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Executive Abstract

Integrating multiple functionalities into radio frequency systems becomes more
and more interesting for researchers, users and customers. The motivation
for this trend is saving energy, size, weight and costs regarding the final prod-
uct. One important aim is to achieve joint radar and wireless communication
systems, because both functions are based on radio frequencies. In this
context, designations like radar and communication (RadCom), dual-function
radar-communication (DFRC) or joint communication and sensing (JCS) are
well known in the community. It can be differentiated whether an approach
emphasizes a radar sensor with communication capabilities or a wireless com-
munication system with sensing skills.
This thesis addresses the problem of realizing a joint high-resolution radar
sensor with several GHz of bandwidth and simultaneous wireless communi-
cation with a data rate on the order of 100 Mbit/s working as a battery-driven
airborne system in the millimeter-wave band. Therefore, it is essential to reach
a minimal power consumption and also minimal size and weight of the final
system for maximizing the operation time. The application behind this problem
is for example the continuous, image-based surveillance of an area of interest
with a circular synthetic aperture radar (CSAR) and simultaneous radar raw
data transmission to a ground station inside the surveillance area.
Thus, a broadband radar considering high power efficiency, low system size
and weight and also low cost for the mentioned application is required. It is
found that a continuous wave radar with frequency modulation (FMCW) in the
millimeter-wave band is the best choice for this problem. Its analog de-ramping
capability helps to significantly reduce the sample rate of the analog-to-digital
converter (ADC), the usage of a solid-state amplifier and the constant envelope
of the time and frequency signal without additional effort.
Regarding the communication in the millimeter-wave band, a robust data link
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with a sufficient data rate for transmitting the FMCW radar raw data is required.
Here, power efficiency is also an important task. It is found that communication
with quadrature phase shift keying (QPSK) is ideal for this scenario, because
the peak-to-average power ratio (PAPR) is as low as possible for high power
efficiency. Furthermore, a sufficient data rate can be reached and the data
transmission is very robust.
Consequently, it is necessary to integrate a data link into an FMCW radar sys-
tem by using only one high power amplifier (HPA) and a single transmit antenna
for saving resources. The best choice for this is shown in this work to be the
approach of frequency division multiplexing (FDM) of broadband FMCW radar
and single-carrier QPSK communication, because sufficient data rates in a
robust behavior and ultra-high synthetic aperture radar (SAR) image resolution
can be realized simultaneously with high power efficiency. One competing
state-of-the-art approach is orthogonal frequency division multiplexing (OFDM).
This is a popular method of realizing radar and high-speed communication
simultaneously, but cannot be used in the target application scenario, as shown
in this work. This is because of a high peak-to-average power ratio (and hence,
poor power efficiency), high challenges regarding the digital signal process-
ing and ultra-high requirements regarding system linearity compared with the
proposed technique. Therefore, high-resolution SAR imaging by using small
platforms is not possible efficiently with OFDM but with the proposed technique
of joint FMCW broadband radar and QPSK communication in FDM.
By using only a single HPA for FDM with two closely related carrier frequencies
for FMCW radar and for QPSK communication, it is essential to consider the
resulting intermodulation products. This is treated theoretically in a first step.
Here, it is found that the resulting overall bandwidth for the SAR scenario is
only 5% larger than the radar bandwidth, because of the additional communi-
cation bandwidth and a required gap between both frequency bands. While
the transmit power of the radar should be as high as possible (dependent on
the range to the power of four), the power level of the communication (because
of range to the power of two) can be reduced. This helps with suppressing the
intermodulation products. In the discussed example, the system performance
is optimized with simulations and measurements regarding a minimal error

ii



vector magnitude (EVM) for different power levels of the communication part
and different gaps between both frequency bands for saving overall bandwidth.
The results are verified quantitatively with radar measurements and with con-
stellation diagrams for the communication.
In summary, this work presents an efficient approach of joint broadband radar
and single-carrier communication in FDM for airborne SAR and radar raw data
transmission to a ground station in comparison to the state of the art. Here,
the resulting overall bandwidth for an assumed SAR scenario is only 5% larger
than the radar bandwidth of 2 GHz. It is found to be possible to reduce the gap
between the radar band and the communication band based on measurements
by 70%. This minimizes also the overall bandwidth of the mentioned approach.
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Zusammenfassung

Mehrere Funktionen innerhalb eines Systems, welches mit Funkfrequenzen
arbeitet, werden für Forscher, Anwender und Kunden immer interessanter.
Dieses liegt an der Einsparung von Leistungsaufnahme, Größe, Gewicht und
Kosten beim Endprodukt. Es ist besonders der Fall bei der gemeinsamen
Nutzung eines Radarsensors und der drahtlosen Kommunikation, da beide
Funktionen auf der Nutzung von Funkfrequenzen basieren. In diesem Zusam-
menhang sind in der Community Bezeichnungen wie Radar and Communi-
cation (RadCom), Dual-Function Radar-Communication (DFRC) oder Joint
Communication and Sensing (JCS) bekannt, wobei zwischen einem Radarsen-
sor mit Kommunikationsfähigkeit und einem drahtlosen Kommunikationssystem
mit Sensorfähigkeiten unterschieden werden kann.
Diese Arbeit beschäftigt sich mit der Aufgabe, einen hochauflösenden Radarsen-
sor mit mehreren GHz Bandbreite und gleichzeitiger, drahtloser Kommunikation
mit einer Datenrate von einigen 100 Mbit/s in einem System zu erforschen.
Dieses soll als batteriebetriebenes, luftgestütztes System im Millimeterwellen-
band arbeiten. Dafür ist es wichtig, eine minimale elektrische Leistungsauf-
nahme, eine geringe Baugröße und ein geringeres Gewicht des Endsys-
tems zu erreichen, wodurch die Betriebszeit maximiert werden kann. Eine
mögliche Anwendung dafür ist die kontinuierliche, bildbasierte Beobachtung
eines Überwachungsgebietes am Boden mit einem luftgetragenen Radar mit
zirkularer, synthetischer Apertur (CSAR) und gleichzeitiger Übertragung der
Radar-Rohdaten an eine Bodenstation innerhalb des Überwachungsbereichs.
Für die genannte Anwendung ist ein breitbandiges Radar mit hoher Leistungsef-
fizienz, kleiner Systemgröße und geringem Systemgewicht sowie geringen
Kosten erforderlich. Es zeigt sich, dass ein Dauerstrichradar mit Frequenz-
modulation (FMCW) im Millimeterwellenband die beste Wahl für dieses Prob-
lem ist. Dieses ist unter anderem auf die kompakte Bauform, das analoge
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de-ramping zur erheblichen Reduzierung der Abtastrate des Analog-Digital-
Wandlers (ADC), die Verwendung von Halbleiterverstärkern und die vorhan-
dene, konstante Hüllkurve des Zeit- und Frequenzsignals zurückzuführen.
Für die Übertragung der FMCW-Radar-Rohdaten zu einer Bodenstation ist
eine robuste Datenverbindung mit ausreichender Datenrate im Millimeterwellen-
band erforderlich. Auch hier ist die Energieeffizienz eine wichtige Aufgabe.
Es stellt sich heraus, dass die Kommunikation mit nur einem Träger und
mit Quadraturphasenumtastung (QPSK) dafür ideal ist, da das Spitzen-zu-
Durchschnittsleistungsverhältnis (PAPR) sehr niedrig ist. Darüber hinaus kann
eine ausreichende Datenrate erreicht werden. Die sich ergebende Datenüber-
tragung ist zudem sehr robust.
Folglich ist es für das genannte Szenario erforderlich, eine Datenkommunika-
tion in ein FMCW-Radarsystem zu integrieren. Es ist dafür notwendig, nur
einen Leistungsverstärker (HPA) und eine einzige Sendeantenne zu verwen-
den, um Ressourcen zu sparen. Die beste Wahl hierfür ist der neue Ansatz
des Frequenzmultiplex (FDM) von Breitband-FMCW-Radar und Einzelträger-
QPSK-Kommunikation. Hier können ultrahohe SAR-Bildauflösung und ro-
buste Kommunikation mit ausreichender Datenrate gleichzeitig und mit hoher
Leistungseffizienz realisiert werden. Ein häufig angewandter Ansatz ist Or-
thogonal Frequency Division Multiplexing (OFDM). Dieses ist eine weitere
mögliche Methode zur gleichzeitigen Realisierung von Radar und Kommunika-
tion, was hier jedoch nicht verwendet werden kann. Begründet wird dieses
mit einem hohen Spitzen-zu-Durchschnittsleistungsverhältnis (schlechte Leis-
tungseffizienz), mit Herausforderungen hinsichtlich einer effizienten digitalen
Signalverarbeitung und mit extrem hohen Anforderungen an die Systemlinear-
ität im Vergleich zur vorgeschlagenen Technik. Daher ist eine hochauflösende
SAR-Bildgebung unter Verwendung kleiner Plattformen mit OFDM nicht effizient
möglich, wohl aber mit der hier vorgeschlagenen Technik eines gemeinsamen
FMCW-Breitbandradars und einer QPSK-Kommunikation in FDM.
Durch die Verwendung eines einzelnen HPA für FDM mit zwei dicht benach-
barten Trägerfrequenzen für FMCW-Radar und für QPSK-Kommunikation ist
es wichtig, die resultierenden Intermodulationsprodukte zu berücksichtigen.
Dieses wird zuerst theoretisch behandelt. Die sich ergebende Gesamtband-
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breite für ein angenommenes CSAR-Szenario aufgrund der zusätzlichen Kom-
munikationsbandbreite und einer erforderlichen Lücke zwischen beiden Fre-
quenzbändern ist hierbei nur 5% größer als die Radarbandbreite. Während
die Sendeleistung des Radars möglichst hoch sein sollte (abhängig von der
Entfernung zur vierten Potenz), kann die Leistung der Kommunikation (ab-
hängig von der Entfernung zur zweiten Potenz) reduziert werden. Dieses führt
dann zur Unterdrückung der Intermodulationsprodukte. Im diskutierten Beispiel
wird die Systemleistung durch Simulationen und Messungen hinsichtlich einer
minimalen Fehlervektorgröße (EVM) für unterschiedliche Leistungspegel der
Kommunikation und unterschiedliche Lücken zwischen beiden Frequenzbän-
dern optimiert, um Gesamtbandbreite einzusparen. Die Ergebnisse werden mit
Radarmessungen und mit Konstellationsdiagrammen für die Kommunikation
quantitativ verifiziert.
Zusammenfassend stellt diese Arbeit einen effizienten Ansatz für die gemein-
same Realisierung von Breitbandradar und Einzelträgerkommunikation in FDM
für luftgestütztes SAR und die Radar-Rohdatenübertragung an eine Boden-
station im Vergleich zum Stand der Technik vor. Dabei ist die resultierende
Gesamtbandbreite für ein angenommenes SAR-Szenario nur 5% größer als
die Radarbandbreite von 2 GHz. Basierend auf Messungen wurde festgestellt,
dass es möglich ist, die Lücke zwischen dem Radarband und dem Kommunika-
tionsband um 70% zu verringern. Dies minimiert auch die Gesamtbandbreite
des genannten Ansatzes.

vii





Acknowledgements

It is with great thankfulness that I would like to express my appreciation and
recognition for all those who supported me on my way to completing this doc-
toral thesis.

I would like to express my sincere gratitude to my doctoral supervisor, Pro-
fessor Ingmar Kallfass. His support and expert advice guided me through the
challenges of this research project. Without his commitment this work would
not have been possible.
I would also like to thank my second reviewer, Professor Dirk Nüßler, who
sacrificed his time and expertise to survey this work.
A special thank you goes to my second supervisor, Dr. Stephan Stanko, who
supported me with patience and foresight. His professional expertise and
encouragement were invaluable to me.
My sincere thanks also go to my colleagues of the Fraunhofer Institute for High
Frequency Physics and Radar Techniques, especially Denis Nötel, Dr. Michael
Caris and Frank Klöppel, for their inspiring conversations, their constructive
feedback and their constant support.
I would also like to thank the clients, Bundeswehr Technical Center for Infor-
mation Technology and Electronics (WTD81 – GF320) and the Research and
Innovation Hub of the Planning Department of the Federal Ministry of Defense,
who provided the financial support and resources.
My family has always shown me support, love and understanding. She gave
me the opportunity to focus on my academic goals. Their support and encour-
agement have been the driving force behind my success.

Finally, I would like to thank everyone who contributed in any way to complet-
ing this doctoral thesis. Their support motivated me to do my best.

ix





Contents

Abstract i

Zusammenfassung v

Acknowledgements ix

List of Figures xv

List of Tables xxi

List of Abbreviations and Symbols xxv

1 Introduction 1
1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 State of the Art . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2.1 Orthogonal frequency division multiplexing . . . . . . . 3
1.2.2 FMCW waveform with integrated communication . . . . 6
1.2.3 Joint SAR and communication . . . . . . . . . . . . . . 8
1.2.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . 9

1.3 Scope of this Work . . . . . . . . . . . . . . . . . . . . . . . . 10

2 Introduction to Joint Broadband Radar and Single-Carrier Com-
munication in FDM 13
2.1 Introduction to Radar . . . . . . . . . . . . . . . . . . . . . . . 14
2.2 Introduction to Wireless Communication . . . . . . . . . . . . . 17
2.3 FDM of Broadband FMCW Radar and Single-Carrier QPSK

Communication . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . 20
2.3.2 General Description . . . . . . . . . . . . . . . . . . . . 22

xi



2.3.3 Hardware Description . . . . . . . . . . . . . . . . . . . 24

2.3.4 Simulation Results Based on an Initial Parameter Set. . 28

2.3.5 Measurement Results Based on an Initial Parameter Set 30

3 Analysis of the Relation Between the Radar Band and the Com-
munication Band in FDM 35

3.1 Investigation of the Intermodulation Products of the HPA . . . . 36

3.1.1 Fundamental Considerations of Intermodulation Products 36

3.1.2 Third-Order Intermodulation of Radar and Communica-
tion in FDM . . . . . . . . . . . . . . . . . . . . . . . . 38

3.1.3 Formulation of the Resulting Overall Bandwidth for the
CSAR application . . . . . . . . . . . . . . . . . . . . . 40

3.2 Evaluation of the Gap Width Dependence of the System Perfor-
mance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.2.1 Effect of Different Gaps on the Communication Perfor-
mance . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.2.2 Effect of Different Gaps on the FMCW Radar Performance 49

3.3 Determination of the Frequency of the Local Oscillator for down-
conversion of the QPSK signal . . . . . . . . . . . . . . . . . . 60

3.3.1 Mathematical Deduction . . . . . . . . . . . . . . . . . 60

3.3.2 Behavior of the IF Signals in the Receive Path . . . . . . 63

3.3.3 Analysis of the Measured Signals After the HPA and the
Receiving Mixer . . . . . . . . . . . . . . . . . . . . . . 65

3.4 Discussion and Conclusion . . . . . . . . . . . . . . . . . . . . 70

4 Optimization of the Communication Signal Parameters for Mini-
mum Bandwidth Requirements 73

4.1 Investigation of Third-Order Non-Linearity Reduction . . . . . . 74

4.1.1 Fundamentals of third-order non-linearities . . . . . . . 74

4.1.2 Power-Balancing Regarding the FMCW Radar Signal . . 77

4.1.3 Power-Balancing Regarding the QPSK Communication
Signal . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

xii



4.2 Fundamentals regarding the Power of the Third-Order Intermod-
ulation Products . . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.3 Reducing the Influence of the Third-Order Intermodulation Prod-
ucts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
4.3.1 Varying the Third-Order Intercept Point . . . . . . . . . 83
4.3.2 Varying the Power of the Communication Signal . . . . . 85

4.4 Signal-to-Noise Ratio of FMCW Radar and QPSK Communcia-
tion in FDM for an assumed CSAR scenario . . . . . . . . . . . 90

4.5 Discussion and Conclusion . . . . . . . . . . . . . . . . . . . . 94

5 Analysis of the Power Efficiency of Joint Broadband Radar and
Single-Carrier Communication in FDM 97
5.1 Introduction to the Complementary Cumulative Distribution Func-

tion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
5.1.1 Behavior of OFDM Regarding the Power Efficiency . . . 99
5.1.2 Comparison of 16-QAM and QPSK Regarding the Power

Efficiency . . . . . . . . . . . . . . . . . . . . . . . . . 103
5.2 CCDF of FMCW Radar and QPSK Communication in FDM . . 104

5.2.1 Simulative Validation . . . . . . . . . . . . . . . . . . . 104
5.2.2 Behavior of an Amplifier Regarding the CCDF . . . . . . 105

6 Conclusions 109

Bibliography 115

xiii





List of Figures

2.1 Sketch of the FMCW signals with all relevant parameters. . . . 16

2.2 Visualization of a carrier signal in the complex plane. . . . . . . 17

2.3 Visualization of TDM (left) and FDM (right) in the frequency time
plane. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.4 Basic block diagram of the broadband FMCW radar and single-
carrier QPSK communication in FDM. . . . . . . . . . . . . . . 21

2.5 Simulated spectrum of the broadband FMCW radar and single-
carrier QPSK communication in FDM. . . . . . . . . . . . . . . 22

2.6 Photograph of the high power amplifier working in the Ka-band. 25

2.7 Amplification behavior of the amplifier for three different fre-
quency points. . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.8 Third-order intercept point at the output of the amplifier (OIP3)
at three different frequency points. . . . . . . . . . . . . . . . . 26

2.9 Power-added efficiency of the amplifier (PAE) at three different
frequency points. . . . . . . . . . . . . . . . . . . . . . . . . . 27

2.10 QPSK communication signal generated by the SDR ADALM
PLUTO after the up-conversion. . . . . . . . . . . . . . . . . . 28

2.11 Simulated IF of the FMCW radar with and without simultaneous
QPSK communication in FDM. . . . . . . . . . . . . . . . . . . 29

2.12 Simulated constellation diagram of the QPSK communication
with simultaneous FMCW radar in FDM. . . . . . . . . . . . . . 30

2.13 Block diagram of the measurement setup. The ADALM PLUTO
is used as the SDR for communication, and the MIRANDA35
front-end for radar. . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.14 Measured IF of the FMCW radar with and without simultaneous
QPSK communication in FDM. . . . . . . . . . . . . . . . . . . 32

xv



2.15 Measured constellation diagram of the QPSK communication
with simultaneous FMCW radar in FDM. . . . . . . . . . . . . . 33

3.1 Sketch of the intermodulation products by using two frequencies. 37

3.2 Sketch of the third-order intermodulation products (red and blue),
the radar band (black) and the communication band (green). . . 38

3.3 Sketch of joint CSAR and communication scenario with the most
important parameters. . . . . . . . . . . . . . . . . . . . . . . . 41

3.4 Simulated overall bandwidth dependent on the flight altitude for
an assumed CSAR scenario. . . . . . . . . . . . . . . . . . . . 44

3.5 Simulated EVM as rms in percentage over different gaps. The
gap is shown in percentage of the communication bandwidth. . 45

3.6 Measurement setup for the assessment of the communication
performance dependent on different gaps. . . . . . . . . . . . . 47

3.7 Measured EVM as rms in percentage over different gaps. The
gap is shown in percentage of the communication bandwidth. . 48

3.8 Top: Sketch of the received FDM signal (black and green) and
the local oscillator of the receiving mixer (yellow).
Bottom: Sketch of the resulting radar IF band (gray) with the
undesired mixing product (orange). . . . . . . . . . . . . . . . . 49

3.9 Range-Doppler map generated by using the parameters from
Table 3.4 and a gap of 1.4 GHz. . . . . . . . . . . . . . . . . . 52

3.10 Range-Doppler map generated by using the parameters from
Table 3.4 and a gap of 700 MHz. . . . . . . . . . . . . . . . . . 53

3.11 Range-Doppler map generated by using the parameters from
Table 3.4 and a gap of 0 Hz. . . . . . . . . . . . . . . . . . . . 54

3.12 Block diagram for investigating the radar performance for differ-
ent gaps. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

3.13 Range-Doppler map for the minimal gaps of 1400 MHz. No
effect of the undesired signals on the radar measurement is
detectable. The SNR amounts to 74.4 dB. . . . . . . . . . . . . 57

3.14 Range-Doppler map for the minimal gaps of 700 MHz. The SNR
of the radar measurement is approximately 75.6 dB. . . . . . . 58

xvi



3.15 Range-Doppler map for a minimal gap of 0 Hz. The SNR of the
radar measurement decreases to 71.7 dB. . . . . . . . . . . . . 59

3.16 Top: Sketch of the received RF including the radar chirp (B1,
black), the communication band (B2, green) as well as the inter-
modulation products (red and blue).
Bottom: Sketch of the IF with the resulting mixing products for
the case of G = B2. . . . . . . . . . . . . . . . . . . . . . . . . 61

3.17 Top: Sketch of the received RF including the radar chirp (B1,
black), the communication band (B2, green) as well as the inter-
modulation products (red and blue).
Bottom: Sketch of the IF with the resulting mixing products for
the special case of G ≥ 2 ·B2. . . . . . . . . . . . . . . . . . . 62

