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Vorwort

1965 schrieb Gordon E. Moore: "Selbst im Mikrowellenbereich werden die Struktu-
ren, die in der Definition der integrierten Elektronik enthalten sind, immer wichtiger
werden. Die Fähigkeit, Komponenten herzustellen und zu montieren, die im Ver-
gleich zu den beteiligten Wellenlängen klein sind, wird zumindest bei den niedri-
geren Frequenzen den Einsatz von Design mit pauschalen Parametern ermöglichen.
Zum jetzigen Zeitpunkt lässt sich nur schwer vorhersagen, in welchem Umfang die
integrierte Elektronik in den Mikrowellenbereich vordringen wird. Die erfolgrei-
che Realisierung von z.B. Phased-Array-Antennen, die eine Vielzahl von integrierten
Mikrowellenstromquellen nutzen, könnte das Radar völlig revolutionieren.’ [1].

Heute, 60 Jahre später, wissen wir, dass Moores Vorhersage richtig war. Radar ist
allgegenwärtig geworden, mit Anwendungen, die von der adaptiven Geschwindig-
keitsregelung (ACC) [2] und der Notbremsunterstützung [3] in der Automobilindus-
trie über Wetterradarsysteme [4] bis hin zu zahlreichen industriellen Anwendungen
reichen, wie z. B. der Füllstandsmessung in Tanks [5], der Materialcharakterisierung
[6] und der Schwingungsüberwachung in Windturbinenblättern [7]. Man kann mit
Fug und Recht behaupten, dass die Radartechnologie heute in fast alle Bereiche des
täglichen Lebens integriert ist.

Eine wesentliche Einschränkung der modernen Radarsysteme ist die Winkelauf-
lösung. Nach dem heuristischen Rayleigh-Kriterium ist der Winkelradius θ der
zentralen Scheibe gegeben durch

θ ≈ 1.2197
λ

2R
(1)

wobei λ die Wellenlänge des Lichts und 2R den (Durchmesser der) Apertur darstellt’
[8]. In Phased-Array-/multiple input multiple output (MIMO)-Radarsystemen wird
der Durchmesser der Apertur durch erhebliche Übertragungsverluste eingeschränkt.
60 Jahre nach Moores ursprünglicher Vorhersage haben wir jedoch nicht nur die In-
tegration von Elektronik, sondern auch die gemeinsame Integration von Elektronik
und Photonik auf einem einzigen Siliziumchip erreicht. Da faseroptische Verbindun-
gen im Vergleich zu ihren elektronischen Gegenstücken deutlich geringere Verluste
aufweisen, ermöglicht dieser Ansatz die Realisierung von Phased-Array/MIMO-
Radarsystemen mit großer Aperture in nahezu beliebigem Maßstab.

Aufbauend auf den in dieser Arbeit präsentierten Erkenntnissen und unter Aus-
nutzung moderner technologischer Fortschritte kann Moores Vorhersage wie folgt
umformuliert werden: Die Kombination von Photonik und Mikrowellenelektronik
wird zunehmend an Bedeutung gewinnen. Inwieweit die Integration von Elektro-
nik und Photonik auf einem einzigen Chip den Mikrowellenbereich beeinflussen
wird, lässt sich zum jetzigen Zeitpunkt nur schwer vorhersagen. Die erfolgreiche
Realisierung von kostengünstigen elektronisch-photonischen Radarchips mit hoher
Ausbeute und erschwinglichen Faser-Chip-Verbindungen könnte jedoch beispiels-
weise das Radar völlig revolutionieren.



— Stephan Kruse
November 2025

Paderborn
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Preface

In 1965, Gordon E. Moore wrote: ’Even in the microwave area, structures included
in the definition of integrated electronics will become increasingly important. The
ability to make and assemble components small compared with the wavelengths
involved will allow the use of lumped parameter design, at least at the lower fre-
quencies. It is difficult to predict at the present time just how extensive the invasion
of the microwave area by integrated electronics will be. The successful realization of
such items as phased-array antennas, for example, using a multiplicity of integrated
microwave power sources, could completely revolutionize radar.’ [1].

Today, 60 years later, we know that Moore’s prediction was accurate. Radar has
become ubiquitous, with applications ranging from adaptive cruise control (ACC) [2]
and emergency braking assistance [3] in the automotive industry, to weather radar
systems [4], and numerous industrial uses such as tank level probing [5], material
characterization [6], and vibration monitoring in wind turbine blades [7]. One could
reasonably claim that radar technology is now embedded in nearly every facet of
daily life.

A major limitation of state-of-the-art radar systems is angular resolution. Ac-
cording to the heuristic Rayleigh criterion, ’the angular radius θ of the central disk is
given by

θ ≈ 1.2197
λ

2R
(2)

in which λ represents the wavelength of the light, and 2R the (diameter of the) aper-
ture’ [8]. In phased-array/MIMO radar systems, the aperture diameter is constrained
by substantial transmission losses. However, 60 years after Moore’s original forecast,
we have not only achieved the integration of electronics but also the co-integration of
electronics and photonics within a single silicon chip [9]. Because fiber-optic inter-
connects exhibit significantly lower losses compared to their electronic counterparts,
this approach enables the realization of large-aperture phased-array/MIMO radar
systems at nearly arbitrary scales.

Building on the findings presented in this work and leveraging modern techno-
logical advances, Moore’s prediction can be reformulated as follows:

Combining photonics with microwave electronics will become increasingly im-
portant. It is difficult to predict at the present time how far the integration of
electronics and photonics into a single chip will influence the microwave domain.
However, the successful realization of low-cost, high-yield electronic-photonic radar
chips and affordable fiber-to-chip connections could, for example, completely revo-
lutionize radar.

— Stephan Kruse
November 2025

Paderborn
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Zusammenfassung

Photonische Radar Schaltungen und Systeme für Kohärente mm-Wellen
Phasengesteuerte MIMO Systeme mit Großer Appertur

Die Winkelauflösung einer phasengesteuerten Gruppenantenne ist umgekehrt
proportional zur Aperturgröße. Die hohen elektrischen Verluste begrenzen die
Aperturgröße moderner rein elektronischer Radarsysteme auf wenige cm. Dies
stellt ein erhebliches Problem für eine Vielzahl von Anwendungen dar, insbesondere
für Radarsysteme mit einer hohen Winkelauflösung.

In dieser Doktorarbeit werden verschiedene neuartige photonische Radarsys-
teme vorgestellt und mathematisch analysiert. Darüber hinaus werden die unter-
schiedlichen Systeme in der optischen Entwurfsumgebung Lumerical Interconnect
simuliert. Da alle weiteren vorgestellten photonischen Radararchitekturen auf dem
FMCW-MIMO-Radarsystem mit optischer LO-Verteilung und optischem Rückpfad
basieren, wird dieses System ebenfalls in der elektrischen Entwurfsumgebung ADS
simuliert.

Nach einer erfolgreichen Analyse werden neuartige Schaltungstopologien für
die verschiedenen photonischen Radarsysteme vorgestellt, darunter ein neuartiger
optoelektronischer Mischer. Anschließend wird der weltweit erste Transceiver-
Chipsatz eines photonischen Radarsystems mit optischer LO-Verteilung präsentiert.
Ein darauf basierender Demonstrator mit einer Aperturgröße von 50 cm erzielt eine
Winkelauflösung von 0.4◦, was nahe an der theoretisch möglichen Grenze von 0.3◦

liegt.
Im Anhang dieser Arbeit werden zudem zwei 77GHz-Frequenzsynthesizer mit

extrem niedrigem Phasenrauschen vorgestellt – einer mit optischem Ausgang, der an-
dere mit elektrischem Ausgang. Darüber hinaus enthält der Anhang weiterführende
mathematische Betrachtungen.
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Abstract

Photonic Radar Circuits and Systems for Coherent mm-Wave
Large Aperture Phased Array MIMO Systems

The angular resolution of a phased array antenna is inversely proportional to it’s
aperture size. The high electrical losses limit the aperture size of modern all-electric
radar systems to a few cm. This poses a significant problem for a variety of applica-
tions, especially for high resolution radar systems.

In this doctoral thesis, various novel photonic radar systems are presented and
mathematically analyzed. Furthermore, the different systems are simulated in the
optical design environment Lumerical Interconnect. Since all other photonic radar
architectures presented are based on the FMCW MIMO radar system with optical
LO distribution and optical return path, this system is also simulated in the electrical
design environment ADS.

After a successful analysis, novel circuit topologies for the different photonic radar
systems will be presented, including an novel optoelectronic mixer. Subsequently,
the first transceiver chipset of a photonic radar system with optical LO distribution
will be presented. A demonstrator based on this chipset, with an aperture size
of 50 cm, achieves an angular resolution of 0.4◦, which is close to the theoretically
possible limit of 0.3◦.

The appendix of this work also presents two 77GHz frequency synthesizers with
extremely low phase noise - one with an optical output, the other with an electrical
output. In addition, the appendix contains further mathematical considerations.
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Chapter 1

Introduction

1.1 Large Aperture Radar

Lidar, radar, and camera-based sensors are commonly used for the implementation
of driver assistance systems. Each sensor type offers distinct advantages and disad-
vantages. For instance, radar surpasses lidar in terms of range, performance under
adverse weather conditions, and the measurement of radial velocity. Conversely,
lidar excels over radar in range resolution and angular resolution. Table 1.1 provides
a comparison of the different sensor systems (from [10]).

Sensor Radar Lidar Camera
Range ++ + ++

Range resolution + ++ 0
Angular resolution 0 ++ +

Works in bad weather ++ 0 -
Works in dark ++ ++ –

Works in bright ++ + +
Color/contrast – – ++
Radial velocity ++ 0 -

Table 1.1: Comparison of different advanced driver assistance systems
(from [10])

Nonetheless, high-resolution millimeter-wave imaging radar is considered a
promising candidate for enabling Level-4 or Level-5 autonomous driving [11]. A
key limitation of current high-resolution radar systems lies in their angular resolu-
tion. According to the Rayleigh criterion, ’the angular radius θ of the central disk is
given by

θ ≊ 1.2197
λ

2R
(1.1)

in which λ represents the wavelength of the light, and 2R the (diameter of the)
aperture’ [8]. (In [8], an equal sign is used in Eq. 1.1. To ensure scientific accuracy, it
has been replaced with an approximate sign.)

The system with the largest ground-based aperture was introduced in 2019 by
the Event Horizon Telescope Collaboration et al. This system enabled the first-
ever photograph of the shadow of the supermassive black hole in the galaxy M87.
The maximum baseline length of the sparse array radiometer was approximately
10 700 km, resulting in a theoretical angular resolution of roughly 6 · 10−9 ◦ [12].

For automotive applications, an aperture size of 10 700 km is not feasible. Fortu-
nately, such extreme angular resolution is also unnecessary for autonomous driving.
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Figure 1.1: Shadow of the black hole M87 [12]

In the following chapter, the requirements—particularly regarding angular resolu-
tion—for an automotive radar system will be presented.

1.2 Automotive Radar with Large Aperture

1.2.1 Requirements

State-of-the-art lidar systems outperform radar systems in terms of range resolution
and angular resolution [10]. This makes lidar systems particularly attractive for
imaging applications. Table 1.2 presents performance specifications for automotive
lidar systems [13].

Parameter Short Range Long Range
Angular resolution ∼ 1◦ 0.1◦-0.15◦

Z resolution a few cm a few cm
Range 20-30 m 200-300 m

Table 1.2: Automotive lidar performance specifications (from [13])

To the best of the authors’ knowledge, the latest performance requirements for
automotive radar systems were published in 2013 and are listed in table 1.3 [14].

Parameter Short Range Long Range
Angular resolution ± 2◦ ± 0.1◦

Z resolution ± 5 cm ± 10 cm

Range 90 m >200m

Table 1.3: Automotive radar performance specifications (from [14])

State-of-the-art 77GHz radar systems already meet the range requirements. For
example, the Bosch Gen 5 front radar can detect objects at distances exceeding 200m
[15].

The radar resolution is primarily determined by its bandwidth. The frequency
band from 76GHz to 81GHz has been approved for automotive use in nearly all
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countries [16]. The range resolution of a 77GHz freqeuncy modulated continous
wave (FMCW) radar, without any signal processing, is given by [17]:

∆R =
c0

2 ·BW
≈ 2.998 · 108ms

2 · 5GHz
≈ 30 cm (1.2)

with c0 the speed of light, and BW the bandwidth. However, various publications
have proposed signal processing techniques to improve range resolution beyond this
baseline [17, 18].

Angular resolution, on the other hand, is constrained by the aperture size. Apply-
ing the Rayleigh criterion, the minimum aperture size required to achieve an angular
resolution of 0.1◦ is:

R = 1.2197
λ

2θ
≈ 1.2197

3.89 · 10−3m

2 · 0.001 75 rad ≈ 1.36m (1.3)

This result indicates that the required aperture size is smaller than the front width
of even compact cars.

1.2.2 Signal Distribution

In the previous section it was derived that a minimum aperture size of 1.36m is
necessary to achieve an angular resolution of 0.1◦. In state-of-the-art radar sys-
tems, it is difficult to distribute a high frequency electrical LO signal across such a
large aperture. This limitation arises from the high losses associated with electrical
interconnects—typically a few dB/cm at 77GHz [19]. Additionally, coaxial cables
are vulnerable to external environmental factors such as temperature fluctuations,
mechanical stress, and electromagnetic interference, all of which can induce phase
drift [20, 21]. Without phase stabilization, it becomes extremely challenging to oper-
ate multiple radar front ends coherently in harsh environments like those found in
automotive applications.

In contrast, fiber-optic signal distribution offers significantly lower losses—e.g.,
0.14 dB/km at 193THz [22]—making it well-suited for large-aperture radar systems.
Moreover, optical signal distribution provides enhanced immunity to electromag-
netic interference [23]. Since the subsequent photodiode (PD), which performs
the opto-electronical (OE) conversion, exhibits a |E(t)|2 response characteristic [24],
whereE(t) denotes the electric field of the optical signal, fiber-based systems demon-
strate exceptional robustness against phase fluctuations of the optical signal after the
OE conversion.

The combination of low transmission loss, immunity to electromagnetic interfer-
ence, and resilience against phase drift makes fiber-optic signal distribution highly
attractive for a coherent large aperture radar in harsh environments such as automo-
tive applications.

1.2.3 Multiple Input Multiple Output Array

In the previous section, the focus was on the aperture size required to achieve
an angular resolution of 0.1◦, as well as on strategies for enabling coherent signal
distribution in harsh environments such as automotive applications.

However, to minimize grating lobes in a phased array system while maintaining
a field of view of 180◦, the spacing between antenna elements should be λ

2 or less [25,
26]. For a 1D 77GHz phased array radar system with an aperture size of 1.36m, at
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least

N =
2 ·R
λ

=
2 · 1.36m

3.89 · 10−3meter
≈ 700 (1.4)

antenna elements are required to achieve an angular resolution of 0.1◦ and a field of
view of 180◦. For mass-market automotive applications, a system with 700 antennas
is not practicable.

To address the high number of required antennas, a sparse array approach com-
bined with MIMO signal processing can be employed, significantly reducing the
number of antennas. Figure 1.2 illustrates a 2D sparse array configuration [27]. The
physical array, shown on the left side of figure 1.2, consists of multiple transmit and
receive antennas divided into two distinct sets [27]. Through discrete convolution of
the transmit and receive antenna positions, the virtual array—depicted on the right
side of figure 1.2—can be constructed [27]. A time-division multiplexing architecture
is then used to ensure orthogonality between the different transmit antennas [27].
If the phase offsets between the various transmit and receive frontends, as well as
the antenna positions, are known, the direction of arrival can be estimated using a
discrete Fourier transform [28].

Figure 1.2: Schematic of the MIMO array configuration. Left: Phys-
ical 2D array with TX antennas (blue) and RX antennas (red); Right:

Resulting virtual array. From [27]

It should be noted that in a sparse array with MIMO signal processing, the
sidelobe level depends on the array geometry [29]. Consequently, several studies
have proposed optimization strategies to reduce sidelobe levels, e.g., [29, 30].

1.2.4 Electronic Photonic Integrated Circuits

As presented in the previous section, the number of antennas can be significantly
reduced by employing sparse array techniques. However, implementing a large-
aperture phased array radar system using discrete components would be too costly
for mass-market applications such as high-resolution automotive radar.

Historically, the integration of radar systems into cost-effective silicon-based tech-
nologies has enabled the production of multi-channel radar sensors [31]. Integrating
electronic and photonic components into a single chip could similarly reduce the cost
of large-aperture photonic FMCW radar systems with optical LO distribution.

In 2016 and 2017, S. Lischke et al. introduced a monolithic SiGe BiCMOS process
that integrates electronic and photonic components on a single chip [32, 33]. The
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Figure 1.3: Electronic-photonic SiGe BiCMOS process flow. Red: Pho-
tonic Modules, Yellow: SiGe BiCMOS process. From [32]

process flow of the electronic-photonic BiCMOS technology is illustrated in figure 1.3
[32]. It begins with a local silicon on insulator (SOI) approach [34], used to implement
silicon waveguides with a height of 220 nm on a 2 µm thick buried oxide. This ap-
proach also enables the fabrication of substrates tailored to the distinct requirements
of high-speed electronics and photonics [32]. Furthermore, during the fabrication of
the SiGe BiCMOS baseline, additional photonic modules are integrated to implement
high-speed electro-optical modulators, grating couplers, and germanium PDs [32].

In addition to the monolithic electronic-photonic SiGe BiCMOS technology de-
veloped by IHP, GlobalFoundries introduced a monolithic electronic-photonic 45 nm
complementary metal-oxide-semiconductor (CMOS) SOI technology in 2019 and
2020 [35, 36]. The proposed 45 nm CMOS platform enables high-volume, low-cost
production of electronic-photonic integrated circuits on 300mm wafers.

Both monolithic electronic-photonic integration technologies have the potential
to enable low-cost, high-volume, large-aperture photonic FMCW radar systems with
optical LO distribution.

1.3 State of the Art

Based on the performance requirements for automotive radar and applying the
Rayleigh limit, the minimum aperture size required for high-resolution radar was
calculated. The large number of antenna elements in a fully populated uniform linear
phased array with λ

2 spacing highlights the need for a sparse array approach.
This section presents the state of the art in large-aperture millimeter-wave radar

systems. Given that one of the main objectives of this thesis is the integration of
a photonic millimeter-wave radar with optical LO distribution into a silicon pho-
tonic chipset, the current state of integrated photonic radar technologies will also be
reviewed.

1.3.1 Large Aperture Radar Systems with Electrical Signal Distribution

Besides fiber-optic LO distribution, which is the focus of this work, several studies
have proposed electronic synchronization techniques to align the elements of the
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array. A comprehensive overview of these techniques is beyond the scope of this
section; therefore, only one synchronization protocol is introduced. Additionally, a
satellite-based synchronization method will be briefly discussed.

One protocol frequently cited in the literature for synchronizing radar frontends
is the White Rabbit protocol [37–39]. Originally developed by CERN and its part-
ners for the Large Hadron Collider project, White Rabbit enables sub-nanosecond
synchronization via optical fiber [37] or electrical cables [40]. It is based on the
Precision Time Protocol (PTP, IEEE-1588) and Synchronous Ethernet (SyncE) [37],
combining frequency synchronization from SyncE with an enhanced version of PTP
clock synchronization [37]. In radar systems, the White Rabbit protocol is used to
distribute a low-frequency signal, e.g., 10MHz, to the various frontends [37]. Within
each frontend, this 10MHz signal is then used for synchronization.

Another method for synchronizing radar frontends involves the use of global
navigation satellite systems (GNSS) [41]. GNSS-disciplined oscillators can synchro-
nize multiple radar nodes using a low-jitter reference signal [41]. By leveraging
GNSS synchronization, coherent bistatic radar measurements with transmitter (TX)-
receiver (RX) baselines of up to 5 km have been demonstrated in the literature [42].
Several systems described in the literature utilize the 10MHz clock output of GNSS-
disciplined oscillators for clock synchronization. Similar to the White Rabbit ap-
proach, this clock signal is reused to synchronize the individual frontends.

1.3.2 Large Aperture mm-Wave Radar System with Optical Signal Distri-

bution

In the field of large aperture mm-wave radar systems with optical signal distribution
only one system was previously reported in the literature. This publication was part
of the preliminary work for the Coala project, conducted on behalf of Volkswagen
Konzernforschung within the Schneider working group at the Technical University
of Braunschweig.

FMCW

Chirp
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TRX1 Frontend

TRX2 Frontend

TRXN Frontend
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Power
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Electrical
IF-Signal

Optical
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Figure 1.4: Block diagram of a photonic radar architecture with a
single MZM. (Redrawn from [10, 43].)

Figure 1.4 shows the block diagram of the large aperture mm-wave radar with op-
tical signal distribution [10, 43]. Within a central station, an FMCW signal generated
by a signal generator drives a Mach-Zehnder modulator (MZM) fed by a continuous
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wave (CW) laser diode. The signal is split and sent to a transceiver (TRX) frontend.
Within the TX, the optical signal is split into an LO path for the radar and an optical
receive path. In the LO path, the optical signal is converted to an electrical signal by
means of a PD before it is upconverted to the desired mm-wave frequency. In the TX
branch, the mm-wave signal is amplified and transmitted via a transmit antenna. In
the RX branch, the received signal, provided by a receive antenna, is directly down-
converted. The LO signal for the downconversion is the upconvertedmm-wave signal
from the TX branch. The intermediate frequency (IF) signal is amplified to drive an
MZM, which is fed by a portion of the optical LO signal that is bypassed off prior to
the OE conversion within the TRX frontend. The optical signal is transmitted back to
the central station via an optical receive path. Within the central station, the optical
signal is converted to an electrical signal by means of a PD before the signal is further
low pass filtered. The low pass filtered signal is converted to a digital signal before
it is further processed by means of a digital signal processor (DSP) unit [10, 43].

The demonstrator consists of one master module, which generates the optical
LO signal, and four slave modules that receive the optical signal, convert it into an
electrical signal, and upconvert it to the 77GHz band. Each module is equipped
with six transmit and eight receive antennas. The demonstrator achieved an angular
separation of 1.1◦ [10, 43].

1.3.3 Integrated Photonic Radar Chips

To the best of the author’s knowledge, only five integrated photonic radar chips
have been published in the literature. All previously proposed chips follow a hybrid
approach, in which a photonic integrated circuit (PIC) contains the complete optical
subsystem, while off-the-shelf components are commonly used for the electronic
frontend. Table 1.4 provides an overview of the published photonic radar chips.

Ref. Technology Purpose Carrier
Frequency [GHz] Year

[44] Hybrid: SOI PIC &
Discrete Electronics

Combined Lidar-
Radar System

3.4 & 6.9
& 10.4 & 14.1 2021

[45] Hybrid: SOI PIC &
Discrete Electronics

Inverse Synthetic
Aperture Radar 15 2020

[46] Hybrid: SOI PIC &
Discrete Electronics Multiband Radar 3.4 & 6.9

& 10.4 & 14.1 2020

[47] Hybrid: SOI PIC &
Discrete Electronics

Linear Frequency
Modulated Radar 2-18 2022

[48] Hybrid: InP & Si3N4
Synthetic Aperture

Radar RX 9.65 2024

Table 1.4: State of the art of integrated photonic radar chip

All previously presented photonic radar chips operate below the millimeter-
wave regime and follow a hybrid integration strategy. With the exception of [48],
all designs require additional discrete electronics to drive the SOI PIC. In [48], no
discrete electronics are needed, as the synthetic aperture radar RX is powered by
external signal generators providing LO and radio frequency (RF) signals at 18 dBm
and 10 dBm, respectively.

Finally, it should be noted that none of these photonic radar chips had been
published at the starting point of this thesis in 2018.
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1.4 Scope of the Thesis

In this thesis, a mathematical analysis—including phase noise—of a photonic FMCW
radar system with optical LO distribution is presented for the first time. To this end,
the mathematical system model and phase noise model of a radar system with electri-
cal signal distribution are adapted to account for effects introduced by optical signal
distribution. A key focus during phase noise modeling is the upconversion of base-
band (BB) amplitude noise into phase noise caused by the electro-opto-electronical
(EOE) conversion. To validate the mathematical analysis and gain deeper insights
into system behavior, a system model of the proposed mm-wave photonic radar sys-
tem is implemented in both an optical and an electronic design environment. Using
this model, the compressive behavior of the electro-optical (EO) conversion in the
optical receive path is analyzed. This compressive behavior leads to ghost targets in
the subsequent OE conversion.

Novel circuit architectures that offer advantages for photonic FMCW radar sys-
tems with optical LO distribution are presented, analyzed, and validated.

Furthermore, the thesis introduces the world’s first photonic radar TRX chipset
implemented in low-cost, mass-market silicon technology. This TRX chipset enables
the realization of the first 77GHz large-aperture photonic radar system with optical
LO distribution, operating with monolithic electronic-photonic integrated circuits.

In addition, the thesis presents extended system models beyond the photonic
FMCW radar with optical LO distribution, including a photonic software-defined
MIMO radar system with optical signal distribution, a photonic FMCW multiband
radar system with optical LO distribution, and a combined lidar-radar sensor system.

To the best of the author’s knowledge, these contributions represent the first
detailed system analysis, modeling, and implementation of a millimeter-wave TRX
chipset for a photonic FMCW radar with optical LO distribution, along with a system
demonstrator. Additionally, this work presents—for the first time—the analysis and
modeling of a photonic software-defined MIMO radar system with optical signal
distribution, a photonic FMCW multiband radar system with optical LO distribution,
and a lidar-radar combined sensor system. The results have been published in peer-
reviewed journals and conferences and validated by the scientific community:[49–
62]. Moreover, the novelty of the system has led to several patents in the field of
photonic radar with optical signal distribution [63–76].

The thesis is organized as follows: Chapter 2 introduces the overall photonic
FMCW radar system with optical LO distribution and explains the operating prin-
ciples of the TX and RX frontends. Furthermore, in chapter 2.2 the mathematical
analysis of the photonic FMCW radar system with optical LO is presented. The
simulation of the system in both optical and electrical design environments and the
behavioral model of the monolithic integrated photonic radar transceiver chipset is
described in chapter 3. Chapter 4 introduces novel circuit architectures, including
a narrowband optical receiver implemented in IHP’s photonic SiGe BiCMOS tech-
nology and GlobalFoundries’ 45 nm photonic CMOS SOI technology, as well as a
narrowband four-quadrant electro-optical mixer. Within the chapters 5 and 6 the
monolithic 77GHz photonic radar transceiver chipset is presented. Chapter 7 show-
cases the first large-scale coherent MIMO photonic radar system with optical LO
distribution based on this chipset.

Additional photonic radar architectures and a lidar-radar combined system are
proposed in chapters 8 through 10. These system models are presented, mathemat-
ically analyzed, and their operating principles validated through simulations in an
optical design environment.
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Finally, Chapter 11 concludes the thesis, followed by supplementary information
provided in the appendix.
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Chapter 2

Photonic FMCW MIMO Radar

Systems with Optical LO

Distribution

2.1 System Overview

Central Station
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Processing
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Target
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Figure 2.1: Simplified block diagram of the FMCW MIMO radar sys-
tem with optical LO distribution and optical return path. The block

diagrams of the TX and RX front ends are shown in figure 2.2.

The simplified block diagram of the FMCW radio detection and ranging (radar)
system with optical LO distribution and optical receive path is shown in fig. 2.1.
Similar to [10, 43], within a central station, a frequency synthesizer generates an
FMCW signal, which is split to the TX and RX branches of the central station by
means of a power splitter. Within each branch, the electrical ramp signal is converted
to an optical FMCW ramp by one or several EO conversion blocks. In chapter 2.3,
different OE conversion techniques will be compared, and it will be shown that the
MZM approach provides the lowest additional phase noise, especially at high offset
frequencies, among all the techniques. Therefore, for the rest of the thesis, it will be
assumed that the EO conversion is realized by an MZM. After the EO conversion, the
optical LO signal is distributed to the TX and RX arrays by means of optical fibers.
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TX Frontend

OLO

TIA Amp. PA

RFOUT

(a)

OLO

TIA Amp.

VLO,mm

LNA
RFINVIF

Receiver Frontend

CW
LDOIF

VB

Optical Receive Path

(b)

Figure 2.2: Simplified block diagrams of (a) the TX frontend; (b) the
RX frontend with optical receive path.

The simplified TX and RX block diagrams are shown in fig. 2.2. In the TX frontend,
the optical LO signal is converted to an electrical signal by means of a PD and a
subsequent transimpedance amplifier (TIA). The weak electrical signal is further
amplified by additional amplifiers. To avoid unwanted harmonics induced by the
non-linear transfer function of the MZM, a bandpass filter selects the desired LO
signal before upconversion to the mm-wave radar band. The mm-wave signal is
amplified by a power amplifier (PA) before being transmitted by a transmit antenna.

The transmitted signal is reflected by an obstacle and received by a receive an-
tenna in the RX frontend. The weak received signal is amplified by a low noise
amplifier (LNA) before direct downconversion. The mm-wave reference LO signal
for demodulation is generated from the optical LO signal, similar to the mm-wave
transmit signal generation in the TX frontend. The low-frequency IF signal can be
fed back to the central station via optical fibers. For this purpose, the electrical IF
signal drives an MZM biased at the quadrature point. This optical receive path is
highlighted in the green box of figure 2.2b.

The optical IF signal is transmitted back to the central station, where the optical
signals are converted to electrical signals by a bank of parallel OE receivers before
MIMO processing is performed.

2.2 Analysis of the Photonic FMCW Radar System with Op-

tical LO Distribution

In the previous section, the photonic FMCW MIMO radar system with optical LO
distribution was presented. In this section, the radar systems will be analyzed. For
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the further derivations, it will be assumed that the EO conversion is realized with an
MZM, fed by a CW laser diode, and the OE conversion is realized with a PD.

Since the building blocks of the EO and OE conversion are used multiple times
in the system, subsections 2.2.1& 2.2.2 will present the EO and OE conversion before
the entire system is analyzed.

2.2.1 Electrooptical Conversion

The CW output intensity of the laser diode, feeding a subsequent MZM, is given as
Ψ0.

