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FIGURE 5.15: Amplitudes for the metallic square pole at 45 degrees
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FIGURE 5.16: Manually flown UAV path for the metallic square pole
(red circle) at 45 degrees

5.2.5 SAR test: Circular Metallic Pole

Figure 5.17 shows the least cluttered image taken during the five tests done on the
circular metallic pole. The path is decently linear, see figure 5.19 and the amplitude
signature seen in figure 5.18 at approximately 1.8 meters shows that the Radar
registers that there is something there. Though, as mentioned for the other tests, it
is not easy to say whether it is generated by ground clutter, interfering objects, the
plastic half-pipe structure, or the circular metallic pole. This will be further
assessed during the discussion of the test results. Vertical "strings" with no radar
signature is caused by the radar not being able to collect enough data about the
scene because of the UAV velocity.
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FIGURE 5.18: Magnitudes for the circular metallic pole summed up
at all distances
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FIGURE 5.19: Manually flown UAV path for the circular metallic pole
(red circle)

5.2.6 SAR test: Circular Plastic Pole

As with all the smaller objects, the wall behind stands out in the SAR image (figure
5.20). The flight path shown in figure 5.22 is not quite linear and the UAV heading
is not kept stable during the entire flight. This causes for ambiguities when
considering the spikes that show up on the graph in figure 5.21. Especially when
trying to conclude whether the Radar actually sees the circular plastic pole or not. It
is concluded that the plastic pole is not being imaged, and that the amplitudes
registered at 1.7-1.8 meters mainly came from ground clutter.
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FIGURE 5.20: Generated SAR image of the circular plastic pole
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FIGURE 5.21: Amplitudes for the circular plastic pole summed up at
all distances
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FIGURE 5.22: Manually flown UAV path for the circular plastic pole
shown as a red circle

5.2.7 SAR test: Metallic Wire

The SAR imaging of the metallic wire (figure 5.23) is clearly cluttered and it can
clearly be stated that the wire is not easily visible to the Radar. The graph (figure
5.24) shows a signature that can be interpreted as a mix of ground clutter, and the
back-scatter from the plastic half-pipe used to hold the wire in its position. The UAV
path shown in figure 5.25 was the best one done of all the tests done on the wire, and
is not ideal, but acceptable compared to what was achieved in the other tests.
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FIGURE 5.23: Generated SAR image of the metallic wire
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FIGURE 5.25: Manually flown UAV path for the metallic wire
(approximately at the red circle)

5.3 Comparison with Results from Other Studies

When comparing the results of the testing done in this chapter to the research on
SAR on a consumer drone [11] presented in chapter 2 - or the results from the
comparison of UWB short-range imaging [12] from chapter 3, it is important to
mention the difference in hardware and software. While the comparison study
shows very precise imaging by the use of three different migration techniques
presented in chapter 3 the complexity of the algorithm used in these tests is fairly
small compared to the RMA and Kirchhoff migration techniques.

Looking at the generated SAR images in comparison to the ones in the
consumer drone study one should note the absence of a wall in the consumer drone
study. The difference between an indoor and an outdoor environment. Clearly,
those tests were done in a slightly more professional fashion. Though one could
assume that placing a wall 1 meter behind the same test objects would make them
appear slightly more vague on the SAR images, even though the RCS of the objects
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where higher than that of the objects tested in this thesis.

Comparing the results obtained from all tests conducted in this section it is clear
that the object with the decidedly highest RCS, the plate, was the easiest one to
image, and thus, the easiest to detect. The smaller objects showed some signatures,
though with varying ambiguities concerning the results.

