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“To see the world, things dangerous to come to, to see behind walls,
draw closer, to find each other, and to feel.
That is the purpose of life.”

THE SECRET LIFE OF WALTER MITTY
in the memory of my father,
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Summary

In the dawn of 5G, the future radio access networks will provide 1000 times more
wireless capacity supporting high-speed connections with guaranteed quality of
service (QoS) and exceptionally low latency (<1 ms). It is expected by the key
performance indicators (KPIs) that the capacity of 5G communications will of-
fer data rates varying between 0.25 to 1 Gbit/s with a peak of 10 Gbit/s to a
large number of users concentrated in hot-spot areas such as malls, universities
and football stadiums. These system requirements can be dynamically achieved
by employing hybrid optical-wireless fronthaul links operating in the lightly li-
censed millimetre wave (mm-wave) bands (30 - 300 GHz), allowing transmission
of large bandwidth signals. The convergence between optics and electronics will
take place on integrated devices within the future base stations. Such units will
entail broadband photodiodes where optical signals are converted to mm-waves
and transmitted in the wireless domain by RF electronic circuits. The assembly
of a low-cost and low-energy consumption optoelectronic transmitter that can be
replicated through photonic and electronic co-integration will eventually fulfil the
massive deployment of numerous mm-wave base stations within urban areas ac-
commodating the impending wireless demands predicted to reach 280 exabytes
(EB) per month in 2022.

This work experimentally investigates the significant aspects of analogue radio-
over-fibre (ARoF) fronthaul links that exhibit high capacity, showcasing future
wireless communications’ dynamic potential. Furthermore, a thorough analysis
focuses on the co-integration of various components (photonic and electronic) on-
chip performing the optoelectronic conversion, amplification and wireless transmis-
sion of mm-wave signals. While a variety of topics are discussed, the contributions
can be divided into two main tracks. First, the centralised ARoF systems based on
optical heterodyning are studied while photonic modulated signals are multiplexed
based either on wavelength or space within the optical distribution networks. The
realised experimental demonstrations follow the 5G KPIs where OFDM waveforms
based on new-radio numerology are synthesised. Moreover, various essential ele-
ments towards the practical implementation of high-speed networks are also anal-
ysed, such as the real-time transmission/reception and analogue beamforming.

vii



viii SUMMARY

Second, in relation to the combination of different integrated circuits on a single
device, the features of high-speed uni-travelling carrier photodiodes (UTC-PDs)
are presented involving the evaluation of their physical properties through exper-
imental characterisation and extensive equivalent circuit modelling, including the
study of de-embedding techniques. Furthermore, the advances of electronic inte-
gration on indium phosphide (InP) are investigated to realise a high-gain, low-noise
transimpedance amplifier (TTA) matching the characteristics of the UTC-PDs. Fi-
nally, different approaches and technologies are reviewed, leading to the design of
an end-fire broadband antenna enabling the radiation into the free space of the
boosted mm-waves. The examined integrated components are merged to a system
on-chip providing a multi-Gbit/s mm-wave transmitter for high-capacity wireless
communications.

The presented discussions and results in the published articles and the disser-
tation contribute to optimising the interface between optics and RF electronics
by synthesising a compact, high-bandwidth, low-noise millimetre wave module
accommodating the requirements of future high capacity 5G wireless communica-
tions. This work is part of the ‘5G System Technological Enhancements Provided
by Fiber Wireless Deployments (5G STEP FWD)’ project, funded by the Horizon
2020 research and innovation program of the European Union.
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CHAPTER 1

Introduction

Since the implementation of the semaphore line by Claude Chappe in 1792 and
the invention of the telegraph in 1837 by Samuel Morse, telecommunications, i.e.,
the transport of information over long distances, have become the cornerstone of
our everyday lives [1|. During the '90s, the commercialisation of components sup-
porting wireless communications enabled the transfer of a multitude of network
connections from the underground copper cables over the air. Today, a great num-
ber of devices such as our laptops and mobile phones allow us to be connected to
the rest of the world. More and more, novel applications require their perpet-
ual connection with the wireless networks while many of these gadgets constantly
remain online, exchanging information through the internet of things (IoT) [2].
IoT is the key towards the next industrial revolution, i.e., shift to industry 4.0,
where machines and systems will revolutionise production chain [3|. Therefore,
the future generations of wireless interactions will be characterised by demanding
and stringent key performance indicators (KPIs). Furthermore, they will require
broadband connections with ultra-short response times and high quality of ser-
vice (QoS) while supporting the environment with low CO4 emissions [4].

As a result, the ever-growing number of wireless devices increase the internet
protocol (IP) influx, and it is expected that this trend will perpetuate in the fu-
ture. The global IP traffic grows each year exponentially with a compound annual
growth rate (CAGR) of 34.7%. As it is predicted in Fig[I.Th), by the year 2022, the
traffic demands will reach 275 exabytes (EB) per month, where 70% of media will
be provided by mobile and wireless fidelity (WiFi) terminals [5]. Furthermore, 26
billion systems will be connected to the communication networks, including smart-
phones and tablets, while half of this amount represents the devices’ interconnec-
tions through machine-to-machine (M2M) routing [6]. For example, M2M type
of signals will be applied to the automotive industry for vehicle to vehicle (V2V)
and vehicle to everything (V2X) communications. Therefore, it is evident that the
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Figure 1.1: The growing trend of the wireless IP traffic growth estimations: a) IP wireless
traffic required by mobile and WiFi terminals based on ; b) the evolution trend of
wireless communication technologies (mobile and WiFi) including transmission rates.

increasing demands for IP traffic will extend the following years even further and
novel methods in indoor and outdoor wireless systems need to be examined and
implemented.

1.1 Motivation

Following the ascending IP specifications trend, higher data rates are required
to support the increasingly large volume of wireless data traffic demands. The
capacity C' in [bit/s] providing the data rate with which an information signal can
be transmitted over an additive white Gaussian noise channel operating over a
bandwidth (BW [Hz]) can be calculated based on Shannon’s formula in Eq.[1.1][7].

Clbit/s] = BW x log, (1 + ;) (1.1)

where S/N is the signal-to-noise ratio (SN R) showing the relation between the
average received signal power (S) and the average noise power (N) over the same
frequency channel. Thus, based on this equation, the capacity can be increased
either by boosting the signal power (logarithmic increase) or by broadening the
channel bandwidth (linear increase) [8]. Towards sizeable data rates, the second
option is preferred because of the linear growth in C' and also due to the power
limitations of communication devices restricting the first option IEII, .

Therefore, the higher the carrier frequency, the broader the portion of spectrum
(i.e., high BW) allowing multi-Gbit/s data rates (i.e., high C). This is verified
in Fig. ) illustrating the evolution of transmission rates in the wireless do-
main both for WiFi and mobile communications [L1], [12]. The supported data
volume has increased by 100 fold the last decade due to the emerging new technolo-
gies in the millimetre wave (mm-wave) and sub-terahertz (sub-THz) frequencies.
WiFi signals will be shifted from carriers at 2.4 or 5 GHz (e.g., 802.11ac) to 60 GHz
(802.11ay) supporting data rates in the range of 20 to 40 Gbit/s [13]. Furthermore,
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Figure 1.2: Millimetre wave mobile broadband: including the 30 to 300 GHz spectrum.

the fifth generation (5G) of mobile communications already defined frequency allo-
cations beyond 24.25 GHz and user throughput higher than 10 Gbit/s [14]. There-
fore, it is expected in the following years that Thit/s wireless communications will
be enabled [15].

1.1.1 Millimetre wave wireless communications

Figure illustrates the frequency spectrum between 300 MHz to 300 GHz. A
signal centred at a carrier located within the range of 30-300 GHz (i.e., 1-10 mm)
is defined as mm-wave. As suggested by the institute of electrical and electronics
engineering (IEEE), this part of the spectrum is divided into sub-bands, namely,
Ka, V, W and mm [16]. The future wireless communication systems will operate
in the lightly licensed or unlicensed mm-wave bands (e.g., a segment of V-band:
57-71 GHz) [17]. The beneficial aspect of operating in an unlicensed band re-
sides on the non-existing channel segmentation allowing carrier aggregation of the
whole bandwidth for point-to-point (P2P) links. Thus, broadband signals can be
transmitted in outdoor P2P connections bridging buildings or rural areas with
obstacles where fibre deployment is impossible [18]. Moreover, various potential
applications in these bands are based on establishing indoor wireless links such as
providing multi-Gbit /s access in kiosk downloading, rack-to-rack communications
in data centres and high-speed WiFi to the home.

Despite the promising potential of moving from the sub-6 GHz communications
to mm-wave frequencies, several issues need to be addressed. More specifically,
the increasing free space path losses (FSPL) are an essential impediment consid-
ered while calculating a communications system’s power budget. An additional
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effect that is highly observed in the unlicensed part of the V-band is the absorp-
tion resonances of oxygen and water vapour molecules in the atmosphere that
may significantly limit the range of wireless connections [19]. On the other hand,
shorter wavelengths reduce the antenna sizes and their configuration into arrays
with high gain. Moreover, implementing novel methods such as beamforming and
multiple-input multiple-output (MIMO) techniques maximise the effective antenna
gain [20]. These methods support the generated beams’ control compensating for
the increased losses posed by high-frequency operation.

This work focuses on studying the generation and detection of mm-wave signals
based on the hybrid photonic-wireless connections, also known as radio-over-fibre
(RoF) links. These systems use the advantageous properties of optical fibres and
their ability to transport information over several kilometres with minimal cable
losses, enabling the communication networks’ centralisation. There are different
ways of transferring the generated signals on a mm-wave carrier through optoelec-
tronic conversion in high-speed photodiodes (PDs) |21], [22]. In the Chapters to
follow, optical heterodyning is applied, where two photonic signals spaced by the
desired frequency beat within the PDs so as to transfer the optical modulation in
the electrical domain |23]. Finally, various mm-wave detection mechanisms will be
discussed, including the interconnection of broadband envelope detectors (EDs) or
downconversion to an intermediate frequency through electronic mixers, providing
seamless processing of the received signals [24].

1.1.2 Device miniaturization through III-V photonic/elec-
tronic integration

In order to achieve the mm-wave generation based on optical heterodyning, pho-
tonic and electronic components need to be optimally interfaced, forming hybrid
transceivers. At the same time, they are required to be as small (in size) and
lightweight as possible with enhanced autonomy (e.g., battery operated) to be im-
plemented far and wide, supporting the plethora of mm-wave applications. The de-
vice miniaturisation can be realised through the developments and breakthroughs
applied in the field of circuit integration. The majority of active photonic in-
tegrated circuits (PICs) are grown on III-V based semiconductor materials due
to their direct bandgap allowing the fabrication of devices with high efficiencies
such as laser sources, amplifiers and photodetectors [25], [26]. More specifically,
PICs based on indium phosphide (InP) technology are widely used in optical
telecommunication wavelengths (e.g., 1310 or 1550 nm) due to its high absorp-
tion efficiency. InP is characterised by high electron velocities supporting the
synthesis of broadband and increased output power photodiodes. On the other
hand, electronic integrated circuits (ICs) are dominated by complementary metal-
oxide-semiconductor (CMOS) technologies on silicon wafers. However, to date,
InP-based IC amplifiers have been reported to exhibit the highest gain in mm-
wave frequencies, making them an optimal choice to compensate for the excessive
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path losses 27|, [28]. Therefore, hybrid interconnection of InP photonic and elec-
tronic integrated circuits interfaced by low-cost laminate antenna technologies will
lead to the minimisation of mm-wave front-ends towards the dawn of the future
ultra-wideband communications [29].

1.1.3 State-of-the-art in mm-wave photonic-wireless links

Table 1.1: Summary of state-of-the-art and experimental demonstrations of mm-
wave hybrid photonic-wireless links including several systems on-chip. Acronyms:
QPSK: quadrature phase-shift keying, QAM: quadrature amplitude modulation,
PAM: pulse-amplitude modulation, PIN-PD: PIN photodiode, UTC-PD: uni-travelling
carrier photodiode, HBT: heterojunction bipolar transistor, HEMT: high electron mo-
bility transistor, B2B: back to back, TSA: tapered slot antenna, ED: envelope detector,
and ADC: analogue to digital converter.

Date Data rate Distance Frequency Modulation Technology Ref
[Gbit /s [m] band format Tx/Rx ’
10/°15 100 100 w QPSK PD/mixer B30
1115 20 1700 W QPSK PD /mixer 1)
04/°16 100 0.75 mm QPSK PD /mixer 132]
: UTC-PD, :
10/°16 11 1 W% 16QAM HEMT /ADC |33]
1116 192 1 Ka 64QAM PD/ADC 34]
12/16 70 5 \ 32QAM PD/mixer [35)
03/°17 60 50 W 16QAM PD/mixer 136
09/°17 54 2500 W 8QAM PD /mixer 137
1017 144 2.5 v 16QAM PD /mixer [38]
03/°18 15 10 Ka 32QAM PD /mixer [39]
05/°18 52 3 \% 16QAM PD /mixer [40]
09/°18 1056 3.1 mm 64QAM PD /mixer |41]
08/°19 20 5 Ka QPSK PD/ADC [42]
1019 80 1 W 16QAM PD /mixer [43
: UTC-PD,
10/°19 3 0.5 \% NRZ TSA/ED |44
03/720 60 3 mm SPAM PD /mixer |45]
UTC-PD, :
03/720 100 1 mm 64QAM mHEMT /mixer |46]
03/20 12 1 Ka QPSK PD/mixer f47]
05/'20  87.37 3 v 16QAM PD/mixer [48
09/°20  612.65 2.8 mm 64QAM UTC-PD /mixer [49]
11/20 101 1 W QPSK PD /mixer 50
11/°20 160 0.5 mm 32QAM PIN-PD /mixer |51
05/721 10 2 A\W% 1024QAM PD/ADC |52
0621 4.8 0.8 Ka 64QAM PD/mixer 53
0721 20 B2B v 32QAM UTC-PD, f54]

HBT/ADC
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Table [l summarises different mm-wave wireless link demonstrations in the
literature, including several figures of merit such as capacity, wireless distance,
and modulation formats. Furthermore, several systems on-chip are presented us-
ing uni-travelling carrier photodiodes (UTC-PDs) and transistor technologies that
achieve the highest data rates. The presented state-of-the-art table is a source of
inspiration for this dissertation. A thorough analysis of hybrid photonic wireless
links, integrated UTC-PDs, mm-wave amplifiers and wireless transmission with
planar antennas will be investigated in the following Chapters.

1.2 Research objectives and overview

The PhD project described in this dissertation was carried out within the ‘5G Sys-
tem Technological Enhancements Provided by Fiber Wireless Deployments (5G
STEP FWD)’ project, funded by the Horizon 2020 research and innovation pro-
gram of the European Union [55]. The scope of 5G STEP FWD is to pave the
path towards the evolution of the current passive optical networks to support the
increasing data rate demands in the dawn of 5G. It includes research tracks such
as the study of the network physical layer where 5G signals are converted from the
optical to the millimetre wave domain towards the increased amount of wireless
end-users. Furthermore, it elaborates on higher communication layers such as net-
work centralisation by implementing dynamic resource allocation through software
defined networking and network function virtualisation. The author’s project falls
within the photonic wireless analysis of 5G STEP FWD. The primary purpose
of this work is to introduce, design, and optimise a converged mm-wave/passive
optical network configuration in a dense urban area by identifying the physical
layer requirements of the fibre-based and wireless network to support 5G users.

Research Question: How can we bridge photonics and RF electronics
towards the generation and wireless transmission of mm-waves ?7

The dissertation attempts to answer this question by covering the theoretical anal-
yses, simulations, and experimental works conducted by the author in the field of
hybrid photonic-wireless communications. Various techniques of employing such
systems in Ka-band are discussed. Furthermore, a thorough investigation towards
the realisation of an integrated low-cost mm-wave module able to generate, amplify
and transmit over the air 5G based broadband signals in V-band is presented. The
work was mainly carried out at the Eindhoven University of Technology (TU/e),
the Netherlands. It also includes a six-month external stay at the III-V Lab fa-
cilities in Palaiseau, France and an eight-month internship at Ferdinand Braun
Institute (FBH) in Berlin, Germany.
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1.2.1 Overview of the thesis

The contributions of the author are detailed throughout the following Chapters
and the outline of the thesis is given as follows:

e Chapter [2| includes the theoretical definitions describing the main aspects
of 5G hybrid optical-wireless links. It also analyses a 5G based network
scenario that can support the high capacity requirements of both the fixed
optical connections and 5G analogue fronthaul. Experimental demonstra-
tions of three analogue radio-over-fibre (ARoF) links transmitting various
modulation formats provide a solid comparison between the different ARoF
signal generation schemes while wireless signal transmission methods such
as analogue beamforming are also investigated.

e Chapter [3|takes the first step towards the miniaturisation of the previously
presented bulky devices in the remote unit by initially discussing the phys-
ical aspects and properties of integrated uni-travelling carrier photodiodes.
In addition, a detailed overview of the calculation of the full-equivalent cir-
cuit of these components allows further analysis of their characteristics as
well as uncovers if there was an on-wafer process issue on the diode chips
during fabrication. Finally, de-embedding techniques based on reflection co-
efficients removing the parasitic effects of the electrical transmission lines are
presented, enabling the accurate analysis of their active region.

e Chapter [4| demonstrates RF components responsible for amplification, in-
terconnection and wireless transmission of the mm-waves generated by the
UTC photodiodes in V-band. Therefore, as a first step, the Chapter elab-
orates on the various aspects of high-speed transistors synthesising a TIA
widely used in optoelectronic interfaces. Important properties such as ampli-
fier gain and noise are discussed while an emitter-follower TIA is fabricated
and measured, providing satisfactory characteristics. Furthermore, a broad-
band Vivaldi antenna is designed on PCB exhibiting end-fire radiation and
high gain such that it can be matched with the TIA circuit. Finally, a three-
port RF choke synthesised to operate at 60 GHz allows the biasing of the
UTC-PDs without causing RF power fading of the signals towards the input
of the TIA.

e Chapter [5| includes the processes towards the interconnection of all pre-
sented designs and assembly to form the mm-wave transmitter. A biasing
network on PCB can support the four integrated chips and the decoupling
capacitors that are necessary for avoiding DC oscillations at the input to
the active components. Furthermore, component interconnection through
various techniques such as wirebonding and application of conducting adhe-
sives are assessed. Two experimental setups are suggested for measuring the
characteristics of the device.



CHAPTER 1. INTRODUCTION

e Chapter [6] provides a summary of this work and the conclusions. Fur-
thermore, suggestions for future investigation are also discussed, while an
overview of possible schemes for enhancing the mm-wave transmitter capa-
bilities, such as beamforming solutions towards beyond-5G communications,

are presented.



CHAPTER 2

5G Hybrid photonic-wireless links

Optical fibre communication systems are able to transport broadband signals over
hundreds of kilometres with ultra-low loss compared to traditional copper-based
cables [56], [57]. This technology is also implemented on mobile links support-
ing the transfer of locally generated digital signals over fibre towards the wireless
remote units (RUs) [58]-|60]. However, due to the emergence of 5G centralised
networks, the RUs cannot sustain the increased requirements for high-speed dig-
ital to analogue conversion. Thus, analogue transport of already high data rate
modulated signals becomes a promising solution eliminating the digital process-
ing within the RUs. As a result, hybrid photonic-wireless links that are also
known as analogue radio-over-fibre (ARoF) systems combine the valuable aspects
of optical fibres and radio, establishing the backbone of the future communication
networks [61].

Based on ITU-T FG-IMT-2020 62, 5G should provide 1000 times more wire-
less capacity enabling internet connection to over 7 trillion wireless devices among
billions of people with exceptionally low latency (< 1ms). Especially concerning
the capacity in small cells, it is expected that the data rate requirements will
range between 100 to 1000 Mbit/s with a peak of 10Gbit/s. Figure illus-
trates an overview of several potential applications where radio over fibre (RoF)
links can be integrated with the already deployed fibre access core networks. RoF
can support broadband wireless access in mobile communications, indoor wireless
distribution, bridging buildings or provide interconnection to regions where fibre
deployment is not possible. Furthermore, these networks will control applications
in agriculture and vehicular communications with ultra-fast connectivity.

This Chapter initially presents the fundamental definitions synthesising various
types of analogue RoF links while providing a solid background on understanding
their principle of operation. Then, a 5G-based network scenario is discussed, pin-
pointing the main approaches towards the evolution of the existing network infras-
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Core
network

Figure 2.1: The urban environment of a future city where all the infrastructure is 5G en-
abled and interconnected through a fibre ring responsible for the management of all public
functions, including communications and traffic. Scenarios for the use of mm-wave RoF
links include: a) mobile front-/backhaul; b) fibre to the home (FTTH); ¢) broadband
wireless access to buildings without fibre provision; d) wireless connection to the home
through the city infrastructure (signals from lamp posts, traffic lights); e) vehicular com-
munications; f) connection to agriculture; g) bridging physical obstacles; h) indoor high-
speed wireless distribution.

tructure in order to support the advanced future communications. The promising
potential and different aspects of the presented scenario are verified by three exper-
imental demonstrations testing the theoretically examined RoF signal generation
methods while carrying 5G modulation formats. Furthermore, wireless transmis-
sion techniques, including analogue beamforming, are also tested. The network
scenario, as well as the experimental processes and results covered in this Chapter,

are discussed in and [C1]-|C3], respectively.

2.1 Fundamental ARoF system definitions

The main purpose of this section is to provide a solid theoretical background on the
main building blocks comprising a hybrid photonic-wireless link. Figure 2.2 briefly
describes the processes where a signal to be transmitted is initially transferred in
the optical domain through the electro-optical (E/O) block within the central
office (CO). Then, the waveform is launched to the optical fibre and converted in
the electrical domain at the RU through an optoelectronic (O/E) component. As
a further step, a mm-wave antenna allows the transmission of the RF waveform
over the air that is finally detected by the wireless end-user (UE). The electrical-
electrical (E/E) blocks at the RU and UE include high-speed RF components
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Figure 2.2: Generic block diagram of a hybrid photonic-wireless downlink /uplink.

responsible for the amplification of the mm-waves. Moreover, in the side of the UE
there is an additional frequency down-conversion block reducing the processing
complexity of the received signals.

Various techniques can be implemented towards the electrical up-conversion of
the desired RF signals in the RU. A commonly employed method is initially based
on the transfer of the optical waveform in baseband within the fibre [63]. Then,
after photodetection within the RU, the signals are electrically assigned on a mm-
wave frequency carrier through RF oscillators and mixers. However, this process is
complex, bandwidth-limited and cost-inefficient in high frequencies. On the other
hand, in the case where the mm-wave is generated through photonic heterodyning
at the photodetector, the complexity of the RUs is decisively simplified. At the
same time, by applying this technique, the network centralisation is further enabled
following the 5G requirements |64], [65].

In the following subsections, all the key definitions will be provided in detail
to support step by step the developed network scenario and experimental demon-
strations presented in the Chapter. Section introduces the evolution of the
distributed radio access networks (D-RANS) to the fully centralised RAN (C-RAN)
employing ARoF. Then, Sect. 2.1.2] shows various signal modulation formats em-
ployed in photonic-wireless links. Modulated electrical waves are converted in
the optical domain through electro-optic components (Sect. . At a further
step, the AROF optical signal generation schemes, fibre propagation effects and
heterodyne up-conversion methods are studied in Sect. [2.1.5] 2.1.6 and [2.1.7} re-
spectively. Finally, the properties of the mm-wave wireless channel as well as the
detection processes within the UEs are analysed in Sect. 2.1.8 and 2.1.9]

2.1.1 Beyond D-RAN towards 5G C-RAN employing ARoF

Figure [2:3] shows the evolution of network architectures supporting the high-
capacity requirements of the UEs over the years. As illustrated in Fig.|2.3p), within
the former generations of mobile networks, the payload data was transferred to
the CO via internet protocol (IP) backhauling, whereas the baseband processing
and signal up-conversion to an RF carrier were conducted in the RU [66]. Due
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Figure 2.3: The evolution from D-RAN to the fully centralised C-RAN with ARoF where
all processing functions are conducted in the central office.

to the distributed allocation of the remote units, this architecture is defined as
distributed radio access network (D-RAN).

In the years that followed, the mobile access networks of Fig. [2.3pb) were based
on centralisation approaches involving electro-optic conversion and optical fibre
connections to the RU. Within this C-RAN employing digital RoF (DRoF), mul-
tiple subsystems such as the broadband processing are partitioned between a
centralised baseband unit (BBU) pool and the RU, reducing the remote unit’s
complexity, power consumption and maintenance costs [67], [68]. The optical
fronthaul segment between the CO and RU is based on the common public radio
interface (CPRI) [69], |[70]. Digitised radio signals are transmitted through the
optical domain to the RU to be transferred back in the electrical domain (O/E)
while digital to analogue converters (DAC) further process the received waveforms
before their RF frequency up-conversion [71].

However, CPRI cannot support the large volumes of wireless traffic and does
not scale well with the high capacity requirements of the future 5G networks that
demand the dense deployment of numerous RUs within an urban environment.
Thus, the revolutionary architecture of Fig. [2.3c) is required showcasing the full
centralisation of the network functions at the CO while simplifying the operations
within the RU since no digital processing takes place, reducing their deployment
costs and the communications latency. With analogue RoF, the RF carrier is
already predefined through optical signal modulation techniques at the CO while
the mm-wave is generated based on optical heterodyning 72|, [73]. In the following
subsections, all the key definitions comprising C-RAN networks employing ARoF
will be analysed.

2.1.2 Modulation formats: From OOK to 5G-NR OFDM

Data encoding is one of the key parameters within a communications system [74].
A mm-wave carrier can transport information by modulating its amplitude, phase
and frequency while modifying the information rate that can be transmitted over
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Figure 2.4: Constellation diagrams of various modulation formats: a) OOK; b) 4-PAM,;
c) QPSK; d) 16-QAM.

a given bandwidth, i.e., spectral efficiency (in bit/s/Hz) |75], [76]. In this section,
various modulation formats that have been experimentally demonstrated and are
considered for the implementation of ARoF fronthaul will be briefly described.

On-off keying (OOK) is the simplest form of non-return to zero (NRZ) am-
plitude modulation. The constellation diagram of an OOK signal is illustrated in
Fig. |2 ) [77]. Even though OOK waveforms are easy to encode, they lack in
spectral efficiency since the number of bits per symbol is one and their data rate is
equal to their occupied baseband bandwidth. On the other hand, by enhancing the
complexity of modulation, the link capacity increases at the cost of additional and
more elaborate digital signal processing (DSP). Comparing to OOK signals, mul-
tilevel (M-ary) amplitude modulation formats carry higher bit rates for the same
used spectrum. One symbol of the four pulse amplitude modulation (4-PAM) in
Fig. ) can carry log, 4 = 2 bits.

Moreover, phase modulation can be considered an alternative to transferring
information with higher spectral efficiency and more robustness in channel power
fading effects. However, carrier recovery techniques (e.g., Costas loop) are required
within the processing blocks of the end-users [78|, [79]. For example, phase-shift
keying (PSK) modulation encodes symbols to be transmitted within the phase of
the carrier. Moreover, a signal format combining the modulation in both phase
and amplitude is quadrature amplitude modulation (QAM) [80]. The constellation
chart of a 16-QAM signal is depicted in Fig. ) QAM modulation is widely
employed in wireless communications and RoF links [81].

The presented single-carrier (SC) modulation techniques lack in terms of im-
munity to RF channel distortions such as small-scale channel fading (e.g., multi-
path effect) affecting the signal strength and phase [82], |83]. Therefore, complex
equalisers in the receiver side are required for signal demodulation, especially when
the channel response is much longer than the duration of the transmitted sym-
bol [84]. Contrary to SC, with multi-carrier (MC) modulation, the transmission
bandwidth is divided into multiple narrow subchannels, which are transmitted
in parallel. Thus, each subchannel is narrow enough to minimise the fading it
experiences [85]. Orthogonal frequency division multiplexing (OFDM) is a pop-
ular MC modulation format with high spectral efficiency that is widely applied
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Figure 2.5: a) three OFDM subcarriers at a spacing of fscs; b) the structure of an OFDM
block (frequency domain); ¢) an OFDM frame (time domain).

in RF bandwidth-limited communication systems [86]. These waveforms show
robustness in signal impairments such as phase noise while allowing the efficient
integration of multiple-input multiple-output (MIMO) systems [87].

Within an OFDM signal, QAM symbols are mapped on orthogonal subcarriers
spaced by a frequency distance of fscs = 2 x 15 kHz where, p € [0,4] (Fig. [2.5p)).
A multiple number of active subcarriers (N2 < 3300) synthesize an OFDM block
of Fig. ) including active components carrying the QAM information while pi-
lot tones can also be inserted at predefined intervals. These subcarriers are crucial
for the inversion of the impact of the wireless channel at the receiver side during
demodulation. Furthermore, zero padding is implemented in each block, allowing
oversampling so that the total number of subcarriers (NI°!) is an exponentiation
at the base of two (e.g., NI°t = 4096 = 212) [88]. After converting from the
frequency to the time domain, a cyclic prefix (CP) is prepended to each OFDM
symbol averting any inter-symbol interference (ISI). The total symbol duration,
including the one of the CP is equal to (66.67 + 4.69)/2* us [89]. OFDM frames
are formed comprising of Ngymy OFDM symbols each (Ngympy < 14). Furthermore,
a preamble equal to twice the size of a block may also be added, pinpointing the
time location of each frame during reception. These OFDM frames are composed
of different sets of subcarriers at different frequencies, hence constituting differ-
ent bands. If multiple frames are summed in the time domain, then a single a
multiband-OFDM (M-OFDM) signal is formed [90].

OFDM modulation will play a key role in future mobile communications since
it complies with the key requirements for flexible 5G networks in small cell de-
ployments that are low latency, high throughput and low power consumption.
Moreover, by considering the fact that in mm-wave frequencies, the signals suffer
from environment channel fading effects, the demand for more elaborate modula-
tion techniques is increased |91]. Therefore, in order to achieve this, new spectrum
assignments in the lower mm-wave range are being considered, which together with
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Figure 2.6: Amplitude modulation in optical communications: a) the transfer function of
a Mach-Zehnder modulator; b) block diagram representation of an optical modulator.

a new radio interface and an adapted, and flexible numerology for OFDM are envi-
sioned to successfully transmit peak user data rates in the Gbit/s range [92|. The

waveforms studied in the experimental part of this Chapter in Sect. and
are based on 5G new radio (5G NR) 93], [94].