Via a bias voltage and an RF voltage, the operating point and the output intensity
of the MZM can be manipulated. The output intensity of a lossless MZM is given by
[77]:

ΨMZM (t) = Ψ0 ·
{︃
1 + cos

[︃
π (VB + VIN (t))

Vπ

]︃}︃
(2.1)

with the bias voltage VB , the RF input voltage VIN (t), and the switching voltage of
the MZM Vπ.

Via the bias point, the MZM can be driven into any arbitrary operating point.
Unless otherwise noted, the MZM is biased at the quadrature point in this thesis.
Therefore, the bias voltage needs to be set to [78]:

VB = −Vπ

2
. (2.2)

Under this condition, the output intensity of the MZM simplifies to:

ΨMZM (t) = Ψ0 ·
{︃
1 + sin

[︃
πVIN (t)

Vπ

]︃}︃
. (2.3)

2.2.2 Optoelectronic Conversion

Neglecting the dark current, the PD generates a wavelength-dependent photocurrent
which is proportional to the optical input intensity [79]:

IPD = R(λ) ·Ψ0(t) (2.4)

with the proportionality factor, namely the responsivity R(λ) of the PD. If the PD is
fed by the output of an MZM, the photocurrent results by inserting eq. 2.3 into eq. 2.4
to:

IPD = R(λ) ·Ψ0 ·
{︃
1 + sin

[︃
πVIN (t)

Vπ

]︃}︃
. (2.5)

From textbooks, e.g. [80], it is known that the transimpedance of an ideal shunt
feedback TIA, shown in figure 2.3 is given by

ZT =
VTIA

IPD
= − G(jω)

1 +G(jω)
· ZF (jω)

1 + jωZF (jω)·CD

G(jω)+1

(2.6)

ZT =
VTIA

IPD
= − G(jω)ZF (jω)

1 +G(jω) + jωZF (jω) · CD
(2.7)
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−G(jω)
VTIA

ZF (jω)

CDIPD

Figure 2.3: Shunt feedback TIA topology. (Redrawn with renaming
from [80].)

with the capacitance of the PD CD = Cj + Cdiff , the junction capacitance of the
PD Cj , the diffusion capacitance of the PD Cdiff , the feedback impedance of the
TIA ZF (jω), and the voltage gain of the core amplifier of the shunt feedback TIA
−G(jω). Since the PD is biased in reverse region, the diffusion capacitance of the PD
is approximately Cdiff ≈ 0. Inserting eq. 2.5 into eq. 2.7 results, under the assumtion
of a monochomatic system (R(λ) = R), to:

VTIA(jω) = − RΨ0G(jω)ZF (jω)

1 +G(jω) + jωZF (jω) · CD

·
[︃
2πδ(ω) + F

{︃
sin

[︃
πVIN (t)

Vπ

]︃}︃
(jω)

]︃
(2.8)

with the dirac-delta distribution δ(ω), and the Fourier transform F {...} (jω). Under
the assumption that the RF input signal of the MZM is a sinusoidal signal

VIN = V0 · cos (Ξ) (2.9)

with the amplitude V0, and an arbitrary argument Ξ of the sinusoidal function, and
making use of the Jacobi-Anger expansion [81]

sin (z · cos (θ)) = −2
∞∑︂
n=1

(−1)nJ2n−1 (z) cos [(2n− 1) θ] (2.10)

with the Bessel function of the first kind and k-th order Jk(...), eq. 2.8 results to

VTIA(jω) = 2 · RΨ0G(jω)ZF (jω)

1 +G(jω) + jωZF (jω) · CD

·
[︄
−πδ(ω) + F

{︄ ∞∑︂
n=1

(−1)nJ2n−1

(︃
V0π

Vπ

)︃
cos [(2n− 1) Ξ]

}︄
(jω)

]︄
(2.11)

In the following derivation, only the first-order Bessel function is considered. Equa-
tion 2.11 simplifies accordingly to:

VTIA(jω) ≈ 2 · RΨ0G(jω)ZF (jω)

1 +G(jω) + jωZF (jω) · CD

·
[︃
−πδ(ω)−F

{︃
J1

(︃
V0π

Vπ

)︃
cos [Ξ]

}︃
(jω)

]︃
(2.12)



2.2. Analysis of the Photonic FMCW Radar System with Optical LO Distribution 15

A detailed analysis of higher-order terms is provided in appendix A.

2.2.3 Transmit Part of the Central Station

LD

LD

Power

Divider

VFMCW (t)

ΨFMCW,RX(t)

ΨFMCW,TX(t)

Figure 2.4: Block diagram of the TX part of the central station.

Within the TX part of the central station, the electrical LO is converted into the
optical LO signal by means of MZMs. The electrical LO signal is given by

VFMCW (t) =
√
2VFMCW,0 cos

(︃[︃
ωLO +

µt

2

]︃
t

)︃
(2.13)

In the block diagram of the photonic FMCW MIMO radar system with optical
LO distribution, shown in figure 2.1, the electrical LO signal is split into a TX and
RX path. Under the assumption that the power divider is an ideal 3 dB divider, the
optical LO signal in the TX and RX paths results by inserting eq. 2.13 into eq. 2.3 to:

ΨFMCW,TRX(t) = Ψ0

{︄
1 + sin

(︄
πVFMCW,0 cos

(︁[︁
ωLO + µt

2

]︁
t
)︁

Vπ

)︄}︄
(2.14)

2.2.4 TX Frontend

Within the TX frontend, shown in figure 2.2a, the optical LO signal is converted to
an electrical one. By inserting ΨFMCW,TRX(t) from eq. 2.14 into Ψ0(t) from eq. 2.4,
and redo the analysis until eq. 2.12, the output voltage of the TIA results, neglecting
the DC component, to:

VTIA(jω) = 2 · G(jω)ZF (jω)RΨ0

G(jω) + jZF (jω)CDω + 1

· F
{︃
−J1

(︃
πVFMCW,0

Vπ

)︃
cos

[︃(︃
ωLO +

µt

2

)︃
t

]︃}︃
(jω). (2.15)

Within the mm-wave part of the TX frontend, the electrical signal is upconverted
to the mm-wave band by means of k frequency multipliers. The mm-wave output
signal of the frequency multipliers is filtered and amplified. The transmit signal is
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given by:

PTX(jω) = −2 ·GTX(jω) · G(jω)ZFR(λ)Ψ0

G(jω) + jZFCDω + 1
J1

(︃
πVFMCW,0

Vπ

)︃
· F
{︃
cos

[︃
k ·
(︃
ωLO +

µt

2

)︃
t

]︃}︃
(jω). (2.16)

2.2.5 RX Frontend

Within the RX frontend, shown in fig. 2.2b, the received signal, provided by a receive
antenna, is filtered and amplified by an LNA before downconversion is performed.
In mathematical words, this is a multiplication of the transmitted signal, given in
eq. 2.16, with a time delayed version of the transmitted signal, given in eq. 2.16.

VIF (jω) = 2 ·GTX(jω) ·GRX(jω) ·GC(jω) ·
G(jω) · ZF (jω) · R(λ)Ψ0

G(jω) + jωCDZF (jω) + 1
J2
1

(︃
πVFMCW,0

Vπ

)︃
· F
{︃[︃

cos

[︃
k ·
(︃
ωLO +

µt

2

)︃
t

]︃]︃
·
[︃
cos

[︃
k ·
(︃
ωLO +

µ(t− τ)

2

)︃
(t− τ)

]︃]︃}︃
(jω)

(2.17)

VIF (jω) = GTX(jω) ·GRX(jω) ·GC(jω) ·
G(jω) · ZF (jω) · R(λ)Ψ0

G(jω) + jωCDZF (jω) + 1
J2
1

(︃
πVFMCW,0

Vπ

)︃
·
(︃
F
{︃
cos

[︃
kµτt+ kωLOτ − kµτ2

2

]︃}︃
(jω)

+ F
{︃
cos

[︃
2kωLOt+ kµt2 − kωLOτ − kµtτ +

kµτ2

2

]︃}︃
(jω)

)︃
(2.18)

with the free space path loss GC(jω), the overall gain of the RX frontend GRX(jω),
and the round trip delay τ . Applying low-pass filtering to eq. 2.18 yields:

VIF (jω) = GTX(jω) ·GRX(jω) ·GC(jω) ·
G(jω) · ZF (jω) · R(λ)Ψ0

G(jω) + jωCDZF (jω) + 1
J2
1

(︃
πVFMCW,0

Vπ

)︃
· F
{︃
cos

[︃
kµτt+ kωLOτ − kµτ2

2

]︃}︃
(jω) (2.19)

VIF (jω) = π ·GTX(jω) ·GRX(jω) ·GC(jω) ·
G(jω) · ZF (jω) · R(λ)Ψ0

G(jω) + jωCDZF (jω) + 1
J2
1

(︃
πVFMCW,0

Vπ

)︃
·
[︄
e
−j

(︃
kωLOτ− kµτ2

2

)︃
δ (ω + kµτ) + e

j

(︃
kωLOτ− kµτ2

2

)︃
δ (ω − kµτ)

]︄
(2.20)

In order to realize an optical receive path, the electrical IF signal is converted into an
optical signal by means of an EO conversion unit.

2.2.6 Receive Part of the Central Station

Within the receive part of the central station, the optical IF signal is converted to an
electrical signal by an OE conversion unit. The optical IF signal ΨIF results from
inserting eq. 2.19 into eq. 2.3. Inserting ΨIF into Ψ0(t) from eq. 2.4, and redo the
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analysis until eq. 2.12, the output voltage of the TIA in the central station results to:

VTIA,RX,ECU = 2 · GECU (jω)ZF,ECU (jω)RECUΨ0,OR

GECU (jω) + jωCD,ECUZF,ECU (jω) + 1

·
[︃
−πδ(ω) + F

{︃
−J1

(︃
V0π

Vπ

)︃
cos

[︃
kµτt+ kωLOτ − kµτ2

2

]︃}︃
(jω)

]︃
(2.21)

VTIA,RX,ECU = 2 · GECU (jω)ZF,ECU (jω)RECUΨ0,OR

GECU (jω) + jωCD,ECUZF,ECU (jω) + 1

·
[︄
−πδ(ω)− J1

(︃
V0π

Vπ

)︃[︄
e
−j

(︃
kωLOτ− kµτ2

2

)︃
δ (ω + kµτ)

+ e
j

(︃
kωLOτ− kµτ2

2

)︃
δ (ω − kµτ)

]︄]︄
(2.22)

with V0 = GTX(jω) ·GRX(jω) ·GC(jω) · G(jω)·ZF (jω)·R(λ)Ψ0

G(jω)+jωCDZF (jω)+1J
2
1

(︂
πVFMCW,0

Vπ

)︂
, the volt-

age gain of the core amplifier of the shunt feedback TIA of the central station
GECU (jω), the feedback impedance of the TIA of the central station ZF,ECU (jω),
the responsivity of the PD of the central station RECU , the optical amplitude of
the optical receive path Ψ0,OR, and the capacitance of the PD of the central station
CD,ECU .

2.3 Phase Noise Analysis of a Photonic FMCW Radar System

with Optical LO Distribution

Phase noise is a critical performance parameter for radar systems [82]. Within this
section, the phase noise of a photonic radar system with optical LO distribution is
analyzed. In section 2.3.1, the phase noise of the three commonly used EO conversion
techniques are measured and compared. It turns out that the MZM approach adds
the lowest additive phase noise of the different methods. In addition, an MZM can
be integrated into a single chip for low-cost, high-volume mass production. Based on
these two arguments, the MZM approach is the best candidate for the overall system.

2.3.1 Phase Noise Measurement

Starting point for the phase noise analysis are the three different most prominent EO
conversion techniques [83]:

• Two laser beating within a PD [84].

• Intensity modulation of a CW laser by means of an MZM [85].

• Direct intensity modulation of a laser [86].

Figure 2.5 shows the block diagrams of the measurement setups for the three different
EO conversion methods. For the two laser beating, the output signals of two locked
lasers were combined and fed onto a high-speed PD with an integrated shunt resistor.
The weak output signal is AC coupled to an amplifier before the phase noise is
measured. For the intensity modulation of a CW laser by means of an MZM, biased
at the quadrature point and driven by an RF signal generator, the output signal of the
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Figure 2.5: Simplified block diagram of the phase noise measurement
setup of (a) two laser beating in the PD; (b) intensity modulation of
CW laser by means of an MZM; (c) direct intensity modulation of a

laser.

MZM is directly fed to a high-speed PD with an integrated shunt resistor. Similar
to the two laser beating case, the weak output signal is AC coupled to an amplifier
before the phase noise is measured by means of a phase noise analyzer. The phase
noise analysis for the direct intensity modulation of a laser is performed similarly.
The laser diode is driven by an RF signal generator. Via an external bias, it is ensured
that the laser remains in lasing mode even if the signal generator provides a high
signal swing. As in the previous measurements, the output signal of the RF laser is
directly fed to a high-speed PD with an integrated shunt resistor. The weak output
signal is AC coupled to an amplifier before the phase noise is measured by means of
a phase noise analyzer.

The measurement results for a 5GHz LO signal are shown in figure 2.6. The
two-laser approach with subsequent beating in a PD exhibits the highest phase noise
of the three methods up to an offset frequency of approximately 20MHz. The MZM
and the RF laser are driven by the signal generator E8257D from Keysight with
the ultra-low phase noise option. Both techniques approximately follow the phase
noise of the reference signal generator up to an offset frequency of approximately
500 kHz. The spikes in the MZM approach are induced by the bias source used in the
measurement. Other phase noise measurements do not show such spikes. Beyond
500 kHz, the MZM approach provides the lowest additional phase noise to the LO
signal compared to the RF laser.

In addition to conventional signal generators, appendix D and appendix C present
novel signal generators that may offer advantages for the photonic FMCW MIMO
radar system with optical LO distribution.

2.3.2 Phase Noise Analysis

In the previous section, it was shown that an MZM-based EO conversion provides
the lowest additional phase noise to the LO signal after the OE conversion. In this
section, the phase noise of a photonic radar system with optical LO distribution will
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Figure 2.6: Phase noise measurement of the three common techniques
of optical LO generation at 5GHz.

be analyzed. Compared to pure electronic radar systems [87, 88], for phase noise
analysis of a photonic radar system with optical LO distribution, the amplitude noise
before the OE conversion has an impact to the overall phase noise [89] of the radar
system. For simplicity, within this thesis, the additive phase noise and the amplitude
modulation (AM) to phase modulation (PM) conversion within the components
themselves will be neglected.

The electrical LO signal with amplitude fluctuations and phase noise is given by:

VFMCW (t) = (V0,FMCW +∆VFMCW (t)) cos

(︃[︃
ωLO +

µt

2

]︃
t+∆φFMCW (t)

)︃
(2.23)

with V0,FMCW the nominal amplitude of the FMCW chirp, ∆φFMCW (t) the phase
perturbation of the FMCW chirp, and ∆VFMCW (t) the amplitude perturbation of the
FMCW chirp.

CW
LD

NΨ,LD(fm) LΨ,FMCW (fm)

NΨ,FMCW (f)

LE,FMCW (fm) NE,FMCW (f)

Figure 2.7: Illustration of the amplitude noise and phase noise of the
optical LO generation.

The electrical FMCW LO signal drives an MZM, which is biased in the quadrature
point, as shown in figure 2.7. The optical intensity has a nominal intensity Ψ0 and
a relative intensity noise RIN(t). The product Ψ0 · RIN(t), which represents the
amplitude fluctuations of the CW laser, has the spectral properties NΨ,LD. The phase
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fluctuations of the optical THz signal do not affect the subsequent derivation, as the
PD has an |x|2 characteristic and

⃓⃓
ej·Ξ

⃓⃓2
= 1, where Ξ is an arbitrary real-valued

function. Assuming that the amplitude fluctuation of the bias voltage of the MZM
can be neglected, the time domain optical FMCW signal is given by:

ΨMZM (t) = Ψ0 (1 +RIN(t))

[︃
1− sin

(︃
πVFMCW

Vπ

)︃]︃
(2.24)

Inserting eq 2.23 into eq. 2.24, and making use of the Jacobi-Anger expansions,
the frequency domain representation for µ = 0 is given by:

ΨFMCW (jω) = Ψ0π (δ(ω) +RIN(jω)) ∗
[︄
δ(ω) +

{︄ ∞∑︂
m=1

(−1)nJ2m−1

(︃
πV0,FMCW (jω)

Vπ

)︃
∗ [F ({cos ([2n− 1] [ω0t+∆φFMCW (t)])}]}] (2.25)

In formula eq. 2.25, the convolution indicates that the BB AM noise converts
into BB AM noise and an additional band pass (BP) AM noise term around the
fundamental and all odd-order higher harmonics. Due to this, the spectral properties
of the intensity noiseNΨ,FMCW are no longer a linear superposition of the broadband
laser RIN and the wideband amplitude fluctuations.

For further derivations, it will be assumed that the convolution of the electrical
FMCW phase noise to non-first-order-harmonics can be neglected. This is justified
because the electrical phase noise typically has a narrowband 1/f3 characteristic
close to the carrier [90], so the non first order harmonics of the FMCW phase noise
do not influence the fundamental phase noise.

Since a fraction of the optical intensity fluctuations convert into phase fluctuations
due to saturation [91] and other nonlinearities of the PD’s semiconductor, the AM
noise converts into phase noise of the LO signal after OE conversion [89]. The single
sideband phase noise is given by [89]:

LAM−PM (fm) =
∆Ψ(f)

Ψ0
+ 20 log (α)− 3 dB (2.26)

with the offset frequency from the carrier fm = f − ω0
2π , the absolute intensity fluc-

tuation ∆Ψ, e.g. laser relative intensity noise (RIN), MZM bias point fluctuations, or
FMCW chip amplitude fluctuations, andα the AM to PM conversion factor of the PD.
α define the induced root mean square phase variations induced by fractional power
fluctuations [89]. α depends on the bias voltage, average photocurrent and frequency
[89]. Assuming that the optical AM noise is uncorrelated with the electrical PM noise
of the FMCW chirp, the overall phase noise at the output of the PD is given by:

LPD(fm) = LAM−PM (fm) + LFMCW (fm). (2.27)

Within the TX frontend, the frequency is multiplied by a factor of N , leading to
a phase noise increase by a factor of N2 [87]. This results in the final phase noise of
the transmitted signal being:

LTX(fm) = LAM−PM (fm) + LFMCW (fm) + 20 log (N) . (2.28)

The phase noise diagram of the RX frontend is shown in figure 2.8. Within the
RX frontend, the received signal is amplified and directly downconverted to the
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LΨ,FMCM (fm)

NΨ,FMCW (f)

LPD(fm) LTX(fm)

LRX(fm)LIF (fm)

Figure 2.8: Illustration of the phase noise of the EO RX frontend chip.

baseband. Since the additive phase noise of the frequency multipliers is neglected
within this work, it can be assumed that the LO signal in the RX frontend is a non-
delayed replica of the one in the TX frontend. Making use of this simplification, the
phase noise of the downconverted IF frequency is given by [87]:

LIF (fm) = 2 · LTX(fm) · [1− cos (2πfm∆τ)] (2.29)

with ∆τ being the round trip delay. In a mixer, phase noise cancellation occurs
when the two input signals have a defined phase relationship with each other [88].
This phenomenon is described by the decorrelation term cos (2πfm∆τ) [88]. In pure
electronic radar systems, this time difference would simply be the round trip delay of
the radar signal. Due to the high losses of electronic interconnections, pure electronic
radar systems cannot have a significant LO length offset of the interconnections. Due
to the low-loss property of the fiber optical LO distribution, it is possible that the LO
distribution adds an additional time offset. In this case, ∆τ results in:

∆τ =
2R

c0
− ∆L

cf
(2.30)

with the distance to the target R, the speed of light c0 in the medium where the radar
measurement is performed, the length offset between the central station to the TX
frontend and from the central station to the RX frontend ∆L, and the speed of light
in the fiber cf . Applying ∆τ to eq. 2.29 results in:

LIF (fm) = 2 · LTX(fm) ·
[︃
1− cos

(︃
2πfm

{︃
2R

c0
− ∆L

cf

}︃)︃]︃
(2.31)

It should be noted that this result is only correct if, and only if, the time difference
∆τ < τc, the coherence time of the LO [87].

In the case of an optical receive path, the AM to PM conversion due to the EO
and OE conversion results in a single sideband phase noise of [89]:

LAM−PM,RX(fm) =
∆ΨRX(f)

Ψ0
+ 20 log (α)− 3 dB (2.32)

with ∆ΨRX being the absolute intensity fluctuations in the optical receive path. The
overall phase noise after the optical receive path is given by:

L′
RX(fm) = LAM−PM,RX(fm) + LIF (fm). (2.33)

The last part of the signal chain is the digitalization and processing. During
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the digitalization of the signal, an analog-to-digital converter adds some effects to
the IF phase noise, which are presented in other works [92–94]. In this work, only
the effect of the fast fourier transform (FFT) on the phase noise will be considered.
Nevertheless, there exist several signal processing techniques to reduce the influence
of the phase noise. It has been shown that the influence of the FFT on the phase noise
properties of an arbitrary signal LΞ(fm) is [87]:

LFFT (fm) = LΞ(fm) · FS

M
(2.34)

with the number of samples M within a timeframe TOBS , and the sampling rate FS .
For a photonic radar system without an optical receive path, the overall phase

noise results in:

LFFT (fm) =
N2FS

M
[LAM−PM + LFMCW (fm)] ·

[︃
1− cos

(︃
2πfm

{︃
2R

c0
− ∆L

cf

}︃)︃]︃
(2.35)

and for a system with an optical receive path:

LFFT (fm) =
N2FS

M
[LAM−PM + LFMCW (fm)]

·
[︃
1− cos

(︃
2πfm

{︃
2R

c0
− ∆L

cf

}︃)︃]︃
+

FS

M
LAM−PM,RX(fm) (2.36)

In both cases, the additional term due to the AM to PM conversion in the opto-
electronic path adds up to the overall phase noise of the entire system.

To visualize the upconversion of the AM noise to the desired LO and its harmon-
ics, and the AM to PM conversion, simulations were performed. In these simulations,
the laser RIN is modeled as [95]:

RIN(jωm) =
RZ2(1 +Aω2

m)

Z2 (Y 2 − 2Z)ω2
m + ω4

m

(2.37)

with ωm the offset frequency from the optical carrier, and the fitting parameters
A,R,Y,Z. Table 2.1 [95] provide the fitting parameter for the laser RIN used in the
simulations. A frequency of 5GHz was selected to visualize the overlap of phase
noise induced by the upconversion of laser RIN. At the target LO frequency of
19.25GHz, this overlap would not be observable.

f0 α A R Y Z µ Vπ

5GHz 1.41 1.037 · 10−19 7.983 · 10−15 5.306 · 109 2.041 · 1020 0 5V

Table 2.1: Simulation and fitting parameter for the laser RIN [95]

Figure 2.9a illustrates the phase noise induced by laser RIN as a function of angu-
lar frequency for various drive voltage amplitudes applied to the MZM. Equation 2.25
predicts the upconversion of BB noise to the desired LO frequency and its harmonics.
As the drive voltage increases, a greater portion of BB noise is upconverted to the de-
sired LO frequency, reaching a maximum around 3

4Vπ. Beyond this point, additional
BB noise is predominantly upconverted to higher-order harmonics, whose influence
on the desired LO band is sufficiently attenuated.

The phase noise induced by MZM drive voltage fluctuations is shown in fig-
ure 2.9b as a function of the standard deviation of white Gaussian noise with a mean
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(a) (b)

Figure 2.9: Simulated phase noise induced by (a) laser RIN as function
of the angular frequency (ω0 = 2 · π · 5GHz) for different MZM drive
voltages for α = 1.41 (see eq.2.32); (b) MZM drive voltage fluctuations

for α = 1.41 (see eq.2.32), and an offset frequency of 1Hz.

value of zero for different drive voltages of the MZM at ω = ωLO + 1Hz. Below a
standard deviation of σ = 10−10, the AM to PM conversion induced by the drive
voltage fluctuations is below that induced by laser RIN.

Figure 2.10: Simulated phase noise induced by MZM bias point fluc-
tuations for α = 1.41, and an offset frequency of 1Hz.

In the previous derivations, the phase noise induced by bias point fluctuations of
the MZM was neglected. Figure 2.10 illustrates the phase noise as a function of the
standard deviation of white Gaussian noise with a mean value of zero for different
drive voltages of the MZM at ω = ωLO. Similar to the drive voltage noise, for a
standard deviation below σ = 10−10, the AM to PM conversion induced by the bias
voltage fluctuations is below that induced by laser RIN.

2.4 Conclusion

Within this chapter, the central station along with the TX and RX frontends of the
proposed photonic FMCW MIMO radar system with optical LO distribution are
presented. The FMCW signal is generated and the EO conversion is carried out in
the transmit section of the central station.
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In both the TX and RX frontends, the optical LO signal is first converted into an
electrical signal, followed by upconversion to the mm-wave band. In the TX frontend,
the resulting mm-wave signal is amplified prior to transmission.

In the RX frontend, the received signal is downconverted to the BB and subse-
quently transmitted back to the central station via an optical receive path.

Within the receive section of the central station, OE conversion and MIMO signal
processing are performed.

Subsequently, the proposed photonic FMCW MIMO radar system with optical
LO distribution was analyzed. To simplify the analysis, only the first-order Bessel
function was considered. For an argument of the Bessel function V0π

Vπ
≤ 1.4 the error

is below 10 %. Under this approximation, the photonic FMCW MIMO radar system
with optical LO distribution produces approximately the same IF signal as a purely
electronic radar.

As a preparatory step for the phase noise analysis, the phase noise of the three
most prominent EO conversion techniques was measured: optical beating of two
lasers, intensity modulation of a CW laser using a MZM, and direct intensity mod-
ulation. The results showed that the MZM approach introduces the least additional
phase noise into the system.

For the phase noise analysis of the photonic FMCW MIMO radar system with
optical LO distribution, an additional term must be included to account for AM-to-
PM conversion effects arising from the EO and OE conversion processes.

Parts of the content presented in this chapter have previously been published by
the author [49, 52, 61].
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Chapter 3

System and Circuit Simulation

Within the previous chapters, the photonic FMCW MIMO radar system with optical
LO distribution was presented and analyzed. In order to optimize wireless systems,
an accurate system model is essential. In this chapter the photonic FMCW MIMO
radar system with optical LO distribution is modeled.

Several electronic design environments (EDEs) are available on the market for
various use cases. For the modelling of a photonic radar system, an EDE must support
both electronic and photonic system and circuit design. Current EDE software
tools support either electronic or photonic system and circuit design, but not both.
Therefore, the photonic radar system is implemented in Lumerical-Interconnect from
Ansys for the photonic system and circuit design and in Keysight’s ADS for the
electronic system and circuit design.

In the first section, the photonic radar system is implemented in the optical design
environment Lumerical-Interconnect from Ansys. With this model, the working
principles of the architecture shall be validated.

A more realistic system model of the photonic FMCW MIMO radar system with
optical LO distribution is presented in the second section of this chapter. The en-
tire system is modeled in ADS from Keysight. This EDE allows detailed modeling
of the nonidealities of the electronic components of the radar system. However,
ADS does not inherently support or offer optical models. To overcome the limita-
tions of the EDE, Verilog-A models are used to implement the optical components
[96]. The modular approach of the proposed system model allows to exchange the
generic building blocks with the post layout results to validate the performance of
the designed components in the entire system.

In the last section of this chapter, a behavioral model of a monolithic integrated
photonic radar transceiver chipset is presented. With such a model, the influences of
parameter variations, such as PD bandwidth fluctuations, can be analyzed without
performing time-consuming Monte Carlo simulations.

3.1 Modelling in an Optical Design Environment
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Figure 3.1 shows the overall simulation setup of the photonic FMCW radar system
with optical LO distribution in the optical design environment Lumerical Intercon-
nect. The setup includes the optical LO generation, the TX frontend, the noiseless
channel, the RX frontend with optical IQ return path, and the IQ receiver in the
central station.

(a) (b)

Figure 3.2: Implementation of the (a) optical LO generation; (b) TX
frontend in Lumerical Interconnect.

Figure 3.2a shows the optical LO generation. A scripted electrical source (SRC_1)
drives an MZM (MZM_1), which is biased at the quadrature point and fed by a CW
laser (CWL_1). The scripted electrical source generates a 77GHz FMCW chirp with
the amplitude V0/Vπ = 1/8, and µ = 7.5 · 1016 s−2. The high chirp rate is motivated
by the finite frequency resolution of Lumerical Interconnect. The optical signal is
split into four channels: one for the TX frontend, one for the LO distribution of the
RX frontend, one for the optical receive path, and one for the coherent detection in
the receiver part of the central station.

Within the TX frontend, the optical signal is converted into an electrical signal
using a PD (PIN_7) and a TIA (TIA_7). To suppress higher-order harmonics gener-
ated by the MZM, a band-pass-filter (BPF) (BPF_8) is inserted between the PD and
TIA. The electrical signal provided by the TIA is further amplified by an amplifier
block (AMP_1), which represents the PA in the real forntend.

Figure 3.3: Implementation of the noiseless channel in Lumerical
Interconnect.

Figure 3.3 shows the implemented noiseless channel. The time of flight is imple-
mented with a delay element (DLY_1), and the free space path loss, antenna gain, and
reflection coefficient of the obstacle are realized with an attenuator block (ATT_1)
with a damping of 20 dB.

Figure 3.4 shows the implementation of the RX frontend with optical in phase
quadrature phase (IQ) return path. The RX frontend uses the same PD (PIN_1),
BPF (BPF_1), TIA (TIA_1), and amplifier (AMP_2) architecture as the TX frontend
for the OE conversion of the LO signal. Since no electrical 90◦ hybrid couplers or
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electrical phase shifters are available in Lumerical Interconnect, an ideal 3 dB coupler,
implemented by an S-parameter component (SPAR_1) and a delay element (DLY_2),
was used to generate the electrical IQ LO signal.

The weak received input signal is amplified by an amplifier (AMP_3) and split
by the S-parameter component (SPAR_2). The output signal of the splitter is mixed
with the IQ LO signal by means of two mixers (MIX_1 & MIX_2). The output signals
of the mixers are further amplified via amplifier components (AMP_5 & AMP_6).
The subsequent MZMs (MZM_3 & MZM_4) are driven by the output voltage and
fed by the optical IQ signal. The IQ signal is generated by the optical S-parameter
block (SPAR_4) fed by one channel of the optical LO generation block. Finally, the
two optical signals transmitted back to the central station.

