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ABSTRACT 

 Synthetic aperture radar (SAR) imaging with the use of a small-sized unmanned 

aerial vehicle (UAV) is a fairly recent and very promising application. There are two 

main thrusts in this thesis: a) SAR imaging with radar-communications waveform, and b) 

antenna characterizations with a UAV. Quadrature phase shift keying (QPSK) 

modulation is embedded to transmit data to a communications receiver via the 

guardbands of a linear frequency modulated (LFM) signal for SAR. Images are formed 

with the LFM-QPSK combined signal (i.e., there is no need to filter out the 

communications signal in the radar receiver). We vary signal-to-noise power ratio and 

LFM to communications bandwidth ratio and investigate how each parameter affects the 

SAR images generated. We also look at the effect of shifting the communications carriers 

away from the LFM spectrum on the SAR image. The next step in developing and 

fielding a system is selecting an antenna and performing a pattern characterization with a 

UAV via radio frequency transmission to ground receiver. Antenna characterization is 

performed by transmitting a continuous wave signal from a UAV and measuring received 

power from a seven-element Yagi antenna on the ground. 
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CHAPTER 1:
Introduction

Radar has advanced significantly since becoming a critical technology in World War II.
Synthetic aperture radars (SARs) are widely used by military and civilian organizations in
topography, oceanography and navigation. Their remote sensing and mapping capabilities
can be used in almost any weather condition, and of course, day and/or night. Linear
frequency modulation (LFM) is a common SAR waveform because it offers a very fine
range resolution capability by using a high bandwidth.

The idea in this work is for a radar to illuminate a target area from a drone-mounted SAR,
form a SAR image, and at the same time, transmit data to a communications receiver on
the ground. Drones and other types of unmanned aircraft vehicles (UAVs) are used in many
applications such as: aerial photography, videography, communications, crop spraying,
intelligence gathering, surveillance targeting, and now even as radar platforms. In 1937,
the United States Navy developed the Curtiss-N2C-2 drone, which was one of the first
radio-controlled aircraft. During World War II, the Germans developed the V-1 Doodlebug,
a UAV fitted with explosives and a pulsejet. The V-1 was used for the terror bombing of
London. Recent research has utilized UAVs in RF applications. In 2019, the authors in [1]
propose utilizing drones as relay nodes to receive, demodulate, and retransmit signals to a
final receiver for demodulation and beamforming. The work in [2] attempts to characterize
air-to-ground wireless communications between UAV platforms and users on the ground
both in practical line of sight and non line of sight scenarios across a wide range of
carrier frequencies, including cellular and Wi-Fi (5 GHz) frequency bands. The authors
in [3] propose the development of a lightweight, multimode, ultra-high frequency, ultra-
wideband radar module. The proposed design is for drone-based operation, and is therefore,
low-weight, compact, and easy to maintain. It features low power consumption and a drone-
independent power supply.

Also growing is the field of radar-communications spectral sharing, in which radar-
embedded communications is a very good example. SAR fundamentals and signal pro-
cessing algorithms are well covered in several books such as [4]. Both [5] and [6] provide

1



excellent exposure into the topic of spectral sharing. Indeed, a quick search will produce
many recent works, but they cannot all be added here for brevity. Several cited works explore
ways to improve radar and data communications while considering cooperation between
both as a joint system instead of being mutually exclusive. The work in [7] explores the
RF spectrum congestion problem and provides possible options to increase efficiency and
optimize spectrum use. The work in [8] explores utilizing intrapulse radar-embedded com-
munication signals for covert communications. The works in [9] and [10] investigate the
radar-communications spectral sharing problem and propose ways to improve the perfor-
mance of both systems. The work in [11] explores demodulation of QPSK radar-embedded
communications using least squares estimator and maximum likelihood detection (MLD)
while [12] compares deep neural network machine learning demodulation with the MLD
method.

For example, in [13], quaternary phase-shift keying (QPSK) carriers are placed in the radar
guardbands. This modulation provides a decent combination of spectral efficiency and
symbol error rate performance. Typically, communications signals require less power than
radar signals due to one-way link propagation. As such, radar power-to-communications
power ratio (RCR) is large in most cases. However, this thesis focuses on taking advantage
of the guardbands. We allow two communications signals be adjacent to the LFM waveform
and use the combined return signal to generate the SAR picture. The base SAR MATLAB
code utilized in this work is from “Fundamentals of Radar Signal Processing” by M.
Richards [14]. That code is expanded in this research.

1.1 Objectives
The idea in this work is for a radar to illuminate a target area from a drone-mounted SAR,
form a SAR image, and at the same time, transmit data to a communications receiver on the
ground. The communications receiver may or may not be in the target area, as illustrated in
Figure 1.1. The communications receiver is a focal point in [13]. This thesis focuses on the
radar receiver.

To realize a SAR-imaging drone system, several aspects have to be studied, but we only
focus on two. The objectives are: a) to simulate a comms-radar waveform and produce a
SAR image, and b) to characterize the performance of a potential antenna to be used on

2



a drone. In Chapters 2 through 4, we investigate if an embedded communications signal
degrades or improves SAR image formation. In Chapters 5 and 6, we conduct experiments
with a UAV to transmit a RF signal to a ground receiver for characterization of potential
antenna candidates.

Figure 1.1. Drone-mounted SAR communications illustration

3
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CHAPTER 2:
Signal Modeling for SAR and Communications

Communications links are normally one-way paths (i.e., transmitter to receiver). Monostatic
radar typically travels a two-way path, since the backscatter (reflected combined signal)
needs to be processed at the radar receiver. The radar probability of detection is barely
affected by modulating the transmitted signal with a communications signal, as long as the
RCR remains high. This thesis investigates generating the SAR picture without filtering out
the communications signal.