2.1.3 The electro-optic conversion

An optical modulator allows the data generated in the electrical domain to be
imposed on an optical beam originating from a continuous wave (CW) laser. The
speed of this optoelectronic device defines the data rates of the optical communica-
tion systems. Various techniques for optical modulation have been widely realised
based on directly modulated lasers (DML), electro-absorption modulators (EAM)
and Mach-Zehnder modulators (MZM) [95]. Lithium niobate (LiNbO3) MZM are
always assumed in this dissertation and interconnected within the demonstrated
experimental systems RoF links [96]. The simplest structural form of a MZM and
principle of intensity modulation are shown in Fig. 7b).

The light beam (Py) originating from an optical source centred at an angular
frequency w, is split into the two branches of the MZM. The field in one branch
is inserted into a phase modulator while the other either remains unmodulated
(reference arm) or there is an additional phase shifter while push-pull control is
used to regulate the phases inversely [97], [98]. The two fields interfere at the
output leading to a constructive and destructive interference depending on the
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applied electrical driven voltage (AV') and thereby leading to the optical intensity
modulation. The output electric field (E2“!,) and power transfer function (Z},04)
of the modulator are shown in Eq. and Eq. respectively. The parameter
Tnod is plotted in Fig. [2.6R) [99].

EcU = /Py cos(gg) cos(wet) (2.1)
Trod = 005> (= AV 2.2
mod = COS (2V ) (2.2)

By applying different levels of bias voltage as well as opting for various types
of MZM (e.g. dual drive, IQ MZM), a multitude of optical modulation formats can
be synthesized [100]. In that case, AV consists of a direct current (DC) compo-
nent (V4) and the signal modulation (s(t)), i.e., AV =V}, + s(t). As an example,
in order to achieve the optimal extinction of an OOK signal where the optical
output is switched (i.e., voltage swing) from full transmission to full extinction,
the DC component of AV is required to be equal to the switching voltage (Vy)
where the relative phase change between the modulator arms is equal to . Am-
plitude electro-optic conversion is applied in the experimental demonstrations of
this Chapter, where the waveforms carrying advanced signal formats are already
modulated in the electrical domain [101]. The signal inputs on the MZMs are
provided by waveform generators (WGs) or DACs on field programmable gate
array (FPGA) boards manipulating the intensity of the input light.

Moreover, in various RoF experimental links, the photonic up-conversion in the
mm-wave domain is based on the principle of two tone generation with optical car-
rier suppression (OCS) [102]. Therefore, by inserting an RF tone at the electrical
input of the modulator having an angular frequency wy, i.e., AV = V,+Vj cos(wit),
and substituting it in Eq. 2.1 while implementing the trigonometric identities, then
the output optical electric field (E“t, ) carrying the modulated signal is defined

HLOdRF
in Eq. [103].

Vs .V,
By R E’r(;?otduv:vb_‘/PO . sm(2—‘;){cos[(wc—wt)t]+cos[(wc+wt)t]} (2.3)

In theory, by setting V, = V in B, then, E", = 0 and carrier suppres-
sion is achieved. Thus, in the optical spectrum, two tones are generated centred at
wy = 27 f1 = we—wp and wo = 27 fo = we+w; with a distance of Aw = 2w; = 27Af.
Once these tones heterodyne beat within a high-speed photodiode, they can po-
tentially provide the mm-wave carrier at a frequency Af. The implementation of

the extracted derivations will be analysed in the following subsections.
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2.1.4 Optical heterodyning for mm-wave generation

The millimetre wave generation in the optical domain has been widely studied
and is based on optical heterodyning, i.e., the beating on a photodiode (PD) of
two optical signals spaced at the desired RF frequency (frr). The expressions
of the electric fields for both the signal (Fs) carrying modulated data and a co-
propagating continuous wave (E1o) local oscillator (LO) are expressed in Eq.

and Eq. respectively.

B,y (t) = \/P,s(t)e (@t +e:()+7) (2.4)
Ero(t) = /Proe@rotteio) (25)

where the modulated signal in baseband carries information in amplitude (s(¢))
and phase (¢5(¢)), and Ps, Pro are the optical signal powers. Both electric fields,
oscillate at radial frequencies ws, wro and carry phase components ¢7, ¢}, which
also depend on the properties of the optical sources (e.g., laser linewidth). The
equation describing electric field at the photodiode (Epp) is derived as:

o |Es(t) + Ero(t)|?
= [Es(t) + ELo®)][Es(t) + Ero(t)] (2.6)
= |Es(t)* + |ELo(t)” + Es(t)ELo(t) + Es(t) ELo(t)

Thus, the generated photocurrent Ipp is proportional to:

Epp(t)

Ipp(t) o Pys*(t) + Pro + 2v/ PsPLos(t) cos [wrrt + ¢s(t) + (67 — 7o) (2.7)

with the desired RF signal defined as 2v/PsPros(t) cos (wrrpt + ¢rr(t)) at an
angular frequency of wrr = |ws —wrol|. The baseband components Pys%(t) + Pro
of Ipp are filtered out by the RF modules connected to the mm-wave antenna.
Furthermore, even though the additional high frequency terms v(2wy), v(2wro)
and v(ws + wro) can be mathematically extracted, they are centred within the
range of approximately 400 THz which is too high to be physically generated by the
photodiodes. Based on the above mentioned definitions, the term A¢™ = ¢7 — o7
affects the phase noise of the generated signal and needs to be minimised. That
can be achieved by implementing coherent RoF schemes using a single optical laser
source and OCS.

The presented method is commonly referred to as photonic up-conversion since
any modulation present on the optical signals is transferred in the mm-wave do-
main. This efficient process allows the simplification of wireless transmitters since
no high-frequency sources are required at the remote units to perform electronic
up-conversion. Finally, based on the fact that the LOs can be generated at the
central office, the C-RAN network topologies are enhanced even further simplifying
the structures of the RUs and reducing their costs.
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Incoherent ARoF Coherent ARoF

Figure 2.7: Summary of RoF signal generation schemes: a,b) incoherent schemes using
two free running lasers (CW; and CW3); ¢,d) coherent schemes based on a single laser,
two tone generation and carrier suppression. Upper schematics: two modulated tones;
lower schematics: modulated signal with a co-propagating local oscillator.

2.1.5 AROF signal generation schemes

In accordance with the choice of a modulation format based on the end-user ap-
plication, the selection of the signal generation scheme in the optical domain is
also a fundamental aspect of the hybrid optical-wireless fronthaul links. Figure
provides with an overview of various ARoF generation structures. These systems
can be divided based on the number of modulated signals launched at the optical
fibre as well as their ability to preserve the phase information of the RF waves.

The block diagrams of the incoherent schemes in Fig. ,b) are based on
the generation of two optical signals from two independent sources spaced by the
desired radio frequency (fgrr). Once these waves heterodyne beat on a PD, an
RF signal may be introduced in the wireless domain. However, such a process re-
sults in a mm-wave carrying the combined uncorrelated phase noise (A¢™) of both
laser sources. Therefore, there is a high probability of an output waveform with an
exceedingly reduced quality due to increased linewidth, phase noise and carrier fre-
quency drift that deviates from the international telecommunication union (ITU)
regulations for radio carriers |104]. The negative impact of these effects can be
improved by phase-locking the two lasers so that their wavelength difference and
relative phase remains constant [105], [106]. These schemes can only be used for
signals carrying intensity modulation formats (e.g., OOK) since any phase infor-
mation is affected by the phase noise of the system.

Comparing to the incoherent ARoF systems, the block diagrams of Fig. ,d)
have the advantage of using a single laser source providing a significantly improved
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RF phase stability [107]. In both schemes, an externally driven sinusoid at frp/2
is applied at the electrical input of the modulator. At the same time, by bias-
ing at the carrier suppression point V., the second-order harmonics are excited,
leading to OCS and the generation of two optical tones at double of the sinusoid’s
frequency. Thus, the direct beating of the tones will lead to a new carrier at twice
the frequency of the original sinusoid, i.e., at frr. This method is beneficial since
the phase noise factor (A¢™) from Eq. on the two optical tones are correlated
and therefore cancels in the beating leaving only the phase noise of the external
RF synthesizer used. In addition, the required bandwidth for external oscillators
that generate the RF tone is reduced by half.

After the electro-optic modulation and the transfer of the desired signal in
the optical domain, the systems of Fig. ,C) suffer from in-band beat noise
generated by the direct beating of the two sidebands [108]|. Finally, the different
amounts of dispersion that each modulated tone experiences within the fibre lead
to RF power fading after the heterodyne beating [109], [110]. The equation and
properties of this phenomenon will be analyzed thoroughly in Sec. discussing
the optoelectronic conversion and mm-wave generation. In this type of system, the
effect of in-band beat noise can be ruled out by electrically moving the baseband
signal to an intermediate frequency (f;r) before the optoelectronic conversion by
the second modulator [111].

A candidate to avoid the impact of dispersion and in-band beat noise is in
Fig. ) This incoherent technique is one of the classical methods of optical
heterodyning that is widely applied in optical communication systems [112], [113].
It includes an independent LO laser while only one modulated signal is present in
the fibre and is spaced from the LO by frr. However, as previously mentioned,
this type of system can be severely affected by phase noise and carrier instability.

Therefore, the valuable aspects of the systems in Fig. ,c) are combined
in Fig. ) Once the two tones are generated; they are split by a demulti-
plexer (DeMUX). At a next step, one of the optical signals is modulated while it
is recombined with the second that acts as an LO. Thus, all the aforementioned
impairments are mitigated at the cost of more complex setups. This type of system
is extremely beneficial since the signal phase information is preserved, allowing the
generation of RF signals carrying complex modulation formats such as QAM |[36].
In the demonstrated experimental processes, the results acquired from systems
presented in Fig. [2.7p,c) and d) will be discussed in Sect. [2.3.1] 2.3.2] and [2.3.3]
respectively.

2.1.6 Optical fibre propagation

Optical fibres constitute the cornerstone of RoF links, allowing the signal distri-
bution from the central office to various optoelectronic conversion terminals where
the mm-wave generation takes place. The propagation of a pulse with an envelope
amplitude A(z,t) within an optical fibre is governed by the nonlinear Schrédinger
equation (NLSE) of Eq. [114].
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The three terms on the right-hand side of the NLSE include parameters defining
the fibre loss (a), dispersion (/32) and nonlinearities (7). Therefore, it is crucial
to analyse these effects since they may cause the degradation of the optical signal
quality that will eventually affect optoelectronic conversion.

Fibre attenuation and scattering effects

While optical signals propagate within a fibre, they experience power losses that
depend on the fibre length L. If P;, is the power of a waveform launched at the
input of a fibre, the measured output power is given in linear and logarithmic units

based on Eq[2.9)and Eq respectively |115]:

oP
%o az|,_; = Pout = Pinexp(al) (2.9)
2

Pout = Py — alog L (2.10)

where a is the attenuation coefficient calculated in km ™! and alog is equal to
—4.343ay;,, measured in dB/km.

Various factors contribute to fibre losses such as material intrinsic absorp-
tion (ultraviolet, infrared), extrinsic impurities (water vapour, transition metals),
waveguide imperfections (Mie scattering, bending losses). However, these effects
are negligible (~ 0.03 dB/km) comparing to the ones due to Rayleigh scattering
ar ~ 0.12..0.16 dB/km. Rayleigh scattering is an elastic process where a spectral
component is generated at the same carrier frequency of the signal opposite to the
propagation direction. For standard single-mode fibres (SMFs), the attenuation
constant is approximately 0.2dB/km at 1550 nm |116].

An additional scattering effect causing power limitations is the inelastic phe-
nomenon of stimulated Brillouin scattering (SBS). SBS is due to acoustic vibra-
tions (electrostriction) induced by light travelling within the fibre, changing its
refractive index. This effect leads to an up-shifted and a down-shifted backscat-
tered spectral component (i.e., Stokes and anti-Stokes) displaced by approxi-
mately 11 GHz from the signal carrier. The amplitude of Brillouin reflections
increases exponentially as a function of the input signal power. Once the signal
level reaches a threshold, it is directly converted to Brillouin reflections defin-
ing maximum input power. However, this threshold limitation increases once a
modulated signal propagates within the fibre due to its broadened transmitted
spectrum [117].
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Dispersion in optical communications

The refractive index (n) within an optical fibre is frequency dependent, and thus
the spectral components of signal waveforms will propagate at different speeds
(vg), leading to their temporal broadening. Dispersive effects can be divided into
different categories such as material, waveguide, modal, nonlinear and polarisa-
tion mode dispersion (PMD) [118]. The combined impact of both material and
waveguide dispersion is defined as chromatic dispersion (CD). Fibre manufacturers
quantify this effect based on the dispersion factor D,

d 1 2me A3 d3n
b= () BB vRl I =y (2.11)

measured in ps/nm/km. Typically, for signal propagation within an SMF at
1550nm, D = 17 ps/nm/km. Factor D is dependent on the second order wave
propagation constant 8s. The effect of dispersion can also be observed by imple-
menting a Fourier transform to Eq. [2:8 while not taking account the nonlinearities,
i.e., setting v = 0.

% = %(ioﬂﬁz —a)A(z,w) = A(z,w) = A(0,w) eXp[g(in,Bg —a)] (2.12)

In Eq. the phase change of the envelope at the fibre input (A(0,w)) is
determined by (5 corresponding to temporal broadening of A(z,t) that is also
attenuated by the factor a.

Moreover, fibre geometric imperfections introduce birefringence leading to mi-
nor differences of the refractive index between the two orthogonal axes of the
fibre [119]. The changes in n lead to PMD which is a stochastic process intro-
ducing a wavelength-dependent polarisation rotation. In comparison to CD that
is deterministic and scales linearly with the fibre length, the stochastic proper-
ties of PMD follow a random walk principle so that the accumulated PMD scales
with v/L. Thus, PMD-induced pulse broadening is relatively small compared with
the chromatic dispersion effects [120]. Overall, CD and PMD may cause severe
impairments in microwave photonic links since they lead to power fading of the
generated millimetre waves.

Nonlinear effects

Except for its frequency dependence, the refractive index is also affected by optical
powers [121], [122]. The parameter v is dependent on the nonlinear refractive index
that is directly related to the third order susceptibility (x(*) of silicon [123].
For further analysis, by setting A(z,t) = |A(z,t)|exp(i¢(z,t)) in Eq. while
assuming [2 = 0 then,
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Figure 2.8: ARoF optical signal detection and photonic upconversion on a photodiode
leading to the mm-wave generation and transmission through an antenna while amplifi-
cation is implemented.

AP _ )42, )] explio(z, 1) + 7IA(z, 1) explio (=, )
= A(z.1) = [A(0,t) | exp(=52) exp(i7| A0, Ley )
(2.13)

The nonlinear phase shift (¢nz = i7|A(0,t)|*Less) is dependent on the en-
velope at the fibre input A(0,t) as well as the effective length (Lepy = [1 —
exp(—az)]/a) corresponding to the minimum propagation distance required in or-
der for the impact of the nonlinear effects to start becoming significant. Once high
power signals are launched within a fibre, then ¢y, is induced by the signal itself,
leading to spectral broadening that is defined as self-phase modulation (SPM) or
Kerr effect [124]. In addition, if multiple channels propagate in the optical channel,
several phenomena contribute to nonlinear behaviours such as cross-phase modu-
lation (XPM) and four-wave mixing (FWM) [125]. These effects as well as SBS
confine the maximum fibre input powers (P;,) while setting an upper limit to the
power budget calculations of the photonic-wireless links.

2.1.7 Optoelectronic conversion and mm-wave generation

This section will evaluate the photonic upconversion and the fading phenomena
that occur during the generation of mm-waves. As indicated by the simplified block
diagram of Fig. once the two tones (single or double sideband) reach the remote
unit, they heterodyne beat within the photodiode generating the desired mm-wave
with a power level related to the optical input powers, i.e., Ppp < PsPro. At a
further step, a power amplifier (PA) increases its amplitude by G p 4 before arriving
at the transmitting antenna exhibiting a gain of G antennay, - 1f the connector losses
are taken into account (Lt ), the maximum amount of the mm-wave power (Pr;)
that could be radiated from the antenna is given in Eq. as
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PTx = PPD + GPA - LT:E + GAntennaTz (214)

For link power budget calculations, it is useful to have a rough estimation of
the optical input power to the photodiode (Pg},) as a function of the electrical
output (Ppp) or vice versa. It is assumed that the PD has a responsivity R, and
is terminated by a 502 load Ry. A detailed analysis on the physical properties
and functions of PDs is given in Chapter [B] The proportionalities in Eq. 2.17]
show that any change in the electrical domain affects the input optical powers by
a factor of two (JAPpp| = 2|APH},|) in logarithmic scale (dB).

PF =10log = 6.5 — 10log Rop + Ppp /2

(2.15)

2pP2h
Ppp =10log (R?,R,10~ 1 ~%) = ~13.01 + 20log R, + 2P,

Dispersion induced RF fading

As previously mentioned, optical fibre dispersion may cause RF power losses to
the generated mm-waves. These effects need to be taken into consideration when
opting for and implementing an ARoF scheme with two optical modulated waves
since they may have an impact on its reliability.

Chromatic dispersion affects the microwave photonic systems of Fig. [2.7h,c)
due to the fact that the two optical sidebands experience different amounts of CD
at the output of the fibre resulting in a beating product falling onto the same
frequency but having different phase [126]. The same principle applies to the case
of employing intermediate frequency (IF) modulation in the system of Fig. ),
where each optical tone carries two modulated sidebands at a distance of f;p.
This results in two electrical signals at the photodiode’s output centred at frr
after the beating with an unmodulated carrier. By taking CD into account, these
two waves can be out of phase and interfere destructively. This fading effect is

quantified in Eq. [127):

2

In Fig. the Pcp,,.. is calculated for a 10km SMF at 1550 nm with D =
17 ps/nm/km for RF frequencies ranging within Ka and V bands. As an example,
at 50.7 GHz the two modulated tones beat destructively at the PD leading to a null
of the curve. In literature, thorough research has been conducted in order to reduce
the impact of this effect involving the interconnection of dispersion-compensating
fibres or chirped fibre Bragg gratings with an optical circulator [128]. The curve
of Pop,,.. can be used as a map to avoid the negative effects of dispersion on the
generated mm-waves. This has been applied in the experimental setup of Sec. [2.3.3]
where Pcp,,.. was minimal for the selected frequency carrier.

2
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Figure 2.9: Effect of dispersion induced power fading on the RF frequency response of a
10 km single mode fibre with a dispersion factor of 17 ps/nm/km in Ka- and V-bands.

2.1.8 Wireless channel propagation

Despite their advantageous contribution on increasing the capacity of the future
wireless communications, mm-wave radio signals suffer from losses due to the
properties of the wireless channels |[129], [130]. Before arriving at the receiving an-
tenna, the powers of the transmitted waveforms (Pr,) experience channel fading
from high path loss and reduced coverage for non-line-of-sight (NLoS) connec-
tions. Figure ) provides a comparison of free space path loss (FSPL) between
several bands of the traditional global system mobile (GSM: [821 — 960] MHz,
[1710.2-1989.8] MHz) [131], and long-term evolution (LTE, LTE-A: [1900-
3800] MHz) |133], as well as in mm-wave Ka-([26.5-40] GHz) and V-([40-
75| GHz) communication frequency bands [135]. The calculation of the line-of-

sight (LoS) FSPL is given in Eq. 136].

C
A frrd

It can be observed that signals in the mm-wave domain suffer at least a 20 dB
increased FSPL compared to systems operating in LTE bands. These derivations
in Fig. ) correspond to ideal LoS transmission. However, some additional
parameters need to be taken into account for the power budget link calculations.
More specifically, when the carrier signal frequency coincides with the mechanical
resonant frequencies of the gas molecules in the atmosphere, then high attenuation
occurs . Atmospheric absorption (aqtm,) is due to the absorption of oxygen
and water vapour gases in the atmosphere creating a high power fading peak of
15.2dB/km at 60.9 GHz . This effect is added in the solid lines of Fig. )

FSPLdB = 2010g( ) (217)
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Figure 2.10: The impact of power fading of the wireless channel: a) comparison of free-
space path loss between the traditional RF communication bands and mm-wave bands;
b) wireless channel loss due only to FSPL (dashed lines) and including the effect of
atmospheric absorption (solid lines) for different transmission distances. The graph of
atmospheric attenuation is also calculated (yellow straight line) in the right hand side
assuming 7.5 g/m? of water vapor density and 15 °C.

The contribution of the atmospheric absorption peak becomes more significant
in V-band. It is calculated that for short-range wireless links, the channel losses
follow the FSPL curve. However, as the distance between the transmitter and
receiver increases, Gqs, becomes the dominant loss factor. The unlicensed 7 GHz
spectrum around 60 GHz received a lot of attention by the industry since it allows
wireless transmission of broadband mm-wave communication signals within pico-
cells leading to a wide variety of indoor communication applications [139], [140].

GSM and LTE communication signals can penetrate through obstacles (e.g.
walls, furniture) with relatively low loss allowing wide signal coverage. However,
that is not the case in the mm-wave domain due to the fact that at these fre-
quencies, the wavelengths are much smaller compared to the interfering objects
leading to low diffraction |141], [142]. As previously mentioned, radio signals suf-
fer from high path loss due to rain fading and foliage attenuation in outdoor links
since the wavelength of the mm-waves are comparable to the size of rain droplets.
Thus, it is challenging to recover the received signals. Consequently, the end-users
can experience high-quality services by interconnecting to the systems high gain
amplifiers with antenna systems incorporating beamforming that compensate for
the FSPL while considering the atmospheric losses. It needs to be mentioned that
in Sec. 2:2] a network scenario will be analysed, including a mm-wave antenna
capable of compensating the increased values of FSPL while using phased antenna
arrays, analogue beamforming and power amplification.
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Figure 2.11: Millimetre wave signal detection, amplification and downconversion schemes:
a) envelope detection of the signal and reception in baseband; b) down-conversion to an
intermediate frequency by mixing with a local oscillator and further DSP processing of
the IF waveform.

2.1.9 End-user detection

After wireless propagation, the mm-waves arrive at the end-users (e.g., vehicles,
buildings) for further processing and evaluation. The electrical detection in the
side of the UE includes a receiving antenna and a low noise amplifier (LNA) while
the downconversion in lower frequencies can be divided in two main schemes.

The first system in Fig. [2.11h) employs an envelope detector (ED) based on
Schottky diodes extracting the envelope of the mm-wave signal moving it directly
to baseband (e.g., OOK modulation) [143]. Then, by implementing DSP tech-
niques, the quality of the received waveforms are evaluated. Such a process lim-
its the number of active components required for reception at the cost of losing
phase information. Therefore, this scheme is applicable for intensity modulated
signals [144]. Figure [2.11p) illustrates a down-conversion method detecting the
desired signal at an intermediate frequency (frr) after mixing with an LO. This
process preserves the phase integrity and, thus, complex modulation formats can
be detected by a more complex DSP block requiring processing at IF frequencies.
By considering the downconversion and connector losses in both schemes (Lg),
the received power for LoS signal components at the input of the DSP block is
equal to:

PRz = PTCD - (FSPLdB + aatmd> + GAntennaRw + GLNA - LRI (218)

In both presented cases, the DSP can be conducted either offline through
signal processing software or in real-time by interconnecting analogue to digital
converters (ADC) implementing advanced processes such as signal equalisation,
non-linearities compensation, and probabilistic shaping [145]. Furthermore, other
aspects affecting the noise of the signals have to be taken into account, such as
the noise originating from the ED or the added phase noise as a result of the
downconversion from the LO source. Finally, it is crucial to underline that the
interconnected RF electronics are required to be chosen optimally in terms of their
noise figure (NF) and phase noise so that their contribution to the received noise
levels is minimised.
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2.2 Signal multiplexing with ARoF architectures
for flexible 5G communications

At mm-wave frequencies, the radio signals suffer from high path loss and reduced
coverage for NLoS connections. Thus, from a network perspective, one possible
solution to this impediment is the size reduction of the current cells and the in-
crease in the number of network nodes located in a specific area. Passive optical
networks (PONs) [146] are candidates for being the backbone to support connec-
tions in small cells with coverage areas of radius equal to 10-200m. The antennas
within are required to have increased gain and achieve effective radiated powers
high enough to compensate for the extensive path loss [147].

Nonetheless, the current structure of PONs does not allow them to handle
the vast amount of connections needed towards 5G because of limited data rates
and small power splitting ratios [148]. The same applies for the optical channel
splitting of the wavelength division multiplexing (WDM) PONs where the channel
sizes are very wide (e.g., 50 or 100 GHz) [149]. Therefore, the transformation of the
current PONSs to ultra dense wavelength divison multiplexing (UDWDM) PONs is
crucial for enabling the support of a very high number of wavelengths available to
be designated to the large amount of end-users within different small cells [150].
This means that such architecture uses ultra narrow spacing between optical wave-
lengths in order to assure wireless connections within the highly dense networks
while implementing a mm-wave fronthaul based on 5G requirements [151]. Fur-
thermore, the interface between the optical network unit (ONU) and the mm-wave
antenna needs to be redesigned to support the new 5G numerology for OFDM.

WDM PONs are most commonly associated with fibre to the x (FTTx) appli-
cations, where x=home, curb, or bulding [152]. UDWDM is the next step to the
evolution of optical access networks since the wavelengths of each channel that are
multiplexed within a single fibre are spaced either by 6.25 GHz or 12.5 GHz. The
implementation of the infrastructure of Fig. is shown in Fig. [2:12 proposing the
use of a ring architecture interconnecting multiple UDWDM PONs. This structure
also allows the optical line terminals (OLTs) to interchange information through
optical add drop multiplexers (OADMs). Moreover, by properly combining the
modules (both passive and active) of the networks, fast and reliable connections
are provided between the PONs and the end-users [153]. Finally, the activation of
the dark fibres within the existing infrastructures increase the cost effectiveness of
the implementation while allowing the support of the vast amount of connections
towards the impending evolution to 5G.

To truly expand wireless communications into the outer limits of radio tech-
nology, the optical network approaches towards 5G need to be connected to novel
phased array antenna systems offering a promising approach for 5G mobile com-
munications. Such systems achieve multiple-beam generation with highly focused
beam characteristics reducing hardware complexity as well as signal processing
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Figure 2.12: The ring infrastructure of the UDWDM PON based on the proposed network
scenario.

requirements. Hence, by combining the optical network concept with a novel an-
tenna approach within the future remote units, an improved user experience can
be provided.

2.2.1 Analogue fronthaul radio access network scenario based
on UDWDM PON and SDM

The core of the concept of the proposed network architecture is that the mm-
wave RoF links will be integrated with the already installed PONs and their future
versions (e.g., UDWDM PONs). A basic description of the suggested network is
shown in Fig. 2.13] Within the central office, the signal generation, distribution
and control of channel interleaving is conducted. The CO is highly centralised with
a pool of virtualised BBUs [154]. Combining optical-wireless fronthaul with flex-
ible carrier aggregation (e.g., OFDM signal generation) allows optimum resource
utilisation, and since no framing and digitisation are involved for the ARoF signal
generation, the network may operate with low latency.

Closely spaced optical signals propagate through optical fibres, and depending
on the needs of the users of each cell, they are split and allocated by a wavelength
splitter (e.g., array waveguide grating-AWG). Narrow-width optical filters are used
in order for the noise introduced by the network to be discarded. Moreover, power
splitters divide the selected signals and disseminate them to the ONUs. These
signals are converted into the electrical domain and transmitted by the antennas
to the end-users within a small cell.
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Figure 2.13: A block diagram of the network proposed where optical signals are delivered
from the OLT to the ONUs supporting multiple wireless users within a cell or fixed
connections to the home.

A virtual orchestrator offers the resource management and allocation within
the network based on a centralised control plane defined by software defined net-
working (SDN) and network function virtualisation (NFV) [155]. With SDN,
the control plane of the network is decoupled from the data plane, which is re-
sponsible for forwarding the data traffic. This gives the ability to centralise the
control of the network using transparent interfaces. In addition, with NFV all the
hardware-based network services and functions are moved to a virtualised environ-
ment. 5G networks will be supported and controlled by cloud orchestrators and
virtual machines that use both SDN and NFV. The centralisation of the RANs
leads to a more flexible routing as well as it allows the reduction of the complexity
within the ONUs increasing control and minimising the communications latency
even further.

Optical tone generation within the OLTs

The OLTs are responsible for the transmission of data that need to be converted
from the electrical to the optical domain. This is implemented in the overall
structure that is shown in Fig. 2.14] where multiple optical sources generate light at
densely spaced wavelengths 7. The lasers are tuned by a centralised wave-
length locker combined with a high-performance thermo-electric cooler prohibiting
the frequency drift of the sources , . Some wavelengths are input to op-
tical modulators where their electrical inputs are the aforementioned data that
may be encoded in different modulation formats. The rest of the lasers generate
unmodulated optical tones that will function as local oscillators to the mm-wave
generation within the ONUs. By assigning UDWDM channel slots and interleav-
ing between modulated and unmodulated tones, flexible selection of the resulting

RF frequency is possible, as shown in Fig. |161], [162]. The wavelengths en-
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ter an optical multiplexer (MUX) and travel through an optical circulator which
allows bidirectionality inside the transmission of the fibre.

Instead of using multiple laser sources that may cause phase noise and RF car-
rier drifting, a comb source can be introduced that simplifies the tone generation.
In that case, after this source block, an extra demultiplexer needs to be added
into the OLTs before the modulators since it will be responsible for separating
the tones of the comb. The DeMUX may be dependent on external tuning if it is
based on active filters such as Fibre Brag grating (FBG) filters [163] or passive in
the case of a photonic integrated AWG. In some branches between the DeMUX
and MUX, optical modulators are connected, and to others, the tones propagate
(unmodulated) directly to the MUX. It needs to be mentioned that in both ap-
proaches, the input electrical signals at the optical modulators are not necessarily
in baseband. To achieve a more flexible RF frequency selection and higher tun-
ability in the case of the comb, signals can be already modulated electrically at an
intermediate frequency based on IF over fibre (IFoF) [164].