PI

PQ

Figure 3.4: Implementation of the RX frontend with optical IQ return
path.

PI

PQ

Figure 3.5: Implementation of the optical IQ receiver in the central
station.

Figure 3.5 shows the optical IQ receive part in the central station. The two
optical signals are converted into electrical signals using PDs (PIN_3–PIN_4) and
TIAs (TIA_3–TIA_4). The spectrum of the resulting electrical IQ signal is then
captured by the electrical spectrum analyzer components RFSA_5 and RFSA_6.
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Figure 3.6: Simulated FMCW transmit chirp.

The simulated transmitted FMCW chirp in the frequency domain at the end of
the TX frontend is shown in figure 3.6. The transmitted signal has a bandwidth of
3GHz around a center frequency of 78.5GHz. The FFT noise is at least 30 dB lower
than the desired signal.

(a) (b)

Figure 3.7: Simulated IF signal in the (a) RX frontend before optical
IQ receive path; (b) central station after optical IQ path.

The simulation results of the IF signals are shown in figure 3.7. The IF signal
before the optical receive path, shown in figure 3.7a, clearly shows the target at the
IF frequency of 3GHz, which corresponds to the analytical solution. The signal to
noise ratio (SNR) is above 30 dB. The IF signal after the optical IQ return path, shown
in figure 3.7b, shows the same IF peak. In addition, the spectrum consists of a DC
component and a second harmonic signal at 6GHz, slightly above the noise level.
Higher order harmonics induced by the nonlinear function of the MZM are masked
by the FFT noise.
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3.2 Modelling in an Electrical Design Environment

Within the previous section, the photonic FMCW MIMO radar system with optical
LO distribution was modeled in an optical design environment. Within this section,
the system is implemented in an electrical design environment.

Optical LO Generation

LD MZM

x4

Ramp

PLL

TX Frontend

TIA PA

RX Frontend

TIA
90°

0°

LNALD

LD

Optical RX

TIA
D

A

To
Matlab
Script

TIA
D

A

To
Matlab
Script

Figure 3.8: Simplified block diagram of the implemented photonic
radar system.

The block diagram of the implemented photonic radar system is shown in fig-
ure 3.8. It consists of the optical LO generation, including the electrical FMCW signal
generation, the TX frontend, the wireless channel, the RX frontend including an IQ
downconversion mixer, and the optical receive part of the central station. The optical
receive part also includes the analog to digital (AD) conversion and an interface to a
MATLAB script. The overall simulation setup of the photonic FMCW radar system
with optical LO distribution in the electronic design environment ADS Ptolemy from
Keysight is shown in figure 3.9.

Figure 3.10 shows the implemented electrical LO generation in the electronic de-
sign environment Keysight ADS Ptolemy. The ramp block R1 generates an electrical
voltage ramp with the repetition rate tRamp. The voltage ramp is converted into a
frequency ramp by the frequency modulator block F1. The carrier signal is gener-
ated by a constant source (C1) and a second frequency modulator block (F2). The
ramp signal and the carrier signal are multiplied by a mixer (MIX5). To suppress
unwanted spurs, the output signal of the mixer is filtered by a BPF (BPF3). The
output signal of the BPF is upconverted to the desired LO frequency by means of two
mixers (MIX6 & MIX7). To suppress the DC output signal of the mixers, 90◦ phase
shifters (PS4 & PS5) were inserted between the RF and LO ports of the mixer [98].
The unwanted mixing products are canceled by BPFs (BPF4 & BPF5). The LO signal
at the desired frequency is split into two paths, one for the LO signal generation for
the TX frontends, and one for the RX frontends.
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Figure 3.10: Implementation of the electrical LO generation in the
electronic design environment Keysight ADS Ptolemy.

Figure 3.11: Implementation of the EO conversion in the electronic
design environment Keysight ADS Ptolemy.

The implementation of the EO conversion in the electronic design environment
Keysight ADS Ptolemy is shown in figure 3.11. Since no optical components are
available in ADS, self-coded components which are based on [96] were implemented
in Verilog-A. The codes are given in [99]. For the EO conversion, a CW laser generates
a complex electric field with a specific wavelength, which feeds the MZM (MZM1).
The output power of the CW laser is proportional to the electrical source SRC1. It
should be noted that in a physical model, the output power of the laser would be
proportional to the input current. The MZM has two electrical inputs. One is for
the setup of the bias point and the other is for the electrical LO signal. Within the
Verilog-A code, the two electrical ports have a low-pass behavior with different cutoff
frequencies. This is motivated by the fact that the bias point is typically adjusted
by thermal phase shifters in silicon-based MZMs [100], which have a much higher
response time compared to the reverse biased, lateral PN phase shifters [100], which
are commonly driven by the RF port in silicon-based MZMs. With the electrical
source SRC2, the MZM is biased at the quadrature point. Via the node IN, an external
RF drive voltage can be connected. Since the output current of the subsequent PD
in the TX and RX frontend is proportional to the incident optical intensity, the MZM
generates an optical output intensity proportional to the incident complex optical
electric field. The amplitude of the optical output signal is controlled by the RF
signal.

Figure 3.12 shows the implementation of the optical LO generation. It consists
of the electrical LO signal generator X8 with its two output signals and the two EO
conversion units X9 and X11. The EnvOutShort components (O9, O11, O13, O14,
O15, & O16) are ideal shorts, needed for the simulator. The splitter blocks S3 and S18
with the time sink and the spectrum analyzer are inserted for observation purposes.
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Figure 3.12: Implementation of the optical LO generation in Keysight’s
ADS Ptolemy.

Figure 3.13: Implementation of the OE conversion in Keysight’s ADS
Ptolemy.

The implementation of the OE conversion in the electronic design environment
ADS Ptolemy from Keysight is shown in figure 3.13. It consists of a reverse-biased
PD, implemented via a Verilog-A script. The DC current of the PD is shorted via a
low-pass-filter (LPF) (LPF1), while the LO signal is fed to a TIA. The TIA consists of
an amplifier (PA) and a feedback resistor RF .

Figure 3.14 shows the implemented electronic components of the TX electronic
photonic interated circuits (EPIC) in Keysight’s ADS Ptolemy. It consists of the
frequency upconversion to the desired mm-wave frequency band, implemented by
means of mixers (MIX5 & MIX6). Similar to the electrical LO generation, 90◦ phase
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Figure 3.14: Implementation of the electronic components of the TX
EPIC in Keysight’s ADS Ptolemy.

shifters were inserted between the RF and the LO port of the mixer to suppress the
unwanted DC component at the output of the mixer [98]. Furthermore, the unwanted
mixing products are canceled by BPFs (BPF3 & BPF4). The PA is implemented
by means of an amplifier (PA). The unwanted harmonics generated by the PA are
canceled by the output BPF (BPF2).

Figure 3.15: Implementation of the entire TX frontend in Keysight’s
ADS Ptolemy.

The implemented entire TX frontend in the electronic design environment ADS
Ptolemy from Keysight is shown in figure 3.15. The optical input signal is converted
to an electrical signal by means of the OE conversion block (X18). The electrical
LO signal is fed into the block containing the electrical components of the TX EPIC,
followed by the model of the transmit antenna (TX_Antenna). The transmit antenna
is modeled as an amplifier with gain equal to the antenna gain.

The model of the noisy wireless channel is similar to the one in [101], shown in
figure 3.16a. Within the channel, the Doppler shift is added to the transmitted signal
via a single sideband mixer. In order to model the free space path loss the signal is
attenuated with the loss GC(jω). In addition to [101], a noise source is added at the
output of the wireless channel.

Figure 3.16b shows the implemented noisy wireless channel in the electronic
design environment ADS Ptolemy from Keysight. The left-hand side of the block
diagram features a single-sideband modulator [102] for applying the Doppler shift.
Therefore, the input signal is split into an in-phase and a quadrature-phase path by
means of a power divider (PWR1) and two phase shifters (PS1 & PS2). In each path,
the input signal is multiplied by multiplier blocks (MULT1 & MULT2) with the signal
provided by the sources SRC1 and SRC2. The two sources are 90◦ out of phase. The
output signals of the two multipliers are summed up by a power combiner (PWR2)
before the signal is attenuated by an amplifier block (AMP1). The attenuation factor
models the free-space path loss. The noise is added by an additive noise source
(SRC3).
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Figure 3.16: (a) Block diagram of the noisy wireless channel with
Doppler shift; [101](b)Implementation of the noisy wireless channel

with Doppler shift in Keysight’s ADS Ptolemy.

Figure 3.17: Implementation of the RX frontend in Keysight’s ADS
Ptolemy.

Figure 3.17 shows the implemented RX frontend in the electronic design environ-
ment ADS Ptolemy. Since the losses of a fiber can be neglected, an arbitrary length
offset can be introduced between the TX and RX frontend. This length offset leads to
an offset in the IF frequency. Otherwise, in the case of an optical return path, the IF
frequency of nearby targets could fall below the lower cut off frequency of the MZM.
This length offset is implemented by the delay blocks (D1 & D2). The optical LO
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signal is converted to an electrical signal by means of an OE conversion block (X12)
before it is fed into the LO port of the electronic part of the RX frontend (X2). The
received signal, which is amplified in the antenna model block X4, representing the
antenna gain, is fed into the RF port of X2. The IQ output signals of X2 are converted
back to the optical domain by means of two individual EO blocks (X13 & X17).

Figure 3.18: Implementation of the electronic part of the RX frontend
in Keysight’s ADS Ptolemy.

The electronic part of the RX frontend is shown in figure 3.18. The upconversion
of the LO signal to the desired frequency band is implemented similarly to the TX
frontend by means of mixers (MIX1 & MIX3) and phase shifters (PS1 & PS2). The LO
signal at the desired frequency is split into an IQ signal by means of a power splitter
(PWR2) and a phase shifter (PS3).

The RF input signal, provided at the RF port, is amplified by an amplifier block
(LNA) and filtered by a BPF (BPF5). The signal is split into two paths. In each path,
the received signal is amplified with the in-phase or quadrature signal. To cancel
the high-frequency component, LPFs (LPF1 & LPF2) are inserted at the output of
the mixers. The output signal of the LPFs are connected to the output ports of the
electronic part of the RX frontend.

Figure 3.19: Implementation of the receive part of the central station
in Keysight’s ADS Ptolemy.
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Figure 3.19 illustrates the receiving part of the central station, implemented in the
electronic design environment ADS Ptolemy. The downconverted optical signal is
converted into an electrical signal using OE conversion blocks (X15 & X18). Since the
LPF in the OE conversion block, shown in figure 3.13, shorts the DC photocurrent,
the LPFs must have a cutoff frequency lower than the minimum expected input
frequency. To account for the quantization noise of the analog to digital converter
(ADC) in the model, the electrical signal is quantized using ADC blocks (A3 & A4).

For the realization of the Matlab interface, the data format needs to be adjusted.
Since ADS Ptolemy uses the data format ’timed’, while Matlab expects data in the
format ’float’, data format conversion blocks (T1 & T2) are placed between the ADC
and the Matlab block. Without loss of generality, the Matlab code multiplies the
input data with a constant number > 1. Since ADS assumes that Matlab delivers an
output matrix, while ADS Ptolemy needs a data stream, matrix to serial blocks (U1
& U2) are used. Finally, the data are stored by the printer blocks P1 and P2.

(a) (b)

(c)

Figure 3.20: (a) Drive voltage of the frequency modulator block in the
time frame 0 s ≤ t ≤ 100 µs; (b) Time domain signal of the FMCW
chirp in the time frame 0 s ≤ t ≤ 10µs; (c) Spectrum of the electrical

LO signal in the base station.

Figure 3.20 shows the simulation results of the LO signal generation. The electrical
ramp generator synthesizes a sawtooth signal with the repetition rate of 10 µs. The
time domain signal is shown in figure 3.20a. The corresponding FMCW chirp in
the time frame 0 s ≤ t ≤ 10µs is shown in figure 3.20b. For visualization purposes,
the bandwidth in figure 3.20b was reduced to 1MHz instead of 250MHz. The LO
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spectrum with the target bandwidth 250MHz with a carrier of 19.25GHz is shown
in figure 3.20c. After upconversion to the mm-wave band in the TX frontend, the
spectral properties fit into the 77GHz radar band.

In chapter 2.2 the nonlinear behavior of the entire photonic assisted radar system
with optical receive path was derived. To validate the theory, a two-target scenario
with targets at different positions and with different radar cross-sections was simu-
lated in the electronic design environment. Within this scenario, it is assumed that
the EO modulator, which generates the optical LO signal, is operating in the linear
region.

Figure 3.21: Simulation results of the downconverted in-phase signal
at the output of the RX frontend before OE conversion. Blue: 40 dB

LNA gain; Red: 30 dB LNA gain.

The simulation results of the downconverted signal at the output of the RX
frontend before the OE conversion are shown in figure 3.21. The two desired targets
occur at an IF frequency of 10MHz and 40MHz. The radar cross-sections of the
different targets were chosen in such a way that both signals have the same amplitude.
In addition, both IF signals have an SNR of approximately 40 dB. The noise floor is
limited by the FFT noise and the noise of the wireless channel. For further analysis
of the nonlinear effects of the optical receive path, two simulations with different
LNA gains were performed. In the further simulations, an LNA gain of 30 dB leads
to linear behavior, while an LNA gain of 40 dB leads to nonlinear behavior.

The IF spectrum after the optical receive path to the central station is shown in
figure 3.22. If the MZM operates in the linear region, the received IF signal in the
central station has the same spectral properties as the one before the optical receive
path. If the MZM operates in the nonlinear region, five additional ghost targets
occur in the IF spectrum. The first ghost target is located at the second harmonic
of the first target and is just above the noise floor. The second and third ghost
targets are located symmetrically around the second harmonic of the IF signal. The
spacing of the ghost target spectrum to the desired carrier is twice the IF frequency
of the first target. The last two ghost targets are located symmetrically around the
second harmonic of the second target. The spacing between these two ghost targets
is twice the IF frequency of the first target. These second to fifth ghost targets are
generated due to a convolution of the nonlinear effects of intermodulation distortion
and cross-modulation.
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Figure 3.22: Simulation results of the downconverted in-phase signal
after the optical receive path to the central station. Blue: MZM in

compression; Red: MZM operates linearly.

Figure 3.23: Simulation results of the downconverted in-phase signal
after the ADC and the Matlab script. Blue: MZM & ADC in compres-

sion; Red: MZM & ADC operate linearly.

The quantized signal after the ADC and the Matlab interface is shown in fig-
ure 3.23. The IF spectrum contains eight ghost targets: The initial five from the
nonlinear characteristic of the MZM, multiplied by a constant factor greater than
one, and additional three ghost targets at even harmonics of the IF frequency of the
second target. These additional ghost targets were previously masked by the noise
floor of the FFT. In addition, the compressive behavior of the ADC also adds some
intensity to these ghost targets.
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3.3 Behavioural Model of a Monolithic Integrated Photonic

Radar Transceiver Chipset

The previous sections of this paper focused on the modeling of the photonic FMCW
MIMO radar system with optical LO distribution in optical or electronic design
environments. This section presents more accurate device models, which can be
included in the photonic radar system models in the optical or electrical design
environment for high-accuracy system modeling for digital prototyping before costly
system implementation.

The model of the photonic radar TRX chipset is based on a behavioral description
of the S-parameters with subsequent gain compression. Instead of the complex
modeling of the entire chipset at once, the chipset is subdivided into its building
blocks, which can be modeled as two ports or three ports. Figure 3.24a shows the
signal flow graph of an OE and electrical two-port, consisting of a linear two-port
described by its S-parameters and subsequent gain compression blocks.
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Figure 3.24: Signal flow graph of the OE model. (a) Detailed with OE
core (e.g., PD) and electrical core (e.g., TIA) and (b) simplified using

a combined OE block.

For the TIA and PD, a combined S-parameter block is used. This is motivated
by the fact that the PD bandwidth has a direct effect on the overall TIA bandwidth,
which needs to be taken into account. The simplified signal flow graph of a combined
OE two-port is shown in figure 3.24b.

3.3.1 Behavioural Optoelectronic S-Parameter Model

According to S-parameter theory, the reflected wave vector b⃗ of a two-port is the
superposition of the product of the incident wave vector a⃗ and its scattering matrix
S:

b⃗ = S · a⃗. (3.1)
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For a single port j, this can be expressed by:

bj =
n∑︂

i=1

Sjiai ∀i. (3.2)

To expand this formalism to unilateral OE systems, the reflected wave of port j is
given for m optical inputs by:

bj =
n∑︂

i=1

Se,ji(jω)ai +
m∑︂
k=1

SO,jk(λ)Ψk, (3.3)

where Ψk is the optical incident intensity of port k.
The implementation of eq. 3.3 is based on the previously published controlled

voltage source approach.
In the past, several methods were proposed for accurate S-parameter extraction.

These parameters fit only for a single realization of a component. Within this thesis,
the S-parameters are approximated by a finite-order transfer function:

S =

∑︁m
n=0 xns

n∑︁k
d=0 yds

d
. (3.4)

The order of the numerator and denominator depends on the subcomponent and the
acceptable mismatch. Within this thesis, narrowband filter functions like bandpass
or bandstop filters were used to describe the behavior of the S-parameters.

Besides the simplification using filter functions, nonlinear S-parameters were
only used when necessary, such as for frequency doublers or the IQ downconversion
mixer. In this case, the nonlinear S-parameters represent the relationship between
an incident signal at a specific frequency and a reflected wave at another frequency.

3.3.2 Gain Compression

Gain compression can be modeled using high-order nonlinear S-parameters. Within
this thesis, the number of nonlinear terms of the S-parameters is fixed to an absolute
lower limit. As shown in figure 3.24b, a subsequent gain compression block limits the
output signal [103]. In the past several publications proposed models to model the
compressive behavior [104–106] with reasonable fitting to the measurement results.
In this thesis a hyperbolic tangent is proposed. Based on the difference between the
instantaneous output power and the saturated output power POUT,Sat, a hyperbolic
tangent function generates a saturation limit. Eq. 3.5 shows the proposed approach
[107]:

POUT,I =
POUT,U

2

{︂
1− tanh

[︂
α (POUT,U − POUT,Sat) + γ (POUT,U − POUT,Sat)

3
]︂}︂

(3.5)

with α and γ as weighting coefficients of the first and third order gain compression,
and POUT,I as the incident leveled output power.

In comparison to [104], the proposed model is also capable of capturing the
declining behavior via the γ term. Additionally, since the inner transistor—such
as a heterojunction field-effect transistor—with its compressive characteristics can
be modeled using a hyperbolic tangent function [107], the proposed model is well
suited to model the compressive behavior of transistor based building blocks.
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3.3.3 Noise Sources

The spectral properties of the input-referred noise source are generated similarly to
the S-parameters using a behavioral spectral tailoring with a finite-order transfer
function. This transfer function is used to manipulate the spectral properties of a
white Gaussian noise source. The output is additively added as a source to the input
of the circuit. The mathematical representation is given in eq. 3.6, eq. 3.7, and eq. 3.8
for a noisy voltage, current, and optical intensity source, respectively.

vn = WN [V ]

∑︁m
n=0 ans

n∑︁k
d=0 bds

d
(3.6)

in = WN [A]

∑︁m
n=0 cns

n∑︁k
d=0 eds

d
(3.7)

pn = WN [W ]

∑︁m
n=0 fns

n∑︁k
d=0 gds

d
(3.8)

with WN as white Gaussian noise in the unit [X], and the fitting coefficients an, bn,
cn, en, fn, and gn.

3.3.4 Model Implementation and Verification

For the verification, the model was implemented in Verilog-A. Verilog-A was chosen
due to its interoperability with different electrical or optical design environments
like Keysight’s ADS, Cadence Virtuoso, Synopsys, Lumerical Interconnect, and non-
electronic design automation suites like Matlab. In addition, Verilog-A allows for
simulating electrical and optical properties simultaneously [96].

A simplified pseudocode of a noisy optoelectronic component is shown in list-
ing 3.1. The real code is given in [99]. It shows exemplary how the electronic and
photonic properties, including the noise, were implemented in Verilog-A and how
the optoelectronic conversion, the nonlinear behavior, the S-parameters, and the gain
suppression are implemented.

‘ inc lude " cons tants . vams"
‘ inc lude " d i s c i p l i n e s . vams"
//Module De f in i t i on
module OE_Comp ( INPUT_1 , . . . , INPUT_N,
OUTPUT_1, . . . , OUTPUT_M, GND) ;
//Input Port De f in i t i on
input INPUT_1 , . . . INPUT_N;
//Output Port De f in i t i on
output OUTPUT_1, . . . , OUTPUT_M;
//InOut De f in i t i on
inout GND;
// Externa l Photonic Node De f in i t i on
photonics INPUT_j , . . . ;
// Externa l E l e c t r i c Node De f in i t i on
e l e c t r i c a l OUTPUT_i , Res_i , . . . ;
// I n t e r n a l Photonic Node De f in i t i on
photonics P S I _ i n t e r n a l _ j , . . . ;
// I n t e r n a l E l e c t r i c Node De f in i t i on
e l e c t r i c a l V_ in t e rna l_ i ;
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// Parameter De f in i t i on
parameter r e a l c _ i =1;
. . .
//Branches of the E l e c t r i c a l Noise less Ports
branch (OUTPUT_i , Res_i ) Source_i ;
branch (OUTPUT_i ,GND) OUT_i ;
branch ( Res_i , GND) Load_i ;
. . .
// Opt ica l Input Referred Noise Currents
branch ( INPUT_j , P S I _ i n t e r n a l _ j ) Ps i_Noise_ j ;

analog begin
// White Noise Generation
wn=white_noise ( noise , " noise " ) ;
//Frequency behaviour of the input r e f e r r ed o p t i c a l

noise
I ( Ps i_Noise_ j )=laplace_nd (wn, n_n , d_n ) ;

// Opt ica l power ca l cu l a t ed of the input s igna l
optical_power=EF (OPTIN) ;
// Optoe lec t ron ic conversion
I_PD=respons iv i ty ‗ laplace_nd ( optical_power , n_PD , d_PD)

;

//Current in Res i s t o r i
I_L_ i= I ( Load_i ) ;
//Voltage over Res i s t o r i
V( Load_i )<+Z_i ‗ I ( Load_i ) ;
// I n t e r n a l Voltage of a node
V( i n t e r n a l _ i )<+ V(OUT_i )+V( Load_i ) ;

// Calcu la t ion of s _ i j ^n
//For i = j :
V( Source_i )<+lapalce_nd (pow(V( i n t e r n a l _ i ) ,n ) , n_i i_n ,

d_i i_n ) ;
//For i != j :
OUT_i=lapalce_nd (pow(V( i n t e r n a l _ j ) ,n ) , n_i j_n , d_ i j _n ) ;

//Calcu la t ion of the power without gain supress ion
//Ouput Power of Port i
P_Port_ i=−V( Load_i ) ‗ I_L_ i+sum( V_IJ ) ‗ I_L_ i ;
//Output power of port i in dBm
P_Port_i_dBm=10‗ log ( abs ( P_Port_ i ) /1e−3) ;
//Gain suppression
//Calcu la t ion of the sa tura ted source power
OUT_i=OUT_i/2‗(1− tanh ( alpha ‗ ( P_Port_i_dBm−P_ i_sa t )
+gamma‗pow( ( P_Port_i_dBm−P_ i sa t ) , 3 ) ) ) ;

//Adding sa tura ted s _ i j ^n to the source .
V( Source_i )<+OUT_i ;
end
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endmodule
Listing 3.1: Simplified Verilog-A pseudocode of a noisy OE

component

After each electronic, photonic, and optoelectronic component was implemented in
Verilog-A, the parameters of the model were fitted to the post-layout simulation
results.

(a) (b)

Figure 3.25: Comparison of the model with post-layout harmonic-
balance simulation results of (a) the 38.5GHz to 77GHz frequency

doubler, and (b) the gain compression of the PA.

Figure 3.25 compares the model and the post-layout simulation results of the
38.5GHz to 77GHz frequency doubler, and the PA of the TX frontend. In figure 3.25a,
it can be observed that the model of the input and output reflection coefficient Γ, the
leakage of the input signal, and the desired output signal of the 2nd harmonic of the
frequency doubler fits nearly perfectly with the post-layout simulation results. More-
over, the hyperbolic tangent approach for the gain compression compares favorably
with the post-simulation results of the PA, as shown in figure 3.25b.

(a) (b)

Figure 3.26: Mismatch between the behavioral model and post-layout
S-parameter simulation results of (a) the noise figure of the LNA, and

(b) the phase difference of the IQ-mixer.

The mismatch between the behavioral model and the post-layout simulation
results of critical components of the RX frontend is shown in figure 3.26. In the
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entire frequency band from 20GHz to 100GHz, the mismatch between the post-
layout simulation results and the modeled noise figure (NF) of the LNA, shown in
figure 3.26a, is below ±0.25 dB, and at the desired 77GHz radar band, it is below
±2·10−2dB. Figure 3.26b presents the phase mismatch between the behavioral model
and the post-layout simulation results of the IQ-mixer. In the entire frequency range
from close to DC up to 100GHz, the phase difference between the model and post-
layout simulation results is below ±5◦, and at the desired 77GHz radar band, it is
−3◦.

(a) (b)

Figure 3.27: Comparison of the behavioral model and measurement
results of (a) the TX EPIC, and (b) the RX EPIC.

The comparison of the measurement results of the first monolithic integrated
photonic radar TRX chipset and the simulation results of the behavioral model is
shown in figure 3.27. It can be clearly observed that the measurement results dif-
fer significantly from the simulation results using the nominal PD model with the
nominal PD bandwidth (BW). Due to a decrease in the PD BW within the fabrication
process, leading to a reduction of the overall TIA BW, the frequency at the maximum
output power of the TX EPIC and the maximum conversion gain of the RX EPIC
is reduced by 10GHz. Considering the reduced PD BW, leading to an updated PD
and TIA model, the simulation results of the behavioral TRX model fit nearly per-
fectly with the measured ones. For detailed results of the TX and RX EPIC, refer to
chapter 5.2 and chapter 6.2.

3.4 Conclusion

In this chapter, the proposed photonic FMCW radar system with optical LO dis-
tribution and optical return was simulated using the optical design environment
Lumerical Interconnect from Ansys. The simulation validated both the principles of
operation described in chapter 2.1 and the analysis presented in chapter 2.2.

Beyond optical simulation, the system was also modeled in the electronic design
environment ADS-Ptolemy from Keysight. This hardware-oriented system model
was used to investigate the effects of the MZM and ADC operating in compression.
It was shown that the resulting IF signal contains several ghost targets, induced by
the compressive behavior of both the MZM and the ADC. Additionally, the model
provides deeper insights into the parameters of individual components and enables
a more detailed representation of the central station.
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Furthermore, a behavioral model of the monolithically integrated photonic radar
transceiver chipset was introduced. The chipset was divided into its constituent
building blocks, which were implemented in Verilog-A and fitted against post layout
simulation results of each block. This model confirmed that the degraded chipset
performance was due to a reduction in the PD BW during the fabrication process,
which in turn led to a decrease in the overall TIA BW.

The content of this chapter was partially presented in the authors’ publications
[52, 56, 57, 61]. In addition, a journal publication on the model within the electronic
design environment ADS-Ptolemy by Keysight is currently in preparation.
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Chapter 4

Novel Circuit Architectures

4.1 Narrowband Optical Receiver

Within this section, a novel narrowband (NB) optical RX is presented. For the OE
conversion of the high-frequency LO signal, performed in every previously presented
photonic radar architecture, a NB optical RX is advantageous compared to a BB
architecture because it reduces noise and harmonics. In addition, the novel NB
optical RX architecture achieves higher gain and lower sensitivity to variations in the
PD BW, thus improving the robustness of the optical RX against process, voltage,
and temperature variations. Due to process variations, the peak transmit power and
the maximum conversion gain of the first monolithic integrated photonic radar TRX
chipset, presented in chapter 5, was reduced by 10GHz. With the novel optical RX
architecture, such shifts can be reduced.
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Figure 4.1: (a) Block diagram of the proposed NB optical RX architec-
ture and (b) its small signal equivalent circuit.
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The simplified block diagram of the NB optical RX and its small signal equivalent
circuit is shown in figure 4.1. The PD is reverse biased by means of a transmission
line (TL) with the length of [102]

0 ≪ l ≤ c

ωLO
cot−1 (CPDZ0ωLO) = lmax (4.1)

with c being the speed of the electromagnetic wave in the TL, CPD as the capacitance
of the PD, and Z0 as the characteristic impedance of the transmission line. If l is
l = lmax, the inductive behaviour of the shorted TL cancels the capacitive behaviour
of the reverse biased PD. In comparison to an inductor, the TL shorts also all unwanted
signals with an angular frequency of

ωs =
nπc

l
; n ∈ N. (4.2)

The desired LO signal is coupled to the input of the NB optical RX core by the high-
value capacitor CC . The NB optical RX core consists of an amplifier with the voltage
gain −G(jω) and a feedback impedance Z(jω). The NB output impedance matching
network can be modelled as a bandpass filter with the transfer function M(jω).

The further theoretical analysis of the NB optical RX is based on the tran-
simpedance. For the derivation of the transimpedanceZT , the small signal equivalent
circuit of the NB optical RX, shown in figure 4.1b, is analyzed. The output voltage
after the matching network is given as

vOUT = M(jω) · v′
OUT (4.3)

with v
′
OUT as the voltage after the amplifier, and before the output matching network.

The input voltage of the amplifier can be written as its output voltage divided by the
voltage gain:

vIN = − vOUT
′

G(jω)
= − vOUT

G(jω)M(jω)
(4.4)

Kirchhoff’s current law at the PD node of the equivalent circuit leads, under the
assumption that the input current of the amplifier is zero, to

iPD = iCPD
+ iTL − iZ(jω). (4.5)

Under the assumptions that the transmission line acts as an inductor and the circuit
is in a steady state, the current in eq. 4.5 can be expressed by its component equations

iPD = jω · CPD · vIN +
vIN

jωLTL
− v

′
OUT − vIN
Z(jω)

. (4.6)

Substituting vIN and v
′
OUT in eq. 4.6 with vOUT by eq. 4.4 results in

iPD = −jω · CPD · vOUT

G(jω) ·M(jω)
− vOUT

jω · LTL ·G(jω) ·M(jω)
−

vOUT + vOUT
G(jω)

Z(jω) ·M(jω)
. (4.7)
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Excluding vOUT , and multiplying the numerator and denominator of the last sum-
mand of eq. 4.7 with G(jω) leads to

iPD

vOUT
= − jω · CPD

G(jω) ·M(jω)
− 1

jω · LTL ·G(jω) ·M(jω)
− 1 +G(jω)

Z(jω) ·G(jω) ·M(jω)
.

