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Abstract 

The ever-growing data traffic and super broadband services demanded by the end users have led 

the wireless communication network to undergo rapid development in terms of capacity, 

bandwidth, cost and mobility. The low-power, mature lower frequency bands are already 

congested and offer small capacity in wireless communication. On the other hand, the high 

capacity high frequency wireless system is inherently power hungry, costly and imposes 

complicated coverage schemes. This bottleneck has introduced the radio-over-fiber (RoF) system 

as a viable solution for broadband wireless access networks. The aim of this thesis is to address 

two major aspects of a broadband wireless access network using a distributed antenna system 

complemented by a digital coherent optical RoF link: the millimeter-wave (mm-wave) carrier 

generation at downlink and efficient single sideband (SSB) modulation at uplink and their 

configuration in electro-optic photonic integrated circuit format.  

An optical path tracing method is proposed to transform any photonic circuit consisting of linear 

and time invariant optical components to its parallel counterpart comprising a collection of 

optical paths, each characterized by the transmission response of the element within it. This 

method is exploited to address the functionality of a photonic frequency multiplication circuit 

with a multiplication factor of eight where the time variance is handled by a focus on pure RF 

carriers and the Jacobi-Anger expansion. The series architecture consisting of four Mach-

Zehnder modulator enables its application in a low RF drive condition with similar performance 

when compared to different functionally equivalent architectures.  

The concept of a frequency multiplication circuit as a stable, tunable means of millimeter-wave 

generation can be extended to incorporate polarization modulators instead of conventional Mach-

Zehnder modulators due to the fact that the cascade of polarization modulator and polarizer 

provides an intensity modulator whose biasing condition can be set by the polarizer angle and 

polarization state of the input light to each polarization modulator. The employment of 

polarization modulator can avoid DC bias drift and feasible discrete component implementation 

can be achieved which is important in a research environment to establish the proof of concept.  

One of the circuits can access the millimeter-wave band for a wide range of modulation index; 

the other circuit can offer a RF power advantage in a moderate range of modulation index. Both 

circuits can provide a multiplication factor of eight which enables a low RF frequency source 

requirement. Simulation using industry standard software tools are used to validate theoretical 

predictions of the abovementioned circuits and their robustness against non-ideal factors are 

analyzed.  

In addition, the frequency translation property of a single sideband modulator based on a 

generalized Mach-Zehnder interferometer structure consisting of four Mach-Zehnder modulator 

in parallel is experimentally demonstrated. The multi-functional photonic circuit fabricated on 

silicon on insulator platform can provide sub-carrier generation, in-phase and quadrature (IQ) 

modulation and frequency multiplication functionalities in addition to the frequency conversion. 
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The selection of the function is determined by the biasing condition of the modulators and RF 

drive specification which can be controlled externally. The employment of the multimode 

interference splitter/combiner can offer DC bias less operation due to its intrinsic phase 

relationship among the ports providing the necessary optical phase shift. Spatial separation of the 

up- and down-converted optical output opens the door for remote heterodyning operation. A 

carrier suppression of >20 dB and spurious sideband suppression > 12 dB relative to the 

principle harmonics is achieved when the circuit is operated as a frequency shifter with bias 

voltage tuning only.  

The generalized Mach-Zehnder interferometer structure can be extended to support in-phase and 

quadrature modulation for any number of constituent phase modulators, which provide a general 

theory of in-phase and quadrature modulation. From this theory, the lowest dimension of the 

interferometer structure is found to be three which implies that a three phase modulator structure, 

in contrast to the orthodox four phase modulator structure, can provide in-phase and quadrature 

modulation when the drive signals to the phase modulators are linear combinations of in phase 

and quadrature component of the signal. A system simulation is used to validate its operation as 

an in phase and quadrature and single sideband modulator. 
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Chapter 1. Introduction 

The ever-increasing data traffic and super broadband services such as high-definition video 

streaming, high-speed internet, video calling, cloud computing and Internet of things (IoT) have 

revolutionized the telecommunication network framework. Fiber communication has already been 

manifested as a future-proof infrastructure to provide wideband, high frequency, low loss, low 

cost, longer reach and interference immune signal distribution. The wireless mobile consumers 

also demand high-speed operation alongside the flexibility of the mobility of transponder and 

broadcasting capabilities to realize ubiquitous connectivity (communication anytime, anywhere 

and with anything). As a consequence, present wireless local networks must provide increased 

transmission capacity while maintaining sufficient coverage [1]. Conventional wireless network 

suffers from its narrowband nature which limits its operation in multi-Gb/s and future terabit/s 

applications. Complex modulation formats have been employed to increase its spectral efficiency; 

nevertheless the congested lower frequency bands urge the deployment of the high-speed service 

in the high frequency regime. The inherent high atmospheric attenuation, complex distribution 

system and complicated electronic generation process have prevented the inclusion of high-

capacity millimeter wave (mm-wave) in the wireless regime. The solution is the smooth merging 

of fiber optics and wireless, traditionally distinct, systems to exploit high capacity with access 

flexibility. Radio-over-fiber (RoF) distributed antenna systems have been recognized as a high 

capacity, flexible, bandwidth efficient and cost effective solution to transparent wireless access 

through fiber-based infrastructure [2]. 

This thesis presents the findings of research concerning the generation of mm-wave signals 

utilizing optical methods for radio frequency multiplication and translation functionalities. This 

has important application to next generation access network infrastructure as the generation of 

mm-wave carriers at the remote antenna unit is essential to the successful implementation of a 

radio-over-fiber network employing a distributed antenna architecture complemented by optical 

digital coherent systems [3]. This chapter provides the motivation and background to set this 

research in context, outlines the challenges to be addressed and explains how the thesis is 

structured to meet its objectives. 

1.1 Background & Motivation 

1.1.1 Millimeter-wave and Radio-over-Fiber Networks 

The ever-growing data traffic and super broadband services demanded by the end users have led 

the wireless communication network to undergo rapid development in terms of capacity, 

bandwidth, cost and mobility. Not more than 0.2% (11 million) of the world’s population (5 

billion) had access to a mobile phone in 1991 [4], which is 2% of fixed line telephone subscribers, 

whereas, in 2019, the number of mobile phone users was more than 8 billion. Almost the entire 

world population (97%) lives within reach of a mobile cellular signal with 82% living within the 

reach of an LTE or higher mobile broadband signal [5]. An estimated 4.1 billion people (53.6% of 

the world population) are using the internet in 2019, which reflects the yearly average growth of 

10% of the internet users [6]. International bandwidth usage grew by 33.4 per cent on average 

annually between 2015 and 2019 [6].  



2 

 

The rapid growth in mobile cellular and mobile broadband subscriptions over the last decade 

reflects the demand for ubiquitous connectivity. After the introduction in 1997, Wireless Local 

Area Network (WLAN) have been continuing its growth, providing high data transmission rate to 

fixed wireless subscribers. Tremendous Internet growth due to technological advancement and 

competition among operators and the consequent demand for high speed applications are calling 

for high transmission capacity with sufficient coverage area butut the mobility offered by the 

mobile broadband services adds the choice of flexibility. That is why, while the fixed broadband 

subscriptions have continued to grow at a modest rate, a year-on-year growth rate of 18.4% has 

been observed for mobile broadband subscription [6]. More household environments are adopting 

Internet access without any fixed means for subscription such as a personal computer.  

The trend has been shifting from fixed wireless subscription to more versatile mobile network 

access. Canada is also adopting the trend as the operators are continuously decreasing the gap 

between the fixed and mobile broadband speed [7]. The unprecedented demand for wireless 

bandwidth has placed a heavy burden on the lower microwave spectral region. Besides, from the 

Shannon channel capacity theorem, low carrier frequencies offer low bandwidth. Global System 

for Mobile Communications (GSM) operating at carrier frequencies in the 900 MHz or 1800 MHz 

has a 200 kHz channel spacing including 20 kHz for a guard band [8]. Universal Mobile 

Telecommunications System (UMTS) operates around 2 GHz with 4 MHz bandwidth [9]. IEEE 

802.11ac and its successor IEEE 802.11ax protocol operate in the 2.4 and 5 GHz frequency 

spectrum [10]. Long-Term Evolution (LTE) standard operates at carrier frequencies up to 2.6 GHz 

with flexible channel bandwidth up to 20 MHz whereas, The LTE-Advanced technology offers a 

higher bit-rate than LTE because of scalable system bandwidth up to 100 MHz [11]. 

The tremendous growth of mobile data traffic and the advent of bandwidth-hungry wireless 

applications highlight the impending need for large bandwidth and high data rate in next generation 

mobile networks which enable complex modulation format and multiplexing schemes to increase 

spectral efficiency as well as push the wireless operation into the millimeter-wave (mm-wave) 

region to exploit the inherent bandwidth advantage. A few of the mm-wave frequency bands have 

been actively explored. K-band (18-27 GHz), Q-band (33-50 GHz) and W-band (75-110 GHz) are 

employed in satellite communications and military applications [12, 13]. 76-77-GHz and 77-81-

GHz bands are used in automotive radar systems for long-range cruise control and short-range 

side-crash prevention [14]. The 60-GHz unlicensed band is used for short-range high-speed area 

networks that have been commercialized [15, 16]. The next generation (5G) systems have been 

explored, potentially, in mm-wave bands [17]. In particular, the unlicensed 60 GHz frequency 

band with GHz of spectrum available has achieved significant attention over the last two decades 

[18-19]. The principle obstacle is the high transmission path loss at high frequency. The stringent 

requirements of high modulation formats in terms of Signal-to-Noise Ratio (SNR) together with 

the propagation losses result in limited coverage which leads to service areas (cell) with reduced 

size and consequently, larger number of remote antenna units (RAU) with extensive feeder 

networks. The cost and complexities for the installation and maintenance complemented by the 

demanded broadband services have brought new paradigms in broadband wireless access networks 

with distributed antenna systems into light. 
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It is well established that optical fiber networks render high capacity, low attenuation, lower energy 

consumption and simplification to RAUs, base stations and the backhaul network that connect to 

the central station. The idea of Radio-over-Fiber (RoF) was conceived as early as the eighties 

following the introduction of radio frequency/microwave subcarrier multiplexing that rapidly 

gained popularity for the distribution of cable TV channels [20-22]. The term RoF is usually 

applied when it is used to facilitate wireless access. Traditionally, in a RoF paradigm, the 

application of wireless link for access networks takes place in the last mile segment of the data 

transport whereas, the analogue transport of wireless data from central station to base station 

occurs through the fiber infrastructure. With that, RoF technology is able to manage the unification 

of wireless and optical backbone network towards a converged network infrastructure with 

simplified control, management and routing functionalities.  