The synthesis of the OLTs is currently cost-inefficient and power-consuming
due to the complexity for the generation and splitting of the UDWDM signals, as
well as the increased tunability and cooling requirements that such terminal de-
signs demand. In order to carve a roadmap depicting the timescale and financial
viability of this scenario, the advancements and solutions provided by photonic
integration should be taken into account. As an example, the scientific achieve-
ments on integrated microring resonators on silicon allow the design of microring
modulators that can be used after the frequency comb as an alternative to the sec-
ond DeMUX . Photonic integration may lead to massive production of both
multi-tone sources and narrow wavelength selective devices on a compact footprint,
scaling down the fabrication costs and allowing this concept to be integrated with
the existing infrastructures.
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Table 2.1: Performance parameters of the presented network concept, where each ONU
is capable of generating four RF signals.

UDWDM Channel Spacing (GHz) 12.5 6.25
Number of UDWDM Channels 320 640
Power per Channel (dBm)* -4 -7
Wavelength Splitting Ratio 1:20 1:40
Number of Connected ONUs 20 40
Generated RF Signals 80 160
Fibre attenuation (dB/km) 0.3
Insertion loss per 1:20/1:40 AWG (dB) 5.5
Insertion loss per UDWDM MUX and DeMUX (dB) 6
Booster Gain within OLTs (dB) 2-6
Receiver sensitivity (dBm) -18

*Expected power level after modulation and multiplexing in Fig. [2.14

Signal propagation within the UDWDM PON

The signals at the output of the OLT have a frequency separation that is based
according to the ITU-T recommendation G.694.1 of 2020 [166]. The fixed-grid will
evolve to the flex-grid allowing channel slots equal to 12.5 GHz and the next step
will lead to a spacing down to 6.25 GHz. Therefore, two consequent optical tones
would have a frequency separation of either 6.25 GHz or 12.5 GHz. Such narrow
spacing may increase the probability of channel crosstalk. However, the use of
complex modulation formats allows the transmission of multiple bits per symbol,
increasing significantly the spectral efficiency. Consequently, only a narrow band-
width fraction of each UDWDM channel is used to ferry the desired optical signal.
Therefore, channel crosstalk between two adjacent channels can be mitigated.

At a further step, within the PON, a UDWDM passive splitter dictates the
separation of wavelengths travelling to a specific ONU. Such a component can be
an AWG separating the overall UDWDM signal into 20 or 40 sub-bands. The
calculations made in Tab. summarise some of the important parameters of
the proposed UDWDM PON [167]-|169]. It is assumed that 320 or 640 channels
are active and that each ONU is capable of generating four RF signals [170].
Furthermore, some of the tones will be feeding optical modulators within the
optical transmitters of the ONUs.

The RF signal is generated in the ONU illustrated on the right-hand-side of
Fig. The modulated optical signals and LOs get separated through a demul-
tiplexer. Channel interleaving regulated by the SDN/NFV plane allows the proper
combination of an optical signal with its corresponding unmodulated tone. As it
already has been demonstrated, the frequency distance between the two wave-
lengths is equal to a desired RF signal frequency. The two wavelengths go through
an optical bandpass filter (BPF) able to reject unwanted noise such as ampli-
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fied spontaneous emission (ASE originating from optical boosting amplifiers [171],
|[172]. After the heterodyne beating at the PD, the output of the ONU can be
wirelessly transmitted using the mm-wave antenna that may be equipped with
beamforming solutions. There are multiple PDs at the outputs of the ONUs, the
number of which depends on the structure of the antenna array and the signal
demand inside a cell. Before being transmitted, the RF signals are connected to a
switching and beamforming network.

In the uplink, the same process as described in the transmission part of the OLT's
is achieved where multiple optical signals can be generated by broadband optical
modulators based on the UDWDM principle. These signals go in the opposite
direction. Starting from the lower part of the ONU in Fig. depending on
the bandwidth of the optical modulators, the received RF information is either
downconverted to an frp or directly to frp. Signals converted in the optical do-
main travel through the MUX combiner and the circulator leading to the fibre and
finally to the OLT |173]. Once more, the received information at the OLT will
be demultiplexed and then the data will be extracted from an optical heterodyne
receiver. Based on the values of Tab. the optical transmission distance can
reach 20 km which is sufficient for 5G fronthaul in dense deployments [174]. In the
case that reach extenders are available, the fibre length may exceed 60 km.

Scaling to SDM and multicore fibres

A further upgrade in the presented concept accommodating the traffic increase for
the next 20 to 30 years could be achieved by harnessing the advantageous capabil-
ities of "space" as a variable of freedom [175]. Space division multiplexing (SDM
using multi-core fibre (MCF) technologies shows tremendous potential to keep up
with the network capacity requirements of the future generation of communication
services at the cost of crosstalk between the fibre cores [176], [177]. However, this
impediment can be evaded by applying innovative processes during the fibre fab-
rication as well as digital crosstalk cancellation techniques on the received signal
waveforms [178], [179).

Therefore, the network presented in Fig. is updated in Fig. 2.15h) [180].
Multiple OLTs provide input to spatial MUX/DeMUX units referred to as fan-
in/fan-out that dynamically couple light from the single mode fibres to each core
of the MCF and vice versa [181], |182]. MCF with different types of cores can
be used as shown in Fig. 2.15b) [183]. The combination of SDM applying MCFs
and UDWDM may achieve a network capacity 300 times higher than it is feasi-
ble by the SMF-based WDM networks [184]. Moreover, C-RANs will be able to
support a high amount of end-users while techniques such as optical beamforming
with photonic integrated circuits will be enabled |185], [186].

In order to expand the application of importing SDM to UDWDM PONSs even
further, an additional process that can be beneficial for the reception of mm-wave
signals in the side of the ONUs is illustrated in Fig. ) One dedicated OLT
may generate multiple optical LOs that propagate within one core of the MCF.
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Figure 2.15: Merging the advantageous properties of SDM with UDWDM PONs: a) the
network structure; b) various multicore fibres; c¢) the provision of unmodulated tones from
a bank of optical LOs to the ONUs as input of modulators and frequency downconversion
of the received mm-waves.

Once they reach the DeMUX these tones can be assigned to various ONUs from
a block implementing channel interleaving. A primary application of this bank of
optical LOs resides on providing the input for the modulators within the optical
transmitters of the ONUs . This process will simplify the complexity of those
units since no additional laser sources would be needed to feed the modulators
enhancing the network centralisation. Then, if two optical tones would be selected
at a distance of fro and beat within a PD, they can generate an RF local oscillator
accommodating the signal downconversion of the mm-waves within the ONUs. In
such way, cost-inefficient RF sources would no longer be required while lower
bandwidth driver amplifiers and modulators can be interconnected performing the
electro-optical conversion in f;r while employing IFoF for the uplink direction.
The concept presented in Fig. ) is experimentally evaluated in Sec.

2.2.2 Enabling phased array antenna systems for mobile
communications

With every scientific advancement in mobile communications, antenna systems
have become more complex. As summarised in , within the early commu-
nications systems, antennas were rather simple with an omni-directional radia-
tion pattern in the horizontal plane. Sector antennas later replaced these devices
and in the latest generation by MIMO antenna systems (in, e.g., WiFi, WiMAX,
LTE). MIMO multiplies system capacity since numerous signals can be transmit-
ted and received simultaneously by the RUs f 191].

For the next step forward, the idea of MIMO will be extended by increasing
the number of antenna elements to massive MIMO systems . This becomes
feasible in mobile communications due to the plan to utilise higher frequencies,
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in particular, mm-waves. Massive MIMO is achieved by applying hybrid digital
(e.g., DBF applying precoding) and analogue beamforming (ABF) techniques in
the baseband and RF domains, respectively. Hybrid beamforming (HBF) offers
simplicity, low-cost and high-performance [193]. More specifically, in the RF do-
main, analogue beamforming is implemented by adding a phase shift to a copy of
each mm-wave signal and thus, phased arrays (PhA) are synthesised, allowing the
steering of each generated beam towards a specific end-user [194], [195]. The im-
plementation of massive MIMO with HBF and PhA antennas have the potential
to improve the system capacity and spectral efficiency while keeping the power
consumption low [196]. One reason for this is that multiple steerable beams can
be generated, providing a strong signal to a certain user while keeping the interfer-
ence to other users low. Another benefit of massive MIMO is the interconnection
of inexpensive and energy-efficient silicon-based amplifiers, which becomes only
applicable if a large number of antennas are used due to their low output power at
mm-waves. However, using single active antenna elements (e.g., microstrip patch
antennas [197]) may result in low efficiency. Hence, several elements have to be
combined to sub-array feeds. By applying amplitude and phase tapering, a beam
with high efficiency pointing at a certain direction can be generated [198], [199].

Figure illustrates such a system where an ABF antenna is connected to the
outputs and inputs of the ONU. The interface between the two networks is located
right after the PD in transmit mode and before the electro-optical modulator in
receive mode. In transmit mode, the optical system feeds multiple PDs, where
each provides the signal of a single beam. Hence, the number of PDs equals the
maximum number of independent beams that can be generated simultaneously.
Therefore, it is necessary to be able to transfer the signals of each PD to all
sub-arrays. To do so, each photodiode is connected to a series of controllable
switches (SW) where the number and constellations depend on the number of
sub-arrays and the amount of outputs per switch.

There are various types of commercially available controllable switches oper-
ating in Ka-band. Each switch in series adds an insertion loss that can be com-
pensated by the gain of the ABF chips near the antenna elements. Furthermore,
each switch needs supply and digital control voltage that has to be considered
in the design. Hence, increasing the flexibility of the board comes along with
a higher DC feeding complexity. The accumulated signals of each sub-array are
then fed to ABF chips via a circulator, which is used to separate transmit and
receive signals. The ABF chips are used to tune amplitude and phase to provide
an optimal sampling, which is vital to achieving a high antenna efficiency. The
number and constellation of the ABF network depend on the sub-array size. The
advantage of this feeding network is that accurate field sampling can be provided
by a small ABF network while the signals are distributed via a more inexpensive
SW network. This makes it also possible to generate multiple beams for each
user to obtain spatial multiplexing gain if, due to multi-path phenomena, multiple
directions are possible. On the other hand, in receive mode, all signals can be
received simultaneously and are highly separated due to the use of sub-arrays. An
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Figure 2.16: Phased array antenna system with a sub-array configuration connected
to the UDWDM PON interface via switches (SW) and analogue beamformer (ABF)
electronic chips.

experimental demonstration of such a PhA antenna type employing ABF that is
interconnected with optical fronthaul will be discussed in Sec. [2:3.3]

To expand even further the beneficial capabilities of phased array antennas,
the concept of adding a reflector has been introduced. Phased array fed (PAF)
reflector systems exhibit a large effective antenna aperture and, therefore, achieve
large antenna gain [200]. This allows the reduction of the number of antenna
elements as well as the hardware complexity. The advantage of PAF reflectors is
that only a sub-set of elements contributes to a beam in a specific direction. This
attribute makes the use of sub-arrays, which are fed by the ABF network, feasible
to reduce the number of RF paths, for instance, by using predefined beams [201],
[202]. Taking advantage of the controllable ABF chips makes it possible to combine
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sub-array signals to enable adaptive beamforming.

2.3 Experimental validation of ARoF schemes

After pinpointing the theoretical aspects of hybrid photonic-wireless links as well
as analysing the fundamental requirements from a network scenario perspective,
the experimental demonstrations will allow the evaluation of possible preconditions
for their actual deployment. Therefore, in this section, three experimental setups
will be presented, examining numerous characteristics of ARoF links towards their
future integration with the 5G based UDWDM PONSs. Various mm-wave signal
generation and detection schemes are analysed fitting to a corresponding applica-
tion based on the 5G KPlIs.

2.3.1 Broadband fibre-wireless access to rural areas

High speed communications access with optical fibres is a major challenge to some
rural areas. Physical obstacles such as mountains and forests render fibre deploy-
ment either prohibitively expensive or impossible. Thus, a dynamic way to achieve
these connections is by employing versatile photonic-wireless links operating in the
lightly licensed millimetre wave bands allowing transmission of large bandwidth
signals. A leading method for the mm-wave generation is based on RoF links,
providing fibre-wireless access (FWA) to remote units over long distances.

A Ka-band RoF link is demonstrated based on incoherent heterodyne photonic
upconversion supported by two independent light sources [203]. The optical sig-
nal modulation is provided by a commercial small form-factor pluggable (SFP+)
module increasing the cost efficiency of the setup [204]. Indoor transmission is
achieved at 2.5 Gbit/s for different RF frequencies (frr) with low bit error rate
(BER<107%). Humidified obstacles are put in the path of the wireless link, repli-
cating a rain forest environment, and the impact on BER is examined.

Experimental Setup

As depicted in Fig. 2.17 a pulse pattern generator PPG is connected to a com-
mercial SFP+ module emitting at f;. The PPG provides a 2.5 Gbit/s non-return
to zero (NRZ) signal based on a pseudo random bit sequence (PRBS15) that has a
length equal to 2'5-1 bits. In addition, an external cavity laser at f;o is employed
acting as a tunable local oscillator with the frequency distance between the two
tones to be equal to the desired RF frequency (fs — fro = frr)-

The two optical signals are transmitted through a 10km single mode fibre
(SMF). The heterodyne photonic upconversion is realised on a PD, with an input
optical power Pp, that is controlled by a variable optical attenuator (VOA).
The generated RF current is directly proportional to P77, and depends on the
responsivity (R,,) of the PD. The RF signal is amplified by a medium power
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Figure 2.17: The hybrid photonic-wireless link including the spectrum of the two optical
tones.

amplifier (MPA) providing a gain of 30dB before being transmitted over a 2m
wireless link, for which a pair of horn antennas with a gain of 18 dBi each is used.

At the receiver, a low noise amplifier (LNA) boosts the RF signal by 40dB,
and an envelope detector (ED) downconverts it to baseband. The baseband signal
goes through two bias tees which remove the DC components and add another
DC component (Vpc) compatible with the operation voltage of the clock data
recovery (CDR) module. The CDR extracts both the data and the clock (CLC) of
the signal, and the bit-error rate tester (BERT) records the BER. This photonic-
wireless link is characterised by low complexity in both the optical and RF domain
while the total cost is minimised since for the optical signal generation, a commer-
cial SFP+ module is used.

Experimental Results

Hybrid optical-wireless transmission is achieved over 10km of optical fibre and
a 2m wireless link. Three different RF frequencies (26.5 GHz, 32.5 GHz and
38.5GHz) are tested across Ka-band. For each frequency, six sets of measure-
ments take place. The back to back connection is tested by attaching the output
of the PD to the LNA, and the BER is measured while the PpY, is increased. Then,
the complete wireless link is assessed with a line of sight between the antennas. Fi-
nally, four measurement sets are conducted where highly humidified paper sheets
(623.7 cm? sheet) dipped into water are put in between the antennas. The wet
paper sheets mainly consist of cellulose fibres from wood and calcium carbonate
resembling the cellulose soft fibre structure of plant leaves. If it is assumed that the
calcium carbonate embodied in the sheets does not add a significant attenuation,
this process may give a rough estimate of the transmission quality of mm-wave
signals that propagate through forest areas and plantations.

Figures )7 b) and c¢) show the BER as a function of P7, at the PD.
Exponential fitting is used to model the measured data. Based on the back to
back curve, the receiver’s sensitivity for different BER values can be calculated by
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Figure 2.18: Three figures of BER vs. Optical Power (Pp'5) at the PD for three differ-
ent RF frequencies (frr) within Ka-band for back to back, LoS and transmission with
obstacles.

converting the P, into the electrical domain. In Fig. [2.18n), the second curve to
the right depicts the LoS wireless transmission measurement. By employing the
wet sheets, an additional layer of attenuation is added to the RF signal. Thus, in
order to achieve the same BER levels, higher PP/, are needed, and therefore the
BER curves are displaced to higher optical powers. Moreover, these six curves are
further displaced (with a relatively small error offset) to the right in Fig. [2.18p)
and c¢) due to the path losses that increase at higher frequencies.

Experimental summary

An incoherent ARoF link based on an off-the-shelf SFP-+ module is proposed. RF
signals successfully propagated through humid sheets that mimic tree leaves of
a rain forest, and low BER was obtained. The minimised complexity and cost-
effective design of the total system will facilitate its implementation in remote rural
areas and tropical forests where fibre infrastructure deployment is impractical or
deficient.

The optical multichannel transmission of these types of signals that have a
2.5 GHz bandwidth can be achieved by allocating 6.25 GHz channels (numerol-
ogy compatible to UDWDM). The additional 3.75 GHz is a guard band between
channels allowing the laser sources to drift without any channel interference [205].
Thus, this scheme can be compatible with UDWDM technologies enabling the
seamless extension of the existing passive optical networks to enable fronthaul or
backhaul radio access units based on these commercial SFP+ modules.

Even though the proposed solution is beneficial for rural environments fitting
with Fig. ), the transmission of NRZ signals with a drifting frequency carrier
becomes ineffective in dense areas where multiple users need to be supported by
the mm-wave wireless networks. Therefore, more advanced modulation formats
are required to increase the capacity of the communication systems, while an
alternative coherent ARoF setup needs to be implemented in order to deal with
the phase noise and frequency drifting of the RF carriers.
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2.3.2 Coherent ARoF mm-wave generation transmitting car-
rier aggregated 5G OFDM signals

To alleviate the larger signal bandwidths required in a centralised radio access
network architecture, analogue optical fronthaul with flexible carrier aggregation,
signal generation, and distribution has been suggested. Thus, optimum resource
utilisation is achieved, enabling the centralisation of network complexity at the
central office [206], [207]. The transmission of carrier aggregated OFDM sig-
nals following the 5G new radio numerology is demonstrated over a millimetre
wave coherent 2.2m AROF link in Ka-band. Signals with different parameters
are generated and evaluated for their BER performance after optical and wireless
transmission on a 28 GHz frequency carrier.

Experimental setup

The experimental setup for AROF transmission of multiband OFDM (M-OFDM)
signals is shown in Fig. 2.19] including the digital signal processing both at the
transmitter and receiver side. At the transmitter, the M-OFDM signal is syn-
thesised by mapping QAM symbols generated from a random bit stream onto
the OFDM subcarriers spaced at fs.s of 60kHz. The OFDM blocksize is either
2048 or 4096—with 1650 and 3300 active subcarriers, respectively. On every 12th
subcarrier a pilot tone is inserted. After converting to the time domain using an
inverse fast Fourier transform (IFFT), a cyclic prefix (CP) with a size of 6.25 % of
the blocksize is prepended to each OFDM symbol in order to prevent inter-symbol
interference. OFDM frames are formed of 14 OFDM symbols each and attached
to a preamble equal to twice the blocksize. The complex baseband signal is split
into its real and imaginary components, upsampled and pulse shaped by a raised
cosine filter, before being upconverted to the target band frequency using a local
oscillator. The resulting signals for the different bands are summed in the time
domain, generating the final M-OFDM signal. In the experiment, the modulation
order of the QAM symbols is equal to 4 and 16 and the number of OFDM bands
is varied between 1 and 8.

Figure also shows the block diagram of the ARoF link where two optical
tones are generated by modulating the signal from an external cavity laser (ECL)
with a MZM biased at its minimum transmission point and driven with a sinu-
soid at frp/2 from a vector signal generator (VSG). Consequently, two tones are
created with a suppressed carrier and a frequency distance of frpr. An erbium
doped fibre amplifier (EDFA) amplifies the two tones and a wavelength selective
switch (WSS) separates them. One of the tones is modulated with the M-OFDM
signal in a second MZM. A VOA regulates the power of the co-propagating un-
modulated tone (i.e., LO) before it is recombined with the data-carrying signal.

Both waves are boosted by another EDFA before being launched into a span
of 10km standard SMF. The optical spectrum at the input of the SMF as well
as the signals at the output ports of the WSS are illustrated in Fig. 2:20] The
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Figure 2.19: The schematic of the experimental setup and digital signal processing for
signal generation at the transmitter and BER analysis at the receiver.
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Figure 2.20: The optical spectrum at the input of the 10 km single mode fibre (blue), the
copropagating tone (green) and the optical signal (red).

total power at the output of the SMF is controlled by the second VOA. The RF
signal is generated by the heterodyne beating between the two optical waves on a
high-speed photodiode with a bandwidth of 40 GHz. The generated RF wave at
a carrier frequency of 28 GHz is amplified by a medium power amplifier (MPA)
with 30dB gain and transmitted over a 2.2m wireless link using a pair of Ka-
band standard gain horn antennas with a gain of 20 dBi each. An LNA boosts the
signal by 15dB before it is downconverted by a mixer to an intermediate frequency
frr = frr — fro. The electrical LO is provided by a VSG at an fro of 25.7 GHz.
The received waveform is captured for offline processing by a digital sampling
oscilloscope (DSO). Figure shows the optical and electronic components of
the experimental setup.

The receiver DSP uses a Costas loop to perform carrier and phase recovery
and convert the IF signal to baseband. Next, the signal is downsampled, and a
bank of band pass filters isolates the bands. In each band, the preamble is used
for time synchronization and discarded. From each of the 14 symbols, the CP
is discarded, and the fast-Fourier transform (FFT) is performed. The received
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Figure 2.21: The experimental setup: a) optical signal generation and fibre transmission;
b) PD and MPA connected to the transmitting antenna; c) receiving antenna connected
to the LNA; d) the VSG and the DSO capturing the received signal traces.
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Figure 2.22: BER against optical power for a 4 and 8 band M-OFDM signal using 16 QAM

symbols versus the input power at the PD; the constellation diagrams are depicted for
optical powers of 3.5 dBm and 4 dBm respectively.

pilot tones, Pgr,, are compared to the transmitted ones, Pr,, giving the channel
response Hep, = Pry/Pr, which is used to reverse the impact of the channel [208].
The received symbols are demodulated for BER evaluation.

Experimental results

The analogue RoF fronthaul link is evaluated by measuring BER after wireless
transmission of the M-OFDM signals. Figure shows BER with respect to
power for Mgam = 16 and 4 or 8 bands. It also shows the received constellation
diagrams for all bands, while Table 2.2 shows a summary of the obtained results
for different signal combinations as a function of the BER limits of 3.8 x103
and 1.32x1072 corresponding to forward error correction (FEC) with 7 % (hard
decision FEC) and 25 % (soft decision FEC) overhead (OH).

For configurations with few bands, lower BERs are observed, as signal power is
spread over fewer bands, and hence the received signal has a better signal to noise
ratio (SNR). Similarly, as with larger blocksizes, the symbol duration is reduced,
the received power per symbol—and thus the SNR—is lower. Both show the
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Table 2.2: Required FEC overhead for the different M-OFDM signal configurations.

Block 2048 4096
Bands 4-QAM  16-QAM  4-QAM  16-QAM
1 7% 7% 7% 25%
2 7% 7% 7% 25%
4 7% 7%/25%  T%/25% 25%
8 7%/25%  25%  7%/26%  25%

system to be SNR limited, and thus any increase in available transmitter power
can be expected to result in an improved BER performance or to allow longer
transmission distances. For the evaluated signal with four bands in Fig. 2:22] a
BER below the limit for 25 % overhead FEC is achieved, allowing a data rate of
1.2 Gbit/s within a bandwidth of 491.5 MHz. Similarly, for the 8 band signal, a
bit rate of 2.4 Gbit/s is transmitted over a bandwidth of less than 1 GHz while
with an increased blocksize, the data rate becomes 4.8 Gbit/s with a bandwidth
of 1.96 GHz.

These results are promising in terms of capacity and data rate. However, as
noted above, there is a trade-off between power, bandwidth and data rate. This
may be overcome by providing additional transmitted power or through further
optimization of the system with regard to the efficiency of RF signal generation.
Consequently, it is expected that more bands will be transmitted carrying OFDM
symbols that contain higher-order QAM modulated symbols.

Conclusions

The transmission of carrier aggregated OFDM signals following the 5G numerology
over a 28 GHz AROF fronthaul link is demonstrated, finding bit error rates below
the limit for a 25 % overhead FEC after wireless transmission over 2.2m. Data
rates between 1.2 Gbit/s and 4.8 Gbit/s are achieved over respective bandwidths
of 491.5 MHz and 1.96 GHz. The observed results showcase ARoF as a candidate
for 5G, providing maximum flexibility in the fronthaul segment and achieving
multi-Gbit/s performance over limited bandwidths.

The investigated setup can be implemented in 5G applications with a static
transmitter and receiver such as the illustrated links of Fig. [2.1p,c,g). However,
the offline DSP processing as well as the interconnection of the transmitter with
gain horn antennas are required to be replaced by more elaborate techniques and
components converging to a more realistic 5G network scenario. This is achieved
in the following section.
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2.3.3 High capacity real-time hybrid optical wireless 5G
fronthaul with dynamic beam steering

As already analysed in Fig. apart from the introduction to ARoF, optical
space division multiplexing with multicore fibres increases the capacity of radio
access networks as it employs the synchronous transfer of signals centred at equal
wavelengths within different cores of the same MCF [209]. Once the optoelectronic
conversion takes place at the RU, and the RF waveforms are generated, antenna
systems providing beam generation and precise steering are required to serve end-
users in various locations, as shown in the network scenario of Fig. 7d,c). How-
ever, mm-wave signals suffer from excess propagation losses and building blockages,
leading to disruptions of the wireless links. Therefore, high-gain smart antennas
with beamforming capabilities would overcome these impediments [O1].

In this section, the combined scientific output of two EU Horizon 2020 projects
blueSPACE and SILIKA is experimentally demonstrated [210], [211]. An optical
distribution network developed by blueSPACE that encompasses the generation
of real-time 5G new radio signals and transmission over 10 km 7-core MCF feeds
an 8x4 SILIKA phased array antenna that employs analogue beamforming. The
transmitted mm-wave signals arrive at the receiving antenna that is also linked to
the RU for concept validation since an end-user is not included in the investigated
setup. A successful wireless transmission of up to 1.4 Gbit/s 5G OFDM signals at
26.9 GHz (Ka-band) is achieved while the receiver is moved within an arc of 90°
verifying the beam steering capabilities of the SILIKA array.

Experimental Setup

The performance evaluation of the system is achieved by the experimental setup
in Fig. [2.23p). At the CO, an ARoF-BBU maps M-QAM (M € [4,256]) symbols
originating from a random bit stream onto 4096 OFDM subcarriers (3196 of which
are active) with a spacing of Af = 120kHz. Furthermore, the BBU includes DAC
and an ADC, generating and receiving in-phase and quadrature (IQ) baseband
signals, respectively. An intermediate frequency (IF) unit incorporates an 1Q
modulator and demodulator (IQnop,/pmop) and a tunable vector signal generator
performing frequency up- and downconversion between baseband and frp. For
the conducted experiment, four different 5G OFDM waveforms are generated and
detected centred at a fixed frp = 5.2 GHz with M = [4,16] and IF bandwidths of
200 and 400 MHz.

A CW laser is used as an optical source, feeding a Mach-Zehnder modulator
biased at the null transmission point and driven by a sinusoidal tone of 10.85 GHz.
Thus, optical two-tone generation takes place resulting in two spectral lines with
a spacing of 21.7GHz (fro). The output of the MZM is boosted by an EDFA
and divided in two branches through a 70:30 optical splitter. The 30 % branch is
directly transmitted via one of the cores of the MCF to the RU and detected by a
PIN photodiode (PIN-PD2). This signal, after electrical amplification by a 30 dB
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Figure 2.23: Summary of the experimental demonstration and signal spectra of a 16-
QAM 5G OFDM signal with 400 MHz IF bandwidth: a) schematic of experimental setup,
b) transmitted and received IF signal spectrum, c) optical spectrum of the signal at the
output of the MCF, d) spectrum of the RF signal at the output of MPA1, LNA and GH
at 0°, e) spectrum of photonic generated LO after MPA2, f)-i) photographs of laboratory
setup: f) ARoF BBU, g) RU with optoelectronic conversion, filter, amplification and 1:8
split towards the phased array, h) antenna module at the RU with a block diagram of
the analog beamforming network, i) receiver antenna with LNA, and IF downconversion
with a photonic generated LO.

medium power amplifier (MPA2) acts as the LO for the electrical downconversion
of the received mm-wave signal. The 70 % branch is fed through a polarization
controller (PC) to a second MZM biased in quadrature and electrically driven by
the IF 5G OFDM. The modulated output (its spectrum is shown in Fig. )
arrives at the RU through a different core of the MCF, showcasing the advanta-
geous properties of SDM, allowing the seamless transfer of both signals, despite
being carried by the same wavelength.

The mm-wave generation is based on the optical heterodyning of the two mod-
ulated tones on the PIN-PD1 at the RU. In order to isolate the desired OFDM
signal centred at frr = fro + fir = 26.9 GHz from the low frequency beating
products, a waveguide high pass filter (WG HPF) is added. Then, the RF wave-
form is amplified by 30dB in MPA1 while a 5dB attenuator (ATT) reduces its
output power in order for the boosted mm-wave to meet the power limitations of
the phased array module. This module consists of a 1:8 splitter linked to 8 beam-
forming tiles where each tile splits the signal and feeds four antenna elements
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Figure 2.24: a) The constellation diagrams of QPSK and 16-QAM 5G OFDM signals at
an IF bandwidth of 200 and 400 MHz measured in the laboratory at —45°, 0° and 45°,
b) upper: the BER curves of received 16-QAM 5G OFDM signals at an IF bandwidth of
200 and 400 MHz for a receiver moving between +45°, lower: the normalised radiation
magnitude of the phased array antenna module measured in the anechoic chamber at the
same angles as the BER measurements.

that are individually controlled. Every antenna element with a gain of 5.5 dBi has
the capability to adjust amplitude and phase since it is connected with a phase
shifter (PS) and a power amplifier (PA) delivering a gain of up to 20 dB, compen-
sating for the connector and splitting losses . The mm-wave is transmitted at
26.9 GHz within the 3GPP n258 band and received by a gain horn (GH) antenna
exhibiting a gain of 24dBi and a compact size due to an attached lens. Then,
the output is amplified by a 40 dB low-noise amplifier before being fed to a mixer
for downconversion to frr and then back to the IF unit and the ARoF-BBU for
real-time signal processing. The phased antenna array is chosen to have a steering
range covering one quadrant (90°) and the data that are analysed correspond to
angles equal to [0°, +20°, £40° and +45°] where at 0° no beam steering is per-
formed. For all measurements, the wireless distance is kept constant at 2.5 m with
the receiver always facing towards the transmitter in line of sight. It is important
to note that only the receiver is radially moved within the quadrant while the
transmitter is kept at the same position and orientation.