(4.8)

Inverting eq. 4.8, and excluding G(jω) ·M(jω) results in

ZT =
vOUT

iPD
= G(jω) ·M(jω) ·

{︃
−jω · CPD − 1

jω · LTL
− 1 +G(jω)

Z(jω)

}︃−1

. (4.9)

Multiplying the numerator and denominator of the first summand of eq. 4.9 with
jωLTL, and excluding the −1 results in

ZT =
vOUT

iPD
= −G(jω) ·M(jω) · 1

1+G(jω)
Z(jω) + 1−ω2LTLCPD

jωLTL

. (4.10)

Multiplying the numerator and the denominator of eq. 4.10 with Z(jω)
1+G(jω) finally

results in

ZT =
vOUT

iPD
= −G(jω) ·M(jω)

1 +G(jω)
· Z(jω)

1 + Z(jω)(1−ω2LTLCPD)
jωLTL(1+G(jω))

. (4.11)

with

LTL =
Z0

ω
tan

(︃
lω

c

)︃
. (4.12)

If l → lmax, eq. 4.11 simplifies for ω ≈ ωLO to

ZT (jωLO) ≈ −G(jωLO) ·M(jωLO)

1 +G(jωLO)
· Z(jωLO) (4.13)

with

GT,I(jωLO) = −G(jωLO) ·M(jωLO)

1 +G(jωLO)
(4.14)

it follows

ZT (jωLO) ≈ GT,I(jωLO) · Z(jωLO). (4.15)

In this case, the transimpedance is completely independent of the PD capacitance.
If PD capacitance variations occur (CPD = CPD,0 +∆CPD), e.g., due to tempera-

ture drifts, the transimpedance results in

ZT (jωLO) ≈ GT,I(jωLO) ·
Z(jωLO)

1− Z(jωLO)∆CPDωLO

j(G(jωLO)+1)

. (4.16)

If the amplifier gain is sufficiently large (|G(jω) + 1| ≫ |Z(jω)∆CPDω|) at ω = ωLO,
eq. 4.16 simplifies to eq. 4.15, which is already independent of the PD capacitance.

For the simulative verification of the proposed analysis of the NB optical RX,
a two-stage stacked FET inverter was used as the core amplifier. Such an inverter
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Figure 4.2: Simplified schematic of the (a) NB optical RX core (b) BB
optical RX core test circuit.

exhibits higher gain compared to other CMOS inverter architectures, leading to a
higher DC gain of the amplifier. The bandstop filter feedback was implemented as
an RLC parallel tank, which provides high impedance at the resonance frequency.
The resistor in the RLC tank is needed to provide stability for the proposed NB optical
RX. Figure 4.2a shows the schematic of the NB test circuit. The implementation of
the inverter-based optical RX is presented in section 4.1.1.

For the validation of the NB optical RX and a comparison to a BB optical RX, a
two-stage stacked inverter TIA was implemented. The BB feedback of the BB optical
RX, shown in figure 4.2b, was realized with a resistor.

CPD

RS

A

C

IPD = R ·ΨIN

ΨIN

Figure 4.3: Voltage controlled current source model of the integrated
PD used for the simulations [79].

In the simulation setup, the PD model shown in figure 4.3 [79] was used. It
consists of a controlled current source, which provides a photocurrent proportional
to the incident optical intensity. The PD capacitance is modeled parallel to the
controlled current source. In the previous derivations, the series resistance RS was
neglected. In the model, the series resistor is modeled as a lumped component.
The shunt resistance of the PD junction RJ can be neglected at high frequencies
(RJ ≫ 1

jωCPD
) [108].

The simulation results of the NB optical RX and the BB optical RX are shown
in figure 4.4. The optoelectronic conversion gain (CGOE = Pel/Ψopt) of the BB and
NB optical RX are shown in figure 4.4a. In this simulation, the BB optical RX was
designed with a 3 dB BW of 19.25GHz, while the NB optical RX was designed with
a peak conversion gain at 19.25GHz with nominal PD parameters. It can be clearly
observed that the peak CGOE of the NB optical RX is approximately 25 dB larger
compared to the BB optical RX. Besides the peak CGOE , the NB optical RX shows a
higher conversion gain for almost two octaves compared to the BB optical RX. The
edge in the graph of the NB RX at 20GHz can be explained by an insufficient step
size.
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(a) (b)

(c) (d)

Figure 4.4: (a) Simulated conversion gain of an inverter-based BB
optical RX and a NB optical RX; Simulated relative (b) bandwidth
reduction of an inverter-based BB and NB optical RX as a function
of the PD capacitance variations; (c) output power reduction of an
inverter-based BB and NB optical RX as a function of the PD capaci-
tance variations; (d) output power reduction of an inverter-based BB

and NB optical RX as a function of the PD series resistance.

The simulated relative BW (BWrel = BW/BWmax) as a function of the PD capac-
itance variations is shown in figure 4.4b. The bandwidths of the NB optical RX and
the BB optical RX were normalized to the 3 dB BW over the different PD capacitance
values. For the BB optical RX, it can be observed that the BW drops to 30% of the
peak BW if the capacitance varies from ∆C = 0 fF to ∆C = 25 fF with a nominal ca-
pacitance CPD,0 = 50 fF. In contrast, the NB optical RX increases its bandwidth from
82% at ∆C = 0 fF to the maximum bandwidth at ∆C = 25 fF. Only positive values
for ∆C were investigated, since the BW of the BB optical RX would increase with
decreasing PD capacitance, but drastically decrease with increasing PD capacitance.
In this special architecture of the NB optical RX, the peak gain of the NB optical RX
reduces slightly, while the gain-BW product remains approximately the same. This
leads to an overall bandwidth increase of the NB optical RX even if the BW of the PD
decreases.

The relative output power (∆POUT = POUT /POUT,max) at 19.25GHz of the BB
optical RX and the NB optical RX as a function of the PD capacitance variations is
shown in figure 4.4c. The output powers of the NB optical RX and the BB optical RX
were normalized to the maximum peak output power, which occurs at PD capacitance
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variations of ∆C = 0 fF. For increasing PD capacitance variations, the output power
of the BB optical RX drops by 1.95 dB, while the output power of the NB optical RX
drops only by 0.25 dB.

The impact of the series resistance of the PD is shown in figure 4.4d. It shows the
relative output power at 19.25GHz of the BB and the NB optical RX as a function of
the series resistance of the PD. Similar to the effect of the PD capacitance variation,
the output power of the NB and BB optical RX were normalized to the peak output
power, which occurs at a series resistance of 0Ω. With increasing series resistance,
the relative output power of the BB optical RX decreases by 3.8 dB, while the relative
output power of the NB optical RX drops only by 0.2 dB when the series resistance
varies from 0Ω to 250Ω.

All performed simulations validate that the NB optical RX provides higher gain
and simultaneously high immunity against PD variations.

4.1.1 Implementation in a 45nm Photonic CMOS SOI Technology

The novel NB optical RX was implemented in GlobalFoundries 45 nm photonic
CMOS SOI technology [35, 36]. Modern SOI technologies allow the integration
of high-performance CMOS components and high-quality optics monolithically.
The 45 nm silicon photonics technology supports optical signals in the optical C-
(1530 nm-1565 nm), L-(1565 nm-1625 nm), and O-(1260 nm-1360 nm) bands. In ad-
dition, the foundry provides optical waveguides and components for wavelengths
around 1310 nm and 1550 nm. In the following subsections, the implemented pho-
tonics and electronics will be presented in detail.

Photonics

(a) (b)

Figure 4.5: (a) Block diagram of the integrated photonic, and (b) the
realization on chip.

The simplified block diagram of the integrated photonics and its realization on
the chip is shown in figure 4.5. The optical signals are coupled to the chip by means
of focusing grating coupler (GC)s, optimized for λ = 1550 nm and λ = 1310 nm,
respectively. The optical signals can be coupled to the chip by means of a single
fiber or a fiber array. For the optimization of the optical alignment of the fiber
array and the optimization of the polarization, pilot lines were implemented into
the chip. Pilot lines are optical waveguides that short two GCs optimized for one
wavelength [24]. Since optical waveguide crossings have a high crosstalk [109], the
optical interconnects are routed above the GCs to avoid waveguide crossings.

The optical interconnections are realized by rib waveguides optimized for the
specific optical band. Above the waveguides, no metal plates are placed to reduce
the losses.
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The OE conversion is performed by lateral germanium epitaxy pin-PDs, also
optimized for the different optical bands. The PDs offers a 3 dB BW of 50GHz and a
responsivity of 0.9A/W, while the dark current is below 40 nA [36].

Electronics

Q3

Q4

Q2

Q1

CPar

ωLC,S1 = 3ω0

ωLC,P = ω0

CM

LM1 LM2

ω
L
C
,S

1
=

5ω
0

ω
L
C
,S

1
=

7ω
0

CC1

CC2

0.85λ
4@ω0 0.85λ

4@ω0

ΨIN,1550nm

ΨIN,1310nm

VPDVPD

VPD

POUT

(a)

(b)

Figure 4.6: Simplified (a) schematic, and (b) layout of the implemented
NB optical RX core.

The simplified circuit diagram of the implemented NB optical RX core is shown
in figure 4.6a. The optical input signal ΨIN is detected by means of PDs, whose
positions are highlighted in figure 4.6b. The shorted TL was implemented as a
coplanar backed line with a length of l ≈ 0.85 · λ/4 ≈ lmax and Z0 = 70Ω. In
the layout of the NB optical RX core, shown in figure 4.6b, it can be observed that
the two TLs are placed symmetrically around the symmetry axis. The distance
between the two TLs was set in a way that the subsequent buffer stages can be placed
between them. The electrical signal is coupled into the NB optical RX core with
metal-oxide-metal capacitors. Such metal-oxide-metal capacitors with a small width
to length ratio have a low self-resonance frequency, which causes a high impedance
for unwanted higher order harmonics.
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The NB optical RX core is based on a CMOS stacked field-effect transistor (FET)
inverter architecture, with a parallel RLC feedback tank and aΠ-shape output match-
ing network. The CMOS stacked FET architecture features a high input-output slope,
leading to an increased optical RX gain. The RLC feedback tank was designed with
a resonance frequency of ωLO. An RLC feedback was chosen due to its NB behavior
and finite impedance at ωLO. In addition, the resistor leads to a higher stability factor
of the architecture. To provide DC isolation and cancel higher order harmonics in-
duced by the MZM, an LC series resonator is used in the feedback tank, which shorts,
in conjunction with the parallel capacitors, the unwanted harmonics at 3 · ωLO. The
lossless output matching network is implemented as a Π-matching network with an
LC series tank instead of a single inductor. These tanks provide the desired induc-
tance at ωLO and act as shorts at k · ωLO, k ∈ 5, 7. The even harmonics are partially
shorted via the TLs [110].
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Rf1
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CInt2

LInt2
CInt2
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VB

LIN

CIN,DC

Figure 4.7: Simplified schematic of the buffer stage.

To increase the gain of the NB optical RX, a three-stage output NB buffer, biased
in class AB mode, follows the NB optical RX core. The simplified schematic is shown
in figure 4.7. Each buffer stage consists of a three-stage stacked FET architecture with
inductive interstage matching. The interstage matching is implemented by means of
LC series tanks, which provide the desired inductance at ωLO while simultaneously
isolating at DC. The input and output matching networks are implemented as LC
series tanks at the input node. These LC tanks filter the unwanted harmonics at 2ωLO.
The input and output inductors were realized with multiturn squared inductors,
while the inductors for interstage matching were realized as single-turn octagon
inductors.

The common source (CS) FET is biased via a high-ohmic biasing resistor RB and
a gate-degenerated current mirror architecture, while the common gate (CG) FETs
are self-biased via a high-ohmic feedback resistor Rfx, x ∈ 1, 2 from the drain to the
gate node.

The NB optical RX chip has a ground signal ground (GSG) output terminal
configuration with RF electrostatic discharge (ESD) protection. The ESD protection
is implemented by means of an LC parallel tank, which eliminates the capacitive
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behavior of the RF bondpad and an additional on-chip spiral inductor between the
ground and signal bondpad [111]. To achieve a symmetric layout and to reduce the
ESD stress of the inductors, two multiturn octagon inductors were implemented, each
with an inductance value of 2 ·LP . For a proper capacitance to the ground potential,
a ground plate was routed at the lowest metal layer under the signal bondpad. In
addition, a via stack from each of the two ground bondpads connects the ground
plate with the ground bondpads.

PD

TL

VDD

CC

NB
TIA Buffer ESD

BP
RFOUT

F-GC

(a)

(b)

Figure 4.8: Simplified (a) block diagram and (b) layout of the imple-
mented NB optical RX chip.

The simplified block diagram and the layout of the entire NB optical RX chip
is shown in figure 4.8. The chip was implemented in GlobalFoundries 45 nm sili-
con photonics technology 45SPCLO [35, 36]. The photonic CMOS SOI technology
provides transistors with fT and fMAX of 280GHz and 340GHz for the NFET and
230GHz and 290GHz for the PFET, respectively [36]. In addition, the technology
offers silicon and silicon nitride optical waveguides, and eight copper layers and one
aluminum layer [36]. The entire NB optical RX chip consists of the photonic inputs
and pilot lines, the NB optical RX core, a three-stage buffer, and the RF ESD bondpad
[111].
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The microphotograph of the fabricated monolithic integrated NB optical RX chip
is shown in figure 4.9. The NB optical RX consumes a chip area of 0.94mm2 with
an active core area of 233.7µm2. The NB optical RX core and the PD dissipate
230 µW from a 1V power supply with no optical input power and 655 µW from a
1V power supply at maximum available optical input power. The additional power
consumption comes from the DC current induced in the PD.

Each output buffer dissipates 48.2mW from a 2.5V power supply, leading to
an overall power dissipation of the three-stage buffer of 144.6mW. The power
dissipation of the bias voltages of the CS transistors of the buffers was below 2 µW.

The EO measurement setup of the NB optical RX chip is shown in figure 4.10. A
CW laser diode (LD) is connected to a lithium-niobate MZM, biased in the quadra-
ture point. A signal generator is used to amplitude modulate the optical carrier with
the electrical LO signal. Since only transverse electric polarized light can couple
into the EPIC chip, a polarization-maintaining MZM is used, and only polarization-
maintaining fibers are used in the setup. In addition, the CW LD provides a trans-
verse electric polarized signal. Via a polarization-maintaining single-mode fiber,
which is aligned by micro positioners with a self-designed fiber holder, the light is
fed into the NB optical RX chip.

LD

VB

PM-SF
DUT MD

Figure 4.10: Simplified measurement setup of the NB optical RX chip.

The polarization-maintaining single-mode fiber was located slightly above the
surface of the EPIC and no gluing was performed. The output signal of the NB
optical RX was fed to the measurement device by means of an RF GSG probe and
1mm coaxial cables. Both the cable and the probe have a cut-off frequency of 110GHz.
Except the mismatch at the interceonnects, all results were deembedded.

The measurement results of the NB optical RX are presented in figure 4.11. The
3 dB BW of the implemented NB optical RX in 45nm photonic CMOS SOI spans
the frequency range from 17.01GHz to 19.81GHz. For the BW measurement, the
signal generator held the frequency for 5 swhile the spectrum analyzer measured the
corresponding peak output power. Since the measurement lasted over half an hour,
mechanical vibrations of the single-mode fiber in the measurement setup caused an
unstable coupling efficiency between the fiber and the chip. This instability resulted
in dips in the BW measurement, as shown in figure 4.11a.

The SNR measurement is shown in figure 4.11b. In the frequency range from
15GHz to 24GHz, an SNR of 67.5 dBc is measured with respect to the desired LO
signal at 19.25GHz. This value is limited by the noise floor of the spectrum analyzer
used.

In addition, up to an optical modulation amplitude (OMA) [112]

OMAdB = 10 · log10
(︃
Ψhigh −Ψlow

1mW

)︃
= −12 dBm (4.17)
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(a) (b)

(c) (d)

Figure 4.11: (a) Output power as a function of the LO frequency; (b)
SNR measurement at 19.25GHz, noise floor limited by measurement
device; (c) Linearity measurement with respect to the OMA; (d) Out-

put S-parameter measurement of the NB optical RX.

with Ψhigh being the maximum optical power level, and Ψlow being the minimum
optical level in a sinusoidal waveform, no gain compression occurs, which indicates
that the high-order harmonic rejection technique implemented in the feedback tank
and the output matching network works properly. In the measurement a higher
OMA could not be tested due to a lack of optical laser power and limited coupling
efficiency. Furthermore, the NB optical RX provides gain for an OMAdB > −15 dBm
and reaches a peak gain of G = 4dB. In appendix B, it is proven analytically that the
OE power gain G = PEL,OUT /POPT,IN = PEL,OUT /OMAlin of any TIA, including
BB TIAs, is < 1/0 dB up to a certain input power. This means that this behavior is
not caused by a lack of the implementation, it is a physical rule.

The measured output scattering parameter (S-parameter) of the NB optical RX
is shown in figure 4.11d. In the entire 3 dB BW of the NB optical RX, the out-
put S-parameter is below −15 dB, reaching a minimum of approximately −29 dB at
19.5GHz. The dip in the middle of the band is caused by a slight mismatch between
the output stage buffer and the ESD bondpad.
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4.1.2 Implementation in a 250nm Photonic SiGe BiCMOS Technology

A second implementation of the novel NB optical RX was carried out in IHP’s 250 nm
photonic SiGe BiCMOS technology [32, 33]. Additionally, a BB optical RX was im-
plemented in IHP’s 250 nm photonic SiGe BiCMOS technology for the validation of
the advantages of the novel NB optical RX architecture. Modern photonic SiGe BiC-
MOS technologies allow the integration of high-performance Heterojunction bipolar
transistor (HBT)s and high-quality optics, such as optical waveguides and PDs, mono-
lithically. In comparison to GlobalFoundries’ photonic CMOS SOI technology, IHP
offers optical waveguides and PDs which are simultaneously optimized for the opti-
cal C-band and O-band, respectively. In the following subsections, the implemented
photonics and electronics will be presented in detail.

Photonics

(a) (b)

Figure 4.12: (a) Block diagram of the integrated photonics, and (b) the
realization on chip.

The simplified block diagram of the integrated photonics and its realization on
the chip is shown in figure 4.12. Similar to the implementation in the 45 nm CMOS
SOI, the optical signals are coupled to the chip by means of focusing GCs, optimized
for λ = 1550 nm and λ = 1310 nm, respectively. Additionally, pilot lines for fiber
array alignment [24] were implemented in the 250 nm demonstrator. The optical
interconnections are realized by rib waveguides optimized for the specific optical
band.

In comparison to the previously demonstrated NB optical RX in 45 nm photonic
CMOS SOI, IHP’s 250 nm photonic SiGe BiCMOS technology offers one PD for both
optical bands with two optical input ports. To reduce the complexity of the optical
RX core, each optical band is routed to one side of the PD.

The OE conversion is performed by lateral germanium epitaxy pin-PDs, opti-
mized for both optical bands. The PD offers a nominal 3 dB BW of 35GHz and a
responsivity of 0.5A/W, both at a reverse voltage of 0V, while the dark current is
below 400 nA.

Electronics

The simplified circuit diagram of the implemented NB and BB optical RX cores is
shown in figure 4.13. In both optical RXs, the optical input signal ΨIN is detected by
means of PD.
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Figure 4.13: Simplified schematic of the implemented (a) NB; (b) BB
optical RX core.

The shorted transmission line of the NB optical RX was implemented as a coplanar
backed line with a length of l ≈ 0.9 · λ/4 ≈ lmax. Besides compensating for the
capacitive behavior of the PD, the common emitter (CE) transistor is biased via the
TL.

The NB optical RX core is based on a cascode amplifier, with a parallel RLC
feedback tank, and Π-shape output matching network. Since the Miller effect is min-
imized in cascode amplifiers [113], they provide high voltage gain, high bandwidth,
and improved linearity, leading to an increased optical RX gain and improved OE lin-
earity. Similar to the implementation in the photonic CMOS SOI technology, the RLC
feedback tank was designed with a resonance frequency of ωLO, and RLC feedback
was chosen due to its NB behavior and finite impedance at ωLO. Additionally, the re-
sistor contributes to a higher stability factor for the architecture. The implementation
of the NB optical RX in the photonic BiCMOS technology uses a similar LC series res-
onator in the feedback and output matching network to cancel unwanted harmonics
induced by the MZM, and providing DC isolation. The lossless output matching
of the NB optical RX core is implemented by a Π-matching network, in which the
inductor LM1 provides the DC feed and CM the DC decoupling. The single-ended
output of the NB optical RX core is transformed into a differential output by means
of an LC lattice type balun [114].

The BB optical RX core consists of a fully differential, DC-coupled, and self-biased
TIA structure [115]. The main advantage of this structure is that the PD is directly
DC-biased due to the special architecture. The feedback of the BB optical RX core
was implemented by means of high-ohmic feedback resistors. The 3 dB BW of the
BB optical RX core was designed to be 19.25GHz.

To increase the gain of the NB and BB optical RX, a three-stage NB differential
amplifier follows the optical RX core. The simplified schematic is shown in figure 4.14.
Each buffer stage consists of a differential cascode amplifier with lossless L-shape
input and output matching. The L-shape input matching networks are implemented
as LC series tanks. The CE amplifier of the cascode stage is biased via a high-ohmic
biasing resistor RB and a base-degenerated current mirror architecture.
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Figure 4.14: Simplified schematic of the differential amplifier stage.

The optical RX architectures in the photonic BiCMOS technology have ground
signal signal ground (GSSG) output terminal configuration with RF ESD protection
[111] similar to the implementation of the NB optical RX in the photonic CMOS SOI
technology.
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Figure 4.15: Simplified block diagram of the implemented (a) NB; (b)
BB optical RX chip.

The simplified block diagram of the entire NB and BB optical RX chip is shown in
figure 4.15. The chips were implemented in IHP’s 250 nm SiGe BiCMOS technology
SG25H5 [32]. The photonic BiCMOS technology provides npn-HBTs with fT and
fMAX of 200GHz and 280GHz, respectively. In addition, the technology offers silicon
based optical waveguides, and three thin and two thick aluminum layers. Both the
NB and the BB optical RX chips consist of the photonic inputs and pilot lines, the
optical RX core, a three-stage differential amplifier, and the RF ESD bondpad [111].
From figure 4.15, it can be observed that the only difference between the NB and BB
optical RX chip is the optical RX core.

The microphotograph of the fabricated monolithic integrated NB and BB optical
RX chip is shown in figure 4.16. The NB optical RX consumes a chip area of 1.63mm2

with a core area of 0.32mm2, while the BB optical RX consumes a chip area of
1.41mm2 with a core area of 0.27mm2. The NB optical RX core and the PD dissipate
4.3mW and the BB optical RX core and the PD dissipate 8.4mW from a 3.3V supply.
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(a)

(b)

Figure 4.16: Microphotograph of the monolithic integrated (a) NB; (b)
BB optical RX chip.

Each differential amplifier dissipates 8mW from a 3.3V power supply, leading
to an overall power dissipation of the three-stage differential amplifier of 24mW.
No further off-chip supply voltages are needed since all bias voltages are generated
on-chip.

The EO measurement setup is exactly the same as the one for the NB optical RX
in the photonic CMOS SOI technology, shown in figure 4.10, and already described
in section 4.1.1.

The measurement results of the NB and BB optical RX are shown in figure 4.17.
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(a) (b)

(c)

Figure 4.17: Measurement results of the NB (green) and BB (blue)
optical RX: (a) Output power as a function of the LO frequency; (b)
SNR measurement at 19.25GHz. Noise floor limited by measurement

device; (c) Linearity measurement with respect to OMA.

The 3 dB BW of the implemented NB optical RX covers the frequency range from
18.5GHz to 21.5GHz, while the BB optical RX covers the frequency range from
19.3GHz to 20.9GHz. The BP behavior of the BB optical RX is caused by the sub-
sequent NB differential amplifiers after the BB optical RX core. It can be clearly
observed in figure 4.17a that for low frequencies, the slope of the NB and BB optical
RX chips is approximately the same. For low frequencies, the NB differential am-
plifier is the limiting element in terms of BW. For high frequencies, it can be clearly
observed that the output power of the BB optical RX decreases much faster with
respect to frequencies than the NB optical RX. For high frequencies, the bandwidth
of the BB optical RX core is the limiting element. The dips in the BW measurement,
shown in figure 4.17a, are induced by mechanical vibrations of the single-mode fiber
within the measurement setup, leading to an unstable coupling efficiency from the
fiber to the device under test, similar to the measurement setup of the NB optical RX
chip in the photonic CMOS SOI technology.

The SNR measurement is shown in figure 4.17b. The SNR is below 81 dB for the
NB optical RX, and 77 dB for the BB optical RX, respectively. The value is limited
by the noise floor of the spectrum analyzer used. A lower noise floor compared to
the one shown in figure 4.11b could be achieved since another spectrum analyzer
with a lower noise floor was used. Still, the value is limited by the noise floor of the
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spectrum analyzer used.
In addition, up to an OMA of OMA = −6.4 dBm for the NB optical RX chip, and

up to an OMA of OMA = −5 dBm for the BB optical RX chip, no gain compression
occurs. Furthermore, the NB optical RX provides gain for OMA > −11 dBm and
reaches a peak gain of G = 2.23 dB at an OMA of OMA = −6.4 dBm. The BB optical
RX provides no gain and reaches only a peak gain of G = −1.92 dB at an OMA of
OMA = −5 dBm. It should be noted that a higher OMA could be achieved compared
to the one shown in figure 4.11c, since the coupling efficiency of the photonic BiCMOS
optical RX chipset was better compared to the NB optical RX in the photonic CMOS
SOI technology. Since the OMA is also deembedded, except the unknown coupling
efficiency, the coupling efficiency has a direct impact on the maximum achievable
OMA.

In the entire frequency range from 18GHz to 21.7GHz, the measured output S-
parameter is below −15 dB and reaches a minimum of approximately −22 dB. Since
the output S-parameters are dominated by the ESD bondpad and the NB differential
amplifiers, almost no output S-parameter variations could be observed between the
NB and BB optical RX chip.

4.2 Narrowband Four-Quadrant Electro-Optical Mixer

Within this section, a novel circuit architecture of a NB four-quadrant EO mixer is
presented. Such a NB mixer can be used as a frequency doubler as an initial stage
of the upconversion of the optical LO signal to the desired mm-wave band, or as a
TIA-less implementation of mixing arbitrary signals with the mm-wave signal in the
photonic software-defined MIMO radar system with optical signal distribution (see
chapter 8.1).
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Figure 4.18: Simplified schematic of the NB four-quadrant EO mixer.
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The simplified schematic of the novel NB four-quadrant EO mixer architecture is
shown in figure 4.18. The optical input signal is converted to an electrical signal via a
PD, which is reverse biased by the inductors L1 and L2. If the optical input signal is
sufficiently narrow-band, these inductors can be implemented as transmission lines.
The inductors act as open circuits for the desired RF signal so that the RF signal can
only couple into the matching networks M1 and M2, or the inductors are part of a Π
matching network. These lossless matching networks maximize the power transfer
into the switching quad, implemented by transistors Q1 to Q4 of a transconductance
stage-less Gilbert cell mixer. If the differential LO signal is sufficiently strong, the
switching quad steers the photocurrent to either node N1 or N2. In the case of a DC-
free IF signal, the collector impedances ZC and Z ′

C are complex conjugate-matched
to the output impedance ZOUT by means of M3 and M4 to provide maximum power
transfer to the output IF port of the mixer. For an IF signal at or close to DC, these
matching networks would be replaced by an impedance.

In the following subsections, the NB mixer architecture is analyzed. Therefore, it
will be assumed that VLO ≫ 3 · VT , with VLO the LO voltage, and VT the threshold
voltage of the transistors. In addition, it is assumed that the PD is operating linearly.