The simplest, conventional analogue transport over the RoF link involves intensity modulation 

direct detection (IM-DD) method which is prone to high power consumption, limited dynamic 

range and periodic RF power fading. The industry preference is for digital RF transport [3]. The 

Photonic Technology Laboratory of University of Ottawa is investigating, inter alia, wireless 

access networks capable of delivering the ubiquitous broadband and computing access from the 

perspective of energy efficiency and environmental factors. Hall et al. reasoned that broadband 

wireless access network using distributed antenna system architecture deployed in cluttered urban 

environments complemented by a digital coherent optical RoF link provides an energy efficient 

solution [3]. The millimeter-wave (mm-wave) carrier generation at downlink and efficient single 

sideband (SSB) modulation at uplink are two major factors to be considered for improvement of 

digital coherent optical transport of RF signal [23-25].   

1.1.2 Optical MM-wave Generation by External Modulation 

Numerous researches have been undertaken on mm-wave generation techniques. The conventional 

electronic methods involves either phase locking a frequency divided voltage controlled oscillator 

(VCO) or using cascaded multiplication stages. These methods are limited by the bandwidth of 

the digital divider, or the complexities due to suppression of unwanted harmonics by maintaining 

resonance which only offers narrowband operation. Photonic techniques for mm-wave generation 

have become attractive over the last two decades. The simplest approach is the heterodyne beating 

of two phase correlated optical carriers separated in frequency at a high speed photo-detector. The 

efficacy of this approach depends upon the stability, linewidth and degree of phase correlation 

between the carriers.  

One approach to photonic means to achieve mm-wave generation is to use heterodyne beating of 

a master and a slave lasers. Heterodyning two separate lasers results in an electrical linewidth that 

is greater than the optical linewidth due to the absence of critical phase correlation [26-27]. Phase-

locked loop techniques may then be used to control the frequency of the slave laser, so that the 

beat is locked to a harmonic of an mm-wave reference [28-30]. Alternatively, optical injection 

locking can be used to phase lock a narrow linewidth single frequency to individual lines separated 

by the desired RF frequency of a frequency comb. In general, phase locking mechanisms are 

complex, costly and require careful wavelength alignment, a complicated feedback network and a 

high level of temperature control for stabilization. The complexity can be reduced greatly by 
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employing a dual-wavelength laser which can enable oscillations at two modes subject to the same 

electrical, thermal and mechanical fluctuations [31-32]. The linewidth of the beat signal between 

the two modes separated in frequency by the desired RF frequency will be then significantly 

narrower than the linewidth of the individual modes because of the correlation of their phase noise 

[33], though competition  between the two modes for a share of the gain can lead to the instability. 

External modulation based photonic mm-wave generation techniques are emerging as a feasible 

candidate due to its higher spectral purity, simplicity, stability and low RF frequency requirement. 

The basic principle is to phase-modulate an optical carrier from a single laser source by a radio 

frequency (RF) electrical carrier via a suitable electro-optic modulator. The modulation results in 

an optical spectrum containing a multitude of phase-correlated lines separated by the RF 

frequency. To the best of the author’s knowledge, the first integrated mm-wave generation scheme 

obtaining a RF frequency multiplication factor of 2 utilizing a LiNbO3 Mach-Zehnder modulator 

(MZM) was developed by O’Reilly et al. [34]. After that, extensive investigation of external 

modulation as a viable method for mm-wave generation has been conducted. The external 

modulation not only offers phase correlated operation but also delivers a frequency multiplication 

option which reduces the bandwidth constraints of the optical modulators and RF components. 

Millimeter waves beyond 100 GHz have been generated from lower RF frequency sources 

exploiting the frequency multiplication capability. Numerous architectures have been proposed to 

obtain different multiplication factor, better carrier and unwanted harmonic suppression, stable 

operation in non-ideal situation and simplicity for integration. Table 1.1 summarizes some of the 

works related to mm-wave generation with frequency multiplication functionality. A detailed list 

is given in Appendix I. 

Table 1.1: Summary of some photonic frequency multiplication techniques with experimental results 

Short description Multiplication 

factor 

Performance metrics 

Mach-Zehnder modulator (MZM) biased to suppress 

the  carrier and even order harmonics [34] 

2 (36 GHz 

from 18 GHz) 

Signal to Noise ratio (SNR) > 35 dB 

MZM biased to suppress the odd order optical 

harmonics is followed by a fixed-wavelength optical 

notch filter to suppress the carrier [35] 

4 (32-50 GHz 

from 8-12.5 

GHz) 

Optical sideband suppression ratio 

(OSSR) > 25 dB 

Dual parallel MZM (DP-MZM) with the outer Mach-

Zehnder interferometer (MZI) is biased at MITP. The 

sub MZMs are biased at maximum transmission point 

(MATP). The sub MZMs are driven by relative π/2 

phase shifted RF input. No optical filtering is needed 

[38]. 

4 (40-72 GHz 

from 10-18 

GHz) 

Electrical side harmonic suppression 

ratio (ESHSR) > 38 dB (40 GHz) 

Optical sideband suppression ratio 

(OSSR) > 36 dB (72 GHz) 

MZM biased at MITP followed by 400m highly 

nonlinear fiber (HNLF) utilizing four wave mixing 

(FWM) to generate 3rd order optical harmonics. 

Adoption of fiber Bragg gratings is needed to filter out 

unwanted 1st order optical harmonics [43] 

6 (40 GHz 

from 6.667 

GHz) 

ESHSR >25 dB 

SNR ~50 dB  

Linewidth < 3 Hz 
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Two cascaded DP-MZM with all sub-MZMs are 

differentially driven and biased at MATP. The outer 

MZIs of the two DP-MZMs are biased at MITP. 

Carrier and odd order unwanted harmonics 

suppression can be achieved by design [46]. 

8 (60-80 GHz 

from 7.5-10 

GHz) 

SNR > 40 dB (60 GHz) 

Phase noise -73 dBc/Hz at 10 kHz 

offset (60 GHz) 

OSSR > 30 dB (80 GHz) 

A polarization division multiplexing-dual arm MZM 

(PDM-DMZM) or PDM-DPMZM followed by an 

FBG filter to suppress carrier provides tunable 

multiplication factor under different DC biases and RF 

drive phase conditions [48].  

  

i) 2 (20 GHz 

from 10  Ghz) 

ii) 4 (24 GHz 

from 6 GHz) 

iii) 8 (28 GHz 

from 3.5 GHz) 

OSSR > 15 dB (2-tupling) 

OSSR > 15 dB (4-tupling) 

OSSR > 10 dB (8-tupling) 

A DP-MZM is placed in a Sagnac loop with its sub-

MZMs and outer MZI are biased at MATP. By 

controlling the polarization controller to satisfy a strict 

condition, carrier is suppressed at the polarizer [51].  

8 ( 24 GHz 

from 3 GHz) 

OSSR ~ 18 dB 

ESHSR ~ 16 dB 

Two stage (frequency quadrupling followed by 

frequency doubling) architecture employing MATP-

biased MZM at 1st stage and MITP-biased MZM at 2nd 

stage is used. The quadrupled microwave harmonic 

from the 1st stage is the RF drive for the 2nd stage’s 

MZM. Optical bandpass and band-elimination filters 

are needed for carrier and unwanted harmonics 

suppression [62].  

8 (100 GHz 

from 12.5 

GHz) 

Carrier suppression ratio (CSR) > 60 

dB 

Optical sideband suppression ratio 

(OSSR) > 30 dB 

SNR > 70 dB 

Phase noise degraded by ~19.2 dB at 

100 kHz offset 

 

1.1.3 Frequency Translation/ Single Sideband Modulation using Generalized Mach-

 Zehnder Interferometer (GMZI) Structures 

One of the fundamental requirement in the uplink of a coherent radio-over-fiber system is to 

transfer the signal from the RF domain to the optical domain while preserving its phase and 

amplitude information [3]. The orthodox method for this conversion is the employment of a single 

side-band (SSB) modulator/frequency shifter where an optical carrier is modulated by the received 

mm-wave signal. The outcome is a frequency up-converted optical signal, shifted by the mm-wave 

frequency from its emission frequency.  

The application of a photonic frequency shifter is not limited to a heterodyne light communication 

system. The other sectors where it plays a key role are: laser Doppler velocimetry (LDV) and 

Doppler Lidar systems [70-71]; high quality multicarrier generation with a recirculating frequency 

shifting loop [72-73]; frequency-shifted feedback (FSF) laser [74]; true time delay beam steering 

in frequency modulated continuous wave (FMCW) radars [75]; high-resolution laser spectroscopy 

[76]; and measurements of ultra-high-Q photonic crystal nanocavities [77]. Various techniques 

have been pursued to realize a high-performance frequency shifter. Early photonic frequency 

shifters are based on discrete components [78-80]. To the best of the authors’ knowledge, an 

integrated frequency shifter based on a titanium-diffused LiNbO3 optical waveguide circuit was 

reported for the first time in 1981 [81]. The most conventional method to obtain frequency 

conversion is to use an optical single sideband (OSSB) modulator followed by filter structure to 

suppress carrier and/or unwanted sideband [82-85]. Its operation is limited by the frequency 
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response of the filter. In addition, the optical source, modulator and the filter must be very closely 

matched in frequency of operation that involves temperature control, which is undesirable in terms 

of energy consumption. 

Mach-Zehnder interferometer (MZI) based frequency conversion has been investigated intensely 

[81, 86-89]. Carrier and unwanted sideband suppression by design is possible by applying 

appropriate RF signals with strict relative phase relationships, biasing the MZI structure to the 

proper operating point and/or implementing phase-shift elements within the arms of a MZI. The 

spectral purity can be impaired by any imbalance in the mentioned features. Mature LiNbO3 

modulator technology is a natural choice for frequency shifting purpose as its extinction ratio is 

relatively high and it can offer a linear electro-optic effect with large bandwidth. However, it needs 

high drive voltage and is not suitable for large-scale photonic integration. Besides, LiNbO3 

modulator also suffers from severe dc bias drift caused by charge screening and dielectric 

relaxation. A compact footprint can be gained by using the Si platform which can exploit CMOS 

compatible industry standards for optoelectronic integration. With the recent studies on high-speed 

modulator, Si optical frequency converters with excellent performance are emerging. Lauermann 

et al. demonstrated an integrated frequency shifter on a Silicon-Organic Hybrid (SOH) platform 

with conversion efficiency of -5.8 dB while suppressing spurious sidebands by more than 23 dB 

for a frequency range up to 10 GHz [90]. Another Si photonic frequency shifter has been reported 

recently with carrier suppression of 27 dB and at least 12 dB sideband suppression at 1 GHz [91]. 