3.18 Spectrum of the RF input signal of the receiving mixer at the time
of the last chirp frequency at 36.25 GHz. The center frequency of
the communication signal amounts to 37.1875 GHz. Additionally,
the upper and the lower intermodulation products and the gap
with G = B2 are visible. . . . . . . . . . . . . . . . . . . . . . . 64

3.19 Spectrum of the IF output signal of the receiving mixer at the
time of the last chirp frequency. The center frequency of the
communication signal amounts now to 2.8125 GHz. Additionally,
the upper and the lower intermodulation products are visible. . . 65

3.20 Block diagram of the measurement setup to characterize the sig-
nals before and after the receiving mixer and the communication
performance with and without FMCW radar operation. . . . . . 67

3.21 Output signal of the high power amplifier with and without the
FMCW radar signal. . . . . . . . . . . . . . . . . . . . . . . . . 68

3.22 Output signal of the receiving mixer with and without the FMCW
radar signal. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

3.23 Constellation diagram of the QPSK data transmission with (left)
and without (right) the FMCW radar signal. . . . . . . . . . . . 70

4.1 Single carrier frequency and the QPSK communication signal in
FDM. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

xvii



4.2 Single carrier frequency and the QPSK communication signal in
FDM to the power of three. . . . . . . . . . . . . . . . . . . . . 76

4.3 Block diagram for the power-balancing regarding a generator
signal with fixed frequency. The HPA output power of the com-
munication signal is reduced from 30 dBm to 12 dBm. . . . . . 77

4.4 Generator signal in the frequency domain measured at the out-
put of the HPA for three different attenuations of the communi-
cation signal and without the QPSK communication signal. . . . 78

4.5 Block diagram for the power-balancing regarding the QPSK
communication signal. The HPA output power of the FMCW
radar signal is between 30 dBm and 36 dBm. . . . . . . . . . . 79

4.6 QPSK signal in the frequency domain measured at the output
of the HPA for two different attenuations of the chirp signal and
without the chirp signal. . . . . . . . . . . . . . . . . . . . . . . 80

4.7 Power over frequency for three different power levels of TOI.The
blue thin line corresponds to PIP3 = 35 dBm, the green thin line
to PIP3 = 40 dBm and the yellow one to PIP3 = 45 dBm . . . . 84

4.8 Simulated rmsEVM in percent over the power of the third-order
intercept point . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

4.9 Power over frequency for three different power levels of the
communication signal. The radar signal is visualized in black
and the three communication signals in red (30 dBm), green
(20 dBm) and blue (10 dBm). These signals are in thick lines.
The corresponding intermodulation products are in thin lines. . 86

4.10 Simulated rmsEVM in percent over the power of the communi-
cation signal. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

4.11 Block diagram of the setup for the measurement of the rmsEVM
dependent on the power of the communication signal. . . . . . 88

4.12 Measured rmsEVM in percent over the power of the communi-
cation signal. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

4.13 SNR of the radar part (red) and the communication part with
two different power levels (purple and yellow) dependent on the
flight altitude. . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

xviii



5.1 Frequency division multiplexing (FDM) of 8 channels. . . . . . . 99
5.2 Orthogonal frequency division multiplexing (OFDM) of 8 channels.100
5.3 CCDF curves for a different amount of carrier frequencies N of

an OFDM system. Modified from [BP20]. . . . . . . . . . . . . 101
5.4 CCDF comparison of two different, non-distortion PAPR reduc-

tion techniques for an OFDM system with 1024 carriers. Modified
from [RS17]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

5.5 CCDF curves for the two different modulation formats QPSK and
16-QAM after the influence of an AWGN-channel. . . . . . . . . 103

5.6 Simulated CCDF curve of the joint FMCW radar and QPSK
communication signal in FDM. . . . . . . . . . . . . . . . . . . 104

5.7 Measurement setup for measuring the FDM signal before and
after the HPA in the time domain with an oscilloscope. . . . . . 105

5.8 FDM signal before (left) and after (right) the HPA in the time
domain. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

5.9 Measured CCDF curves of the FDM signal before and after the
HPA. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

xix





List of Tables

2.1 Parameters used for the SystemVue simulation . . . . . . . . . 29

3.1 Parameters used for the simulation for the overall bandwidth
dependent on the flight altitude. . . . . . . . . . . . . . . . . . 43

3.2 Parameters used for the simulation of the communication per-
formance. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.3 Parameters used for the measurement for the assessment of
the communication performance. . . . . . . . . . . . . . . . . . 46

3.4 Parameters used for the simulation of the radar performance. . 51

3.5 Parameters used for the measurement for the assessment of
the radar performance. . . . . . . . . . . . . . . . . . . . . . . 56

3.6 Parameters used for the simulation for the assessment of the
signals before and after the receiving mixer. . . . . . . . . . . . 63

3.7 Parameters used for the measurement for the assessment of
the signals before and after the receiving mixer. . . . . . . . . . 66

4.1 Parameters used for the simulation of the third-order intermodu-
lation distortion. . . . . . . . . . . . . . . . . . . . . . . . . . . 75

4.2 Parameters used for the simulation of the third-order intermodu-
lation products dependent on the third-order intercept point. . . 83

4.3 Parameters used for the simulation of the third-order intermodu-
lation products dependent on the communication power. . . . . 86

4.4 Parameters used for the measurement for the assessment of
the communication performance dependent on different power
levels. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

4.5 Parameters used for the simulation of the SNR of the radar and
the communication link. . . . . . . . . . . . . . . . . . . . . . . 93

xxi



5.1 Parameters used for the measurement for the assessment of
the signals before and after the HPA. . . . . . . . . . . . . . . . 106

xxii



List of Abbreviations and Symbols

A Attenuation
ADC Analog-to-Digital Converter
ASK Amplitude Shift Keying
B Overall Bandwidth
B1 Bandwidth of Lower Band
B2 Bandwidth of Upper Band
BC Bandwidth of Communication Signal
BPSK Binary Phase Shift Keying
BR Bandwidth of Radar Signal
c QPSK Communication Signal
CCDF Complementary Cumulative Distribution Function
CDM Code Division Multiplexing
CSAR Circular Synthetic Aperture Radar
CSS Chirp Spread Spectrum
DAC Digital-to-Analog Converter
DDS Direct Digital Synthesizer
DFRC Dual-Function Radar-Communication
EVM Error Vector Magnitude
f1 Lowest Frequency of Lower Band
f2 Lowest Frequency of Upper Band
fbb Lowest Frequency of Lower Intermodulation Product
fbu Highest Frequency of Lower Intermodulation Product
FDM Frequency Division Multiplexing
fdm FDM Signal
fLO Frequency of Local Oscillator
FMCW Frequency Modulated Continous Wave

xxiii



FSK Frequency Shift Keying
fub Lowest Frequency of Upper Intermodulation Product
fuu Highest Frequency of Upper Intermodulation Product
G Gap between Frequency Bands
GaN Gallium Nitride
HPA High Power Amplifier
I Integration Gain
IF Intermediate Frequency
IFR Intermediate Frequency of FMCW Radar
IM Intermodulation Products
JCS Joint Communication and Sensing
LNA Low Noise Amplifier
MPA Medium Power Amplifier
MSK Minimum Shift Keying
MSQP Multi-Subband Quasi-Perfect
N Amount of Sub-Carriers
OCDM Orthogonal Chirp Division Multiplexing
OFDM Orthogonal Frequency Division Multiplexing
OIP3 Output Third-Order Intercept Point
OTFS Orthogonal Time Frequency Space
PAPR Peak-to-Average Power Ratio
Pb Power of Lower Intermodulation Product
PIP3 Power of Third-Order Intercept Point
PRF Pulse Repetition Frequency
PSK Phase Shift Keying
Pu Power of Upper Intermodulation Product
QAM Quadrature Amplitude Modulation
QPSK Quadrature Phase Shift Keying
R Range
r Chirp Sequence Signal
Radar Radio Detection and Ranging
RadCom Radar Communication

xxiv



RCS Radar Cross Section
RF Radio Frequency
rms Root Mean Square
SAR Synthetic Aperture Radar
SAW Surface Acoustic Wave
SDM Space Division Multiplexing
SDR Software Defined Radio
SFDR Spurious Free Dynamic Range
SISO Single-Input Single-Output
SNR Signal-to-Noise Ratio
SNRCom Signal-to-Noise Ratio of Communication
SNRRad Signal-to-Noise Ratio of Radar
STC Space-Time Coding
TDM Time Division Multiplexing
TOI Third-Order Intercept Point
TR Time Duration of Chirp
v Velocity

xxv





1 Introduction

1.1 Motivation

The image-based surveillance of ground sites with airborne radar systems is
an important task in many military and civil applications. This is due to the
fact that radar measurements are daylight and largely weather independent.
Additionally, measurements through dust are possible. Radar images with
resolutions in the lower cm range, independent of the flight altitude, can be
acquired based on synthetic aperture radar (SAR) [M I80]. In order to achieve
such high image resolutions, a broadband radar with a radio frequency (RF)
bandwidth of several GHz is necessary [R J00]. For example, a SAR image
resolution on ground of approximately 4 cm requires a RF bandwidth of the
radar sensor of 3.75 GHz. By using a single-input single-output (SISO) circular
SAR system (CSAR), a continuous airborne surveillance of the scene of interest
(for example the protection of a military camp) with 3-D capability is possible
with little effort regarding the analog front-end and back-end of the radar system.
This is essential for the usage of small airborne platforms, where the maximum
payload and the power consumption is limited. Further information regarding
the single-channel airborne CSAR can be found in [Pal21]. An additional
military scenario is the use of an efficient SISO SAR system for image-based
and real-time convoy protection by using a small airborne platform (for example
a drone) flying besides the military vehicles during the radar measurements.
By using the frequency-modulated continuous wave (FMCW) radar, the data
rate and therefore the amount of raw data can be minimized in comparison to
the RF bandwidth of several GHz because of the de-ramping in the receiving
mixer. This is also important for small airborne platforms with limited power
consumption for the payload. Additionally, real-time processing of the radar
data is possible in an easy and efficient way. Basic information about FMCW
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radar can be found in [Sto92]. Beyond that, FMCW radars have constant signal
envelopes in the time and frequency domain, maximizing their power efficiency.
This is essential for good SAR image quality and minimal power consumption.
The hardware setup and the digital signal processing of a FMCW radar is in a
first approach very easy to implement. This reduces development costs. By
using radio frequencies in the millimeter-wave region, for example 35 GHz, the
weight, size and power consumption of such a radar system can be minimized
in comparison to other radar approaches because of the low wavelength.
[CSM+14] and [JSW+14] and the mentioned references present examples for
such FMCW sensors in the millimeter-wave region for SAR applications.
Because of the computationally intensive processing of the CSAR image, it
makes sense to transfer the radar raw data from the small flying platform to the
ground station, where the radar images are processed. This ground station
can be located inside the measurement area of the CSAR sensor (for example
inside a military camp), and the platform can fly a circle around it. Therefore, it
is necessary to find a solution to combine a broadband CSAR with a resulting
image resolution of a few cm and a wireless communication with a sufficient
data rate in the range of several 100 Mbit/s for radar raw data transmission
within one system for a minimum flight altitude of approximately 500 m. Here, it
is important that the weight, size, and power consumption of the whole system
fulfill the stringent requirements of a small airborne platform. Therefore, high
efficiency regarding these parameters is essential.
This thesis presents investigations of an efficient joint broadband SAR system
with simultaneous wireless communication capability in the millimeter-wave
band, which can be a candidate for such an application with the aforementioned
conditions. This approach is based on the frequency division multiplexing (FDM)
of a broadband FMCW radar signal and a single carrier communication signal
with quadrature phase shift keying (QPSK) modulation. Here, only a single
HPA, transmit antenna as well as receive antenna and low noise amplifier
(LNA) are used in the front-end. This reduces cost, size, weight and power
consumption compared to an approach with multiple amplifiers and antennas.
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1.2 State of the Art

The current scientific activities in the field of joint communication and sensing
(JCS), radar communication (RadCom), dual-function radar communication
(DFRC), and joint radar communication (JRC) are very important nowadays be-
cause of possible requirements for the new mobile communication standard 6G.
For example [LMP+20], [LCM+22], [ZLM+21], [ZRW+22], [WBV21], [WLCL23],
[MAA20], [GNA+22] as well as [MSH+20b], [MSH+20a], [QQGZ14], [TDJ+21],
[MBK+19], [FFW+20], [ZZCW22], [WQW+23] and the references mentioned
therein provide among others very good overviews about different kinds of
multi-functional systems regarding radar and communication for various ap-
plications. One main distinction that can be made is between communication
with sensing capability and radar with communication functionality. An impor-
tant approach frequently mentioned in these publications is the orthogonal
frequency division multiplex (OFDM) technique. One of the first publications
about OFDM is found in [Bal66], where it is formulated for communication
systems. Here, advantages such as high spectrum efficiency are named. The
modern mobile communication standard 5G for example is based on OFDM
for communication.

1.2.1 Orthogonal frequency division multiplexing

OFDM is also an appropriate approach for radar. One of the first publications
about OFDM radar is [Lev00] and the references mentioned therein. [SPZW09]
describes a novel OFDM radar signal processing technique, where the perfor-
mance of the radar is completely independent of the carried information. In the
case of the static base stations of the new mobile communication standards
5G and 6G, many publications present approaches for JCS based on OFDM.
One of them is [LRBV21], which presents an optimized OFDM waveform for
5G-6G communication with sensing. Here, the radar performance is improved
with the filling of empty sub-carriers with optimized samples. The necessary
trade-off between communication and sensing is considered in this publication.
The use of OFDM requires the complete band to be sampled which puts high
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demands on the analog-to-digital converter (ADC). Processing this ultra high
amount of data also requires high computing power and large memories in case
of a broadband radar with very fine range resolution. Additionally, the hardware
costs are very high. [HKH23] goes into the details of this problem regarding
OFDM radar. The suggested approach reduces the ADC sampling rate with
sub-Nyquist sampling but needs very high sampling rates for the generation of
the OFDM waveform. Additional processing for noise cancellation is necessary.
It is compared with three other approaches of OFDM radars with reduced ADC
sampling rates. One of them makes use of the possibility to enhance the range
resolution without increasing the sample rate and computational effort with the
use of a frequency comb OFDM radar [NMMZ20]. The disadvantages of this
approach are the increased noise, and the necessity for a high precision and
stable calibration. Multiple mixers are needed for the up- and down-conversion
of the OFDM signals. Similar to the approach above, [BKRS23] describes a
JCS approach for communication base stations which uses a combination of
OFDM and FMCW. Here, additional hardware like multiple digital-to-analog
converter (DAC) and mixers are necessary. The described simulation of radar
and communication works with a carrier frequency of 24 GHz and a bandwidth
of only 61.44 MHz. [MSA22] uses overlapped OFDM and FMCW waveforms in
the time and frequency domain. Here, the mentioned disadvantages of OFDM
are still present. The bandwidth in the simulation is only 122.28 MHz. The
approach in [Gen23] reduces the computational complexity and the sensing
overhead by using a diagonal waveform structure of the OFDM signal with the
disadvantage that ambiguities in range and velocity can occur. The approach
described in this thesis is based on a FMCW radar with the de-ramping feature
in the receiving mixer and simultaneous single carrier communication in FDM.
In the radar case, this reduces the sampling frequency of the ADC significantly
to only a few percent of the radar RF bandwidth. The generation of the FMCW
waveform can be realized for example with efficient direct digital synthesizers
in combination with frequency multiplier to reach the high RF bandwidth in the
GHz region and the final carrier frequency.
Another drawback of OFDM is the high PAPR because of multiple, simultane-
ous carrier frequencies. This reduces the power efficiency of the analog signal

4



chain of the system and results in inter-carrier interference because of non-
linearities of the HPA. The OFDM requirement of high linearity of the analog
signal chain is hard to realize especially in the millimeter-wave band and for
very broadband signals [MCW+22]. PAPR reduction procedures in the digital
domain with more or less computational effort are necessary, which are the
subject of many scientific publications. [HL05], [JW08] and [LHN09] for example
presented overviews and the comparisons of PAPR reduction schemes only for
communications. The optimal technique depends on the system requirements
which determines the PAPR reduction performance. Modern communication
systems with lots of simultaneous carrier frequencies achieve PAPR values
of 10 dB and more by using these reduction techniques [Mul20]. Additional
schemes using a constant envelope OFDM can be found in the literature, for
example [TAP+08], [MSM10], [HHM+18] and [RSM+18]. These approaches
are based on phase modulation and require oversampling of the signal, which
increases the computational effort. Nowadays, low-PAPR approaches are
developed additionally for the joint use of OFDM for radar and communication
[HHM+22] and [VBS23]. Here, the communication subbands are located within
a larger bandwidth for radar measurements. Oversampling is also necessary
and the algorithm is based on several iterations, which increases the compu-
tational effort. The approach mentioned in this thesis uses only two carrier
frequencies – one for radar and one for communication. Therefore, the resulting
PAPR is only 6 dB without any effort. This saves system resources.
The signals of the orthogonal time frequency space (OTFS) modulation are
processed in the delay-Doppler domain as opposed to OFDM with signals in
the time-frequency domain. One of the first publications about OTFS and the
improvement over OFDM regarding high Doppler is [HRT+17]. The PAPR of
OTFS is slightly reduced compared to OFDM, as mentioned in [SAC19], but
higher than the approach described in this thesis. [KD21] describes charac-
teristics, advantages and disadvantages of OTFS. The major disadvantage of
OTFS is the high receiver complexity.
Another approach for the usage in the millimeter-wave band is the use of multi-
subband quasi-perfect sequences (MSQP), where many different subbands
are used [MCW+22]. Here, multiple ADCs with low sample rates can be used
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to sample these subbands, with the disadvantage that synchronization errors
can occur. Additional effort for calibration is needed.

1.2.2 FMCW waveform with integrated communication

As mentioned above, it makes sense to use ADCs with low sampling rates to
save system resources and costs. An attractive way to realize a broadband
radar is to use frequency modulated continuous wave (FMCW) as waveform
featuring de-ramping in the receiving mixer [CSM+14]. Thereby, the high RF
bandwidth of the radar is reduced to a small bandwidth in the intermediate
frequency (IF), which is processable with efficient ADCs with low sample rate.
Such an FMCW radar can be extended to realize an integrated communication.
The disadvantage of those approaches are the low data rates regarding the
communication part.
There are a few possibilities described in the literature to integrate the communi-
cation functionality into an FMCW radar. One way is to do a phase modulation
of the transmitted chirp with de-ramping in the receiving mixer for interference
mitigation e.g. [Uys20], [UO20] and [KPVY23b] or for communication e.g.
[MSBM19], [LTAW19], [KPZ+21] and [KPVY23a]. The effect of the phase mod-
ulation are range sidelobes dependent on the modulation index and a low data
rate. These have to be compensated by adequate post-processing algorithms.
Additionally, the deployment of synchronization methods is necessary in case
of the use of more than one transceiver [LUT+20].
Another possibility to communicate with chirps is the use of overlapped chirps
to enhance the data rate as described in [PBF20] and the mentioned references.
This principle is well known as orthogonal chirp division multiplexing (OCDM).
The disadvantages of this approach is the need for compensation algorithms
for the occurring intersymbol interferences and the sampling of the whole RF
bandwidth of the signal in the receiver. [BPG+21] and [BSBF21] describe the
OCDM principle for communication in time division multiplexing with several
non-overlapping and unmodulated chirps for the radar measurements. Here,
simultaneous data transmission and radar measurements is not possible and
the whole RF bandwidth must be sampled in the receiver.
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Similar to this approach, it is possible to use the chirp spread spectrum (CSS)
technique for communication and target detection based on chirps [HLZ+22]
and [AON+20]. Here, the LoRa communication principle [Sem25] is used with
the disadvantages that the data rate is very low and that it depends on the
chirp repetition interval. [DBSF19] uses time division multiplexing of FMCW
radar and communication based on the CSS principle with the mentioned
disadvantages. Additionally, correction methods for using FFT-based radar
signal processing are necessary.
In the case of very short linear frequency modulated pulses, a joint radar-
communication system based on different chirp slopes is described in [GCI+16]
and [GCI+18]. A major disadvantage is that the whole radar RF bandwidth
has to be digitized and elaborated signal processing techniques are necessary.
Furthermore, the use of a large radar RF bandwidth is not possible.
One of the first approaches of multifunctional radar and communication systems
use surface acoustic Wave (SAW) devices for generating the chirp waveforms
with opposite slopes as mentioned in [RB03] and [SSB07]. These systems are
characterized through mostly analogous signal processing techniques.
[SFHS15], [SFH+16] and [WA18] describe the combination of frequency shift
keying (FSK) communication and FMCW radar. The data rate of these systems
is very low and a time and frequency synchronization between multiple stations
is necessary. This is because the internal unmodulated chirp of a receiver
is mixed with the FSK modulated chirp of another transmitter. An alternating
FSK communication and FMCW radar is described in [SJS08], where two
stations have to be roughly synchronized. Here, the data rate is very low, but
the radar RF bandwidth can be very high. [YWZT18], describes a system,
which uses FSK as radar procedure and the two different slopes (up-chirp and
down-chirp) of a chirp as its communication principle (Chirp-BOK modulation).
The disadvantages of this approach are that the achievable data rate is very
low and that the radar performance is limited. [MW13a] and [MW13b] introduce
the time multiplexing of FMCW radar and high-speed communication based on
phase shift keying (PSK). The downside is the limited RF bandwidth of the radar
because of the usage of a direct digital synthesizer (DDS) for generating the
chirp without a multiplier for bandwidth enhancement. The front-end hardware
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in the form of a transceiver with time multiplexing of the radar and the commu-
nication mode is described in [DCJ+23]. Here, a very high bandwidth for the
FMCW radar of 30 GHz and a very high bandwidth for the communication of
20 GHz can be reached. The disadvantages are that radar and communication
operation cannot be simultaneously, hardware switches with controlling are
necessary and the operating range is short. Unidirectional communication
between an FMCW radar and a distinct receiver is described in [BEJ07], where
amplitude modulation of the chirp is used. Here, the necessary constant en-
velope for an airborne SAR imaging is not given. [AEK+21] presents a MIMO
radar only for near range applications with asynchronous Binary Phase Shift
Keying (BPSK) communication.