5.4 Discussion

The UAV possesses no predefined functionality that makes it able to fly a perfectly
straight line from one position to another, which would have been an advantage
during the tests conducted in this chapter. Furthermore, flying the UAV at constant
speed to make sure that the Radar received the same amount of signals from all
parts of the scenery would have been able to make the imaging less ambiguous.
When operating the UAV manually it is not only difficult to fly a straight line at
constant speed, but it is also hard to keep the UAV heading constant. This difficulty
results in the fact that during testing, the Radar was not always pointing directly
forwards, and since the Simple Summation Algorithm makes no correction on the
viewing angle of the Radar, the signal processing will be sub-optimal. Concerning
testing and test setup, there are several factors that should be reflected upon. The
fact that the UAV is flown manually poses a disadvantage when it comes to the
amplitude graph for all scenarios. When the UAYV is flown manually, the flight time
differs on every test, making it difficult to say whether summed up amplitudes on
specific distances came from noise and clutter over time, or from other interfering
objects. As some of the tests show, there is a lack of data caused by the UAV
moving to fast across the scene, which could have been corrected by a velocity
controller. Another challenge is regarding the unstable heading. While operating
the UAV manually, it can be difficult to predict what the Radar will capture from
other parts of the test room. Ideally the tests should also have been done by the use
of a rail (to create a "perfectly” straight line) and with a strict timer in a room with
nothing else. Those tests could then have been compared to the test results of a
flying UAV. Accurate reference imaging of all objects to show their placement and
position compared to the generated SAR images would also have been beneficial,
and is something that should be improved in future work.

Furthermore, from the lack of unambiguous results there should have been
conducted more tests, though with limited time as a contributing factor, it was
decided that further tests can be conducted in future work. There was quite some
time and effort put into an implementation of a more complex algorithm, but as the
main priority was to actually be able to generate a SAR image the algorithm’s
complexity was scaled down - which led to the implementation of the Simple
Summation Algorithm.

Considering the imaging results it is also clear that there should have been
several other objects with good reflection capabilities, such as a dihedral and/or a
trihedral, as most of the tests showed high ambiguity. All other tests than the 0°
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plate test showed no outgoing object signature on the SAR image compared to the
wall behind. Sometimes it also seemed like interfering objects appeared at the
edges of the SAR image, making it harder to see the object and the wall upon
generation of the image. For further work, a test with an empty scenery should be
conducted, making it possible to differentiate between the imaging results of an
empty scenery and the hard-to-see elements. For future research, a test with only
the plastic half-pipe structure should also be conducted to be able to see what
Radar signature it would give. Several days of testing would absolutely have been
beneficial. Testing in rooms with different types of surfaces could have illustrated
how much ground clutter affected the Radar data and would also have made a
better comparison for the tests.

One could have expected better imaging results with more complex algorithms
and a more clean and operational test setup considering the points made in this
section and the comparison section above.

5.5 Summary

All tests completed during the course of this thesis has been conducted in the
Motion Capture Lab at NTNU in cooperation with researchers at the Department.
The UAV position is accurately measured as it is manually operated to fly past
several objects, collecting Radar data from all of them. The five objects tested was a
metallic plate, a square metallic pole, a circular metallic pole, a circular plastic pole,
and a metallic wire. All tests were done five times for each object with the intention
of flying the UAV in a straight line at constant speed with constant heading. The
best imaging result has been presented in this chapter. Comparing the results to
other studies brought up in earlier chapters, these results show higher ambiguity
even considering the fact that some of the objects were hard to see from a Radar’s
perspective.

Reviewing the results and the test setup there are many lessons to be learned.
Drawing lines from the discussion could facilitate for better testing in future work.
More tests with better UAV functionality should also be conducted in future work
so that an even better test comparison could be achieved.



81

Chapter 6

Conclusion

Radar can detect, track, and generate images of targets with high accuracy at long
range, in all weather conditions. Given these abilities, Radar has been widely used
for military and civilian purposes, such as wide-area surveillance, air defense and
weapon control, high-resolution Radar imaging, remote sensing of environment,
weather observation, air traffic control, vehicle collision avoidance and cruise
control, harbor and river traffic surveillance, and industry automation [68].

Radar systems are required to operate in increasingly complex spectral
environments with a lot of potential interference, noise and clutter. Take for
example an urban area where the airwaves may include lots of wide-band radio
frequencies and microwave emitters, as well as wireless communication
infrastructure, wireless networking systems and civilian Radar devices. The
challenge with noise is persistent in Radar and SAR because the signal processing
algorithms must be able to recognize the relevant information. When taking small
Radar systems that can fit on a consumer drone into account there will always be a
challenge with directivity, which measures the degree to which the emitted
radiation is concentrated in a single direction. Small Radar systems therefore have a
wider beam, see figure 2.2. Electromagnetic waves, in this case Radar signals, will
interact with objects and the media in which they travel. When this happens, the
Radar signals can be reflected several times before reaching the receiver. Especially
in indoor environments where signals can bounce off walls and objects in every
direction. This can be challenging for a SAR algorithm to detect as it would need
intelligent mechanisms to be able to detect only the signals coming straight from an
object, and filter out the irrelevant information (clutter, noise, etc).