Other methods for frequency conversion includes traveling wave TE/TM mode conversion [92], 

serrodyne translation [93-94] and acousto-optic deflection [79-80, 95-96]. Serrodyne technique 

can offer high carrier and spurious sideband suppression when a sawtooth shaped modulating 

signal with very small fall time (very small percentage of the sawtooth signal period) can be 

applied. This implies a very high bandwidth for the modulator and driving circuit are needed for 

sufficient spectral purity and high achievable frequency shift. In addition, a conventional Si diode 

modulator cannot be operated with serrodyne signal and so, thermo-optic modulation is necessary, 

which restricts its high frequency operation. Acousto-optic modulation depends on the acoustic 

wave induced refractive index variation which demands delicate phase matching. The operation is 

inherently limited to low frequency and, as Si is not piezoelectric, hybridization with other 

materials becomes mandatory. All-optical frequency shifting operations based on stimulated 

Brillouin scattering in optical fibers has also been demonstrated [97-98], which are limited by the 

fixed Brillouin frequency of a fiber and a complicated pump wave locking procedure. 

 

1.2 Aim & Objectives 

The aim of this thesis is to explore the two major aspects of digital coherent optical transport of 

RF signals: the millimeter-wave (mm-wave) carrier generation at downlink and efficient single 

sideband (SSB) modulation/frequency translation at uplink. The focus of this work is on designing 

circuits for radio frequency multiplication and translation, validating their theoretical 

functionalities through industry standard software tools, analyzing their qualitative deviations 
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from ideal outcome when non-ideal conditions for circuit operation are considered and feasibility 

check for integrated implementation. Specific objectives are: 

1) To establish a generalized theory employing graphical approach which can investigate any 

photonic circuit consisting of linear and time invariant optical component. The time variant 

nature of active elements can be handled by a focus on pure RF carriers and the Jacobi-

Anger expansion. 

2) To design simple photonic mm-wave generation circuits using external modulation so that 

both discrete component and integrating circuit implementation can be achieved. 

3) To improve the performance (e.g., spectral purity, linearity and dynamic range, power 

consumption, footprint, and stability) by investigating their non-ideal characteristics and 

correcting their limitation. 

4) To investigate a generalized Mach-Zehnder interferometer architecture fabricated on 

silicon on insulator platform to analyze its functionalities qualitatively and study its 

performance as a SSB modulator/frequency up-converter 

5) To sort out possible modifications needed in the design of the GMZI SSB modulator for 

future fabrication so that performance can be improved. 

6) To generalize the GMZI structure to the IQ modulation format 

 

1.3 Structure of the Thesis 

The thesis has been structured into six (6) chapters to demonstrate the achievements in research 

meeting the objectives mentioned above. 

Chapter 1 describes the motivation and the background of the research. It addresses the previous 

work done in the topics and their roadblocks. This chapter also summarizes the objectives of the 

thesis and achievements during the period of research. 

Chapter 2 introduces a cascaded configuration consisting of 4 MZMs, each biased at its minimum 

transmission point (MITP) as a superior optical millimeter-wave generation scheme. The 

functionality of frequency multiplication is analyzed by an optical path tracing method. An optical 

path can be expressed as a phasor if the optical components are optically linear. The time variant 

nature of active elements can be handled by a focus on pure RF carriers and the Jacobi-Anger 

expansion. Satisfactory performance in terms of spectral purity, tunability and RF power efficiency 

is observed by simulation. Its simple architecture has the feasibility to be integrated in any material 

platform that offers electro-optic modulators. 

Chapter 3 discusses two architectures capable of mm-wave generation. The first architecture 

involves a dual-parallel structure with each arm containing two cascaded PolMs with analyzers 

between a Y-power splitter at the input and a polarisation beam combiner and polarizer at the 

output. The second single arm architecture consists of four polarization modulators (PolM) in 

series, each followed by a polarizer (Pol). Both circuits can perform as an optoelectronic method 

of microwave frequency octupling for a broad range of modulation index. The optical carrier and 

all sidebands except for harmonics of order equal to an odd integer multiple of four are suppressed 

without the necessity of any optical or electrical filter or careful adjustment of RF drive voltage. 
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The second circuit offers additional RF power advantages. The robustness of the circuit is also 

verified by taking different non-ideal factors into consideration. 

In chapter 4, a multi-functional photonic circuit implemented on silicon on insulator (SOI) 

platform is reported. Eight phase modulators are connected to provide four Mach-Zehnder 

interferometer structures in parallel. Multimode interference couplers are used as the 

splitter/combiner of the MZI structures to provide static DC bias. This architecture generates two 

principle spatially separated 1st order harmonics from a single light source, which may be collected 

from separate ports without using any optical demultiplexing filters which permits remote 

heterodyning. A carrier suppression of >20 dB and spurious sideband suppression > 12 dB relative 

to the principle harmonics is achieved with bias voltage tuning only. In addition to the frequency 

conversion, the circuit can also perform as a sub-carrier generator, IQ modulator and frequency 

multiplier. 

In chapter 5, a generalized theory of complex modulation utilizing a generalized Mach-Zehnder 

interferometer (GMZI) is presented. The theory suggests that any number of phase modulator 

greater than two arranged in a parallel cascade can perform vector modulation scheme. A circuit 

consisting of three phase modulators (PM) in parallel, in contrast to the conventional architectures 

with four PM, can act as an IQ modulator with distortion-limited functionality. Increment of the 

dimension of the GMZI structure and adoption of linear combination of in-phase and quadrature 

signal as the drive to modulator are conjectured to be one of the condition of the ideal operation. 

Numerical simulation validates the operation of IQ modulator based on 3 PM-GMZI structure. 

Chapter 6 summarizes the findings in the thesis, makes conclusions and offers recommendations 

for further work. 

VPIphotonics Design SuiteTM (version 9.8.0.1-version 10.0) simulation software is used to 

simulate all the considerations throughout the thesis. It sets the industry standard for software and 

services supporting end-to-end Photonic Design Automation (PDA) and Optical Equipment 

Configuration (OEC). VPI Design Suite provides an integrated, flexible design environment with 

sophisticated means for signal representation and conversions, powerful numerical algorithms 

tailored for specific applications, extensive libraries of realistic and widely adaptable component 

models, and powerful functions supporting day-to-day design, analysis and optimization 

processes. It can perform abstractions between the simulation layers — component, transmission, 

and network layer. The cascaded S-matrix approach for modeling passive components allows the 

efficient design of large-scale passive PICs in the frequency domain and active or dynamically 

tunable PICs in the time domain. This merging greatly reduces the overall simulation inaccuracies 

inherent to any time-domain simulations, and thus enables fast and accurate simulations of large-

scale PIC with thousands of dispersive components. This approach also enables modeling 

multiscale integrated circuits with lengths of photonic components ranging from a few microns to 

several centimeters on the same chip. The combination of a powerful graphical interface, a 

sophisticated and robust simulation scheduler and realistic simulation models together with 

flexible optical signal representations at different degrees of abstraction enables accurate and 

efficient modeling of any transmission system including bidirectional links, ring and mesh 

networks. 
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The primary reason to utilize VPIphotonics Design SuiteTM is that it is one of the industry-standard 

simulation tools which can be implemented to design RoF system. Two application tools are 

extensively used in this thesis: VPItransmissionMaker Optical Systems and VPIcomponentMaker 

Photonic Circuits. VPItransmissionMaker Optical Systems supports behavioral and detailed 

physical modeling of subsystems and components. Physical models allows studying the effect of 

the smallest components on the longest systems whereas models following the Black Box and 

Datasheet Model philosophies enable design from a systems-level perspective by utilizing 

measurable performance parameters rather than physical framework. VPIcomponentMaker 

Photonic Circuits offers advanced wide-spectrum, dynamic models of active, dynamically tunable 

and passive elements such as semiconductor lasers and LEDs, switches, modulators, detectors, 

AWG, MMI-based MUX/DeMUX, delay lines, filters, directional couplers, branches, MMIs, star 

couplers, microring resonators and waveguides. These can be interconnected in any permutation 

to design devices and photonic circuits. The full longitudinal and spectral dynamics of lasers and 

semiconductor optical amplifiers, careful modeling of external optical modulators and their 

electronic drive circuitries is important to characterize photonic circuits presented in this thesis 

with respect to large signal dynamics, tuning behavior, noise characteristics, side-mode 

suppression and modulation response. Designs and performance of active and passive devices and 

PICs can be abstracted for systems-level simulations with VPItransmissionMaker Optical 

Systems.  

1.4 Original Contributions and Achievements 

The thesis contributes to the advancement of the field of RoF technology and microwave photonics 

through both original contributions and the critical analysis of current knowledge. The 

contributions of the author include: 

1. A simplified radio frequency multiplication architecture employing four Mach-Zehnder 

modulator in series to obtain RF power advantage with a multiplication factor of eight 

2. Two radio frequency multiplication architecture utilizing polarization modulator to obtain 

multiplication factor of eight  

3. Employment of  the mm-wave generation architectures in a RoF system to validate their 

operation by software simulation 

4. Extension of a graphical method to address the non-ideal factors of any linear optical circuit 

component. 

5. Test, measurement and analysis of a fabricated multifunctional circuit and identify its 

operation condition and limitation 

6. Validation a GMZI structure’s frequency shifting capability by  experimentation   

7. Incorporation of a three phase modulator structure in a system to validate its functionality 

as a working IQ modulator. 