1.2.3 Joint SAR and communication

The focus of this thesis lies on joint SAR imaging and communication with an
image resolution of a few cm. To this end, a radar bandwidth of several GHz is
necessary. The integrated communication link for radar raw data transmission
must handle a data rate of several 100 Mbit/s.
Regarding OFDM, it is possible to realize SAR imaging. [ZX15] describes
OFDM SAR imaging without communication. In this case, a receive window
between two consecutive pulses is needed and only 150 MHz of bandwidth
is used. Another approach is based on the OFDM chirp waveform for SAR
imaging [WCL+15] and [ZWD+21]. Here, no integrated wireless communication
is described and the bandwidth of the simulation is limited to only 120 MHz and
30 MHz, respectively. [XZD+23] describes an approach based on the OFDM
chirp waveform. Here, the maximum radar bandwidth amounts to 4.8 GHz
in the simulation and to 3 GHz in the measurement. The range is limited
to approximately 100 m in the simulation and 12 m in the measurement. No
integrated wireless communication is described. [BMRP16] focuses on a coded
OFDM signal which is optimized regarding the radar image quality. Here, the
simulation bandwidth is only 20 MHz and communication is not considered. As
mentioned here, the drawbacks of OFDM signals are the high PAPR values
and the high side lobes in range. Regarding spaceborne SAR, for example,
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[JDW+21] presents a scheme for an improved OFDM waveform without inte-
grated communication. The disadvantage is the low bandwidth of only 30 MHz.
The approaches described in the publications on the subject of OFDM SAR all
share the mentioned disadvantages of OFDM.
This thesis focuses on the topic of joint SAR and communication. Only a few
publications are available in this area of research. [WLC+19] describes a joint
system based on the space-time coding (STC) approach. Here, the chirp wave-
form is used for the SAR imaging and OFDM is used for the communication.
The disadvantages are the two times higher pulse repetition frequency (PRF)
than the Doppler bandwidth and the low bandwidth of 560 MHz for radar and for
communication. The performance of the integrated communication link is not
described. [TLY+22] embeds the information into a time-frequency spectrum of
the phase coded signal for bistatic SAR imaging. The disadvantages of this
approach are the additional effort because of the limited coordinate refresh
rate of 10 Hz and the higher bit error rate (BER) compared to QPSK. Last but
not least, a SAR-communication system using continuous phase modulation
codes and mismatched filters and a literature review is described in [CTRO23].
The disadvantages of this approach are the limited bandwidth of 305 MHz,
the low data rate of maximal 5 Mbit/s and the very computationally intensive
processing.

1.2.4 Summary

One of the most published approaches for joint communication and sensing
is OFDM at the moment. The drawbacks of OFDM are the high requirements
concerning the linearity of the analog signal chain, the very high sampling rates
dependent on the bandwidth for the generation and sampling of the OFDM
signal and the high PAPR values which reduces the power efficiency of the
system. This is the reason why OFDM is not usable as a waveform for the
mentioned scenario of this thesis. The main drawback of FMCW with integrated
communication is the low data rate if de-ramping with the receiving mixer is
used to reduce the bandwidth of the signal. This is unsuitable for the application
considered in this thesis, where radar raw data must be transmitted.
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The result of the above-mentioned literature review and the current state of the
art regarding joint SAR and communication is that no approach is available for
the following requirements:

• Broadband airborne SAR with a bandwidth of several GHz.

• Integrated communication link with a data rate of several 100 Mbit/s.

• Simultaneous and real-time operation.

• Highly efficient system in the millimeter wave band for increased operat-
ing time.

• Suitable for small aircrafts like drones with a flight altitude of around
500 m.

Therefore, the research and the approach of this thesis is new and essential
for the application and scenario with the mentioned requirements.

1.3 Scope of this Work

This thesis focuses on joint broadband FMCW radar and single-carrier QPSK
communication in FDM for airborne SAR applications.
Chapter 2 gives some basic information about radar and wireless communi-
cation and an introduction to the mentioned approach in the form of a block
diagram for a possible hardware realization and a description of mathematical
fundamentals. Additionally, the most important hardware used for the investiga-
tions of this thesis is shown. Finally, an analysis of range profiles of the FMCW
radar and constellation diagrams of the QPSK communication generated by a
first simulation of the approach with the tool SystemVue [Key24] and by a first
measurement with the described hardware is presented.
The following Chapter 3 presents the fundamentals about the intermodulation
products of an HPA at the beginning. After that, the minimal gap between
the radar band and the communication band without an influence on each
other is determined theoretically for the transmitter part behind the HPA. The
resulting overall bandwidth for an assumed CSAR application dependent on
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the flight altitude is formulated then with the gap determined by the commu-
nication band. Afterwards, the effect of different gaps on the communication
performance in the receiver is presented by using a simulation and a measure-
ment with the described hardware. After that, the influence of different gaps
on the radar performance in the receiver is shown. Here, no band selection
filter is used in the RF path of the receiver. The quantitative analysis is done
by using range-Doppler maps for different gaps in the simulation and in the
measurement. Section 3.3 describes two possibilities for the determination
of the local oscillator of the QPSK communication. The first approach uses a
minimized gap between the radar and the communication band, whereas the
second approach employs a minimized IF of the communication signal. The
determination of both possibilities is mathematically derived. The following
sub-section presents the simulation of the signals before and after the receiving
mixer where the local oscillator is determined by using a minimized gap as
described above. The last sub-section shows the measurement of the signals
before and after the receiving mixer. Here, the local oscillator is determined by
using a minimized IF of the communication signal. The measured constellation
diagrams for the two cases with and without the radar chirp is depicted. The
chapter ends with a discussion and a conclusion.
Chapter 4 presents the effect caused by non-linearities of the HPA close to the
two carrier frequencies. A simulation result shows this effect. The following
two sub-sections describe the reciprocal power balancing of the two frequency
bands by using measurements to reduce the aforementioned effect. Section 4.2
focuses on the fundamentals of the power of the third-order intermodulation
products. The reduction of the influence of the third-order intermodulation
products on the two frequency bands is investigated in Section 4.3. First, the
third-order intercept point is varied and the effect on the communication per-
formance is shown with simulations by using no gap between both frequency
bands. Second, the power of the communication signal is varied and the effect
on the communication performance is investigated with a simulation by using
a gap of zero between the radar and the communication band. This second
result is verified with a measurement of the communication performance de-
pendent on the communication signal power. The following section is about
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the investigation of the signal-to-noise ratio (SNR) of the communication part
and the radar part for an assumed CSAR-scenario. This chapter ends with a
discussion and conclusion.
The following Chapter 5 shows the difference between FDM and OFDM and
gives an overview about the power efficiency of an OFDM signal with and
without PAPR reduction techniques first. Second, the two modulation formats
16-QAM and QPSK are compared regarding the PAPR. The last section inves-
tigates the approach of this thesis regarding PAPR and power efficiency with
a simulation. After that the mentioned FDM signal is analyzed regarding the
PAPR with measurements before and after the HPA .
The last Chapter 6 gives a conclusion of the thesis.
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2 Introduction to Joint Broadband Radar and

Single-Carrier Communication in FDM

This chapter gives an introduction to the application-specific approach of joint
broadband FMCW radar and single-carrier QPSK communication system in
FDM. This system can be used for a battery driven airborne CSAR application
with small platforms for medium range up to 1000 m. The reason for choosing
this waveform is the efficient realization of a high-resolution airborne SAR
imaging system with sufficiently integrated communication capability. The com-
munication system on ground is located inside the measurement area of the
CSAR part for reception of radar raw data and for transmitting commands to
the flying platform. The overall bandwidth of the waveform is dominated by the
bandwidth of the broadband radar. The bandwidth for the communication for
radar raw data transmission is reduced to a few percent of the radar bandwidth
because of the usage of the analog de-ramping of the FMCW radar. A gap
between both frequency bands is necessary, but can be reduced by power
balancing of the two signal types. The chapter starts with a brief description of
the fundamentals regarding radar and wireless communication. Section 2.3
contains the basic idea behind the innovative approach for the mentioned appli-
cation. In the first Sub-section 2.3.1, this includes the description of a generic
block diagram and the new waveform. The second Sub-section 2.3.2 focuses
on a general description of the new waveform in terms of mathematics. The
measurements conducted for this thesis are based on the hardware described
in Sub-section 2.3.3. The Sub-sections 2.3.4 and 2.3.5 present simulations and
measurement results with the described hardware with a quantitative analysis
regarding the radar and the communication part of the system.
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2.1 Introduction to Radar

Radio detection and ranging (Radar) systems use electromagnetic waves
for detecting, localization and tracking of objects in an environment. This
technology is based on the transmitting, reflection and receiving of high RF
signals. The received signals of the radar can be analyzed then to get infor-
mation about objects like range, radial velocity or radar cross-section (RCS). A
millimeter-wave radar system is a special kind of radar and uses radio frequen-
cies between 30 GHz and 300 GHz. The approach considered in this thesis
works in the frequency band between 32.5 GHz and 37.5 GHz. Because of the
use of radio frequencies, the radar measurements are independent of daylight
and widely weather. These characteristics of radar systems enables the use
in many military and civil applications. One application behind this thesis is
the airborne monitoring of an area of interest on the ground with radar images
based on the synthetic aperture radar (SAR) principle. Here, a high image
resolution is desired, and therefore, a high RF system bandwidth is necessary.
One basic measurement of a radar is the determination of the range to the
objects with a certain range resolution. This measurement is based on the time
delay TD between the transmit and the receive signal. The range R between
the radar and the object can be calculated with the following formula.

R =
c0 · TD

2
, (2.1)

where c0 is the speed of light. The factor 1
2 stems from the propagation of

the transmit signal to the target and back to the radar.
The resolution of the range measurement ∆R depends on the RF bandwidth
BR in the following form.

∆R =
c0

2 ·BR
. (2.2)

Another basic measurement of radar systems is the determination of the radial
velocity of an object with a certain resolution. This measurement is based on
the Doppler frequency. The radial velocity v of an object can be calculated with
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the following formula.

v =
fD · c0
2 · fR

, (2.3)

whereby fD is measured Doppler frequency and fR is the RF of the radar
system.
The resolution of the radial velocity measurement ∆v depends on the observa-
tion time TO in the following form.

∆v =
c0

2 · fR · TO
. (2.4)

The velocity measurement depends on the RF fR of the radar system. The
higher the frequency, the finer the velocity resolution. This is an advantage of
millimeter-wave radar systems.
It can be distinguished between two types of radar principles: pulse radar
and continuous-wave radar. A pulse radar uses short pulses with high peak
power, making this difficult to generate and to handle. The transmit and the
receive process is not simultaneous. In contrast to this, the continuous-wave
radar works with continuous waves with relatively low power. This is easier to
generate and to handle than high pulse power. Here, transmitting and receiving
occurs simultaneously. A prominent example for this type of radar is the FMCW
radar. Here, the radar continuously transmits power to the measurement scene
in the form of a linear frequency modulated signal (chirp). The advantage of
the use of chirps is the constant power envelope in the time- and the frequency
domain. This chirp has a certain, application-dependent RF bandwidth BR and
a time duration TR. The repetition time of multiple chirps is the time duration
TRep. Because of the usage of linear chirps it is possible to multiply the transmit
chirp with the received chirps with the receiving mixer. The result of this process
is the IF IFR, which depends on the time duration TD to the object and back
to the radar, the RF bandwidth BR and the time duration of the chirp TR. This
allows the determination of the distance between the radar and the object. The
IF is significantly lower than the RF and the RF bandwidth. This reduces the
demands on the subsequent digitization and digital signal processing. The
following Figure 2.1 shows the transmit chirp (left blue line) and one receive
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chirp (second blue line) with the most important signal parameters.

BR

IFR

TR

TD

Frequency (a.u.)

Time (a.u.)

TRep

BR

IFR

TR

TD

Frequency (a.u.)

Time (a.u.)

TRep

Figure 2.1: Sketch of the FMCW signals with all relevant parameters.

The IF of the radar IFR can be calculated with the following equation and is
derived by using Figure 2.1 and Equation 2.1.

IFR =
2 ·R ·BR

TR · c0
. (2.5)

The higher the RF bandwidth and the range to the target, the higher the IF.
Here, the sampling of the Doppler frequency fD will be done with multiple
chirps with the time duration TRep. The shorter this time duration, the higher
the maximal possible Doppler frequency and the higher the IF.
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2.2 Introduction to Wireless Communication

The focus of wireless communication lies on the robust transmission of digital
data by using electromagnetic waves over large distances without a physical
connection between the communication devices. This means that the users
of such systems can have information anywhere and anytime without a cable
connection. Therefore, this technology is very attractive to many kinds of mili-
tary and civil applications. Common wireless communication standards based
on electromagnetic waves like WLAN, Bluetooth or mobile communication use
the lower GHz frequency bands, but in the last few years, the millimeter-wave
bands have become more and more attractive. The technology of wireless data
transmission is very similar to the mentioned radar technology.
For the wireless transmission of discrete information signals it is necessary to
modulate a certain carrier signal with the data. A carrier signal for communica-
tion s(t) can be considered in the complex plane as follows.

2πfc  

A

α Real part (a.u.)

Imaginary part (a.u.)

2πfc  

A

α Real part (a.u.)

Imaginary part (a.u.)

Figure 2.2: Visualization of a carrier signal in the complex plane.
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This carrier signal can be expressed mathematically as follows.

s(t) = A · cos(2πfct+ α). (2.6)

It is possible to modulate the signal s(t) dependent on the digital information
by varying the following parameter:

• Amplitude A ⇒ Amplitude Shift Keying (ASK).

• Frequency fc ⇒ Frequency Shift Keying (FSK).

• Phase α ⇒ Phase Shift Keying (PSK)

• Amplitude A and quadrature Phase α ⇒ Quadrature Amplitude Modula-
tion (QAM).

• Frequency fc and Phase α ⇒ Minimum Shift Keying (MSK).

The most popular modulation format is the varying of the phase corresponding
to the information bits. The quadrature phase shift keying (QPSK) is a special
kind of the PSK modulation, where the phase of the real and the imaginary part
is changed independently. Therefore, it is possible to transmit 2 bits per symbol
instead of 1 bit per symbol in case of the binary phase shift keying (BPSK)
technique. The well-known advantages of QPSK against QAM for example
are the robustness, the easy implementation at the transmitter as well as the
receiver and the optimal power efficiency. This is the reason why this thesis
focuses primarily on the QPSK modulation.
All linear modulation formats as described above can be mathematically formu-
lated in the base-band in the following form [P A13].

cB(t) =
∑
k

a[k] · g(t− kT ), (2.7)

where cB(t) is the complex communication signal in the base-band, k is the
time index, a[k] is the complex data symbol, T is the time duration of a symbol
and g(t) is the basic impulse waveform for pulse-shaping. Multiplying this
complex base-band signal cB(t) with a complex signal with the frequency fc

results in the complex band-pass signal c(t).
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Very important in the field of communication are the multiplexing techniques.
Here, multiple signals, for example from many different communication users,
can be summarized and transmitted over one single medium. This can be done
by using the following techniques:

• Time ⇒ Time Division Multiplexing (TDM).

• Frequency ⇒ Frequency Division Multiplexing (FDM).

• Code ⇒ Code Division Multiplexing (CDM)

• Space ⇒ Space Division Multiplexing (SDM).

The multiplex techniques TDM and FDM are visualized in the following figure.

Frequency (a.u.) Frequency (a.u.)

Time (a.u.) Time (a.u.)

Frequency (a.u.) Frequency (a.u.)

Time (a.u.) Time (a.u.)

Figure 2.3: Visualization of TDM (left) and FDM (right) in the frequency time
plane.

Space division multiplexing requires multiple antennas, which is not possible
in this application, where the space for the system is limited. Code division
multiplexing requires the same signals with different codes. Therefore, a
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multiplexing of an FMCW radar and another waveform for communication is
not possible. Time division multiplexing of radar and communication achieves
only low data rates and the chirp repetition interval for the radar is influenced
by the communication part. It can be concluded that the best way to operate
efficiently a FMCW broadband radar with simultaneous communication with
sufficient data rate within one system is frequency division multiplexing. This is
why this thesis focuses on FDM.

2.3 FDM of Broadband FMCW Radar and Single-Carrier QPSK
Communication

As mentioned in the previous sections, the necessary method for broadband
SAR imaging is FMCW and for robust single-carrier communication is QPSK.
Both signal types are multiplexed using FDM to realize a simultaneous function-
ality. This section describes a basic block diagram and a possible spectrum of
the described method. After that, a general description of the joint FMCW radar
and QPSK communication in FDM technique in an analytical way is presented.
The description of the used hardware follows and first overall simulation and
measurement results are shown.

2.3.1 Introduction

The key components of realizing a dual-band FDM is a power combiner with two
input ports and one output port in the transmitter and a power divider with one
input port and two output ports in the receiver. Both components are marked in
the following Figure 2.4. Additionally, a software-defined radio (SDR) generates
a QPSK communication band pass signal. This signal is then up-converted
with a mixer to the final frequency band and is denoted with c(t). The chirp
waveform is generated with a direct digital synthesizer (DDS) and frequency-
multiplied to the final frequency band. This signal is marked with r(t). After
power combining, the resulting signal is amplified by a single HPA and radiated
by the transmit antenna to the area of interest. Only a single HPA is used for
the purpose of saving power, size, weight and cost. The reflected signal and
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the possible signal of a communication counterpart station is received by the
antenna. After amplification with a LNA, the signal is split by a power divider.
The received signal is mixed with the transmit chirp on the one hand and with a
local oscillator on the other hand. The mixing of two chirps leads to an analog
de-ramping. The resulting IF is filtered, amplified and digitized. Mixing the
signal in the receiver with a constant frequency to the operating frequency of
the SDR is called down-converting. The local oscillators used in the transmitter
and in the receiver operate at the same constant frequency. Therefore, the
communication band from and to the SDR is automatically the same regarding
the frequencies.

Software 
Defined 
Radio

Analog / 
Digital 

Converter

Direct 
Digital 

Synthesis

Software 
Defined 
Radio

xN

Direct 
Digital 

Synthesis
xN

c(t)

r(t)

c(t)+r(t)

High 
Power 

Amplifier

Antennas

Power 
Combiner

Power 
Divider

Low
Noise 

Amplifier

Communication Signal

Radar Signal

Figure 2.4: Basic block diagram of the broadband FMCW radar and single-
carrier QPSK communication in FDM.

The most critical component in this figure is the HPA, because two different
frequency bands must be amplified simultaneously. In this case, intermodula-
tion products occur and must be considered. Figure 2.5 shows a simulated
spectrum of the aforementioned dual-band FDM without intermodulation prod-
ucts. In this case, the linear chirp of the FMCW radar band shows a center
frequency of 34.375 GHz and a bandwidth of 3.75 GHz. The center frequency
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of the communication signal is 37.1875 GHz. A gap between both frequency
bands is necessary as will be mentioned in Chapter 3. The signal of the swept
radar signal is simulated in such a way that it provides 30 dBm of power at
every frequency step. The power of the single-carrier QPSK communication
band is also 30 dBm. But in contrast to the radar signal, this power is spread
over the bandwidth of 625 MHz.

Figure 2.5: Simulated spectrum of the broadband FMCW radar and single-
carrier QPSK communication in FDM.