6.1 Closing Discussion

This thesis has aimed to explain, in understandable terms, the fundamentals and
concepts of Radar technology and SAR, while trying to investigate the applicability
of using SAR for indoor visual inspection by the use of Unmanned Aerial Vehicles
(UAVs). The main goal was to implement and test a SAR algorithm on real-world
Radar data acquired from a small-sized multirotor UAV to see what results could
be achieved. Critical to a collision avoidance system is its ability to detect and avoid
obstacles such as wires, pipes, and walls. By the use of a light-weight Ultra-Wide
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Band (UWB) Radar mounted on a multirotor UAV, a simple algorithm for
classification of Radar data has been implemented and tested in different
environments. Thus, the questions to be answered in this closing discussion will be
the following. What did this thesis achieve compared to its purpose, and what
needs to be done in future work?

Studies like the one on SAR imaging using a small consumer drone presented in
chapter 2.6 [11] or the comparison study regarding UWB short-range imaging using
migration algorithms [12] show that there has been conducted relevant research to
what this thesis brings up - exploring the potential of SAR to aid UAV navigation
when for example the Inertial Navigation System (INS) measurements are not
accurate enough due to the GPS signal being absent or corrupted by either
intentional or unintentional interferences. It is clear from these studies that the
possibility of using SAR as part of a collision avoidance system on UAVs is feasible.
There is yet no study showing the feasibility of a fully functional collision
avoidance system for small-sized UAVs mainly reliant on SAR, and that was not set
as a goal of this study either.

The results acquired presented in chapter 5 using the Simple Summation
Algorithm shows limitations when it comes to hard-to-see objects such as wires, or
thin objects with rather poor reflectivity. Whether it is mainly because of the
simplicity of the algorithm, or because of the test setup can be discussed. In this
case the ambiguity of the results was most likely caused by a mixture of all the
points made in the chapter 5 discussion. In future work there should be conducted
more tests with a wider range of objects and in different types of environments. As
part of a collision avoidance system, SAR can definitely be used in combination
with other imaging data acquired from for example a camera, a laser sensor
(LIDAR) or seismic measurements. This could facilitate for a more robust collision
avoidance system, given that the Radar data is reliable.

The conclusion to be drawn from this thesis is the fact that even with a simple
SAR algorithm applied on data from a small relatively low-cost Radar mounted on
a UAV - a UAV which was operated manually with both unstable heading and
velocity, it was able to image a large object and the walls of an indoor environment.
In comparison to more reactive collision avoidance systems based upon singular
radar measurement samples, SAR can be used for mapping, and be making the
collision avoidance able to operate by accessing the SAR "memory" generated -
which in many cases pose as a great advantage. Radar technology and SAR are
absolutely interesting research subjects with infinite branches of literature - the
following section will look at some other areas where research could be conducted.

6.2 Further Research Prospects

Within the domain of Radar systems to aid in collision avoidance on small-sized
multirotor UAVs, there are an enormous amount of questions and challenges that
pose as great candidates for further research prospects. Here are some suggestions:
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e Even though the study presented in chapter 2 section 6 confirmed the
feasibility of mounting an entire SAR system on a small multirotor UAV and
creating images of satisfying quality there should definitely be done more
testing with such a system. Running tests in different environments, both
indoor and outdoor, in urban areas, and industrial facilities. And if the UAV
should be able fully to rely on SAR imaging to navigate its surroundings the
UAV has to be able to look in all directions; sideways, downwards, and
upwards.

e When it comes to signal processing and imaging we can consider the review
of methods to describe and mathematically interpret Radar scattering in
chapter 3 section one. It is clear that there is a need for the development of
scattering models that include as much of the physics as possible without
making the model too complex to be used in the inverse problem. An
example of a simple model that includes the relevant physics can be found in
[44].