The results demonstrated in this thesis were obtained during a period of study at the University of 

Ottawa to fulfill the requirement of achieving an M.A.Sc. degree. The work was carried out under 

the supervision of Professor Trevor James Hall from Winter 2018 to Fall 2019 at the Photonic 

Technology Lab (PTL). The following publications related to this research work (thesis) were 

published or submitted for publication during this period. 
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Chapter 2. Optical Frequency Octupling Circuit with RF Power 

Advantage 

2.1 Introduction 

A major pre-requisite for the widespread deployment of high-capacity digital coherent radio-over-

fiber (RoF) systems is the effective generation and transmission of millimeter wave (mm-wave) 

carriers over fiber at the down link (central office to base station/remote unit) [3]. The technique 

to generate mm-wave and its feasible transmission over the fiber have been studied extensively 

over the years. Electronic methods either phase lock a frequency divided voltage controlled 

oscillator (VCO), which is limited by the digital divider’s upper frequency limit or use cascaded 

multiplication stages: the amplifier in each stage must limit to generate harmonics and must be 

resonant to extract the required harmonic, which results in a complex circuit that is narrow band 

and power hungry. Photonic generation has become attractive, due to its ability to generate RF 

signals at frequencies exceeding 100 GHz, which generally involves an optical heterodyne 

technique in which two phase correlated optical carriers separated by the mm-wave frequency beat 

at a square-law photodetector (PD). Various optical mm-wave generation approaches have been 

investigated and developed involving two laser sources [99-100], dual-wavelength laser [31-32], 

non-linear effects [43],[60],[61],[65] and external modulation. Heterodyning two separate free-

running lasers results in an electrical linewidth that is greater than the optical linewidth due to the 

absence of critical phase correlation [26-27]. Different methods such as optical injection locking 

[31],[100], mode locking [27],[101], and optical phase locked loop (OPLL) [29-30] have been 

applied to minimize phase noise and stabilize frequency fluctuation. Optical injection locking 

requires careful wavelength alignment and high level of temperature control. Mode-locking 

requires temperature stabilization and a complex electronic feedback control. OPLL significantly 

increases system complexity and cost. The nonlinear effects such as Four-Wave Mixing (FWM) 

require longer fiber length, high power to optimize desired harmonics and a phase matching 

condition to be achieved.  

External modulation generally employs one laser source and intensity/phase modulators. To the 

best of the author’s knowledge, the first mm-wave generation scheme obtaining a RF frequency 

multiplication factor of 2 utilizing a LiNbO3 intensity modulator was developed by O’Reilly et al. 

[34]. After that, extensive investigation of external modulation as a viable method for mm-wave 

generation has been conducted. Vallejo et al. experimentally demonstrated the transmission of 10 

Gb/s 32-QAM signal over hybrid fiber/FSO network at 40-90 GHz utilizing a frequency doubling 

scheme [102]. The external modulation not only offers simple, stable and spectrally pure operation 

but also delivers a frequency multiplication option which reduces the bandwidth constraints of the 

optical modulators and RF components. Millimeter waves in the range of 100 GHz [62], 210 GHz 

[61], 80 GHz [46],[50] 60-70 GHz [36],[38],[66] have been generated from lower RF frequency 

sources exploiting the frequency multiplication capability. Numerous architectures have been 

proposed to obtain different multiplication factor, better carrier and unwanted harmonic 

suppression, stable operation in non-ideal situation and simplicity for integration. Table 1.1 

summarizes some of the works related to mm-wave generation with frequency multiplication 

functionality. Although most of the works reporting transmission feasibility employed single-stage 
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modulation scheme for optical mm-wave generation, large-scale integration of high-speed electro-

optic modulator on mature material platform such as LiNbO3, SOH, SOI, III-V opens the window 

for multi-stage architectures to be exploited.  

In this chapter, a graphical method to address the functionality of a photonic frequency 

multiplication circuit is presented. The optical path tracing scheme exploits the fact that the 

transmission of an optical path can be expressed as a phasor if the optical components on it are 

optically linear. The time variant nature of active elements can be managed by incorporating pure 

RF carriers and the Jacobi-Anger expansion. Non-ideal RF situations can be quantified which is 

difficult to obtain in a compact analytic fashion. The method can be extended to involve 

imbalances in the optical domain. A cascaded configuration consisting of 4 MZMs, each biased at 

its minimum transmission point (MITP) is proposed and analyzed by the mentioned technique as 

a superior optical millimeter-wave generation scheme. Frequency multiplication factor of eight 

can be achieved without any optical/electrical filter. Its spectral purity obtained by design and 

robustness against the non-ideal factors is verified by simulation using industry standard software 

package. A comparative analysis with three other frequency 8-tupling circuits [46],[57],[103] 

provides the evidence of the RF power advantage the proposed circuit can offer. The architecture 

of the circuit engineers the modulation index of the system which allows operation with low RF 

power with satisfactory performance. The simplicity inherent to the architecture enables its 

feasibility to be integrated in any material platform that offers electro-optic modulators. A 

complete (down-link) simulation of a digital coherent RoF system is also presented as an 

application of the proposed circuit.  

2.2 Contribution 

A short report on the graphical method and proposed frequency multiplication system has been 

presented in the 2019 International Conference on Numerical Simulation of Optoelectronic 

Devices (NUSOD) [115]. This chapter discusses an elaborated and extended version of the theory 

and its application in extracting the functionality of a photonic frequency multiplication 

architecture quantitatively. A comparative study of four functionally equivalent frequency 

octupling circuit is presented. The application of a frequency multiplication circuit in a RoF system 

is also shown by simulation. I drafted the papers, performed the simulations and contributed the 

original ideas by extending the theory to incorporate non-ideal factors and predict the functionality 

quantitatively. Mehedi Hasan has contributed the circuit concept. Dr. Karin Hinzer and Dr. Trevor 

Hall were the principal investigators that formulated the research project.  Dr. Hall contributed to 

the theory, provided advice on the interpretation of the results and helped revise the manuscript. 

2.3 Theory 

A photonic circuit can be modelled as a combination of passive and active optical elements through 

which light is passing from one point to another. Each element characterizes the light depending 

on its transmission response. So the whole circuit can be represented as a collection of light paths, 

each path tracing from the input to output would have the exact transmission characteristics 

attained from the optical elements on its way. This is equivalent to model the circuit using its 

parallel counterpart. The problem becomes more tractable if the passive optical elements are linear 

and time invariant. The active phase shifters / delays are linear optically but are time variant. In 
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the analysis below, this time variance is handled by a focus on pure RF carriers and the Jacobi-

Anger expansion. 

An abstract graph can be considered to represent the collection of the light paths. The vertices on 

this graph describe splitters (defined by their transmission matrices) and edges describe optical 

components in the arms such as active phase shifters driven by RF signals or delays and pre-set 

phase biases. Selecting one port at a vertex as input and one port at a different vertex as output, 

every possible path can be traced and summed to obtain the total transmission.  

Frequency multiplication using external modulation involves phase modulators which enable the 

light to be modulated by a pure RF carrier. The modulated light components then interfere to 

produce the desired response. A frequency multiplication technique employing four differentially 

driven Mach-Zehnder modulators (MZM) in series, each biased to its minimum transmission point 

can be modelled by its equivalent parallel architecture utilizing the above mentioned optical path 

tracing method. There are 2𝑞 paths through the structure corresponding to all choices of the upper 

and lower arms in each stage. The total transmission can be represented as:  

                                𝑓(𝑡) =  
1

2𝑞  ∑ 𝜌𝛼 exp{𝑖𝑚[∑ 𝜎𝑝 cos(𝜔𝑅𝐹𝑡 + ∆∅𝑝)𝑁
𝑝=1 ]}                                       (2.1) 

𝜌𝛼 = ∏ 𝛼𝑝
𝑁
𝑝=1                                                                                              (2.2) 

where N is the number of MZM stages on each optical path, 𝑚 = (𝜋𝑣𝑅𝐹)/𝑣𝜋 is the modulation 

index of each MZM stage, 𝑣𝜋 is the half-wave voltage, 𝜔𝑅𝐹 is the RF angular frequency, 

∆∅𝑝 = (𝑝 − 1)𝜋 4⁄ (𝑝 = 1,2,3,4) is the phase shift of the pth RF drive introduced to the pth 

MZM and q is the number of optical splitter/combiner pairs on each optical path.  

Being differentially driven, each MZM introduces an intrinsic π phase difference between its two 

arms which can be represented by 𝜎𝑝 (for ideal case: upper arm 𝜎𝑝 = 1, lower arm 𝜎𝑝 =  exp(𝑖𝜋). 

Additional phase relationship in optical domain due to null point biasing of each MZM can be 

represented by 𝛼𝑝. For the case considered here, 𝛼𝑝 = 𝜎𝑝 . An MZM biased at its maximum 

transmission point would have 𝛼𝑝=1. 

The sum of the RF drive in equation (2.1) can be expressed in terms of its in-phase and quadrature 

components as follows: 

 ∑ 𝜎𝑝 cos(𝜔𝑅𝐹𝑡 + ∆∅𝑝)𝑁
𝑝=1 =  [∑ 𝜎𝑝 cos(∆∅𝑝)𝑁

𝑝=1 ] cos(𝜔𝑅𝐹𝑡) −  [∑ 𝜎𝑝 sin(∆∅𝑝)𝑁
𝑝=1 ] sin(𝜔𝑅𝐹𝑡)    (2.3) 

Or equivalently as the real part of the complex phasor sum: 

                        ∑ 𝜎𝑝 exp[𝑖(𝜔𝑅𝐹𝑡 + ∆∅𝑝)]𝑁
𝑝=1 =  [∑ 𝜎𝑝 exp(𝑖∆∅𝑝)𝑁

𝑝=1 ]exp (𝑖𝜔𝑅𝐹𝑡)                   (2.4) 

Now from the phasor summation formula:  

𝑟𝜎 exp(𝑖𝜃𝜎) =  ∑ 𝜎𝑝 exp(𝑖∆∅𝑝)𝑁
𝑝=1 =  ∑ 𝜎𝑝 cos(∆∅𝑝)𝑁

𝑝=1 + 𝑖 ∑ 𝜎𝑝 sin(∆∅𝑝)𝑁
𝑝=1                      (2.5) 

it can be shown that: 

 𝑟𝜎 cos(𝑖𝜃𝜎) = ∑ 𝜎𝑝 cos(∆∅𝑝)𝑁
𝑝=1 ;               𝑟𝜎 sin(𝑖𝜃𝜎) = ∑ 𝜎𝑝 sin(∆∅𝑝)𝑁

𝑝=1                                  (2.6) 
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Equation (2.3) can be expressed utilizing (2.6) as:  

                                         ∑ 𝜎𝑝 cos(𝜔𝑅𝐹𝑡 + ∆∅𝑝)𝑁
𝑝=1 =  𝑟𝜎 cos(𝜔𝑅𝐹𝑡 + 𝜃𝜎)                                   (2.7) 

Employing equation (2.7), the total transmission becomes: 

                                              𝑓(𝑡) =  
1

2𝑞  ∑ 𝜌𝛼𝑒𝑥𝑝{𝑖𝑚𝑟𝜎 cos(𝜔𝑅𝐹𝑡 + 𝜃𝜎)}                                        (2.8) 

 

Figure 2.1 (a) Schematic diagram of the proposed frequency octupling architecture. LD: laser diode; PD: photo-

diode; LO: local oscillator, (b) Argand diagram showing 16 paths of the parallel equivalent architecture where each 

segment represents the individual arm’s RF phase and the phase information of it being differentially driven. Red 

defines σp = 1 and blue defines σp = -1, (c) The summation of the phasors lies on the same path forms a constellation 

of 16 points. For MITP bias, red defines ρα = 1, blue defines ρα = -1. 
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The analysis above implies that on each optical path, the light’s encounter with the phase 

modulators representing each arm of the MZM can be modelled as a phasor on an Argand diagram. 