2.3.2 General Description

This sub-section gives a mathematical description of the signals of an FMCW
radar, of the QPSK modulation and of the FDM of both at the output of the
aforementioned power combiner.
A single, complex chirp can be defined as follows. It is based on [KBM17].

r1(tR) = AR · ej2π·(fR·tR+0.5·BR
TR

·t2R) · rect
(
tR
TR

)
, (2.8)

here AR is the signal amplitude, fR the center RF, BR the radar RF bandwidth
and TR the time duration of the chirp.
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An unlimited chirp sequence can be written like this.

r(tR) =

∞∑
m=−∞

r1 (tR −m · TR) , (2.9)

where m is the chirp number.
The next step is the definition of the complex QPSK signal. The following
mathematical deduction for this is based on [P A13]. It is necessary to define
the statistically independent data bits first. This can be done for the real part of
the data stream as follows, where k is the time index.

u1[k] ∈ 0, 1, (2.10)

and for the imaginary part of the data stream

u2[k] ∈ 0, 1. (2.11)

The complex data symbol a[k] can then be written for the special case of the
QPSK modulation as follows.

a[k] =
1√
2
(1− 2 · u1[k]) + j

1√
2
(1− 2 · u2[k]). (2.12)

Equation 2.7 shows that the complex data symbol a[k] must be multiplied with
the basic impulse g(tC). One possible basic impulse can be the rectangular
function rect

(
tC
TC

)
with the time duration of the symbol TC. This results in the

following formula for one symbol with the index k.

ck(tC) =
1√
2
· rect

(
tC − k · TC

TC

)
· ((1− 2 · u1[k]) + j(1− 2 · u2[k])). (2.13)

Summing up all symbols gives the complex base-band signal in the time domain
cB(tC). The real part of this signal for all symbols can be written like this:

cRe(tC) =
1√
2
·

∞∑
k=−∞

rect

(
tC − k · TC

TC

)
· (1− 2 · u1[k]), (2.14)
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and the imaginary part as

cIm(tC) =
1√
2
·

∞∑
k=−∞

rect

(
tC − k · TC

TC

)
· (1− 2 · u2[k]). (2.15)

The final communication signal c(tC) can be realized by mixing the complex
base-band signal up to the carrier frequency fC and by adding the resulting
two signal components afterwards. This can be written in the following form.

c(tC) = cRe(tC) ·
√
2 · cos(2π · fC · tC)− cIm(tC) ·

√
2 · sin(2π · fC · tC). (2.16)

Last but not least, the final FDM signal consisting of the FMCW radar signal
r(tR) and the QPSK communication signal c(tC) can be defined as follows.

fdm(tR, tC) = r(tR) + c(tC). (2.17)

The power combiner described in the previous sub-section can be used for
adding the radar and the communication signal to realize the FDM signal.

2.3.3 Hardware Description

This sub-section describes the most important hardware used for the measure-
ments performed in this thesis. The main focus lies on the HPA. This is a key
component for realizing a FDM system with only a single HPA, because the
occurring intermodulations have to be considered.
Parts of the high-resolution FMCW SAR system MIRANDA35 described in
[CBP+17] are used for the radar measurements of this thesis. This includes the
transmitter path without the HPA and the antenna as well as one receiver path
without the antenna and the LNA. These components are connected externally.
The system works in the Ka-band with a center frequency of 35 GHz and is
configured to provide a maximal RF bandwidth BR of 2 GHz.
The HPA used for the amplification of the FDM signal in the transmitter is
specified to work in the frequency range between 32.5 GHz and 37.5 GHz. A
photograph of this HPA is depicted in Figure 2.6
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Figure 2.6: Photograph of the high power amplifier working in the Ka-band.

This HPA is designed as a Gallium Nitride (GaN) power amplifier with a
saturated output power of maximal 36 dBm.

Figure 2.7: Amplification behavior of the amplifier for three different frequency
points.
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Because of the high importance regarding the achievable performance of
the FDM system, the behavior of the amplification of the fundamental sig-
nals and of the third-order intermodulation products of the HPA is measured
for the following three different frequency points: 32.6 GHz, 35.0 GHz and
37.4 GHz. The result is visualized in Figure 2.7. The output power at 37.4 GHz
is 3 dB lower than at the other two frequency points. The behavior of the inter-
modulation products is very non-linear. To get a better understanding of the
third-order intermodulation, the third-order intercept point at the output of the
HPA (OIP3) is ascertained. The higher the OIP3, the better the suppression of
the intermodulation products. The result is depicted for this HPA in Figure 2.8.

Figure 2.8: Third-order intercept point at the output of the amplifier (OIP3) at
three different frequency points.

On average, the OIP3 is approximately 43 dBm for 32.6 GHz and 35.0 GHz
and 2 dB lower at 37.4 GHz. The power ratio between the saturated output
power of maximal 36 dBm and the OIP3 is maximal 7 dB. Hence, this amplifier
is not optimized for optimal linearity over a bandwidth of 5 GHz.
Another quality value of amplifiers is the power-added efficiency (PAE). This
value is denoted in percentage and should be as high as possible. The PAE
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can be calculated with Equation 2.18.

PAE = 100 · Pout − Pin

PDC
, (2.18)

where PDC is the power of the supply including the power for cooling the
amplifier. The PAE of the HPA was measured and is depicted in dependence
on the input power in Figure 2.9.

Figure 2.9: Power-added efficiency of the amplifier (PAE) at three different
frequency points.

The maximal PAE of the HPA equals 8.2% by operating at the lower fre-
quency limit of 32.6 GHz and at a saturated output power of 36 dBm. The
PAE at the upper frequency limit of 37.4 GHz is approximately 4.2%. Thus, the
efficiency of this HPA is maximized at lower operating frequencies and higher
input power levels.

Regarding the communication part, the QPSK signal is processed at the
transmitter and the receiver side with a SDR called ADALM PLUTO. In the
transmitter, the base-band signal is generated having a data rate of 0.4 Mbit/s,
up-converted to a center frequency of 400 MHz and amplified. A following
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mixer does the up-conversion to a center frequency of 37.4 GHz. The signal
after the following medium power amplifier (MPA) is visualized in Figure 2.10.

Figure 2.10: QPSK communication signal generated by the SDR ADALM
PLUTO after the up-conversion.

The important 3 dB-bandwidth of this QPSK signal by using a pulse-shaping
filter with a roll-off of 0.5 amounts to 300 kHz.

2.3.4 Simulation Results Based on an Initial Parameter Set.

With the information described in the previous sub-sections it is possible to
realize a first simulation with the tool SystemVue based on Figure 2.4 [JSK22].
The chirp of the FMCW radar has a center frequency of 35 GHz and a band-
width of 2 GHz. The center frequency of the QPSK communication amounts to
37.4 GHz and the data rate equals 0.2 Mbit/s. Table 2.1 summarizes the most
important simulation parameters. The simulation with the mentioned parame-
ters requires a high sample rate of 5 GHz. The bit rate of the communication
part is only 0.2 Mbit/s, hence the symbols have to be over-sampled by a value
of 50000. The result of the IF of the radar after mixing the transmit with the
receive chirp, filtering and amplification is shown in Figure 2.11.
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Table 2.1: Parameters used for the SystemVue simulation
Parameter Value
Simulation sample rate 5 GHz
Samples per symbol 50000
Radar frequency 35 GHz
Radar bandwidth 2 GHz
Time duration of chirp 1 ms
Communication frequency 37.4 GHz
Bit rate 0.2 Mbit/s
Propagation noise density -120 dBm
Propagation delay 0.003 ms
Propagation loss 20 dB

Figure 2.11: Simulated IF of the FMCW radar with and without simultaneous
QPSK communication in FDM.

Comparing the two curves of Figure 2.11 shows that the SNR equals in
radar-only operation 59.7 dB and in FDM operation of radar and communica-
tion 56.6 dB. The difference between both values is founded in the compression
of the FDM signal by 3.1 dB through the HPA.
The performance of the communication can be assessed by using the con-
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stellation diagrams and the EVM in percentage rms. The four constellation
points shown in Figure 2.12 can be clearly detected and represent the four
possible symbols of the QPSK communication. Here, the EVM amounts to
approximately 2.8%rms.

Figure 2.12: Simulated constellation diagram of the QPSK communication with
simultaneous FMCW radar in FDM.

The final result of this simulation is that there is no influence in the FDM
operation mode of the communication part on the radar part regarding the
radar performance and of the radar part on the communication part regarding
the communication performance. This is because of a large gap between both
frequency bands. The output power of the radar part is 3.1 dB lower in the
FDM mode than in the radar-only mode.

2.3.5 Measurement Results Based on an Initial Parameter Set

The simulation described in the previous sub-section is now verified with mea-
surements [JSK22]. The parameters of the simulation and the measurement
were kept as similar as possible. These parameters are summarized in Ta-
ble 2.1. Figure 2.13 shows the used measurement setup.
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Figure 2.13: Block diagram of the measurement setup. The ADALM PLUTO
is used as the SDR for communication, and the MIRANDA35
front-end for radar.

The measurement setup of Figure 2.13 is based on the block diagram of
Figure 2.4. At the transmitter side the QPSK signal of the SDR ADALM PLUTO
is up-converted to a center frequency of 37.4 GHz and filtered. A power
combiner adds this communication signal and the chirp signal coming from
the FMCW radar MIRANDA35. An HPA amplifies the resulting FDM signal
to the final output power. The transmit antenna radiates the waveform to the
measurement scene including a corner reflector in a cluttered environment.
The reflected waveform is received by the antenna and amplified with an LNA.
A power divider splits this received FDM signal into the radar path and into the
communication path. In the radar part, the MIRANDA35 front-end performs the
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subsequent analog signal processing. Additionally, the received FDM signal is
down-converted to the operating frequency of the SDR ADALM PLUTO and
filtered. The SDR does all the appropriate signal processing at the receiver
side of the communication part.
Figure 2.14 shows the measured IF of the radar receiver for three constellations:
Only receiver noise (black curve), FDM operation with FMCW radar and QPSK
communication simultaneously (blue curve) and only FMCW radar operation
(red curve).

Figure 2.14: Measured IF of the FMCW radar with and without simultaneous
QPSK communication in FDM.

The noise floor of the radar receiver has a maximal peak power of -57.2 dBm.
The reflection of the corner reflector is represented by the peak at 1.175 MHz.
At this point, the SNR is for the radar-only operation 52.5 dB and for the FDM
operation with QPSK communication simultaneously 51.5 dB. Similar to the
described simulation in the previous sub-section, the HPA compresses the
signal by 1 dB. This is a 2.1 dB lower value, because of different operation
points of the HPA. All other IF of the red and the blue curves are referable to
reflections of the clutter environment.
The constellation diagram of Figure 2.15 is created for this experiment to
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assess the communication performance in the FDM operation mode. The
QPSK symbols can be clearly detected, with the resulting EVM amounting
to 10.5%rms. This EVM is worse than that of the simulation described in the
previous sub-section because of multiple reflections from clutter and targets.

Figure 2.15: Measured constellation diagram of the QPSK communication with
simultaneous FMCW radar in FDM.

The final result of this measurement is that there is no influence in FDM
operation mode on the radar part and on the communication part. This is
because of a large gap between both frequency bands. The output power of
the radar part is 1.0 dB lower in the FDM mode than in the radar-only mode.
The communication performance is not optimal for this measurement setup
because it is based only on reflections coming from the measurement area.
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3 Analysis of the Relation Between the Radar

Band and the Communication Band in FDM

This chapter is about the investigation of the relation between the radar fre-
quencies and the communication carrier frequency as well as the data rate and
therefore the communication bandwidth. Here, the overall bandwidth is slightly
increased compared to the radar bandwidth because of the additional band-
width reserved for the communication part and a gap between both frequency
bands. While the bandwidth of the radar is resolution-driven and can be several
GHz, the resulting communication bandwidth for radar raw data transmission
is only a few percent of the radar bandwidth. This is because of the usage of
the FMCW radar principle. The approach described in this thesis is about the
use of a single HPA for saving weight, size and power consumption. There-
fore the intermodulation products of the HPA have to be considered, because
they occur during high power amplification of the two carriers simultaneously
used by the proposed technique. To this end, the frequency relations and the
gap between the radar band and the communication band are mathematically
derived and described in Section 3.1. Additionally, the resulting third-order
intermodulation products for this approach are presented generally with the
focus on the frequencies. The overall bandwidth for a mentioned CSAR sce-
nario is presented in Sub-section 3.1.3. Section 3.2 of this chapter shows the
verification of the previous results with simulations and measurements. The
corresponding results regarding the influence of the gap on the performance of
the communication channel is presented in 3.2.1. The impact of the gap on the
radar performance is shown in Sub-section 3.2.2 in the form of the compari-
son of range-Doppler maps for different gaps in simulation and measurement.
Here, the new approach is the use of a two-carrier FDM without any frequency
selection filter in the receiver. This increases the flexibility and decreases the
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gap between both frequency bands. In this case it is necessary to consider the
local oscillator of the QPSK communication. The mathematical determination
and simulation as well as the measurement results in the form of corresponding
spectra and constellation diagrams are presented in Section 3.3. This chapter
is finished with a discussion and a conclusion.

3.1 Investigation of the Intermodulation Products of the HPA

As mentioned in the previous chapters, this thesis deals with a broadband
FMCW radar and single-carrier QPSK communication in FDM. Therefore, it
is about a waveform consisting of two simultaneous frequencies. By using a
single HPA for amplifying this dual-band signal, it is necessary to consider the
resulting intermodulation products. Hence, this section is about the behavior of
the resulting frequencies of the intermodulation products.

3.1.1 Fundamental Considerations of Intermodulation Products

To characterize an amplifier regarding the harmonics and the intermodulation
distortion, a signal composed of two different frequencies is considered as
input signal. This can be described mathematically as follows.

sin = A1 · cos(2π · f1 · t) +A2 · cos(2π · f2 · t). (3.1)

Here, the fundamental frequencies of the two-tone input signal are f1 and f2.
The output signal of the amplifier can be approximated with a Taylor expansion
like this:

sout = C0 + C1 · sin + C2 · s2in + C3 · s3in + ... (3.2)

The amplification factor for the fundamental frequencies is C1. The second-
order intermodulation and the second-order harmonics are amplified with the
factor C2. C3 is the amplification factor for the third-order harmonics and third-
order intermodulation products. This is continued for all further harmonics and
intermodulation products.
Figure 3.1 shows a possible output spectrum of an amplifier including the
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second, the third and the fifth-order intermodulation products as well as the
inherent harmonics.
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Figure 3.1: Sketch of the intermodulation products by using two frequencies.

The harmonics and many of the intermodulation products can be filtered out,
because they are far away from the fundamental frequencies. The most critical
intermodulation products lie close to the fundamental frequencies. That is
primarily the case for the third-order intermodulation distortion. The fifth-order
intermodulation products have a very low amplitude in comparison with the
fundamental frequencies and can be neglected at the moment.
This thesis is about FMCW radar with simultaneous single-carrier QPSK com-
munciation in FDM. Therefore, the fundamental frequency f1 sweeps linearly
over time within the radar bandwidth and the communication band occupies
a certain bandwidth around f2 dependent on the communication data rate.
Hence, the intermodulation products have a particular bandwidth and sweep
over a certain bandwidth. This effect is considered in Sub-section 3.1.2.
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3.1.2 Third-Order Intermodulation of Radar and Communication in FDM

As mentioned in the previous Sub-section 3.1.1, the most critical intermodu-
lation distortion is the third-order intermodulation product close to the funda-
mental frequencies. These are the following two frequencies fb and fu (please
refer to Figure 3.1).

fb = 2 · f1 − f2. (3.3)

fu = 2 · f2 − f1. (3.4)

Due to the fact that f1 sweeps within a bandwidth of B1 (radar part) and f2

has a bandwidth B2 (communication part), the two third-order intermodulation
products also have a bandwidth. This is sketched in Figure 3.2.
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Figure 3.2: Sketch of the third-order intermodulation products (red and blue),
the radar band (black) and the communication band (green).

G is the gap between the radar band and the communication band. The
radar signal sweeps from the frequency f1 to the frequency f1+B1. Therefore,
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the lower intermodulation product sweeps from fbb to fbu and the upper one
from fuu to fub. The bandwidth of each single frequency step of the lower
intermodulation product is B2 and of the upper one 2 ·B2. It is important at this
point of the thesis to ensure that there is no influence of the intermodulation
products on the radar and the communication signal by using a sufficiently
wide gap. On the other hand, this gap should be as narrow as possible to save
overall bandwidth. The first step of a general determination is to calculate the
maximal and minimal frequencies of the intermodulation product. This can be
formulated for the lower part as follows.

fbb = 2 · f1 − (f2 +B2). (3.5)

fbu = 2 · (f1 +B1)− f2. (3.6)

And for the upper part like this.

fub = 2 · f2 − (f1 +B1). (3.7)

fuu = 2 · (f2 +B2)− f1. (3.8)

The gap G can be calculated in the following form.

G = f2 − (f1 +B1) = f2 − f1 −B1. (3.9)

For minimizing the gap G it is important that no overlapping of the two carrier
frequencies f1 and f2 and the intermodulation products occur.
The next step is to establish the minimal gap regarding the radar band. Here, a
band selection filter in the RF path of the receiver is used. The sweep of the
FMCW radar starts at f1 and stops at f1 +B1. The resulting intermodulation
product starts at fbb and stops at fbu. Therefore, overlapping only occurs in
the case described as follows:

fbu = f1 +B1. (3.10)
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Substituting fbu gives this formula.

f2 = f1 +B1. (3.11)

Inserted in 3.9, this results in G = 0. Thus, regarding the radar band the gap
must be G > 0 to prevent any interactions between the radar carrier and the
lower intermodulation product.
The last step is to establish the minimal gap regarding the communication band.
Overlapping of the upper intermodulation with the communication band occurs
in the following case.

fub = f2 +B2. (3.12)

Substituting fub gives this formula.

f2 = B2 + f1 +B1. (3.13)

Inserted in 3.9 gives the following result.

G = B2. (3.14)

As a result for the communication part, the gap must be G > B2 to prevent any
interaction between the communication band and the upper intermodulation
product.
In conclusion, it can be stated that the minimal gap of the whole FDM system
is defined through the gap regarding the communication band and must be
G > B2.

3.1.3 Formulation of the Resulting Overall Bandwidth for the CSAR application

One possible application for the approach focused on in this thesis is airborne
circular synthetic aperture radar (CSAR) with simultaneous data communica-
tion. The airborne platform is flying a circle around the area of interest for
an image-based surveillance with radar. The pre-processed radar raw data
is transmitted to the ground station located inside the measurement area for
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further computation-intensive CSAR processing. Figure 3.3 shows a sketch of
this joint CSAR and communication scenario.
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Figure 3.3: Sketch of joint CSAR and communication scenario with the most
important parameters.

The blue dot in the figure represents the airborne joint CSAR and commu-
nication system and the red dot depicts the ground based communication
receiver. The green zone is the measurement area. The mentioned maximal
and the minimal range, dependent on the flight altitude H by using a fixed
antenna beamwidth α and depression angle θ, is formulated as follows.

Rmax(H) =
H

sin(θ − α
2 )

, (3.15)

Rmin(H) =
H

sin(θ + α
2 )

. (3.16)

A key parameter for CSAR is the chirp repetition frequency fRep, which can be
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calculated with this equation based on [Pal21].

fRep =
1

TRep
= 2 · 1.3 ·

2 · v · cos(π2 − β
2 ) · fR

c0
, (3.17)

here v is the speed of the radar, β is the azimuth beamwidth of the antenna,
fR is the radio frequency of the radar part and c0 is the speed of light. No drift
angle of the aircraft is considered.
The bandwidth of the integrated communication link BC for radar raw data
transmission to the ground station must be considered to calculate the overall
bandwidth. The first step is to calculate the maximal IF of the radar with
Equation 2.5 in the following form.

IFRmax
(H) =

2 ·Rmax(H) ·BR

TR · c0
, (3.18)

Additionally, a minimum IF can be calculated as follows:

IFRmin
(H) =

2 ·Rmin(H) ·BR

TR · c0
. (3.19)

The bandwidth of the IF is defined by

BIF(H) = IFRmax
(H)− IFRmin

(H). (3.20)

This signal can be filtered and down-converted to the base-band in a complex
manner. The resulting real and complex part can be sampled with two ADC
with a resolution of 12 bit respectively. The data rate of the resulting stream of
complex data can be formulated as follows:

D(H) = 12 bit · 2 ·BIF(H). (3.21)

The 3 dB-bandwidth of the QPSK signal with an efficiency of 2 bit/s/Hz and
with rectangular pulse-shaping used for transmitting the aforementioned data
stream without additional data for error correction can be calculated with the
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following equation.

BC(H) =
D(H)

2 bit/s/Hz
= 12 ·BIF(H). (3.22)

By using TR = 1
fRep

the resulting communication bandwidth for a transmission
of the complex radar raw data to the ground station inside the measurement
area by using the QPSK modulation technique can be summarized as follows:

BC(H) = 12 · 2 · (Rmax(H)−Rmin(H)) ·BR · fRep

c0
. (3.23)

On inserting 3.15 and 3.16, this equation shows that the communication band-
width increases linearly with the flight altitude H .
The minimal overall bandwidth without any interaction with the intermodu-
lation products can then be calculated with the following equation (refer to
Equation 3.14).

Bmin(H) = BR + 2 ·BC(H), (3.24)

where Bmin(H) is determined by system parameters like the radar bandwidth
BR, the depression angle θ, the elevation beamwidth of the antenna α, the
velocity of the radar v, the azimuth beamwidth of the antenna β, the radar
RF fR and on the the variable flight altitude H . Here, the gap is equal to the
communication bandwidth as mentioned in 3.14.
This result is now simulated by using the following system parameters.

Table 3.1: Parameters used for the simulation for the overall bandwidth depen-
dent on the flight altitude.