As stated before, the goal is to place QPSK carriers in the guardbands of an LFM pulse and
investigate their effect on the SAR picture generated by the radar. In Figure 2.1, we illustrate
the 5 us, 15 MHz bandwidth LFM pulse utilized in this work, with some noise to give a 30
dB signal-to-noise power ratio (SNR). In Figure 2.2, the corresponding SAR image using
nine targets is illustrated. This work uses Figure 2.2 as a baseline to compare succeeding
results in which QPSK signals have been added in the guardbands.
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Figure 2.2. SAR picture generated from baseline LFM waveform and corre-
sponding color bar [dB], 30 dB SNR, no embedded communication signal

2.1 Baseband Signal Description, Normalized Sampling
Time

For the time being, we assume the signal is complex baseband, with normalized sampling
time. The noise-free transmitted and eventually received complex baseband signal is mod-
eled in the form 𝑥 [𝑛] = 𝑟 [𝑛] + 𝑐[𝑛], where 𝑛 is the time index, 𝑟 [𝑛] is the radar LFM
signal, and 𝑐[𝑛] = 𝑐1 [𝑛] + 𝑐2 [𝑛] is the sum of the two QPSK communications signals that
are added on the left and right side of the LFM mainlobe respectively. Let 𝑓1 and 𝑓2 be the
carrier frequencies of the communications signals, and 𝜙[𝑛] the QPSK phase sequence in
which the possible values is from the set {𝜋/4, 3𝜋/4, 5𝜋/4, 7𝜋/4}. The two QPSK signals
are given by:

𝑐1 [𝑛] = 𝐴𝑒 𝑗 (2𝜋 𝑓1𝑛)𝑒 𝑗𝜙1 [𝑛]

𝑐2 [𝑛] = 𝐴𝑒 𝑗 (2𝜋 𝑓2𝑛)𝑒 𝑗𝜙2 [𝑛] ,
(2.1)
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where 𝐴 is the amplitude. Assuming thermal noise in the receiver, the received signal plus
noise is 𝑦[𝑛] = 𝑟 [𝑛] + 𝑐[𝑛] +𝑤[𝑛], where 𝑤[𝑛] is zero-mean additive white Gaussian noise
of variance 𝜎2 for 𝑛 = 0, 1, 2, . . . , 𝑁 − 1 (where 𝑁 is the number of samples). Note that in
SAR, clutter is ever present and a more complicated received signal modeling is absolutely
needed for practical scenarios, but that is beyond the scope of this thesis. More research is
required to expand the received signal model as mentioned in Section 7.1.

Modern communications signals also use pulse shaping filters for both spectrum efficiency
and inter-symbol interference (ISI) mitigation. Thus, another interesting research aspect is
to add the effect of pulse-shaping filter into SAR imaging parameters. These are beyond
the scope of this thesis, but it is proposed to look into these interesting practical waveform
aspects in the future.

2.1.1 Practical bandwidths and carrier frequencies
For SAR image generation, it is best to use practical bandwidths instead of bandwidths less
than normalized frequency (or normalized sampling time which is sometimes a convenient
model). Using actual bandwidth allows a practical feel for the temporal/range resolution
offered by the LFM waveform. Let 𝑡𝑠 = 5.55 nsec be the sampling time, and𝑊 = 15 MHz be
the bandwidth as in the utilized base code [14]. Then, let 𝐹1 and 𝐹2 be the carrier frequencies
for the communications signals. The carrier frequencies may be shifted towards or away
from the LFM mainlobe (still centered at 0 Hz) as desired using the LFM bandwidth as a
reference. The expressions for the subcarrier frequencies are given by:

𝐹1 = −𝑊/2 − ( 𝑓Δ𝑊)
𝐹2 = 𝑊/2 + ( 𝑓Δ𝑊),

(2.2)

where the carriers are shifted in relation to the LFM cutoff (3 dB) bandwidth by 𝑓Δ𝑊 . In
other words, if 𝑓Δ is allowed to be 1, then 𝐹1 is -1.5𝑊 . This left carrier frequency is exactly
one bandwidth frequency interval away from the LFM left hand 3 dB point.

Although not advisable, in both equations, if 𝑓Δ is negative, then the QPSK center frequen-
cies 𝑓1 and 𝑓2 are shifted toward the LFM signal mainlobe. When 𝑓Δ is positive, the QPSK
center frequencies are shifted away from the LFM mainlobe. This thesis proposes 𝑓Δ not be
less than 0, since that will put the subcarrier frequencies inside the mainlobe (which defeats
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the idea of utilizing guardbands for communications). In reality, even if the subcarrier is
outside the mainlobe, there will be spectral overlap between the LFM waveform and the
communications waveform depending on the pulse shape of the QPSK symbol. In this work,
no pulse-shaping filter is used, but it is proposed to investigate such topic in Chapter 7 of
this thesis. The symbol rate for the QPSK modulation is given by 𝑅𝑠 = 1/𝑇𝑠𝑦𝑚. If 𝐶 is the
number of QPSK symbols in radar pulse 𝜏, then it should be clear that 𝑇𝑠𝑦𝑚 = 𝜏/𝐶. In
other words, this means the symbol rate is 𝑅𝑠 = 𝐶/𝜏, per subcarrier. Since there are two
subcarriers, the total 𝑅𝑡 = 2𝑅𝑠.

Notice that the spectral overlap between the LFM mainlobe and the QPSK can be significant
depending on the radar-to-communications bandwidth ratio or LFM-comms bandwidth ratio
(LCBR) which is given by:

𝐿𝐶𝐵𝑅 = 𝑊/𝑅𝑠 . (2.3)

The effective LCBR𝑒 is LCBR/2. The reciprocal is defined as the comms-to-LFM bandwidth
ratio (CLBR).

A sample spectrum of a combined LFM-QPSK signal is shown in Figure 2.3. In this
example, 𝑓Δ = 0, 𝐹1 = −𝑊/2 and 𝐹2 = 𝑊/2. In other words, the subcarrier frequencies
are at the LFM cutoff frequencies. Recall that the LFM signal alone has a bandwidth of
15 MHz. Also in Figure 2.3, a case where 𝐶 = 900 symbols is displayed, which means
that LCBR is 0.0833. The same number of QPSK symbols is added per subcarrier, which
means both subcarriers have the same communications bandwidth. Note that the QPSK
center frequencies 𝐹1 and 𝐹2 are equidistant from the origin (center frequency of the LFM
which is 0 Hz here). As 𝑅𝑠 increases, so does the LFM-communications overlap. The two
subcarrier spectra overlap also increases. In other words, care must be employed to increase
𝑅𝑠. This work varies 𝑅𝑠 and 𝑓Δ to see the effect on SAR image formation.
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Figure 2.3. RF spectrum of LFM waveform with 900 symbols per QPSK
subcarrier. LCBR = 0.0833. No noise, 20dB RCR, 𝑓Δ = 0