The RF drive amplitude and phase represent the magnitude and argument of the phasor. The 

transmission over one optical path can be taken as a summation of its corresponding phasors. 

Figure 2.1(a) shows the proposed architecture of frequency 8-tupling technique. An optical path is 

traced through the circuit which is represented by path number 3 on the argand diagram shown in 

Figure 2.1(b). The optical biasing condition of each path is shown in Figure 2.1(c). The Argand 

diagram for the phasor sum over all possible paths forms a constellation of 16 points of which 8 

points lie on a circle of radius 𝑟1+ = 2√2 cos(𝜋/8) and the remaining 8 points lie on a circle of 

radius 𝑟1− = 2√2 sin(𝜋/8), both regularly distributed at angles of 𝜃𝜎 = {±𝜋/8, ±3𝜋/8, ±5𝜋/

8, ±7𝜋/8}. The phasors that correspond to the same angle have the same parity, which alternates 

with angle 𝜌𝛼(𝜃) = {∓1, ±1, ∓1, ±1} respectively. Taking all paths into consideration to express 

the transmission of the proposed architecture: 

𝑓(𝑡) =
1

16
 [𝑒𝑥𝑝 {𝑖𝑚𝑟1+ cos (𝜔𝑅𝐹𝑡 +

3𝜋

8
)} −  𝑒𝑥𝑝 {𝑖𝑚𝑟1+ cos (𝜔𝑅𝐹𝑡 +

𝜋

8
)} − 𝑒𝑥𝑝 {𝑖𝑚𝑟1− cos (𝜔𝑅𝐹𝑡 +

𝜋

8
)} +

                      𝑒𝑥𝑝 {𝑖𝑚𝑟1+ cos (𝜔𝑅𝐹𝑡 −
𝜋

8
)} − 𝑒𝑥𝑝 {𝑖𝑚𝑟1− cos (𝜔𝑅𝐹𝑡 +

5𝜋

8
)} + 𝑒𝑥𝑝 {𝑖𝑚𝑟1− cos (𝜔𝑅𝐹𝑡 −

𝜋

8
)} +

                  𝑒𝑥𝑝 {𝑖𝑚𝑟1− cos (𝜔𝑅𝐹𝑡 −
5𝜋

8
)} − 𝑒𝑥𝑝 {𝑖𝑚𝑟1+ cos (𝜔𝑅𝐹𝑡 −

3𝜋

8
)} − 𝑒𝑥𝑝 {𝑖𝑚𝑟1+ cos (𝜔𝑅𝐹𝑡 +

5𝜋

8
)} +

                  𝑒𝑥𝑝 {𝑖𝑚𝑟1− cos (𝜔𝑅𝐹𝑡 +
3𝜋

8
)} + 𝑒𝑥𝑝 {𝑖𝑚𝑟1− cos (𝜔𝑅𝐹𝑡 +

7𝜋

8
)} − 𝑒𝑥𝑝 {𝑖𝑚𝑟1− cos (𝜔𝑅𝐹𝑡 −

3𝜋

8
)} +

                  𝑒𝑥𝑝 {𝑖𝑚𝑟1+ cos (𝜔𝑅𝐹𝑡 +
7𝜋

8
)} − 𝑒𝑥𝑝 {𝑖𝑚𝑟1− cos (𝜔𝑅𝐹𝑡 −

7𝜋

8
)} − 𝑒𝑥𝑝 {𝑖𝑚𝑟1+ cos (𝜔𝑅𝐹𝑡 −

7𝜋

8
)} +

                  𝑒𝑥𝑝 {𝑖𝑚𝑟1+ cos (𝜔𝑅𝐹𝑡 −
5𝜋

8
)}]                                                                                                              (2.9) 

Utilizing Jacobi-Anger expression: 

                              

𝑓(𝑡) =
1

4
{∑ [1 + (−1)𝑛][𝐽2𝑛(𝑚𝑟1+) + 𝐽2𝑛(𝑚𝑟1−)] cos (2𝑛𝜔𝑅𝐹𝑡 − 𝑛

𝜋

4
)∞

𝑛=1    
    

−

   

 ∑ [1 + (−1)𝑛][𝐽2𝑛(𝑚𝑟1+) + 𝐽2𝑛(𝑚𝑟1−)] cos (2𝑛𝜔𝑅𝐹𝑡 + 𝑛
𝜋

4
)∞

𝑛=1
}

⟹
𝑓(𝑡) = {[𝐽4(𝑚𝑟1+) + 𝐽4(𝑚𝑟1−)] sin(4ωRFt)

−[𝐽12(𝑚𝑟1+) + 𝐽12(𝑚𝑟1−)] sin(12ωRFt)

+[𝐽20(𝑚𝑟1+) + 𝐽20(𝑚𝑟1−)] sin(20ωRFt) … }

                            (2.10) 

Consequently all harmonics are suppressed including the carrier apart from harmonics with order 

equal to the odd multiple of 4. Biasing all MZMs at MATP can be employed to perform frequency 

16-tupling [104] but then the operating range in terms of modulation index becomes narrow 

because of the emergence of carrier breakthrough, which can be deduced from Figure 2.1(c). All 

paths are added with same optical phase so nullification of J0(mr1±) cannot be obtained by design. 

The analysis described above is not exclusive to the proposed structure. Figure 2.2 shows the 

application of the proposed Argand diagram method to obtain the transmission functions for three 

other frequency 8-tupling circuits [46],[57],[103]. It can be observed that each individual circuit 

has its modulation index weighted differently based on its structure. This relates to the fact that 

each circuit will operate efficiently in a modulation index range which is different from others. 

Low RF power can be enabled by engineering this weighting function which is reflected in Figure 

2.3. 
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Figure 2.2 Application of Argand diagram to characterize the ideal RF specifications graphically which can be 

utilized to establish the total transmission function of frequency 8-tupling circuit using (a) two dual-parallel MZM 

(DP-MZM) is series [46], (b) two dual-stage MZMs in parallel [57] and (c) four MZMs in parallel [103] 

Figure 2.3 (a) represents the variation of the coefficients of the principle optical harmonic (e.g. 4th  

Figure 2.3: Variation of the coefficients of the two major unsuppressed optical harmonics, (a) 4th order and (b) 12th 

order in terms of the variation of the RF input amplitude. The half-wave voltage 𝑣𝜋 for each modulator is 5 V 
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order) of the four circuits. It can be suggested that RF power advantage can be achieved by the 

proposed architecture as its weighted modulation indices permit its satisfactory operation in the 

low RF amplitude range compared to others. Figure 2.3(a) shows that frequency octupling 

operation can be achieved for RF amplitude lower than 2 V. The low optical conversion efficiency 

and limited range of operation in terms of modulation RF amplitude variation for the proposed 

circuit is due to the fact that each component of the coefficient [𝐽2𝑛(𝑚𝑟1+) + 𝐽2𝑛(𝑚𝑟1−)] acts in a 

reciprocal fashion in certain range of RF amplitude. Figure 2.3(b) shows that frequency 12-tupling 

operation can also be achieved for lower RF input power than the other architecture, but 

conditional RF driving is necessary for the suppression of 4th order harmonics. 

2.4 Simulation and Result 

The proposed system is simulated using the Virtual Photonics Inc. (VPI) software package. A 

continuous wave distributed feedback (DFB) laser at a wavelength of 1550 nm with average power 

of 100 mW is used as the optical input. A 5 GHz sinusoidal RF drive signal is applied to each 

MZM with appropriate RF phase. RF drive amplitude for the ideal case is taken on the basis of 

output RF power and spectral purity in terms of electric side harmonic suppression ratio (ESHSR). 

Low RF frequency for the drive signal is considered to observe a broad frequency response at the 

output in the limited simulation window. In the ideal case: each MZM is differentially driven with 

half-wave voltage at 5V and has infinite extinction ratio (80 dB in the VPI simulation). Appropriate 

DC biasing voltage to maintain corresponding transmission condition is applied to each MZM. A 

PIN diode with a responsivity of 0.8 A/W is used for detecting the output signal. No optical or 

electrical filter is employed to suppress unwanted carrier. The simulations are done without using 

any optical or electrical amplifier. 

 

Figure 2.4 (a) Optical spectrum and (b) electrical spectrum of the proposed frequency 8-tupling signal shown in 

Figure 2.1(a) 
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The optical and electrical spectra at the output of the configuration are shown in Figure 2.4. As 

shown in Figure 2.4(a), the power of the two 4th order harmonics is 70 dB higher than that of the 

other pronounced unwanted harmonics. The optical carrier and all the sidebands except the odd 

multiple of 4th order are effectively suppressed as predicted by the theoretical approach.  After 

beating at the photodetector, a pristine frequency component at 40 GHz is obtained as shown in 

Figure 2.4(b). 

 

Figure 2.5 Comparison between the proposed cascaded architecture and three other architectures in terms of (a) RF 

input-output power and (b) ESHSR. The generated output power is calculated for a load resistance of 50 Ω. 

A comparison is made among the proposed architecture and three other frequency 8-tupling 

configurations to evaluate the RF power efficiency [46],[57],[103]. The circuits are chosen based 

on the criteria that all circuits including the proposed architecture have same number of MZM and 

identical RF phase condition. Besides theoretically each circuit is capable of suppressing the 

optical carrier and all the sidebands except the odd multiple of 4th order by design. Small 

descriptions of each of these circuits with ranges of RF drive voltage and ideal case simulation 

parameters are presented in Table 2.1. Specifications of the input laser and photodetector are same 

as the proposed circuit. From Figure 2.5, it can be observed the proposed cascaded architecture 

biased at MITP can perform more efficiently at low RF input. A wide operating range in terms of 

modulation index can be obtained while considering both output power and ESHSR. Although the 

operating range of the proposed circuit which could have an ESHSR exceeding 60 dB is smaller 

than that of the other configurations, it can be used for a range of input RF power as low as 15 

dBm to achieve output power greater than − 25 dBm with ESHSR > 50 dB. A minimum input RF 

advantage of ~1.7 dB for individual RF drive can be obtained by the proposed architecture. When 

compared to the circuit with parallel MZMs, the RF advantage is ~6 dB with ESHSR greater than 

60 dB. 