e Since SAR is based on known relative motion between target and sensor, there
is often a challenge in forming well-focused images because of the motion is
not well enough known. More efficient and precise methods for finding the
relative motion between target and sensor are also needed [69] [70]. To do this
there is also a need for better algorithms for determining the antenna position
from the Radar data itself. Methods like that often include auto-focus
algorithms [35] [71], some of which require image contrast to focus the image.
Even more challenging is when the target motion is complex (pitching, rolling
and yawing). Fast, efficient and accurate methods to three-dimensional image
are needed [70] and can a UAV be able to simultaneously track [72] moving
objects while forming three-dimensional images of them? Fast and accurate
imaging by the use of target classification/identification algorithms is also an
interesting research prospect. Target identification is important when
mapping a scene or differing between individual vehicles and is a problem
that may be closely related to computer vision. Algorithms regarding
classification and identification should ideally be able to run in real time.

e Combining these challenges with the idea of integrating all these skills on a
small-sized multirotor UAV it can seem nearly impossible considering the
limitations on payload, power consumption and processing power. On top of
this it can definitely be an idea to investigate the possibility of using a SAR
system as part of a collision avoidance system in combination with for
example a camera or other sensory equipment. A camera can on one hand
show clear contrast in images, though it struggles with depth. The SAR image
could then be used to provide depth and thereby ensure better mapping of
the UAVs local environment.
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e In chapter (2) the Radar shadow is mentioned briefly. The idea of exploiting

the information given in the Radar shadow is definitely interesting. In a lot of
cases, it is much more simple to utilize the Radar shadow of an object than to
process its direct-scattering image. A back-projection method used to
reconstruct an object’s three-dimensional shape from its Radar shadows
captured at different viewing angles is proposed in [20].

Earlier in this thesis, the automotive industry was mentioned as an example
of where Radar is widely used. When talking about collision avoidance in the
automotive industry the question of LIDAR vs Radar comes up. Light
detection and ranging (Lidar), as opposed to radio detection and ranging
(Radar). As light waves and radio waves have different capabilities the
solution to a fully operational collision avoidance system seems to fall on a
combination of the to technologies. Since Lidars usually have been bigger in
size, not to mention more expensive, they have not been thoroughly tested in
small-sized UAVs. However, there are being developed smaller laser range
sensors, and their cost is also going down [73]. Therefore, it is fair to say that
soon, small-sized UAVs will be mounted with both Radar and lidar systems.

The list could go on. The key element is that Radar technology as a means to
aid in UAV local navigation is a field that still needs a lot of testing. The use of
low-cost portable drones for Radar imaging could open up other potential
applications and research prospects in scientific, agricultural, and
environmental monitoring. This is definitely an interesting area for research.
Developing collision avoidance systems and systems for navigational aid is
only getting more relevant as we move towards an autonomous future with
UAVs embedded into more and more aspects of our lives. The possibilities
are almost endless, and considering the ongoing advances in all fields of
electronics and computer science, I assume it will not take long before UAVs
of almost all sizes are able to navigate crowded environments.
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Appendix A

Simple Summation Algorithm
Python Code

Running the code:

1.

N o 9 kW

Acquire access to radar log-files from the Motion Capture Lab at NTNU and
download logs referred to in the code

Set up an Anaconda environment by the use of the file "pylive.yml" from the
py-imcdatabase (access granted from Scout Drone Inspection AS)

Activate the Anaconda environment

Install the file "pyimc.egg" from the py-imcdatabase

Set the Anaconda environment as python interpreter for the project
Remove the "#" from the log to be run (see line 42-61 in the code)

Run code

# The Simple Summation Algorithm

import sys

5/ sys . path.append(”.. ")

from imcdatabase import ImcDatabase, NoMessageFound
from radar_frame_parser import x

import numpy as np
import matplotlib.pyplot as plt
from scipy.interpolate import interpld

# Number of elements within the radar magnitude list (99 for old test, 181

for new)

s\ M_SIZE = 181

7|# Load up a log
db =

ImcDatabase ()

# All conducted tests




23

25

27

29

35

37

39

41

43

45

47

49

51

53

55

59

61

63

67

86 Appendix A. Simple Summation Algorithm Python Code

# Square pole
#db.load_log (’../logs /20180528 _mocap_radar_sar_proper/scout—disco
—01/20180528/135417 _square_pole_4/Data.1sf ")

