 140)
with an overall success rate of 82%. This
demonstrated the agility of the prototype system to follow the LTE signaling procedures.
Moreover, the data showed us areas where the
handover thresholds and hysteresis levels

The European Test and Telemetry Conference – ettc2020

234

Key Words

3D electronics .......................................................... 2.3
4G............................................................................ 7.5
A350 ........................................................................ 5.1
acquisition ............................................................... 6.1
Aeronautical ............................................................ 7.5
Aerospace ............................................................... 6.6
Agile ........................................................................ 6.6
airborne gravimetry.................................................. 1.3
Airbus civil and military aircraft ................................ 1.3
aircraft motion surveying ......................................... 1.3
artificial intelligent, ................................................... 6.4
Automation .............................................................. 6.1
Batch processing ..................................................... 6.7
Best Source Combination ........................................ 7.1
Best Source Selector ............................................... 7.1
Big Data......................................................3.3, 3.6, 6.4
BMAD: Bigdata Manoeuvre Automatic Detection .... 6.2
characterization ....................................................... 1.2
cellular ..................................................................... 7.5
chart recorder .......................................................... 3.5
cheaper ................................................................... 2.2
cinetheodolite .......................................................... 1.3
Closed-Loop Testing ............................................... 6.6
Cockpit Display ........................................................ 4.1
Compensation ......................................................... 7.5
Complex Systems.................................................... 6.6
computer vision ....................................................... 5.2
CSV: Comma separate values ................................ 6.2
Cyber-Physical Systems.......................................... 6.6
Cybersecurity .......................................................... 7.4
Data Acquisition ............................................... 2.6, 3.3
data acquisition system ........................................... 2.1
Data Analysis .......................................................... 3.3
Data Processing ...................................................... 2.6
data recording ......................................................... 3.5
deep learning........................................................... 6.4
Defence ................................................................... 6.6
DevOps ................................................................... 6.6
displays validation ................................................... 5.2
Doppler Shift............................................................ 7.5
energy efficient ........................................................ 2.2
energy harvesting devices ....................................... 1.2
engine temperature measurement .......................... 1.4
error estimation ....................................................... 3.1
Ethernet ................................................................... 7.1
Eye gaze estimation ................................................ 4.1
Eye gaze tracking .................................................... 4.1
fibre Bragg gratings ................................................. 1.5
Flight Test.....................................2.1, 2.6, 5.1, 7.2, 7.5
Flight Test Database ............................................... 3.3
Frequency Offset ..................................................... 7.5
FTI ........................................................................... 2.3
FTI displays, ............................................................ 5.3
Ftnet: Flight Test Net ............................................... 6.2
Gaze controlled interface......................................... 4.1
H.264 AVC .............................................................. 5.3
H.265 HEVC ............................................................ 5.3
handover ................................................................. 7.5
HDF5 :Hierarchical Data Format ............................. 6.2
Heavy Duty Telemetry ............................................. 1.4
Human Machine In-teraction ................................... 4.1
The European Test and Telemetry Conference – ettc2020

Image processing, .................................................... 5.2
iMAR navigation systems ......................................... 1.3
IMT-2020 .................................................................. 7.4
Industrial application ................................................ 1.2
inertial....................................................................... 1.3
instrumentation......................................................... 2.1
interference .............................................................. 3.4
interferometry ........................................................... 1.5
Intrusiveness ............................................................ 2.3
IOT ........................................................................... 2.3
IP cameras ............................................................... 5.3
Job Process ............................................................. 6.7
JSON : JavaScript Object Notation .......................... 6.2
land vehicles ............................................................ 3.1
LSTM........................................................................ 3.1
LTE .......................................................................... 7.5
machine learning ............................................... 3.1, 6.4
MDL.......................................................................... 2.4
wireles measurement system ................................... 1.2
Mobile....................................................................... 7.5
modal analysis ......................................................... 1.5
modular .................................................................... 2.2
motion tracking ......................................................... 1.3
multicast packet transmission .................................. 3.2
multilevel priority arbitration...................................... 3.2
NoSQL: Not only SQL .............................................. 6.2
Open Standards ....................................................... 2.4
optical fibre sensors ................................................. 1.5
Parallelization ........................................................... 6.7
Photogrammetry....................................................... 5.1
PostgreSQL.............................................................. 6.7
power supply evaluation ........................................... 1.2
precise dynamics measurement ............................... 1.3
predictions ................................................................ 6.4
RADAR signals ........................................................ 3.4
Radio frequency ....................................................... 7.4
Real-Time Data Visualization ................................... 3.3
recorder .................................................................... 3.5
Regression Testing .................................................. 6.6
rotating telemetry ..................................................... 2.1
rule ........................................................................... 6.1
Satellite TT&C .......................................................... 7.4
satellite-based localization systems ......................... 3.1
SAW ......................................................................... 1.4
scalable .................................................................... 2.2
security ..................................................................... 3.4
Security Testing ....................................................... 6.6
sensor ...................................................................... 6.1
shadowing ................................................................ 3.4
shape sensing .......................................................... 1.5
Simulation ................................................................ 3.4
Software Frame Sync ............................................... 7.1
Space time coding .................................................... 7.2
Space Wire............................................................... 3.2
Space Wire router .................................................... 3.2
spatial diversity......................................................... 7.2
Spectrum sharing ..................................................... 7.4
Speed ....................................................................... 7.5
SQL: Structured Query Language ............................ 6.2
Startup...................................................................... 2.6
strap down................................................................ 1.3
235

Key Words

SWAP ...................................................................... 2.3
Telemetry ............................................5.3, 7.1, 7.2, 7.5
telemetry signals ..................................................... 3.4
Test Range .............................................................. 7.5
testing ...................................................................... 6.1
Testing Platform ...................................................... 6.6
Time Synchronization .............................................. 7.1
unified architecture .................................................. 1.3
V-Model ................................................................... 4.3
validation .......................................................... 6.1, 6.6
VHDL ....................................................................... 3.2
video ........................................................................ 2.1

The European Test and Telemetry Conference – ettc2020

Virtual Testing .......................................................... 4.3
Virtualization............................................................. 4.3
VISTAS .................................................................... 4.3
visual display ............................................................ 3.5
VTOL ........................................................................ 2.6
web interface ............................................................ 2.2
Wing Deformation .................................................... 5.1
wireless sensing ....................................................... 1.4
XdefML ..................................................................... 2.4
XidML ....................................................................... 2.4
XML .......................................................................... 2.4

236