The RF input power can be lowered further by employing electro-optic modulator with low half-

wave voltage [105]. In the simulations, the half-wave voltage is set to 5 V as representative of 

commercially available LiNbO3 modulators. As can be observed from the Figure 2.5, the other 

architectures need high RF input power to maintain satisfactory performance which is close to or 
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Table 2.1: Summary of the circuits from used for comparison. These circuits are also depicted in Figure 2.2 

 

 

No 

                                 

 

                                       Description 

 

 

MZM 

 

RF drive 

amplitude 

(ideal 

case) 

 

RF 

drive 

phase 

(ideal 

case) 

Range of RF 

drive amplitude 

obtaining 

ESHSR> 50 dB 

and output RF 

power > -25 dB 

 

1 

Proposed circuit with four MITP-biased MZM in series. 

Each MZM has infinite extinction ratio and is differentially 

driven with half-wave voltage at 5V. The RF drive 

frequency is 5 GHz. 

MZM1 3.1 V 0  

1.6 V<VRF< 3.7 V MZM2 3.1 V π/4 

MZM3 3.1 V π/2 

MZM4 3.1 V 3π/4 

2 Two DP-MZM are in series where each DP-MZM has its 

sub MZMs biased at MATP while the outer MZI is biased 

at MITP. Each MZM has infinite extinction ratio and is 

differentially driven with half-wave voltage at 5V. The RF 

drive frequency is 5 GHz [46]. 

MZM1 4.5 V 0  

2.4 V<VRF< 5.2 V MZM2 4.5 V π/4 

MZM3 4.5 V π/2 

MZM4 4.5 V 3π/4 

3 An outer Mach-Zehnder interferometer (MZI) biased at its 

MITP with each of its two arms containing a pair of MZMs 

in series; each MZM biased at its MATP. Each MZM has 

infinite extinction ratio and is differentially driven with 

half-wave voltage at 5V. The RF drive frequency is 5 GHz 

[57]. 

MZM1 5.8 V 0  

 

2.6 V<VRF< 6.6 V MZM2 5.8 V π/4 

MZM3 5.8 V π/2 

MZM4 5.8 V 3π/4 

4 Four MZMs in parallel constitute two DP-MZM in parallel. 

Each sub-MZM and outer MZI of DP-MZM are biased at 

MATP. The outer MZI of the whole circuit is biased at 

MITP. Each MZM has infinite extinction ratio and is 

differentially driven with half-wave voltage at 5V. The RF 

drive frequency is 5 GHz [103]. 

MZM1 6.5 V 0  

 

3.9 V<VRF< 9.5 V 
MZM2 6.5 V π/4 

MZM3 6.5 V π/2 

MZM4 6.5 V 3π/4 

 

beyond the half-wave voltage of each modulator. In practical scenario, driving an electro-optic 

modulator with input greater than the half-wave voltage could lead the appearance of higher order 

harmonics. In that case, an architecture with low input operating capability is needed to maintain 

spectral purity. 

From Figure 2.3, it has been predicted that the operating range becomes narrower because of the 

increment of power at 12th order optical unsuppressed harmonic and decrement of the 4th harmonic. 

A frequency 24-tupling generation scheme can be achieved in a limited RF input range. The 

restriction is to suppress the 4th harmonic. A pristine RF frequency component at 120 GHz with -

39 dBm power can be obtained if the RF drive amplitude is fixed at 5.773 V which is lower than 

the requirement by the architecture proposed by Hasan and Hall [57]. 

The simulation results are obtained with the employment of perfectly balanced (50%) optical 

splitter/coupler with ideal relative phase relationship between ports. Besides, three other circuits 

[46],[57],[103] have parallel MZMs structure with outer MZI biased at null point. This leads to 

the addition of optical delay line. Directional coupler or polarization beam combiner followed by 

polarizer can also be used to achieve the optical biasing condition. These arrangement will 

introduce additional excess optical loss relative to the proposed cascaded architecture. 

A major problem with these architecture is their severe drift in performance in terms of spectral 

purity when RF phase is subjected to any deviation from their prescribed 
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values ∆∅p = (p − 1)π 4⁄ (p = 1,2,3,4). Figure 2.6(a) shows an almost identical performance 

degradation for individual RF drive phase deviation in the proposed architecture. The appearance 

 

Figure 2.6 (a) ESHSR variation due to RF phase drift in individual RF drive of the proposed architecture; (b) 

Comparison among the frequency 8-tupling configurations mentioned in Table 2.1 in terms of RF phase drift; (c) 

Optical spectra at the output of the proposed circuit when multiple RF phases are subjected to same drift. Here, RFn 

= 𝛥𝜑𝑛 

of the carrier and unwanted harmonics leads to lower order frequency component at the output of 

the photodiode. An ESHSR greater than 20 dB puts a restriction on the RF phase drift to be limited 

within ±1⁰. From Figure 2.6(b), it can be observed that the degradation is much more severe in a 

cascaded architecture which can be expected due to the fact that the sub-periodicity of the 

transmission function of the cascaded structure is broken as the introduced phase error at each 

stage would displace the zeros from their ideal position [59]. This results in a loss of complete 

suppression of the carrier and unwanted harmonics, as shown in Figure 2.6(c). Each optical 

spectrum depicts the degradation of the spectral purity by the emergence of carrier and even order 

harmonics when phase drifts are introduced to the RF drives mentioned in the Figure 2.6(c) while 

the others are at their ideal value. When all MZMs have the same RF phase error, the circuit could 

retain its ideal spectral characteristics which denotes the fact that the ideal relative phase difference 
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is vital to maintain satisfactory performance. Zhu et al. reported a filterless 1 × N hybrid RF 

photonic splitter capable of producing arbitrary phase shift and amplitude ratio which can be 

implemented to maintain the required RF phase condition [106]. 

                      

Figure 2.7. Optical spectra of the four frequency 8-tupling architectures when the RF drive amplitude of MZM1 in 

each circuit has a 10% deviation from the other RF drives amplitude. The spectra of circuit 2 in Figure 2.7(a) and 

circuit 4 in Figure 2.7(b) is shifted by 2.5 GHz for better visualization. The numbering of the circuits is based on the 

order representing them in Table 2.1 

Suppression of the unwanted harmonics can also be degraded by the RF drive amplitude drift from 

its ideal value. Figure 2.7 shows the optical spectra of the four frequency 8-tupling architectures 

mentioned in Table 2.1 for a 10% RF drive amplitude deviation ratio implemented to the MZM1. 

The RF drive amplitude deviation ratio is defined as (ΔvRF/vπ) ×100%. It can be observed from 

Figure 2.7 that RF drive amplitude drift leads to the appearance of the undesired harmonics which 

leads to unwanted RF components at the output of the photodiode. The circuit should be robust to 

variation in drive magnitude provided the RF drive to be small i.e. not introducing additional zeros. 

Careful RF drive maintenance is crucial for achieving the ideal functionality which can be obtained 

by the photonic-integrated microwave phase shifter demonstrated by Porzi et al. which is capable 

of 360° phase shift over broad bandwidth of more than 6 GHz around an RF carrier flexibly 
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selectable between 10 and 16 GHz and with the power oscillation is well confined within 0.8 dB 

[107].  

As discussed in the previous section, the non-ideal RF situation cannot be introduced easily in the 

theoretical approaches utilizing electro-optic modulators due to the emergence of complicated 

expressions and infinite series containing information of every optical harmonics. In the ideal 

cases, the complete suppression of various harmonics by design, definite RF phase relation and 

fixed modulation indices help to assume the spectral behavior of an architecture. Introduction of 

non-ideal RF conditions complicate the process. In the proposed Argand diagram approach, any 

RF deviation can be introduced and spectral information can be achieved from the trace of each 

path in the circuit. This is shown in Figure 2.8. 

 

Figure 2.8 (a) The deviation of the optical path vectors from their ideal position a result of the introduction of RF 

drifts; (b) Optical spectrum showing the effects due the RF drift  

As shown in Figure 2.8(a), any arbitrary RF drive drift from its ideal value can be represented by 

the new traces of each optical path. For the proposed cascaded configuration, any deviation which 

can be expressed as an RF drive phasor would affect all of the optical paths. Individual path will 

have a new trace deviated from its ideal position as shown in Figure 2.8(a). An arbitrary case is 

considered where the RF drive parameters are given:  for MZM1, vRF1=2.725 V, ∆∅1=0⁰; for 

MZM2, vRF2=3.1 V, ∆∅2=48⁰; for MZM3, vRF3=3.8 V, ∆∅3=89.2⁰ and for MZM4, vRF4=3.1 V, 

∆∅4=135⁰. An ideal case with vRFn=3.1 V and ∆∅𝑝 = (p − 1)π 4⁄ (p = 1,2,3,4) can generate 

an optical spectrum as shown in Figure 2.4(a). The RF drive deviations are responsible for the 

appearance of unwanted harmonics. This situation can be predicted numerically from the 

magnitude and angle of each trace which can be applied in the total summation with the 

introduction of optical information to get the total response. A MATLAB script presented in 

Appendix II can be utilized to derive the transmission of the circuit for both ideal and non-ideal 

condition.  

Another non-ideal situation involves the DC bias drift. The DC bias needed to maintain the desired 

transmission point of the MZM is a major factor in the suppression of odd harmonics in the 
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proposed function. The performance degradation in terms of optical sideband suppression ratio 

(OSSR) is shown in Figure 2.9(a). OSSR is defined as the difference of power between the desired 

optical harmonic and the most significant (in terms of power) unwanted optical harmonic in the 

upper sideband of the optical spectrum. The DC bias drift is defined as (ΔVDC / vπ) ×100%. The 

drift is applied to one MZM of each circuit mentioned in Figure 2.9(a) and they show similar 

characteristics. Lin et al. experimentally demonstrated a 30 dB OSSR degradation with a 25% bias  

                   

 

Figure 2.9 (a) OSSR deviation due to the variation of the DC bias; (b) RF spectrum at the output of photodiode 

when a 20% DC bias drift is applied to MZM1 of each circuit. The spectrum of the circuit with parallel MZMs is 

shifted by 2.5 GHz for better visualization 

drift applied at all of DP-MZM stages of the architecture [46]. In terms of the power at the 

unwanted RF harmonics, circuit 4 of Table 2.1 shows a little better performance where the 

proposed configuration shows higher power at the undesired RF harmonics. DC bias can be 

translated to optical phasor component which can be incorporated in the analysis using Argand 

diagram to predict the spectral behavior. 