Parameter Value
Radar center frequency 34.375 GHz
Radar bandwidth 3.75 GHz
Elevation beamwidth 12 °
Azimuth beamwidth 12 °
Depression angle 35 °
Velocity of radar 10 m/s
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Figure 3.4: Simulated overall bandwidth dependent on the flight altitude for an
assumed CSAR scenario.

As expected, Figure 3.4 shows that the overall bandwidth increases linearly
with the flight altitude above the radar bandwidth of 3.75 GHz. The overall
bandwidth in case of a flight altitude of 1000 m is 3.95 GHz. This exceeds the
radar bandwidth only by approximately 5%.

3.2 Evaluation of the Gap Width Dependence of the System
Performance

This section describes the effect of different gap widths on the communication
and on the radar performance of the receiver. This is conducted by varying the
gap between the radar band and the communication band.

3.2.1 Effect of Different Gaps on the Communication Performance

The communication performance can be assessed with the EVM in percentage
rms. For the appropriate assessment in the simulation, the EVM is measured
for every gap during the sweep. Here, the minimal gap between both frequency
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bands is zero and the maximal gap is equal to the radar bandwidth. Table 3.2
summarizes the simulation parameters.

Table 3.2: Parameters used for the simulation of the communication perfor-
mance.

Parameter Value
Center frequency of radar 34.375 GHz
Bandwidth of radar 3.75 GHz
Center frequency of communication 36.875 GHz
Bandwidth of communication 1.25 GHz
Third-order intercept point 40 dBm
Power of radar 30 dBm
Power of communication 30 dBm
Roll-off of pulse-shaping filter 0.5

The radar frequency is increased linearly in the simulation from 32.5 GHz to
36.25 GHz with the effect that the gap in percentage from the communication
bandwidth decreases from 300% to 0%. The result is visualized in Figure 3.5.

Figure 3.5: Simulated EVM as rms in percentage over different gaps. The gap
is shown in percentage of the communication bandwidth.
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It is clear from the results at the beginning of this chapter that the intermodu-
lation products have an effect on the communication signal. This effect is visible
in Figure 3.5 from 80% to 0%, because the rmsEVM increases from 0.1% to
3.8%. The optimal and minimal gap in percentage from the communication
bandwidth calculated with Equation 3.14 is 100%. The simulation shows, that
the gap can be 20% lower than the theoretical one because of the usage of a
pulse-shaping filter.
This simulation result is now verified with a similar measurement by using
the hardware described in Sub-section 2.3.3. The parameter used for the
measurement is summarized in Table 3.3.

Table 3.3: Parameters used for the measurement for the assessment of the
communication performance.

Parameter Value
Frequency range for steps 37399.6 MHz to 37399.82 MHz
Center frequency of communication 37400 MHz
Bandwidth of communication 300 kHz
Third-order intercept point 40 dBm
Power of frequency steps 30 dBm
Power of communication 30 dBm
Roll-off of pulse-shaping filter 0.5

Regarding the QPSK communication a pulse-shaping filter with a roll-off of 0.5
is used. The 3 dB-bandwidth of this communication signal is approximately
300 kHz with a data rate of 0.4 Mbit/s. The lower bound of the communication
signal can be calculated by subtracting half of the communication bandwidth
from the center frequency of the communication signal to 37399.85 MHz. The
amplifier output power of the communication signal and the single frequency
steps are equal and amount to 30 dBm. This is approximately 6 dB lower than
the saturated output power of the HPA. This power back-off is necessary to
prevent a further effect of the non-linearities of the amplifier which is described
in the following chapter.
The measurement setup for the assessment of the communication performance
dependent on the gap is visualized in Figure 3.6. The up-converted QPSK com-
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munication signal coming from the SDR ADALM PLUTO is power-combined
with the single frequencies from a signal generator. The resulting FDM sig-
nal is amplified in the HPA. The output signal with additional intermodulation
products is attenuated and down-converted to the operating frequency of the
SDR ADALM PLUTO of 400 MHz. The SDR performs the down-conversion to
base-band and the following signal processing steps for QPSK communication.
The additional output information is the EVM of the communication signal.

Frequency steps

 QPSK communication signal

High Power 
Amplifier

(HPA)

Power 
combiner

Passband: 
305 MHz to 495 MHz

SDR
Adalm Pluto

30 dB
37.0 GHz

Figure 3.6: Measurement setup for the assessment of the communication per-
formance dependent on different gaps.

The gap between the first mentioned frequency point of 37399.6 MHz and the
lower bound of the communication signal of 37399.85 MHz amounts to 250 kHz.
This is 83.33% of the communication bandwidth. The gap is decreased during
the measurement process by a value of 10 kHz to a minimum of 30 kHz. This
minimum value represents 10% of the communication bandwidth. At every step,
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the EVM is measured. The rmsEVM in percentage over the gap in percentage
of the communication bandwidth is depicted in Figure 3.7.

Figure 3.7: Measured EVM as rms in percentage over different gaps. The gap
is shown in percentage of the communication bandwidth.

The lowest EVM value amounts to 6.8% at a gap of 80%. This EVM value
is 6.7% higher than the corresponding value of the simulation because of
additional internal noise and further non-linearity effects of the analog signal
processing chain. The EVM increases to 7.0% at a gap of 63.3%. Up to this
point, no influence of the intermodulation products on the communication signal
is detectable. After further decreasing the gap, the EVM increases because of
the intermodulation products. The maximal rmsEVM value of 21% is measured
at a gap of 10% of the communication bandwidth.
The minimal gap in the simulation is approximately 20% lower than the the-
oretical one. In the measurement, the minimal gap without any influence of
the intermodulation products on the communication signal is approximately
37% lower than the theoretical one. The difference between both values can
be explained by the mentioned offset of the rmsEVM value of 6.7% between
the simulation and the measurement. Values below 6.8% rmsEVM cannot be
measured with the described setup.
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3.2.2 Effect of Different Gaps on the FMCW Radar Performance

The performance of the FMCW radar can be assessed with the analysis
of range-Doppler maps. This is shown with a quantitative comparison in
simulations and measurements for different gaps. In this special case, the
necessary FDM signal consists of the radar chirp and a single frequency
instead of the communication signal generated by a signal generator. The use
of a signal generator instead of the up-converted communication signal allows
for the generation of test signals without filtering. In contrast to the theory
described at the beginning of this chapter no band selection filter is used in the
RF path of the receiver. As a result of this, the whole received FDM signal is
mixed with the transmit chirp. This process is depicted in Figure 3.8.
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Figure 3.8: Top: Sketch of the received FDM signal (black and green) and the
local oscillator of the receiving mixer (yellow).
Bottom: Sketch of the resulting radar IF band (gray) with the unde-
sired mixing product (orange).
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The bandwidth of the chirps is denoted with B1, the gap with G and the
maximal IF frequency with IFRmax. Besides the sum signal from the LO and
the signal of the RF path, the receiving mixer also generates the difference of
both. Therefore, the useful radar IF is the difference resulting from the mixing
process of the transmit chirp and the time-delayed receive chirp. A point target
in the measurement area, for example, generates a single frequency in the IF
band marked in gray. The undesired mixing product of the transmit chirp and
the time-delayed single frequency is also a chirp signal in the IF. In case of
using up-chirps this signal is now a down-chirp. Thus, the resulting minimal
gap can be expressed as follows.

G = IFRmax. (3.25)

To prevent any influence of the undesired mixing product on the desired radar
signal, the gap must be larger than the maximal IF of the radar (G > IFRmax).
This signal depends on the RF bandwidth of the radar and the maximal mea-
surement range as mentioned in Equation 2.5.
In this special case, the radar chirp and the single frequency in FDM have the
same transmit power. This is the worst case regarding the intermodulation
products during the system design. Therefore, the receive power of both sig-
nals after reflection at the target is equal. Hence, a power relation between
the radar signal and the undesired chirp can be made after the range-Doppler
processing. The receive chirp is de-ramped with the transmit chirp and the
resulting IF is a signal with a constant frequency and phase in the simplest
case. The power of this signal is maximized. The received single frequency is
also mixed with the transmit chirp. The result is a chirp signal in the IF. Because
of the low-pass filtering of the IF and the digital down-conversion process, the
energy of this undesired chirp is lower than the energy of the de-ramped chirp.
This can be expressed as a ratio and depends therefore on the RF and IF
bandwidth of the radar and the amount of chirps designated for integration and
can be formulated for a first approximation as follows.

A =
2 ·BR · I

BIF
, (3.26)
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where BR is the RF bandwidth of the radar chirp, BIF is the bandwidth of the
down-converted IF signal, and I is the amount of chirps to integrate. The factor
of 2 results from the separation of the undesired chirp signal into a positive and
a negative Doppler frequency.

The effect of the influence of the gap on the desired radar IF is simulated
by using the following parameters.

Table 3.4: Parameters used for the simulation of the radar performance.
Parameter Value
Frequency range for steps 37.4 GHz to 36.0 GHz
Center frequency of radar 35.0 GHz
Bandwidth of radar 2 GHz
Chirp duration 150 µs
Maximal IF 13.996 MHz
IF bandwidth 1.9067 MHz
Integration time 42.9 ms
Doppler resolution 23.31 Hz
Doppler bandwidth 6.67 kHz
Power of received FDM signal -15 dBm
Noise power -95 dBm

The simulation conducts the mixing of the transmit chirp with the received FDM
signal, the IF filtering, the digital down-conversion and the generation of the
range-Doppler maps.
By using these parameters, the amount of chirps to integrate can be calculated
by dividing the integration time by the chirp duration as follows.

ISim =
42.9 ms

0.15 ms
= 286. (3.27)

Now it is possible to calculate the ratio between the undesired chirp signal and
the power of the signal corresponding to the target with Equation 3.26.

ASim =
2 · 2 GHz · 286
1.9067 MHz

= 599989.5. (3.28)

51



Expressed in logarithmic scale, this results in a ratio of 57.8 dB between the
undesired chirp signal and the power of the desired target reflection. This ratio
is only valid for the case that the transmit power of the chirp signal and the
single frequency is equal.
Figure 3.9 shows the range-Doppler map generated by using a single frequency
of 37.4 GHz. Therefore, the gap equals 1.4 GHz. The mean of the noise floor of
section 1 and 2 amounts to -96.3 dBm and the power of a point target marked
with the red cross is detected at -14.8 dBm. Therefore, the SNR for this target
amounts to 81.5 dB. The used gap of 1.4 GHz is larger than the minimal gap of
13.996 MHz. The whole signal energy of the undesired chirps is filtered out by
the low-pass filter in the IF path. Thus, no influence of the undesired mixing
product and the desired radar signal is detectable.

Figure 3.9: Range-Doppler map generated by using the parameters from Ta-
ble 3.4 and a gap of 1.4 GHz.

The next step is to decrease the gap from 1.4 GHz to 700 MHz. For this, the
simulation result is depicted in Figure 3.10. The mean value of the noise floor is
also -96.3 dBm and the power corresponding to a point target marked with the
red cross amounts to -14.8 dBm. The resulting SNR is 81.5 dB and therefore
quite similar to the previous case of a 1.4 GHz gap. The low-pass filter in the IF
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path has a bandwidth of approximately 14 MHz. The gap of 700 MHz is larger
than this. Therefore, the whole signal energy of the undesired chirps is filtered
out and no undesired effect is detectable.

Figure 3.10: Range-Doppler map generated by using the parameters from
Table 3.4 and a gap of 700 MHz.

The last simulation uses a minimal gap of 0 Hz. Therefore, the used single
frequency is equal to the maximal radar RF of 36 GHz. The resulting range-
Doppler map is depicted in Figure 3.11. Now, two additional lines can be
detected with a Doppler frequency of +/- 2.2 kHz. These lines result from the
mixing of the transmit chirp with the received single frequency. The resulting
chirps lie within the IF band of the radar. The Doppler frequencies of these
lines are subject to an additional phase shift of ( 2·π3 ) of the single frequency.
This phase shift is added up for a certain time. The analysis of this gives a
mean power level of the noise floor of section 1 and 2 of -91.1 dBm. The power
level reflected from the target still yields -14.8 dBm. The resulting SNR is
found to be reduced to only 76.3 dB, approximately 5 dB lower than in the case
discussed previously. Equation 3.28 shows that the ratio between the power
of the targets and the mean power of the undesired chirp amounts to 57.8 dB.
The mean power of the mentioned lines in Figure 3.11 is -75.3 dB. This power
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level can be explained by the power of the strongest point target in the middle
of the range-Doppler map marked with the red cross with a power level of
-14.8 dBm. The difference between both power levels amounts to 60.5 dB. This
is approximately 3 dB lower than the theoretical value of 57.8 dB, because this
value is based only on a first approximation.

Figure 3.11: Range-Doppler map generated by using the parameters from
Table 3.4 and a gap of 0 Hz.

This consideration is true if the power of the radar chirp and the power of the
single frequency is equal and the gap is lower than the maximal IF of the radar
(Equation 3.25). Decreasing the power of the single frequency decreases also
the power of the undesired chirp in the IF. The power difference between the
radar chirp and the single frequency must be added to Equation 3.26. In case
of a gap larger than the maximal IF of the radar, the undesired chirp in the IF is
filtered out by the IF filter.
The simulation results are verified in the following with radar measurements and
range-Doppler processing of the radar data. Here, similar parameters are used
as in the simulations described above. Figure 3.12 shows the measurement
setup used for the assessment similar to the described simulations.
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Figure 3.12: Block diagram for investigating the radar performance for different
gaps.

The chirp in the frequency range from 34.0 GHz up to 36.0 GHz, generated
from the mentioned MIRANDA35 radar system, is power-combined with three
different single frequencies coming from a signal generator one after another.
These static frequencies are not synchronized to the radar signals. The use of
a signal generator instead of the up-converted communication signal allows the
generation of test signals without filtering. Therefore, a higher frequency range
for this can be used. The resulting FDM signal including the chirp and the single
frequencies is then amplified in the HPA. The amplifier generates additional
intermodulation products, which are radiated together with the amplified FDM
signal by the transmit antenna. The reflected signal coming from the targets,
including clutter and a corner reflector, is received by an antenna. The LNA
amplifies the received signal including the chirps, the single frequency and the
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intermodulation products. As opposed to the theory described at the beginning
of this chapter, no band selection filter is used in the RF path of the receiver.
The LNA is followed by the receiving mixer, making the transmit chirp the only
local oscillator. The received signals are mixed with the transmit chirp, and the
IF results. After that mixing process, the resulting signal is now band-limited by
the IF filter with a bandwidth of 0.5 MHz to 225 MHz and digitized by an ADC.
The ADC unit performs the digital down-conversion to base-band including an
additional band limitation. The following range-Doppler processing is conducted
offline.
Table 3.5 summarizes the most important parameters for the assessment of
the radar performance.

Table 3.5: Parameters used for the measurement for the assessment of the
radar performance.
Parameter Value
Frequency range for steps 37.4 GHz to 36.0 GHz
Center frequency of radar 35.0 GHz
Bandwidth of radar 2 GHz
Chirp duration 982.04 µs
Pass band of IF filter 0.5 MHz ... 225 MHz
Digital IF bandwidth 0.24414 MHz
Integration time 219.98 ms
Doppler resolution 4.54 Hz
Doppler bandwidth 1.0172 kHz
Power of received FDM signal -15 dBm

The upper frequency bound of the radar signal amounts to 36 GHz, because
it is designed as an up-chirp. Therefore, the minimal gap between the radar
chirp and the discrete frequency steps within 37.4 GHz and 36.0 GHz is in the
range between 1.4 GHz and 0 Hz. The chirp duration used in the simulation
is shorter than that in the measurement because of memory limitations of the
used computer. Therefore, the Doppler bandwidth is higher in the simulation
than in the measurement. Hence, different IF bandwidths of simulation and
measurement have to be considered in Equation 3.26. Similar to the simulation,
one prominent point target with a RCS of 1000 m² is used.
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The first measurement is conducted using a gap of 1.4 GHz. Hence, the used
static frequency amounts to 37.4 GHz. Figure 3.13 shows the resulting range-
Doppler map. Here, the mentioned corner reflector in the middle, marked with
a red cross, is visible. The line in the middle of the range-Doppler map around
the point target represents the clutter with low Doppler. There are some system
internal spurious signals detectable in the sections 1 and 2. These signals are
not referable to the FDM signal including the radar chirp, the single frequency
and the intermodulation products generated by the HPA.

Figure 3.13: Range-Doppler map for the minimal gaps of 1400 MHz. No effect
of the undesired signals on the radar measurement is detectable.
The SNR amounts to 74.4 dB.

The power level of the point target at Doppler zero amounts to -15 dBm. The
mean value of the noise floor including the spurious signals of section 1 and 2
is -89.5 dBm. Therefore, the SNR for this target is 74.4 dB.
Similar to the simulation, the next radar measurement is done by using a gap
of 700 MHz. The resulting range-Doppler map is depicted in Figure 3.14. As
expected, the undesired chirp signal in the IF, caused by the mixing process of
the received single frequency with the transmit chirp, is not detectable. Only the
system internal spurious signals in section 1 and 2 are visible. These signals
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are not comparable to the FDM signal of the previous measurement. The
power corresponding to the corner reflector, marked with the red cross, equals
-15 dBm. The mean value of the noise floor, including the spurious signals, is
approximately at -90.6 dBm. Hence, the SNR is 75.6 dB. These values are
approximately equal to the values found in the previous measurement.

Figure 3.14: Range-Doppler map for the minimal gaps of 700 MHz. The SNR
of the radar measurement is approximately 75.6 dB.

The last measurement is done by using a minimal gap of 0 Hz. The resulting
range-Doppler map is visualized in Figure 3.15. As expected, the two additional
lines with a Doppler shift are recognizable. These lines are part of the undesired
chirp caused by the mixing process of the transmit chirp with received single
frequency. The power of the point target, marked with a red cross inside the
clutter environment, amounts to -15.4 dBm. The mean value of the noise floor
including the system internal spurious signals and the undesired chirp signal
increases to -87.1 dBm. Therefore, the SNR of this target is only 71.7 dB. This
is approximately 3 dB worse than the values of the measurements above. It
can be stated that the mentioned undesired chirp signals are clearly detectable,
and the corresponding ratio can be calculated with the Equation 3.26. By
using the parameters stated in Table 3.5 for the measurements, the amount
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of chirps to integrate can be calculated by dividing the integration time by the
chirp duration as follows.

IMeas =
219.98 ms

0.98204 ms
= 224. (3.29)

Now it is possible to calculate the ratio between the power of the undesired
chirp signal and the power of the signals corresponding to the targets by using
Equation 3.26.

AMeas =
2 · 2 GHz · 224
0.24414 MHz

= 3670025.4. (3.30)

Expressed in logarithmic scale, this gives a ratio of 65.7 dB between the
undesired chirp signal and the power of the desired targets. This is true in the
case that the transmit power of the chirp signal and the single frequency is
equal. The mean power of the two undesired lines equates to -78.7 dBm. By
using the power of the point target of -15.4 dBm, the measured ratio of these
undesired signals equates to approximately 63.3 dB. This represents a 2 dB
increase over the theoretical value.

Figure 3.15: Range-Doppler map for a minimal gap of 0 Hz. The SNR of the
radar measurement decreases to 71.7 dB.
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The reason for the shift of the undesired chirp to both Doppler directions
(one line has positive Doppler and the other has negative Doppler) is, that the
radar chirp and the single frequencies are not synchronized. If the two signals
are synchronized, the undesired chirp signal will be at low Doppler frequencies.

3.3 Determination of the Frequency of the Local Oscillator for
down-conversion of the QPSK signal

The communication part of the system uses a down-converter in the receiver
for transforming the received high millimeter-wave frequency band down to
the operational frequency of the SDR. Additionally, the radar chirp and the
third-order intermodulation products are down-converted into the frequency
band of the SDR, because no band selection filters are used. This section
describes two different methods for determining the fixed frequency of the local
oscillator for the down-converter. The first can be used for realizing a minimized
gap and the second for a minimized communication frequency.

3.3.1 Mathematical Deduction

Figure 3.16 shows a sketch of the spectrum of the received RF signals including
the radar chirp with the bandwidth B1, the communication signal with the
bandwidth B2 as well as the intermodulation products (top) and the resulting
IF signal after mixing with the frequency fLO (bottom). Here, the gap G is as
narrow as possible, as mentioned in Equation 3.14. The interesting mixing
product is the difference between the local oscillator frequency and the received
RF signal. Additionally, the resulting communication band in the IF must fit into
the frequency band of the SDR. Therefore, the only location of the frequency of
the local oscillator in the spectrum is inside the upper intermodulation product.
For calculating the frequency of the local oscillator, the following assumption
can be made. In this way, no influence of the upper intermodulation product on
the communication band in the IF occurs.

fuu − fLO = fLO − (f2 +B2) (3.31)
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After rearranging, the frequency of the local oscillator can be calculated by
using the equations of Section 3.1.2 with the following equation.

fLO ≥ fuu + f2 +B2

2
. (3.32)

Figure 3.16: Top: Sketch of the received RF including the radar chirp (B1,
black), the communication band (B2, green) as well as the inter-
modulation products (red and blue).
Bottom: Sketch of the IF with the resulting mixing products for the
case of G = B2.