2.2 Constants and Variables
In this section, the constants and variables listed in Table 2.1 are defined. These are utilized
for analysis and simulations in future sections. Let 𝑁 be the number of samples in the LFM
waveform; 𝜏 is the pulse length; 𝑓𝑠 is the sampling frequency; the sampling time 𝑡𝑠 is the
reciprocal of 𝑓𝑠; 𝑊 is the LFM signal bandwidth; azimuth/range resolution is minimum
distance between two targets in order for the radar to distinguish between them; otherwise,
they appear to be one single target; 𝑅𝑐𝑟 𝑝 is the range to swath center; 𝑣 is the aircraft/platform
speed; 𝑓𝑐 is the RF frequency; 𝐷𝑎𝑧 is the antenna azimuth size; and 𝐿𝑠 is the swath length
(diameter). Some of the parameters assigned in [14] are retained purely for convenient
illustration in this work.
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Figure 2.4. SAR illustration. Source: [15].
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Table 2.1. Constants and variables utilized in simulation

Variable Value Units
𝑁 900 samples
𝜏 5 𝜇sec
𝑓𝑠 180 MHz
𝑡𝑠 5.55 nsec
𝑊 15 MHz
Azimuth/range resolution 10 meters
𝑅𝑐𝑟 𝑝 30000 meters
𝑣 150 m/s
𝑓𝑐 1e10 Hz
𝐷𝑎𝑧 0.2 meters
𝐿𝑠 3000 meters
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CHAPTER 3:
Processing

In our simulation scenario, nine targets are placed in a diagonal line. The actual positions
in meters are defined in Table 3.1. The SAR images are formed using the range Doppler
algorithm from [14], which is modified to include the communications subcarriers signal.
SAR images are generated by parameterizing one variable of interest at a time.

Table 3.1. Actual position of simulation targets (meters)

Target X Y
1 -1000 1000
2 -800 800
3 -600 600
4 -200 200
5 0 0
6 1000 -1000
7 800 -800
8 600 -600
9 200 -200

In Figure 3.1, the effects of increasing the number of QPSK symbols in one LFM waveform
pulse are displayed. In this example, 𝑓Δ = 0.25, SNR is 30 dB, and RCR is 20 dB.
The time domain waveforms for the combined LFM-QPSK signals are shown for: (a) no
communications, (b) 9 symbols per subcarrier, (c) 90 symbols per subcarrier, and (d) 900
symbols per subcarrier. Typical radar systems transmit constant amplitude waveforms for
transmit amplifier efficiency. While the resulting combined waveform may not be of constant
amplitude (as shown in Figures 3.1 and 3.2), it may be close, especially at high RCR.
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Figure 3.1. LFM waveform with SNR = 30 dB, RCR = 20 dB, 𝑓Δ = 0.25, (a)
no communication baseline (top), (b) 9 symbols (bottom), (c) 90 symbols,
and (d) 900 symbols (continued on next page)
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Figure 3.1. (continued from previous page) LFM waveform with SNR = 30
dB, RCR = 20 dB, 𝑓Δ = 0.25, (a) no communication baseline, (b) 9 symbols,
(c) 90 symbols (top), and (d) 900 symbols (bottom)

Another example is displayed in Figure 3.2. In this case 𝑓Δ = 0.50. All other parameters
remain the same as in Figure 3.1. The effects of increasing the number of QPSK symbols in
one LFM waveform pulse are again evident. The time domain waveforms for the combined
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LFM-QPSK signals are shown for: (a) no communications, (b) 9 symbols per subcarrier,
(c) 90 symbols per subcarrier, and (d) 900 symbols per subcarrier.
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Figure 3.2. LFM waveform with SNR = 30 dB, RCR = 20 dB, 𝑓Δ = 0.5, (a)
no communication baseline (top), (b) 9 symbols (bottom), (c) 90 symbols,
and (d) 900 symbols (continued on next page)
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Figure 3.2. (continued from previous page) LFM waveform with SNR = 30
dB, RCR = 20 dB, 𝑓Δ = 0.5, (a) no communication baseline, (b) 9 symbols,
(c) 90 symbols (top), and (d) 900 symbols (bottom)
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The corresponding spectra from Figures 3.1 and 3.2 are illustrated in Figures 3.3 and 3.4,
respectively. Note the case of 900 symbols per subcarrier, which corresponds to an LCBR
of 0.0833 or CLBR of 12. To increase the total bandwidth of the combined signal, one
must increase the number of symbols. Notice that CLBR = 12 (900 symbols) accomplishes
that. In theory, this may yield better resolution if the combined signal is used to process
the return signal. Note, however, that if the guardband frequency interval is constrained,
then a CLBR = 12 may not necessarily be allowed. The use of 90 symbols per subcarrier,
which corresponds to CLBR = 1.2, may be more reasonable. Unfortunately, due to the high
RCR, communications spectrum is low compared to the LFM spectrum. In other words, the
effective bandwidth increase may not be discernable in the SAR image anyway. Regardless,
our goal is: a) see if the communications signal actually degrades the SAR image in some
fashion, and b) see if there is a discernable improvement in range resolution in terms of the
SAR images.
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(b)

Figure 3.3. PSD of backscatter signal SNR = 30 dB, RCR = 20 dB, 𝑓Δ =

0.25, (a) no communication baseline (top), (b) 9 symbols per subcarrier
(bottom), (c) 90 symbols per subcarrier, and (d) 900 symbols per subcarrier
(continued on next page)
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(d)

Figure 3.3. (continued from previous page) PSD of backscatter signal SNR
= 30 dB, RCR = 20 dB, 𝑓Δ = 0.25, (a) no communication baseline, (b)
9 symbols per subcarrier, (c) 90 symbols per subcarrier (top), and (d) 900
symbols per subcarrier (bottom)
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(b)

Figure 3.4. PSD of backscatter signal SNR = 30 dB, RCR = 20 dB, 𝑓Δ =

0.50, (a) no communication baseline (top), (b) 9 symbols per subcarrier
(bottom), (c) 90 symbols per subcarrier, and (d) 900 symbols per subcarrier
(continued on next page)
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(d)

Figure 3.4. (continued from previous page) PSD of backscatter signal SNR
= 30 dB, RCR = 20 dB, 𝑓Δ = 0.50, (a) no communication baseline, (b)
9 symbols per subcarrier, (c) 90 symbols per subcarrier (top), and (d) 900
symbols per subcarrier (bottom)
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CHAPTER 4:
Simulation Results