Utilizing bias feedback control circuit to limit the bias drift within ±5%, the OSSR can be 

maintained at values greater than 20 dB which is sufficient for most millimeter-wave application 

[108]. DC bias free intensity modulator utilizing polarization modulator followed by polarizer can 

replace the MZM of the circuit to avoid the drift [59]. But this approach is hardly integrate-able 

and so the circuit should be assembled from discrete components. In the case of high refractive 

index contrast photonic integration platforms, the commercially available MZM with DC bias can 

be replaced by the static phase bias-less MZM proposed by Hasan et al. which utilizes the intrinsic 

phase relations of multi-mode interference couplers [109]. 

Figure 2.10 shows the relationship between the extinction ratio of MZM and spectral response of 

the frequency 8-tupling circuits mentioned in Table 2.1. As can be seen from Figure 2.10(a), when 

all MZMs have same extinction ratio, the proposed circuit can maintain a flat response in terms of 

ESHSR whereas the other circuits show degradation in their performance. The symmetry condition 

attained by the proposed architecture is responsible for the cancellation of the spurious harmonics 

at the RF spectrum. From Figure 2.10(c), it can be observed that this cancellation depends on the 
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phase of the spurious harmonics at the optical spectrum while other configurations suffer from the 

unwanted frequency components in the RF spectrum. Randomizing the extinction ratio among the 

MZMs can break the symmetry which can be observed in Figure 2.10(b). In this situation, the 

extinction ratio of one MZM (MZM1) is being varied while other MZMs have their extinction ratio 

fixed at 25 dB. MZM1 is chosen so that the effect of propagation of the imbalance through the 

whole cascaded architecture can be observed. The MZM which has the same RF specification is 

also chosen for other circuits for comparison. A sharp transition from its ideal response is observed.  

 

Figure 2.10 ESHSR variation due to the variation of extinction ratio of (a) all MZM, (b) one MZM (MZM1) while 

other has extinction ratio fixed at 25 dB; (c) Optical and electrical spectrum of the four configurations while each 

MZM has an extinction ratio of 25 dB 

ESHSR greater than 30 dB can be achieved for the range of extinction ratio shown. The symmetry 

can be exploited in integrated MZM application. The integration of large number of MZM in 

cascade has been demonstrated where 15 Mach-Zehnder interferometers with 30 thermo-optic 

phase shifters integrated into a single photonic chip which is  electrically and optically interfaced 

for arbitrary setting of all phase shifters [110]. The trimming strategies emerging in the field of 
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universal linear optics may be applied to design the extinction ratio of each MZM into close 

coincidence [111]. 

Construction of the proposed circuit using discrete components will increase the optical loss due 

to the introduction of insertion loss at each stage. The commercially available MZM has insertion 

loss of 3-5 dB in which the major contributor is fiber coupling loss. Besides, the RF phase error 

effect can be degraded more if the length of the waveguides connecting RF drive to the modulators 

are mismatched. In addition to the mature LiNbO3 technology, any material platform that offers 

linear electro-optic modulators can be utilized for fully integrating implementation of the proposed 

architecture. One of the major advantage of this circuit is its simplicity. A cascaded configuration 

without any extra coupler/splitter or outer MZI structure favors a compact design with less 

fabrication difficulty.  Development in electro-optic phase modulator in LiNbO3 [112], silicon 

[113], III-V [105], BaTiO3 [114] platforms augurs very well that the proposed circuit architecture 

is practical. 

To illustrate the proposed circuit’s application in a RoF system, a numerical simulation of a 

downlink carrying 10 Gb/s QPSK signal has been implemented. The downlink is complemented 

by two separate uplink systems. The uplink system are not optimized and they are utilized to 

evaluate the validity of the adoption of the proposed circuit in a RoF downlink. The adopted 

architecture for the downlink and the uplink is illustrated in Figure 2.11 and corresponding 

component specifications utilized in the simulation are mentioned in Table 2.2. In the downlink, 

the input light is externally modulated by a 5 GHz RF signal and an optical output with two-tone 

separated by 40 GHz is achieved from the proposed octupling architecture. A WDM demultiplexer 

is used to separate the two harmonics. A 10 Gbit/s QPSK signal is generated from pseudo random 

binary sequences (PRBS) of period 215-1. This baseband signal modulates the upper sideband in a 

conventional I/Q modulator. The output of the modulator is then combined with the un-modulated 

optical carrier at the lower sideband using a 2×1 MMI or Y-combiner. The combined signal is then 

transported from the transmitter central office (CO) to the remote base station (BS) through a span 

of single mode optical fiber. An mm-wave carrier of 40 GHz is generated at the BS by the 

Figure 2.11.Application of the proposed architecture in a radio-over-fiber downlink. LD: laser diode, LO: Local 

oscillator, OA: Optical amplifier, PD: Photodetector, SMF: Single mode fiber, BPF: Band pass filter, RA: RF 

amplifier, LPF: Low pass filter, BERT: Bit error rate tester 
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heterodyne beating of the two components of the combined signal into a photodetector with a 

sufficient frequency bandwidth. Hence the information signal (PRBS in this case) is imprinted on 

the 40 GHz carrier. The modulated carrier is then amplified and filtered through a band-pass filter 

having center frequency at 40 GHz with a bandwidth equal to the 1.5 times the bit rate. The 

corresponding signal is then transmitted by antenna to provide the down-link of a wireless access 

system. In this simulation, the wireless link is emulated in one uplink approach (RF uplink) by 

using an attenuator with a given amount of loss and a Gaussian noise source is used to set the noise 

floor referred to the input of the receiver. In another uplink (optical uplink), the information 

channel is converted back to the optical domain after a single sideband modulation scheme. In this 

case, the intensity of a CW laser is externally modulated by the intermediate frequency (IF) signal 

at 60 GHz and analyzed through an optical coherent receiver.  

Table 2.2: Summary of component specifications utilized in the numerical simulations (simulation parameters are not 

optimized) 

 Component Specifications 

 

 

 

 

 

 

 

 

Downlink 

Continuous-wave DFB laser1 Emission frequency: 193.1 THz 

Linewidth: 500 kHz 

RF local oscillator1 Amplitude: 3.1 V 

Frequency: 5 GHz 

Frequency octupling circuit’s 

MZM 

MITP biased with Vπ = 5 V 

Extinction ratio: 20 dB 

WDM demultiplexer Channel center frequencies: 193.08 GHz and 193.12 GHz 

3dB filter bandwidth: 20 GHz 

I/Q modulator’s MZM Extinction ratio: 25 dB 

Vπ = 5 V 

Optical amplifier before SMF Gain: 20 dB 

 

SMF span Attenuation: 0.2 dB/km 

Dispersion parameter: 16 ps/(km.nm) 

Photodetector Type: PIN 

Responsivity: 1A/W 

Bandpass filter Center frequency: 40 GHz 

Frequency bandwidth: 15 GHz 

 

RF uplink 

RF amplifier Gain: 10 dB 

RF local oscillator2 Amplitude: 0.2 V 

Frequency: 40 GHz 

 

 

 

Optical uplink 

SSB modulator’s MZM Vπ = 5 V 

Extinction ratio: 50 dB 

Continuous-wave DFB laser2 Emission frequency: 193.1 THz 

Average power: 20 kW 

Linewidth: 500 kHz 

Continuous-wave DFB laser3 Emission frequency: 193.14 THz 

Average power: 10 kW 

Linewidth: 800 kHz 

 

Figure 2.12(a) demonstrates the dependence of error vector magnitude (EVM) and symbol error 

rate (SER) on signal to noise ratio (SNR) when the mm-wave signal is received by the RF uplink. 

For an SNR of 15 dB, an EVM of 14.8% and SER of 10-11 are observed. An almost identical 

dependence of SER on received power at the optical uplink between two cases where extinction 
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ratio of each MZM of the octupling architecture is kept either infinity (80 dB in VPI simulation) 

or 20 dB is shown in Figure 2.12(b). This represents that the finite extinction ratio of the MZM at 

the frequency multiplication circuit does not have acute adverse impact on symbol error rate in the 

described optical coherent system and thus no significant power penalty is introduced. 

 

2.5 Summary 

In summary, an optical millimeter wave generation architecture is proposed as an energy efficient 

method with 1.7-6 dB RF advantage compared to functionally equivalent circuits. The 

functionality of the circuit can be given an exact analytical form using a generalized graphical 

method. The circuit requires no optical or electrical filtering and satisfactory performance can be 

obtained over a moderate range of modulation index at low RF operation. A system simulation 

depicts its validity as an mm-wave generation scheme for a RoF system. Although the simulation 

parameters are not optimized to improve the results or reflect the real-time situation perfectly, it 

can be concluded that due to its simple architecture and low RF drive requirement, the proposed 

architecture in its integrated format can be a candidate to provide access to millimeter-wave band. 

Figure 2.12 RoF system performance illustrated through the corresponding (a) error vector 

magnitude (EVM) and symbol error ratio (SER) plots of the RF uplink and (b) symbol error 

ratio plot of the optical uplink with two different extinction ratio for the MZM in the 

frequency octupling circuit. 
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Chapter 3. Frequency Multiplication using Polarization Modulator 

 

3.1 Introduction 

One of the key ingredients of the radio-over-fiber (RoF) paradigm needed to meet the demand of 

future broadband wireless access is efficient and cost-effective schemes for the generation and 

transmission of millimeter-wave (mm-wave) signals. Conventional electrical millimeter-wave 

generation schemes are costly and complicated due to the limited frequency response of electronic 

devices and the involvement of multi-stage frequency multiplication. Owing to its conceptual 

simplicity, the remote heterodyne beating of two phase correlated optical wavelengths impinging 

onto a high speed photodetector is a feasible approach that facilitates the generation of frequency 

tunable mm-wave carriers. Among different techniques such as optical heterodyning using mode-

locked lasers [116], optical injection locking [100], optical phase locked loop (OPLL) [29] optical 

nonlinear effect of stimulated Brillouin scattering (SBS) [117] and four wave mixing (FWM) [43], 

the frequency multiplication based on optical external modulation of a single wavelength laser 

source is proven to have higher spectral purity, simplicity, stability and the reduction of the local 

oscillator (LO) frequency required.  

For the past two decades, researchers have proposed several techniques based on optical external 

modulation incorporating Mach-Zehnder modulator (MZM), Sagnac loop, polarization modulator 

(PolM), phase modulator (PM). A selected list of publication employing external modulation for 

mm-wave generation with different multiplication factors has been presented in table-1.1. The 

conventional choice for modulator is the Mach-Zehnder interferometer based modulator because 

of its integration feasibility and established fabrication facilities. The mature LiNbO3 material 

platform has already delivered commercial high speed Mach-Zehnder modulator technology. In 

addition, recent developments of electro-optic phase modulators utilizing other technologies such 

as silicon, III-V, BaTiO3 or organic thin-films on Si have enabled the realization of mm-wave 

generation in a compact photonic integrated format.  