Transmission Results & Discussion

The ARoF link is evaluated based on the resulting real-time bit error rates and
their corresponding signal constellations. Figure ) shows the laboratory en-
vironment and the received averaged constellations at £45° and 0° for the four
different 5G OFDM waves. The measured BER for (QPSK) is error-free for all
angles and IF bandwidths.
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In Fig. ), the BER curves for the two 16-QAM based OFDM signals are
assessed for various angles. The average BER over 25samples is below the 7%
OH FEC, BER limit for all angles, while the sample variance is also indicated by
the vertical stubs. Moreover, the normalised magnitudes of the radiation patterns
of the phased array module are measured in the anechoic chamber for the corre-
sponding steering angles. The obtained maximum radiation magnitude decreases
for increasing angles and thus justifying the BER degradation. In addition, the
asymmetric behaviour of the BER curves around 0° is caused by the laboratory
environment that is also asymmetric due to the presence of various objects such
as metallic cabinets and windows. At 20° there is an abrupt increase of BER
for both curves that may be due to the destructive interference of reflections at
the receiver for the specific position deteriorating the signal quality. Furthermore,
since high bandwidth waveforms are more affected by the reflections of the wireless
channel and the noise of receiver electronics, the BER variance for the 400 MHz
wide signals is higher compared to the ones with a bandwidth of 200 MHz. The
presented results allow longer transmission distances in the case where laboratory
space limitation is not an obstacle for moving the receiver within a wider arc.

Experimental Conclusions

Successful real-time multi-Gbit/s transmission of carrier aggregated 5G OFDM
signals through a 2.5 m Ka-band hybrid photonic-wireless link with dynamic ana-
logue beam steering was demonstrated, using a smart, high gain 8x4 antenna
module capable of steering the generated beams towards a moving receiver. The
implemented ARoF link with MCF fronthaul transport achieved data rates of up
to 1.4 Gbit/s with measured average BER below the limit for a 7% OH FEC. The
achieved transmission performance and dynamic beam steering showcase ARoF
using SDM with multicore fibres and smart phased arrays employing analogue
beamforming as key enablers for the seamless transport of 5G signals to end-users
with increased capacities and high quality of service.

2.4 Summary

5G communications will accommodate groundbreaking applications using wide
wireless channels that are capable of providing data rates within the Gbit/s range.
That can only be supported by operating within the mm-wave bands through a
new framework for 5G, alongside with a novel concept of fronthaul architecture.
The use of traditional methods for digitised fronthaul and electrical up-conversion
of baseband signals to mm-waves is inefficient, complex and for large bandwidths
becomes economically prohibitive. Therefore, hybrid photonic-wireless links are a
promising solution allowing full centralisation of the network hardware and func-
tions to the central office as well as the simplification of the remote units.
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In this Chapter, the building blocks synthesising an ARoF system are dis-
cussed, including theoretical derivations, component analysis and signal modula-
tion techniques. Moreover, the concept of a highly centralised RAN with a pool
of potentially virtualised BBUs in combination with analogue RoF fronthaul over
UDWDM not only offers maximum flexibility for capacity assignment but also
seamlessly enables SDN and NFV-—and hence network slicing. This network is
drastically enhanced in terms of capacity by implementing spatial multiplexing in
the optical domain using multi-core fibres while enabling novel techniques such as
the use of optical beamforming networks.

Several aspects of the presented network scenario are experimentally evaluated.
Initially, a 2.5 Gbit/s low complexity Ka-band hybrid optical-wireless link based
on a commercial SFP+ module is demonstrated, showcasing an economical and
efficient solution for access provisioning to rural areas. Thus, the benefits of imple-
menting incoherent ARoF schemes that can be directly integrated with UDWDM
PONSs are reported. In order to avoid phase noise and carrier drift, a coherent
system setup is explored. This scheme, combined with the propagation of carrier
aggregated 5G OFDM signals lead to improved link quality and phase stability.
Therefore, multi-Gbit/s data rates are transmitted through analogue radio-over-
fibre fronthaul in limited bandwidth over 2.2m in Ka-band. As a final step and in
order to approach a more realistic 5G based network structure, a real-time mm-
wave hybrid photonic-wireless system is demonstrated where up to 1.4 Gbit/s 5G
OFDM signals propagate through a MCF to an 8 x 4 antenna array employing
analogue beamforming to radially track a moving receiver.

In order to move towards the realisation of 5G networks operating in mm-wave
bands, the future remote units are required to be located far and wide within
the urban environments supporting a broad wireless coverage to the end-users
while compensating for the increased channel losses. Based on the pictures taken
from the experimental systems, if multiple RF transmitter and receiver devices
are put together, then the RUs become bulky, cost-ineffective and power consum-
ing. Thus, alternative processes towards the miniaturisation of the components
comprising the interface between the photonic and wireless domain are required.
The advancements in photonic and electronic integrated components need to be
examined to be interfaced together on a replicable, low-cost system on-chip that
guarantees a smooth transition while operating on higher carrier frequency com-
munications.

Research Question:

How can the antenna, the amplifier and the photodiode be incorporated to a single
system on chip 7
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CHAPTER 3

High-speed photodiodes for
mim-wave generation

The generation and transmission of millimetre wave signals for 5G applications
require the use of broadband and high output power photodetectors to bridge
from optical to electronic domains. This matter was discussed in the previous
Chapter, where efficient photodiode modules played a pivotal role in the mm-wave
generation within the hybrid photonic-wireless systems. However, the solutions
reviewed so far were based on bulky and packaged components that are on a much
larger scale compared to the desired application of this work which is the design of
a compact device that can be deployed on the numerous 5G remote units within
the small cells.

The advances in photonic integration allow the miniaturisation and mass pro-
duction of such components, making them accessible for many applications in
telecommunication services. This Chapter explores the enormous potential of uni-
travelling carrier photodiodes (UTC-PDs), including a presentation of their phys-
ical aspects and an overview of their characterisation processes. Moreover, the
deep knowledge of the equivalent circuit properties of these devices is vital since it
provides crucial information about their RC-bandwidth as well as reveals if there
was a process issue on the wafer where the diode chips are fabricated. Therefore, a
detailed review on the extraction of the full-equivalent circuit of UTC-PDs based
on reflection coefficient and bandwidth measurements is also examined. Finally,
various de-embedding methods that analytically remove the parasitic effects of
the electrical transmission lines allowing the accurate analysis of their active re-
gion and calculation of the series resistance and junction capacitance with lumped
elements, are thoroughly investigated, presented and compared. The methods, ex-
perimental work and results shown in this Chapter are related to publications [J2],
[J3], [C4], |C5|.

49
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Figure 3.1: A block diagrams of a PN junction in reverse bias showing a) the material
mechanisms and b) simplified equivalent circuit representation including the accumulative
resistance (R) and capacitance (C).

3.1 Properties of photodetecting devices

The operation principle of a photodiode is based on the properties and functional-
ity of a PN junction in reverse bias as indicated in Fig.[3.1h) [213]. Since a positive
potential is applied to the n-type semiconductor layer of the device and a negative
to the p-layer, oppositely charged carriers (electrons and holes, respectively) are
attracted. Thus, the length of the depletion region is increased while not allowing
any current to flow except for a negligible parasitic defined as dark current.

Once the depleted region absorbs photons, electron-hole pairs are generated
and swept by the electric field (Ejptrinsic) through the junction, inducing a pho-
tocurrent (Ipp). In order to achieve this effect, the incident photons are required
to have energy levels (hf) higher than the bandgap of the absorbing semiconduc-
tor material . Photodetectors that are incorporated in optical communication
systems operating at 1550 nm are widely based on the promising and mature ITI-V
compound semiconductor technologies employing materials with direct bandgap
(e.g., InP, GaAs, InGaAs, InGaAsP) [215], [216].

3.1.1 Fundamental definitions
Responsivity

A fundamental parameter of a PD is the responsivity (R,,:) calculating the ratio
between the generated photocurrent (Ipp) versus the input optical power (Ppp).
The responsivity is given in Eq.[3.I] where ¢ is the charge of the electrons, h is the
Planck’s constant, c is the speed of light, and \ is the wavelength of the incident
light. Furthermore, R, is strongly dependent on the quantum efficiency (1) of the
device describing the probability of generating an electron-hole pair per absorbed
photon.



3.1. PROPERTIES OF PHOTODETECTING DEVICES 51

Ipp _ mgA
Popt he

In the ideal case when n = 1, the maximum level of responsivity of a PD at
1550 nm is 1.25 A/W [217]. However, this value is obtained once the quantum
efficiency of the device is optimal. For a standard single mode waveguide PD, 7 is
calculated based on Eq. The internal quantum efficiency (7;,,¢) depends on the
absorption coefficient (a) of the carrier generating semiconductor, L is the length
of the PD, and T is the optical confinement factor. In addition, 7;,; needs to be
multiplied by the coupling efficiency (7¢p), taking into account the additional loss
factors of the device, such as coupling losses with the optical fibre.

Ropt = (31)

N = Nint X Nepls Nint = 1- efFaL (32)

Nevertheless, with a low electric field applied, the carrier-collector region of a

PD may become undepleted, leading to carrier recombination since the generated

electrons and holes recombine, not allowing them to diffuse to the contacts, result-

ing in reduced efficiency. Thus, the reverse bias is a crucial factor ensuring that
the carrier escape time to the contacts is shorter than the recombination time.

Dark current

Except for the induced photocurrent, there is an additional parameter that is due
to the random generation of electrons and holes within the depletion region of the
PD originating from stray light or thermal generation effects [218]. The amplitude
of this noise source defined as dark current (Ij4), resides within the range of nA.

Frequency response

Apart from the static parameters of a photodiode, the frequency response of the
device is also critical. The calculation of the 3dB bandwidth (f345) of a PD is
presented in Eq. [3.3] and consists of two elements. The first is determined by
the RC time constant (trc = 2mvRC) shown in Fig. ) that depends on
the accumulative resistance (R) and capacitance (C) of the PD, including the
junction capacitance, the series resistance and all the parasitics added to it from
the waveguide pads. The second parameter of Eq.[3:3]is a function of the transit
time of the carriers (74.) generated in the absorption layer of the PD that varies
based on its type and will be introduced at a further step. By determining the
properties of semiconductor materials, altering the number of layers or modifying
the material doping, the f33p can be optimised. The frequency response of a
PD regulates its speed and its ability to generate mm-waves at high frequency
carriers |219].

1

1
T

faap = | (3.3)
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Figure 3.2: The block band diagrams of: a) PIN photodiode; b) UTC photodiode; c) the
impact of the self-induced field (E;nq) leading to the band-bending (black line) of the
absorber with thickness [4; d) the effect of current-blocking (space charge effect) caused
by high input optical powers leading to band-bending of the collector area.

RF power saturation

Power saturation to a photodetector occurs once its RF output reaches a maximum
level as a function of increasing optical input (i.e., Ipp). In saturation, negative
space charge effects caused by additional generated carriers do not allow them
to travel within the junction [220]. Thus, once higher powers are injected, the
temperature rises leading to increased heat transfer and eventually to permanent
damage of the component.

3.1.2 Photodetecting structures

The layerstack that defines a photodetecting device directly affects its speed pa-
rameters presented in Eq. There are several photodiode topologies used for
high-speed communications such as the PIN, avalanche (APD) and uni-travelling
carrier [221]. In the following subsections, the properties of PIN and UTC-PDs
are evaluated in order to determine the most suitable structure for the design and
co-integration of the high-speed mm-wave transmitter.

PIN photodiodes

As shown in Fig. [3.2), a PIN-PD consists of three different types of semiconduc-
tors. A p-type collects the photogenerated holes, an undoped intrinsic semicon-
ductor that acts as the photon absorption layer and an n-type material receiving
the generated electrons. Based on the principle of the PN junction, if a reverse
bias is applied, the intrinsic region becomes fully depleted while the electric field at
the junction accelerates the generated carriers (electrons, holes) that drift towards
the contacts of the device.

The speed of the carriers is proportional to their mobility (u) measured in
cm?/(Vs) |222] and the electric field applied (E). When E is sufficiently high, the
carriers’ speed reaches saturation. The saturation velocity of the electrons (ve) is
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higher than the one of the holes (v,), and thus, the transit time of the holes defines
the speed of the device. The f;, is calculated in Eq. and is proportional to vy
while it is inverse proportional to the length (thickness) of the absorption layer
(I). A short [ increases the fy while the junction capacitance becomes higher,
reducing the fre. Thus, in PIN-PDs, there is a trade-off between frc and fi.
while [ is required to be chosen optimally so that the f34p is maximised.

ft7- N 1 - 3.5U}L

T 21T 2wl

(3.4)

High input optical powers lead to the space-charge effect due to the photogen-
eration of an excessive amount of electrical carriers. This carrier accumulation
within the absorption region decreases the net electric field leading to power sat-
uration, as well as reduces the carrier drift velocity and therefore the fs3qp [223].

UTC photodiodes

A block diagram of the overall structure of a UTC-PD is presented in Fig. 3.2b).
The carrier generation takes place at an absorption layer. The holes are directly
swept to the p-contact within the dielectric relaxation time of the p-doped region
(> THz bandwidth) [224], [225]. In addition, a diffusion block layer supports the
unidirectional motion of electrons towards the n-contact [226].

Thus, the speed of the device is defined by the Trc and the 74, that is dominated
by the transit time of the electrons within the structure. The transit time constant
of electrons is equal to the summation of the diffusion time through the absorber
(T4), and the drift time within the carrier-collector layer (7¢) [217]. The diffusion
time (74) in Eq. is affected by Fick’s law on the probability of the electrons
diffusing towards the intrinsic region and the thermionic transport with velocity
. Since the saturation velocity of the electrons in the carrier-collector layer is
much higher than the velocity of the holes in the absorption layer (v. > wvp), it
is easier than in PIN structures to increase the collection layer thickness without
excessively raising the transit time and alleviating for the compromise between
ftr = 1/[271’(7',4 + Tc)] and freo |227|

TA = li ZA (3.5)
3De Uth
le
= 3.6
© 3.5v, (3.6)

In Eq. it is assumed that the electrons travel with saturation velocity within
the carrier-collector layer. However, by adjusting the length of the collector and
applying an optimal bias, the electrons purely accelerate, reaching an overshoot
velocity (v.) that is at least two times higher than saturation (typically equal to
ve = 3 — 5 x 107 ecm/s) [228]. Consequently, this effect can significantly decrease
To, affecting fi,. of the UTC-PD and thus its total bandwidth.
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Except for the velocity overshoot, another effect able to increase the bandwidth
of the UTC-PDs occurs in the absorption layer while it is illuminated by high op-
tical powers. As illustrated in Fig. ﬂc), the surplus of the generated holes that
drift within this region induces an electric field defined as the self-induced field
(Fina) |229]. This results in the band-bending of the absorption region, accelerat-
ing the photogenerated electrons and decreasing their diffusion time (74). Based
on this aspect, an electric field can also be introduced independently of power by
using doping or material gradient (bandgap variation) in the absorber [230].

The saturation of output power within a UTC-PD occurs when the excessively
high amount of electrons at the carrier-collector layer causes band-bending block-
ing the electrons at the absorber [231]. The space-charge effect is illustrated in
Fig.|3.2d). Furthermore, very large photocurrents lead to the abrupt drop of the
effective voltage (Vers = Viias — Voo — Vac) applied to the junction due to a
DC voltage drop in the series resistance of the device (Vpc) as well as an AC
voltage drop (Vac) in the load resistance. Therefore, the reduction of Vesy may
undeplete the intrinsic region and decrease the speed, i.e., the bandwidth of the
UTC-PD. Finally, the lack of heat dissipation within the device leads to high tem-
peratures caused by the high input powers [232]. Thermal heat-up may cause an
additional dark current generation due to the thermal runway effect and eventually
the destruction of the PDs.

Compared to PIN-PDs, the power saturation of UTC-PDs occurs at much
higher power levels. Moreover, the overshoot velocity leads to high output sat-
uration RF currents and reduced space charge effects [233]. Consequently, these
devices show great potential in microwave photonics applications and act in ac-
cordance with the purpose of this thesis.

3.1.3 Modelling a UTC-PD with lumped circuit elements

In order to characterise the important aspects of a UTC-PD, the extraction of the
series resistance (R,) and junction capacitance (C}) is crucial [234]. As illustrated
in Fig. the accumulation of the resistive effects within the doped layers of
the PD can be represented by Rs. Furthermore, within the depleted active region
of the device (collector), the value of C; contributes to thorough performance
analysis of the photodiodes through the calculation of the bandwidth. Insight into
these processes is valuable for device design, as they are used to verify that the
parasitics between the designed model before and after fabrication are low. Also,
it is important to mention that the junction capacitance provides information on
the optimal amount of reverse bias voltage that needs to be applied in order to
fully deplete the intrinsic region of the UT'C-PD [235].

Essential information towards the analysis of the electrical equivalent circuit of
a UTC-PD is calculated by the reflection coefficient at the input of these devices
(T',) shown in Fig. (3.4l T, is acquired at the output of the electrical transmission
line (TML), which is the interface between the active region and the measurement
point of UTC-PDs. If the S-parameters of the TML Starr, = [Si;],4,j = {1,2} are
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Figure 3.3: A UTC-PD capable of generating current at its load (Rz) due to the creation
of electron-hole pairs by the absorption of photons with energy hf.
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Figure 3.4: A circuit model for the measurements of the UTC-PDs showing the point
of the input reflection coefficient I',, and the active region of the diodes including the
transmission line parasitics (Star).

known, then the reflection coefficient of the active region as well as of the shunt
branch between the active area and the contacts within the UTC-PD (I'yrc—pp)
can be extracted analytically based on Eq. (3.7)).

S —Tm
Fore-rp S11522 — Sl — S12521 S
The TML properties are not always easy to measure, and thus either full equiv-
alent circuit methods or de-embedding techniques are employed in order to move
the reference measurement plane to the active region of the UTC-PDs, i.e., isolate
Curc—pp [236]. The advantageous aspects of both processes will be analysed in
the following sections.

3.2 UTC-PD measurement processes

Figure shows a broadband, low-cost, and high-responsivity evanescent waveg-
uide uni-travelling carrier photodiode (UTC-PD) fabricated at III-V Lab using all
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Figure 3.5: A high-speed UTC-PD fabricated at III-V Lab connected to characterisation
equipment through an RF probe with 150 um pitch while its optical waveguide is coupled
to a lensed fibre.

2-in InP processing, including etched facet with on-wafer anti-reflection coating.
The input optical waveguide can be coupled with a 3.5 um-mode diameter lensed
fibre for inserting light into the UTC-PD [237|. The generated electrical signals
are guided to the output through a conductor backed coplanar waveguide (CB-
CPW) where the ground pads of the CB-CPW are connected to the n-contact of
the photodiode.

All measurements are conducted with the support of a probe station where high
frequency equipment such as an RF power meter (for saturation power, frequency
response) or a vector network analyser (VINA), for reflection coefficient measure-
ments) are connected to the pads of this single-port device via a bias-tee enabling
the application of reverse DC bias to the UTC-PDs. One RF port of the bias-
tee is linked to the equipment and the second to a ground-signal-ground (GSG)
microwave probe.

3.2.1 Experimental Measurements of UTC-PDs

Measurement setup

The complex characterisation setup shown in Fig. [3.6] can provide a multitude of
measurements such as responsivity, saturation current, reflection coefficient and
bandwidth of the photodiodes. Two optical tones that are generated by a laser
source set at a fixed frequency f; and a second at a variable frequency fo are
combined through a 3 dB coupler. One of the coupler outputs injects the two tones
to a commercial photodiode where the two tones heterodyne beat, generating a DC
component and an electrical RF tone at a frequency of Af = f; — fo. This electrical
signal is monitored by an electrical spectrum analyser (ESA). Moreover, at the
input of the ESA, there is a DC-block removing the generated DC component.
The optical segment that is connected to the second output of the 3dB coupler is
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Figure 3.6: Block diagram of the setup providing the measurement results shown in this
Chapter.

connected to an EDFA with an output power of 25dBm. A VOA and a polarisation
controller regulate the input to the lensed fibre that emits light to the UTC-PD.
The fibre is positioned using a micromanipulator. As previously described, at the
pads of the diode under test, there is an RF probe connected to a bias tee. The
bias tee’s DC terminal provides the junction’s reverse bias, and the RF part is
connected to an RF power metre or a VNA.

Responsivity and dark current

For responsivity measurements, the variable laser is turned off, and the power
originating from the fixed laser is measured at the output of the lensed fibre with
a free-space optical power metre so that it equals to 0 dBm. Based on the equation
Rop = Ipp/Psp, if Py is 1 mW, then the indication of the DC current at the power
supply directly gives the responsivity of the photodiode under test. Furthermore,
once the VOA is off and no light is injected into the device, the dark current of the
photodiode can be obtained. As an example, a device with a size of 4 x 15 um? is
measured with a responsivity of 0.7 A/W and a dark current in the level of 5nA.

Bandwidth measurement

The bandwidth measurements (Ss1) are achieved by controlling the frequency
f1 of the tunable laser as well as registering data from the ESA and the RF
power metre. Therefore, for each frequency step Af, the RF power is registered,
synthesising a power over frequency diagram. The obtained data are de-embedded
by implementing correction files based on the reflection coefficient parameters of
the probe, the bias tee and the UTC-PD.

In addition, the f34p is affected by the input optical power to the photodiode.
This is confirmed by the results calculated in Fig. ) where the values of f3qp
for a 4 x 15 ym? at —2V are measured as a function of the DC component of the



58 CHAPTER 3. HIGH-SPEED PHOTODIODES

80 0 >
5t
75¢
-10f
)
—_ -15¢
g 7 g
Q 5 -20
2 g
5 651 & 25t
59
~
=301
60
0 40 -35¢
Frequency [GHz]
35 2 3 4 5 6 7 M2 4 6 & 10 12 14 16 18
a) DC Current [mA] b) DC Current [mA]

Figure 3.7: a) The measured 3-dB bandwidth (fsap) of the 4 x 15 um? diode for a reverse
bias voltages of —2'V for increasing input optical powers (i.e., I55) while the frequency
response is shown for a DC current of 5mA; b) The saturation current of a 4 x 15 ym?
diode for a reverse bias voltage of —2V at 46 GHz.

generated photocurrent (I gg ). By increasing the I IQS , 1.e., increasing the optical
power at the input of the UT'C-PD, the self-induced electric field (E;,q4) becomes
higher at the absorber, accelerating the speeds of the electrons that propagate
within the intrinsic region of the device. As mentioned in the theoretical part of
this Chapter, this effect leads to lower electron transit times (74,.) and thus, higher
f3ap- As the input power increases even further, it is expected that the f3gp will
drop as a result of the current blocking in the absorber leading to the decrease
of the velocity of electrons that transcend from the overshoot to the saturation
state. At 5mA of IBS the 3dB frequency response of the examined UTC-PD
(78.67 GHz) exceeds the limits of V-band, making it a promising candidate for be-
ing co-integrated within the mm-wave transmitter providing the interface between
optics and electronics.

Saturation power

During the saturation power measurements, the tunable laser is manually set to a
constant frequency (i.e., Af fixed). A computer program measures the DC current
at the power supply and the indication of the RF power metre while controlling
the input power to the UTC-PD from the VOA. Therefore, data of RF power
versus DC current can be obtained, resulting in saturation power curves. Such a
result is given in Fig. ) for a lower bandwidth 4 x 15 pm? UTC photodiode
at a frequency of 46 GHz. As previously described, the impact of band-bending is
observed for DC currents above saturation where the RF output power drops due
to the space-charge effect for 15§ > 16.5mA.
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3.2.2 Reflection coefficient measurements with a VINA

VNA calibration

In order to optimise the experimental processes for the reflection coefficient ex-
traction of UTC-PDs, VNA calibration is performed, allowing the elimination of
errors on the measured S-parameters that stem from the VNA and the intercon-
nected RF components due to losses and reflections [238]-|240]. This procedure
can be complex for optoelectronic devices due to the different nature of their ports
(optical input, electrical output) [241], [242]. However, the goal in this work is the
acquisition of S7; parameters and the electrical characterisation of UTC-PDs un-
der the dark regime where no optical illumination is applied. Thus, the calibration
is conducted on a commercial wafer substrate provided by the GSG probe vendor
where the standards used are open, short, and load (OSL) [243]. Through the
OSL correction technique of the VNA| the reference measurement plane is moved
to the tip of the microwave probe [244]. All the data described are based on the
exact OSL calibration ensuring a fair comparison between the presented circuit
analysis methods. An alternative solution to the performed process is based on
the techniques of the open and load with two additional offset shorts [245], [246].
The three-offset shorts (SSS) approach is capable of achieving single-port calibra-
tion on transmission media where it is challenging to realise loads or opens. It
is important to note that this method is highly frequency dependent and band
limited [247]. Moreover, each short should have a unique length that is precisely
known, and it is not proportional to multiples of A\/2 [248], [249].

Retrieving data from InP on-wafer structures

Once calibrated, the VNA acquires information on the reflection parameters of a
photodiode (T',,) that is illustrated in Fig.[3.8a). T';,, shows a capacitive behaviour,
and the blue curve confirms this on the Smith chart of Fig. ) for a measured
5 x 25 um? UTC-PD at a reverse bias of —2 V. Moreover, measurements of the
TML while it is terminated by an open (open test structure, I'oc) and by a short
circuit (short test structure, I'sc) are also conducted. The block diagrams of these
components are depicted in Fig.|3.8b). Based on the Smith chart of Fig.[3.8¢), Toc
(in red) has a capacitive behaviour and I's¢ (in yellow) has an inductive behaviour.
Both I's¢ and I'p¢ provide information on the transmission line parameters of the
device that contributes to the curvature of T',,,.

Ideally, the retrieved reflection coefficient curves of both the short and open
should coincide with the outer circle of the Smith chart where the load impedances
Z1, = 0and Z, = oo are located, respectively. However, since the on-wafer compo-
nents are not ideal, the measured parameters have a deviation that is also visible in
the magnitude and phase of I'p¢ and I'g¢ in Fig. ) Optimally, it is expected
that both magnitudes to be equal to 1 for all frequencies. Nonetheless, losses in
the conductors arise due to the metals’ finite conductivity, leading to the decrease
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Figure 3.8: a) A block diagram of the active region of an on-wafer UTC-PD connected
to the waveguide pads to be de-embedded; b) the short and open circuit structures;
¢) the reflection coefficients mapped on a Smith chart for open (I'oc) and short (I'sc)
structures as well as for a 5 x 25 um? UTC photodiode at a reverse bias of —2V.
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Figure 3.9: a) The magnitude and phase of 'oc and I'sc; b) the magnitude and phase
of I',,, for measurements of diodes with different sizes at a reverse bias of —2V.

of |T'|. In addition, the T'p¢ curve shows a reduction in magnitude for lower fre-
quencies while it reverts to higher values over 30 GHz. This may indicate radiation
losses and parasitic coupling with neighbouring on-wafer structures that are closely
spaced or direct coupling between the structures and the GSG probe , .
Moreover, multiple reflections may occur before the signal reaches the end of the
design as a result of impedance mismatch between the probe tip and the on-wafer
design 7. Another cause can be due to material characteristics as well
as fabrication imperfections on the InP substrate. Thus, the representation of the
TML with lumped components becomes more complex, making the de-embedding
techniques a compelling solution for extracting the active region properties.
Figure ) shows the magnitude and phase of I';;, for UTC-PDs with different
sizes at an applied bias voltage of —2V. It is observed that the negative slope
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Figure 3.10: Data obtained from the full equivalent simulations and measurements of a 4 x
15 pm? UTC-PD biased at —2V: a) the full equivalent circuit including all the extracted
component values; b) the measured and simulated Smith charts; ¢) the percentage error
between measurements and simulations; d,e) the magnitude and phase of the measured
and simulated reflection coefficients; f) measured and simulated device bandwidth.

increases for diodes with wider surfaces. This is due to the fact that the values for
the real part of the reflection coefficients (Re[I',,]) are higher for smaller devices
due to their larger series resistance 7. Moreover, the imaginary part of the
'), values (Im[I',,,]) also show the same trend where the capacitive behaviour of the
active region is more dominant for wider structures comparing to the parasitics of
the TML [258]-[260] The opposite occurs for small diodes (e.g. size of 4 x 10 m?)
where the TML principally influences the magnitude and phase of I';,, that is equal
to /(Re[l[,n])2 + (Im[T,,])2Z(Re [Ty ], Im[Ty]).

3.2.3 Full Equivalent Circuit Analysis

The equivalent circuit extraction process of a 4 x 15 ym? photodiode at —2V and
5mA, shown in Fig. [3.10n), is divided in three major steps. First, the waveguide
connected to the active region of the photodiode is simulated based on reflection
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coefficient measurements of the short and open on-wafer structures. Then, the
UTC-PD junction capacitance and series resistance are extracted from the T,
parameters. Finally, through bandwidth (S5;) measurements, the electron transit
time circuit is derived and linked to the I'-based equivalent via an adjusting block.
This voltage to current transformer symbolizes the optoelectronic conversion and
photocurrent generation. Additionally, it allows the independent simultaneous op-
timization and adjustment of the lumped elements based on the measured trans-
mission and reflection coefficient data. The values of the equivalent components
can be calculated either analytically or through a circuit simulations software.

The short on-wafer circuit structure has an inductive behaviour, and there-
fore the measured waveguide I'oc parameters can be matched with an inductor
(Lramr). The same process models the open circuit represented by a capaci-
tance (Crarr). Moreover, a resistor (R,/) is added in series to Crprr, to correct
for the non-ideal performance of the open structure (e.g., potential leakage to
the substrate). In some cases, R,, is small and can be omitted. Furthermore,
analytical methods provide the magnitude for both Cry = 1/(jwZoc) and
Lty = Zsco/(jw) with very good precision once the impedances of the short
(Zsc) and open (Zoc) structures are calculated.