Figure 4.1 shows the SAR images produced utilizing SNR = 30 dB, RCR = 20 dB, (a)
90 symbols per subcarrier, (b) 900 symbols per subcarrier, (c) 90 symbols per subcarrier,
and (d) 900 symbols per subcarrier. In this example, the QPSK center frequency is shifted
25 percent away from the LFM 3 dB frequency ( 𝑓Δ = 0.25) for Figure 4.1 (a) and (b).
This is a case where the spectral overlap between communications subcarriers may become
significant (i.e., affect on symbol error rate). Moreover, Figure 4.1 (c) and (d) were generated
with the QPSK center frequency shifted 50 percent away from the LFM 3 dB frequency
( 𝑓Δ = 0.5). Moving the subcarrier frequencies away from the mainlobe increases the total
bandwidth of the combined signal generated. Note that the SAR picture is closely similar to
the baseline image, without discernable degradation to picture quality nor improvement in
resolution. This is mostly due to very high RCR = 20 dB, where the LFM is too dominant
compared to QPSK signal. There is very little to no discernable differences between SAR
images of Figures 4.1. In other words, SAR images with similar resolution to the baseline are
achieved with 90 and 900 symbols per subcarrier, whether 𝑓Δ = 0.25 or 𝑓Δ = 0.5. In future
work, it is proposed to investigate in depth the effect on resolution of various parameters,
especially if RCR is allowed to be only moderately high, or even lower.
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(a) 90 symbols and 𝑓Δ = 0.25
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(b) 900 symbols and 𝑓Δ = 0.25

Figure 4.1. Generated SAR pictures and corresponding color bar [dB], with
SNR=30 dB, and RCR=20 dB (continued on next page)
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(c) 90 symbols and 𝑓Δ = 0.50
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(d) 900 symbols and 𝑓Δ = 0.50

Figure 4.1. (continued from previous page) Generated SAR pictures and
corresponding color bar [dB], with SNR=30 dB and RCR=20 dB
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CHAPTER 5:
Antenna Characterization with UAV Field Tests

Antennas are an important part of a SAR imaging system. A SAR system typically uses
a directional antenna. Our chosen antenna is the Yagi antenna which turns out to be too
large for the UAV. Thus, for the purpose of antenna-pair characterization, the Yagi is placed
on the ground as the receiving antenna. A smaller whip antenna is placed on the drone.
Antenna characterization is performed by generating received power radiation patterns in
a 360◦ area for a given antenna setup. Again, the Yagi antenna is physically too big and
heavy to fit on a drone-mounted system; an omni whip antenna is utilized to transmit from
the drone. The characteristics of both antennas and the rest of the equipment are covered in
following sections of Chapter 5.

5.1 Field Test Information
Field testing was conducted at McMillan Airfield, Camp Roberts, CA. The latitude and
longitude (35.7987◦ N, 120.7434◦ W) can be observed in Figure 5.1. A signal generator
and air whip antenna are attached to a drone. The generator is set to transmit a 10 dBmW
continuous wave (CW) signal at 430, 450 and 470 MHz frequencies. A seven-element
Yagi antenna capable of operating at 406-512 MHz. Inclination angles of 0◦ and 24◦ (with
respect to ground) are utilized with the receiver on the ground. This set-up emulates a
UAV antenna-pair, transmit-receive system that is important to characterize. The equipment
details are discussed in the following sections. Various pictures of the actual field test are
included in Appendix A.5.
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Figure 5.1. Camp Roberts testing site

5.2 The Drone
The drone utilized is the Freefly Alta 8 model featured in Figure 5.2. This UAV is equipped
with eight propellers, each with its own direct drive three-phase permanent magnet alternat-
ing current outrunner motor. The drone is chosen because it is manufactured in the United
States and it is capable of carrying up to 20 lbs of load (while maintaining an average flight
time of 20 min per set of batteries). It also has the “hold position” flight mode which allows
the drone to maintain its position in the air through GPS positioning during the experiment.
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Figure 5.2. Freefly Alta 8 drone. Source: [16].

Appendix Figure A.1 contains the Freefly Alta 8 datasheet provided by the manufacturer.
More information can be found at https://freeflysystems.com/alta-8/specs.
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5.3 The Signal Generator
The 10 dBmW CW test signals are generated utilizing a Vaunix signal generator, specifically,
the LMS-152 D featured in Figure 5.3. This model generates signals ranging from 0.25 GHz
up to 1.5 GHz. It is USB controlled and is fully programmable to produce the desired signals
with an output power of -45 to +10 dBmW with low phase noise. The signal generator is
lightweight (less than one pound), so it can be attached to the Alta 8, and is powered by a
portable external battery. It transmits the desired signals while the drone is in flight. The
LMS-152 D data sheet provided by the manufacturer is attached in Appendix section A.2.
For more information on Vaunix technologies, visit https://vaunix.com/lms-152d-digital-
signal-generator/.

Figure 5.3. Vaunix LMS-152 D signal generator. Source: [17].
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5.4 The Transmitter Antenna
Figure 5.4 shows the transmitter antenna selected: PE51148, 1/4" wave omni whip antenna.
This antenna is designed by Pasternack technologies [18] to operate in the 450-470 MHz
frequency band, with a typical 0 dBi gain and an impedance of 50 Ω. The PE51148 data
sheet is attached in Appendix A.3. For more information on Pasternack technologies, visit
https://www.pasternack.com/

Figure 5.4. PE51148 transmitter antenna. Source: [18].
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5.5 The Receiver Antenna
Figure 5.5 shows the receiver antenna selected: the 480-70 model produced by [19]. This
seven-element, UHF Yagi directional antenna is designed to operate at frequencies in the
range of 380-512 MHz. It has a gain of 10dBi and an impedance of 50 Ω.