4.2.1 Optoelectronic Conversion Gain

The RF anode and cathode photocurrent of the PD is given by [79]

iA = iC = R ·Ψ = R · (Ψ0 +ΨRF ) (4.18)

with the DC part of the optical power Ψ0 and the RF part of the optical power ΨRF .
Since the inductors L1 and L2 act as open circuits for the RF signal and as shorts for
the DC current, the DC current of the PD is shorted, while the RF current is fed into
the lossless matching networks M1 and M2. The electrical power of at the PD node
and at the emitter node is given by

PPD = i2A,CZPD (4.19)
PE = i2E1,2

ZSQ (4.20)

For a lossless matching network, the power before the matching network is equal to
the power after the matching network. For the maximum power transfer the matching
networks have to transform the complex conjugated of the source impedance to the
load impedance [102]. This leads to

i2A,CZ
∗
PD = ∓i2E1,2

ZSQ (4.21)

iE1,2 = ∓
√︄

Z∗
PD

ZSQ
iA,C (4.22)

Taking into account the losses of a real lossless matching network, and inserting the
RF part of eq. 4.18 into eq. 4.22 reuslts to

iE1 = −Q1

√︄
Z∗
PD

ZSQ
R ·ΨRF (4.23)

iE2 = Q2

√︄
Z∗
PD

ZSQ
R ·ΨRF (4.24)
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with the quality factor Q1,2 of the matching networks M1 and M2.
For VLO ≫ 3 ·VT , the current flow out of node N1 would be i11 = iE1 , and at node

N2 the discharge current would result in i22 = iE2 .

iM3 = i11 = iE1 = −Q1

√︄
Z∗
PD

ZSQ
R ·ΨRF (4.25)

iM4 = i22 = iE2 = Q2

√︄
Z∗
PD

ZSQ
R ·ΨRF (4.26)

For the opposite half-wave of the LO signal, VLO ≪ −3 · VT , the current flow out of
node N1 would be i21 = iE2 , and at node N2 the discharge current would result in
i12 = iE1 .

iM3 = i21 = iE2 = Q2

√︄
Z∗
PD

ZSQ
R ·ΨRF (4.27)

iM4 = i12 = iE1 = −Q1

√︄
Z∗
PD

ZSQ
R ·ΨRF (4.28)

The lossless matching networks M3 and M4 transform the current finally into a
voltage

PIF± =
v2IF±
ZOUT

(4.29)

PM3,4 = ZCiM3,4 (4.30)
→ vIF± =

√︁
Z∗
CZOUT · iM3,4 (4.31)

Under the assumptions Q1 = Q2 = Q12, and the quality factor of the matching
networks M3 and M4 Q3 = Q4 = Q34, the IF voltage results in

vIF = −2 ·Q12 ·Q34 ·
√︄

Z∗
CZOUTZ∗

PD

ZSQ
· R ·ΨRF · sign (VLO) . (4.32)

Applying the first-order Taylor series under the assumption that the LO voltage is
given as follows:

VLO = VLO,0 · sin (ωLOt) (4.33)

and the current of the PD after the matching networks M1 and M2 is given by

iE2 = −iE1 = RΨRF,0 cos (ωRF t) (4.34)

and the output matching network has a bandpass filter behavior with the passband
at ωIF = ωRF ± ωLO, equation 4.32 simplifies to

vIF ≊ − 4

π
·Q12 ·Q34 ·

√︄
Z∗
CZOUTZ∗

PD

ZSQ
· R ·ΨRF,0 · cos ([ωRF ± ωLO] t) . (4.35)
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This leads to the OE conversion gain of

AOE =
vIF

ΨRF,0 · cos ([ωRF ± ωLO] t)
(4.36)

= − 4

π
·Q12 ·Q34 ·

√︄
Z∗
CZOUTZ∗

PD

ZSQ
· R (4.37)

It is obvious from equation 4.37 that the conversion gain of the proposed NB OE mixer
is proportional to the responsivity of the PD R, the quality factors of the matching
networks, the PD impedance, the output impedances, the collector impedances of the
switching quad, and is inversely proportional to the impedance seen in the emitter
nodes of the switching quad.

4.2.2 Optoelectronic Linearity

In a solely electronic double-balanced mixer topology, the linearity depends on the
linearity of the transconductance stage and on the VDS for MOS transistors, and VCE

in the case of bipolar transistors in the switching quad [113]. Since the transconduc-
tance stage is replaced with a PD within the NB OE mixer topology, the PD linearity
is an important factor for the overall OE linearity of the mixer. Nevertheless, several
works have presented highly linear PD structures [116–118]. Since the assumption
was made that the PD is working in the linear range, the linearity of the NB OE mixer
architecture is limited by the switching quad linearity. Adapting the results [113] to
the NB OE mixer topology, the linearity limit of the proposed architecture is

VN1−N2 = VCE(Q1)− VCE,Sat (4.38)

with the difference voltage VN1−N2 between the nodes N1 and N2, VCE(Q1) the
collector-emitter voltage of transistor Q1, and VCE,Sat the saturated collector-emitter
voltage of transistor Q1.

4.2.3 Isolation

It is well known from Gilbert cell mixer theory that the LO to IF isolation, and the LO
to RF isolation depend on the mismatch of the transconductance stage current [113].
Within the novel NB OE mixer architecture, the transconductance stage is replaced
by a PD and the DC emitter current of the switching quad is set externally. Under the
assumption that no photocurrent flows into the PD substrate, the anode and cathode
terminal impedance is equal, and all transistors and matching networks are equal,
the LO signal does not leak to the IF port. In addition, PDs have an extremely high
reverse isolation, leading to an almost infinite LO to RF port isolation of the novel
NB OE mixer architecture, even if a device mismatch occurs.

4.2.4 2.45 GHz ISM Band Prototype & Measurement Results

The simplified schematic and the photograph of the realized printed circuit board
(PCB) prototype are shown in figure 4.19. Due to the long wavelength at 2.45GHz, the
PD reverse biasing was realized via inductors instead of transmission lines. Together
with the DC decoupling capacitors and the emitter DC feed inductor, the three
passive components form a Π-shaped matching network. To reduce the LO leakage
induced by the asymmetry of the discrete PD, the matching network was optimized
for the anode and cathode terminals of the PD. In modern CMOS or BiCMOS, the
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VBBalunLO

VPD ΨRF

VCCVCC

OUT

(a)

(b)

Figure 4.19: (a) Simplified schematic of the 2.45-GHz ISM band
demonstrator. (b) Photograph of the PCB realization.

PD is commonly integrated as a waveguide-integrated PD [119]. For a waveguide-
integrated PD, the anode and cathode currents and the anode and cathode parasitics
are equal, which leads to a PD and matching network independent isolation.

The single-ended LO signal is converted to a differential one by means of a on
PCB transformer-based balun. The center tap on the differential side of the balun
is used to provide the bias voltage to the switching quad. The output matching is
implemented as an L-shape matching network, consisting of DC feed inductors and
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Figure 4.20: Simplified measurement setup of the NB EO mixer.

decoupling capacitors. To improve the gain of the NB OE mixer, a 50Ω output buffer
with a gain of 4 dB was implemented at the output of the NB OE core. This amplifier
is implemented as a cascode amplifier, biased in class A mode. The demonstrator is
implemented on a 0.5mm thick RO4350B base material from Rogers. All input and
output traces are implemented as 50Ω microstrip lines. An FCI-InGaAs-120 PD with
a junction capacitance of 2 pF was used for the NB OE mixer. For the transistors,
the BFP540 npn transistor was chosen, which offers an fT = 30GHz. To reduce LO
leakage caused by fabrication tolerances of the discrete transistors, all used transistors
were from the same batch.

Figure 4.21: Measured relative output power with respect to the global
maximum as a function of the LO frequency at an RF frequency of

2.45 GHz.

The measurement setup of the NB OE mixer is shown in figure 4.20. The RF
signal is generated from a 1550 nm laser diode signal by means of a lithium niobate
MZM, with a Vπ = 5V, biased at the quadrature point. The MZM is driven by an
electrical RF signal with an output power of 15 dBm. The optical RF signal and the
electrical LO signal are fed to the NB OE mixer (device under test (DUT)). The IF
spectrum is then measured by means of a spectrum analyzer.

An RF 3 dB bandwidth of more than 180MHzwas achieved with the implemented
NB OE mixer. The measurement results of the LO bandwidth are shown in figure 4.21.
The 3 dBLO BW is 82MHz. In the LO response, a small overshoot was observed in the
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frequency range from 50MHz to 80MHz. This results from a slightly detuned center
frequency of the NB OE mixer. The NB OE mixer consumes 60mW from a 2V supply
and achieves an OE conversion gain of −7 dB, after deembedding the measurement
devices. The low conversion gain of the implemented mixer is caused by the low
cutoff frequency of the used PD. The nonlinearity of the entire measurement setup
was dominated by the nonlinearity of the MZM.

4.3 Conclusion

Within this chapter, a novel narrowband optical receiver and a novel narrowband
four-quadrant electro-optical mixer were presented. The unique topology of the nar-
rowband optical receiver shows a greatly reduced dependency on the variance of the
capacitance of the PD. For verification purposes, the narrowband optical receiver was
implemented using the 45 nmphotonic CMOS SOI technology from GlobalFoundries
[35, 36] and the 250 nm photonic SiGe BiCMOS technology from IHP [32, 33]. The
measurement results validate the operating principle. A comparison with a broad-
band, fully differential, DC-coupled, and self-biased TIA [115] demonstrates that the
novel NB receiver architecture achieves higher gain while maintaining comparable
linearity to the conventional broadband design.

Currently a journal and a letter paper about the novel NB optical receiver are in
preparation.

For the novel NB four-quadrant electro-optical mixer, key mixer parameters—including
OE conversion gain, OE linearity, and isolation—were derived. To validate the archi-
tecture, a 2.45GHz ISM band prototype was fabricated. The measurement results of
the demonstrator confirm the potential of this technology.

The mixer was perviously published by the author in [51] and [69].
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Chapter 5

77 GHz Electronic Photonic Radar

Transmitter Chip in 250 nm SiGe

BiCMOS

In the previous chapters 2, and 3, the photonic FMCW MIMO radar system with
optical LO distribution was presented, analyzed, and simulated. Within this chapter,
an integrated photonic radar TX chip in silicon photonics technology is presented.
The chip is implemented in the 250 nm SiGe BiCMOS technology from IHP [32, 33].
The chip integrates all photonic and electronic components to receive the optical LO
signal and transmit a mm-wave radar signal.

Grating Coupler TIA LA

DC Compensation UCDL UCDL

PA
RFOUT

Figure 5.1: Block diagram of the photonic radar TX chip with optical
LO distribution.

The simplified block diagram of the photonic TX radar chip with optical LO
distribution is shown in figure 5.1. The principle of operation is given in chapter 2.1.
In the following sections, the implemented photonics, the broadband TIA with DC
compensation, the frequency quadrupler with ultra-compact delay lines, and the
power amplifier with ESD bondpads will be presented in detail.

5.1 Implementation

5.1.1 Photonic Part

The photonic part of the TX and RX photonic radar EPIC is similar to the imple-
mentation of the NB optical RX in IHP’s 250 nm photonic SiGe BiCMOS technology
(4.1.2).

The simplified block diagram of the integrated photonics and its realization on the
chip is shown in figure 5.2. In comparison to the previous NB optical RX EPIC, the op-
tical signals are coupled to the chip by non-focusing GCs, optimized for λ = 1550 nm
and λ = 1310 nm, respectively. The optical interconnects are realized by rectangular
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(a) (b)

Figure 5.2: (a) Block diagram of the integrated photonic, and (b) its
realization on the chip.

waveguides optimized for the specific optical band. To align the wide rectangu-
lar waveguide cross-section, directly after the GCs, to the the regular rectangular
waveguides with low cross-section, linear waveguide tapers are added between the
GCs and the waveguides. In addition, pilot lines for fiber array alignment were also
implemented in the EPIC [24].

Similar to the NB optical RX chip, each optical band is routed to one port of the
PD. The nominal PD characteristics are given in chapter 4.1.2.

5.1.2 Electronic Part

Broadband Optical Receiver with DC Compensation

TIA Core

ITAIL

T2 T ′
1

T1 T ′
2

Rf

R′
f

PD

VCC

RO R′
O

LA 50Ω

DC Compensation

T ′
M2

T ′
M1

TM2

TM1

FA

Figure 5.3: Simplified overall schematic of the broadband optical RX
with DC compensation
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The simplified overall schematic of the broadband optical RX with DC compen-
sation is shown in figure 5.3. It consists of a PD with a TIA core, which form the
optical RX core, limiting amplifier, and 50Ω buffers. The feedback loop consists of
LPFs, a feedback amplifier, and the biasing current mirrors.

The optical RX core is implemented as a fully differential, DC-coupled, and self-
biased TIA [115], similar to the one shown in chapter 4.1.2. The TIA is based on a
basic differential amplifier with the transistors T1 and T ′

1 acting as CE amplifiers and
the feedback resistors Rf and R′

f . The additional diode-connected transistors T2 and
T ′
2 are added into each branch to provide the DC biasing voltage of VBE between the

anode and cathode terminals of the PD.
Since no further components are needed at the input of the TIA to set the operating

point of the PD and transistors, the compexity of the TIA is decreased instead of the
NB oRX presented in chapter 4.1.

T2 T ′
2

T3 T ′
3T1 T ′

1

ITAILIEF I ′EF

VCC

RO

VOUT

R′
O

V ′
CB

VIN,p VIN,m

Figure 5.4: Simplified schematic of a single stage of the limiting am-
plifier and 50Ω output buffer.

Figure 5.4 shows the simplified schematic of a single stage of the limiting amplifier
and a 50Ω output buffer. The transistors T1 and T ′

1 act as emitter followers. Instead of
emitter resistors, current sources are used at the emitter node of the transistors. The
transistors T2 and T ′

2 act as a differential common emitter pair with the common tail
current source. A differential cascode topology with the common base transistors
T3 and T ′

3 was chosen to reduce the Miller effect [113] and increase the gain and the
bandwidth. All current sources are tunable to control the gain of each stage.

The simplified schematic of the feedback amplifier is shown in figure 5.5. The
feedback amplifier is implemented as a differential folded cascode amplifier as the
first stage, and a differential pair as the output stage. The architecture is useful
down to small differential input voltages, which make it attractive as a feedback
amplifier since it has to compensate for even small offset variations [120]. Due to the
low cutoff frequency of the metal oxide semiconductor (MOS) transistors in IHP’s
250 nm EPIC technology, the feedback amplifier also acts as a low pass filter with a
cutoff frequency of 1MHz [121]. It should be noted that a bypass option was also
implemented in the EPIC to disable the automatic DC compensation and provide an
external compensation current. This option was never used in the overall system.
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ITAIL,2 I ′TAIL,2
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CF

ITAIL,3

VDD

VOUT

Figure 5.5: Simplified schematic of the feedback amplifier.

Frequency Quadrupler with Ultra-Compact Delay Lines

x2 x2

IN OUT

Figure 5.6: Simplified block diagram of the frequency quadrupler.

Figure 5.6 shows the simplified schematic of the frequency quadrupler. The
quadrupler consists of two mixers where the RF and LO port are shorted.

Each mixer is implemented as a pseudo-differential bootstrapped Gilbert cell
[122] with an additional output common base (CB) stage. The simplified schematic
of a single stage of the quadrupler is shown in figure 5.7. The additional CB stage
at the output of the switching quad increases the gain and bandwidth of the mixer.
In addition, the CB stage provides high isolation [123]. Each port of the Gilbert cell
is matched to 50Ω single-ended / 100Ω differential by lossless matching networks.
The matching network of the RF port of the mixer is implemented as an L-matching
network via LRF , L′

RF , CRF , and C ′
RF . The L-matching network of the LO port

consists of LLO, L′
LO, CLO, and C ′

LO. The output matching network of the first stage
is implemented as a Π-matching network, consisting of LIF,1, LIF,2, CIF,1, CIF,2,
L′
IF,1, L′

IF,2, C ′
IF,1, and C ′

IF,2. The output matching network of the second stage
is implemented as an L-matching network with LIF,1, CIF,1, L′

IF,1, and C ′
IF,1. Via

the capacitors CIF,2 and C ′
IF,2, a zero was added in the transfer function of the Π-

matching network to suppress the fundamental frequency of 19.25GHz. The DC
operating point of the transistors is adjusted by base-degenerated current mirror
topologies, where the current is mirrored via RRF , R′

RF , RLO, R′
LO, and RCB to the

transistors M1-M ′
4.

The 90◦ TL between the CE amplifier and the switching quad of the Gilbert cell
is implemented as a conductor-backed coplanar waveguide. The technology used
offers three thin aluminum layers (M1-M3) and two thick aluminum layers (TM1-
TM2). The conductor-backed coplanar waveguide was implemented on TM2 and
M3. To reduce the effective chip area, capacitive loading [124], slow wave structures
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Figure 5.7: Simplified schematic of the Gilbert cell mixer

Slow Wave
TL

Figure 5.8: Simplified schematic of the ultra-compact delay line.

[125], and meandering [110] were used to build an ultra-compact delay line. Figure 5.8
shows the simplified schematic of the ultra-compact delay line. The ultra-compact
delay line was implemented as a capacitive loaded slow wave transmission line.

The slow wave structure was realized by floating metal shield lines implemented
in TM1 perpendicular to the signal line of the coplanar waveguide [125]. A 3D view
of the slow wave transmission line is shown in figure 5.9a.

Figure 5.9b shows the losses and the electrical length of the different transmis-
sion lines with the different shrinking techniques. The conductor-backed coplanar
waveguide without any length reduction techniques had an electrical length of 59.6◦
at 19.25GHz and a loss of 0.64 dB. The characteristic impedance of the transmis-
sion line is Z0 = 60.75Ω. The implementation of the slow wave structures slightly
increases the losses to 0.65 dB and increases the electrical length to 63.2◦ with a
characteristic impedance of Z0 = 55.4Ω. In contrast, the capacitive loading without
slow wave structures led to an electrical length of 87.3◦ and a loss of 0.84 dB. The
characteristic impedance of the transmission line is Z0 = 52.23Ω. The combination
of the two techniques finally leads to an electrical length of 89.7◦ with a characteristic
impedance of Z0 = 49.6Ω and a loss of 0.95 dB.

Power Amplifier with ESD Bondpads

The simplified schematic of the PA is shown in figure 5.10. The power amplifier is
implemented as a pseudo-differential cascode amplifier. The amplifier is biased in
class AB mode. Therefore, the DC operating point of the transistors is adjusted by
base-degenerated current mirror topologies, where the current is mirrored via RB,1,
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(a) (b)

Figure 5.9: (a) 3D view of the slow wave delay line, and (b) simulation
results of losses (solid) and phase (dashed) of the initial DL (blue),
a delay line with slow wave structures (green), a capacitive loaded

delay line (yellow), and the ultra-compact delay line (red).

M1 M ′
1

M2 M ′
2

VCB

RB,2

CCB

VCC

OUT
COUT C ′

OUT

LOUT L′
OUT

VCE VCE

RB,1 R′
B,1

CIN C ′
IN

LIN L′
IN

IN IN ′

Figure 5.10: Simplified schematic of the 77GHz PA.

R′
B,1, and RB,2 to the transistors M1-M ′

2. The common base amplifiers are biased
in weak avalanche region to increase the power added efficiency [126]. The input
and output of the PA are matched to 50Ω / 100Ω differential by lossless L-matching
networks. The input port is matched via LIN , L′

IN , CIN , and C ′
IN . The output is

matched by means of LOUT , L′
OUT , COUT , and C ′

OUT .
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G SS GG

Figure 5.12: Simplified block diagram of the ESD bondpad.

The final stage of the TX chip is the 77GHz bondpad to the off-chip transmit
antenna. Figure 5.12 shows the simplified block diagram of the ESD bondpad [111].
The bondpad is implemented in ground signal ground signal ground (GSGSG) con-
figuration. The ground pads are connected to the global ground of the chip. To
guarantee a specific parasitic capacitance to the ground potential under all pads, a
ground plane on the lowest metal plane was added. The parasitic capacitance of the
signal bondpad, in conjunction with a shorted TL acting as an inductor, forms an LC
parallel tank. At the resonance frequency, the impedance seen into the bondpad is
the impedance from the subsequent stage. If an ESD event occurs, the low-frequency
components of the event are shorted via the TL, and the high-frequency components
are shorted via the parasitic capacitance to the ground potential. The remaining
energy at the resonance frequency of the LC tank is sufficiently small to protect the
circuit against ESD events.

5.2 Measurement Setup and Results

The chip was implemented in IHP’s pre-production, photonic 250 nmSiGe:C BiCMOS
technology [32, 33] with ft and fMAX of 200GHz and 280GHz, respectively. The chip
microphotograph of the electronic photonic radar TX is shown in figure 5.11. The
TX consumes a chip area of 6.65mm2 with a core area of 1.09mm2.

CW-Laser MZM

Polarisation

Controller

Fiber

Array

Pilot
Tone

Injection
&

Detection

DUT
Spectrum

Analyser

Figure 5.13: Measurement setup of the TX chip.

Figure 5.13 shows the measurement setup of the TX EPIC chip. A 1550 nm CW
laser is connected to a lithium-niobate MZM driven by an RF signal generator. The
RF signal generator, in conjunction with the MZM biased at the quadrature point, is
used to amplitude modulate the optical carrier with the electronic LO signal. The
polarization of the optical signal is controlled by means of a polarization controller,
since only transversal electrical (TE) polarized light can couple to the chip. The
optical power at the output of the polarization controller is 2.3 dBm, which is the
reference for the input OMA. The TE polarized light is fed into a PM fiber array to
couple the light into the chip. Via the pilot lines, a loss of 11.2 dB per grating coupler
was observed. The single-ended output signal of the TX EPIC was detected by means
of a spectrum analyzer and a vector network analyzer (VNA). The second output of
the TX EPIC was terminated by a 50Ω load. The results were deembedded, and 3 dB
were added to calculate the differential performance.
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(a) (b)

(c) (d)

Figure 5.14: Measurement results of the TX EPIC frontend: (a) Out-
put power and current consumption over supply voltage at 77GHz,
(b) Output power as a function of the output frequency at −5 dBm
OMA input signal at VCC = 3.6V , (c) Output power as a function
of OMA at 77GHz at VCC = 3.6V , and (d) Output spectrum at

VCC = 3.6V .

Figure 5.14 shows the measurement results of the TX frontend. The TX EPIC was
designed to operate with a 3.3V power supply and to deliver 14 dBm output power
at 77GHz. Unfortunately, the maximum output power shifted to 67GHz, which is
caused by a decrease in the germanium PD BW, thus reducing the overall TIA BW by
2.5GHz, leading to a reduction of 10GHz at the output of the frequency quadrupler.
By increasing the supply voltage from 3.3V to 3.6V, the output power at 77GHz
could be increased from −2.6 dBm to 5 dBm. At a supply voltage of 3.6V, the TX
EPIC was designed to deliver 15.5 dBm at 77GHz. The entire power consumption at
3.6V is 900mW. The output power and current consumption versus supply voltage
are shown in figure 5.14a.

Figure 5.14b shows the measured output power of the TX EPIC over the output
frequency of the chip. By making use of post-layout simulation results and the
behavioral model (see section 3.3), it was validated that the BW reduction of the TX
EPIC is caused by the PD BW reduction. The simulation results with the updated PD
model fit favorably with the measurement. With the nominal PD BW, the TX EPIC
would deliver 15.5 dBm output power at 77GHz and a 3 dB BW of 17GHz. Due to
the PD BW reduction, the BW of the entire TX EPIC reduces to 11GHz.

The measurement results of the TX EPIC power as a function of the LO OMA are
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shown in figure 5.14c. For an OMA above −7 dBm, the output power saturates to
5 dBm at 77GHz. Below −7 dBm, the TIA does not provide sufficient power to drive
the frequency doubler. Since 0.5 dB OMA steps were used for the measurements, a
distinct edge can be observed in Figure 5.14c.

The RF output port of the TX EPIC with the ESD bondpad and the subsequent
PA is matched (SOUT ≤ −10 dB) in the entire BW.

Figure 5.14d shows the output spectrum of the TX EPIC. The transmit signal
exhibits excellent spectral purity with the largest side lobes 60 dB lower than the
fundamental signal. At an offset frequency of 2MHz, the noise reaches the noise
floor of the measurement device.

5.3 Conclusion

In this chapter, the monolithic integrated 77GHz electronic-photonic radar TX chip
implemented in 250 nm SiGe BiCMOS technology was presented. All electronic and
photonic components integrated within the chip were described in detail. The TIA
used in this chapter was designed by Sergiy Gudyriev, based on requirements pro-
vided by Stephan Kruse, while the remaining content of the chapter was contributed
by Stephan Kruse. Electro-optical measurements were conducted to evaluate the
chip’s performance. The chip represents the first mm-wave monolithic integrated
electronic-photonic radar TX chip.

Due to a reduction in the bandwidth of the germanium PD, combined with a BB
optical receiver, the maximum transmit power shifted from 77GHz to 67GHz. Under
an optical LO power of −5 dBm OMA, the chip delivers 13 dBm at 67GHz and 5 dBm
at 77GHz. The chip consumes 900mW from a 3.6V source.

The TX chip was previously published in [49].
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Chapter 6

77 GHz Electronic Photonic Radar

Receiver Chip in 250 nm SiGe

BiCMOS

In this chapter, a monolithically integrated photonic radar RX chip is presented. Like
the TX chip, the RX chip is also implemented in a 250 nm SiGe BiCMOS technology
[32, 33] which integrates all photonic and electronic components to receive the optical
LO signal and IQ downconvert the mm-wave radar signal.

Grating Coupler

λ = 1550 nm

TIA

19.25GHz

LA

DC Compensation

38.5GHz

UCDL

77GHz

UCDL
0◦

90◦
SWLC

LNA
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EI −500MHz

to

500MHz

EQ

RX EPIC

CW
LD

λ = 1310 nm

CW
LD

OI

VB

OQ

VB

Optical
receive
path

Figure 6.1: Block diagram of the photonic radar RX chip with optical
LO distribution and optical receive path.

The simplified block diagram of the photonic RX radar chip with optical LO
distribution and optical receive path is shown in figure 6.1. Since the photonics, the
TIA, and the upconversion of the LO signal to the mm-wave band are the same as in
the TX frontend chip, the following subsections will only present the implemented
slow wave Lange coupler with the IQ-mixer, the LNA, and the off-chip optical receive
path in detail.
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Figure 6.2: Simplified schematic of the LNA

6.1 Implementation

6.1.1 Low Noise Amplifier

The simplified schematic of the LNA is shown in figure 6.2. The LNA is implemented
as a pseudodifferential cascode resistive feedback amplifier [102]. The resistive feed-
back is implemented via Rf and Cf , or R′

f and C ′
f , respectively. Typically, a resistive

feedback LNA offers wideband input and output matching without additional in-
put and output matching networks [127]. The noise figure of the resistive feedback
LNA depends on the transistor area of M1 [127]. To reduce the noise figure, the
maximum allowed transistor size for M1 was selected. Since a larger transistor size
reduces the matching properties of the resistive feedback LNA, input and output
matching were performed. The components LIN , L′

IN , CIN , and C ′
IN form the input

L-matching network, andLOUT ,L′
OUT ,COUT , andC ′

OUT form the output L-matching
network. Similar to the PA, the CB amplifier operates in weak avalanche area [126]
to reduce the power consumption of the LNA. The CB stage of the LNA is biased via
a base-degenerated current mirror with RB .

6.1.2 IQ-Downconversion Mixer with Slow Wave Lange Coupler

The simplified schematic of the direct downconversion IQ-mixer is shown in fig-
ure 6.3. The IQ-mixer is implemented as a pseudodifferential Gilbert cell with
a common transconductance amplifier for the in phase (I)- and quadrature phase
(Q)-switching quad [128, 129], a common base amplifier for the differential I- and
Q-signal, and a passive second-order low-pass current-to-voltage converter. Since
the switching transistors have a high influence on the noise figure of the mixer, the
current density of the switching transistors was chosen to be close to the maximum
fT [130]. To further improve the noise figure, multifinger transistors were used in the
pseudodifferential transconductance amplifier to reduce the base resistance [130].
Simultaneously, the current density of the transconductance amplifier was chosen
to be close to the maximum fmax to increase the gain of the mixer. The RF port
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Figure 6.3: Simplified schematic of the IQ-mixer

is matched to 50Ω single ended (SE) / 100Ω differential with a lossless matching
network. The components LRF , L′

RF , CRF , and C ′
RF form a differential L-matching

network. Both the I- and the Q-LO ports are matched to 50Ω SE / 100Ω differential
with a lossless matching network. The components LLO,x, L′

LO,x, CLO,x, and C ′
LO,x

form a differential L-matching network for both the I- and Q-port. The common
base amplifier is added to reduce the Miller effect and increase the isolation [113].
Each stage is biased via resistive degenerated current mirrors with RRF , R′

RF , RLO,x,
R′

LO,x, and RCB,x.

iIF /2 LIF

CIFRIF,2RIF,1 vIF /2

Figure 6.4: Small signal equivalent circuit of the second-order low-
pass current-to-voltage converter.

The second-order low-pass current-to-voltage converter is used to cancel the
unwanted high-frequency component of the signal. The circuit of the second-order
current-to-voltage converter is shown in figure 6.4. The impedance of the filter is
given by:

ZF (jω) =
RIF,1 ·

(︂
R2

IF,2 + ω2L2
IF

)︂
RIF,1RIF,2 +R2

IF,2 + ω2L2
IF + jω

(︂
CIFRIF,1R2

IF,2 − LIFRIF,2 + ω2RIF,1L2
IFCIF

)︂
(6.1)

Close to DC, the I- and Q-port are matched to 50Ω single-ended / 100Ω differential.
The cutoff frequency of the filter was chosen to be 500MHz.

The IQ-generator network was implemented by a slow wave Lange coupler. The
signal lines were implemented in TM2 with the ground plane on M1 and a via fence
from M1 to TM2. The cavities in M1 are needed to fulfill the design rules of IHP. The
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Figure 6.5: Top view of the slow wave Lange coupler

isolated port was terminated by a 50Ω resistor. Similar to the ultra-compact delay
lines (see chapter 5.1.2), the slow wave structure was realized by floating metal shield
lines implemented in TM1 perpendicular to the signal line [125] of the Lange coupler
[110]. The top view of the slow wave Lange coupler is shown in figure 6.5.

6.2 Measurement Setup and Results

The RX chip was fabricated in the same IHP’s pre-production, photonic 250 nmSiGe:C
BiCMOS technology [32, 33] run as the TX EPIC, with ft and fMAX of 200GHz and
280GHz, respectively. The chip microphotograph of the electronic photonic radar
RX is shown in figure 6.6. The RX consumes a chip area of 7.93mm2 with a core area
of 1.44mm2.

Figure 6.7 shows the measurement setup of the RX EPIC with electrical and
optical receive paths, respectively. Similar to the TX EPIC, a 1550 nm CW laser is
connected to a lithium niobate MZM driven by a first signal generator providing the
electrical LO signal. The first signal generator, in conjunction with the MZM, biased
at the quadrature point, is used to amplitude modulate the optical carrier with the
electrical LO signal. To provide TE polarized light to the grating couplers of the RX
EPIC, the polarization is controlled by means of a polarization controller. The TE
polarized light is fed into a PM fiber array to couple the optical LO signal into the
chip. The optical power at the input of the PM fiber array is 2.3 dBm, which is again
the reference for the input OMA.

The differential 77GHz RF signal is provided by a VNA, in CW signal generator
configuration, and a magic tee in balun configuration. The derivation of the magic
tee operating as a balun is provided in appendix I.1.
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Figure 6.7: Measurement setup of the RX chip with (a) electrical
receive path; (b) off-chip optical receive path.