The properties of the waveguides connecting the photodiode to the external
world are important, as they can affect the response. After obtaining these pa-
rameters, the junction capacitance and series resistance are assessed. The lumped
elements for C; and R, are obtained by using the optimisation feature of a circuit
simulations software that is able to minimise the error difference (¢) between the
extracted data, i.e., '), and the reflection coefficient of the circuit model (I 0de1)
where € = |Tyrc—pp — Tmodet|/|Turc—pp| [261]. For the parametric estimation
of these elements, the I';,, data of the measured diodes are inserted in the software
that calculates the two unknown elements (i.e., R; and C;). To achieve the opti-
mal matching between the measurements and the circuit model, a shunt resistor
Rshunt and capacitor Cgpune are connected in parallel to C;. The impedance of this
part is high (in the range of k2), and in most of the simulations presented in the
literature, this parallel branch is considered open. Alternatively, these elements
can be directly derived from the asymptotic behaviour of the I, [262].

The bandwidth of the I'-based equivalent is very high and does not match
with experimental S5 parameter measurements. This is due to the fact that the
bandwidth of a UTC-PD is based on both the RC-time constant (7rc = 0.88 ps)
of the device as well as the transit time (73, = 1.82ps) of the majority carriers
(electrons) through the junction. Thus, the transit time can be approximated as
an additional RC cut-off time [263]. In this case, the value of the lumped element
C- is evaluated based on the experimental S3; curves. In addition, the adjust-
ing circuit able to adapt the amplitude of the imported Ss; parameters without
changing any of the properties of the measured curve interfaces the two equiva-
lents of the UTC-PD. Using this Ss; equivalent, a UTC-PD can be fully modelled
with lumped circuit elements while perfect matching between measurements and
simulations is achieved with an error percentage calculated below 3 %.
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Figure 3.11: Example of a 5x 25 um? UTC-PD where due to a fabrication there is leakage
on the substrate; this error is fully removed by implementing a de-embedding method.

3.3 De-embedding Techniques

The synthesis of the full equivalent circuit with lumped components based on re-
flection coefficients (I") is a prevalent solution for analysing the measured diodes.
However, the simulation of the elements composing the total equivalent is not al-
ways a feasible task. The measured reflection coefficient data of the UTC photodi-
odes include additional information about the pads and the on-wafer transmission
lines, which are used to interconnect the intrinsic devices for probing measure-
ments [264]. Even an ideal TML, if not simulated accurately, may lead to a circuit
that does not precisely represent the physical characteristics of the device under
test (DUT). Additionally, parasitic phenomena that may occur —such as signal
leakage on the substrate— increase the complexity of the circuit structures and
impede the extraction of the values of the components representing the active re-
gion of UTC-PDs. Therefore, in order to isolate these elements, there are several
de-embedding techniques that remove the impact of the unwanted parasitic effects
added to the DUT [265].

The valuable information extracted for I'oc, I's¢ and I',, are inserted to
de-embedding equations calculating the reflection coefficient of the photodiodes’
I'vrc_pp. At a further step, I'yreo_pp is introduced to the software-based cir-
cuit model where the active region of the diodes can be simulated as indicated in
Fig. [374] It is worth noting that the shunt branch, including a capacitor in series
with a resistor, can be added in parallel to C; [266]. This part is not removed from
the de-embedding but, due to its high impedance, is considered as open and can
be omitted without an impact on the measured data [267]. As already mentioned,
the lumped elements for C; and R, are obtained using the optimisation feature of
the software able to minimise the error difference (€¢) between the extracted data,
i.e,, Pyrc—pp and the reflection coefficient of the circuit model (T'y,ode1)-

An example of the beneficial impact of these processes is shown in Fig. B.11]
The Smith plot of the open pad has a behaviour that is not purely capacitive but is
more complex, indicating the existence of signal leakage to the substrate confirming
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Figure 3.12: a) The impact of the open-short method on a 5 x 25 pm? UTC-PD leading
to the removal of the waveguide parasitics at —2 'V reverse bias plotted on a Smith chart;
b) the magnitude and phase of I';, and I'koolen.

that the TML directly affects the curvature of the UTC-PD and is impossible to
simulate. This effect is fully removed in I'ge_empeq by employing de-embedding
equations that provide the intrinsic diode response which allow their modelling
and at a later step lead to the design optimisation for future fabrications. In the
following subsections three different de-embedding techniques will be analysed and
compared, the open-short, corrected and S-parameter based.

3.3.1 The open-short de-embedding

The open-short method introduced by Koolen [268] is based on the conversion of
all measured S-parameters into admittances (Y) and calculates the impedance of

a DUT by implementing Eq. (3.8) |269].

Zkooten = Ym —Yoc) ™' — (Ysc — Yoo ) ! (3.8)

This technique is applied to a 5 x 25 pum? UTC-PD, and the Smith chart
of Fig. B.12h) is obtained. It is evident that the de-embedded (red) curve of
I'kooten also has a capacitive behaviour while the parasitics introduced by the
waveguide are removed. The differences between the two reflection coefficients
are also calculated in Fig. [3.12p) based on magnitude and phase. As previously
stated, the added parasitics from the TML increase the negative slope of the I';,
comparing to the de-embedded Tk ooren -

In regards to the lumped equivalent circuit of the active region, it is expected
that Zxooten = ZuTc_pp. However, in order to acquire a perfect optimisation
in the circuit simulations software and minimise e, an inductor (L,) needs to be
added in series with the Zyrc_pp of Fig. @ after the transmission line. This
additional element contradicts the predicted circuit model of the active area within
a photodiode |270]. The origin of L, is thoroughly analysed in the following section.
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Figure 3.13: Three representations of the transmission line based on the: a) distributed
Model; b) Pi lumped equivalent model; ¢) T equivalent model.

Analysis of the inaccuracies introduced by the open-short method

In order to verify the existence and magnitude of the additional inductance, the
open-short de-embedding is investigated analytically. As depicted in Fig. [3.13p),
the TML connected to the DUT can be based on the distributed model. The
transfer matrix for this type of ideal waveguide with length [ is given by Eq. [3.9]
with a propagation constant v = \/zy and z = R + jwL ~ jwL,y = jwC [271].
Finally, Z. = +/z/y is the characteristic impedance of the line. Each variable is
measured in units per transmission length.

T = {A B] _ {Cosh(vl) Zosinh(~1)

C D] | e (3.9)
7 — AZpyr + B = Zsc = 0 |
m_CZDUT+D’ 00—07 sC_D

Converting the impedances of this symmetric model (S1; = Sa2) in Eq. (3.9)
to admittances through inversion and placing them into Eq. (3.8 results in:

ZKoolen = ZDUTCOShQ('Yl) (310)

The term cosh?(vl) can be approximated with a Taylor series and thus,

’Yl)QH}
2n)! (3.11)
ZKoolen = ZDUT[1 + (7”2] + R2

1 o
ZKoolen = 7ZDUT[1 + Z
n=0

2
2 (

is extracted. The residual error (Rs) for this Taylor approximation is presented
in Eq. (3.12)). It is a constant, that multiplied by an impedance, results in negligible
values and therefore can be omitted.

& 22n

Ry = Z(_l)n(lo)—Qn[(Qn)!

n=2

] (3.12)
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Figure 3.14: a) The resulting equivalent circuit extracted by the open-short method;
b) The descending behaviour of the additional inductance (L,) extracted from the open-
short method of a 5 x 25 um? UTC-PD as a function of the applied reverse bias that is
inverse to the curve for the junction capacitance.

If the DUT is a UTC-PD, i.e., Zyrc_pp = Rs — jﬁ, and by replacing it in
Eq. (3.11),

Zkoolen = Zurc—pp — Rs(71)* + jw%?lQ (3.13)
J

is obtained. Consequently, Eq. a) agrees with the previous statement that
ZKoolen 18 n0t directly equal to Zyro—pp for both the real and imaginary parts of
the UTC-PD. For low frequencies, the real parasitic term |Rs(vl)?| = |Rsw?LCI?|
that depends on the characteristics of the transmission line (L, C, ) can be omitted
(< 1 m{). However, in higher frequencies, its quadratic impact increases, reducing
the series resistance. The additional inductance (L, = LC—fZQ) that is calculated is
inversely proportional to the junction capacitance of the device. The exact same
result for L, is measured if the equation of the open-short method is implemented
to the Piand T equivalent models of a waveguide in Fig.[3.13p) and ¢) [272]. Based
on this process, it is proven that a systematic error is added to Zpyr while using
the Koolen de-embedding technique. In principle, since the device model of Fig. [3-4]
is related to different types of diodes such as PN, PIN and Schottky, it is expected
that the same error would occur if the open-short technique is applied [273]-[275].
These analytical calculations concerning the additional inductance are con-
firmed through circuit simulations based on experimental data for diodes with a
different reverse bias applied, sizes, and frequency of operation. In theory, the
value of Cj,, = €A, /l; is proportional to the junction area (A;) and inversely pro-
portional to the junction length that is directly linked to the reverse bias. In the
case where the bias is not enough to fully deplete the active region of a UTC-PD,
l; decreases while C; increases. In addition, since the declining junction area of a
photodiode reduces the value of C}, it is observed that L, of Fig. ) increases.
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Figure 3.15: a) The percentage of difference between the values of C; extracted up to 35
and 50 GHz affecting the calculation of Ly; b) the additional inductance (L,) introduced
by the open-short technique as a function of area at a reverse bias voltage of —2 V for
different UTC-PDs up to 35 and 50 GHz.

In Fig. )7 the junction capacitance and inductance of a 5 x 25 um? UTC-PD
are extracted for different values of the reverse bias. As expected, the form of the
curve of C; (blue) is approximately a reflection of L, (red) as a reference to the
x-axis, verifying the previous observations on the inverse proportional relationship
between these two lumped components.

Furthermore, in the ideal case, the values of the junction capacitance are ex-
pected to be constant as a function of frequency. However, since C} is extracted
based on S-parameter measurements, it is expected to show a slight deviation for
different frequencies with C; being higher at low frequencies due to parasitic ef-
fects [276]. This deviation (in percentages) is depicted in Fig. [3.15a) where for the
same diodes, the junction capacitance calculated over the range 0 — 35 GHz shows
higher values compared to the data measured between 0 — 50 GHz. The maximum
percentage of difference at 1.65% is obtained for a diode with a size of 4 x 15 um?.
This directly affects the calculation of L, that is plotted in Fig.|3.15p) as a func-
tion of increasing A; for different measured UTC-PDs at a bias of —2V. Then,
a hyperbolic curve fitting is used in order to show the inverse proportionality of
L, to the sizes of the diodes while LCI? is constant. As previously discussed, this
curve is shifted upwards for higher frequencies.

3.3.2 A correction to the open-short method

To eliminate the additional inductive behaviour of Eq. , a correction to the
open-short technique needs to be introduced, isolating Zyrc_pp. Therefore, the
term cosh?(vl) in Eq. is expressed as a function of the two known variables
imported from the open (Yo¢) and short (Ys¢) structures from Eq.
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Figure 3.16: a) The impact of the corrected method to a 5 x 25 um? UTC-PD leading to
the removal of the waveguide parasitics at —2 V reverse bias depicted on a Smith chart;
the corrected curve is compared to I'kooten showing the additional inductance Lyp; b) the
magnitude and phase of I'kooten and corrected-

sinh(+1) cosh(+1)
Y Y == =
oc +¥sc Z.cosh(yl) + Z.sinh(y1)

cosh?(yl) + sinh?(yl)
Z.sinh(yl)cosh(yl)

(3.14)

Calculating Yoo + Yse in Eq. , as well as taking into account cosh?(yl)+
sinh?(yl) = 2cosh?(yl)—1 of the hyperbolic trigonometric identities and Eq. ,
results in Eq. (3.15) which introduces a correction forming an impedance based
de-embedding capable of removing the systematic error imported in Eq. for
any single-port DUT.

Zm — Zsc
Zoc — Zm

The de-embedded reflection coefficients based on the open-short technique and
its correction are calculated and plotted in the Smith chart of Fig. ) for the
same 5 x 25 um?. The curves for I gooten and I corrected OVerlap while the one
for the open-short is longer due to L, added by the method itself. A similar
observation can be extracted from Fig.|3.16b) where the magnitude and phase of
the two obtained reflection coefficients are plotted. Consequently, Eq. is
capable of isolating the active region of a UTC-PD leading to the valid design of
its circuit model matching the impedance Zyrc_pp and can be expanded to all
devices using open and short structures for de-embedding.

ZCorrected = ZOC (315)

3.3.3 The S-parameter based de-embedding method

An alternative process that can be implemented in order to de-embed the parasitics
of the UTC-PDs is the S-parameter based (SPb) method. This mathematical
approach relies primarily on reducing the unknown S-parameter variables of the
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Figure 3.17: a) The impact of the S-parameter based method to a 5 x 25 ym? UTC-PD
leading to the removal of the waveguide parasitics at —2 V reverse bias mapped on a
Smith chart; b) the magnitude and phase of I'gpy and I'y,.

TML (Stumr) in Eq. from four to two. This is initially accomplished by
implementing the property of passive behaviour of the TML connected to the
UTC-PD where S12 = S3;1. Moreover, by assuming the symmetry of the TML,
the equality between S1; and Sss is acquired. The validity of this hypothesis is
substantial and it will be investigated even further through simulation processes
in the following section.

The de-embedding equation is finally derived in Eq. as a function of
Iy, Toc and I'se by replacing and rearranging the variables in Eq. from
the data obtained for the open structure, I'pyr = 1,1, = I'oc and for the short
IFpur = —1,T,,, = T'sec. The Smith chart of Fig. [3.17p) and b) presents the
impact of the S-parameter based method on a 5 x 25 pm? UTC-PD where the
TML parasitics are removed in the curve of I'gpy.

F'oc+Tsc — 20, —Tp(Toc —Tse)
2l'oclsc +Tse —Toc —T'm(Toc +T'se)

Pspy = (3.16)

3.3.4 Evaluating the asymmetry assumption for the TML

It is essential to extract an estimation of the error that is introduced due to the
asymmetry assumption of the TML connected to the DUT introduced in the de-
embedding processes. This is achieved through the simulation where a photodiode
is connected to a transmission line that is based on the Pi-model of Fig[3.13p) and
shown in the upper part of Fig.|3.18a) that is designed with lumped components
(OTMLl =213 fF, LTML = 55.6 p}I7 RTML =0.3 Q)

The TML of the circuit exhibits 100% of symmetry if Cryn, = Crap,, i€,
S11 = Sa2. Asymmetry can be introduced by setting Crasr, = (1—a)Crasp, where
a is a scaling factor varying between 0 and 1 where 1 represents a fully asymmetric
TML. The values of the lumped components for these simulations are chosen based
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Figure 3.18: a) The simulated circuit and ASrar as function of frequency for different
asymmetry values; b) the percentage difference of C;, R, and of the characteristic prop-
erties of 'urc—pp between the S-parameter based and direct methods as a function of
the increasing TML asymmetry; c) the percentage difference of C;, Rs and L, between
the open-short and direct methods as a function of the increasing TML asymmetry.

on measurements of a 5 x 25 um? UTC-PD (C; = 37.7 {F, R, = 14.9 Q). The
circuit simulator is used to calculate the St/ as well as the reflection coefficients
of the TML while it is terminated by a short (I's¢) and by an open circuit (T'o¢)
reproducing the test structures on a real wafer for frequencies up to 50 GHz.

The first figure of merit that is tested is the effect of the asymmetry on the
S11 and Sgo parameters of the TML. Therefore, AStyr = |S11 — Sa2//S11 is
introduced comparing the magnitude of the reflection coefficient S11 to Sao [277].
The AS7ysr is calculated for an ascending value of the asymmetry factor a. The
results are provided in Fig. [3.18h) where it is evident that the asymmetry of
a transmission line affects its S-parameters. At a further step, the impact of
increasing a is implemented in order to investigate its effect on the de-embedding

equations (3.8)), (3.15) and (3.16)).

Asymmetry dependence in S-parameter based method

Figure ) examines the percentage of difference between the junction capac-
itance and series resistance both extracted by Eq. that provides the exact
values of C; and R, and the resulting lumped elements calculated by Eq.
as a function of the increasing asymmetry. The curves are linear and maximum
difference reaches 7.1% for C; and 8.2% for R, once a = 1. Similar behaviour
is demonstrated in the percentage differences in the mean values of magnitude,
phase, real and imaginary parts of the diode’s reflection coefficients (T'yrc—pp).

Thus, the extracted data confirms that the transmission line symmetry influ-
ences the S-parameters (I'spp) of the de-embedded circuits as well as the values
of the lumped components C; and R,. However, the percentage of difference does
not exceed the 8.2% for all tested variables, while the technique’s performance
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improves once the additional branch is added to the TML. Identical values are ob-
served once the equation for the corrected method (Zcorrected) is used. Since there
is no effective divergence between the de-embedded elements and the original data,
the S-parameter based method can be considered an alternative de-embedding that
removes the transmission line parasitics from a DUT.

Asymmetry dependence in open-short method

A similar procedure is applied while implementing the open-short de-embedding
in order to analyse the impact of asymmetry. The results of this process are shown
in Fig. [3.18¢) for the series resistance, junction capacitance and additional induc-
tance. While the percentage of difference on the extraction of C; is low, varying
between —0.33% to 0.21%, the real part of the intrinsic region (Re[Zyrc—pp)) is
directly affected by the type of the transmission line linked to the active area of
the UTC-PD. The value for Rs is 19.1% lower than the actual once the Crpp,
rises. This percentage linearly reduces for increasing a due to the decrease of the
factor LC' in the real part of Eq. The same trend is presented for L,,.

These results show that the open-short technique is capable of successfully re-
moving the TML parasitics. However, once a second parallel branch with increas-
ing admittance is shunt in the line model, the process starts demonstrating errors
that become significant for low a. It is essential to underline that the increasing L,
for high values of Crarr, can be a good indication of the type of transmission line
that is experimentally measured as well as on the effectiveness of the open-short
especially for the calculation of R;. As an example, if the open-short method is
applied on diodes with a leaking TML on the substrate, an imprecise value of Ry
would be extracted as well as high L,,.

Therefore, the additional inductance is not only dependent on the diode size,
reverse bias voltage applied and the frequency of operation (Fig.|3.14] Fig.|3.15b))
but also on the type of the TML. Finally, this simulation validates the mathemat-
ical analysis of Eq. @ on this series component, i.e., L,, added by the process.

3.3.5 S-parameter comparison between de-embedding meth-
ods

This section provides a good insight on the behaviour of the de-embedding tech-
niques based on circuit simulation level. However, it is of the essence to compare
the discussed techniques on their analytical equations and their impact on the
measured de-embedded lumped equivalent data.

Comparison S-parameter based - corrected

In order to compare the de-embedding methods for the corrected and S-parameter
based techniques, the de-embedded S-parameters for I'correcteq and I'spp of the
Fig. and Fig. respectively are superimposed on a Smith chart leading
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to an overlap between the two red curves. Moreover, the error difference between
the magnitudes of the two reflection coefficients is negligible. That is due to the
fact that both the techniques in Eq. and Eq. are extracted based on
the symmetry of the transmission lines. With further mathematical analysis the
conversion equation from Z to S parameters in Eq. [278] is implemented.

Z=+Zo(1-T)"'1+T)\/Z (3.17)
By substituting Eq. (3.17) to Eq. (3.15)) then,

14T, 14T
7 1+ Tcorrected -7 1+Toc 1-Toc 1—1“22 3.18
0 - Ol_FOC 14Toc _ 140y, (3.18)

1- 1_‘Corrected 1-Too 1—T,,

is obtained.

If Eq. 31§ is rearranged and T'corrected is extracted, the corrected method
becomes identical to the S-parameter based (I'corrected = I'spp). Therefore, the
two de-embedding processes converge and both Z and S parameters can be used
to calculate a valid equivalent for the active area of UT'C-PDs.

Comparison Koolen - corrected

A similar process is conducted for the comparison between the open-short and the
corrected method. As a first step, Eq. [3.8]is analysed based on Z-parameters in

Eq. B.19
Zm — Zsc
Zoc — Zsc)(Zoc — Zm)

Then, the error ratio of difference between Zx ooiern and Zoorrected 18 €xpressed
in Eq. 3:20] as a function of Zpc and Zgc.

ZKoolen = Zb¢ ( (3.19)

ZKoolen - ZCorrected o ZSC
ZCorTected ZOC - ZSC

=a+jp (3.20)

In the ideal case where the ratio is a real number, i.e., 8 = 0 the relationship
between the lumped elements for R, and C; extracted by the two methods is given

in Eq.

Cj,Koolen = (]— + Vz)cj,Corrected

(3.21)

Rs,Koolen = Rs,COTrected

1+92

For the two techniques, both R, and C; are dependent on the propagation
constant of the waveguide (v) with Cj kooten > Cj.corrected and Rs Koolen <
R correctea- However, the measurement results contradict with the ideal sce-
nario since it is calculated that Rs gooten > Rs Corrected clarifying that it is
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Figure 3.19: a) The a(w) and p(w) as a function of increasing frequency for different
diode capacitances; b) & and p as a function of Cj.

important to take into account the impact of the imaginary part of Eq.
i.e.,, B # 0. This is because, as shown in Fig. [3.9h), the open and short cir-
cuit curves are not ideal. Therefore, by taking into account that the product
BwRs correctedCi Correctea = 107 the results of Eq. [3.22] are obtained.

Oj,Corrected
« (w) - 5sz,Co’r‘rectedcj,Corrected

Cj,Koolen =

— Cj,C’orrected
a(w) (3.22)
s

= a(w)Rs,Corrected + p(CU, CJ)

Rs,Koolen = a(w)Rs,Corrected +

This analysis confirms that the relationship of R, and C; between the two
methods is more complex and it depends on both a(w) and p(w, C;) that includes
the parameter 8 and the Cj corrected that is directly connected to the UTC-PD’s
area (A;). In Fig. [3.19h), the factors a(w) and p(w, C;) are plotted as a function
of frequency showing that a(w) decreases at higher frequencies while the opposite
occurs to p(w, C;). In order to get a better perspective on the impact of the differ-
ent photodiode sizes to the magnitude of these factors, averaging over frequency
is implemented removing w from the variables of freedom in « and p. Thus, a(w)
as well as each curve of p(w,C;) is represented by a single value. Figure )
shows that & remains constant as a function of increasing C; while p(C;) de-
creases exponentially. Therefore, based on the calculated data it is expected that
C(j,K'oolen ~ Cj,Corrected while Rs,Koolen > Rs,Corrected since the impact of the of
p is high especially for smaller junctions.

These characteristics are verified in Fig. ) where the percentage of dif-
ference between the lumped components of the active region (Cj, R,) for the



\]
~

CHAPTER 3. HIGH-SPEED PHOTODIODES

w

.20 116 90 ¢ ——ooion
O\o § —%-C / o\c E_-; Corrected —
=15 R 4= X 12
~ A / ~ = g
SETA R It1-NS) I~
o \ / ) o [
Q 2 3} o 10 ~
= 0.5 / _ 10 & ] o
5} x 7N\ ~ 15} = Q
5 \ 7/ ~ - 8 1% §
& 00 > 8 & 2 2
a \/ a = 154

0.5 ~ 6 & 31
& 'S o O 17
=) =)
) / ~ s g ©n
S-10 N 48 3 16.9
g / A S = 2
S.isp / U~ 28 2 A
g RN o

X L L L L L 0 Mt L L L L

2055 100 150 200 250 300 10550 100 150 200 250 300*

=2
=

Junction Area [um?] Junction Area [um?]

&
=

Figure 3.20: a) The percentage of difference of the lumped element components between
the open-short and corrected methods; b) the impact of the corrected method to a 5 x
25 pm? UTC-PD leading to the removal of the waveguide parasitics at —2 V reverse bias.

open-short and the corrected method are plotted using real measurements for
diodes with different sizes. The percentage of error difference between Cj kooien
and Cj corrected increases as a function of size not exceeding the absolute value
of 1.8%. The negative percentage implies that the lumped element has a higher
magnitude in the corresponding junction area once it is obtained by the corrected
method. Concerning the series resistance, the difference between the two methods
starts with a significant difference of 15.2% and decreases to values of approxi-
mately 1.6% for large devices such as a 6 x 50 ym? UTC photodiode.

The extracted data of these elements are also shown in Fig.[3.20pb) for the differ-
ent de-embedding techniques. Furthermore, the theoretical curve of the junction
capacitance (Cj,,) is also calculated. It can be observed that for all the different
junction areas, the theoretical curve is shifted downwards by a value varying in
the range of 4 to 7.1 fF. The difference between the dotted line for Cj,, and the
actual measurement data can be caused due to a parasitic capacitance generated
by leakage of electric field at the edges of the diodes’ intrinsic region towards the
neighbouring layers of the collector layer forming a fringe capacitor in parallel to
C; [279]-[281).

In summary, the classical Koolen method of open-short provides both the R
and C; at the price of adding a virtual inductance (L,) with reduced values for R
in high frequencies leading to an imprecise circuit model of the intrinsic area within
the photodetectors. This error is fixed by using an updated method (corrected) and
its equivalent S-parameter based technique. The difference between these three
methods in terms of the accuracy of the equivalent circuit and its component mag-
nitudes are mainly based on the assumptions made for the equation calculations,
the TML characteristics, the frequency of operation as well as the quality and
precision of the on-wafer measurements conducted with the VNA [282]. Overall,
the use of these de-embedding methods provides with a good estimation for the
values of the lumped elements within the active region of the diodes that are a
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valuable tool for the characterization and analysis of their physical properties.

3.4 Summary

In this Chapter, the important aspects of UTC photodiodes have been presented
and investigated. Initially, the basic principles of the PIN and UTC photodetectors
are reported providing a useful background for the analysis of the obtained results.
UTC-PDs have been chosen to play an important role in the fabrication of the mm-
wave transmitter since they provide high sensitivity, broad bandwidth and high
saturation power due to the unidirectional motion of electrons (as the only active
carriers) within their intrinsic region.

The characterisation setup at III-V Lab that is used in order to extract the
crucial parameters and functionalities of the fabricated chips is explained in detail.
Based on the measured data, a 4 x 15 ym? UTC-PD is distinguished to be imple-
mented for millimetre wave applications due to its high saturation powers and 3dB
bandwidth that exceeds the limits of V-band. Furthermore, all the procedures for
synthesising the full equivalent circuit of this device are analysed, including the
effect of carrier transit time and the RC-time constant.

At a further step, the Chapter investigates three de-embedding methods con-
tributing to the characterisation of the active region within the uni-travelling car-
rier photodiodes that remove the parasitic effects of the waveguides connected to
the active area of these devices, allowing the calculation of their series resistance
and junction capacitance. The open-short method is examined where a system-
atic error introduced by the technique is identified. This error is analytically
extracted, and a correction is implemented. The properties of an S-parameter
based de-embedding are also obtained through simulation approaches. Finally,
the lumped components calculated and verified by these processes are compared
for diodes with different sizes.

Research Question:

How would it be possible to amplify and wireless transmit the generated mm-waves
from the UTC photodiodes ?
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CHAPTER 4

Broadband RF Components

In the previous Chapter, a thorough analysis of the properties of UTC photodi-
odes has been discussed. As a further step, the advancements in integrated elec-
tronic components need to be investigated to allow interfacing them in a replicable,
cost-effective system-on-chip guaranteeing a smooth transition while operating on
higher carrier frequencies [283]. Figure illustrates such a device, including
a photodiode where the optoelectronic conversion takes place, and a mm-wave
is generated based on optical heterodyning. Then, the RF signal is boosted by
a broadband, high-gain amplifier interconnected to an integrated planar end-fire
antenna element transmitting the mm-wave over the air.

In Sec. the properties of high frequency transistors are provided, show-
casing their characteristics in both the DC and RF domains. Multiple transistors
can be combined to form a transimpedance amplifier (TTIA) architecture which
is a prevailing candidate for interfacing the optoelectronic components. Crucial
parameters defining the gain and noise are studied, underlining the leading role
of TIAs over different amplifier architectures. A TIA in emitter-follower transis-
tor configuration is simulated, fabricated, and measured. This amplifier provides
satisfactory gain and bandwidth to boost the mm-waves from UTC-PDs towards
the integrated antenna.

Then in Sec. [£:2] the design and measurement results of a V-band coplanar
Vivaldi antenna that can be employed within the future beyond-5G remote unit
are presented. The permitted substrate thicknesses for operating in these frequen-
cies is calculated while the optimal value is chosen. Moreover, a balun design
allowing the transition from the unbalanced coplanar transmission line to slotline
feeding the antenna is analysed. In addition, a comb structure inspired by inte-
grated optical grating couplers is added, improving the component’s gain. Finally,
the simulation and experimental results are discussed and thoroughly compared,
finding good agreement. This Section validates an essential element for future

T
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Broadband RF Components
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Figure 4.1: Block diagram of a 5G photonics-enabled millimetre wave transmitter includ-
ing a fibre interface, a high-speed photodiode followed by an RF choke and a broadband
amplifier interconnected with a planar antenna.

beyond-5G remote units with the implemented antenna as part of the proposed
transmitter design.

In the last part of the Chapter, a three-port structure on a printed circuit
board (PCB) is designed and fabricated to be placed in between the active com-
ponents, i.e., the UTC-PD and the TIA. This device provides the reverse bias
voltage to the UTC-PD from its DC port while “choking” the RF signals. Thus,
mm-waves are not allowed to propagate towards the DC path. The RF choke ex-
hibits broadband properties in V-band centred at 60 GHz with a total bandwidth
exceeding 10% of the carrier frequency. The presented broadband RF components
demonstrate a promising potential towards the co-integration and synthesis of the
photonics-enabled mm-wave transmitter.

4.1 A mm-wave transimpedance amplifier

The transimpedance amplifier acts as the first element after the optoelectronic
generation. More specifically, such device converts the mm-wave photocurrent
to amplified voltages providing input to the broadband antenna. While various
technologies have been used to fabricate these types of amplifiers such as CMOS
and GaAs substrates with high electron mobility transistors (HEMTs) as well
as GaAs with heterojunction bipolar transistors (HBTs), the InP HBTs support
high power and broadband operation 7. Designing TIAs based on InP
double-HBTs (DHBTS) can be an ideal technology to deploy ultra-wideband and
highly linear devices [288]. Therefore, the fabricated circuit is based on InP/In-
GaAs DHBTs allowing the operation in a frequency range including V-band while
exhibiting sufficient gain to boost the desired 5G-NR signals towards the end-users.