The field test results are compared to the simulation patterns produced by FEKO, a com-
mercial electromagnetic simulations software by Altair [20]. In Figure 5.6, the horizontal
radiation pattern produced by FEKO is displayed on the left. The radiation pattern provided
by the manufacturer is displayed on the right. Similarly, Figure 5.7 shows the vertical ra-
diation pattern produced by FEKO on the left, while the radiation pattern provided by the
manufacturer is displayed on the right. Note that these are for horizontal polarization. The
data sheet provided by the manufacturer for the Yagi antenna and other models is attached
in Appendix A.4.
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Figure 5.5. UHF Yagi receiver antenna. Source: [19].
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Figure 5.6. Receiver antenna vertical radiation pattern (horizontal polariza-
tion) produced by FEKO (left) vs the provided by manufacturer (right).
Source: [19].
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Figure 5.7. Receiver antenna vertical radiation pattern (horizontal polariza-
tion) produced by FEKO (left) vs the provided by manufacturer (right).
Source: [19].
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5.6 Cable and Antenna Loss
In RF systems, sources of loss must be accounted for. RF losses can be caused by equipment
such as antennas, cable loss, and loose connectors among others. To account for these
losses, the scattering parameters 𝑆11 reflection and 𝑆21 transmission tests are performed on
the receiver front end. The 𝑆11 measures return loss on the receiver antenna. The antenna is
connected to a vector network analyzer. The test then measures how much power is reflected
and returned to the port. The 𝑆21 is a test that measures signal transmission loss due to the
material, length, dielectrics and conductor resistance of the cable (used to connect the
antenna to the receiver). For these measurements, the impedance is 50 Ω. The results of the
receiver antenna 𝑆11 and cable 𝑆21 tests are displayed in Figures 5.8 and 5.9, respectively.
The results show that the antenna has a negligible reflection loss (0 dB) and the cable has
around 0.5 dB of insertion loss.

Figure 5.8. Receiver antenna 𝑆11 test result
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Figure 5.9. Cable 𝑆21 test result
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CHAPTER 6:
Field Experiments and Results

6.1 Experiments 1-3: Receiver Antenna at 0◦ Inclination
Six experiments are conducted utilizing the equipment discussed in Chapter 5. This section
discusses the setup for the first three as shown in Figure 6.1. The receiver antenna is placed
on the ground receiver platform with an inclination angle 𝜙 = 0◦ with respect to the ground.
Note the Yagi antenna is positioned such that vertical polarization is utilized. In other words,
the mainbeam is pointed at 0◦ from the ground level. The signal generator is attached to
the Alta 8 and is set to transmit a 10 dBmW continuous wave (CW) signal at 430, 450, or
470 MHz frequency. The drone is placed at an altitude ℎ with respect to ground. Although
wind is present, the altitude does not vary greatly due to the drone “hold position” via
GPS control. However, each experiment has slightly different height, since we’re not able to
replicate the exact geometry of each experiment. For example, ℎ = 95.5 ft for Experiment
1. 𝐿 is the horizontal distance between transmitter and receiver antennas. For Experiment
1, 𝐿 = 98.4 ft. Slant range is defined as the straight-line distance between transmitter and
receiver antennas (calculated to be 137 ft for Experiment 1). The angle 𝜃 is defined as the
angle between the receiver antenna and the drone. The drone is placed in position and held
in place while testing is in progress. The receiver antenna is aligned at the 0◦ position.
A 10 dBmW CW signal is transmitted by the LMS-152 D. The signal is received by the
Yagi antenna, and the received power is recorded. Then, the Yagi antenna is rotated 10◦ in
azimuth, and the corresponding received power is recorded. The process is repeated until
the receiver antenna has been rotated 180◦.
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Figure 6.1. Experiments 1-3 setup
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6.2 Experiments 4-6: Receiver Antenna at 24◦ Inclination
The field test set up for Experiments 4-6 is the same as in Experiments 1-3, except that
the receiver antenna has an inclination angle 𝜙 = 24◦ with respect to the ground (where
vertical polarization is utilized). In other words, the mainbeam is partially pointed toward
the transmitter as shown in Figure 6.2. The drone is placed in position and held in place
while testing is in progress. A 10 dBmW CW signal is transmitted by the LMS-152 D. The
signal is received by the Yagi antenna, and the received power is recorded. Then, the Yagi
antenna is rotated 10◦ in azimuth, and the corresponding received power is recorded. The
process is repeated until the receiver antenna has been rotated 180◦.
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Figure 6.2. Experiments 4-6 setup
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6.3 Results
This section analyzes and compares the measured power received versus expected received
power for each experiment. In this section, while we report the measured power at various
azimuth angles, we also compare expected maximum power received to the measured
power (at the direction of the main beam), based on the distance between the transmitter
and receiver. For free space line of sight propagation, the power received (𝑃𝑟), is given by:

𝑃𝑟 = 𝑃𝑡𝐺 𝑡𝐺𝑟 (𝜆/(4𝜋𝑑))2, (6.1)

where 𝑃𝑡 is the power transmitted (10 dBmW for this work), 𝐺 𝑡 is the gain of the transmitter
antenna (0 dBi for this work), 𝐺𝑟 is the gain of the receiver antenna (which varies depending
on receiver antenna inclination), reduced by cable loss. The wavelength is 𝜆 = 𝑐/ 𝑓 , and
𝑐 = 3𝑥108 m/s (speed of light). We assume a 2 dB less gain for 430 MHz and 470MHz
(compared to the 450 MHz center frequency).

The measured power at the Yagi receiver antenna should be close to the value calculated
utilizing Equation 6.1. Equation 6.1 does not consider reflections from the ground or other
obstacles in the environment. The experiments only measured power received by the Yagi
antenna from 0 − 180◦. Therefore, it is important to note that Figures 6.3-6.8 are generated
by replicating or “mirroring” the 0 − 180◦ measured power to the other half of the plane in
order to complete a 360◦ pattern.
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6.3.1 Experiment 1
The power received during Experiment 1 by the receiver on the ground is displayed in
Figure 6.3. The parameters for the experiment along with the expected and measured
received power (main beam: 0◦ only) are shown in Table 6.1. The transmit frequency was
𝑓 = 430 MHz. The receiver antenna inclination was 𝜙 = 0◦. The vertical distance to the
drone was ℎ = 95.5 ft. The horizontal distance to the drone was 𝐿 = 98.4 ft. The slant range
between transmitter and receiver was 137.1 ft. The angle between the drone and ground,
with the receiver antenna used as vertex, was 𝜃 = 44.1◦

Figure 6.3. Measured power pattern vs. rotation angle 𝜃, from the receiver
on the ground during Experiment 1 [dBmW]: 𝑓 = 430 MHz and 𝜙 = 0◦
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Table 6.1. Experiment 1 parameters and results