The disadvantage of this solution is that the center frequency of the resulting
communication band in the IF can be very high depending on the bandwidth of
the two desired frequency bands. If it is possible to realize larger gaps then the
frequency of the local oscillator can be at another location in the spectrum.
Figure 3.17 shows a sketch of the spectrum of the received RF signal including
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the radar chirp with the bandwidth B1, the QPSK communication signal with
the bandwidth B2, as well as the intermodulation products and the resulting IF
signal after mixing with the frequency fLO. Here, the gap G is larger than twice
the communication bandwidth B2. In this special case, the local oscillator can
be determined as follows.

fLO ≤ f2 +
G

2
and fLO ≥ f2 +B2 for G ≥ 2 ·B2. (3.33)

The frequency of the local oscillator can be chosen within the described bounds.
If this is the case, the communication band in the IF is not influenced by any
other signal components of the spectrum.

Figure 3.17: Top: Sketch of the received RF including the radar chirp (B1,
black), the communication band (B2, green) as well as the inter-
modulation products (red and blue).
Bottom: Sketch of the IF with the resulting mixing products for the
special case of G ≥ 2 ·B2.
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3.3.2 Behavior of the IF Signals in the Receive Path

This sub-section describes the behavior of the signals before and after the
receiving mixer based on simulations. As mentioned above, the local oscillator
has a fixed frequency for converting the QPSK communication signal down to a
frequency band suitable for the following SDR. The radar chirp is simulated as
an up-chirp and the intermodulation products are also converted down with the
local oscillator, because no band selection filter is used in the RF path of the
receiver. Table 3.6 summarizes the major parameters used for the simulation.

Table 3.6: Parameters used for the simulation for the assessment of the signals
before and after the receiving mixer.

Parameter Value
Start frequency of radar chirp 32.5 GHz
Center frequency of radar chirp 34.375 GHz
Bandwidth of radar chirp 3.75 GHz
Start frequency of communication 36.875 GHz
Center frequency of communication 37.1875 GHz
Bandwidth of communication 625 MHz
Power of radar chirp 30 dBm
Power of communication 30 dBm
Third-order intercept point 40 dBm

The minimal gap between the radar chirp and the communication band is equal
to the communication bandwidth. Therefore, no influence of the intermodulation
products on the usable communication and radar signals occurs. (Refer to
Section 3.1.2 and Equation 3.14).
Figure 3.18 shows the simulated output signal of the HPA including the radar
chirp as well as the communication signal and the upper and lower third-
order intermodulation products. Here, the signal constellation of the last chirp
frequency of the up-chirp at 36.25 GHz is depicted. This signal is used directly
in the simulation for down-conversion with the receiving mixer. As mentioned in
Section 3.1.2, the upper intermodulation product at the time of the last chirp
frequency of 36.25 GHz ranges from 37.5 GHz to 38.75 GHz. At the time of
the first chirp frequency of 32.5 GHz, the upper intermodulation product is
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between 41.25 GHz and 42.5 GHz. Therefore, the maximal frequency range of
the upper intermodulation product is from 37.5 GHz to 42.5 GHz.

Figure 3.18: Spectrum of the RF input signal of the receiving mixer at the time
of the last chirp frequency at 36.25 GHz. The center frequency of
the communication signal amounts to 37.1875 GHz. Additionally,
the upper and the lower intermodulation products and the gap
with G = B2 are visible.

The next step is now to determine the frequency of the local oscillator used for
down-conversion of the RF signal. By comparing Figure 3.16 with Figure 3.18
and the description above, the following determination can be made.

fuu = 42.5 GHz,

f2 = 36.875 GHz,

B2 = 625 MHz.

(3.34)

The frequency of the local oscillator can be calculated with Equation 3.32 as
follows.

fLO =
42.5 GHz + 36.875 GHz + 625 MHz

2
= 40 GHz (3.35)
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By using this frequency as local oscillator for the receiving mixer, the IF depicted
in Figure 3.19 results.

Figure 3.19: Spectrum of the IF output signal of the receiving mixer at the
time of the last chirp frequency. The center frequency of the
communication signal amounts now to 2.8125 GHz. Additionally,
the upper and the lower intermodulation products are visible.

Visualized is the difference of the frequency of the local oscillator and the RF
input signal. The last frequency of the radar chirp in the IF amounts to 3.75 GHz.
The communication center frequency in the IF equates to 2.8125 GHz. Ad-
ditionally, the intermodulation products become visible. The communication
signal can be processed now with the following SDR without any limitations
regarding the communication performance.

3.3.3 Analysis of the Measured Signals After the HPA and the Receiving Mixer

As mentioned in Section 3.3.1, the frequency of the resulting QPSK commu-
nication band in the IF can be reduced by increasing the gap and choosing a
lower frequency of the local oscillator for the receiving mixer. This is described
in this section by conducting a measurement [JSK23a]. Additionally, the perfor-
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mance of the QPSK communication is analyzed with and without FMCW radar
operation [JSK23a]. The system parameters listed in Table 3.7 are used for the
measurement.

Table 3.7: Parameters used for the measurement for the assessment of the
signals before and after the receiving mixer.
Parameter Value
Start frequency of radar chirp 34.0 GHz
Center frequency of radar chirp 35.0 GHz
Bandwidth of radar chirp 2.0 GHz
Start frequency of communication 37.399850 GHz
Center frequency of communication 37.4 GHz
Bandwidth of communication 300 kHz
Power of radar chirp 30 dBm
Power of communication 10 dBm
Third-order intercept point 40 dBm

The minimal gap between the radar band and the communication band is now
G = 1.399850 GHz and therefore greater than 2 times the communication
bandwidth. Therefore, Equation 3.33 can be used for determining the frequency
of the local oscillator as follows.

fLO ≤ 37.399850 GHz +
1.399850 GHz

2
and

fLO ≥ 37.399850 GHz + 300 kHz for

1.399850 GHz ≥ 2 · 300 kHz

(3.36)

The result of this can be described as follows.

fLO ≤ 38.099775 GHz and

fLO ≥ 37.400150 GHz for

1.399850 GHz ≥ 600 kHz

(3.37)

The frequency of the local oscillator is then determined to be 37.8 GHz. There-
fore, the center frequency of the communication band lies in the IF at 400 MHz.
Figure 3.20 shows the measurement setup for characterizing the signals before
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and after the receiving mixer and the QPSK communication performance with
and without FMCW radar operation. The communication signal is generated by
the SDR ADALM PLUTO and up-converted to a center frequency of 37.4 GHz.
The MIRANDA35 front-end generates the chirp with a center frequency of
35 GHz and a bandwidth of 2 GHz. Both signals are power-combined and
amplified by the HPA. After attenuating, the signal is mixed with the receiving
mixer down to a 400 MHz center frequency of the communication band. The
SDR ADALM PLUTO performs the ensuing processing of the communication
signal.

Adalm Pluto Tx
400 MHz

37.4 GHz

37.8 GHz

Chirp
34.0 … 36.0 GHz

Signal
Generator

MIRANDA35
Frontend

Tx

Adalm Pluto Rx
400 MHz

High Power Amplifier
(HPA)

Power Combiner
Attenuator

Passband: 
37.3 GHz to 37.5 GHz

7 Sections

Passband: 
305 MHz to 495 MHz

8 Sections 37.8 GHz

Figure 3.20: Block diagram of the measurement setup to characterize the sig-
nals before and after the receiving mixer and the communication
performance with and without FMCW radar operation.

The output signal of the HPA is measured after the attenuator with a spec-
trum analyzer and is depicted in Figure 3.21. The chirp signal from 34 to
36 GHz with and without the communication signal at a frequency of 37.4 GHz
is shown. Additionally, one of the two third-order intermodulation products from
approximately 30.6 GHz to 34.6 GHz in the two-tone case is visualized. While
the chirp starts at 34 GHz, the third-order intermodulation product starts at
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approximately 30.6 GHz. If the chirp stops at 36 GHz, then the third-order
intermodulation product lies at about 34.6 GHz. Therefore, no overlapping of
these two signals occurs. The minimal spurious free dynamic range (SFDR) of
the chirp signal and the lower intermodulation product is 31 dB. The second
third-order intermodulation product lies in the range between approximately
40.8 and 38.8 GHz and is not detectable, because the power of the communi-
cation signal is only about -21 dBm in comparison to the radar chirp signal with
a power of approximately -2 dBm. Here, the SNR of the communication band
amounts to approximately 32 dB.

Figure 3.21: Output signal of the high power amplifier with and without the
FMCW radar signal.

This signal is now mixed with a local oscillator with a frequency of 37.8 GHz
down to the IF, where the difference of the local oscillator and the signal shown
in Figure 3.21 is of special interest. The resulting IF is visualized in Figure 3.22.
The narrow-band communication signal now lies at 400 MHz, the chirp signal
ranges between 3.8 GHz and 1.8 GHz, and the third-order intermodulation
products, as mentioned above, lie between approximately 7.2 GHz and 3.2 GHz
as well as between approximately 3.0 GHz and 1.0 GHz. The communication
signal at 400 MHz can be clearly separated in the frequency domain from the
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chirp signal and the third-order intermodulation products. The communication
signal can be filtered out easily. All the mentioned frequency bands can also
be found after comparison with Figure 3.17. The SNR of the communication
signal without the chirp signal is 41.5 dB and with the chirp signal 37.5 dB.
These values are both higher than the SNR in the RF as mentioned above.
This is because of different measurement dynamics in high and low frequency
bands of the spectrum analyzer. The filtered communication signal at 400 MHz
will be converted to base-band and digitized with the SDR ADALM PLUTO. A
subsequent digital signal processing decodes the transmitted data.

Figure 3.22: Output signal of the receiving mixer with and without the FMCW
radar signal.

On the right hand side of Figure 3.23, the constellation diagram of the QPSK
transmission without FMCW radar operation is visualized. The typical four
constellation points can be clearly detected. In this case, the EVM is calculated
to be 4%rms. The constellation diagram of the QPSK data transmission with
FMCW radar is shown on the left. Here, the four constellation points can also
be clearly detected. The EVM increases by 1%rms to 5%rms. The influence of
the radar operation on the communication is therefore very low.
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Figure 3.23: Constellation diagram of the QPSK data transmission with (left)
and without (right) the FMCW radar signal.

3.4 Discussion and Conclusion

This chapter is about the relation of the radar band and the communication
band working simultaneously in FDM by using only a single HPA in the trans-
mitter for the amplification of both frequency bands. Therefore, the behavior of
the occurring intermodulation products need to be considered. The first section
describes these intermodulation products in theory. Section two goes into
the details regarding the third-order intermodulation products for the relevant
signals by using band selection filters in the receiver. It turned out that the
gap between the radar band and the communication band must be equal or
larger than the communication bandwidth to prevent any interaction between
the intermodulation products and the radar band as well as the communication
band.
An important point of the FDM signal to consider is the overall bandwidth of
the system for the CSAR scenario with given parameters. The result is that the
overall bandwidth is only 5% larger than the radar bandwidth. Including the
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minimal gap and the communication bandwidth for a flight altitude of 1000 m,
an image resolution of approximately 4 cm and a platform velocity of 10 m/s.
Here, the raw data transmission of the FMCW radar to a ground station with
simultaneous QPSK communication is assumed.
The effect of different gaps on the communication performance is presented in
Sub-section 3.2.1. A theoretical minimal gap of 1.25 GHz is assumed. In simu-
lation, a minimal gap of approximately 80% of the communication bandwidth
can be reached, because the EVM of the communication increases from this
point from 0.1% to 3.8%. The gap in the simulation is lower than the minimal
gap in theory because of the usage of a pulse-shaping filter. The result of a
measurement is presented with the focus on the communication performance,
dependent on the gap between the radar and the communication band. Here,
the theoretical minimal gap is 300 kHz, because the 3 dB-bandwidth of the
communication band equals 300 kHz. The minimal measured gap amounts
to approximately 63% of the communication bandwidth at an rmsEVM value
of approximately 7%. Up to this point, no influence of the intermodulation
product on the communication band is verifiable. Here, the measured gap
is approximately 37% lower than the theoretical one, because the minimal
measurable rmsEVM value is only 6.8% and a pulse-shaping filter is used.
The next Sub-section 3.2.2 describes the effect of different gaps on the FMCW
radar performance by way of comparing range-Doppler maps. For this con-
sideration, no band selection filters in the receiver are used. It turned out in
this case that the minimal gap amounts to the maximal IF of the radar. The
first step in this section is to consider the first approximation of the theoretical
ratio of the power of the resulting spurious in the range-Doppler map from the
power of the targets. For the parameter set used for the simulations, this ratio
amounts to 57.8 dB by using a gap of 0 Hz. In the simulation a ratio of 60.5 dB
can be reached. Regarding the parameter set used for the measurements,
the theoretical ratio in the first approximation gives 65.7 dB by using a gap of
0 Hz. The measurement results show that the ratio between the power of the
spurious chirp signal in the IF and the power of the signals corresponding to
the targets are found to be approximately 63.3 dB.
The last section describes the determination of the local oscillator for the com-
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munication part of the FDM signal. Here, no band selection filter is used in the
receiver. Two possibilities are described mathematically: One by using a mini-
mal gap between the mentioned frequency bands, and another by using larger
gaps. The difference between the frequency of the local oscillator and the
received FDM signal is the frequency of the resulting communication band in
the IF. If the resulting frequency of the communication band gets too high, then
the gap can be increased and the resulting communication band gets lower by
using another local oscillator frequency. Simulations and measurements are
presented to show the effect. Additionally, the communication performance is
assessed with measurements with and without the FMCW radar by using a
loop-back cable and an attenuator between the transmitter and the receiving
mixer. It turns out that the EVM increases by only 1%rms after including the
FMCW radar band into the spectrum of the transmit signal.
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4 Optimization of the Communication Signal

Parameters for Minimum Bandwidth

Requirements

This chapter describes a new approach of reducing the overall bandwidth of the
proposed FDM of broadband radar and communication by minimizing the gap
between the two frequency bands. The idea behind this is to increase the ratio
between the power of the communication signal and the closest intermodulation
product. This can be maximized by increasing the third-order intercept point or
by reducing the communication power. This is possible, because the propaga-
tion attenuation for the communication part depends on R2 and for the radar
part on R4. Therefore, less transmit power is required for the communication
than for the radar for the same operation range R and for similar performances.
Beyond that, the proposed new FDM technique of broadband FMCW radar
and single-carrier QPSK communication allows the usage of different power
levels of the two frequency bands. This deviates from the common usage of
FDM in communications, where the same power for all channels is required.
An additional effect of the non-linearities of the HPA by using digital modulation
formats like QPSK in the regions of the carrier frequencies is presented first
and, in a second step, minimized with power balancing of the radar and the
communication signal. The result of these investigations is that a power back-
off of both signals is required. The fundamentals of the power of the third-order
intermodulation products will be presented mathematically. Therefore, the influ-
ence of the third-order intermodulation products on the communication signal
can be reduced by increasing the third-order intercept point and by minimizing
the communication power. Simulations of the resulting spectrum and regarding
the EVM of the communication signal are shown. Measurements regarding
the communication performance with a quantitative analysis of the data is
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presented. As mentioned earlier, the power of the communication part can be
decreased in case of the same operation range. For this case, the behavior of
the SNR of the radar and the communication in relation to the the flight altitude
of the CSAR system is investigated in section 4. This chapter concludes with a
discussion.

4.1 Investigation of Third-Order Non-Linearity Reduction

As investigated in Chapter 3, the influence of the third-order non-linearities
can be a problem for the radar and the communication part of the system, de-
pending on the gap between both frequency bands. This section describes the
investigation of a third-order non-linearity effect close to the two simultaneous
carrier frequencies in FDM. This effect can be reduced by power-balancing the
two desired frequency bands.

4.1.1 Fundamentals of third-order non-linearities

To characterize the third-order intermodulation distortion, a signal with two
different frequencies is considered as input signal for the following step. This
can be described mathematically in the form of a single frequency and a QPSK
communication signal comparable to Equation 2.16 as follows.

sin = A1 · cos(2π · f1 · t) + c(tC), (4.1)

where both signal types show different behavior in the time and in the frequency
domain. The following output signal of the third-order intermodulation distortion
is based on Equation 3.2 and can be written like this.

sout = C3 · s3in. (4.2)

The parameter C3 is a constant and can be calculated as follows [Mar25].

C3 =
4

3 ·A2
IP3

, (4.3)
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where AIP3 is the third-order intercept point stated as a voltage. Section 4.2
gives more details for the necessary calculation of this parameter.
These two signals are simulated by using the parameters of Table 4.1.

Table 4.1: Parameters used for the simulation of the third-order intermodulation
distortion.

Parameter Value
Single frequency 32.5 GHz
Communication center frequency 36.875 GHz
Bandwidth of communication 1.25 GHz
Power of single frequency 30 dBm
Power of communication 30 dBm
Third-order intercept point 40 dBm

The following Figure 4.1 shows the input signal sin without any intermodulation
distortion. While the power of the single frequency is 30 dBm, the power of
the QPSK communication signal is lower in the frequency domain due to the
power is spread over the bandwidth of the signal.

Figure 4.1: Single carrier frequency and the QPSK communication signal in
FDM.
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The bandwidth of the QPSK communication signal at the right hand side of
Figure 4.1 amounts to 1.25 GHz with a center frequency of 36.875 GHz.
The input signal sin to the power of three multiplied with the constant C3 gives
the output signal sout. This is visualized in Figure 4.2.

Figure 4.2: Single carrier frequency and the QPSK communication signal in
FDM to the power of three.

The input signal (Figure 4.1) is still present in the spectrum at the output
at 32.5 GHz and at a center frequency of 36.875 GHz. The power of these
signals is approximately 10 dB lower than the power of the original signal. The
upper and the lower intermodulation products, as mentioned previously, are
detectable between approximately 27.5 GHz and 28.75 GHz as well as between
approximately 40.0 GHz and 42.5 GHz. Additional spectral components occur
at the left and at the right side of the desired signals. These distortions are
close to the useful signals and influence the radar and the communication
performance. This effect can be reduced by power balancing the input signals.
The next sub-section describes the dependency of this effect from the power
level of the communication signal to a signal with a fixed frequency without
modulation. The last sub-section shows the dependency of the effect on the
communication signal from the chirp signal of the radar.
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4.1.2 Power-Balancing Regarding the FMCW Radar Signal

The aforementioned effect of distortions close to the carrier frequencies at the
output of the HPA can be optimized by power-balancing of the input signals
of the HPA. Therefore, this sub-section is about the power-balancing of the
communication signal to reduce the distortions of the FMCW radar signal. It
is necessary for the analysis of the mentioned effect that the frequency of the
signal is static and not sweeping like the chirp of the FMCW signal. Hence, a
signal with a fixed frequency is used instead of the chirp of the MIRANDA35
system. Figure 4.3 shows the block diagram used for optimizing the quality
of the generator signal at the output of the HPA with a spectrum analyzer by
power-balancing of the communication signal at the input of the HPA.

Adalm Pluto Tx
400 MHz

37.4 GHz

37.8 GHz

37.3 GHz

Signal
Generator

Signal
Generator

High Power Amplifier
(HPA)

Power Combiner

Spectrum‐
analyzer

Passband: 
37.3 GHz to 37.5 GHz

7 Sections

30 dB

Attenuator

PCom = 30 … 12 dBm
PRad = 30dBm

Figure 4.3: Block diagram for the power-balancing regarding a generator signal
with fixed frequency. The HPA output power of the communication
signal is reduced from 30 dBm to 12 dBm.
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The block diagram shows that the communication signal is generated by the
ADALM PLUTO SDR and is up-converted to a center frequency of 37.4 GHz.
The signal generator provides a signal with a fixed frequency of 37.3 GHz. Both
signals are power combined and amplified. The power level of the generator
signal at the output of the HPA is approximately 30 dBm and that of the QPSK
communication signal is varied between 30 dBm and 12 dBm. This power level
can be adjusted by the attenuator at the output of the SDR. After attenuation of
the output signal of the HPA, the signal is measured with a spectrum analyzer.
Figure 4.4 shows the generator signal at the output of the HPA for four different
constellations: 0 dB, 12 dB as well as 18 dB attenuation of the communication
signal and without the QPSK communication signal.

Figure 4.4: Generator signal in the frequency domain measured at the output
of the HPA for three different attenuations of the communication
signal and without the QPSK communication signal.

The red curve shows the generator signal without the QPSK signal as a
reference. The mentioned effect because of the non-linearities of the HPA
is clearly visible in the case of an attenuation of 0 dB (green curve). Here,
the power levels of the generator signal and the QPSK signal are equal and
6 dB lower than the saturating output power of the HPA. This effect can be
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reduced by attenuating the communication signal. The best signal quality of the
generator signal can be reached by using 18 dB attenuation (light blue curve).
12 db attenuation is also possible, because the undesired effect is reduced
by approximately 23 dB in comparison to 0 dB attenuation and approximately
8 dB worse than the curve by using the optimal value of 18 dB attenuation.