# Square pole 45
#db.load_log(’../logs /20180528 _mocap_radar_sar_proper/scout—disco
—01/20180528/140038 _square_pole_45/Data.1sf )

# Metallic pole
#db.load_log (’../logs /20180528 _mocap_radar_sar_proper/scout—disco
—01/20180528/140323 _metallic_pole/Data.1sf )

# Plastic pole
#db.load_log (’../logs /20180528 _mocap_radar_sar_proper/scout—disco
—01/20180528/140639 _plastic_pole/Data.lsf ")

# Wire
#db.load_log(’../logs /20180528 _mocap_radar_sar_proper/scout—disco
—01/20180528/141359 _wire/Data. Isf ’)

# Plate
#db.load_log (’../logs /20180528 _mocap_radar_sar_proper/scout—disco
—01/20180528/141927 _plate/Data.lsf ”)

# Plate 45
#db.load_log (’../logs /20180528 _mocap_radar_sar_proper/scout—disco
—01/20180528/142203 _plate_45/Data.1lsf ”)

# Front—facing radar ID: 0 — constant noise filter: dst_ent: 21
all_messages = db.get_messages(’'RadarFrame’, filter_field={"id :0,
dst_ent’:21})

’

sum_magnitude
distance_list

[0]+«M_SIZE
[0]%M_SIZE

magnitude_list [1]
drone_pos_list = []
drone_y_pos = []

count = 0

for radar_data in all_messages:
distance = np.linspace(radar_data.area_start, radar_data.area_end,
radar_data .num_bins)
magnitude = get_frame_magnitude(radar_data.data, radar_data.num_bins)
time = radar_data.timestamp — db.get_start_time ()
drone_pos_data = db.get_message_at_time( EstimatedState’, radar_data.
timestamp)

if count == 0:
#set reference range position of the UAV
start_pos_y = drone_pos_data.y

for i in range(0, len(magnitude)—1):
sum_magnitude[i] = sum_magnitude[i] + magnitude[i]
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drone_y_pos.append(drone_pos_data.y—start_pos_y)
drone_pos_list.append(drone_pos_data.x)

magnitude_list.append (magnitude)
distance_list = distance

count = count + 1

#Find the distance range to be interpolated
max_range = 0
min_range = 0

for i in range(0,count):
for d in distance_list:
if d+drone_y_pos[i] < min_range:
min_range = d+drone_y_pos|[i]
if d+drone_y_pos[i] > max_range:
max_range = d+drone_y_pos|[i]

#Based on the movement of the UAV, find the maximum and minimum value in
azimuth (x—direction):

min_x = 0

max_x = 0

for i in range(0, count):
if drone_pos_list[i] < min_x:
min_x = drone_pos_list[i]
if drone_pos_list[i] > max_x:
max_Xx = drone_pos_list[i]

# creating the two—dimensional array that will represent the SAR image:
interp_x interpld ([min_x, max_x], [0, 39])

interp_y interpld ([ min_range, max_range], [0, 99])

SAR_image = np.zeros((100, 40))

# iterate through all data:
for i in range (0, count):
# find out which index in SAR_image this mapping belongs to based on
what position the drone is at
if drone_pos_list[i] < min_x:
drone_pos_list[i] = min_x
if drone_pos_list[i] > max_x:
drone_pos_list[i] = max_x
cross_range = int(interp_x(drone_pos_list[i]))

# go through all distances and sum up magnitudes at the specific cross
—range
for j in range (0, 98):
if distance_list[j] > max_range:
distance_list[j] = max_range
if distance_list[j] < min_range:
distance_list[j] = min_range
SAR_image[int (interp_y (distance_list[j]+drone_y_pos[i])) ][
cross_range] += magnitude_list[i][j]

f = np.array (SAR_image)
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3| # SAR Image plotting (range/azimuth)

plt.imshow (SAR_image, interpolation="nearest", origin="lower", extent=][
min_x ,max_x, min_range ,max_range], aspect="auto")

5| plt. xlabel (“azimuth (m) ")

plt.ylabel(’range (m) ")

7| plt.colorbar ()

plt.show ()

# Summed up magnitudes graph

fig , ax = plt.subplots()

ax.plot(distance_list , sum_magnitude)
ax.set(xlabel="distance (m)’, ylabel="amplitude”)
ax.grid ()

5| plt.show ()
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