Variable Value Units
𝑓 430 MHz
𝜙 0 deg
ℎ 95.5 ft
𝐿 98.4 ft

Slant range 137.1 ft
𝜃 44.1 deg

Expected received power -46.0 dBmW
Measured received power -52.6 dBmW

6.3.2 Experiment 2
The power received during Experiment 2 by the receiver on the ground is displayed in
Figure 6.4. The parameters for the experiment along with the expected and measured
received power (main beam: 0◦ only) are shown in Table 6.2. The transmit frequency was
𝑓 = 450 MHz. The receiver antenna inclination was 𝜙 = 0◦. The vertical distance to the
drone was ℎ = 96 ft. The horizontal distance to the drone was 𝐿 = 98 ft. The slant range
between transmitter and receiver was 137.2 ft. The angle between the drone and ground,
with the receiver antenna used as vertex, was 𝜃 = 44.4◦
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Figure 6.4. Measured power pattern vs. rotation angle 𝜃, from the receiver
on the ground during Experiment 2 [dBmW]: 𝑓 = 450 MHz and 𝜙 = 0◦

Table 6.2. Experiment 2 parameters and results

Variable Value Units
𝑓 450 MHz
𝜙 0 deg
ℎ 96.0 ft
𝐿 98.0 ft

Slant range 137.2 ft
𝜃 44.4 deg

Expected received power -44.4 dBmW
Measured received power -52.0 dBmW
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6.3.3 Experiment 3
The power received during Experiment 3 by the receiver on the ground is displayed in
Figure 6.5. The parameters for the experiment along with the expected and measured
received power (main beam: 0◦ only) are shown in Table 6.3. The transmit frequency was
𝑓 = 470 MHz. The receiver antenna inclination was 𝜙 = 0◦. The vertical distance to the
drone was ℎ = 95 ft. The horizontal distance to the drone was 𝐿 = 97.5 ft. The slant range
between transmitter and receiver was 136.1 ft. The angle between the drone and ground,
with the receiver antenna used as vertex, was 𝜃 = 44.3◦

Figure 6.5. Measured power pattern vs. rotation angle 𝜃, from the receiver
on the ground during Experiment 3 [dBmW]: 𝑓 = 470 MHz and 𝜙 = 0◦
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Table 6.3. Experiment 3 parameters and results

Variable Value Units
𝑓 470 MHz
𝜙 0 deg
ℎ 95.0 ft
𝐿 97.5 ft

Slant range 136.1 ft
𝜃 44.3 deg

Expected received power -46.8 dBmW
Measured received power -54.3 dBmW

6.3.4 Experiment 4
The power received during Experiment 4 by the receiver on the ground is displayed in
Figure 6.6. The parameters for the experiment along with the expected and measured
received power (main beam: 24◦ only) are shown in Table 6.4. The transmit frequency was
𝑓 = 430 MHz. The receiver antenna inclination was 𝜙 = 24◦. The vertical distance to the
drone was ℎ = 95 ft. The horizontal distance to the drone was 𝐿 = 98 ft. The slant range
between transmitter and receiver was 136.5 ft. The angle between the drone and ground,
with the receiver antenna used as vertex, was 𝜃 = 44.1◦.
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Figure 6.6. Measured power pattern vs. rotation angle 𝜃, from the receiver
on the ground during Experiment 4 [dBmW]: 𝑓 = 430 MHz and 𝜙 = 24◦

Table 6.4. Experiment 4 parameters and results

Variable Value Units
𝑓 430 MHz
𝜙 24 deg
ℎ 95.0 ft
𝐿 98.0 ft

Slant range 136.5 ft
𝜃 44.1 deg

Expected received power -43.0 dBmW
Measured received power -47.8 dBmW
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6.3.5 Experiment 5
The power received during Experiment 5 by the receiver on the ground is displayed in
Figure 6.7. The parameters for the experiment along with the expected and measured
received power (main beam: 24◦ only) are shown in Table 6.5. The transmit frequency was
𝑓 = 450 MHz. The receiver antenna inclination was 𝜙 = 24◦. The vertical distance to the
drone was ℎ = 94.7 ft. The horizontal distance to the drone was 𝐿 = 98.8 ft. The slant range
between transmitter and receiver was 136.9 ft. The angle between the drone and ground,
with the receiver antenna used as vertex, was 𝜃 = 43.8◦

Figure 6.7. Measured power pattern vs. rotation angle 𝜃, from the receiver
on the ground during Experiment 5 [dBmW]: 𝑓 = 450 MHz and 𝜙 = 24◦
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Table 6.5. Experiment 5 parameters and results

Variable Value Units
𝑓 450 MHz
𝜙 24 deg
ℎ 94.7 ft
𝐿 98.8 ft

Slant range 136.9 ft
𝜃 43.8 deg

Expected received power -41.4 dBmW
Measured received power -44.9 dBmW

6.3.6 Experiment 6
The power received during Experiment 6 by the receiver on the ground is displayed in
Figure 6.8. The parameters for the experiment along with the expected and measured
received power (main beam: 24◦ only) are shown in Table 6.6. The transmit frequency was
𝑓 = 470 MHz. The receiver antenna inclination was 𝜙 = 24◦. The vertical distance to the
drone was ℎ = 95 ft. The horizontal distance to the drone was 𝐿 = 97.5 ft. The slant range
between transmitter and receiver was 136.1 ft. The angle between the drone and ground,
with the receiver antenna used as vertex, was 𝜃 = 44.3◦
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Figure 6.8. Measured power pattern vs. rotation angle 𝜃, from the receiver
on the ground during Experiment 6 dBmW]: 𝑓 = 470 MHz and 𝜙 = 24◦

Table 6.6. Experiment 6 parameters and results

Variable Value Units
𝑓 470 MHz
𝜙 24 deg
ℎ 95.0 ft
𝐿 97.5 ft

Slant range 136.1 ft
𝜃 44.3 deg

Expected received power -43.8 dBmW
Measured received power -45.0 dBmW
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6.3.7 Results Discussion
Table 6.7 summarizes the results from Experiments 1-6 in one table for quick comparison
of the expected received power and measured received power from Tables 6.1-6.6. Adding
an inclination of 𝜙 = 24◦ on the receiver antenna increased the measured received power
due to the antenna pointing towards the UAV. The largest received power was obtained from
Experiment 5, with an inclination of 𝜙 = 24◦ at a frequency 𝑓 = 450 MHz (as may be
expected). The received power measured for all experiments was lower than the theoretically
expected received power, but within the range of expected values. The differences may be
attributed to a variety of factors such as scattering, crystal drift (noticeable), angle precision,
and human measurement error, among others. It is important to note that the relatively short
life of the batteries (around 20 minutes depending on load) caused the necessity to land and
relaunch the drone for every experiment, thereby slightly varying geometry parameters of
the experiment.