4.1.3 Power-Balancing Regarding the QPSK Communication Signal

It is important for radar measurements that the corresponding output power
is maximal. Therefore, this sub-section is about the maximizing of the radar
output power by using the reduced communication output power of 12 dBm
[JSK22]. Figure 4.5 shows the corresponding block diagram.
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Figure 4.5: Block diagram for the power-balancing regarding the QPSK commu-
nication signal. The HPA output power of the FMCW radar signal is
between 30 dBm and 36 dBm.
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The communication signal is generated by the SDR ADALM PLUTO and
is up-converted to 37.4 GHz. The MIRANDA35 front-end generates a chirp
in the frequency range between 34 and 36 GHz. The power level of this
radar chirp can be adjusted with an attenuator. The resulting signal after the
power combiner is amplified with the HPA. A spectrum analyzer measures the
communication signal at the output of the HPA. Figure 4.6 depicts this signal
for two different attenuations of the chirp signal and without the chirp signal.

Figure 4.6: QPSK signal in the frequency domain measured at the output of
the HPA for two different attenuations of the chirp signal and without
the chirp signal.

The red curve shows the communication signal without the FMCW radar
signal in FDM as a reference. The blue curve shows a similar constellation as
in the previous sub-section: 12 dBm communication output power and 30 dBm
radar output power. This is an optimal parameter set, because the influence of
the radar chirp on the communication signal is as low as possible. The result
of increasing the output power of the radar to 36 dBm (green curve with 0 dB
attenuation) are distortions close to the QPSK communication signal.
Therefore, a power back-off of approximately 6 dB to the saturated output power
of the HPA for the radar signal is necessary to get an optimal operation point.
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The communication power must be reduced to a value lower than 18 dBm
for an optimal operation. This is possible for the mentioned joint CSAR and
communication application as described later in this chapter.

4.2 Fundamentals regarding the Power of the Third-Order
Intermodulation Products

The only way to reduce the overall bandwidth of the mentioned two-tone FDM
signal by using a single HPA is to minimize the gap G and hence the influence
of the upper intermodulation product to the communication signal as mentioned
earlier. This can be done by reducing the power of the upper intermodulation
product in comparison to the power of the communication signal. Thus, the
first step is to consider the power of the two intermodulation products.
The two-tone input signal of an amplifier can be formulated with the following
Equation 4.4.

sin = A1 · cos(2π · f1 · t) +A2 · cos(2π · f2 · t). (4.4)

The output signal of the amplifier depending on the input signal and the third-
order intermodulation products can be written like Equation 4.5.

sout = C1 · sin + C3 · s3in. (4.5)

The next step is to calculate the third power of the input signal to obtain
information about the third-order distortion. The lower and the upper third-
order intermodulation products (IMb and IMu) can then be calculated with the
following equations [Mar25].

IMb =
3

4
· C3 ·A2

1 ·A2 · cos(2π · (2 · f1 − f2) · t), (4.6)

IMu =
3

4
· C3 ·A1 ·A2

2 · cos(2π · (2 · f2 − f1) · t). (4.7)
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The third-order intercept point is where the amplitude of the desired tone is
equal to the amplitude of the intermodulation product. By considering the
amplitude of IMu, the tone with the amplitude A1 can be chosen. The result
can be written as described in Equation 4.8.

3

4
· C3 ·A1 ·A2

2 = C1 ·A1. (4.8)

Here, A1 cancels out, A2
2 is equal to A2

IP3 and C1 can be set to 1. This results
in the following equation for C3.

C3 =
4

3 ·A2
IP3

. (4.9)

Inserting this result in Equations 4.6 and 4.7, the amplitudes of the two inter-
modulation products for the lower and the upper case can be calculated by
these two equations.

Ab =
A2

1 ·A2

A2
IP3

, (4.10)

Au =
A1 ·A2

2

A2
IP3

, (4.11)

By squaring these two equations one obtains the power of the two intermodula-
tion products as follows (The resistor R cancels out).

Pb =
P 2
1 · P2

P 2
IP3

, (4.12)

Pu =
P1 · P 2

2

P 2
IP3

. (4.13)

Thus, the power of the intermodulation products depends on the power of the
two tones P1 as well as P2 and the power of the third-order intercept point
PIP3.
The power of the upper modulation product Pu can be efficiently reduced by
increasing the power of the third-order intercept point and by reducing the
power of the communication signal as marked with P2. Therefore, the gap
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between the two frequency bands can be reduced as described later in this
chapter. The reduction of the communication signals in comparison to the
radar signal is possible for the mentioned CSAR application consisting of a
broadband SAR sensor with simultaneous QPSK radar raw data transmission
to a ground station. This is also described in this chapter.

4.3 Reducing the Influence of the Third-Order Intermodulation
Products

This section is about the reduction of the third-order intermodulation products
by increasing the third-order intercept point and decreasing the power of the
communication signal. The third-order intercept point is hardware-dependent
and the influence can only be investigated with simulations. The power of the
communication signal can be reduced in the simulation and in a measurement.

4.3.1 Varying the Third-Order Intercept Point

This sub-section describes the influence of the third-order intercept point on the
performance of the communication signal by using simulations. The simulation
result of Figure 4.7 shows the dependency of the upper and lower intermodula-
tion products from the third-order intercept point first. The parameters listed in
Table 4.2 are used for the simulation.

Table 4.2: Parameters used for the simulation of the third-order intermodulation
products dependent on the third-order intercept point.

Parameter Value
Radar center frequency 34.375 GHz
Bandwidth of radar 3.75 GHz
Communication center frequency 37.1875 GHz
Bandwidth of communication 0.625 GHz
Power of single frequency 30 dBm
Power of communication 30 dBm
Third-order intercept point 35 dBm, 40 dBm, 45 dBm
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The simulation result is visualized in Figure 4.7. While the power of the
radar signal (black) is 30 dBm for every chirp frequency, the power of the
communication signal (red) is spread over a certain bandwidth and therefore
lower than the declared power level. The power of the communication signal
and the two intermodulation products are visualized as rms within the respective
bandwidth in the frequency domain. As expected, the power of the upper and
the lower intermodulation products decreases by 10 dB after increasing the
third-order intercept point by 5 dB. Hence, the higher the third-order intercept
point of an amplifier, the lower the intermodulation products.

Figure 4.7: Power over frequency for three different power levels of TOI.The
blue thin line corresponds to PIP3 = 35 dBm, the green thin line to
PIP3 = 40 dBm and the yellow one to PIP3 = 45 dBm

To measure an influence of the intermodulation product on the communica-
tion performance in the simulation it is necessary to decrease the gap between
the radar band and the communication band from the gap described in Equa-
tion 3.14. Therefore, a center frequency of 36.875 GHz and a bandwidth of
1.25 GHz of the communication signal is used. The minimal gap between
both frequency bands is 0 Hz in this case. The third-order intercept point is
varied from 30 dBm to 50 dBm by using 20 steps. With every TOI the EVM in
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percentage of the communication is measured. The result of this simulation is
visualized in Figure 4.8. As expected, the EVM at 30 dBm has a high value of
40% and decreases quadratically by increasing the TOI linearly.

Figure 4.8: Simulated rmsEVM in percent over the power of the third-order
intercept point

4.3.2 Varying the Power of the Communication Signal

This sub-section describes the dependency of the intermodulation products on
the power of the communication signal with simulations and measurements.
The objective is to reduce the overall bandwidth of the system by using a
reduced gap and an optimal power of the communication signal with optimal
communication performance.
The first simulation uses the parameters of Table 4.3. The results in the
frequency domain are shown in Figure 4.9. While the TOI is determined to
40 dBm, the power of the communication signal is decreased from 30 dBm
to 10 dBm in three equal steps. The power of the communication signal and
the two intermodulation products are visualized as rms within the respective
bandwidth in the frequency domain. As expected, the upper intermodulation
product decreases rapidly by 20 dB after decreasing the communication power
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by 10 dB. The lower intermodulation product decreases only by 10 dB per step
of the communication power.

Table 4.3: Parameters used for the simulation of the third-order intermodulation
products dependent on the communication power.

Parameter Value
Radar center frequency 34.375 GHz
Bandwidth of radar 3.75 GHz
Communication center frequency 37.1875 GHz
Bandwidth of communication 0.625 GHz
Power of single frequency 30 dBm
Power of communication 30 dBm, 20 dBm, 10 dBm
Third-order intercept point 40 dBm

Figure 4.9: Power over frequency for three different power levels of the com-
munication signal. The radar signal is visualized in black and the
three communication signals in red (30 dBm), green (20 dBm) and
blue (10 dBm). These signals are in thick lines. The corresponding
intermodulation products are in thin lines.
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To measure an influence of the intermodulation product on the communica-
tion performance in the simulation, dependent on the communication power,
it is necessary to decrease the gap between the radar band and the commu-
nication band from the gap described in Equation 3.14. Therefore, a center
frequency of 36.875 GHz and a bandwidth of 1.25 GHz of the communication
signal is used. The minimal gap between both frequency bands is now 0 Hz.
The power of the communication signal is increased from 0 dBm to 30 dBm by
using 31 steps. With every step the EVM in percentage of the communication
is measured. The result of this simulation is visualized in Figure 4.10.

Figure 4.10: Simulated rmsEVM in percent over the power of the communica-
tion signal.

The EVM at 0 dBm communication power has a value of 5.5% and decreases
to 1.2% by increasing the communication power to 17 dBm. At this section the
EVM is influenced by the noise. After further increasing the communication
power to 30 dBm the EVM increases to 4%. Here, the EVM is affected by the
upper third-order intermodulation product. As a consequence of this, the best
operating point for an amplifier with a third-order intercept point of 40 dBm, a
radar power of 30 dBm and a gap of 0 GHz is by using a communication power
of approximately 17 dBm.
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This simulation result is now verified with a measurement. For this purpose,
the measurement setup of Figure 4.11 is used.

Fixed frequency

 QPSK signal with power steps

High Power 
Amplifier

(HPA)

Power 
combiner

Passband: 
305 MHz to 495 MHz

SDR
Adalm Pluto

30 dB
37.0 GHz

Figure 4.11: Block diagram of the setup for the measurement of the rmsEVM
dependent on the power of the communication signal.

For the measurement of the rmsEVM in percentage of the communication
signal dependent on its power in dBm, a generator signal with a fixed frequency
of 37399.76 MHz and the QPSK signal using a center frequency of 37400 MHz
and with different power values are used as input signals to the HPA. The
minimal frequency gap between both signals amounts to approximately 30% of
the communication bandwidth. Further non-linearities of the HPA described
at the beginning of this chapter prevent narrower gaps at higher power levels
of the communication signal. The output signal of the HPA is down-converted,
filtered and processed by the SDR. The parameters used for the measurement
are summarized in Table 4.4. The power of the fixed frequency is 30 dBm and
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the power of the communication signal is increased from 10 dBm to 30 dBm in
21 steps. With every step the EVM is measured. The result of these measure-
ments are depicted in Figure 4.12.

Table 4.4: Parameters used for the measurement for the assessment of the
communication performance dependent on different power levels.
Parameter Value
Fixed frequency 37399.76 MHz
Center frequency of communication 37400 MHz
Bandwidth of communication 300 kHz
Third-order intercept point 40 dBm
Power of fixed frequency 30 dBm
Power of communication 10 dBm to 30 dBm
Roll-off of pulse-shaping filter 0.5

Figure 4.12: Measured rmsEVM in percent over the power of the communica-
tion signal.

By using a power level of 10 dBm of the communication signal, the influence
of the system noise on the EVM becomes visible. This is very similar to the
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simulation, except the offset of approximately 7% because of additional noise
and further non-linear effects of the analog signal processing and the SDR in
the measurement setup. Increasing the power to 16 dBm leads to a decreased
EVM value of minimal 7%. Here, again the offset between the simulation and
the measurement of approximately 6% is detectable. With further increasing the
power of the communication signal, the influence of the upper intermodulation
product rises. As a consequence, the EVM value increases to 12% by using a
power level of 30 dBm. This is approximately 8% worse than the simulation
because of the mentioned reasons. Except for the offset of the gap of 30%
of the communication bandwidth and of the EVM of approximately 7%, the
simulation and the measurement show good agreement.

4.4 Signal-to-Noise Ratio of FMCW Radar and QPSK
Communciation in FDM for an assumed CSAR scenario

As described in the previous chapters, the output power of the communication
part can be reduced compared to the radar part for the mentioned airborne
CSAR application. This is due to the fact that the attenuation of the wave
propagation depends on the range to the power of four for the radar part and
to the power of two for the communication part. Therefore, it makes sense
to investigate the SNR of the radar and the communication link to find an
optimal value for the flight altitude of the airborne joint communication and
CSAR system.
The following study is based on the results of Sub-section 3.1.3 and is further
developed for the calculation of the SNR. Regarding the radar it is based on
the radar equation [Wol25] and the thermal noise. Thus, the SNR for the radar
can be calculated in the following way.

SNRRad(H) =
PRad ·GTx ·GRadRx · c20 · RCS · ISAR(H)

f2
Rad ·R4

max(H) · (4π)3 · k · T · IFRmax(H) ·NF
, (4.14)

here PRad is the transmit power of the radar, GTx the gain of the transmit
antenna, GRadRx the gain of the receive antenna, c0 is the speed of light, RCS
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is an assumed minimal radar cross-section, ISAR(H) the integration gain, fRad

is the carrier frequency of the radar, Rmax(H) the maximal range calculated by
3.15 dependent on the flight altitude H , k is the Boltzmann constant, T is the
operating temperature, IFRmax(H) the maximal IF to be digitized, calculated
by Equation 3.18, dependent on the flight altitude H and the noise figure NF.
This formula is based on the radar equation to calculate the receive power of
the radar and the formula for the calculation of the power of the thermal noise.
The integration gain ISAR(H), dependent on the flight altitude H is derived
based on Figure 3.3 now. Therefor, the flight time for one circle TCircle(H) can
be formulated as follows.

TCircle(H) =
2 · H

tan(θ) · π
v

, (4.15)

where H is the flight altitude, θ is the depression angle and v the speed of the
radar respectively the airborne platform relative to the ground. The dwell time
Tγ(H) for the integration angle γ can be written like this:

Tγ(H) =
TCircle(H) · γ

360◦
= TRep · ISAR(H). (4.16)

Here, TRep is the chirp repetition interval. Inserting Equation 4.15 in 4.16 and
rearranging give the integration gain as follows.

ISAR(H) =
2 · H

tan(θ) · π · γ · fRep

360◦ · v
, (4.17)

where fRep is the chirp repetition frequency calculated with Equation 3.17.

Very similar to the SNR of the radar, it is possible to calculate the SNR of
the communication link as follows.

SNRCom(H) =
PCom ·GTx ·GComRx · c20

f2
Com ·R2

Com(H) · (4π)2 · k · T ·BC(H) ·NF
, (4.18)
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here PCom is the transmit power of the communication link, GTx the gain of the
transmit antenna, GComRx the gain of the receive antenna, c0 is the speed of
light, fCom is the carrier frequency of the radar, RCom(H) the range of the com-
munication link dependent on the flight altitude H , k is the Boltzmann constant,
T is the operating temperature, BC(H) the bandwidth of the communication
link calculated by 3.23 dependent on the flight altitude H and the noise figure
NF. The range RCom(H) can be calculated like this.

RCom(H) =
H

sin(θ)
. (4.19)

With all the mentioned equations regarding the CSAR application, it is possible
to simulate the SNR of the radar and the communication link. The parameters
listed in Table 4.5 are used for the simulation. While the power of the radar
part is fixed at a maximum value of 30 dBm, the power of the communication
part can be reduced in the simulation from a maximum value of 30 dBm to a
minimum value of 13.4 dBm. This is important for the mentioned investigations
regarding the intermodulation products of the HPA. The flight altitude is varied
in the simulation from 10 m to 1000 m.
The simulation results are visualized in Figure 4.13. Here, a threshold of
12 dB is marked as a blue line. This corresponds to a BER for the QPSK
communication of approximately 10−4 as described in [SRI06] and a detection
probability of 0.82 as well as a probability of false alarms of 10−4 for the radar
as mentioned in [M I80]. The SNR of the radar (red curve) lies above this
threshold for flight altitudes up to approximately 520 m. The minimal power
for the communication part is 13.4 dBm. Here, communication with an SNR
of 12 dB and more is possible for flight altitudes of up to approximately 520 m
(purple curve). If the power of the communication part is increased to 30 dBm,
then communication is possible with higher SNR as shown in 4.13 (yellow
curve). As expected, the SNR of the radar decreases much faster than the
SNR of the communication because of range to the power of four for the radar
part and to the power of two for the communication part. The green curve of
this figure is the SNR limit regarding the Shannon-Hartly theorem dependent
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on the flight altitude which is defined as follows [Lil25].

SNRShannon(H) = 10 · log10(2
C(H)

B − 1). (4.20)

Here, C(H) is the maximal data rate corresponding to the actual flight altitude
and B is the maximal possible bandwidth of 625 MHz reserved for the commu-
nication part dependent on the maximal bandwidth of the system of 5 GHz. As
shown in the Figure 4.13, the SNR of the communication part lies above the
Shannon-Hartly limit for flight altitudes of up to 1000 m. Thus, communication
is theoretically possible with the resulting data rates.
For the parameters given in Table 4.5 the minimal power of the communication
part is 13.4 dBm by using a radar power of 30 dBm. For this constellation, the
maximal flight altitude is approximately 520 m, because the minimal SNR of
the communication and that of the radar is 12 dB.

Table 4.5: Parameters used for the simulation of the SNR of the radar and the
communication link.

Parameter Value
Transmit power of radar 30 dBm
Max. Transmit power of radar of communication 30 dBm
Min. Transmit power of radar of communication 13.4 dBm
Bandwidth of radar 3.75 GHz
Max. bandwidth of system 5 GHz
Noise figure 3 dB
Beamwidth elevation 12°
Beamwidth azimuth 12°
Depression angle 35°
Gain of transmit antenna 24 dB
Gain of receive antenna radar 24 dB
Gain of receive antenna communication 4 dB
Assumed radar cross-section -10 dBm²
Speed of radar 10 m/s
Assumed integration angle 15°
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Figure 4.13: SNR of the radar part (red) and the communication part with two
different power levels (purple and yellow) dependent on the flight
altitude.

4.5 Discussion and Conclusion

This chapter is about the minimizing the overall bandwidth of the FDM signal
consisting of the radar band and of the communication band by choosing an
adapted communication power and a maximized radar power. Therefore, the
intermodulation products generated by the HPA can be suppressed and an
optimized overall bandwidth is feasible.
Section 4.1 describes the influence of third-order non-linearities on the radar
and on the communication signal. These effects can be reduced by the power-
balancing of the signals. The first investigation uses a generator signal instead
of the radar chirp with a power of 30 dBm. This signal is affected by the com-
munication signal if its power is larger than approximately 18 dBm. By using
only 12 dBm, no influence is detectable. In the second part of the investigation,
the radar chirp has a negative influence on the communication signal if the
output power of the radar is close to the saturated output power of the HPA
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of approximately 36 dBm. By using a power back-off of approximately 6 dB
to the saturated output power of the HPA the effect can be reduced below the
detectable threshold. For this operating point, the radar power is 30 dBm. The
context regarding the mentioned power back-off is presented in more detail in
the following chapter.
Section 4.2 presents a mathematical deduction of the power of the third-order
intermodulation products.
Section 4.3 is about the power dependencies of the third-order intermodulation
products from the power of the radar and the communication signal. These
power values of the intermodulation products should be as low as possible to
get optimal radar and communication performance by using minimized gaps
between both frequency bands. The first Sub-section 4.3.1 describes the
dependency of third-order intercept point on the intermodulation products. The
result is that this point should be as high as possible. Increasing the TOI by
5 dB reduces the intermodulation products by 10 dB as described in Equa-
tions 4.12 and 4.13 by using constant values for the two desired tones. The
influence of the TOI on the EVM of the communication signal is presented
subsequently by using a simulation. The EVM decreases quadratically while
increasing the TOI linearily. As a consequence, the higher the TOI, the better
the communication performance in the mentioned FDM system. The second
Sub-section 4.3.2 is about the varying the power of the communication signal
to minimize the power of the intermodulation products. Simulations show that
the upper intermodulation product decreases by 20 dB rapidly after decreasing
the communication power by 10 dB. The EVM of the QPSK communication is
simulated dependent on different communication power levels. By using a gap
between the radar band and the communication band of 0 Hz, in combination
with a radar power of 30 dBm and a TOI of 40 dBm, the minimum of the EVM
value is achieved at a power level of the communication part of 17 dBm. This
simulation result is verified with measurements. The optimal communication
power is found to be approximately 16 dBm by using a power of the generator
signal instead of the chirp of 30 dBm and a TOI of the HPA of approximately
40 dBm. The gap between both frequency bands can be reduced in the mea-
surement by 70%, minimizing the overall bandwidth.
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The last Section 4.4 presents the SNR of the mentioned CSAR part and the
QPSK communication part. Simulation results show that the maximal flight
altitude of the system is approximately 520 m based on system parameters
including a radar power of 30 dBm and a communication power as low as
13.4 dBm. Here, the same minimal SNR of 12 dB for both frequency bands is
assumed.
This chapter shows that the gap between the radar band and the communi-
cation band and therefore the overall bandwidth can be reduced by using an
adapted communication power.
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5 Analysis of the Power Efficiency of Joint

Broadband Radar and Single-Carrier

Communication in FDM

The analysis of communication and also radar signals in the time domain gives
an indication of the power efficiency of the system. Therefore, this chapter for
the first time shows the optimal power efficiency of the joint broadband radar
and single-carrier communication signal in FDM in comparison with OFDM.
To this end, the PAPR and also the complementary cumulative distribution
function (CCDF) is formulated. Here, the behavior of OFDM regarding the
power efficiency in the form of CCDF curves for a different amount of carrier
frequencies and also for two non-distortion PAPR reduction methods is shown.
The more carrier frequencies are used, the worse the PAPR and the power
efficiency is. High effort is necessary for reducing the PAPR values. Subse-
quently, the comparison of the two different modulation formats 16-QAM and
QPSK regarding the PAPR in the form of CCDF curves is shown. QPSK is
more favorable regarding the PAPR and the power efficiency than 16-QAM,
because the 16-QAM signal uses additional amplitude modulation. Joint FMCW
radar and single carrier QPSK communication in FDM has an optimal PAPR
behavior, which is shown in the form of a simulated CCDF curve. Here, a
maximal PAPR value of 6 dB is measured. Additionally, the joint FMCW radar
and QPSK communication signal is analyzed in the time domain by measuring
it with an oscilloscope. The result is that the HPA affects the signal in the
region of high chirp frequencies insignificantly. Finally, the CCDF curves of
the signal before and after the HPA is measured. The result of this is that the
maximal PAPR before the HPA is 7 dB and after the HPA 6.3 dB. These values
are approximately the same as calculated and simulated and depend on the
frequency response of the used analog signal chain. The conclusion of this
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chapter is that the new joint broadband FMCW radar and single-carrier QPSK
communication waveform has an optimal PAPR behavior without any additional
effort compared to OFDM.