In the following sections, a theoretical background on transistor functionality,
amplifier architectures and TIA properties is provided, while thorough argumenta-
tion justifies the selection of the fabricated and measured amplifier between various
TIA topologies. Several aspects on the TTA properties and interconnection with
optoelectronic devices that are discussed in this section are covered in , .
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Figure 4.2: An overview of the basic functions of an NPN transistor in active configura-
tion: a) the semiconductor block diagram of a transistor showcasing the depletion regions
of the base-collector in reverse bias (RB) and the base-emitter junction in forward bias
(FB); b) the circuit representation of a common-emitter transistor.

4.1.1 HBT transistor principles

An NPN transistor is a three terminal semiconductor device that can be used as
an amplifier in analogue electronic applications. Based on Fig. 4.2h) it consists of
three doped regions, an n-doped emitter, a p-doped base and an n-doped collec-
tor . Both electrons and holes contribute to the current flow of the device and
generally it can be modelled as two interconnected PN junctions. Regarding the
carrier doping concentration, the emitter is heavily doped supplying the electrons,
the very thin base area is lightly doped with holes while the moderately doped
collector is wider so that it can support the ultra-high supply of electrons from
the emitter.

If a transistor is used as an amplification unit, it is regulated in the active
regime where the base-emitter region is forward biased (FB) and the base-collector
in reverse bias (RB). Therefore, once applied, the voltage of the base (V) is higher
than the one of the emitter (V) and the one of the collector (Vi) is required to
be higher than Vg, ie., Vo > Vg > Vg . Since the emitter is heavily doped,
a large amount of electrons will be pushed towards the base. At a further step,
there are two possible paths that the electrons can follow, either towards the base
or the collector terminal. Within the lightly p-doped thin area, the recombination
probability is very small due to the reduced number of holes. Thus, based on the
PN junction principle in reverse bias, the electrons arriving at the base become
the minority charge carriers and are swept towards the collector.

Heterojunction bipolar transistors, i.e., HBTs, use semiconductor materials
with different bandgaps in order to control the flow and distribution of carriers
within the devices [201]. The beneficial aspect provided by the wide-gap emit-
ter within an HBT is the capability of increasing current gain by controlling the
trade-off between base and emitter dopings as well as optimising the device’s ge-
ometry , . The following simulation and design analysis are based on
the Ferdinand Braun Institute (FBH) transferred-substrate InP-DHBT technol-
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ogy [294]. Double finger transistors are applied with 500 nm InP emitter width
stacked above an InGaAs base [295]. The designs showcase tolerance to high tem-
perature effects and low thermal resistance without limiting their output power
capabilities. Thus, these DHBTs can be interconnected with mm-wave compo-
nents. Moreover, the applied DC biasing voltages and currents presented follow
the recommendations of the foundry. These transistors are the fundamental ele-
ments for the design and fabrication of the TIA discussed in this Chapter [296].

Common emitter configuration analysis

Even though there are various ways to configure a transistor, the common emit-
ter (CE) is widely used for designing high-gain amplifiers [297]. In this work,
the CE configuration is selected where the emitter terminal is shared between
the input and the output. Therefore, the input is applied between the base and
the emitter, while the output is measured between the collector and the emitter.
The circuit diagram including the direction of the current flowing within a CE
configured transistor are shown in Fig. [£.2b) [298].

Concerning the supply voltages where Vg and Voo are the source voltages for
the base and the collector controlled by the resistor values R, and R, respectively.
Moreover, Vg is the difference between the base and emitter terminal at the input
side and Vg is measured with respect to the collector terminal at the output.
As previously defined, Vg, Vop > 0 since the base-emitter and base-collector
junctions are in forward and reverse bias, respectively. In addition, by applying
Kirchhoft’s laws, Ig = Ic + Ig and I¢ = a;lg, where oy defines the fraction of
the emitter current flowing to the collector. Since Ip << I then, a; is close to
one. In CE configuration, the base is used as the input and the collector is device’s
output. By controlling Iz, then I is regulated and related to the base current as
Ic = a4 /(1 — ay)Ip = Bilp, where fB; is the current gain of the transistor [299].

InP DHBT transistor characteristics

By calculating and plotting the DC characteristics of a DHBT a useful tool is
provided for properly understanding the transistor’s DC bias, gain, and power
consumption capabilities. As a first step, by assuming that Vo g is constant, the
input characteristics of the transistors can be extracted by showing the relationship
between I and Vpg. Figure ) calculates the I — Vg characteristic with an
exponential behaviour identical to the one of the PN junction in forward bias [300].
For low values of Vg, the depletion region between the base and the emitter does
not allow any electrons to flow. Typically a Vg =~ 0.9V is required in order for
the depletion region to disappear, leading to the exponential increase of I.
Similarly, the output properties are in reference to the behaviour of I as a
function of Vg for various values of Ig shown in Fig. ) The curves can
be divided into two parts the active region and the saturation. Concerning the
saturation part, for low Vog, the voltage of the collector is smaller than the one
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Figure 4.3: The input and output characteristics of a double finger InP/DHBT fabricated
at FBH: a) the collector current as a function of base-emitter voltage for Voo = 1.6 V
following the foundry rules for maximum gain provision by the HBTs; b) the collector
current as a function of collector-emitter voltage for various values of Ip.

of the base leading to forward biasing of the collector-base junction. Thus, the
electrons of the collector diffuse towards the base, decreasing the total net current.
In the active area of the transistor where the base-collector is in reverse bias and
Vee > 0.9V, the DHBT provides amplification while I is constant independently
of the increase of (Vog). In addition, as the base current increases, the collector
current also increases proportionally to ;. In this work, the supply to the collector
is equal to Vo = 1.6V and Ip = 0.6 mA leading to an I = 18.1mA and a gain
B: = 30.2 |301], [302]. The selected values provide an optimal gain and sufficient
thermal stability while guaranteeing that the amplified current would not cause
damage in the collector region.

In terms of RF figures of merit, it is important to mention that the cut-off
frequency (fr) equal to 350 GHz defines the point where the short-circuited current
gain reaches unity. Moreover, the maximum frequency of oscillation, i.e., fiaz =
450 GHz, provides the value at which the maximum available power gain (MAG)
reaches unity [303|, [304]. The theoretical curve of MAG simulated within V-band
is shown in Fig. [4.4h). In addition, the output power (P,,:) as a function of the
input matched at 50 is provided in Fig. |4.4p) at a carrier frequency of 60 GHz
with an RF transistor gain of 17.2dB. The 1dB compression point (Pi45) where
P, decreases by 1dB from its theoretically expected value (P,y:n) is at the
level of 1.2dBm for P;,, = —15dBm [305|. In addition, saturation is reached at an
output value of Ps,; = 9.2dBm. Higher levels of P;4p can be achieved by designing
a matching network extracted by load-pull contour calculation techniques while
compromising for the transistor gain.

Finally, once multiple transistors synthesise an amplifier, it has to demonstrate
unconditional stability indicating a non-oscillatory behaviour for the operating
bias and frequency [306]. Amplifier stability can be extracted by the factor K
that is an absolute value required to be higher than one [307]. Furthermore, these
devices add time delays to the amplified electrical signals affecting their phase.
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Figure 4.4: RF characteristics of InP/InGaAs double finger DHBTSs fabricated at FBH:
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Figure 4.5: a) Optoelectronic conversion including UTC-PDs and power amplifiers with
an input load Rp; b) the influence of the value of Ry on the 3dB bandwidth and input
power to the amplifier (PA) with Cro: = 51fF.

This metric can be derived through the deviation from the linear phase (¢ges)
identifying the difference between the measured phase and an ideal phase as a
function of frequency. Values for ¢ge, ranging within +15° provide a low time
jitter |308]. It needs to be underlined that all the characteristics mentioned earlier
are considered for the fabrication and synthesis of the mm-wave TIA.

Current to voltage conversion architectures

Once the optoelectronic generation takes place, the photocurrent has to be con-
verted into a voltage signal that its RF power is large enough to be transmitted
over the air. Thus, an amplification unit is required to employ the transformation
of the mm-wave while also increasing its strength. Figure |4.5h) depicts a simpli-
fied architecture of such interconnection where a voltage amplifier with a gain of A
(i.e., open-loop gain) is linked to a UTC-PD through a shunt load (Ry) responsi-
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ble for the current to voltage conversion [309]. The total input capacitance to the
amplifier (Crot) is the sum of C; of the UTC-PD, the TML capacitance (Crasr.)
and the input capacitance of the base of the transistor (Cpg).

As calculated in Fig. [4.5b) based on Ohm’s law, for a high value of Ry, the input
powers to the amplifier increase while the amount of thermal noise is minimised
since Iy, < v/1/Ry,. However, in that case, the 3 dB bandwidth of this architecture
calculated as fsqp = 1/(2r R, Crot) with Cror = 51 {F, decreases significantly once
Ry, > 100. An equaliser can be used in baseband optical communication receivers
as a countermeasure at the output of the amplifier enhancing sensitivity at the
cost of increasing the systems’ complexity [310], [311]. On the other hand, in the
case where the circuit noise of the front-end is not a primary concern, a limiting
amplifier with low Ry, can be linked [312]. However, even with high amplification
gain, the low voltage levels at Ry, may not provide enough boost at the output of
the unit to support applications requiring high signal sensitivity such as baseband
optical receivers [313|, [314]. Therefore, an amplifier design is required, able to
optimally compromise the relationship between gain, noise and f34p.

4.1.2 The transimpedance amplifier

The transimpedance amplifier is commonly used in optical communication systems
requiring broad bandwidth and high sensitivities. A simplified TIA architecture
is shown in Fig. [f.6] where a UTC-PD is connected to the input of an amplifier
with a negative shunt feedback resistor (Ry) [315]. The TIA circuit is a current to
voltage converter receiving the mm-wave signal from the photodiode as current.
It then converts it into an amplified voltage to be compatible at the output with
equipment that in most cases is designed to be matched to 50. TIAs are more
broadband compared to high impedance topologies with the same gain. Moreover,
they provide increased sensitivity levels contrary to low impedance amplifiers.
TIAs possibly present stability issues and higher noise levels compared to the high
Ry, amplifiers [316], [317]. Nevertheless, an equalisation circuit is not required, and
more elaborate feedback techniques can be implemented to mitigate instability
effects |318], |319]. The definitions analysed in these sections provide valuable
information on the results obtained in the TIA simulations and measurements.
An important metric defining the crucial aspects of a TIA is the transimpedance
gain (Zr) calculated as the ratio between the output voltage (V,y:) over the in-
put current (I,,) and can be measured in linear units, i.e., Q or dBQ based on

Eq. [4.1] [320].

Vout Z’%n
Zr =201
s 4T Og( 1Q )

Zin = (4.1)

Ipn,
The term transimpedance stems from the fact that the current and voltage

defining Z7 are measured at two different ports. Furthermore, the input impedance
(Z!in) of the TIA needs to match the output of the UTC-PDs that can be lower
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Figure 4.6: An overview of the architecture combining a UTC-PD and a TIA supporting
the generation of mm-waves.

than 50 Q. Based on Fig. [4.6] Z4" and Z!" are calculated in Eq.[4.2]and Eq.
respectively as:

) A
len — R 4.2
, 1. R
Z@m _ ——Zlm _ v 4.3
e dan R (4.3)

where A corresponds to the open loop gain amplifier. As shown in Eq.[4.2] while
designing such amplifiers, the gain A needs to be optimised in order to maximise
the transimpedance. Moreover, high values of A lead to increased Zéf" and lower
Zlin allowing the impedance matching between the TIA and the UTC-PDs. In
the ideal case where A is infinite, Z}" depends only on the Ry. However, in terms
of the 3dB bandwidth of the TIA, in Eq. there is a trade-off between A, Cryy
and Ry [321]. For example, with a constant A, low values of the feedback resistor
and Cr,; lead to increased fs3qp.-

1+ A
27 R¢Crot

Therefore, transimpedance amplifiers show increased flexibility in terms of con-
trolling several of their properties. Consequently, depending on the application,
these parameters can be selected accordingly. Finally, even though the presented
generic model is ideal and not feasible to be applied in actual designs, these equa-
tions provide a comprehensive overview of the basic function of TTAs.

f3aB = (4.4)

Input noise current calculation

Concerning the noise calculations of TTAs, the input-referred noise current is an
important metric for this type of amplifier [322], [323]. As illustrated in Fig. ),
this current is defined such that it acts as a noise source to an ideal (noiseless)
TIA which is able to reproduce the same noise levels as the actual TIA (including
noise) [324]. The input-referred noise current can be measured in three ways:
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Figure 4.7: a) Definition of the input-referred noise current; b) the noise sources of a
TIA that includes HBT transistors.

e Input-referred noise current power spectral density (PSD). The PSD (12 TIA)
of the input-referred noise current measured in pA? /Hz and the noise cur-

rent density I? in pA/vHz. As illustrated in Fig. |4.7b), the TIA
n,TTA

includes a transistor which acts as the open-loop amplifier in this case and
a feedback resistor. There is a multitude of noise sources contributing to
IfLT 14 including the thermal noise of the feedback resistance and the noise
currents at the base and collector of the transistor [325], [326]. Therefore,
this PSD is not white and it cannot be provided by a single number [327].

A theoretical estimation of Iﬁ’TIA is given in Eq. 1328], [329)],

AKT 241 27Crro
Ii,TIA(f) ~ + 730 + 2q107( Tot)
f

f2 +4kTR, (27C;)° f2 (4.5)

m

including the Boltzmann’s constant (k), the equivalent resistance of the
base (Rp) and the transconductance of the DHBT (g,,) [330]. As shown

in Fig. n), the /12 nrra consists of a low frequency region described by

1/f due to the shot noise in the base and collector [331]; a white noise com-
ponent and two high frequency (f?) terms that are directly affected by both
Crot = Cj+Crp,+Cp and the junction capacitance of the photodiode that
plays an important role on the TIA noise levels [332]. The dependence of
Cj to I? 14 18 investigated in Fig. 4.8b) for a single-feedback TIA based on
Eq -Wlth Ry at the level of 205 Q and ﬁ =30.2,Ic = 18.1mA,g,, = 0.38S
with R, = 40 Q. By increasing C;, the I? T4 increases exponentially at
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Figure 4.8: a) The typical curve of the noise current spectral density of a TIA; b) the
impact of the increasing junction capacitance of a UTC-PD to the PSD noise /I2 ;4.

higher frequencies. Thus, in the case where a combined module of a UTC-
PD and TTA is designed, C} is required to be as low as possible so that its
noise contribution to be minimised.

e Input-referred RMS noise current. It is an RMS value (i;"77 4) given by a
single number (in nA or pA) and is extracted from the ratio of the RMS
output noise voltage (v ff]q\ﬁ] 5,) over the midband transimpedance value of the
TIA [333]. The analytlcal equation is provided in Eq. 4.6 .

ZT)

RS 1 2Af; 2Af;
In,TTA = Zr /0 7}3]7\4]314df = ZT / nTIA(f)df (4.6)

where the term Af; = 7 f34p is the 1st order equivalent noise bandwidth of
the TIA and is dependent on the f34p of the device [334]-336].

o Awveraged input-referred RMS noise current density. This noise current defi-
nition (I;i 7% 4) is measured in pA/vHz and obtained by the ratio:

jrms
IAvg _ n,TIA 4.7
n,TTA \/E ( )

as presented in Fig. [4.7h), it is interpreted as the white noise source that
needs to be connected to the input of a noise free TIA in order to reproduce
the RMS output voltage noise of the real TIA [337], [338].
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Figure 4.9: Various implementations of shunt-series feedback TIA: a) common-emitter
amplifier with feedback resistor (S-TIA); b) emitter follower TIA (EF-TIA); ¢) multi-
stage TIA (MS-TIA).

TIA configurations with shunt resistive feedback

Up to this point, the theoretical demonstrations and calculations concern a general
open-loop amplifier with a shunt negative resistive feedback. Figure shows
three standard shunt-feedback TIA configurations that are widely used namely the
single-stage (S-TIA), the emitter follower (EF-TIA) and multi-stage (MS-TTA),
respectively [339]—[341].

Moving from the left side to the right of Fig. [1.9} the topologies exhibit higher
gain and lower bandwidth while higher values of required Ry result in increased
input current noise levels [342]. Moreover, in terms of DC biasing, the MS-TIA
needs higher biasing voltage values compared to EF-TIA. Regarding gain and
amplifier stability, an S-TTA or an EF-TTA in series with a buffer amplifier are more
stable related to an MS-TTA [343], [344]. Therefore, by opting for a compromise
between the crucial parameters of a transimpedance amplifier, an EF-TIA linked
to a buffer amplifier is chosen to be simulated and fabricated as the interstage
amplification unit of the proposed mm-wave transmitter [345]. Finally, the EF-
TTA architecture can be modified so that a negative voltage (Vpiqs) to be applied,
making the device compatible with the biasing regime of UTC-PDs, promoting
the device’s co-integration.

4.1.3 Fabrication of an emitter follower TIA

Towards the analysis and design of the proposed TIA, a lot of focus is given to
the optimisation of five prominent figures of merit, i.e., broad bandwidth, high
transimpedance gain, as well as low values of noise, deviation from linear phase,
and dc power consumption [346], [347]. Since the UTC-PDs interconnected to the
mm-wave Tx are matched to 50 €2, the input stage of the TTA is adjusted to match
these requirements accordingly with the additional advantage of straightforward
characterisation measurements with 50 €2 devices. However, as previously shown in
the theoretical section, Z!" is a versatile variable and can be adjusted to interface
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Figure 4.10: An emitter follower TIA linked to a buffer transistor that is synthesised
based on the FBH component libraries : a) the TIA equivalent circuit; b) the final
TIA layout with a size of 0.51 x 0.82 mm*.

the characteristic impedance of various components. The circuit of the fabricated
EF-TIA is presented in Fig. [1.10p).

The coupling capacitor (C;,,) connected at the input port P; prohibits the flow
of DC current from the UTC-PD towards the TIA, ensuring that the employed
transistors are not driven out of their operating point, guaranteeing stability (i.e.,
K > 1). Therefore, the C;, = 3.7pF acts as a high pass filter with low cut-off
frequency able to effectively eliminate the DC component without significantly
affecting the f3yp and MAG of the DHBTSs . The transistors 17 and 15 are
interconnected in the emitter follower implementation within the shunt feedback
TIA stage. At the next step, the common-emitter stage transistor T3 acts as the
post-amplifier that further increases the gain and drives the generated mm-wave
at the output port P to the transmitting antenna. The resistors Ry, , Rp, as well
as R., and R., set the bias voltage for each individual transistor originating from
a single bias network consisting of the components Rpiqs, Chias, and Chigs,. The
feedback resistor (Ry) is tuned to a value of 205 providing the optimum trade-
off between simulated transimpedance gain and f3gp. Furthermore, by varying
the sizes (length, width) of the transmission lines within the design, the f3;p can
be increased even further due to inductive peaking [350], [351]. The bias voltage
is set to Vpius = —2.3V with total current consumption of Ipc = 34mA and
Ppe =98 mW. The layout of the fabricated EF-TIA is shown in Fig. [4.10p) with

an overall dimension equal to 0.51 x 0.82 mm?.

Simulation and measurement results

A uniform transimpedance gain (Z7 = Za1) of approximately 55.5 dBQ2 is obtained
from the simulated straight line of Fig. ) with an f3gp bandwidth of 111 GHz
between 1.5—112.5 GHz. The measurements are conducted between DC to 67 GHz
with a VNA and are presented with the dashed curve. It is observed that the
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Table 4.1: EF-TIA component values and biasing characteristics.

Input Capacitor [pF] gl;
Feedback resistor [(] 2%{5
Base resistors [Q] 12;1 1:512
Collector resistors [(] ];g é?;’;
Bias capacitors [pF] Cbliasl Cgi.ag”
Bias resistor [(] R;'igs
Bias points ngs.g[vl 1 DC?’ELmA]

fabricated transistors provide less gain compared to the expected values leading
to lower Zp, limiting the total bandwidth. That implementation penalty between
the actual measurements and simulations may be due to the fabrication tolerance
in the cleanroom. In addition, the abrupt drop of the Z; curve can also be
caused by a potential inaccurate transfer of an element of the TTA (e.g., in terms
of size) between the circuit design and the layout that may have enhanced the
reported gain issue. Nevertheless, within the measured frequencies in V-band
(40—67 GHz), Z7 decreases between from 50.3 to 48.5 dBS? ensuring amplification
of the generated mm-wave photocurrents. Furthermore, as it is also presented,
within the bandwidth of interest, a low deviation from the linear phase (¢gey)
ranging between +2.5° minimises the phase instability added to the waveforms.

The limited transistor gain is also imprinted on the S-parameter measurements
of Fig. [f.11b). The average deviation between measured and simulated [Sa;] is
equal to 5dB. However, the |Sa1| curve is quite uniform for the measured fre-
quencies while the reflection parameters S1; and Sss remain below —10dB. Fur-
thermore, the simulated Sp; starts increasing above 87 GHz reaching a value of
—5.7dB at 113 GHz. Based on the experimental data, the extracted stability fac-
tor is equal to values ranging above K > 10 indicating the unconditional stability
of the amplifier between 1.5 — 67 GHz. It needs to be mentioned that Sis is
below —40dB and thus it is not included in the figure. In theory, a simulated
Py = 4.2dBm at P, = —9.5dBm is acquired with P,,; = 7dBm. Nonetheless,
the data on DC biasing of the TIA in Fig. ) show a mean DC input current
difference of 6 mA underlining that the 1dB compression and saturation powers
are expected to be lower. This DC current value variation also affects the f3qp.
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Figure 4.11: The simulated (straight lines) and measured data (dashed lines) of an emitter
follower TTA linked to a buffer transistor: a) the transimpedance of the fabricated TTA
as a function of frequency including the deviation from linear phase (Pgev) in V-band
(40 — 67 GHz); b) the S-parameter information of the EF-TIA; ¢) the DC current (Ipc)
as a function of the reverse bias applied at the biasing network (Viies); d) the spectral
noise current density of the TIA including the added negative impact of an additional
shunt capacitive element.

For future characterisation measurements, a power analysis of the fabricated TTA
will pinpoint the exact Psq¢ and Pigp.

The values of input noise current need to be approximated (between 40 to
67 GHz) since, at the point where the chip characterisation processes were con-
ducted, such a current noise measurement setup was not available. Therefore,
the Eq. [£:6] and Eq. [£.7] are applied using the simulated and measured Z7 while
the IthI 4 stems from the very accurate transistor simulation models of FBH.
Figure ) shows that the measured noise current spectral density is shifted
upwards compared to the simulated results. Moreover, the sz]\f[ 2y = 3.3 uA and

I;i 74 = 16.1 pA/vV Hz extracted from the measured scattering parameters are

higher by 6.3 pA/v/Hz and 0.9 pA, from the simulations, respectively. Further-
more, in Fig. ) the impact of shunting a 36 {F capacitor to the EF-TIA (i.e.,
C; = 151F, Cpyr = 211F) is approximated with the violet dashed line confirm-
ing the effect of noise increase and the calculations performed in the theoretical
part of this section. As previously underlined, the obtained discrepancies between



4.2. A PHOTONICS-ENABLED V-BAND VIVALDI ANTENNA 91
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Figure 4.12: Various types of tapered slot antennas.

measurements and simulations may be due to the possible errors in the fabrica-
tion process [352]. On the other hand, even though higher than expected, the
noise input current values are comparable with TIA circuit implementations in

literature [353]—[355].

While improvements can be achieved in future designs in terms of gain and
input noise current, this fabricated TTA can be interconnected with the first gen-
eration of the mm-wave Tx. Thus, a sufficient amount of amplification can be
provided to the mm-waves supporting the planar integrated antenna that trans-
mits the 5G based waves over the air towards the wireless end-users.

4.2 A photonics-enabled V-band Vivaldi antenna

Tapered slot antennas (TSAs) integrated on copper laminated materials (e.g.,
PCB) have planar geometries and end-fire radiation. At the same time, they are
easy and low-cost to fabricate, allowing their mass production [356]. As illus-
trated in Fig. [4.12] the common types of TSAs are constant width (CWSAs),
linear (LTSA), and nonlinear taper slot antennas including the exponential TSAs
(ETSAs) [357]. While TSAs have similar radiation mechanisms (i.e., radiation
parallel to substrate material), each type has specific advantages for selecting de-
pending on the application. Moving from left to right of Fig. [£.12] the beamwidth
and bandwidth become higher while the opposite trend occurs for the sidelobe
level suppression and size , . Thus, a broadband ETSA design with high
gain is the optimum choice promoting the device miniaturisation, which is one of
the goals in this work. The exponentially tapered slot antenna, i.e., Vivaldi an-
tenna has predominant radiation characteristics such as low side lobes, high gain
and constant beamwidth over an ultra-wide bandwidth [360].

This section presents the fabrication and experimental measurements of a V-
band Vivaldi antenna that can be interconnected with a photonics-enabled mm-
wave transmitter within the future remote units. Initially, the permitted substrate
thicknesses allowing the seamless operation of a planar antenna in V-band are
extracted. Then, a mode converter enables the transition of the electric field from
coplanar to slotline feeding the antenna. In order to increase the antenna gain
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Figure 4.13: a) Dielectric substrate thickness range (hess/\) calculation for various ma-
terials at a carrier of 60 GHz [361]—[364]; b) acceptable PCB thickness range for a TSA
formed over a RO4350B dielectric material operating in V-band.

levels, a comb structure inspired by integrated optical grating couplers is designed.
Finally, the simulation and measurement results are compared, resulting in good
agreement verifying its ability to play an essential role in the mm-wave wireless
transmission within the beyond-5G remote units. The antenna design, simulations,
experimental processes and results covered in this section are discussed in [C6].

4.2.1 The antenna structure

Tapered slot antennas are shaped by applying slot etching techniques over a di-
electric material. Electric field waves propagate between the gradually widened
metal slots of the component enabling end-fire radiation in parallel the dielectric
substrate. The operation of a TSA on PCB is affected by its thickness linked to
the electrical effective thickness hepr = h(y/€. — 1). The optimal range of sub-
strate thickness (h) guaranteeing the good operation of a TSA is based on the
experimental approximation in [356|, provided in Eq. .

hery <0.03 > 0.005XA <h< 0.03XA
A Ve —1 Ve —1

If hegs/A is below the minimum point, it is observed that the beamwidth of
the main radiation lobe is increased, leading to lower antenna directivity, while if
it exceeds the maximum, then unwanted substrate modes may propagate causing
performance degradation of the TSA. The ratio heyy/ is calculated in Fig. [4.13p)
for different substrates at the carrier frequency of 60 GHz allowing the choice of the
material based on the commercially available thicknesses. By taking into account
the extracted results, Rogers 4350B (€, = 3.48) is selected for the antenna design.
This dielectric is characterised by its ceramic reinforcement enabling bond-wire
interconnections between the antenna and the optoelectronics while preventing

0.005 <

(4.8)
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Figure 4.14: A V-band Vivaldi antenna fabricated on RO4350B: a) top view of the
structure; b) cross section of the GCPW; c¢) the bottom of the design; d) the CPW to
slotline transition; e) the comb structure enhancing the directivity of the antenna.

the potential bending of the fabricated component. At a further step, Fig. |[4.13b)
provides the recommended substrate thickness limits for designing planar RF an-
tennas on RO4350B within V-band. A laminate thickness h of 0.1 mm is chosen
for the integrated antenna design complying with both upper and lower limits of
Eq. [4:8 while covering the whole band.

Significant improvement in terms of narrowing the main beam as well as re-
ducing the side lobe level can be achieved once the substrate within the antenna
taper is partially or totally removed . Therefore, a high precision laser is
used to remove the substrate inside the tapered slot, as shown in Fig. [f.14]a).
The final Vivaldi antenna design can be optimised for various frequency bands
and mainly consists of four parts: a grounded coplanar-waveguide (GCPW), a
coplanar-waveguide (CPW) to slotline transition, the Vivaldi taper and a comb
structure for gain enhancement.

Grounded coplanar-waveguide

The input of the antenna in Fig. [4.14]b) includes a GCPW with a signal trace
width of wepw and gap width gopw . It is a uni-planar structure with both the
signal and ground conductors on the same side of the substrate, allowing various
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devices to be easily mounted in a series configuration on the GCPW. As depicted
in Fig. c), the antenna structure includes plated through vias in order to
connect to the ground plane on the backside of the PCB, which also serves as a
heatsink [366]. The vias are placed close to the gaps of the GCPW suppressing the
parallel plate modes [367]. Their plating thickness, dimensions and distribution
(tplatings Tvias d.,., d,) comply with the relevant manufacturing design rules.
To fit the size of the input of the planar antenna with the small GSG pad
dimensions of the integrated mm-wave amplifier, the values of the signal trace and
gap have to reach the minimum allowed PCB fabrication limits. Therefore, the
feed-point impedance to the antenna is equal to 702, increasing reflections when
interconnecting with 502 matched devices. This effect is taken into account in
the design optimisation processes so that the reflection coefficient of the antenna
remains below -10dB within V-band. Thus, in the following sections, the design
values of all the components presented in Fig. are finely tuned so that the
Vivaldi antenna is matched within the desired band of operation [368]—371].

CPW to slotline transition

As previously mentioned, for the application showcased in Fig. {1} the Vivaldi
antenna must be connected to electronic devices with a CPW interface. This
is an incompatibility issue that needs to be addressed since the Vivaldi antenna
tapers have slotline inputs. Therefore, a CPW to slotline converter is required
to provide a smooth transition between these two different types of transmission
lines. Thus, as shown in Fig. d), the GCPW is followed by a CPW leading
to a balun that adds a 180° phase shift to the upper slot of the antenna (negative
z direction) |372|. This is achieved by increasing the total relative path difference
of the two slot modes by Acsr/2. The effective wavelength (Acsys) is calculated in

Eq. (L9).
A € +1
Aeff R ———, cpf =
Veeff 2

The designed CPW to slotline transition in Fig. d) has two stubs with a
length of Acsy/8 each, converting the CPW modes at the input to slotline modes
allowing them to propagate within the Vivaldi taper [373]. The transition is de-
signed to achieve a maximum conversion at fy = 60 GHz. The parameters of
this structure such as the stub length (ls¢yp), source length (lsource), stub width
(wstup) and distance between stubs (dstyp) are optimised to achieve the results
of Fig. m Figure ) illustrates the phase shifting by 180° of the upper
slot modes at 60 GHz so that they are in the same phase with the lower slot at
the output of the transistion (i.e., arrows of both gaps point in the same direc-
tion). Furthermore, Fig. |[4.15b) shows the simulated scattering parameters of the
coplanar modes (S55¢) to slotline (557) [374]. The goal is to maximise S5; while
minimising S5 at frequencies around f while guaranteeing low levels of S{%, i.e,
S{{ < 10dB. The simulation results are normalised to a 50 ) input impedance.