Table 6.7. Measured power (at receiver) per experiment [dBmW]

Experiment 1 Experiment 2 Experiment 3
expected max -46.0 -44.4 -46.8
measured max -52.6 -52.0 -54.3

Experiment 4 Experiment 5 Experiment 6
expected max -43.0 -41.4 -43.8
measured max -47.8 -44.9 -45.0
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CHAPTER 7:
Summary and Conclusions

Chapter 1 of this thesis provided background information and explained the objectives. Then,
in Chapters 2 through 4, we separately added two QPSK subcarriers into the guardbands of
a LFM waveform used for SAR imaging. The goal was to produce a SAR picture of similar
or better resolution (if possible) than an image produced by the LFM waveform by itself. In
theory, adding the QPSK signal increased the total bandwidth of the transmit signal. The
idea was to use the combined signal in the receiver without having to filter out the QPSK
signals. Parameters such as LCBR (or SRBR) and subcarrier shift were varied in an attempt
to investigate the effects of various parameters to the SAR images. So long as the RCR and
SNR were large, and the subcarriers were in the guardband proper, there was no discernable
effect to the quality of the SAR images. We used 9, 90, and 900 symbols with an RCR = 20
dB, SNR = 30 dB, 𝑓Δ = 0.25 and 𝑓Δ = 0.5. Moreover, there seemed to be little discernable
improvement in range resolution since the communications signal is low-power.

In Chapters 5 and 6, we discussed the field testing for antenna characterization. Received
power via transmitted signal from the Alta 8 drone, with a “brick” signal generator as
the transmitter. The power received on the ground was recorded using a “brick” spectrum
analyzer. Two inclination angles were used for the Yagi receive antenna. Drone flight time
was a function of payload and battery life. The measured received power varied between
one and eight dBmW from the free-space, one-path propagation expected received power.
The difference is attributed to the presence of multipath and antenna pointing accuracy.

7.1 Future Work
This thesis did not look in depth at how resolution is improved by using the QPSK signals
placed in the guardbands when radar power and communications power were comparable.
In future work, we propose to quantify the difference in resolution between the SAR images
produced by the baseline LFM signal and the combined LFM-QPSK signal. It is proposed
to use a lower RCR in future work to see discernable difference in image quality. That study
may cause significant change to the SAR images, although, this might not be practical nor
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desired by the radar system. Other interesting aspects and parameters that affect SAR images
that can also be investigated are: effects of signal sidelobe levels, various noise and clutter
effects, contrast metrics, communications symbol pulse shaping, and information-theoretic
metrics.

Research into extending the flight time of the drone with a higher payload is also of interest.
If payload and flight time were not an issue, it would be feasible to develop a drone capable
of generating a SAR picture while simultaneously transmitting it as a communications
signal to a receiver on the ground.
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APPENDIX:

A.1 Freefly Alta 8 Data Sheet

Figure A.1. Freefly Alta 8 data sheet. Source: [16](page 1).
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Figure A.1. Freefly Alta 8 data sheet. Source: [16] (page 2).

58



Figure A.1. Freefly Alta 8 data sheet. Source: [16] (page 3).
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Figure A.1. Freefly Alta 8 data sheet. Source: [16] (page 4).
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A.2 Vaunix Signal Generators Data Sheet

Lab Brick®

LMS Signal Generators

Frequency
Resolution 100 Hz
Accuracy ±2 PPM
Switching 100 µs

Spurious
Typical -80 dBc
Maximum -70 dBc

VSWR 1.5:1

Harmonics 
Typical -40 dBc 
Maximum -15 dBc

SubHarmonics
LMS-802, LMS-103, LMS-123 -60 dBm
LMS-163, LMS-203 -25 dBc

Selectable Internal/External Reference 
Frequency 10 MHz
Input Level 500 mV to 3V peak to peak

Phase Continuous Linear Frequency Sweep (LFM) 
Sweep Time 1 ms to 1000 seconds
Sweep Direction Up, down, bidirectional

Optional Pulse Modulation 
Pulse Depth

LMS-163, LMS-203 -45 dBc typical, -35 dBc min
All Other Models -70 dBc typical, -60 dBc min

Rise/Fall Time 30 ns typical
Internal/External Pulse Mode

Pulse Width 100 ns min
PRI 100 ns plus pulse width min
Resolution 100 ns
Trigger Input/Output 0 to 5 Volts

RF Connector SMA-female

USB Connector B-female

Dimensions 4.90 x 3.14 x 1.59 in.
(124 x 80 x 40 mm)

Weight < 1.0 lbs. (< .45 kG)

Available Options
Opt 003 Pulse modulation
Opt 004 External Frequency Sweep Trigger

Included Accessories
USB Flash Drive with GUI Software & User 
Manual/Programming Guide
3' USB Cable

1. Customized models are available tailored to specific performance requirements.

Specifications are subject to change without notice.

• USB powered and controlled

• Includes easy to install and use GUI

• Fast switching to 20 GHz

• Selectable internal/external 10 MHz reference

• Phase continuous frequency sweep (LFM)

• High-speed internal and external pulse modulation

• Autonomous operation from USB hub or battery pack

• Robust aluminum construction

• API DLL and LabVIEW compatible drivers available

The Lab Brick LMS Signal Generators cover frequencies from 
0.5 MHz to 20 GHz with low phase noise, fast 100 microsecond
switching time, and fine 100 Hz frequency resolution. They 
require no additional DC supply voltage and offer advanced
features such as phase continuous linear frequency sweeping,
internal/external 10 MHz reference, and optional pulse modu-
lation. GUI software can track and control several connected
signal generators, simplifying multiple-signal test setups. Each
device stores settings in internal memory, allowing it to power
up in a specific instrument state.