The differential IQ IF signal is coupled out of the chip via a ground signal signal
ground signal signal ground (GSSGSSG) pad configuration. The differential signal
is converted to a single-ended signal using baluns. For the measurements of the
RX EPIC with electrical receive path, shown in figure 6.7a, the single-ended output
signals of the IQ signals are evaluated by an oscilloscope with an input impedance
of 50Ω. For the measurement of the RX EPIC with optical receive path, shown in
figure 6.7b, the Q signal is terminated by a termination load, while the I signal is
amplified before it modulates the amplitude of a 1310 nm CW laser by means of an
off-the-shelf lithium niobate MZM, biased at the quadrature point, with 33GHz EO
BW and 4.5V RF Vπ. The optical signal is converted to an electrical one by means of
an off-the-shelf waveguide integrated PD with an integrated 50Ω resistor to convert
the photocurrent into a voltage. The output signal of the PD is amplified by a LNA
before it is observed by an oscilloscope.

The measurement results of the RX EPIC are shown in figure 6.8. The RX frontend
was designed, like the TX EPIC, to operate with a 3.3V power supply, and to achieve
a conversion gain of 10 dB and a noise figure of 4.4 dB. Since the RX EPIC was
fabricated in the same run as the TX EPIC, the maximum conversion gain of the
RX EPIC was also shifted to 66GHz, caused by the decreased germanium PD BW,
thus reducing the overall TIA BW by 2.5GHz. This leads to a reduction of 10GHz at
the output of the frequency quadrupler. As shown in figure 6.8a, by increasing the
supply voltage from 3.3V to 3.6V, the output power at an input frequency of 77GHz
could be increased by 12 dB. At a supply voltage of 3.6V, the RX EPIC was designed
to achieve a conversion gain of 13 dB and a noise figure of 4.6 dB at an RF frequency
of 77GHz. The entire power consumption at 3.6V is 770mW. Figure 6.8a visualizes
the output IF power and the current consumption of the RX EPIC. figure 6.8b shows
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(a) (b)

(c) (d)

Figure 6.8: Measurement results of the RX EPIC frontend: (a) Output
power and current consumption over supply voltage at an RF input
frequency of 77GHz and IF frequency of 1MHz, (b) Conversion gain
and phase imbalance of the IQ signal at VCC = 3.6V as a function
of the RF frequency at −17 dBm RF power and 1MHz IF frequency,
(c) Electrical output power and OMA of the receive path and its linear
region fit at VCC = 3.6V as a function of the RF input power and an
IF frequency of 1MHz, and (d) Output power at VCC = 3.6V as a

function of the IF frequency for an RF frequency of 77GHz.

the conversion gain and phase imbalance of the RX EPIC. The peak CG of 6.95 dBwas
achieved at 66GHz, and a conversion gain of −11.18 dB was achieved at 77GHz. An
average amplitude imbalance of 3.53 dB with a peak value of 5.24 dB and an average
phase imbalance of 0.023◦ with a peak value of 2.46◦ was observed. By making use of
the post-layout simulation results and the behavioral model (see section 3.3), it was
validated that the performance degradation of the RX EPIC is also caused by the PD
BW reduction. With the nominal PD BW, the RX EPIC would achieve a conversion
gain of 13 dB and a BW of 21GHz. Due to the PD BW reduction, the BW of the entire
RX EPIC reduces to 9GHz.

The electrical output power of the electrical receive path of the RX EPIC and the
OMA of the optical receive path at an RF frequency of 77GHz and an IF frequency
of 1MHz are shown in figure 6.8c. The input referred 1 dB compression point of the
RX EPIC with electrical or optical receive path is −20 dBm. This indicates that the
linearity of the optical receive path is not dominated by the non-linear EO charac-
teristic of the MZM for an input amplitude of the MZM of (1/3)Vπ. Furthermore,
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the saturated output power of the RX EPIC with the optical receive path is 17.7 dB
higher than the output power of the electrical receive path and reaches −6 dB OMA.

The output power of the RX EPIC as a function of the IF frequency is shown in
figure 6.8d. It can be clearly observed that the RX EPIC reaches a single-sided 3 dB
BW of 550MHz. Out of the band, the filter shows a high-order roll-off factor.

The measured RF input reflection coefficient (sRF ) is below −10 dB in the entire
E-band.

6.3 Conclusion

In this chapter, the 77GHz electronic-photonic radar RX chip, implemented in 250 nm
SiGe BiCMOS technology [32, 33], was presented. All electronic and photonic com-
ponents integrated into the chip that were not part of the TX chip were described
in detail. Electro-optical measurements were carried out to evaluate the chip’s per-
formance. The chip represents the first mm-wave monolithic integrated electronic-
photonic radar RX chip.

As the RX chip was fabricated in the same process run as the TX chip, the reduced
bandwidth of the germanium PD, in combination with a BB optical receiver, led to a
shift in the maximum conversion gain from 77GHz to 66GHz. At an IF frequency of
1MHz, the measured conversion gain was 6.95 dB at an RF frequency of 66GHz, and
−11.16 dB at 77GHz, with an optical LO power of −5 dBm OMA and an RF input
power of −13 dBm. The chip consumes 770mW from a 3.6V supply.

Furthermore, the chip was tested using an off-chip optical return path. The input-
referred 1 dB compression point of the RX chip, both with and without the optical
receive path, was determined to be −20 dBm.

The RX chip was previously published in [50].
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7.1 System Implemntation
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Figure 7.1: Simplified block diagram of the FMCW MIMO radar sys-
tem with optical LO distribution and optical return path.

The simplified block diagram of the FMCW MIMO radar system with optical LO
distribution and optical return path from chapter 2.1 is redrawn in figure 7.1. In the
previous chapter 2.2, the theory of a FMCW MIMO radar system with optical LO
distribution and optical return path was presented. Furthermore, a monolithically
integrated radar TRX chipset with optical LO distribution and off-chip optical return
path was presented in chapters 5 & 6. In this chapter, a FMCW MIMO radar demon-
strator with eight TX and six RX frontends, using the first monolithic integrated radar
TRX chipset from chapters 5 & 6, will be presented.
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Figure 7.2: Block diagram of the transmit and control part of the
central station of the 6x8 MIMO demonstrator.

A more detailed look at the control part and transmit part of the central station
is shown in figure 7.2. Within the central station, provided by a consortial partner, a
central PC controls and receives data from a field programmable gate array (FPGA).
The FPGA selects a specific TX frontend which is active in the specific time frame.
Subsequently, the FPGA triggers a direct digital synthesizer (DDS) which generates
the FMCW chirp at a fraction of the desired frequency. The chirp is upconverted
to the 19.25GHz band by frequency multipliers. The 19.25GHz signal is split into
multiple paths, and in each path, the electrical LO signal is converted to an optical
signal by means of MZMs fed by multiple 1310 nm CW lasers. Before each signal is
distributed to the frontends, the polarization of each signal is adjusted by means of
a polarization controller.

The block diagram of the TX and RX frontends is similar to the measurement
setup of the TX EPIC (see chapter 5.2) and the RX EPIC with off-chip optical receive
path (see chapter 6.2). Each TX frontend consists of the chip holder PCB, power
supply, a TX EPIC from chapter 5 with a non-PM fiber array glued on the chip,
a differential microstrip to WR-12 waveguide launcher, designed by a consortial
partner, a short WR-12 waveguide from the chip holder PCB to the antenna PCB, and
an antenna PCB with a microstrip patch transmit antenna, designed by a consortial
partner. Similarly, each RX frontend consists of the chip holder PCB, power supply,
a RX EPIC from chapter 6 with a non-PM fiber array glued on the chip, a differential
microstrip to WR-12 waveguide launcher, a short WR-12 waveguide from the chip
holder PCB to the antenna PCB, and an antenna PCB with a microstrip patch receive
antenna. In addition, each RX frontend consists of IF amplifiers and an MZM to
implement the optical receive path, provided by a consortial partner. The optical
fiber from the central station to the TX frontend and from the central station to the
RX frontend have a length offset. The offset is inserted to guarantee that for nearby
targets, the IF frequency is above the cutoff frequency of the bias tee of the MZMs.

Figure 7.3 shows the simplified block diagram of the receive part of the central
station. Within the central station, the optical IF signal from the RX frontends is
converted into an electrical signal by means of a PD and TIA. When a trigger signal
from the FPGA in the control unit of the central station is set, the ADCs start digitizing
the analog IF signal. The digital IF signal is then transmitted back to the FPGA, which
stores the data on the control PC where the MIMO signal processing is performed.

Figure 7.4 shows the front view of the 8x6 MIMO demonstrator, built up by a
consortial partner. Eight TX frontends are placed above six RX frontends in two racks
with a separation of 30 cm. The aperture size of the demonstrator is approximately
0.5m. The array geometry in each rack is implemented as planar and linear. The
antennas are placed sparsely and non-uniformly. The position is optimized according
to the method described in [29] to achieve an azimuth far-field main lobe of 0.23◦
and a sidelobe level below 9.6 dB.

To enable coherent array processing, performed by a consortial partner, prior
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Figure 7.3: Block diagram of the receive part of the central station of
the 6x8 MIMO demonstrator.

Figure 7.4: Front view of the MIMO demonstrator with eight TX and
six RX frontends.

and online calibration are necessary, also performed by a consortial partner. For a
simple parametric approach, at least the channel imbalances and antenna positions
need to be determined. In addition, the time delays of the optical fibers need to be
calibrated at least once to align peaks in the range profile. Further information on
the calibration can be found in [62].

Measurements of the MIMO demonstrator were conducted in an anechoic cham-
ber under controlled laboratory conditions. Within the chamber, metallic rods with a
radius of 11mm were positioned at a minimum distance of 2m in front of the MIMO
demonstrator. The 6×8 MIMO demonstrator is placed at the coordinatesx = 0; y = 0.
A simplified measurement setup is provided in figure 7.6a. The actual position of
the metallic rods was measured using a crosshair laser installed between the TX and
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Figure 7.5: Measurement setup for the MIMO demonstrator.

RX frontends in the rack. Figure 7.5 shows the measurement setup for the MIMO
demonstrator.

Figure 7.6 shows the measurement results of the 8x6 MIMO demonstrator. One
metallic rod was at approximately 2m distance and the other two metallic rods
were at 2.3m. Figure 7.6b shows that even without the optimization of the antenna
position, the three metallic rods result in three peaks in the two-dimensional map
close to the actual positions of the metallic rods (marked with red circles). The
angular resolution test is shown in figure 7.6c. The two targets at approximately
−19◦ with a separation of 0.5◦ can be easily distinguished. Further resolution tests
with targets at various angles showed distinct peaks until 0.4◦, which is close to the
theoretical limit of this demonstrator of 0.3◦.

7.2 Conclusion

In this chapter, a demonstrator featuring eight TX and six RX chips was presented.
The aperture size of the demonstrator was approximately 0.5m, achieving an azimuth
far-field main lobe width of 0.23◦ with a sidelobe level below 9.6 dB. Measurements
were conducted in an anechoic environment using three metallic rods. The demon-
strator achieved an angular resolution of 0.4◦, which is close to its theoretical limit of
0.3◦.

The measurement setup and results were previously published by the author in
[62].
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(a)

(b) (c)

Figure 7.6: Measurement setup and results of the 8x6 MIMO
demonstrator: (a) Measurement setup with three targets, (b) Two-
dimensional distance map with three targets, and (c) Azimuth map

with three targets.
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Chapter 8

Photonic Software Defined MIMO

Radar Systems with Optical Signal

Distribution

In the previous chapters 2, 3, 5, 6, and 7, the photonic FMCW radar system with
optical LO distribution were presented, analyzed, and modeled, and a demonstrator
featuring a monolithically integrated TRX chipset was introduced. In this and the
following chapters, additional novel photonic radar architectures for automotive ap-
plications with optical signal distribution will be presented, analyzed, and evaluated
through simulations.

8.1 System Overview

Central station
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Figure 8.1: Simplified block diagram of the photonic software de-
fined MIMO radar system with optical signal distribution and a self-

coherent optical return path.

A photonic software-defined MIMO radar system with optical signal distribution
is shown in figure 8.1. Within a central station, a CW laser generates the optical carrier
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which is split into two paths. In the upper path, the optical carrier is modulated by an
IF signal s(t), using a first MZM. In the lower part, a fraction of the desired mm-wave
signal is modulated by a constant frequency carrier signal c(t) using a second MZM.
The two signals are summed, before the signal is divided and distributed to the TX
and RX frontends. Additionally, a fraction of the signal is fed to the receive path of
the central station to enable coherent demodulation of the received signal.

In the TX frontend, the optical signal is split into two different branches. In the
lower branch, the optical signal is converted into an electrical signal by means of a
PD and a TIA. The subsequent BPF in the lower arm suppresses the IF signal s(t) and
the wireless carrier c(t) is upconverted to the desired mm-wave band. In the upper
arm, the optical signal is also converted to an electrical signal by means of a PD and a
TIA. The LPF in this arm suppresses the carrier signal c(t), so that only the IF signal
is mixed with the wireless carrier via a mixer. Alternatively, to reduce the hardware
complexity of the system, the NB four-quadrant electrooptical mixer presented in
chapter 4.2 can be used instead of the PD, TIA, BPF, and electrical mixer. The output
signal of the mixer is amplified and transmitted via a transmit antenna.

The reflected signal is received by an antenna in the RX frontend. The RX
frontend is similar to the RX frontend of the photonic FMCW MIMO radar systems
with optical LO distribution presented in chapter 2.1. The optical signal is converted
to an electrical signal and upconverted to the mm-wave band, similar to the TX
frontend. The weak received signal is amplified by a LNA before IQ demodulation is
performed. In comparison to the previously discussed architecture of the photonic
FMCW MIMO radar systems with optical LO distribution, a fraction of the optically
distributed signal is used to realize an optical IQ return path. It consists of an optical
IQ generator and two EO modulators. The two signals are combined and transmitted
via a single fiber back to the central station. In the central station, a coherent reception
is performed using a fraction of the distributed optical signal. Finally, the regenerated
electrical IQ signals are further processed by a signal processing unit.

8.2 Analysis

8.2.1 Photonic Software-Defined MIMO Radar System with Optical Sig-

nal Distribution

The starting point for the analysis of the photonic software defined MIMO radar
system are the two MZMs in the central station, shown in fig. 8.1, fed by a contin-
uous wave laser and driven by the sinusoidal carrier voltage Vc(t) with the angular
frequency ωLO, and arbitrary signal voltage Vs(t). The output signals of the MZMs
are [131]:

EMZM,1(t) =
E0

2
· cos

(︃
π (Vc(t) + VB)

2Vπ

)︃
ejωoptt = Ec(t)e

jωoptt (8.1)

EMZM,2(t) =
E0

2
· cos

(︃
π (Vs(t) + VB)

2Vπ

)︃
ejωoptt = Es(t)e

jωoptt (8.2)

A fraction of the carrier signal EMZM,1 is bypassed for the coherent optical receive
path, before both signals are summed up and transmitted to the radar TX frontend.
Within the frontend, the signals are split into two branches and in each of them,
the optical signal is converted to an electrical signal by means of PDs. The output



8.2. Analysis 97

currents of the PDs are [24]:

IPD,1,2 = R
⃓⃓
k · Ec(t)e

jωoptt + Es(t)e
jωoptt

⃓⃓2 (8.3)

IPD,1,2 = R|k · Ec(t) + Es(t)|2 ·
⃓⃓
ejωoptt

⃓⃓2 (8.4)

with
⃓⃓
ejωoptt

⃓⃓2
= 1 follows

IPD,1,2 =
RE2

0

8

[︃
k2 ·

(︃
1 + cos

(︃
π (Vc(t) + VB)

Vπ

)︃)︃
+ 1 + cos

(︃
π (Vs(t) + VB)

Vπ

)︃
+ 2k cos

(︃
π (Vc(t)− Vs(t))

2Vπ

)︃
+ 2k cos

(︃
π (Vc(t) + Vs(t) + 2VB)

2Vπ

)︃]︃
(8.5)

If the MZMs are biased at the quadrature point (VB = −Vπ
2 ), equation 8.5 simplifies

to:

IPD,1,2 =
RE2

0

8

[︃
k2 ·

(︃
1 + sin

(︃
π (Vc(t))

Vπ

)︃)︃
+ 1 + sin

(︃
π (Vs(t))

Vπ

)︃
+ 2k cos

(︃
π (Vc(t)− Vs(t))

2Vπ

)︃
+ 2k sin

(︃
π (Vc(t) + Vs(t))

2Vπ

)︃]︃
(8.6)

The output current of the PD is converted to voltages by means of shunt feedback TIA,
and in each branch, the output signal is filtered, which cancels all higher harmonics
of the carrier signal, the DC component and the mixed terms in eq. 8.6. The output
signals after filtering, and using the approximation sin (x) ≈ x, are given by:

VTIA,C ∝ Vc(t) = V0,c sin (ωLOt+ φ) (8.7)
VTIA,S ∝ Vs(t) (8.8)

The carrier signal is upconverted to the desired transmit frequency and then multi-
plied with the arbitrary signal Vs(t) by means of a conventional mixer for a BB signal
or by a single-sideband mixer for a BP signal. The transmit signal in the frequency
domain is given by:

VTX(jω) = V0,TX [VS (j(ω +N · ωLO)) + VS (j(ω −N · ωLO))] (8.9)

with the amplitude voltage of the transmit signal and the upconversion factor N .
The amplitude of the transmit signal depends on the E-field, the responsivity of the
PD, the gain of the TIA, and the gain of the frequency multipliers, mixers, and the
power amplifier.

The received signal is a time-delayed replica of the transmitted signal and is given
in the frequency domain by:

VRX(jω) = GPL · V0,TX · [VS (j(ω +N · ωLO)) + VS (j(ω −N · ωLO))] e
jωτ (8.10)

with the round trip delay τ , and the free-space path loss multiplied by the transmit
and antenna gainGPL. Within the receiver frontend, the received signal is multiplied
with the replica of the upconverted carrier signal. The demodulated IF IQ signal in
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the time domain is given by:

VRX,BB,I = VRX,BB,0 ·
VS(t− τ)

2
[cos (NωLOτ)− cos (2NωLOt−NωLOτ)] (8.11)

VRX,BB,Q = VRX,BB,0 ·
VS(t− τ)

2
[sin (NωLOτ) + sin (2NωLOt−NωLOτ)] (8.12)

with the amplitude of the baseband signal in the receive frontend VRX,BB,0. The
amplitude of the baseband signal depends on the free-space path loss, the antenna
gain, the amplitude of the transmit signal, and the mixer gain.

The high frequency component is filtered by a LPF before the received signal is
retransmitted to the central station by means of a coherent optical IQ return path.

8.2.2 Coherent Optical IQ Return Path

ELOOpt,B Optical IQ

Generator

EQ

EI

VB

VI

VQ

EI,M

EQ,M

φ

ELO,P

ERX

2x4

MMI

E2x4,1

E2x4,2

E2x4,3

E2x4,4

IPD,1

IPD,4

IPD,I

VCC

IPD,2

IPD,3

IPD,Q

VCC

Figure 8.2: Coherent optical IQ return path

In a photonic radar system with an optical return path, the downconverted optical
IF signals are transmitted via optical fibers to the central station. Typically, IQ
demodulation of the received signal requires two fibers to establish the optical receive
path from one RX frontend to the central station. This requirement can significantly
increase the complexity and cost of large-aperture phased array radar systems. To
mitigate this, a coherent optical IQ return path can be employed [132]. Figure 8.2
shows the coherent optical IQ return path.

The optical LO generation within the central station, the OE conversion, and
the electrical parts of the TX and RX frontends remain consistent with previously
analyzed photonic radar systems with optical LO distribution. Compared to these
systems, a fraction of the distributed optical LO signal is bypassed and fed into an
optical IQ generator with subsequent EO converters. Within the central station, a
fraction of the optical LO signal is also bypassed, phase-adjusted, and fed into the
optical RX. The optical RX consists of a 2x4 multimode interferometer (MMI) with
PDs and TIAs [121].
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The starting point for the analysis is the E-field of the optical signal [133]:

ELOOpt,B = E · ej(ωoptt+φ0) (8.13)

where E is the time-independent amplitude of the E-field, ωopt is the optical angular
frequency, and φ0 is a random initial phase. The optical IQ generator splits the signal
into the IQ signals:

EI =
E√
2
· ej(ωoptt+φ0) (8.14)

EQ =
E√
2
· ej(ωoptt+φ0+

π
2
) (8.15)

The output signals of the IQ generator are modulated by MZMs with the correspond-
ing downconverted electrical IQ signals [131]:

EI,M =
E√
2
· ej(ωoptt+φ0) · cos

(︃
π (VI + VB)

2Vπ

)︃
(8.16)

EQ,M = j
E√
2
· ej(ωoptt+φ0) · cos

(︃
π (VQ + VB)

2Vπ

)︃
(8.17)

The modulated signals are summed up and retransmitted to the central station. The
received signal in the central station is given by:

ERX = E · ej(ωoptt+φ0) ·
[︃
cos

(︃
π (VI + VB)

2Vπ

)︃
+ j cos

(︃
π (VQ + VB)

2Vπ

)︃]︃
. (8.18)

The output E-field vector of the 2x4 MMI with the input signals ERX and the
phase-shifted bypassed optical LO signal is given by [134]:

E2x4 =
ejΞ

2
·

⎡⎢⎢⎣
1 −ej

π
4

ej
π
4 1

−ej
π
4 1

1 ej
π
4

⎤⎥⎥⎦ ·
[︃
ERX

ELO,P

]︃
(8.19)

with the phase shift of the MMI Ξ, the bypassed optical LO signal:

ELO,P = d · E · ej(ωoptt+φP ) (8.20)

with the phase shift φP .
The photocurrent vector of the four PDs is given by:

IPD = iPD,0 ·

⎡⎢⎢⎢⎢⎣
(︂
|s(t)|2 + d2

)︂
1 + 2d

⎡⎢⎢⎢⎢⎣
−ℜ{s(t)} cos

(︁
∆+ π

4

)︁
−ℑ{s(t)} sin

(︁
∆+ π

4

)︁
ℜ{s(t)} sin

(︁
∆+ π

4

)︁
+ ℑ{s(t)} sin

(︁
∆− π

4

)︁
−ℜ{s(t)} sin

(︁
∆+ π

4

)︁
−ℑ{s(t)} sin

(︁
∆− π

4

)︁
ℜ{s(t)} cos

(︁
∆+ π

4

)︁
+ ℑ{s(t)} sin

(︁
∆+ π

4

)︁

⎤⎥⎥⎥⎥⎦
⎤⎥⎥⎥⎥⎦

(8.21)
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with 1 the vector of ones, iPD,0 the amplitude of the of the photocurrent∆φ = φ0−φP ,
and:

s(t) = cos

(︃
π (VI + VB)

2Vπ

)︃
+ j cos

(︃
π (VQ + VB)

2Vπ

)︃
(8.22)

The amplitude of the photocurrent depends on the responsivity of the PD and the
E-field.

If ∆φ = −π
4 + 2πl, l ∈ N0, the photocurrent vector results in:

IPD = iPD,0 · |E|2 ·

⎡⎢⎢⎢⎢⎣
(︂
|s(t)|2 + d2

)︂
1 + 2d

⎡⎢⎢⎢⎢⎣
−ℜ{s(t)}
ℑ {s(t)}
−ℑ{s(t)}

ℜ {s(t)}

⎤⎥⎥⎥⎥⎦
⎤⎥⎥⎥⎥⎦ (8.23)

If VB = −Vπ, and making use of sin(x) ≈ x, the IQ signals can be regenerated
via:

IPD,I = IPD,4 − IPD,1 (8.24)

= 4 · d · iPD,0 · cos
(︃
π (VI + VB)

2Vπ

)︃
≈ 2 · d · iPD,0 ·

πVI

Vπ
(8.25)

IPD,Q = IPD,2 − IPD,3 (8.26)

= 4 · d · iPD,0 · cos
(︃
π (VQ + VB)

2Vπ

)︃
≈ 2 · d · iPD,0 ·

πVQ

Vπ
(8.27)

8.3 System Simulation

8.3.1 Photonic Software-Defined MIMO Radar System with Optical Sig-

nal Distribution

(a) (b)

Figure 8.3: Simulated (a) transmit signal in time domain; (b) pseu-
dorandom non-return-to-zero sequence and the received signal after

downconversion and optical receive part.

The simulation setup of the photonic software-defined MIMO radar system with
optical signal distribution in Lumerical Interconnect closely resembles the photonic
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FMCW MIMO radar system with optical LO distribution, presented in chapter 3.1,
and is detailed in appendix E.

The simulated transmit signal in the time domain can be seen in figure 8.3a.
Due to the finite time resolution of Lumerical Interconnect, only a small amplitude
variation of the high-frequency carrier signal can be observed. Figure 8.3b shows
a 50 ns time window of the pseudorandom non-return-to-zero sequence and the
received signal after downconversion and optical receive part. The received signal
is time-shifted by the time delay of the noiseless channel. It can be clearly observed
that the arbitrary signal can be perfectly reconstructed.

8.3.2 Coherent Optical IQ Return Path

(a) (b)

Figure 8.4: Simulation results of the (a) in-phase signal; (b)
quadrature-phase signal before the coherent optical IQ return path

(blue) and after the coherent optical IQ return path (red).

The simulation setup of the coherent optical IQ return path in Lumerical Inter-
connect is presented in appendix F.

The time-domain simulation results of the coherent optical IQ return path are
presented in figure 8.4. After the transient response of the BPFs, both the in-phase
and quadrature-phase signals are accurately reconstructed. Only a slight phase shift
is observed between the input and output signals, which is also attributed to the
BPFs.

8.4 Conclusion

In this chapter, a photonic software-defined MIMO radar systems with optical signal
distribution was presented. In this system, a single fiber is used to distribute both
the wireless carrier and an arbitrary IF signal from the central station to the RF
frontends. Additionally, the system repurposes the optical LO signal to enable a
coherent optical receive path. The system, together with the coherent optical IQ
return path, was analyzed mathematically, and simulation results were presented
using the optical design software Lumerical Interconnect by Ansys. The analysis and
simulation demonstrate the system’s potential to realize a large-aperture photonic
radar with optical signal distribution and arbitrary transmit signals.

It should be noted that all components can be integrated using low-cost, mass-
market silicon technology.
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The system, its analysis, and the underlying model were previously published by
the author in [54, 71].
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Chapter 9

Photonic FMCW Multiband Radar

System with Optical LO

Distribution

In the previous chapter, photonic software-defined MIMO radar systems with optical
signal distribution were presented. In this chapter, an additional photonic radar
system featuring optical LO distribution is introduced. This system utilizes nonlinear
EO conversion and photodiode-based signal beating to realize a multiband photonic
radar architecture with optical LO distribution.

9.1 System Overview

Central Station
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FMCW
Gen.

MZM

Parallel OE
Receivers

RX

MIMO
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Processing

TX

...

...
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TX

TX

RX

RX

RX

Target

f3 TX Signal
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f1 RX Signal
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f3 RX Signal

Figure 9.1: Simplified block diagram of the photonic FMCW multi-
band radar system with optical LO distribution.

The photonic multiband radar system with optical LO distribution—whose sim-
plified block diagram is shown in figure 9.1—is inspired by previous publications
on Nyquist pulses [135, 136]. Similar to previous photonic radar architectures, this
system features a central station where the optical FMCW LO signal is generated
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using an EO modulator driven by an FMCW generator. The EO modulator is exter-
nally biased via the bias voltage VB . From the central station, the optical LO signal
is distributed to both the TX and RX frontends.

LD

VBVS

iPD

EOUT,MZM

(a) (b)

Figure 9.2: (a) Simplified block diagram of the harmonic generation;
(b) Output E-field of the MZM.

Harmonic generation in the photonic multiband radar system is achieved through
EOE conversion by means of a CW laser, MZM, and beating in a PD. The simplified
block diagram of the harmonic generation is shown in figure 9.2a. Within the central
station, the amplitude of the electrical FMCW signal and the bias voltage of the EO
modulator are properly adjusted. Through beating in a PD, the resulting E-field
EOUT,MZM , shown in figure 9.2b, is converted into an electrical current iPD that
contains the three harmonics. As will be shown in chapter 9.2, by fine-tuning the
bias point and drive amplitude of the EO modulator within the central station, three
FMCW chirps with equal peak power can be generated after the OE conversion.
Since the harmonics are generated via EOE conversion, the frontend design can be
significantly simplified.
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...
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(a)
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Figure 9.3: Simplified block diagram of the (a) TX frontend; (b) RX
frontend of a photonic multiband radar with optical LO distribution.
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Figure 9.3a shows the simplified block diagram of the TX frontend. Within the
frontend, the optical signal is converted to an electrical signal by means of a PD
and split into the different branches, one branch for each band. The desired band
of each branch is filtered by means of BPFs before amplification by means of a TIA.
The filtered and amplified signal is further amplified using PAs and transmitted via
transmit antennas optimized for each band.

The three radar signals are reflected by an obstacle and received by the RX
frontend array, which is fed by the same optical LO signal.

Within the RX frontend, shown in figure 9.3b, the received signal, provided by
receive antennas, is amplified by means of LNAs after the desired band is selected
by a BPF. In each band, the amplified signal is downconverted to the baseband by
a direct downconversion IQ mixer. The IQ signal for each band is provided by an
electrical IQ network. The LO input signal of the IQ network is converted from the
optical LO by means of a PD, TIA, and BPFs, similar to the OE conversion and band
selection in the TX frontend. The electrical output signal of the IQ mixer is converted
to the optical domain by EO modulators, biased at the quadrature point, and fed
by single line of the optical LO signal. To reduce the number of optical fibers, the
optical LO signal is reused as optical signal for the receive path, and an optical IQ
modulation (see section 8.1) can be used.

Within the central station, the optical signal is converted back to an electrical
signal by several parallel OE RX before further MIMO processing is performed.

It should be noted that the OE conversion of each band, consisting of a PD, BPF,
and TIA, can be implemented by one optical NB receiver (see section 4.1) for each
band.