(4.9)
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Figure 4.15: Simulation results for a CPW to slotline transition based on two stubs: a) the
simulated electric field including the absolute value (upper) as well as the phase (lower)
in form of arrows showcasing the 180° phase shift of the upper slot modes at 60 GHz
at the output of the transition; b) scatering parameter results including the calculated
transmission and reflection of the CPW modes (S57, ST7) as well as the CPW to slotline
conversion (S57).

The Vivaldi taper

This type of antenna is characterised by a very broad bandwidth , . Its
slotline width varies progressively, and thus for a given frequency, only a fraction
of the metal taper efficiently radiates, contributing to the broadband properties
of this design. The equations determining the exponential tapering of the Vivaldi

antenna are given by [377]:

z(z) = A1e™ + Ay

o 1 Waperture — (wCPW + 2gCPW)

A=3 e—rTL 1 (4.10)
A, — 1 (wCPW + 2gCPW)67TTL — Waperture
2= 5 e—rTL _ 1

where (wepw + 2g9cpw) is equivalent to the initial width of the antenna aper-
ture, i.e., the slotline. Moreover, T'L and wqpertyre correspond to the length and
width at the end of the aperture approximated as 3.6\ and 1.1\, respectively
(Fig. 4.14). These parameters need to be carefully selected since they decisively
affect the directivity and the sidelobe levels of the design. Furthermore, r is the
aperture rate of the exponential profile of the Vivaldi, which is a crucial element
regulating its gain, beamwidth and operation bandwidth.
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Figure 4.16: Gain simulations of the Vivaldi antenna: a) Realised gain comparison be-
tween the antenna designed with and without a comb structure; b) 3D far field radiation
pattern of Vivaldi antenna at 68.5 GHz where the maximum gain is achieved; the sim-
ulated radiation patterns and electric fields of the antenna captured at frequencies that
correspond to the peaks of the red gain curve at c¢) 49 GHz, d) 55.5 GHz, e) 62 GHz,
f) 68.5 GHz, where the electric field modes are efficiently blocked by the comb improving
the antenna directivity.

The comb structure

To extend the lower end frequency of operation and increase the gain of the an-
tenna, the comb structure of Fig. [4.14le) includes multiple quarter-wave trans-
formers added to the Vivaldi taper [378|. This blocks electric field modes that
may propagate along the edge of the PCB, improving the impedance match and
directivity across a large frequency band [379).

The comb structure in this work is inspired by optical grating couplers with
varying apodised gratings [380], [381]. The grating period (A = Weomb + Wyroove )
and the fill factor (F'F = weomp/A) are constant following the PCB manufacturer’s
guidelines . Within the total number of comb lines (N¢y) there is a number
of lines (Ny) at the beginning that have a constant length (Ag/4) while the rest
have a parabolic length decrease. The wavelength \; corresponds to a frequency
of 49.5 GHz which is the point where the conversion parameter S57 is simulated to
have a magnitude above -2 dB. Moreover, the input position of the comb on the
taper (comb;, ), as well as the parameters Ny and Ny, are optimised such that the
gain is increased while keeping the magnitude of the input reflection coefficient at
a minimum.

The realised gain improvement by adding the comb comparing to the same
design without it is shown in Fig. a). The red line remains above the blue
for almost all simulated frequencies while the impact of the comb lines appears as
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Table 4.2: Antenna characteristics and dimensions measured in [mm].

R G S o1 oo
I
LR A R
CPW to Slotline 0 gfé% l(s)t%b ls&f:{ge
con i U B
r TL Wiateral Waperture

Vivaldi taper 0.186 18.1 1.0 5.52

peaks on the curve, providing for each peak a gain improvement approximated to
be equal to 1dB. In a future design, an increased variation of stub lengths will allow
further flattening and decrease the gain variations calculated on the red curve. The
three dimensional radiation pattern at 68.5 GHz is provided in Fig. b) where
the maximum gain is extracted. In addition, the radiation patterns and electric
field distribution on the device are calculated in Fig. c)fe) corresponding to
the four main peaks of the red gain curve. In all the electric field measurements,
the impact of adding the comb lines can be observed. An ultra-wide 3dB gain
bandwidth of 30.5 GHz is simulated between 46.9 to 77.4 GHz covering a major
part of V-band with a maximum gain of 12.6 dBi at 68 GHz. The final antenna
dimensions are provided in Tab. where all values except for the constants (e,
€eff, T) are measured in [mm].

4.2.2 Antenna measurement results

Figure [{.17p,b) show the measurement setup for the characterisation of the an-
tenna prototypes. On a probe station, two antenna copies are placed on top of
metallic chucks at a distance L. High frequency absorbers are placed on the table
between the antennas to decrease the amount of additional reflections. The elec-
tronic microscope supports the placement of the devices so that only the GCPW is
on top of the metal chuck. Furthermore, due to the suction provided by the chucks,
the components are stabilised. The ports of an Agilent E8361A vector network
analyser (VNA) operating at frequencies up to 67 GHz are connected through RF
cables with two high frequency GSG probes that are landed on the Vivaldi anten-
nas. The VNA was calibrated using two single port calibrations entailing open,
short and load standards on a calibration substrate of the probe vendor, but with-
out thru calibration to avoid issues due to the movement of the cables. Therefore,
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Figure 4.17: a) The GSG probe landing at the input of the device; b) the total experimen-
tal setup measuring reflection coefficients and gain; the experimental results extracted
from a fabricated Vivaldi antenna: c¢) the reflection coefficient parameters; d) the real
and imaginary part of the input impedance; e) the gain measurement approximation.

this allows for reflection coefficient measurements and gain approximation.

Figures [£.17|c) and d) calculate the reflection coefficient measurements of the
antenna as well as the real and imaginary parts of the input impedance. The
simulation results are also given in the graph up to 78 GHz to provide a reference.
The measurement and simulations show good agreement. The differences may be
caused by the imprecise placement of the antenna on the metallic chuck leading
to distortions on the reflection coefficient properties of the CPW to slotine transi-
tion. Furthermore, errors stemming from non-ideal high frequency calibration and
potential asymmetric physical contact of the GSG probe on the GCPW need to
be considered while evaluating the measurements.

Since no thru calibration is available, the gain of the antennas is approxi-
mated. Therefore, during this process, the transmission parameters of the total

system (54"} are obtained for two antenna distances L (10 and 20 cm) without

applying calibration. This measurement includes cable and probe losses (S53°%),
the wireless channel free space path loss (FSPL) and the combined gain (G) of
the two identical antennas. Then, the two probes are put close and in contact
with a thru transmission line of the calibration substrate. Thus, a non-calibrated
thru transmission measurement provides information on S3°*. At a further step,
by de-embedding the losses of the thru line (1dB), the S3°% as well as the free
space path loss from Sfo " and dividing by two, the gain approximation for a sin-
gle antenna can be provided in Fig. ). Tt is observed that at both distances,
the curves follow the same pattern with a maximum gain measured to be equal
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to 10.6dBi at 60 GHz. The impact of the gain curve ripples mainly stemming
from the uncalibrated S{lu " response cause deviation from the linear phase that
may affect a wideband communication system. However, this impairment can be
compensated by DSP through signal equalization applying channel estimation and
compensation techniques at the side of the wireless receiver. It should be noted
that this is a rough estimation since there may have been additional reflections,
antenna misalignment and errors in the calculations that are not taken into ac-
count. Further verification and accurate analysis of the radiation patterns of the
Vivaldi antenna would require measurements in an anechoic chamber.

Therefore, ultra-wideband characteristics are achieved with a 3dB gain band-
width of 30.5 GHz, helped by a comb structure along the edge of the antenna. A
maximum simulated gain of 12.6 dBi is achieved, compensating for the high path
losses in mm-wave frequencies and especially in the unlicensed V-band. Measure-
ments of the reflection coefficient and gain of the antenna are consistent with the
simulations, showing that it can be a viable solution to be embedded within the
future remote units supporting increased numbers of 5G end-users.

4.3 Active component interconnection

So far, the integrated broadband RF components providing the generation, am-
plification and wireless transmission over the air have been presented. The next
step towards the assembly of the mm-wave transmitter is the study of the RF
interconnection between the active components, i.e., the UTC-PD and the TIA.
Thus, the design and measurement of a V-band RF choke for DC biasing of the
photodiode will be presented.

4.3.1 RF choke design

In order to guarantee the reverse bias provision to the UTC-PD, an additional
connection is essential to tap into the RF path towards the TTIA. However, such
a process will cause leakage of the mm-wave in the direction of the DC input.
Therefore, a structure on PCB delivering the bias voltage to the photodiode while
not allowing the high frequency waveforms to be diverted is required [383].

This is accomplished by synthesising the three-port GCPW-based RF choke
of Fig. m Theoretically, within the DC path of the device, a parallel \o/4
open circuit stub is added for each slot of the GCPW leading to a virtual RF
short circuit that is then transformed to an open by a quarter-wave transformer
optimised to operate in V-band [384], [385]. In addition, the metal-plated vias are
placed close to the gap of the GCPW as well as around the periphery of the RF
stubs on the DC path following the PCB manufacturer’s rules.

Similar to the Vivaldi antenna, the thickness and substrate properties of the
final design are based on Rogers 4350b with laminate thickness h of 0.1 mm. The
RF signal trace and gap widths have the same sizes as the ones of the antenna in
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Figure 4.18: A V-band RF choke fabricated on RO4350B: a) top view of the structure;
b) the bottom of the design.

Table 4.3: RF choke characteristics and dimensions measured in [mm].

€r Eeff h t
Rogers 4350 4 g 2.24 0.1 0.02
DC DC
wepPw gopw waepw gdcpw
GCPW 0.075 0.06 0.06 0.06
. tplating Tvia dﬁia d}m’a
Vias 0.01 0.05 0.4 0.75
lDCi" lt'ra,nsform Wparallel lpa'rallel
DC Path 2.0 0.61 0.21 0.92
Dimensions Lenoke Wehoke
5.18 4.14

order to approach the GSG pad dimensions of both the UTC-PD and the TIA.
The parameters of this structure reported in Tab. [£:3] such as the length of the DC
input (Ipc,, ), length and width of the parallel stubs (Is¢up,Wparaiter), as well as the
quarter-wave transformer length (Iyransform) are adjusted to provide maximum
isolation towards the DC in frequencies around 60 GHz.

Simulation results

The RF choke simulations of the scattering parameters are calculated in Fig. [4.19h)
reporting the insertion loss (—Ss1), return loss (—S11) and RF isolation (—S31) of
the module. Due to the symmetry of the design S7; = S32 and S3; = S32. It can
be observed that the insertion losses vary between 2 to 1.3dB while the return
losses remain higher than 10dB (i.e., S11 < —10dB) above 53 GHz. In addition,
the isolation towards the DC port ranges above 25dB between 53 to 68.5 GHz,
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Figure 4.19: Simulation results of the RF choke with 50 Q matched ports: a) transmission,
isolation and reflection parameters within V-band; b) the simulated electric field showing
isolation towards the DC input at 60 GHz.

reaching a maximum at 60 GHz where the DC line is virtually invisible to the
mm-waves generated by the photodiode. Moreover, this observation is verified by
the simulation of the electric field in Fig. 4.19p) where the propagating waveform
is confined within the RF path of the structure.

Measurement processes

As demonstrated with the Vivaldi antenna measurements, once the design is fab-
ricated, it is placed on the probe station and connected to the VNA. The two high
frequency GSG probes land on two ports of the choke, and scattering parameter
measurements are conducted. During the measurement, the VNA calibration is
based on the commercial wafer substrate where the standards applied are open,
short, load and thru (OSLT). The OSLT calibration technique moves the mea-
surements reference plane to the tip of the microwave probes enabling the direct
extraction of the S-parameters of the RF choke.

In addition, scattering parameters are acquired between the two RF ports as
well as of each RF port with the DC input. However, since for all measurements,
one of the three ports had to remain open, the simulations are also repeated for
frequencies up to 67 GHz in accordance with the same measurement regime. Fig-
ure [£:20]shows that the simulations and measurements are in good agreement. The
device is matched, i.e., S1; < —10dB for frequencies between 55 to 65 GHz while
the RF isolation in the DC path is above 25 dB for the same frequency band. The
RF transmission losses remain below 2dB for the corresponding bandwidth with
the minimum difference between measurements and simulations reaching 0.4 dB
at 60 GHz.

The described processes leading to this biasing design on PCB are versatile, and
once the presented parameters are modified, it can be applied in various frequency
bands. The fabricated RF choke provides a 10 GHz RF isolation corresponding to
a bandwidth higher than 10% of the carrier frequency (i.e., 60 GHz). Even though,
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Figure 4.20: VNA measurements and simulations of the fabricated RF choke: a) reflection
(DC port open) and RF isolation towards the DC path (RF output port open); b) RF
transmission parameters (DC port open).

while co-integrated, the component partially limits the broadband capabilities of
the rest of the presented devices, it still shows promising potential for biasing the
UTC-PD within the mm-wave wireless transmitter.

4.4 Summary

Once optoelectronic conversion takes place, and the mm-waves are generated, addi-
tional high-frequency devices are required to successfully realise the wireless signal
propagation towards the 5G end-users. Therefore, in this Chapter, three broad-
band RF components have been studied and discussed allowing the amplification
and transmission of mm-waves while enabling a low RF loss bias provision to the
UTC photodiodes.

As a first step, the beneficial aspects of including an amplification stage to
the device is discussed by describing the physical concepts of NPN InP/InGaAs
DHBTs. Then, the advantages of interfacing optoelectronic components with TIAs
compared to various amplifier architectures are analysed. Definitions such as tran-
simpedance gain and input noise current are studied since these derivations are
applied to the modelled amplifier. An emitter-follower TIA able to offer a com-
promise between gain, bandwidth and noise is designed and fabricated. Despite
the implementation penalty between the simulations and measurements, the gain
(Zr = 50dB) of the EF-TTA will significantly contribute to the amplification of
the mm-waves compensating for the high FSPL occurring in the V-band.

In the following section, a Vivaldi antenna design for beyond-5G base station
applications operating within V-band is demonstrated. This device can be used
for interfacing with radio-over-fibre links and optoelectronic components through
a coplanar waveguide to slotline transition. Simulations show end-fire radiation
with a 3dB gain bandwidth ranging between 46.9-77.4 GHz combined with the re-
flection coefficients remaining below -10dB for the same frequency range. A comb
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structure inspired by optical grating couplers is added, providing an increased
maximum gain of 12.6 dBi at 68.5 GHz. Measurement results validate the promis-
ing characteristics of the planar antenna. Furthermore, the Chapter presents an
RF choke interconnected between the UTC-PD and the TIA based on the same
type of substrate as the one of the antenna. Simulation and measurement results
reveal that the device is centred at 60 GHz with a bandwidth of 10 GHz enabling
the biasing of the UTC-PD while it prevents RF signal loss towards the DC path.

Ground-signal-ground pads interface with the input and output ports of the
TTA and UTC-PD. Thus, the designed RF choke and antenna follow the same con-
figuration approaching the sizes of the active devices that despite the impedance
mismatch, the S1; remains below —10dB for a considerable segment of V-band
based on component parameter optimisation mitigating for this impediment. Con-
sequently, since all the presented individual integrated structures in Fig. [4.1] are
fabricated and measured, the interconnection processes are required to be investi-
gated, leading to the realisation of the mm-wave transmitter.

Research Question:

What processes need to be followed in order to co-integrate the UTC-PD with the
broadband RF components in a single module ?
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CHAPTER D

A broadband, highly integrated,
hybrid photonic-wireless mm-wave
transmitter module

In Chapters3land[d] the characteristics and properties of a UTC-PD, an RF choke,
an EF-TIA and a Vivaldi antenna targeting the optoelectronic conversion, ampli-
fication and transmission of mm-waves in V-band were analysed. Therefore, as
a next step, the co-integration of all individual components in a single module is
proposed, and a full design is provided. This process initially requires the investi-
gation of techniques for device interconnection and the provision of bias stability.
Thus, the properties of various wirebonding methods and high-frequency noise
bypassing are briefly discussed. Then, the design of a PCB network biasing the
UTC-PD and EF-TTA while defining the position of all components is described.
A metal plate in the bottom of this architecture acts as the ground reference and
common link for all chips.

Once all the components are attached through conductive adhesives to the
base of the mm-wave transmitter, their interconnection through wirebonding will
be investigated. The amount of RF and DC wirebonds is listed, and an ap-
proximation of their lengths and equivalent inductances is extracted. Moreover,
suggestions on improving the final design of the co-integrated system on-chip are
provided. As a final step, two experimental setups are proposed that primarily
allow the small-signal characterisation of the assembly and then verify its ability
to be embedded within a 5G system. That is achieved through an experimental
photonic-wireless mm-wave link transmitting 5G waveforms in a simplified opti-
cal back-to-back regime (i.e., without including the optical fibre). Therefore, this
Chapter showcases a complete and compact solution for combining high-speed pho-
tonics and electronics supporting future broadband high-frequency applications.

105
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Figure 5.1: The functional design of the proposed mm-wave transmitter module including
all the RF components and the DC biasing method.

5.1 The functional design of the mm-wave Tx

The mm-wave transmitter is comprised of four main RF components. As illus-
trated in Fig. [5.1] the functional processes of the device are divided based on the
properties of each element that contributes to its seamless performance. These
functions are summarised as follows:

e DC(C wvoltage connectivity: The biasing of the active UTC-PD and EF-TTA
is crucial, enabling the optimal optoelectronic conversion and amplification
of the generated mm-waves. Thus, a DC power supply with high quality is
required prohibiting any voltage fluctuations that may cause instability and
even permanent damage to the transmitter. Furthermore, voltage ripples
can also be generated from RF currents flowing towards the power supply.
Therefore, bypass capacitors need to be co-integrated to send such high
frequency currents to the ground.

e UTC-PD: As discussed in Chapter [3] it is the interface between the pho-
tonic and electronic domains. Once optical signals are inserted into the
device, mm-waves are generated through the process of optical heterodyning
analysed in Sec. 2.1.4] Coplanar mm-wave modes spread over the contact
pads and travel to the following stages of the co-integrated Tx device. How-
ever, since this photodiode is a single-port electronic block, an additional
component needs to be added, allowing to apply a DC bias.

e RF choke: The design of Sec. [I.3] enables the application of reverse bias
(Vurc) on the UTC photodiode by adding a DC interconnection that inter-
sects the RF path between the UTC-PD and the TIA. Moreover, it guar-
antees the isolation of the RF path, prohibiting the mm-waves from flowing
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in the direction towards the power supply that would potentially lead to
increased losses around the frequencies of operation.

e FEF-TIA: The functions of this device provided in Sec. are divided into
three processes. As a first step, a decoupling block secures the stability of
the transistors by preventing the flow of any additional DC currents origi-
nating from the UTC-PD to enter the amplifier. Then, a transimpedance
amplification stage amplifies generated photocurrents. This block is versatile
in terms of input impedance (Z;;,). During the design of this component,
the parameter Z;, can be adjusted to match the impedance of the device
placed at its input (502 in this case). Finally, the output voltages receive a
final boost by a buffer amplifier.

e Vivaldi antenna: Once the amplified waveforms exit the EF-TIA block, they
need to provide input to an element allowing their transmission over the air.
Therefore, the antenna component in Sec. [£:2] employs a mode conversion
block transforming the CPW electric modes to slotline compatible with a
planar antenna module. At a further step, the slotted electric waves enter
the device’s aperture that enables their wireless transmission. The radiation
gain is also aided through the comb structures in the far-end part of the
antenna.

Once the main characteristics of each module are described and summarised,
it is vital to elaborate on the practical assembly processes of the device. In the
following section, the co-integration techniques and an assembly design are synthe-
sised and illustrated. This will allow the definition of the test benches supporting
the characterisation procedures of the final component.

5.2 Co-integration of all integrated devices

After identifying the building blocks contributing to the synthesis of the mm-wave
device, it is crucial to elaborate on the techniques guaranteeing the component’s
bonding and DC bias stability and initiate the co-integration procedures of the
final design. Furthermore, the assembly will be conducted by state-of-the-art
packaging equipment provided by Ferdinand Braun Institute. The dimensions of
the devices (measured in mm) that contribute to the processes within the mm-
wave transmitter are mentioned in Tab. [5.1] In addition to the already described
and analysed components, supplementary structures are listed, including the metal
base placed in the bottom of the mm-wave Tx maintaining mechanical stability
and realising a common ground, a PCB design for circuit biasing, two bypass
capacitors and four DC pin heads.
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Table 5.1: The list components included within the mm-wave Tx including their dimen-
sions measured in [mm)].

Component lengthxwidthxthickness
Metal Base 9.4x8.3x10
PCB Biasing Network 9.5%x11.5%x0.7
Uni-travelling Carrier Photodiode (UTC-PD) 0.23%x0.5%0.1
Emitter follower transimpedance amplifier (EF-TIA) 0.82x0.51x0.65
V-Band RF choke 5.2x4.1x0.15
V-Band Vivaldi antenna 23.3x7.5x0.15
DC bypass capacitor 0.25%0.25%0.1
DC pin head 2.54x2.54x11.6

5.2.1 Seamless chip interconnection techniques

Wirebonding integrated circuits

Wirebonding is a popular procedure linking multiple devices to form a single mod-
ule [386]. Gold wires are to be selected since they are not prone to oxidisation
and tarnishing and thus, maintain their conductivity and are less prone to break.
There are two main methods of wirebonding, namely, ball and wedge bonding.

During the ball bonding process of Fig. ), a capillary that is a tool threading
the gold wire forms a ball at its end by melting the gold (100-200 °C'). This ball
is roughly two times the diameter of the wire. At a further step, the capillary
securely couples the ball to the surface of a metal pad. By applying pressure,
high temperature, and ultrasonic energy (thermo-sonic wiring technique), a weld
is formed between the pad and the ball, creating a bonding shape that depends on
the dimensions of the capillary. Then, the wire is moved towards the next bonding
location, creating a loop. It needs to be mentioned that the bonding equipment
controls the loop’s length, shape, and height. A stitch is created once the bond
reaches the final location, i.e., a link to the other pad below the capillary. Once
the connection is completed, the wire breaks and the capillary is lifted, moving to
the following bonding location.

The wedge bonding process in Fig. ) uses a gold wire or ribbon fed by a
tool in a needle or a stylus shape. The bond between the wire and the area to be
connected is formed by combining pressure and ultrasonic vibration. The shape
and dimensions of the wedge are determined by the dimensions of the geometry of
the needle guiding the wire to the second bonding location while forming the loop.
In the same way, the second bond is forged by applying pressure and ultrasonic
energy. Then, the wire is broken with the needle moving towards the next location
where interconnection is required.
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Figure 5.2: Illustration of the different stages of wirebond interconnections using: a) ball
bonding; b) wedge bonding [387].

For both processes, the wirebond inductance (Lw p) depends on the width
(wwp) and thickness (tw ) of the gold wire and is calculated in Eq. [388]. In
addition, the smaller the length of the wirebond, the lower its reactance, minimis-
ing the attenuation levels in high frequencies. This suggests that it is important to
keep the distances between the RF components at a minimum, decreasing Ly g.

lwn

wwB +tws
(————) (6.1
wwp +tws

Lwp = 5.08 x1073 x Iyy x In( l
WB

)+1.1940.22 x

Conducting adhesive

In several electronic applications, electrically conducting adhesives provide an al-
ternative to soldering where they are applied in assemblies to interconnect circuits
with PCB tracks . An adhesive, i.e., glue, offers high reliability, thermal
stability, and structural bonding except for electrical contact. The majority of
these materials include silver particles offering conductivity levels higher than 80%.
Thus, such adhesives are recommended to attach the independent integrated chips
to a DC biasing base and will be used on the components presented in this work.

Bypass capacitor

Based on the investigation of the previous Chapters, DC stability is crucial for
biasing the active devices. Any unexpected variation of the bias voltage may
cause the shrinking of the depletion region of a UTC-PD or transistor instability
of an amplifier, leading to permanent damage. As illustrated in Fig. |5.3p) high
frequency current signals (i(¢) in blue) may induce voltage fluctuations (AV') to
the DC bias provision within an IC. As shown in Eq. the amplitude of AV
(in red) is proportional to Ly g.
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Figure 5.3: The interconnection of an IC circuit with a DC power source including an
example of current and bias voltage graphs with a) and without b) a bypass capacitor.

AV = Ly de—(t) (5.2)
dt

An effective method limiting this voltage ripple is accomplished by shunting a
bypass capacitor between the source and the IC as depicted in Fig. ) [390].The
capacitance (Cpp) has a low value such that it presents a low impedance Z, =
1/(jwChyp) to mm-waves that follow this branch towards the ground and therefore,
Viias(t) = Vpe. This process will be proven beneficial for biasing the UTC-PD
and the EF-TIA, ensuring constant junction (C;) and transistor stability (K),
respectively. For the investigated application, a wirebondable vertical low-profile

Si capacitor with Cy, of 100 pF is selected.

5.2.2 Base design and housing the integrated circuits

The DC biasing network of Fig. ) will be synthesised on a PCB. Its structure
includes copper pads where the RF components are to be bonded with a conducting
adhesive. All pads and DC lines have minimum separation and width of 0.06 mm
following the design rules of the PCB manufacturer and the tolerances of the
assembly equipment. On all presented pads, there are additional plated through
holes ensuring the transfer of the ground plane on the metal base used as a ground
reference directly to all mm-wave devices. Table [5.2 records the properties of the
copper pads on the structure.

Based on the dimensions of the components, it is observed that the TIA has
the highest thickness compared to the rest of the devices. To avoid long wirebonds
in the RF path between the EF-TTA with the RF choke and the antenna, a square
hole on the DC biasing PCB must be made to attach the EF-TIA directly to the
metal base. Therefore, by opting for a PCB thickness of approximately 0.5 mm the
UTC-PD, RF choke and antenna will be brought at the same level as the EF-TIA.
As previously indicated, the PCB network will be glued on top of the metal base
that has a thickness of 50 mm that allows mechanical stability as well as smooth
handling during measurements. Figure ) shows that the PCB extends beyond
the metal base allowing for the DC pins to be placed and soldered, providing
seamless biasing by an external source.
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Figure 5.4: a) A laminate based design housing the integrated components for the mm-
wave Tx that takes into account the DC biasing of the active integrated circuits, i.e., the
UTC-PD and TIA; b) the cross-section of the metal base at the input showing the metal
base and the biasing processes through the biasing pins that are interconnected through
soldering; c) the wirebonds between the UTC-PD and the RF choke; d) the wirebonds
interconnecting the TIA placed directly on the metal base with the RF choke and the
antenna; e) the process for wirebonding the bypass capacitors with the TIA f) and the
RF choke g); h) overview of the components’ placement with the wirebonds.
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Table 5.2: The dimensions of the pads included to the PCB biasing network.

Component lengthxwidth
UTC-PD Pad 0.23x1.1
RF choke Pad 5.2x4.6
Antenna Pad 2.9x7.7
EF-TIA Gap 1.0x1.6
Bypass capacitor Pad 0.65x0.81
DC Pad 1.5x1.5
Via radius 0.05
DC via radius 0.5

Placement of the devices

Once the attachment of the PCB network on the base is successful, the intercon-
nection of the mm-wave components will be followed. Initially, the UTC-PD chip
will be glued on top of the copper after placing conductive adhesive. It needs to
be mentioned that the UTC-PD has to be added at the very edge of the bias-
ing network allowing the light at the output of a lensed fibre to reach its optical
waveguide. Furthermore, since the chip is photosensitive, it is crucial to protect
and not to cover the optical waveguide of the chip while spreading the glue. At
the next step, the RF choke will be installed in the middle of its corresponding
pad on the PCB biasing network after adding the adhesive, as indicated by the
figure. The EF-TIA is connected to the metal base within the square aperture
and is placed closer to the RF choke, where the DC pad’s distance is minimal. In
addition, once the antenna is attached, its copper ground has to cover the PCB’s
pad fully. At a final step, the bypass capacitors will be added and the four metal
soldered DC biasing pins.

Wirebonding and co-integrating components

The wirebonds will attach all the RF components and realise the DC biasing of
the UTC-PD and TIA chips. A total of sixteen wirebonds are required for the
RF interconnects. Three wires (ground, signal, ground) will be placed in between
the RF chips (Fig. 7d)) while two in the DC path of each active component
(Fig.[5.4f,g)). More specifically, the DC connection process that involves the wire
bonding of the bypass capacitors on the PCB base is shown in Fig. ) As an
example, the signal DC pad of the EF-TIA is wirebonded (WB12) vertically with
the upper part of the capacitor. Then, WB11 connects the capacitor with the
DC signal line of the PCB biasing network. Finally, WB12 links the left ground
DC pad of the EF-TIA with the ground line of the biasing network. A similar
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Table 5.3: The list of wirebonds within the mm-wave Tx including their length and
approximated equivalent inductance.

Wirebond [#] Length [mm] Inductance [nH]

WB1,WB2,WB3 0.2 0.09
WB4,WB5,WB6 0.23 0.11
WB7,WB8,WB9 0.3 0.16
WB10 0.5 0.31
WB11 1.05 0.8
WB12 0.65 0.43
WB14 0.5 0.31
WB15 1.05 0.8
WB16 0.75 0.52
WB13 1.2 0.95

procedure will be conducted on adding the WB14, WB15 and WB16 to the RF
choke. Finally, WB13 will be placed between the DC ground planes of the RF
choke, securing a common ground between its two sides. A general overview of
the wirebond placement on the mm-wave transmitter is provided in Fig. ) An
approximation of the WB lengths and inductances are calculated in Tab. by
assuming wyp = 100 um and typ = 3um.