5.1 Introduction to the Complementary Cumulative Distribution
Function

A common way to investigate the signals processed by the digital and analo-
gous signal chain regarding the power efficiency is the use of the complemen-
tary cumulative distribution function (CCDF), which indicates the probability
that the instantaneous power of a signal is higher than the average power. The
CCDF curve of a signal with an optimal power efficiency is placed at a low
PAPR and also at low probabilities.
The PAPR itself is defined as the ratio of the maximum power to the average
power as shown in [AJ16].

PAPR =
max|x(n)|2

E[|x(n)|2]
, (5.1)

where |x(n)| is the magnitude of x(n) and E[] the expectation operator. The
maximal PAPR in dB dependent on the amount of simultaneous carrier fre-
quencies N is defined as follows [Mul20].

PAPRmax,dB = 10 · log10(2N). (5.2)

If the information bits to transmit are scrambled the PAPR of the multi-carrier
signal is close to 2 · ln(N) as described in [Bra14]. The higher the PAPR, the
higher the requirements on the analog signal chain and the lower the power
efficiency.
The probability that the current PAPR of a signal is larger than a given threshold
defines the CCDF as follows [RS17]:

CCDF(PAPR(x(n))) = Prob(PAPR(x(n)) > PAPR0), (5.3)
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where PAPR0 is a PAPR threshold. The CCDF curves can be used to measure
how much of the time the signal is equal or larger than a specific level. This is
helpful to analyze the distortion of a signal because of the analog signal chain
or for the correct power balancing of the signal for the analog signal processing.

5.1.1 Behavior of OFDM Regarding the Power Efficiency

As mentioned in the previous chapters, this thesis is about a broadband FMCW
radar and a single-carrier QPSK communication for radar raw data transmission
in FDM. Here, only two different frequency bands are used and are separated
in the frequency domain. A more general case of FDM with for example 8
channels and equal bandwidth is visualized in Figure 5.1. This is usually used
in communications for simultaneous data transmission of different users.

Figure 5.1: Frequency division multiplexing (FDM) of 8 channels.

Multiple channels are separated by using different center frequencies, and
each channel can be filtered out, because the signals are not overlapping in
the frequency domain. One of the main disadvantages of this approach is the
non-optimal overall bandwidth utilization in the case of communication-only
applications.
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Modern communication systems use the OFDM principle. Here, multiple
sub-carriers overlap, because the signals are orthogonal. This saves overall
bandwidth compared to FDM for the same number of users in case of com-
munications. A general case of OFDM with for example 8 channels and equal
bandwidth is shown in the Figure 5.2.

Figure 5.2: Orthogonal frequency division multiplexing (OFDM) of 8 channels.

Each channel can be separated, because the sub-carriers are orthogonal.
It is possible to realize radar measurements with OFDM. In this process,
the radar frequencies are used simultaneously and not one after another
as in the case of a chirp used in an FMCW radar. Thus, OFDM uses very
high numbers of simultaneous carrier frequencies and not only two as in
the approach described in this thesis. Therefore, the PAPR of OFDM in
comparison to the two-tone approach of this thesis (refer to Equation 5.2) with
only about 6 dB is significantly higher, and the requirements on the analog
signal chain are enormous. It is necessary in OFDM systems that the whole
bandwidth of the signal must be digitized. This puts very high demands on
the analog-to-digital converter and on the digital signal processing unit in case
of broadband applications. Both disadvantages lead to poor power efficiency.
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The sub-carriers of the OFDM signal are all orthogonal. This increases the
requirements of the analog signal chain regarding linearity.
The behavior of an OFDM signal regarding the PAPR and therefore the power
efficiency dependent on the amount of carrier frequencies is visualized in the
following Figure 5.3. This figure is modified from [BP20].

Figure 5.3: CCDF curves for a different amount of carrier frequencies N of an
OFDM system. Modified from [BP20].

The optimal case regarding the power efficiency of the CCDF curve is at low
probabilities (y-axis) and low PAPR values (x-axis). As expected, the higher
the amount of carrier frequencies of the OFDM signal, the higher the proba-
bilities and the higher the PAPR values. The more the curve is located at the
top/right corner, the lower the power efficiency and the higher the requirements
regarding the analog signal chain. The CCDF curve of the approach described
in this thesis is presented later on in this chapter.
The PAPR values of the OFDM signal can be reduced with digital process-
ing techniques. Figure 5.4 presents two non-distortion, but complex PAPR
reduction techniques compared with the original OFDM signal with 1024 carrier
frequencies. This figure is modified from [RS17].
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Figure 5.4: CCDF comparison of two different, non-distortion PAPR reduction
techniques for an OFDM system with 1024 carriers. Modified from
[RS17].

The blue curve of this figure shows the PAPR progression for the original
OFDM signal. Here, a power back-off regarding the analogous signal chain
of 11.5 dB and more is necessary. After reducing the PAPR with selected
mapping (SLM) shown in yellow and partial transmit sequence (PTS) visualized
in red the power back-off can be reduced by approximately 2 dB for SLM and
approximately 3 dB for PTS. This increases the power efficiency of the OFDM
system. These approaches for reducing the PAPR of an OFDM system can
be very complex and require more or less processing power. However, FDM
with two carrier frequencies as mentioned here has theoretically a PAPR of
6 dB without any PAPR reduction procedures as depicted in Figure 5.6. This is
lower than the PAPR of OFDM systems with PAPR reduction techniques as
shown in Figure 5.4. Therefore, the approach investigated in this thesis is more
power-efficient than OFDM.
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5.1.2 Comparison of 16-QAM and QPSK Regarding the Power Efficiency

One of the main objectives of this thesis is the joint use of broadband radar
and single-carrier communication with high power efficiency to increase the
operating time of the system. Therefore, it is necessary to chose a modulation
format of the communication part with an optimal power efficiency. The most
popular modulation formats nowadays are QPSK and QAM as mentioned
in Chapter 2. Thus, the CCDF of both modulation formats are considered
and depicted in the following Figure 5.5 with similar parameters and after the
influence of an AWGN-channel. In this way, the necessary power back-off for
the analog signal chain of the two modulation formats can be obtained.

Figure 5.5: CCDF curves for the two different modulation formats QPSK and
16-QAM after the influence of an AWGN-channel.

The red curve shows the result for the QPSK modulation. The maximal
PAPR is approximately 3.4 dB. The PAPR of the 16-QAM modulation format is
maximal approximately 5.2 dB. This is 1.8 dB higher than the QPSK modulation
because the amplitude of the signal is modulated. Regarding of a low PAPR of
the whole system it makes sense to choose QPSK. Therefore, this thesis uses
FMCW radar and QPSK communication in FDM mode.
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5.2 CCDF of FMCW Radar and QPSK Communication in FDM

Similar to the analysis of OFDM and the modulation formats QPSK and QAM
regarding CCDF and power efficiency, the waveform proposed in this thesis is
considered. This is done with a simulation first, followed by measurements of
the FDM signal before and after a HPA [JSK23b].

5.2.1 Simulative Validation

The joint broadband FMCW radar and single-carrier QPSK signal in FDM is
simulated and the resulting CCDF curve is depicted in the following Figure 5.6.

Figure 5.6: Simulated CCDF curve of the joint FMCW radar and QPSK com-
munication signal in FDM.

The simulation uses a chirp with a center frequency of 35 GHz and a band-
width of 2 GHz and a QPSK communication at 37.4 GHz with a bandwidth
of 300 kHz in FDM simultaneously without noise. The maximal PAPR of this
waveform approaches approximately 6 dB, because each of both signals has a
PAPR of 3 dB. At worst, a PAPR of maximal 6 dB of the mentioned two-tone
signal results.
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5.2.2 Behavior of an Amplifier Regarding the CCDF

The result of the simulation shown in Figure 5.6 will be validated with mea-
surements of the mentioned FDM waveform. Additionally, the influence on the
waveform proposed in this thesis caused by a HPA will be shown with time
domain analysis. For this analysis, the measurement setup of Figure 5.7 is
used.

QPSK communication
37.4 GHz

33.7 GHz

Chirp
34.0 … 36.0 GHz

Oscilloscope

High Power Amplifier
(HPA)

Attenuator

10 dB 20 dB

33.7 GHz

Attenuator
23 dB

Figure 5.7: Measurement setup for measuring the FDM signal before and after
the HPA in the time domain with an oscilloscope.

A power combiner at the top left of this figure combines the chirp of the
FMCW radar and the QPSK communication signal to enable simultaneous
operation of broadband radar and single-carrier communication in FDM. To
measure the input signal of the amplifier with an oscilloscope the signal must
be coupled out and down-converted with a mixer by using a local oscillator
at 33.7 GHz. After amplification by using a HPA, the signal will be coupled
out, attenuated by 23 dB and down-converted with a mixer by using the same
local oscillator. Thus, the output signal of the amplifier can also be measured
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with the oscilloscope. The oscilloscope itself has a maximal analog bandwidth
of 4 GHz and 107 samples will be acquired in 1 ms. The following Table 5.1
summarizes the most important parameters used for the measurements.

Table 5.1: Parameters used for the measurement for the assessment of the
signals before and after the HPA.

Parameter Value
Radar center frequency 35.0 GHz
Radar bandwidth 2.0 GHz
Chirp duration 1 ms
Communication center frequency 37.4 GHz
Communication bandwidth 300 kHz
Saturated output power of HPA 36 dBm
Power back-off of HPA input 6 dB

The saturated output power of the amplifier is approximately 36 dBm. As shown
in Figure 5.6, a theoretical PAPR of approximately 6 dB is expected, thus, a
power back-off of minimally 6 dB is necessary.
Figure 5.8 shows the measurement result of the input signal and the output
signal of the HPA in the time domain measured with an oscilloscope.

Figure 5.8: FDM signal before (left) and after (right) the HPA in the time domain.

The amplitudes of both signals are approximately +/- 0.02 V. The output
signal of the HPA was attenuated. For this reason, the voltage of the input - and
the output signal of the HPA is very similar. The DC component of the signals
was reduced by post-processing with software. In both graphs, amplitude
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perturbations are visible. This is mostly explained by the signal generation,
up-conversion and frequency multiplication of the chirp signal. Because of
the characteristics of the amplifier, the amplitude reduces at the right side of
Figure 5.8 (right) at high frequencies of the chirp.
The last step is to analyze the CCDF curves of the signals before and after the
HPA depicted in Figure 5.8. The resulting CCDF curves are visualized in the
following Figure 5.9.

Figure 5.9: Measured CCDF curves of the FDM signal before and after the
HPA.

The blue line of Figure 5.9 represents the CCDF of the FDM signal consisting
of the chirp with 2 GHz bandwidth and the QPSK communication with 0.4 Mbit/s
data rate respectively 300 kHz bandwidth at the input of the HPA. Here, the
maximal PAPR is approximately 7.1 dB. This is approximately 1 dB higher than
the theory and the simulation shown in Figure 5.6 because of the mentioned
amplitude perturbation of the signal caused by the analog signal chain. The
red line shows the CCDF of the signal after amplification with the HPA. Here,
the maximal PAPR is approximately 6.2 dB. The difference between the signals
before and after amplification is 0.9 dB and is found in the frequency dependent
variations in the flatness of the gain of the amplifier.
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Comparing Figure 5.9 with Figure 5.4 shows that the new approach investi-
gated in this thesis has a significantly lower PAPR than OFDM. This is achieved
without any additional effort. Supplementary, the PAPR is independent of the
radar and communication bandwidth, because the amount of carrier frequen-
cies is always two and not dependent on the application as in the case of
OFDM.
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6 Conclusions

In this thesis, a solution for an efficient, joint broadband SAR and wireless
communication system in the millimeter-wave band for small airborne platforms
is investigated. This new system is based on FDM of two simultaneous carrier
frequencies: one for FMCW radar and one for QPSK communication.
Chapter 2 gives an introduction to the topic by presenting the fundamentals of
radar and wireless communication and by formulating a mathematical descrip-
tion of this approach. After the description of the hardware used in this thesis, a
first simulation with the tool SystemVue and the corresponding measurements
are presented in the form of range profiles for radar and constellation diagrams
for communication. This first setup works almost perfectly regarding the perfor-
mance of the two system parts.
Radar measurements with an RF bandwidth of 2 GHz and simultaneous com-
munication in an efficient manner is not described in the literature up to now
(Refer to Section 1.2). Hence, a further investigation of the approach regarding
the power levels of the two frequency bands and the resulting overall bandwidth
makes sense.
The following Chapter 3 analyses the relations between the two frequency
bands in the case of using a single HPA in the transmitter. This is useful for
saving weight, size, power consumption and cost regarding the final system but
the resulting intermodulation products have to be considered. For this purpose,
the minimal gap between the radar band and the communication band is deter-
mined regarding the transmitted signal. Here, by using the minimal gap, equal
to the communication bandwidth, no influence of the intermodulation products
on the two useful bands occur. Sub-section 3.1.3 presents the resulting over-
all bandwidth by using an assumed CSAR scenario dependent on the flight
altitude of the airborne platform with the mentioned minimal gap. The overall
bandwidth is only 5% larger than the radar bandwidth for a maximal flight
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altitude of 1000 m. Here, raw data transmission of the FMCW SAR with the in-
tegrated communication link to a ground station is assumed. Sub-section 3.2.1
analyses the effect of different gaps on the communication performance in the
receiver by using a simulation and a measurement. The gap in percentage of
the communication bandwidth is reduced and the rmsEVM in percentage is
measured. The minimal gap in percentage of the communication band is found
to be approximately 80% in the simulation and approximately 63% in the mea-
surement. These values are lower than the theoretical value of 100%, because
of the usage of a pulse-shaping filter and the specific measurement setup. The
effect of different gaps on the FMCW radar performance in the receiver without
band selection filter is analyzed quantitatively in Sub-section 3.2.2. For this
purpose, range-Doppler maps with different gaps between the two frequency
bands are used. It turns out that the minimal gap must be larger than the
maximal IF to prevent influences of the communication signal on the radar
signal. In all other cases, the difference between the spurious signals and the
signals caused by the targets in the measurement scene must be considered.
This is done theoretically by calculating the ratio between the power of the
spurious signal and the power of the signals corresponding to the targets in
a first approximation. For a parameter set used for the simulation, this ratio
amounts to 57.8 dB. Corresponding simulations show that the ratio amounts to
approximately 60.5 dB. The ratio resulting from the measurements amounts to
approximately 63.3 dB. The calculated value for the parameter set used for the
measurements equals 65.7 dB. The last Section 3.3 presents two possibilities
to determine the frequency of the local oscillator for down-conversion of the
communication signal in the receiver without a band selection filter. The first
approach is for the case of a minimal gap equal to the communication band-
width between the two frequency bands. If the resulting IF gets too high for
processing with the following SDR, the second approach can be used. Here,
the gap must be larger than two times the communication bandwidth. Simula-
tions and measurements are presented to show the mentioned effects. Finally,
the communication performance is assessed with measurements with and
without the chirp signal by using a loop-back cable and an attenuator between
the transmitter and the receiving mixer. The EVM increases by only 1% rms
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after including the radar chirp into the spectrum of the transmit signal.
The approach described in this thesis needs the radar bandwidth and addi-
tional bandwidth for the communication and a gap between the two frequency
bands. The literature review, mentioned in Section 1.2, shows alternatives,
but with disadvantages regarding the efficiency, the radar bandwidth and the
communication data rate. In this thesis, the FMCW radar principle with analog
de-ramping is used. This reduces the additional bandwidth required for the
communication of radar raw data transmission to a minimum with less compu-
tational effort. So the only way to save overall bandwidth is by minimizing the
gap between both frequency bands.
Chapter 4 is about minimizing the overall bandwidth by choosing an adapted
power of the communication signal and a maximized radar power. First, Sec-
tion 4.1 describes theoretically what the influence of third-order non-linearities
close to the carrier frequencies of the radar and the communication signal is.
This effect can be reduced by power balancing of the signals. It turns out for
the described HPA that the maximal radar power must be 6 dB lower than
the saturated output power. The power of the communication signal must be
below 18 dBm. If this requirement is met, only minor influence on the desired
frequency bands is detectable in the measurements. Section 4.2 shows the
theory about the power of the intermodulation products dependent on the
power of the two fundamental frequencies and the third-order intercept point.
The dependency of the power of the intermodulation products from the power
of the third-order intercept point is investigated in Sub-section 4.3.1. It turns
out that the TOI must be as large as possible to suppress the intermodulation
products as much as possible. This is shown with a simulation of the whole
system of rmsEVM in percentage over TOI in dBm by using a relevant parame-
ter set. The EVM decreases quadratically by increasing the TOI linearly. The
mentioned joint CSAR and communication scenario allows the reduction of the
power of the communication signal while using a maximal radar power. This
reduces the influence of the intermodulation products on the communication
signal by using gaps below the communication bandwidth. The rmsEVM in
percentage dependent on different power levels of the communication signal is
simulated and measured for relevant parameter sets. The optimal simulated
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power level for the communication is 17 dBm by using a gap of 0 Hz. Here,
the EVM curve has a minimum. In the measurement, a minimal gap of 30%
of the communication bandwidth must be chosen, because of the mentioned
effect of non-linearities close to the carrier frequencies, as mentioned at the
beginning of this chapter. Here, the influence of the intermodulation products
on the communication signal is recognizable and can be minimized by reducing
the power of the communication signal. The best value for this operating point
is by using a power of the communication signal of approximately 16 dBm. As
mentioned earlier, the CSAR scenario allows the reduction of the power of the
communication signal by using a maximized radar power. This is analyzed in
Section 4.4 by calculating the SNR of the radar and the communication part. It
turns out for this parameter set with a radar power of 30 dBm and a power of
the communication signal of 13.4 dBm that the maximal flight altitude is 520 m.
Here, the radar and the communication performance is still sufficient, because
the SNR of both functions equals 12 dB.
This chapter shows that the gap between both frequency bands and therefore
the overall bandwidth can be reduced by using an adapted communication
signal power and a maximized radar power. Hence, broadband radar mea-
surements and simultaneous communication for radar raw data transmission is
possible in an efficient manner. Additionally, the radar bandwidth and also the
communication data rate can be increased with less effort. This goes beyond
the state of the art described in Section 1.2.
Chapter 5 presents the power efficiency of the proposed approach in compari-
son to the popular OFDM method by using the CCDF analysis. The PAPR of
the OFDM signal depends on the measurement scenario as well as the pa-
rameter sets and must be reduced with more or less computationally intensive
reduction methods. Modern communication systems can have PAPR values
larger than 10 dB [Mul20]. The PAPR of the approach investigated in this thesis
is only about 6 dB without any effort and is always identical. The lower the
PAPR, the more efficient is the analog signal chain. Finally, the CCDF before
and after the HPA is analyzed with measurements. The maximal PAPR before
the HPA is approximately 7.1 dB. This is 1.1 dB larger than the theoretical one
because of amplitude perturbations caused by the analog signal chain. The
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PAPR after the HPA is 6.2 dB and 1.1 dB lower than that of the signal at the
input of the HPA. This is due to the fact that the amplifier gain has a frequency
dependency.
The PAPR of the signals of the approach investigated in this thesis without
any effort is significantly lower than the PAPR of the signals of OFDM with
reduction techniques. Therefore, the power efficiency of this two-tone FDM con-
sisting of a broadband FMCW radar and a single-carrier QPSK communication
simultaneously is essentially better than OFDM.
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