9.2 Analysis

The starting point for deriving the photonic FMCW multiband radar system, shown
in figure 9.1 and figure 9.3, with an electro-optical modulator is the output intensity
of a MZM given in eq. 2.1. The output power of the PD within the TX frontend is
given by:

PPD,TX = 2PPD,TX,0

[︃
1 + cos

(︃
π [VS(t) + VB]

Vπ

)︃]︃2
= PPD,TX,0

[︃
3 + 4 cos

(︃
π (Vs(t) + VB)

Vπ

)︃
+ cos

(︃
2π (Vs(t) + VB)

Vπ

)︃]︃
= PPD,TX,0

[︃
3 + 4 cos

(︃
πVB

Vπ

)︃
cos

(︃
πVs(t)

Vπ

)︃
− 4 sin

(︃
πVB

Vπ

)︃
sin

(︃
πVs(t)

Vπ

)︃
+ cos

(︃
2πVB

Vπ

)︃
cos

(︃
2πVs(t)

Vπ

)︃
− sin

(︃
2πVB

Vπ

)︃
sin

(︃
2πVs(t)

Vπ

)︃]︃
(9.1)
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with the amplitude of the output power of the PD PPD,TX,0. The amplitude By
making use of the substitutions:

Vs(t) = V0 cos (Ξ(t)) (9.2)

Ξ(t) =

[︃
ωLO +

µt

2

]︃
t (9.3)

V̂0 =
πV0

Vπ
(9.4)

V̂B =
πVB

Vπ
(9.5)

Eq. 9.1 simplifies to:

PPD,TX = PPD,TX,0

[︂
3 + 4 cos

(︂
V̂B

)︂
cos
(︂
V̂0 cos (Ξ(t))

)︂
− 4 sin

(︂
V̂B

)︂
sin
(︂
V̂0 cos (Ξ(t))

)︂
+ cos

(︂
2V̂B

)︂
cos
(︂
2V̂0 cos (Ξ(t))

)︂
− sin

(︂
2V̂B

)︂
sin
(︂
2V̂0 cos (Ξ(t))

)︂]︂
(9.6)

Using the Jacobi-Anger expansions results in:

PPD,TX = PPD,TX,0

[︄
3 + 4 cos

(︂
V̂B

)︂[︄
J0

(︂
V̂0

)︂
+ 2

∞∑︂
n=1

(−1)nJ2n

(︂
V̂0

)︂
cos (2nΞ(t))

]︄

+ 8 sin
(︂
V̂B

)︂ ∞∑︂
n=1

(−1)nJ2k−1

(︂
V̂0

)︂
cos ([2n− 1] Ξ(t))

+ cos
(︂
2V̂B

)︂[︄
J0

(︂
2V̂0

)︂
+ 2

∞∑︂
n=1

(−1)nJ2n

(︂
2V̂0

)︂
cos (2nΞ(t))

]︄

+2 sin
(︂
2V̂B

)︂ ∞∑︂
n=1

(−1)nJ2k−1

(︂
2V̂0

)︂
cos ([2n− 1] Ξ(t))

]︄
(9.7)

PPD,TX = PPD,TX,0

[︂
3 + 4 cos

(︂
V̂B

)︂
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(︂
V̂0
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(︂
2V̂0

)︂
− 2

[︂
4 sin

(︂
V̂B
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)︂
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(︂
2V̂0

)︂]︂
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− 2
[︂
4 cos

(︂
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)︂
J2

(︂
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(︂
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)︂
J2

(︂
2V̂0

)︂]︂
cos (2Ξ(t))

+2
[︂
4 sin

(︂
V̂B

)︂
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)︂
+ sin
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)︂
J3
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]︂
(9.8)

With O representing the big-O notation. Equation 9.8 orders the terms according
to the DC term and the first three harmonics. Resubstituting V̂B , V̂0, and Ξ, eq. 9.8
results in:

PPD,TX = PPD,TX,0

[︄
3 + P0th + 2

3∑︂
n=1

Pnth cos

(︃
n

[︃
ωLO +

µt

2

]︃
t

)︃
+O

(︃
4

[︃
ωLO +

µt

2

]︃
t

)︃]︄
(9.9)

with:

Pnth = 4 cos

(︃
πVB

Vπ
+

nπ

Vπ

)︃
Jn

(︃
πV0

Vπ

)︃
+ cos

(︃
2πVB

Vπ
+

nπ

Vπ

)︃
Jn

(︃
2πV0

Vπ

)︃
(9.10)
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Eqs. 9.9 and 9.10 show that the amplitude of the harmonics is a function of the
EO modulator bias voltage VB and the amplitude of the FMCW chirp amplitude
V0. The optimal point would be defined as the bias and amplitude point where
P1st = P2nd = P3rd.

Numerically it can be shown that a photonic multiband radar can be implemented
with the previously proposed architecture if the amplitude mismatch is minimized:

ε = min

{︃
∆P

P

}︃
(9.11)

while the amplitudes are maximized:

Pmax = max
{︁
P
}︁

(9.12)

In eq. 9.11, ∆P is defined as:

∆P = max {[∥Pnth − Pmth∥n,m ∈ {1, 2, 3}]} (9.13)

and

P =
1

3

3∑︂
n=1

Pnth (9.14)

Figure 9.4: Contour plot of the maximum intensity mismatch between
the first three harmonics as a function of VB and VS for an MZM with

Vπ = 2V.

A contour plot of ∆P as a function of VB and V0 is shown in Fig. 9.4. It can be
observed that parameter combinations can be found where the maximum amplitude
mismatch is minimized.

In the case of a perfect BPF in each branch and the same gain of the TIAs (GTIA),
the output signals of the three branches result in:

PTIA,n = GTIAPnth cos

(︃
n

[︃
ωLO +

µt

2

]︃
t

)︃ ⃓⃓⃓⃓
n∈1,2,3

(9.15)
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The result of eq. 9.15 shows an FMCW multiband radar chirp, with one chirp in each
branch.

In the RX frontend, the input signal of the LNA results, in the case of a perfect
BPF, in:

PRX,k = GPL · Pkth · cos
(︃
n

[︃
ωLO +

µt

2

]︃
t

)︃ ⃓⃓⃓⃓
k∈1,2,3

(9.16)

with the free-space path loss multiplied by the transmit and receive antenna gains
GPL. The received signal in eq. 9.16 is, for each band, again an FMCW chirp. Each
chirp can be downconverted and transmitted back to the central station as presented
in the previous sections for a single carrier FMCW photonic radar system.

9.3 System Simulation

(a) (b)

Figure 9.5: Simulated multiband (a) FMCW transmit chirp; (b) IF
spectrums for a round trip delay of 3 ns.

The simulation setup of the photonic FMCW multiband radar aystems with
optical LO distribution in Lumerical Interconnect is provided in appendix G.

The simulated transmitted multiband FMCW chirps in the frequency domain
with VB,MZM = 0.8Vπ, and V0 = 1.66Vπ are shown in figure 9.5a. It can be clearly
observed that the three chirps have almost the same amplitude

(︁
P = 46.63 dBm

at ε = −26.73 dB), while the BW of each chirp scales linearly with the order of
harmonics.

The simulations of the received IF signals after OE conversion in the central
station, for a round-trip delay τ of 3 ns, are shown in figure 9.5b. The target is clearly
visible in all three IF frequency signals, each corresponding to a specific band. In
figure 9.5b, the fundamental frequency chirp is represented in green, the second
harmonic in red, and the third harmonic in blue. The amplitude imbalances result
from the 1/λ behavior of the radar cross-section [137] implemented in the wireless
channel. The wavelength dependence of the free-space path loss was omitted in the
simulation.
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9.4 Conclusion

In this chapter, a photonic multiband radar system with optical LO distribution was
presented. The system utilizes the nonlinear transfer function of the MZM in con-
junction with beating in a PD to generate the first three harmonics of a fundamental
FMCW signal. Simulations showed that there is no point at which the first three
harmonics exhibit equal amplitude. Nonetheless, it was proven by simulations that
there exists an ε for which the amplitude mismatch is minimized. The subsequent
simulation in Lumerical Interconnect by Ansys validated the theoretical findings.
The simulation demonstrated the three harmonics of the carrier signal and the three
distinct IF signals, one corresponding to each band.

It should be noted that all components can be integrated using low-cost, mass-
market silicon technology.

The system, its analysis, and the simulation model in Lumerical Interconnect by
Ansys were previously published by the author in [60, 64].
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Chapter 10

Lidar-Radar Combined Sensor

System

In the previous chapters, different photonic radar systems with optical signal distri-
bution were presented. In this chapter, the optical LO signal is reused to build a lidar
system that operates coherently to the radar. In addition, it shows same Doppler
shift as the radar although the carrier frequencies are orders of magnitude different.

10.1 System Overview
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Receivers
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Figure 10.1: Simplified block diagram of the lidar-radar combined
sensor system with optical return path.

The simplified block diagram of the lidar-radar combined sensor system is shown
in figure 10.1. The overall block diagram is similar to the multiband radar system.
Within a central station, an optical FMCW chirp is generated using an MZM biased
at its minimum transmission point. The optical LO signal is distributed via optical
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fibers to the TX and RX frontends. Instead of several radar bands, as in the multiband
radar, the TX frontend generates a radar and a lidar chirp.

Since an MZM delivers low optical power at this bias point, an alternative ap-
proach using two lasers detuned relative to each other can also be employed. In this
case, the desired microwave signal is generated by beating the two laser signals in a
photodiode [138].

TX Frontend
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2 ·Ψ0

ΨRX,R
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Figure 10.2: Simplified block diagram of the (a) TX frontend; (b) RX
frontend of the lidar-radar combined sensor system.

Within the TX frontend, shown in figure 10.2a, the optical signal is split into
a lidar path and a radar path. In the lidar path, the optical signal is transmitted
by means of optical phase shifters and optical radiators, implementing an optical
phased array (OPA) [139]. Alternatively, a MIMO approach with optical antennas
can be realized. In the radar path, the optical LO signal is converted to an electrical
signal by means of a PD and a TIA. The electrical signal is amplified using a PA, and
transmitted via a transmit antenna.

Within the RX frontend, shown in figure 10.2b, the optical LO signal is split into
an optical radar receive path and an optical lidar receive path. In the radar path,
the received signal, provided by a receive antenna, is amplified by means of an LNA
and fed to an MZM. The MZM is biased by the bias voltage VB in such a way that
the MZM acts as an EO downconversion mixer. In the lidar path, the optical sensing
signal from a certain direction is received by optical antennas, and converted to an
electrical signal by means of a PD and a TIA. This electrical signal is mixed with the
optical LO signal by means of a second MZM, similar to the radar receive path.
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The optical radar and lidar signals are fed to the central station via an optical
receive path, where parallel OE conversion is performed, followed by MIMO signal
processing.

10.2 Analysis

The starting point for the derivation of the lidar-radar combined sensor system,
shown in figure 10.1 and figure10.2, is the electric field of the optical LO signal, given
by:

ELO(t) = E0 ·
[︂
ej(ωopt−Ξ(t))t − ej(ωopt+Ξ(t))t

]︂
(10.1)

The optical signal is transmitted via fibers to the TX and RX frontends. Within the
TX frontend, the optical signal is divided into a lidar path and a radar path. In the
radar path, the electrical signal is converted to the photocurrent [24]:

iPD = c · R ∥E0∥2 · (1− cos (2Ξ(t)t)) (10.2)

with the proportionality factor c, which accounts for fiber losses and the splitting
ratio. The photocurrent is converted to a voltage in a reference impedance system by
means of a TIA. The transmitted radar signal is given by:

PTX(t) = P0,TX cos2 (2Ξ(t)t) (10.3)

with the amplitude of the transmit signal P0,TX . If:

Ξ(t) =
1

2

(︃
ωLO +

µt

2

)︃
(10.4)

Eq. 10.3 simplifies to:

PTX(t) = P0,TX cos2
(︃(︃

ωLO +
µt

2

)︃
t

)︃
(10.5)

which is the normal FMCW radar signal.
The radar signal is reflected at an obstacle and then coupled into the RX frontend.

The resulting driving voltage of the MZM is:

VMZM,R = V0,R cos

(︃(︃
ωLO +

µ [t− τ ]

2

)︃
[t− τ ]

)︃
(10.6)

with the amplitude of the driving voltage of the MZM in the radar path V0,R. The
amplitude of the driving voltageV0,R depends on the free space path loss, the transmit
power, the receiver gain, and the radar cross section of the obstacle.

The output intensity of the MZM, biased at the quadrature point, of the optical
radar receive path is given by:

ΨRX,R = Ψ0

(︃
1− cos

(︃[︃
ωLO +

µt

2

]︃
t

)︃)︃
·
{︃
1 + sin

(︃
πV0

Vπ
cos

(︃(︃
ωLO +

µ [t− τ ]

2

)︃
[t− τ ]

)︃)︃}︃
(10.7)

With the amplitude of the optical Ψ0.
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For a small amplitude of the driving voltage V0, sin(x) ≈ x. This results in:

ΨRX,R ≊ Ψ0

(︃
1− cos

(︃[︃
ωLO +

µt

2

]︃
t

)︃)︃
·
{︃
1 +

πV0

Vπ
cos

(︃(︃
ωLO +

µ [t− τ ]

2

)︃
[t− τ ]

)︃}︃
(10.8)

≊ Ψ0

{︃
1 +

πV0

Vπ
cos

(︃(︃
ωLO +

µ [t− τ ]

2

)︃
[t− τ ]

)︃
− cos

(︃[︃
ωLO +

µt

2

]︃
t

)︃
− πV0

2Vπ

[︃
cos

(︃
µtτ + ωLOτ − µτ2

2

)︃
+ cos

(︃
2ωLOt+ µt2 − µtτ − ωLOτ +

µτ2

2

)︃]︃}︃
(10.9)

If the PD and the subsequent TIA within the central station suppress the higher
frequency components, the output voltage of the TIA is given by:

VTIA,R = V0,T,R

{︃
1− πV0

2Vπ
cos

(︃
µtτ + ωLOτ − µτ2

2

)︃}︃
(10.10)

with the amplitude of the output voltage of the TIA in the radar path V0,T,R. The
amplitude depends on the optical intensity, the responsivity of the PD, and the
TIA gain. The MZM can act in conjunction with the PD in the central station as a
downconversion mixer.

In the lidar part of the TX frontend, the optical LO signal is transmitted via an
optical phased array. The lidar signal is reflected at an obstacle and received by an
optical phased array receiver. The received electric field is given by:

ERX(t, τ) = GPLE0

[︂
ej(ωopt−Ξ(t−τ))(t−τ) − ej(ωopt+Ξ(t−τ))(t−τ)

]︂
(10.11)

with the free-space path loss multiplied by the antenna gains. The output driving
voltage of the MZM after the PD and TIA results in:

VMZM,L = V0,L cos

(︃(︃
ωLO +

µ [t− τ ]

2

)︃
[t− τ ]

)︃
(10.12)

with the amplitude of the driving voltage of the MZM in the lidar path V0,L. The
driving voltage in eq. 10.12 is same driving voltage as in the radar case except for
proportionality factors. Following the same derivation for the optical receive path
like in the radar branch, the low-frequency output voltage of the TIA in the central
station is given by:

VTIA,L = V0,T,L

{︃
1− πV0

2Vπ
cos

(︃
µtτ + ωLOτ − µτ2

2

)︃}︃
(10.13)

with the amplitude of the output voltage of the TIA in the lidar path V0,T,L. The
amplitude depends on the optical intensity, the responsivity of the PD, and the
TIA gain. This is exactly the same received signal as in the radar case except for
proportionality factors. This means that the IF signal of the radar and the lidar are
coherent and exhibit same Doppler frequency.
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10.2.1 Doppler Analysis of a Lidar-Photonic Radar Combined Sensor Sys-

tem

A common disadvantage of lidar-radar combined sensor systems is the unequal
single-carrier Doppler shift of the two measurement principles. The Doppler fre-
quency of a single-carrier system is given by [140]:

|fD| ≤
2νrf0
c0

(10.14)

with the relative speed difference νr, and the carrier frequency of the lidar f0. Since
radar systems operate in the GHz regime and lidar systems in the THz domain, the
Doppler frequency of a single-carrier lidar system is at least three orders of magnitude
higher compared to a radar system. Since the Doppler frequency is several orders
of magnitude greater in the lidar case than in the radar case, this leads to different
range Doppler ambiguities. In the multi-target case, the signals with the different
ambiguity functions must be superimposed in the sensor fusion in a complex manner.

As previously mentioned, the optical FMCW generator in the central station
generates two optical lines, and beating in PDs is performed either in the lidar RX or
in the radar TX frontend. The following derivations address the Doppler frequency
of a two-carrier lidar system with beating in the PD.

νr

d(t)

α

Figure 10.3: Scenario for the derivation of the Doppler shift of the
radar and lidar signal.

The starting point of the derivation of the lidar Doppler shift is the received E-
field signal, given by eq. 10.11. For this derivation, the free-space scenario shown in
figure 10.3 is assumed. An obstacle with a relative speed νr departs over time under
the angle α from the TX. The distance from the antenna to the obstacle is given by:

d(t) = d0 + νrt cos (α) (10.15)

with an arbitrary starting distance d0. From basic radar or lidar theory, it is well
known that the reflected signal is received after:

τ(t) =
2d0
c0

+
2νrt

c0
cos (α) = τ0 + τνt (10.16)

Inserting eq. 10.16 into eq. 10.11 leads to:

ERX(t, τ) = GPLE0

[︂
ej(ωopt−Ξ(t−τ0−τνt))[t−τ0−τνt] − ej(ωopt+Ξ(t−τ0−τνt))[t−τ ]

]︂
(10.17)



116 Chapter 10. Lidar-Radar Combined Sensor System

Factoring out ejωopt[(1−τν)t−τ0] results in:

ERX(t, τ) = −2jGPLE0e
jωopt[(1−τν)t−τ0] sin (Ξ {[1− τν ] t− τ0} ([1− τν ] t− τ0))

(10.18)

The photocurrent of the PD in the lidar receiver is given by:

iPD,L = R|ERX(t, τ)|2 = iPD,L,0 [1− cos (2Ξ {[1− τν ] t− τ0} ([1− τν ] t− τ0))]
(10.19)

with the amplitude of the photocurrent of the PD in the LiDAR RX iPD,L,0. The
amplitude of the photocurrent depends on the free-space path loss, the antenna
gain, and the amplitude of the E-field.

The output voltage of the TIA, with DC compensation, results in:

VMZM,L = V0,L cos (2Ξ {[1− τν ] t− τ0} ([1− τν ] t− τ0)) (10.20)

By inserting eq. 10.16 into eq. 10.6, and making use of eq. 10.4, the drive voltage
of the MZM of the radar branch results in:

VMZM,R = V0,R cos (2Ξ {[1− τν ] t− τ0} ([1− τν ] t− τ0)) (10.21)

Comparing eq. 10.20 with eq. 10.21 shows that the MZM driving voltage of the
lidar branch is exactly the same as the driving voltage of the radar branch except for
the amplitudes for V0,L and V0,R. The Doppler shift for the radar and lidar sensor is
then given by:

fd =
4νrfE
c0

cos (α) (10.22)

with fE being one half of the radar carrier frequency.
This difference between the single-carrier Doppler shift from eq. 10.14 and the

Doppler shift of at least two carrier signals is visualized in figure 10.4. In the single-
carrier lidar system, the absolute frequency shift is then given as [140]:

fd,single carrier =
2νrf0
c0

cos (α) (10.23)

In the case of beating of the transmitted single-carrier signal with the received signal
carrier, the absolute frequency shift would be observed.

Similarly to the single-carrier system, each carrier of the two-carrier lidar system
has an absolute frequency shift of

fd,1 =
2νrf1
c0

cos (α) (10.24)

fd,2 =
2νrf2
c0

cos (α) (10.25)

with f1 = f0 − fE/2, and f2 = f0 + fE/2.
Since beating is performed with respect to the two carriers, only the relative

frequency shift is important. The relative frequency shift is given by

fd =
2νr (f2 − f1)

c0
cos (α) =

2νrfE
c0

cos (α) (10.26)
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(a) (b)

Figure 10.4: Visualization of the Doppler shift for a (a) single carrier;
(b) two carrier wireless system.

Due to the |.|2 characteristic of the PD, the Doppler shift is doubled. For the radar
sensor, the RF frequency is twice the difference of the two optical carrier signals.

10.3 System Simulation

The simulation setup of the lidar radar combined sensor system is presented in
appendix H.

(a) (b)

Figure 10.5: Simulated spectrum of the (a) lidar; (b) radar transmit
signal.

The simulated lidar and radar FMCW transmit chirps in the frequency domain
are shown in figure 10.5. In the lidar spectrum, shown in figure 10.5a, the FMCW
chirp is not visible. This is because the chirp bandwidth is much smaller than the
carrier frequency. In contrast, in the radar spectrum, shown in figure 10.5b, the
FMCW chirp is clearly visible.

The simulated IF signal after the OE conversion in the central station of the lidar-
radar combined sensor system for a round trip delay of 5 ns and 10 ns is shown in
figure 10.6. The target can be clearly observed in both the lidar band and the radar
band.
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Figure 10.6: Simulated IF spectrum of the lidar and radar sensor for a
round trip delay (RTD) of 10 ns and 5 ns. [Lidar RTD=10 ns (L_1e-8):
red; lidar RTD=5 ns (L_5e-9): green; radar RTD=10 ns (R_1e-8): blue;

radar RTD=5 ns (R_5e-9): purple]

Such a system, which generates the same IF signal for both the lidar and the radar
corresponding to the same round-trip time, offers advantages in signal processing
in addition to redundancy benefits. In state-of-the-art approaches, data from radar
and lidar sensors are first preprocessed separately before sensor fusion is applied
[141]. However, valuable information may be lost during the preprocessing stage.
Using the same IF frequency for both lidar and radar with identical round-trip
delays and Doppler frequencies enables sensor fusion without the need for extensive
preprocessing.

10.4 Conclusion

In this chapter, a combined lidar-radar sensor system was presented. The system
repurposes the optical LO signal to construct a lidar subsystem. A mathematical
analysis was conducted, demonstrating the identity of the IF signals from the radar
and lidar even under Doppler shift conditions. This coherence is ensured by the
specific characteristics of the optical LO signal.

In a single-carrier lidar system, the Doppler shift depends on the absolute optical
frequency. In contrast, in a dual-carrier lidar system, the Doppler shift depends
solely on the relative frequency shift between the carriers—similar to the behavior
observed in radar systems.

The simulation validated the proposed theory and highlighted the potential of
such a system to reduce the complexity of sensor fusion.

It should be noted that all components can be integrated using low-cost, mass-
market silicon technology.

The system, its analysis, and the simulation in Lumerical Interconnect by Ansys
were previously published by the author in [55, 59, 72].
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Chapter 11

Conclusion and Future Work

Within this thesis, for the first time a mm-wave photonic FMCW MIMO radar sys-
tem with optical LO distribution was presented, mathematically modeled, including
phase noise, and simulated in an optical and electrical design environment. In
addition, the photonic radar system was modeled in an electronic design environ-
ment, and a behavioral model of a photonic radar TRX chipset in silicon photonics
technology was introduced.

Furthermore, novel circuit architectures, namely a NB optical RX and a NB four-
quadrant electro-optical mixer, were analyzed and demonstrated. Such circuit archi-
tectures can be useful as the first stage of the TRX frontends for a photonic FMCW
MIMO radar with optical LO distribution.

In addition, within this thesis, the world’s first photonic radar TRX chipset in
IHP’s pre-production silicon photonics technology [32, 33] was presented. Unfortu-
nately, the maximum output power shifted to 67GHz, which was caused by a decrease
in the germanium PD BW, thereby reducing the overall TIA BW by 2.5GHz. This led
to a reduction of 10GHz at the output of the frequency quadrupler. Nevertheless,
a large coherent MIMO radar system demonstrator was presented by collaboration
partners using our chips, achieving an angular resolution of 0.4◦, which is close to
the theoretical limit of 0.3◦ for the presented demonstrator.

Finally, additional photonic radar architectures and a novel lidar-radar combined
sensor system were presented, mathematically modeled, and simulated within an
optical design environment. The photonic software-defined radar with optical LO
distribution enables the transmission of arbitrary waveforms in a large-aperture
phased array MIMO system. The multiband architecture simultaneously generates
three harmonics of adjustable signal strength from a single optical LO source. The
unique architecture of the lidar-radar combined sensor system produces a coherent IF
signal between the radar and lidar channels, which is preferable for signal processing.
It should be noted that all systems are compatible with low-cost, high-volume silicon
photonics technology and are well-suited for operation under harsh environmental
conditions, such as those encountered in automotive applications.

The next step is to redesign the TRX chipset using the proposed NB optical
RX. This thesis has demonstrated that the proposed NB optical RX offers excellent
robustness against variations in PD parameters. Alternatively, the chipset could
be redesigned with the novel NB four-quadrant electro-optical mixer, functioning
as a frequency doubler. A future research question could be: which architecture
is preferable with respect to additive phase noise—the proposed NB optical RX
followed by a frequency doubler, or the novel NB four-quadrant electro-optical mixer
acting directly as a frequency doubler?

Furthermore, to address mass-market applications such as the automotive sector,
the TRX chipset must be completely redesigned using a scalable photonic CMOS
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technology, such as the 45 nm silicon photonic CMOS SOI platform from Global-
Foundries. Potential research questions for this integration include:

• What is the achievable output power at 77GHz in a 45 nm photonic CMOS SOI
technology?

• How can the temperature dependency of the transmitter and receiver chips be
minimized?

• What is the minimum achievable noise figure at 77GHz in a 45 nm photonic
CMOS SOI technology?

• What is the minimum additive phase noise of a 77GHz photonic radar chipset
in this technology?

In addition, the other photonic radar architectures presented in this work—based
on the photonic FMCW MIMO radar system with optical LO distribution—need to
be implemented. In the following sections, future research questions are posed for
the various photonic radar systems.

Possible research questions for the photonic software-defined MIMO radar sys-
tems with optical signal distribution include:

• What does the link budget look like, and how does it scale with the number of
TRX frontends?

• Is a homodyne or heterodyne TRX architecture preferable?

• How can power consumption be reduced to enable low-power, large-aperture
MIMO radar systems?

• Is a single TRX chip solution feasible, or is a two-chip approach with separate
TX and RX chips more advantageous?

Possible research questions for the photonic FMCW multiband radar systems
with optical LO distribution include:

• How can the architecture be adapted to meet regulatory requirements?

• What impact does nonlinear EO and OE conversion—used to generate the three
harmonics—have on the system’s phase noise?

• Is a system with three harmonics of equal amplitude beneficial, or is an ap-
proach with unequal amplitudes preferable?

• How does the multiband approach affect the sparsity of the overall system?

Possible research questions for the lidar-radar combined sensor system include:

• Is the output power of a MZM at its minimum point sufficient for both radar
and lidar, or is a dual-laser beating approach preferable?

• Is an optical phased array preferable for lidar, or should conventional lens-based
systems be used?

• What impact do mechanical vibrations have on the system’s coherence?

• How much processing gain can be achieved with a combined sensor system
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Appendix A

Higher Order Analysis of the

Photonic FMCW Radar System

with Optical LO Distribution

In chapter 2.2, the eq. 2.11 was simplified by considering only the DC component
and the first-order Bessel function. This appendix provides a more comprehensive
analysis of the photonic FMCW radar system with optical LO distribution, incorpo-
rating higher-order harmonics into the model. This extended approach also explains
the ghost targets observed during simulations conducted with ADS Ptolemy (see
chapter 3.2).

As the first OE conversion takes place in the TX front end, the modeling of the
central station’s transmitter section is not repeated here. A detailed description and
analysis of the transmitter architecture can be found in chapter 2.2.3.

A.1 TX Frontend

Within the TX frontend, shown in figure 2.2a, the optical LO signal is converted to
an electrical one. By inserting ΨFMCW,TRX(t) from eq. 2.14 into Ψ0(t) from eq. 2.4,
and redo the analysis until eq. 2.11, the output voltage of the TIA results, neglecting
the DC component, to:

VTIA(jω) = 2 · G(jω)ZF (jω)RΨ0

G(jω) + jZF (jω)CDω + 1

· F
{︄ ∞∑︂

n=1

(−1)nJ2n−1

(︃
πVFMCW,0

Vπ

)︃
cos

[︃
(2n− 1)

(︃
ωLO +

µt

2
t

)︃
t

]︃}︄
(jω).

(A.1)

Within the mm-wave part of the TX frontend, the electrical signal is upconverted
to the mm-wave band by means of a multiplication factor k. The mm-wave output
signal of the frequency multipliers is filtered and amplified. The transmit signal is
given by:

PTX(jω) = 2 ·GTX(jω) · G(jω)ZFRΨ0

G(jω) + jZFCDω + 1

· F
{︄ ∞∑︂

n=1

(−1)nJ2n−1

(︃
πVFMCW,0

Vπ

)︃
cos

[︃
k · (2n− 1)

(︃
ωLO +

µt

2
t

)︃
t

]︃}︄
(jω).

(A.2)
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with the gain of the TX antenna GTX(jω), the gain of the frequency multipliers and
the PA GPA(jω), and the transfer function of the BPF GBPF (jω).

A.2 RX Frontend

Within the RX frontend, shown in fig. 2.2b, the received signal, provided by a receive
antenna, is filtered and amplified by an LNA before downconversion is performed.
In mathematical words, this is a multiplication of the transmitted signal, given in
eq. A.2, with a time delayed version of the transmitted signal, given in eq. A.2.

VIF (jω) = 2 ·GTX(jω) ·GRX(jω) ·GC(jω) ·
G(jω) · ZF (jω) · R(λ)Ψ0

G(jω) + jωCDZF (jω) + 1

· F
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(A.3)

with the overall gain of the RX frontend GRX(jω), and the round trip delay τ .
By making use of the Cauchy product formula [81](︄ ∞∑︂
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the mathematical transformation
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J−1(x) = −J1(x), (A.8)

and

(−1)p · (−1)n−p = (−1)n, (A.9)
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the electrical IF signal is given by:

VIF (jω) = 2 ·GTX(jω) ·GRX(jω) ·GC(jω) ·
G(jω) · ZF (jω) · R(λ)Ψ0

G(jω) + jωCDZF (jω) + 1

· F

⎧⎨⎩a0b0 + a0 ·
∞∑︂

m=0

bm + b0 ·
∞∑︂
n=0

an +
∞∑︂
n=0

(−1)n
∞∑︂
p=0

ap · bn−p

⎫⎬⎭ (jω).

(A.10)
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, (A.11)

b0 = J1

(︃
πVFMCW,0

Vπ

)︃
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(︃
k ·
[︃
ωLO +
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2

]︃
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)︃
, (A.12)
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, (A.13)
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and
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(A.15)

In eq. A.10, the noise of the wireless channel is neglected. In order to realize
an optical receive path, the electrical IF signal is converted into an optical signal by
means of an EO conversion unit.