Final assembly of the mm-wave Tx module

Figure ) illustrates the circuit schematic of the complete assembly pinpointing
the location of the wirebonds. Moreover, it demonstrates the flow of the optical,
mm-wave and DC signals within the final component. The total block diagram
of the first generation of the mm-wave Tx is shown in Fig. ) that is based in
Fig. [p.4h) while serving the functions of Fig. The input to the co-integrated
device is provided by a lensed fibre guided by a micropositioner that delivers the
optical input. It is crucial to measure the output of the fibre, and therefore, a free-
space optical power metre needs to be available. In addition, the power supply
applies the reverse bias to the UTC-PD (Vyrce) and EF-TIA (Vpra) through the
DC biasing pin heads.

In order to eliminate the requirement of a station for chip characterisation,
the following generations of the device need to take into account electromagnetic
compatibility (EMC) shielding and permanent fibre installation leading to an in-
dependent module that can be interconnected with any commercially available
optical equipment. However, this first prototype will be very useful for the initial
experimental processes acting as a proof of concept that will be further upgraded.
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Figure 5.5: A fully integrated mm-wave transmitter including a high-speed UTC-PD,
an RF choke, a transimpedance amplifier and a V-band Vivaldi antenna: a) the circuit
diagram; b) the components interconnected to the PCB and metal base.

5.2.3 Assembly simulation results

In the previous section, a general overview of the device under fabrication has been
presented. As a next step, all the blocks synthesising the mm-wave transmitter are
concatenated into a system-level circuit simulation, including the equivalent of the
UTC photodiode showcased in Chapter [3] and the measured S-parameter data of
the broadband RF components of Chapter[4] This simulation is in reference to the
schematic presented in Fig. ) following the RF path starting from the mm-wave
generation within the UTC-PD, the RF choke and the EF-TIA while terminated
by the feed-point impedance of the measured Vivaldi antenna. All subsystems
are interconnected with bond-wires represented as lumped inductors with values
equal to the ones calculated in Tab. The approximated evaluation is conducted
step-by-step to investigate and analyse the impact of wirebonding and impedance
mismatch between the succeeding components on the device’s performance.

At the first stage, once the photodiode equivalent circuit (in Fig. is di-
rectly terminated by the feed point impedance of the RF choke, then the transmis-
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Figure 5.6: Simulation results of the RF transmission path of the mm-wave transmitter
including comparisons between the measured data of the individual components (straight
lines) and the impact of their interconnection (dashed lines) within the device to be
assembled: a) the impact of inductive peaking on the transmission curve of the 4x 15 ym?
UTC-PD; b) the performance degradation of the transmission capabilities of the RF
Choke due to the wirebond inductances compared to the individual device measurements;
c¢) the gain calculation of the EF-TIA due to impedance mismatch and interconnection
of the wirebonds; d) the transmission parameters of the mm-wave transmitter (the total
aggregate takes the effect of each wirebond once).

sion curve of Fig. [5.6h) (no WB) is shifted downwards in reference to the measured
one (dashed line, matched at 50 Q) due to the impedance mismatch between the
two devices. However, once the wirebond is added, the RLC network formed be-
tween WB2 and the UTC-PD equivalent leads to inductive peaking. Therefore,
part of the capacitive influence of the circuit is counteracted by the introduced in-
ductor leading to the amplitude elevation and extension of the device’s bandwidth.
This is shown in the straight line of Fig. ) displaced such that it is approx-
imately at the same level of the measured frequency response of the UTC-PD.
Then, the impact of adding the RF choke is obtained in Fig.|5.6b) and compared
with the measured data extracted from testing the component individually (i.e.,
Fig. . Once the passive structure is interconnected with the PD, the shape of
the RF transmission curve is substantially affected since the added inductor intro-
duces unwanted resonances in the transmission band. This effect becomes more
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apparent once WB5 is also linked at the choke’s output, causing deeper resonant
falls into the working band, limiting its width and shifting the peak transmission
by 1.8 GHz. Furthermore, it needs to be mentioned that additional gain peaking is
achieved where the reactive part of WB5 interacts with the capacitive behaviour
of the photodiode forming an LC resonator shifting the curve to a higher level.

The EF-TIA gain is also examined to observe the impact of wirebonding,
and the impedance mismatch between the 50 2 matched amplifier and the input
and output point impedances of the RF choke and Vivaldi antenna, respectively.
Therefore, the added resonant effects lead to the gain curve of Fig. ) that is
comparable to the measured data with a maximum gain difference of 0.6dB at
67 GHz. Once all the devices are connected, it is evident that the characteristic
of the RF Choke dominates the response of the total system exhibiting a 3dB
bandwidth of 5.5 GHz centred at 58.2 GHz with a link gain equal to 8.2dB. By
assuming the generation of a mm-wave at the output of the UTC-PD with a power
level of —7 dBm at the central carrier frequency and approximately I5S = 4.5mA,
an 18 % optoelectronic conversion efficiency is derived [391], and it is a reference
point for future improvement processes.

These preliminary results showcase the challenges in terms of link gain and
bandwidth limitations arising while interconnecting various devices into a single
module. Therefore, in the next generation of fabricated components, these calcula-
tions will be beneficial since it is necessary to consider the impact of the electrical
properties of RF interconnections and packaging to adjust their design accord-
ingly. On the other hand, the simulated system bandwidth corresponds to a 9.4 %
of the frequency carrier and will be verified experimentally. Thus, the mm-wave
Tx remains a promising integrated solution to provide optoelectronic conversion,
mm-wave amplification and wireless transmission for 5G applications.

5.3 Device characterisation processes

As it has already been shown in Chapters [3|and [4] once a component is fabricated,
then its properties need to be experimentally validatedﬂ Thus, in the following sec-
tions, the small-signal measurements and wireless transmission of 5G-NR signals
as summarised in Fig. ,b) will be discussed. In all cases, optical heterodyning
will be employed for the mm-wave generation.

5.3.1 Small-signal parametric response measurements

A first step to measure the characteristics of the assembled mm-wave Tx is based
on the setup of Fig. ) allowing the extraction of useful information on the
frequency response of the device. A CW laser provides input to a Mach-Zehnder

1The fabrication of the mm-wave Tx was not finalised by the time of the completion of this
manuscript due to delays introduced by the global pandemic. However, the assembly plans have
currently been completed based on the guidelines indicated in this Chapter.
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Figure 5.7: Experimental testing of the co-integrated mm-wave Tx: a) small-signal pa-
rameter extraction by monitoring the mm-wave tone generation based in amplitude and
phase, while comparing the capabilities of the transmitter with off-the-shelf V-band com-
ponents; b) schematic of the experimental setup testing the wireless modulation capa-
bilities of the mm-wave Tx without including the optical fibre (optical back-to-back)
involving a real-time transmission and reception through an ARoF BBU.

modulator (MZM) biased at the null transmission point and driven by a sinusoid
with a sweeping frequency between 20 to 40 GHz covering the entire range of V-
band and beyond. Therefore, two spectral lines are induced with a spacing of fro
equal to twice the frequency of the sinusoid. The output of the MZM is amplified
by an EDFA that is interconnected through a lensed fibre to the mm-wave Tx,
transmitting a single tone at fro. The amplitudes of the tones are recorded by
an ESA linked to a receiving 25dBi gain horn (GH) antenna. Thus, a power
over frequency diagram may be calculated. To conduct a qualitative comparison,
the same process can be replicated with off-the-shelf components, i.e., a 90 GHz
PIN-PD in series with a 10dB V-band power amplifier (PA) and another 25dBi
GH. This experiment effectively acts as normalisation for the initial measurement
relating the performance of the synthesised transmitter to that from well-known
bulk devices. A successful correlation is achieved based on the link budget by
securing that the transmitter’s output power is the same for both regimes.

5.3.2 Transmission of 5G NR OFDM signals in V-band

The evaluation of the mm-wave transmitter in terms of wireless transmission of
modulated signals is illustrated in the setup of Fig. [5.7b). The link is based
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on optical back-to-back since no fibre will be included. As already exhibited in
Sec. within the ARoF BBU, various 5G-based OFDM waveforms would be
generated at an f;p = 3.2 GHz. Furthermore, based on the previous schematic, the
sinusoid frequency is set at 27.5 GHz and thus, fro = 55 GHz. Then, the output
of the EDFA is divided by the 70:30 optical coupler. The low output power feeds
directly the 90 GHz PIN-PD generating a mm-wave tone at fro that is amplified
by a 25dB V-band PA and serves as the LO for the electrical downconversion
of the received RF waveforms. The 70 % output of the coupler provides optical
input to the second MZM that is biased in quadrature and is electrically fed by
the OFDM signal generated at the BBU. The mm-wave Tx interconnected with
the MZM through a lensed fibre produces, amplifies and transmits in the wireless
domain the 5G-NR OFDM signals centred at frr = fro+ fir = 58.2 GHz. At the
next step, after wireless propagation, the waves are received by the 25 dBi GH and
amplified by a 35dB V-band LNA interconnected to a mixer for downconversion
to the frp. Finally, the OFDM waves are sent back to the BBU for real-time
processing evaluating the received signal quality. Therefore, BER measurements
can be conducted for various signal modulations, bandwidths and link distances.

5.4 Summary

This Chapter described the assembly of multiple components into a broadband
mm-wave transmitter interfacing with the photonic-wireless links. Furthermore,
concepts, techniques and processes supporting the device were presented. It inves-
tigated the two main methods of wirebonding, namely, wedge and ball bonding,
as well as showed the impact of applying conducting adhesives for attaching chips
on PCBs. In addition, the beneficial effect of interconnecting an 100 pF bypass
capacitor was analysed, guaranteeing the stability of DC voltage provided to the
UTC-PD and EF-TIA. A DC biasing network on PCB directly attached to a metal
base was designed to house all the presented components. Its thickness was cho-
sen such that the UTC-PD, RF choke and antenna were levelled with the thick
amplifier circuit chip connected directly to the base. Once the conducting ad-
hesive attaches all the chips, sixteen wirebonds may provide the direct RF and
DC interconnection between components leading to the final assembly. System-
level simulation results showcase the impact of interconnecting all devices to a
single module while a bandwidth equal to 5.5 GHz centred at a frequency carrier
of 58.2 GHz is calculated. The capabilities of the co-integrated system on-chip
are to be tested through small-signal and 5G-NR modulation experimental setups.
In that way, the characteristics of a miniaturised and replicable system on-chip
will be presented. Such a device will exhibit considerable potential supporting
communication links operating in frequencies within the unlicensed V-band.
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Conclusions and future outlook

6.1 Summary and conclusions

The presented work contributed to the state-of-the-art on hybrid photonic wireless
systems in two main sub-topics. First, it involved the analysis and experimental
demonstration of ARoOF links in Ka-band that have been identified as the promi-
nent candidate to support the impending 5G wireless communications. Various
concepts were discussed, including the provision of high-speed connections in rural
areas where fibre deployment is financially prohibitive, as well as systems employ-
ing ARoF to transmit 5G based signals while presenting analogue beamforming
properties. In a further step, integrated elements on-chip, namely a uni-travelling
carrier photodiode for optoelectronic conversion, an RF-choke for DC biasing, a
high-gain transimpedance amplifier and a broadband antenna, were individually
analysed, fabricated and characterised. The overall design of a flexible, low-cost
and scalable mm-wave transmitter on-chip in V-band is synthesised by intercon-
necting these components in order to provide high capacity wireless access in
point-to-point links.

The introductory part of the dissertation underlined the issues arising from
the exponentially increasing mobile IP traffic requirements. Due to the advent of
popular and compelling applications in terms of capacity, such as virtual reality
gaming and ultra-high definition streaming, the evolution of the existing wireless
networks is necessary. Thus, sub-6 GHz communications are insufficient to sustain
these demands, and they need to be allocated in frequency carriers beyond Ka-
band supporting multi-Gbit/s data rates. Despite the remarkable benefits in these
frequencies, the propagation of wireless signals in the mm-wave domain is not
straightforward due to propagation loss. Phenomena such as free-space path loss
and atmospheric absorption affect the power budget calculations towards the real-
isation of mm-wave systems. Thus, point-to-point links in the line of sight regime

119
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while using high gain antennas may grant valuable effectiveness. This work focuses
on systems operating in Ka [26.5-40 GHz|, V [40-75 GHz| and W [75-110 GHz|
bands supporting wireless users in indoor and outdoor applications within small
cells such as 5G mobile communications and broadband WiFi connections (e.g.,
802.11ay). Furthermore, it focuses on solutions using the hybrid interconnection of
photonic and electronic devices, showcasing the dynamic potential of co-integration
to achieve flexible and low-cost systems on-chip.

The essential aspects of microwave photonics and mm-wave generation based
on optical heterodyning were provided in Chapter 2] The beneficial characteristics
of employing ARoF-based networks in terms of deployment costs, management and
end-to-end latency make them prime candidates for providing mm-wave wireless
connections. The building blocks describing the ARoF signal generation, wireless
transmission and end-user detection within these links were presented, includ-
ing the synthesis of complex modulation formats that follow the 5G standards
and decisively boost system capacity. Broadband components and high data rate
modulation techniques allow the consideration of a 5G UDWDM network con-
cept that is highly centralised since it enables resource allocation with SDN and
NFV. In addition, the capacity is drastically increased by including space division
multiplexing in multicore fibres as an optical variable of freedom to the optical
network properties. Moreover, with SDM, novel methods such as the intercon-
nection of integrated optical beamforming networks can be realised. A variety of
characteristics of the presented scenario are tested by demonstrating three hybrid
photonic wireless systems. As a first step, a simplified 2.5 Gbit/s ARoF Ka-band
2m link based on a commercial SFP+ module was analysed, realising a low-cost
method for high-speed access to rural areas where fibre deployment is financially
prohibitive. Then, a coherent ARoF experimental architecture was used to evade
increased phase noise and potential carrier drifting. This scheme combined with
5@G signal numerology provides higher capacities to the UEs. The transmission of
carrier aggregated multiband 5G OFDM signals over coherent ARoF was exper-
imentally analysed, achieving data rates of 1.2 Gbit/s and 4.8 Gbit/s over 2.2m.
Towards a more realistic 5G based network scenario, a real-time mm-wave hybrid
photonic-wireless system was also demonstrated transmitting up to 1.4 Gbit/s 5G-
NR OFDM waveforms through a 7-core MCF to an 8 x 4 antenna array utilising
analogue beamforming tracking moving receivers. The experimental results indi-
cate that flexible solutions can be provided depending on the end-user application
and capacity requirements, each supported by a different ARoF scheme.

The crucial parameters describing the photodetecting devices responsible for
optoelectronic conversion were described and analysed in Chapter Integrated
uni-travelling carrier photodiodes (UTC-PDs) fabricated at III-V Lab were chosen
among various types of these components to be considered in this work due to
their increased sensitivity, broad bandwidth and high saturation powers caused by
the unidirectional motion of electrons within their active region. Measurements of
these essential characteristics verified the presented theoretical background. More
importantly, a 4 x 15 um? UTC-PD was identified to be interconnected for the
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mm-wave application of this thesis since its frequency bandwidth, i.e., So1, ex-
ceeds the limits of V-band. Thus, the full equivalent circuit of this structure
was extracted, including the effect of carrier transit time and the RC-time con-
stant. Moreover, the second part of the Chapter focused on investigating three
de-embedding methods contributing to the characterisation of the active region
within the UTC photodiodes. De-embedding removed the parasitic effects of the
waveguides connected to the active area. A systematic error introduced by the
standard open-short method was identified, and a correction was proposed. At
the same time, an S-parameter based process was also examined through simula-
tion techniques. Finally, the methods were compared by calculating the junction
capacitance (C) and series resistance (R;) for diodes with different sizes.

The amplification and transmission over the air of the generated mm-wave
signals are conducted by the broadband RF components presented in Chapter [4]
More specifically, a transimpedance amplifier, a Vivaldi antenna and an RF choke
centred at 60 GHz were fabricated and experimentally tested. Concerning the
amplification, the fundamental functions of transistors were shown. TIAs inter-
connected with optoelectronics have a competitive advantage over various am-
plifier architectures due to their low additive current noise and input impedance
versatility, enabling optimal matching. Thus, an emitter-follower TIA was fab-
ricated in FBH and a transimpedance gain of 50 dB{) was measured between 40
to 67 GHz exhibiting RMS and averaged RMS input noise current density equal
to if 7, = 3.3 pA and I = 16.1 pA/v/Hz, respectively. Even though an
implementation penalty between measurements and simulations was identified,
the fabricated TIA can boost the high-frequency waveforms within the mm-wave
transmitter. In addition, a Vivaldi antenna in V-band was designed and measured,
including a coplanar to slotline transition input and a comb-based structure able to
increase its gain. The antenna has an increased 3dB gain bandwidth of 30.6 GHz
that reaches a maximum of 12.6 dBi at 68.5 GHz. Finally, an interface between the
UTC-PD and the TIA was manufactured, allowing for the biasing of the photodi-
odes while evading increased losses in the RF path between the two active devices.
This RF choke has an operation bandwidth of 10 GHz and is centred at 60 GHz.
Therefore, all the pieces synthesising the mm-wave transmitter were characterised
towards the assembly processes.

A complete transmitter module design based on the assembly of all the indi-
vidual examined components was presented in Chapter[f] On a metal plate, a DC
biasing network on PCB was synthesised to define the location of all four fabricated
components and the position for the bypass capacitors. These elements protect
the interconnected active components from possible fluctuations originating from
the power supplies. Furthermore, the importance of limiting the wirebond lengths
was underlined while its equivalent inductance was calculated for every connection
within the mm-wave transmitter. Then, a circuit formed by the equivalent of the
UTC-PD interconnected through wirebonds with the measured data of the RF
choke and EF-TTA terminated by the feedpoint impedance of the Vivaldi antenna
was simulated providing a bandwidth equal to 5.5 GHz centred at a frequency
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carrier of 58.5 GHz. Two experimental processes were described that first would
allow the small-signal characterisation of the assembly and then would verify its
large-signal capabilities through the wireless transmission of 5G-NR, waveforms in
a simplified back to back (i.e., without interconnecting the optical fibre) hybrid
photonic wireless link.

6.2 Recommendations and Future Outlook

This work experimentally demonstrates the synthesis of three hybrid photonic-
wireless links guaranteeing the provision of 5G based signals to end-users and
analyses the synthesis of a mm-wave optoelectronic transmitter based on four
integrated components discussed individually. However, vital challenges still exist,
and research effort is still required to optimise the RoF systems as well as to
provide a mature, compact, and low-cost integrated solution supporting mm-wave
wireless access. Various aspects of these topics that need to be addressed for
further development are detailed in the recommendations sections listed below.

6.2.1 Analysis and improvement processes
Hybrid photonic-wireless links

The valuable characteristics of ARoF systems towards ultra-broadband access for
5G were verified by three experimental demonstrations that, once upgraded, can
show great potential in terms of capacity and communication distance. Regarding
the setup that included the SFP+ module for mm-wave generation and real-time
detection, further investigation and analysis of the RF frequency stability are re-
quired to allow seamless integration with the existing PON infrastructure. This
method will provide constructive feedback in case active control and temperature
management need to be considered to minimise the drift of the mm-wave carrier.
Furthermore, the data rates can be potentially doubled if 4PAM is applied as a
modulation format instead of NRZ. In addition, the capabilities of the ARoF link
with a single laser and two-tone generation using M-OFDM signals may also be en-
hanced. By providing boosted waveforms from the WG to the modulator through a
driver amplifier at the CO, while including a higher gain LNA and improved signal
processing techniques (e.g., upgrading the Costas loop algorithm, phase noise com-
pensation methods [392]) at the receiver, increased data rates and link distances
can be achieved. Both wireless links were point-to-point; thus, by further optimi-
sation of the antenna gain, the distance between the antennas can be potentially
extended even further. Finally, the realised experimental demonstration that com-
bined the significant research outputs of the EU projects blueSPACE and SILIKA
included a remote unit that also played the role of the end-user. To emulate a more
realistic 5G scenario, a bidirectional link that consists of an independent UE able
to receive and transmit signals would also add significant value to the investigated
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concept. Furthermore, the experiment can be conducted outdoors, allowing the
receiver to move over wider arcs, increasing the link transmission distance. Finally,
novel technologies and solutions can be included in the experimental schemes such
as SDN for perceptive control and optimisation of the interconnected components
within the RU as well as reconfigurable intelligent surfaces (RIS) supporting NLoS
mm-wave wireless communications [393], [394].

Analysis of UTC photodiodes

Uni-travelling carrier photodiodes offer an advantageous solution for co-integration
with mm-wave electronics since they allow the generation of high-frequency car-
riers. For further recommendations, the full equivalent of a UTC-PD has to be
upgraded to an adaptive RC-circuit that depending on the applied reverse bias and
input optical power, the exact junction capacitance will be calculated. Moreover,
the impacts of overshoot velocity and saturation may also be imprinted on the
equivalent circuit by monitoring the change of C; for different optical input pow-
ers while measuring with a lightwave component analyser (LCA). In addition, the
value of C; can contribute to the optimisation of the intrinsic region (e.g., in terms
of dimensions) since as it was already mentioned it can be identified if there was
a process error during fabrication. This will result in future integrated UTC-PD
chip generations with higher output powers, f3;p and total efficiencies. Further-
more, the de-embedding equations should be applied on devices such as PIN-PDs
and Schottky diodes as well as optical modulators, verifying the assumption that
these techniques are valid for various single-ended devices.

Optimising the RF broadband components

Improvements to the designed and fabricated RF components will deliver an op-
timal interface between the UTC-PDs and the wireless domain. Based on the
measurement results of the fabricated EF-TIA, additional testing and possibilities
for future development can be arranged. The saturation powers and the third-
order intercept point (IP3), where the output power of the intermodulation lines
becomes equal to that of the fundamental, have to be acquired for the existing
designs contributing to a more concrete evaluation of the TTA. These type of
large signal measurements can be conducted with a performance network anal-
yser (PNA). Towards the next generation of the amplifier, the transimpedance
gain can be increased as well as the bandwidth while minimising the input cur-
rent noise even further. Since both the EF-TIA and the UTC-PDs operate at
comparable bias points, an upgraded design can provide the DC input to the pho-
todiodes (e.g., add an RF choke circuit within the design). Moreover, instead of a
buffer transistor at the output of the TIA, a distributed amplifier can be cascaded,
offering increased gain bandwidth product and output powers.

Concerning the components on laminate technologies, polymer materials with
very low dielectric constant and reduced losses can replace the Rogers substrates
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that are currently used [395], [396]. For both passive components, the impedance
mismatch issue can be resolved if the designs are submitted to a foundry incor-
porating technologies that allow the fabrication of chips with resolutions lower
than 50 pm. An alternative idea that has yet to be implemented is a two-stage
device manufacture where the antenna and the RF-choke designs are sent to a
PCB commercial foundry without including the signal paths. Then, gold signal
layers are added posterior to fabrication with equipment employing nm resolution
plating that leads to signal and gap widths of the CPW matched to 502. Also,
for the RF choke design, in the case that materials with lower dielectric constants
are used, slot ring resonators instead of the current structure with the A/4 stubs
would decrease the size of the chip even further [397], [398]. Finally, additional
fine-tuning of the designed comb and CPW to slotline transition on the Vivaldi
antenna will increase its 3dB gain bandwidth.

Towards a fully-packaged and pigtailed mm-wave transmitter

The previously presented co-integration of all components is sufficient to provide
a proof of concept. However, further improvements can be implemented to the
assembly of the mm-wave transmitter to mimic an off-the-shelf solution. Towards
the optimisation techniques of the chips’ interconnection, flip-chip transitions can
replace the wirebonds. Such transition can be designed for arbitrary impedance
levels leading to an optimum match between optical devices and customised elec-
tronics. In addition, thermoelectric cooling (e.g., Peltier element) needs to be con-
sidered for thermal stability. Also, electromagnetic compatibility (EMC) shielding
using ceramics or metals will protect the transmitter from any RF interference.
At the same time, a robust package will preserve the included chips from any
corrosion or oxidation. Finally, a lensed fibre must be permanently attached to
the assembly, offering a solution able to be interfaced with commercial optical
components (e.g., optical fibre spools).

6.2.2 Enhancing the functions of the integrated system
Monolithic integration of multiple components

In order to avoid the losses, any potential impedance mismatches caused by the
wirebonds as well as the high costs from the device fabrication and assembly
in different foundries, monolithic integration of multiple devices of the proposed
system on a single chip can provide a solution towards a more compact device.
As a first step towards this direction, an optoelectronic component is designed on
the InP membrane on silicon (IMOS) in Fig. [6.1p) [399]. The device consists of
an RF choke built in IMOS that is matched to 502 and operates between 45 to
70 GHz. The design is monolithically co-integrated with a 2 x 5 pm? UTC-PD and
is currently under fabrication. Due to the versatility of the proposed bandpass
UTC photodiode, it can be interconnected with any type of V-band amplifier
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Figure 6.1: Suggestions expanding the functions of the mm-wave system on chip: a) a
2 x 5 ym? UTC-PD monolithically integrated with a V-band RF choke in IMOS; b) a
SigNy chip placed before an array of the proposed mm-wave transmitters showcasing the
operating principle of optical true-time delay allowing beamforming, targeting 5G UEs.

(e.g., TIA, LNA, PA) or directly to a planar antenna. The latter applies when the
transmitter can be used for low-power applications (e.g., mm-wave sensing). In
future, the next step forward would entail the design of the UTC-PD, RF choke
and the TTA on the same substrate.

Adding a beamforming network

As demonstrated in the ARoF experimental processes, analogue beamforming was
conducted within the SILIKA wireless antenna structure. The mm-wave was
split into multiple copies, whereas their amplitudes and phases were tuned before
launching into the antenna array elements. Therefore, the propagating electromag-
netic waves constructively interfered only at the desired location in the far-field,
leading to a steerable radiation pattern able to follow the end-users. However,
the steerability of the beams is highly dependent on the type of antenna used in
order to form the phased array. Antennas with high gain are unable to provide an
extensive scanning range due to the trade-off between directivity and beamwidth.
Thus, an ETSA can be embedded within arrays for applications requiring low
steering range (e.g., 40° arc [400|) or fixed wireless access while patch antennas
with broader patterns in massive MIMO applications showcased in Chapter
Concerning the beamforming techniques, the showcased phase-shifting can also
be achieved in the optical domain through true time delays (OTTDs) based on
off-the-shelf or integrated chip solutions . Integrated photonic networks split
the optical path into multiple branches and add time delays A7 to each branch
using optical ring resonators (ORRs). ORRs grown on silicon-nitride (SizNy4) are
widely used to achieve this goal [402]. A prominent alternative to the SRR chip
that can be interconnected is an optical beamforming network (OBFN) integrated
module offering multi-beam transmission by implementing blass matrices in the
optical domain . As illustrated in Fig. ), multiple copies of the suggested
mm-wave transmitter can be put in parallel at a distance d;. Once an optical
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Figure 6.2: The smart wireless pluggable (SWP): a) a block diagram of the components
comprising the SWP; b) illustration of photonic-electronic InP-on-InP SWP using flip-
chip processes and an interposer for both high frequency operation and interfacing optical
signals capable of transmitting and receiving mm-waves above W-band.

signal copy delayed by A; heterodyne beats within the photodiode, then, a wave
is generated with an angle equal to §; = arcsin(cA7;/d). The beamforming chip
can be either directly linked within the RU or at the CO in the case where the
optical networks are based on SDM and MCF, increasing the centralisation of 5G
networks even further.

A Smart Wireless Pluggable enabling bidirectionality

As it has already been observed with the sub-6 GHz bands, the communications’
congestion of the investigated mm-wave bands (e.g., Ka-, V-) is inevitable due to
the continuous and growing requirement for bandwidth consuming applications
and services. Therefore, wireless connections above 110 GHz are currently under
investigation. Towards that direction, a schematic that is an upgrade of the de-
signed mm-wave transmitter is illustrated in Fig. ) The component is also
enhanced by adding bidirectionality based on time-division duplexing (TDD). In
the downstream direction, within this smart wireless pluggable (SWP), the mm-
wave is generated by a UTC-PD based on optical heterodyning and amplified by
the TTA. Then, upconversion takes place to an even higher band. This process can
be performed in a mixer. An additional PA compensates for the conversion losses
by boosting the mm-waves further before entering an endfire antenna through a
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broadband RF switch. For the upstream, the switch allows the received waveforms
to enter an LNA. At a further step, downconversion within an envelope detector
or a mixer occurs, and a driver provides the required voltage swing to an intercon-
nected optical modulator with an input originating from a CW laser. Towards this
end, three integrated chips can be fabricated, including a PIC with the CW, the
UTC-PD and the modulator, an electronic IC and the planar antenna. In addi-
tion, the PIC and IC can also be monolithically integrated on a single component
based on the previous recommendations. A suggested packaging strategy is shown
in Fig. [6.2b), allowing the co-integration of IC and PIC devices on an interposer
interconnecting the components while the antenna can be flip-chipped on the InP
IC [404]. This method is based on low electrical-optical losses, reduced complexity
and packaging costs. Therefore, by transmitting mm-waves carrying modulation
formats (e.g., 8/16-PAM, OFDM) beyond W-band frequencies (e.g., the unlicensed
part of D-band [141-174.8 GHz]), very high data rates can be achieved [405]. Such
devices can be deployed and interconnected with the existing optical networks
compensating for the high FSPL in these bands, while due to their small sizes,
they can be placed in multiple locations providing a promising solution for the
future end-users.

6.2.3 The road to 5G and beyond

In conclusion, this dissertation investigated and experimentally tested various mile-
stones paving the path towards high capacity wireless communications while elab-
orating on the synergy between photonics and electronics. More specifically, this
work justified that even though ultra-high frequencies and speeds define photon-
ics, they require electronics to drive them, strengthening the plethora of future
broadband applications and services.

Technology never stops growing, and thus the beyond the fifth generation of
mobile networks will emerge in the following decade, establishing and even ad-
vancing the technologies introduced by 5G (e.g., smart cities, IoT, industry 4.0).
Therefore, the proliferation of mm-wave communications will be guaranteed while
expanding to sub-THz and THz frequencies. Consequently, the synthesis of de-
vices with exceptional potential will be enabled in terms of increased capacity,
compactness and low-cost supporting the Thit/s hybrid photonic-wireless trans-
mission systems in the road to the impending beyond-5G era.
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