Applications include:

• Automated Test Equipment (ATE)

• Portable LO Source

• Engineering/Production Test Lab

Model Description

Phase Noise
@ 10/100kHz

offset

Output
Power 
(dBm)

LMS-271D .5 to 270 MHz -97/-103 +10 to -45

LMS-451D 70 to 450 MHz -97/-103 +10 to -45

LMS-152D .25 to 1.5 GHz -95/-101 +10 to -45

LMS-232D .5 to 2.3 GHz -92/-99 +10 to -45

LMS-322D .6 to 3.2 GHz -90/-97 +10 to -45

LMS-402D 1 to 4 GHz -85/-94 +10 to -45

LMS-602D 1.5 to 6 GHz -85/-94 +10 to -45

LMS-802 4 to 8 GHz -81/-89 +10 to -40

LMS-103 5 to 10 GHz -81/-89 +10 to -40

LMS-123 8 to 12 GHz -77/-86 +10 to -40

LMS-163 8 to 16 GHz -75/-83 +10 to -30

LMS-203 10 to 20 GHz -75/-83 +10 to -30

Vaunix Technology Corporation

7 New Pasture Road, Newburyport, MA 01950

978-662-7839  |  www.Vaunix.com

Figure A.2. Vaunix signal generator data sheet. Source: [17](page 1).
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Lab Brick®

LMS Signal Generators

See performance graphs online at www.vaunix.com

Vaunix Technology Corporation

7 New Pasture Road, Newburyport, MA 01950

978-662-7839  |  www.Vaunix.com

Figure A.2. Vaunix signal generator data sheet. Source: [17] (page 2).
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A.3 Transmitter Antenna Data Sheet

TECHNICAL DATA SHEET

1

and repeatable RF performance. Our ¼ wave portable omni whip antennas are availabile with operating frequencies as low 

radiation pattern and IP67 rating make these antennas ideal for mobile radio communications.

• Operating frequencies from 400 MHz to 960 MHz
•
•
• 50 Ohm Impedance
• IP67 Rated 
•

See below for common brand & connector combinations. 
•

•
•

Polarization Vertical

Number of Output Ports 1

Impedance 50 Ohms

.   

.

Figure A.3. PE51148 data sheet. Source: [18] (page 1).
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TECHNICAL DATA SHEET

•

Figure A.3. PE51148 data sheet. Source: [18] (page 2).
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TECHNICAL DATA SHEET

Figure A.3. PE51148 data sheet. Source: [18] (page 3).
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A.4 Receiver Antenna Data Sheet

sales@comprodcom.com | comprodcom.com 

☎  US 1.877.825.2007 / CAN 1.800.603.1454 

FAX 1.800.554.1033 

 

 
 

BASE STATION ANTENNAS  

UHF Yagi Antennas Series 

The UHF Yagi Antenna Series is available in 2, 3, 7 and 12 elements and our 70 MHz wideband configurations. By default, 

our Yagi antennas are end mounted. But a center mount or an extended boom are also available for certain models.  

All our antennas can be completely customized to your specific applications.  

• Each antenna has a rugged, fully welded design to withstand harsh environmental conditions. 

• Our antennas can be black anodized, and heavy-duty versions are available. 

• The mounting hardware supplied allows either vertical or horizontal polarization. 

• Please contact our Technical Support team for consultation. 

 

 

UHF YAGI ANTENNA 380-512 MHz 

Electrical Specifications  F-3872 433-70 430-70 480-70 437-70 

-70 Frequency Range, MHz (in splits) 406-470 406-470 380-512 406-470 450-512 

Nominal Gain, dBd 3.5 6.5 10.0 10.0 12.0 

Number of Elements 2 3 7 7 12 

Bandwidth 1.5:1 VSWR, MHz (Center Freq. %) 24 24 24 64 62 

Polarization Vertical or Horizontal 
 

Horizontal Beamwidth (Vert. Pol.) 138º 83º 62º 62º 36º 

Vertical Beamwidth (Vert. Pol.) 72º 59º 48º 50º 32º 

Front to Back, dB 10 12 20 17 20 

Pattern Directional 

Directional 

Directional 

Directional 

Directional 

Power Rating, Watts 350 350 350 350 350 

Nominal Impedance, Ohms 50 50 50 50 50 

Lightning Protection DC Ground 

DC Ground 

DC Ground 

DC Ground  

DC Ground  

Standard Termination Type N Male 

Type N Male 

Type N Male 

Type N Male 

Type N Male 

Mechanical Specifications  F-3872 433-70 430-70 480-70 437-70 

Length, in (mm) 28 (711) 23 (584) 45 (1143) 45 (1143) 73 (1855) 

Width, in (mm) 14.5 (368) 14 (355) 14.5 (368) 14.4 (366) 14.5 (368) 

Weight, lbs. (kg) 2.8 (1.3) 2.9 (1.3) 3.9 (1.8) 3.9 (1.8) 5.5 (2.5) 

Rated Wind Velocity, No Ice, mph (km/h) 160 (257) 160 (257) 150 (241) 150 (241) 150 (241) 

Rated Wind Velocity, 0.5” (13mm) ice, mph 

(km/h) 

120 (193) 120 (193) 110 (177) 110 (177) 110 (177) 

Lateral Thrust @ 100 mph, wind, lbs. (kg) 9 (4.1) 8.7 (4.0) 16 (7.3) 15 (6.8) 25.8 (11.7) 

Projected Area, ft² (m²) 0.34 (0.03) 0.32 (0.03) 0.61 (0.06) 0.55 (0.05) 0.96 (0.089) 

Mounting Hardware Included 127-85 Clamp 

  

Figure A.4. Receiver antenna data sheet. Source: [19] (page 1).
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sales@comprodcom.com | comprodcom.com 

☎  US 1.877.825.2007 / CAN 1.800.603.1454 

FAX 1.800.554.1033 
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UHF YAGI ANTENNA 380-512 MHz 

433-70 

F-3872 

F-3872, Vertical Pattern (Vertical Polarization)                                          F-3872, Horizontal Pattern (Vertical Polarization)                                          

433-70, Vertical Pattern (Vertical Polarization)                                          433-70, Horizontal Pattern (Vertical Polarization)                                          
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430-70 

Figure A.4. Receiver antenna data sheet. Source: [19] (page 2).
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Figure A.4. Receiver antenna data sheet. Source: [19] (page 3).
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A.5 Pictures

Figure A.5. Setup for experiments 1-3: receiver antenna at 0◦ inclination
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Figure A.6. Setup for experiments 4-6: receiver antenna at 24◦ inclination
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Figure A.7. Setup for experiments 4-6: receiver antenna at 24◦ inclination
page 2
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Figure A.8. Setup for experiments 4-6: receiver antenna at 24◦ inclination
page 3
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Figure A.9. LT Negron, piloting the drone during take off
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Figure A.10. LT Negron, piloting the drone during landing

Figure A.11. Professor Romero (left) and LT Negron (right) discussing con-
trols
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