A.3 Receive Part of the Central Station

Within the receive part of the central station, the optical IF signal is converted to an
electrical signal by an OE conversion unit. The optical IF signal ΨIF results from
inserting eq. A.10 into eq. 2.3. Inserting ΨIF into Ψ0(t) from eq. 2.4, and redo the
analysis until eq. 2.11, the output voltage of the TIA in the central station results to:

VTIA,RX,ECU = 2 · GECU (jω)ZF,ECU (jω)RECUΨ0,OR

GECU (jω) + jωCD,ECUZF,ECU (jω) + 1

·
[︃
−πδ(ω) + F

{︃
sin

(︃
πVIF (t)

Vπ

)︃}︃
(jω)

]︃
. (A.16)
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with the voltage gain of the core amplifier of the shunt feedback TIA of the central sta-
tion GECU (jω), the feedback impedance of the TIA of the central station ZF,ECU (jω),
the responsivity of the PD of the central station RECU , the optical amplitude of
the optical receive path Ψ0,OR, and the capacitance of the PD of the central station
CD,ECU .
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Appendix B

Derivation of the OE Power Gain of

a TIA

In chapter 4.1.1, it was claimed that the OE power gain of any TIA is negative in
dB up to a certain input power. This section provides a mathematical proof of this
claim and applies the proposed theory to the NB and BB TIA designs presented in
chapter 4.1.1 and chapter 4.1.2.

POpt

ZF

TIA
iPD vOUT

Figure B.1: Simplified block diagram of a TIA

The derivation is based on the simplified generic block diagram of a shunt feed-
back TIA shown in figure B.1. The output power of such a generic TIA is expressed
as:

PEL = Re {vOUT · i∗OUT } (B.1)

where Ξ∗ denotes the complex conjugate of Ξ. Substituting iOUT = vOUT
Z0

, with Z0

being the output reference impedance of the TIA, the output power becomes:

PEL = Re

{︃
vOUT · v∗OUT

Z∗
0

}︃
(B.2)

PEL = Re

{︄
|vOUT |2

Z∗
0

}︄
(B.3)

By substituting vOUT = iPD · ZF , the output power simplifies to:

PEL = Re

{︄
|iPD · ZF |2

Z∗
0

}︄
(B.4)

Assuming that the dark current of the PD is negligible, the photocurrent of the
PD can be expressed as iPD = R · POPT [79]. With this simplification, the output
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power of the TIA becomes:

PEL = Re

{︄
|R · POPT · ZF |2

Z∗
0

}︄
(B.5)

Since responsivity and optical power are real-valued, eq. B.5 reduces to:

PEL = Re

{︄
|ZF |2
Z∗
0

}︄
· R2 · P 2

OPT (B.6)

Eq. B.6 reveals a quadratic relationship with its root at POPT = 0.
Converting eq. B.6 into decibel form yields:

PEL,dBW = 10 · log10
(︃
PEL

1W

)︃
(B.7)

PEL,dBW = 10 · log10

(︄
Re

{︄
|ZF |2
Z∗
0

}︄
· R2 · P

2
OPT

1W

)︄
(B.8)

Applying the mathematical rules logΞ(a · b) = logΞ(a) + logΞ(b) and logΞ (an) =
n logΞ(a) [81], eq. B.8 simplifies further:

PEL,dBW = 10 · log10

(︄
Re

{︄
|ZF |2
Z∗
0

}︄)︄
+ 20 · log10 (R) + 20 · log10

(︃
POPT

1W

)︃
(B.9)

Since 10 · log10
(︂
POPT
1W

)︂
= POpt,dBW , eq. B.9 transforms to:

PEL,dBW = 10 · log10

(︄
Re

{︄
|ZF |2
Z∗
0

}︄)︄
+ 20 · log10 (R) + 2 · POPT,dBW (B.10)

The OE unity power gain in dB is given by:

PEL,dBW = POPT,dBW = 10 · log10
(︃
Re

{︃
Z∗
0

|ZF |2
}︃)︃

− 20 · log10 (R) (B.11)

and in linear scale

PEL = POPT =
1

R2
·Re

{︃
Z∗
0

|ZF |2
}︃

(B.12)

For any POPT < 1
R2 · Re

{︂
Z∗
0

|ZF |2

}︂
, the OE conversion gain in dB is negative. It

should be emphasized that no assumptions regarding the TIA topology were made
during the derivation.



127

Appendix C

An Ultra Low Phase Noise 77 GHz

Frequency Synthesizer with

Optical Output

This chapter presents a collaborative work by Meysam Bahmanian, Vĳayalakshmi
Surendranath Shroff, and Stephan Kruse. The opto-electronic phased locked loop
(OEPLL) was developed by Meysam Bahmanian and Vĳayalakshmi Surendranath
Shroff, while the frequency multiplier architecture were contributed by Stephan
Kruse.

Phase noise in FMCW radar has a significant impact on the resolution and overall
performance of the system, as it appears as noise sidebands around the target and can
obscure weak nearby reflections [88]. In chapter 2.3, the phase noise of a short-range
photonic FMCW radar system with optical LO distribution was derived and is given
by:

LIF (fm) = 2 · LTX(fm) ·
[︃
1− cos

(︃
2πfm

{︃
2R

c0
− ∆L

cf

}︃)︃]︃
. (C.1)

The oscillator plays a crucial role in determining the overall phase noise of the
system. Especially, in long-range radar or bistatic radar configurations, the phase
noise of the transmitted signal and the phase noise of the received signal are only
weakly correlated or completely uncorrelated, meaning they do not cancel out in the
mixer [87].

MLL

OEPLL
19.25GHz

x2

38.5GHz

CW
LD

MZM

VMin

Figure C.1: Simplified block diagram of the ultra low phase noise 77
GHz frequency synthesizer with optical output.
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The simplified block diagram of the ultra-low phase noise 77GHz frequency
synthesizer with optical output is shown in figure C.1. An OEPLL locks onto one
harmonic of the mode locked laser (MLL) pulse train. The block diagram of the
OEPLL is presented in figure C.2 [142].

Figure C.2: Block diagram of the OEPLL [142].

An OE phase detector, implemented using a balanced MZM with complementary
output and a balanced PD, provides an output signal proportional to the relative
phase difference between the RF signal—generated by a Yttrium Iron Garnet (YIG)
oscillator—and the desired harmonic of the MLL. The photocurrent, supplied by the
PDs, is integrated by the loop filter and fed back into the oscillator. Additional details
on the OEPLL and its principle of operation can be found in [142].

The OEPLL generates frequencies up to 20GHz. The oscillator’s output signal is
fed into an electronic frequency doubler, whose output then drives a second MZM
biased at its minimum point and fed by a CW laser. The MZM, biased at the minimum
point, generates two components with a difference frequency equal to twice the input
frequency. In a subsequent PD, beating is performed to obtain an electrical signal
at 19.25GHz. The output signal of the MZM can serve as the optical LO signal in
photonic FMCW MIMO radar systems with optical LO distribution, as described in
chapter 2.1. Since each TX and RX front end utilizes a photodiode in conjunction
with a TIA to convert the optical LO signal into an electrical LO signal, beating
occurs within the PD. Furthermore, a NB optical RX, such as the one presented
in chapter 4.1, may offer advantages, as it eliminates the bandwidth-limiting PD
capacitance through the use of a transmission line.

MLL

OEPLL
19.25GHz

x2

38.5GHz

CW
LD

193THz

MZM

193THz± 38.5GHz

VMin

1x2
Splitter

OSA

77GHz
Analyser

Figure C.3: Block diagram of the measurement setup of the 77GHz
frequency synthesizer.
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The simplified measurement setup of the proposed ultra-low phase noise 77GHz
frequency synthesizer with optical output is shown in figure C.3. The optical output
of the frequency synthesizer is split into two branches: one branch is used to observe
the optical spectrum at the output of the MZM with an optical spectrum analyzer,
while the other converts the optical signal into an electrical signal using a PD, enabling
further analysis with a spectrum analyzer.

Figure C.4: Optical output spectrum of the frequency synthesizer
with optical output.

Since the 77GHz electrical signal is generated through optical beating in a pho-
todiode, the suppression of the optical carrier at the second harmonic of the OEPLL
output is a critical parameter. Figure C.4 shows the output spectrum of the MZM,
which is biased at its minimum transmission point. The optical spectrum analyzer
used has a resolution bandwidth of 4GHz. The optical carrier at 196.25THz is sup-
pressed by approximately two orders of magnitude relative to the desired sidebands
at 196.2115THz and 196.2885THz.

Figure C.5: Superimposed optical beat spectrum from multiple single-
frequency measurements of the frequency synthesizer with optical

output.

The combined optical output spectrum, corresponding to the beat frequency of
the ultra-low phase noise frequency synthesizer with optical output, is presented in
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Figure C.5. To obtain this spectrum, results from separate single-frequency measure-
ments were superimposed. The optical signal was converted into an electrical signal
using a photodiode and subsequently analyzed with a spectrum analyzer. Using the
relationship, derived in appendix B

PEL = Re

{︄
|R · POPT · ZF |2

Z0

}︄
, (C.2)

the optical spectrum was calculated from the electrical spectrum. As mentioned
previously, the OEPLL locks onto harmonics of the MLL, which has a repetition
rate of 100MHz. This leads to a channel spacing of 100MHz for the OEPLL and
400MHz after optical signal beating in a PD. The amplitude variations across the
entire frequency band from 74GHz to 80GHz remain below 2.5 dB.

Figure C.6: Phase noise measurement at fOEPLL = 19.2GHz and
expected value at fBeat = 76.8GHz.

Figure C.6 presents the phase noise measurement results of the OEPLL at19.2GHz.
The OEPLL demonstrates excellent phase noise performance, reaching −135 dBc/Hz
at a 1MHz offset. The phase noise at 77GHz was approximated using the theoretical
minimum [87]:

L77GHz(fm) = 4 · LOEPLL(fm). (C.3)

As previously noted, the current OEPLL can only lock onto integer harmonics
of the MLL. While these harmonic steps are too large for FMCW radar applications,
continuous tuning is currently under development at the Heinz Nixdorf Institute.
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Appendix D

An Ultra Low Phase Noise 77 GHz

Frequency Synthesizer

This chapter presents a collaborative work by Meysam Bahmanian, and Stephan
Kruse. The OEPLL was developed by Meysam Bahmanian, while the frequency
multiplier chip and architecture were contributed by Stephan Kruse.

MLL

OEPLL
19.25GHz

Python
Shell

Amp. x4
77GHz

fout

Chan. Sel.

Figure D.1: Simplified block diagram of the 77 GHz frequency syn-
thesizer.

In appendix C, an ultra-low phase noise 77GHz frequency synthesizer with op-
tical output was introduced. This chapter presents a 77GHz frequency synthesizer
with ultra-low phase noise and an electrical output. The output signal of the OEPLL,
shown in figure C.2 [142], is amplified before being fed into a frequency multiplier
chip. The block diagram of the frequency synthesizer is shown in figure D.1.

The frequency multiplier chip, previously published in [53], depicted in fig-
ure D.2, consists of two bootstrapped Gilbert cell frequency doublers [122] with
delay lines between the RF and LO inputs of the Gilbert cell, along with an addi-
tional output buffer. To minimize the active chip area, the ESD bond pads [111]
and the ultra-compact delay lines, presented in chapter 5.1.2, were utilized. The
chip occupies an overall area of 947 µm × 1193 µm and consumes 91.5mW from a
3.3V source. The 19.25GHz input features a GSSG configuration, while the 77GHz
output port adopts a GSGSG pad configuration. The chip was fabricated using IHP’s
130 nm SiGe BiCMOS technology [143] with fT /fMAX = 240GHz/340GHz. It was
optimized for 77GHz long-range radar applications in Europe and the USA.

The block diagram of the measurement setup is shown in figure D.3a. The output
signal of the OEPLL undergoes further amplification before the single-ended signal
from the OEPLL and amplifier is converted into a differential signal using a balun.
The output of the balun then drives the frequency quadrupler chip. One output
of the frequency quadrupler chip is connected to a spectrum analyzer, while the
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(a)

(b)

Figure D.2: (a) Simplified block diagram of the frequency quadrupler
chip; (b) Chip micro photograph of the frequency quadrupler chip.

second output is linked to the cross-correlation unit [144] shown in figure D.3b. The
chip’s output signal is fed into a magic tee in a power divider configuration (see
appendix I.2) before undergoing downconversion via subharmonic mixers, which
convert the 77GHz signal to an IF-frequency of 1.5GHz. To ensure sufficient output
power, the signal from the subharmonic mixers is amplified using low additive phase
noise amplifiers powered by two independent sources. The amplified signals are then
analyzed using a phase noise analyzer where cross-correlation is performed.

The combined optical output spectrum is shown in figure D.4. As mentioned in
appendix C, the OEPLL locks onto harmonics of the MLL, which, in this experiment,
has a repetition rate of 250MHz. This results in a channel spacing of 250MHz for the
OEPLL and 1GHz after the frequency quadrupler chip.

Figure D.5 presents the measured phase noise of the frequency synthesizer at
77GHz. A peak can be observed at offset frequencies close to the carrier, caused by
leakage from one of the signal generators used as the LO. The output phase noise
of the OEPLL demonstrates excellent performance, reaching −136.34 dBc/Hz at a
1MHz offset frequency. Above an offset frequency of 3MHz, the noise induced by
the amplifier becomes noticable. The phase noise at the output frequency of the
multiplier up to 10MHz offset follows the theoretical minimum [87]:
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MLL

OEPLL
19.25GHz

Python
Shell

Amp. Balun

Frequency
Quadrupler

Chip

77GHz

Chan. Sel.

CCU
PN-

Analyzer
1GHz

Spec.
Analyzer

(a)

Power

Divider

SHM

SHM
fIN

77GHz

fIF,1

fIF,2
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fLO,1

fLO,2

37.75GHz

37.75GHz

(b)

Figure D.3: (a) Block diagram of the measurement setup for simulta-
neous output power and phase noise analysis; (b) Block diagram of
the cross correlation unit (CCU) with subharmonic mixers (SHMs).

Ltheo.min = LAmp + 12dB (D.1)

Beyond this offset frequency, the phase noise of the chip’s output settles at
−135 dBc/Hz at a 100MHz offset frequency. Additional measurements indicate that
the additive phase noise of the chip remains below 3 dB across the entire 76GHz to
78GHz long-range radar band.
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Figure D.4: Combined output spectrum of the three frequency output
frequencies.

Figure D.5: Phase Noise measurement @fOEPLL = 19.25GHz and
fout = 77GHz.



135



136 Appendix E. System Simulations of the Photonic Software-Defined MIMO
Radar System with Optical Signal Distribution in Lumerical Interconnect

Appendix E

System Simulations of the
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Radar System with Optical Signal

Distribution in Lumerical

Interconnect

Figure E.1: Overall simulation setup of the photonic software-defined
radar system with optical signal distribution. (High resolution images

in [145]).
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In chapter 8, the photonic software-defined MIMO radar system with optical
signal distribution was introduced and analyzed, and corresponding simulation
results were presented. In this appendix, the simulation model within the optical
design environment Lumerical Interconnect by Ansys is presented.

Figure E.1 shows the overall simulation setup of the photonic software-defined
radar system with optical signal distribution in the optical design environment
Lumerical Interconnect. The setup includes the optical carrier and signal genera-
tion, the TX frontend, the noiseless channel, the RX frontend with the optical receive
path, and the optical receiver in the central station.

Figure E.2: Implementation of the optical signal generation in Lumer-
ical Interconnect

The implementation of the optical signal generation in the optical design en-
vironment Lumerical Interconnect is shown in figure E.2. The output signal of a
continuous wave laser (CWL_1) is split by an optical splitter (SPLT_2) into a carrier
path and an arbitrary signal path. Within the arbitrary signal path, a pseudo-random
bit sequence generator (PRBS_1) generates a bit stream with a data rate of 1Gbit/s.
The bit stream is converted into a non-return-to-zero linear code by the code block
NRZ_1. To suppress the high-frequency components of the ideal non-return-to-zero
signal, a low-pass filter (LPF_1) was added at the output of the code block. The
output signal of the low-pass filter finally drives the first MZM (MZM_1), which is
biased at the quadrature point and fed by the output signal of the optical splitter. In
the carrier path, the second MZM (MZM_2), which is also biased at the quadrature
point, and fed by the second output signal of the optical splitter, is driven directly
by an electrical continuous wave source (SINE_1). The peak driving amplitudes of
the MZMs is Vp/Vπ = 1/8. The output signal of the second MZM is split into three
optical paths by an optical splitter (SPLT_4). One output of the optical splitter is
fed into the optical combiner (SPLT_3) which sums up the arbitrary signal and the
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carrier signal. The other two outputs are fed to the RX frontend for the optical carrier
distribution, and as a carrier signal for the optical receive path.

Figure E.3: Implementation of the TX frontend of the software-defined
radar system in Lumerical Interconnect.

Figure E.3 shows the implementation of the TX frontend in the optical design
environment Lumerical Interconnect. The optical signal is split into the low frequency
path and the high frequency path by an optical splitter (SPLT_1). In the low frequency
path, the optical input signal is converted to an electrical signal by a PD (PIN_2). To
cancel the high frequency components and the DC offset, the output signal of the PD
is filtered by a LPF (LPF_2) and a DC block component. The filtered output signal
is finally further amplified by a TIA (TIA_2). In the high frequency path, the optical
signal is also converted to an electrical signal by a PD (PIN_7). In contrast to the
low frequency path, the high frequency carrier is filtered out of the photocurrent by
a BPF (BPF_2). The output signal of the BPF is further amplified by a TIA (TIA_7).
The output signal of the TIAs is multiplied by an electrical mixer (MIX_3) before the
transmit signal is further amplified by an amplifier block (AMP_1).

Figure E.4: Implementation of the RX frontend of the software defined
radar system in Lumerical Interconnect.

The implementation of the RX frontend of the software-defined radar system in
the optical design environment Lumerical Interconnect is shown in figure E.4. The
RX frontend uses the same PD, TIA, BPF, and amplifier architecture as the high-
frequency path of the TX frontend. The weak received signal is amplified by an
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amplifier block (AMP_3) before it is mixed with the high-frequency carrier by the
mixer block MIX_1. The output signal is filtered by a LPF (LPF_3). The intensity of
the output signal is adjusted by an attenuator block (ATT_2) before driving the MZM
(MZM_3). The MZM is fed by the optical carrier signal.

Figure E.5: Implementation of the receive part of the central station.

The modeled optical receiver in the central station is shown in figure E.5. The
incident optical signal is converted to an electrical signal by a PD (PIN_3). The high-
frequency components are filtered by a LPF (LPF_4) before the signal is amplified
by a TIA (TIA_3). The final received signals are recorded by the oscilloscope block
OSC_1.

The results of the simulation are presented in chapter 8.3.1.
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Appendix F
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Figure F.1: Overall simulation setup of the coherent optical IQ return
path. (High resolution images in [97].)
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In chapter 8.2.2, the coherent optical IQ return path was introduced and ana-
lyzed, and corresponding simulation results were presented. In this appendix, the
simulation model within the optical design environment Lumerical Interconnect by
Ansys is presented.

Figure F.1 illustrates the overall simulation setup of the coherent optical IQ re-
turn path in the optical design environment Lumerical Interconnect by Ansys. For
simplicity, the model includes only the coherent optical IQ return path, excluding
the photonic software-defined radar with optical signal distribution.

Figure F.2 shows the implementation of the optical signal generation in Lumerical
Interconnect. Since the simulation aims solely to validate the concept of the coherent
optical IQ return path, the signal generation is reduced to its minimum. The output
of the continuous wave laser (CWL_1) is fed into an optical splitter (SPLT_4). One
output of the splitter is routed to the transmit part of the coherent optical IQ return
path, while the other is directed to the receive part.

Figure F.2: Implementation of the simplified optical source in Lumer-
ical Interconnect.

Figure F.3: Implementation of the transmit part of the coherent optical
IQ return path in Lumerical Interconnect.

The transmit part of the coherent optical IQ return path is depicted in figure F.3.
The optical IQ generator is implemented using the optical S-parameter box SPAR_4.
To validate the IQ return path concept, each MZM (MZM_3 and MZM_4) is driven
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by a sinusoidal source at different frequencies. The two output signals from the
MZMs are then combined using the SPL_5 block. Figure F.4 shows the receive part

Figure F.4: Implementation of the receive part of the coherent optical
IQ return path in Lumerical Interconnect.

of the coherent optical IQ return path. The 2x4 MMI is implemented using the optical
S-parameter block SPAR_3, which is fed by the received optical signal and a phase-
shifted version of the continuous wave laser signal. The phase shift is introduced via
the phase shifter block PHS_1. The output of SPAR_3 is converted into an electrical
signal using four PDs (PIN_3–PIN_6) and four TIAs (TIA_3–TIA_6). To suppress
unwanted harmonics induced by the MZMs, four BPFs (BPF_2–BPF_5) are placed
after the OE conversion. The electrical IQ signal is then reconstructed by subtracting
the output of BPF_5 from BPF_2, and BPF_4 from BPF_3.

The results of the simulation are presented in chapter 8.3.2.
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Figure G.1: Overall simulation setup of the photonic FMCW multi-
band radar systems with optical LO distribution. (High resolution

images in [146].)
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In chapter 9, the photonic FMCW multiband radar system with optical LO dis-
tribution was introduced and analyzed, and corresponding simulation results were
presented. In this appendix, the simulation model within the optical design envi-
ronment Lumerical Interconnect by Ansys is presented.

Figure G.1 shows the overall simulation setup of the photonic FMCW multiband
radar systems with optical LO distribution in the optical design environment Lumer-
ical Interconnect. The setup includes the optical LO generation, the TX frontend, the
noiseless channel, the RX frontend with optical receive path, and the optical receiver
in the central station.

The optical LO generation is implemented similarly to the one shown in fig-
ure 3.2a. The minor difference is that the power divider (SPLT_1) has three outputs
instead of four, one for the TX frontend, one for the LO distribution to the RX frontend,
and one for the optical receive path. The bias voltage of the MZM is VB/Vπ = 0.8. The
scripted source generates a 35.9GHz FMCW chirp with the amplitude V0/Vπ = 3.66,
and µ = 1 · 1017 s−2. Similar to the photonic FMCW radar system with optical LO
distribution, the high chirp rate is motivated by the finite frequency resolution of
Lumerical Interconnect.

The implemented multiband radar TX frontend is shown in figure G.2. Within
the TX, the incident optical LO signal is split into three paths. This is motivated by
the lack of electrical power splitters in Lumerical Interconnect. The optical signal
is converted in each path to an electrical signal by means of PDs (PIN_2, PIN_3 &
PIN_5), TIAs (TIA_1, TIA_2 & TIA_3), preamplifiers (AMP_10, AMP_11 & AMP_12),
and BPFs, similar to the photonic FMCW radar system with optical LO distribution.
The BPFs filter the desired harmonic in each path before the signal is finally amplified
by AMP_1, AMP_3, and AMP_5.

Figure G.2: Implementation of the TX frontend in Lumerical Inter-
connect.

For each radar band, an individual wireless channel was implemented. In each
radar band, the noiseless wireless channel is modeled similarly to that of the photonic
FMCW radar system with optical LO distribution. To model the 1/λ behavior [137]
of the radar cross-section, the attenuation was properly adjusted in each path.

Figure G.3 shows the implemented RX frontend of the photonic multiband radar
system. The frontend uses the same PD (PIN_1, PIN_4 & PIN_6), TIA (TIA_4, TIA_5
& TIA_6), BPF (BPF_4, BPF_5 & BPF_6), and amplifier (AMP_2, AMP_4 & AMP_6)
architecture as the TX frontend for the OE conversion of the optical LO signal. In
the receiver chain, the separation of the three radar bands is implemented by BPFs
(BPF_7, BPF_8 & BPF_9). The weak received signal is amplified by the amplifier chain
AMP_7, AMP_8, and AMP_9 before it is directly downconverted to the baseband
by mixers (MIX_2, MIX_4 & MIX_6). The intensity of the downconverted signal is
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Figure G.3: Implementation of the RX frontend in Lumerical Inter-
connect.

attenuated to drive the MZMs in the linear region by attenuators (ATT_4, ATT_6 &
ATT_7). The electrical IF signal is finally converted to an optical signal via MZMs
(MZM_2, MZM_4, MZM_6).

The OE conversion in the central station is simply implemented by PDs and TIAs,
each for one radar band.

The results of the simulations are shown in chapter 9.3.
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Appendix H

System Simulations of the

Lidar-Radar Combined Sensor

System in Lumerical Interconnect

Figure H.1: Overall simulation setup of the Lidar-Radar combined
sensor system in Lumerical Interconnect (High resolution images in

[147].)
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In chapter 10, the lidar-radar combined sensor system was introduced and ana-
lyzed, and corresponding simulation results were presented. In this appendix, the
simulation model within the optical design environment Lumerical Interconnect by
Ansys is presented.

Figure H.1 shows the overall simulation setup of the lidar-radar combined sensor
system in the optical design environment Lumerical Interconnect. The setup includes
the optical LO generation, the lidar and radar parts of the TX and RX frontends, the
optical receive path of the RX frontend, and the optical receiver in the central station.

The optical LO generation is implemented similar as shown in figure 3.2a. The
only difference to figure 3.2a is that the power divider (SPLT_1) has two outputs
instead of four outputs, one for the TX frontend, and one for the RX frontend.
The MZM for the lidar-radar combined sensor system is biased at the minimum
point. The scripted source generates a 38.5GHz FMCW chirp with the amplitude
V0/Vπ = 1/8, and µ = 1.5 ·1017 s−2. Similar to the photonic FMCW radar system with
LO distribution, the high chirp rate is motivated by the finite frequency resolution of
Lumerical Interconnect.

Figure H.2: Implementation of the lidar-radar combined sensor sys-
tem in Lumerical Interconnect.

The implemented TX frontend of the lidar-radar combined sensor system is
shown in figure H.2. The incident optical LO signal is split into the lidar and radar
paths by means of an optical splitter (SPLT_3). Within the radar part, the optical LO
signal is converted to an electrical signal by means of a PD (PIN_1), a BPF (BPF_1), a
TIA (TIA_1), and an amplifier (AMP_2), similar to the TX frontend of the photonic
FMCW radar system with optical LO distribution. In the lidar path, the optical
LO signal is amplified by an optical amplifier (AMP_4), which models the optical
antenna gain.

For the lidar and radar signals, an individual noiseless optical channel, similar to
the one shown in figure 3.3, was implemented.

The implemented lidar-radar combined RX frontend is shown in figure H.3.
Within the radar path, the weak received signal is amplified by the amplifier AMP_1.
In the lidar part, the weak optical signal is also amplified by an optical amplifier
(AMP_3) before the optical signal is converted to an electrical signal by means of a
PD (PIN_4), a BPF (BPF_2), and a TIA (TIA_3). The output signals of the lidar and
radar paths drive the MZMs MZM_2 for the radar signal and MZM_3 for the lidar
signal. Both MZMs are biased at the quadrature point. The optical splitter SPLT_1
feeds the MZMs with the optical LO signal.
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Figure H.3: Implementation of the RX frontend of the lidar-radar
combined sensor system in Lumerical Interconnect.

The OE conversion in the central station is implemented by a PD and TIA, one
for each measurement technique.

The results of the simulation are presented in chapter 10.3.
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Appendix I

Magic Tee in Balun and Power

Divider Configuration

I.1 Balun

In chapter 6.2, the single-ended 77GHz RF signal provided by the VNA, in CW
signal generator configuration, is converted into a differential signal using a magic
tee in balun configuration. To the best of the author’s knowledge, the mathematical
description has not been published before and is detailed for the first time in this
appendix.

Figure I.1: A waveguide hybrid junction or magic tee [110].

The magic tee, shown in figure I.1, is a waveguide implementation of a 180◦

hybrid [110]. The S-parameter of the magic tee are [110]

S = − j√
2

⎡⎢⎢⎣
0 1 1 0
1 0 0 −1
1 0 0 1
0 −1 1 0

⎤⎥⎥⎦ . (I.1)

For an incident wave vector a⃗ = [0 0 0 1]T , the output wave vector is given as

b⃗ =
[︂
0 j√

2
− j√

2
0
]︂T

. In this configuration, the output at ports 2 and 3 have the same
amplitude and are 180◦ out of phase.
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I.2 Power Divider

In Appendix D, the magic tee is utilized in a power divider configuration within the
cross-correlation unit. This section derives the power divider configuration.

The S-parameter parameters of the magic tee are given by [110]:

S = − j√
2

⎡⎢⎢⎣
0 1 1 0
1 0 0 −1
1 0 0 1
0 −1 1 0

⎤⎥⎥⎦ . (I.2)

For an incident wave vector a⃗ = [1 0 0 0]T , the output wave vector is given by:

b⃗ =
[︂
0 − j√

2
− j√

2
0
]︂T

. In this configuration, the outputs at ports 2 and 3 have equal
amplitudes and are in phase.
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The angular resolution of a phased array antenna is inversely proportio-
nal to it’s aperture size. The high electrical losses limit the aperture size 
of modern all-electric radar systems to a few cm. This poses a significant 
problem for a variety of applications, especially for high resolution radar 
systems. In this doctoral thesis, various novel photonic radar systems 
are presented and mathematically analyzed. Furthermore, the different 
systems are simulated in the optical design environment Lumerical Inter-
connect. Since all other photonic radar architectures presented are ba-
sed on the FMCW MIMO radar system with optical LO distribution and 
optical return path, this system is also simulated in the electrical design 
environment ADS. After a successful analysis, novel circuit topologies 
for the different photonic radar systems will be presented, including an 
novel optoelectronic mixer. Subsequently, the first transceiver chipset of 
a photonic radar system with optical LO distribution will be presented. 
A demonstrator based on this chipset, with an aperture size of 50 cm, 
achieves an angular resolution of 0.4°, which is close to the theoretically 
possible limit of 0.3°. The appendix of this work also presents two 77 
GHz frequency synthesizers with extremely low phase noise – one with 
an optical output, the other with an electrical output. In addition, the 
appendix contains further mathematical considerations.
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