The conventional MZI structure requires a suitable integration platform for implementation as it 

is sensitive to the path-length errors between its arms. The schemes using MZMs based on mature 

LiNbO3 technology suffer from DC bias drift which results in unstable desired sideband power 

and poor undesired sideband suppression. Hence recently, polarization modulator (PolM) based 

optical millimeter wave generation has attracted greater attention of researchers due to its bias-free 

operation, high extinction ratio and robustness to path-length error. Another great advantage of in-

line polarizing optics is that it is robust to environmental perturbations even if it is assembled from 

discrete components. Besides, an integrate-able electro-optic PolM on GaAs platform has been 

demonstrated having ultra-high-speed operation and lower differential group delay [118]. Photonic 

frequency multiplication based mm-wave generators employing a dual parallel polarization 

modulator (DP-PolM) with multiplication factor of two [37]; four and eight [47]; a single PolM in 

a Sagnac loop providing multiplication factor of four [40]; and two cascaded PolMs enabling 

tunable multiplication factor [52] have been demonstrated.  

This chapter addresses two architectures capable of mm-wave generation. The first architecture 

involves a dual-parallel structure with each arm containing two cascaded PolMs with analyzers 

between a Y-power splitter at the input and a polarisation beam combiner and polarizer at the 
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output. The second single arm architecture consists of four polarization modulators (PolM) in 

series, each followed by a polarizer (Pol). Both circuits can perform as an optoelectronic method 

of microwave frequency octupling for a broad range of modulation index. The optical carrier and 

all sidebands except for harmonics of order equal to an odd integer multiple of four are suppressed 

without the necessity of any optical or electrical filter or careful adjustment of RF drive voltage. 

The second circuit offers additional RF power advantages. The robustness of the circuit is also 

verified by taking different non-ideal factors into consideration. 

3.2 Contribution 

The results provided in the following part of this chapter are published in the Journal of Modern 

Optics. In the paper, the first architecture mentioned above has been proposed. A theoretical 

analysis with simulation results showing the performance of the circuit in ideal and non-ideal 

conditions in terms of optical sideband suppression ratio (OSSR) and electrical side harmonic 

suppression ratio (ESHSR) have been presented. I drafted the paper, performed the simulations 

and contributed the original ideas by performing the theoretical analysis using transfer matrix 

method and evaluated the overall performance of the circuit by considering different non-ideal 

factors such as deviation in polarizer angle, RF drive phase to attain insight of their practicalities. 

Mehedi Hasan provided advice on the circuit diagram. Dr. Karin Hinzer and Dr. Trevor Hall were 

the principal investigators that formulated the research project. Dr. Hall contributed to the theory, 

provided advice on the interpretation of the results and helped revise the manuscript. 

3.3 Filterless Frequency Octupling Circuit using Dual Stage Cascaded 

Polarization Modulators 

The following section is a reproduction with permission of an article published in the Journal of 

Modern Optics [119].  

G. M. Hasan, M. Hasan, K. Hinzer, T. Hall, "Filterless frequency octupling circuit using dual 

stage cascaded polarisation modulators," Journal of Modern Optics, 66:4, pp. 455-461, 

December 2018,  DOI: 10.1080/09500340.2018.1555292 
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modulators) in parallel placed between two 4× 4 MMI
couplers (13); and a Mach–Zehnder interferometer with
each arm containing two cascadedMZMs (17) have been
proposed. Schemes utilizing a DPMZM in a Sagnac loop
(15) or cascaded DPMZM and Sagnac loop (20) have
also demonstrated a frequency octupling function. The
stability of the operations is dependent on the Sagnac
loop.

A major limitation of a MZM is a drift of its DC
operating point leading to unstable desired sideband
power and poor undesired sideband suppression. Hence
recently, PolMs based optical millimetre wave genera-
tion has attracted the attention of researchers due to the
bias-free operation and high extinction ratio of PolMs.
In (16), a photonic frequency octupling technique based
on two cascaded PolMs followed by polarization con-
trollers (PC) and polarizers (Pol) was proposed. By tun-
ing the PCs behind the PolMs to introduce a relative
phase shift between the two orthogonal phase modu-
lated lightwaves emanating from the PolMs and passing
the lightwaves through 45° oriented polarizers relative
to the principle axes of PolMs, two cascaded intensity
modulators suppressing odd-order sidebands are real-
ized. The ±4th order sidebands with the suppressed
optical carrier are achieved for a very narrow range of
modulation indices. Another frequency octupler based
on a dual-parallel PolM architecture was proposed where
the modulation index is limited to 2.405 to obtain satis-
factory performance (18). In (19), a circuit with a tun-
able multiplication factor was demonstrated. For specific
choices of modulation indices, which necessitate critical
adjustment of RF drive level, frequency octupling with

optical sideband suppression ratio (OSSR) lower than
16 dB is achieved.

In this work, a circuit with a dual-parallel structure
with each arm containing two cascaded PolMs with anal-
ysers between a Y-power splitter at the input and a polar-
ization beam combiner and polarizer at the output is
proposed to perform a frequency octupling function for a
broad range of modulation index. A theoretical analysis
with simulation results showing the performance of the
circuit in ideal andnon-ideal conditions in terms ofOSSR
and ESHSR are presented. There is no requirement for an
optical or electrical filter to suppress the optical carrier
or unwanted sidebands. The optical carrier and all side-
bands except those with orders equal to an odd integer
multiple of four are suppressed. The circuit requires no
careful adjustment of modulation index to achieve cor-
rect operation of frequency octupling with high OSSR
and ESHSR. The robustness of the circuit is also verified
by taking different non-ideal factors into consideration.

Principle

The dual stage cascaded PolM configuration proposed
for the frequency octupling is shown in Figure 1. A light
input from a CW linearly polarized laser source is split
using a Y-splitter and injected into the upper arm and the
lower arm of the proposed architecture. The polarization
state is controlled by a PC. Each arm consists of two stages
in cascade containing one PolM followed by a polarizer.
The first and second stages are driven in quadrature by
the RF signal. The arrangement of a PolM backed by a
polarizer with the specified polarization angle converts

Figure 1. Schematic diagram of the frequency octupling circuit using PolM. LD: laser diode; PD: photo diode. In (a–d) and (f ), the har-
monics with phase information generated by the individual intensity modulator and the final polarizer are shown. In (e,f ) the output of
the PBC is shown in a polarization diagram.
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the PolM to an intensity modulator. The alignment of the
state of the polarization of the input light and the polar-
izer angle relative to the principle axis of the PolM control
the biasing condition of the intensity modulator. A selec-
tion of 45° determines the PolMs to be biased at their
maximum transmission point (MATP). In the sequel it
is shown that each arm generates optical sidebands with
orders equal to an integer multiple of four alongside
the optical carrier. When combined by the outer polar-
izer with an angle −45° relative to the principle axis of
the PolMs, the carrier and even integer multiples of the
4th harmonics are suppressed; only orders equal to an
odd integer multiple of four (±4, ±12, ±20 . . . ) are
permitted. On photodetection, a high-quality frequency
octupled microwave signal is generated.

Consider a pair of PolMs with principal axes aligned
with the x- and y-axes. The amplitude transmission func-
tion of a PolMwith polarizer (blocks (a–d) in Figure 1) is
given by:

T = [cos(φ) sin(φ)]
[
exp(iϕ) 0

0 exp(−iϕ)

] [
cos(θ)

sin(θ)

]

⇒
T = cos(φ − θ) cos(ϕ) + i cos(φ + θ) sin(ϕ)

(1)
where ϕ = πvRF(t)/vπ is the optical phase shift induced
by the RF signal, vRF(t) is the RF drive voltage, vπ is
the half-wave voltage of the modulator, φ is the angle
of the polarizer with respect to the x-axis and θ is
the linear polarization state of the input light of the
PolM with respect to the x-axis. Taking φ = π/4, θ =
π/4, the transmission function becomes T = cos(ϕ)

which ensures the MATP biasing condition. Since φ =
π/4, θ = π/4, the output of the polarizer is in the same
polarization state as the input of the PolM. It follows that
the transmission of the upper arm and lower arm are
respectively:

Tab = TaTb = cos(ϕ1) cos(ϕ2) (2)

Tcd = TcTd = cos(ϕ3) cos(ϕ4) (3)

The output electric field can be written as:

Eout = [cos(φ5) sin(φ5)][
cos(ϕ1) cos(ϕ2)

0
0

cos(ϕ3) cos(ϕ4)

]
1√
2

[
1
1

]
Ein

⇒

Eout = 1√
2
Ein[cos(ϕ1) cos(ϕ2) cos(ϕ5)

+ cos(ϕ3) cos(ϕ4) sin(ϕ5)] (4)

Taking the polarizer 5 angle as φ5 = −π/4, the output
field becomes:

Eout = 1
4
Ein[cos(ϕ1 − ϕ2) + cos(ϕ1 + ϕ2)

− cos(ϕ3 − ϕ4) − cos(ϕ3 + ϕ4)] (5)

Assume that the RF drive voltage is given byvRF(t) =
VRF cos(ωRFt + �ϕn), where VRF is the peak amplitude,
ωRF is the RF angular frequency, t is the time and �ϕn
is the phase shift of the nth RF drive introduced to
the nth PolM. Setting the RF phase shifts to �ϕ1 = 0,
�ϕ2 = π/2, �ϕ3 = π/4, �ϕ4 = 3π/4 and applying the
Jacobi–Anger expansion, the output field in Equation (5)
can be rewritten:

Eout = 1
4Ein

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

[
J0(m) + 2

∑∞
n=1 J2n(m) cos

(
2nωRFt + n π

2
)]

+ [
J0(m) + 2

∑∞
n=1 (−1)nJ2n(m) cos

(
2nωRFt + n π

2
)]

− [
J0(m) + 2

∑∞
n=1 (−1)nJ2n(m) cos(2nωRFt)

]
− [

J0(m) + 2
∑∞

n=1 J2n(m) cos(2nωRFt)
]

⎫⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎭

⇒
Eout = 1

2Ein{∑∞
n=1 [1 + (−1)n]J2n(m)

[
cos

(
2nωRFt + n π

2
) − cos(2nωRFt)

]}
(6)

where Jp is the Bessel function of the first kind of order p
andm = √

2πVRF/vπ is themodulation index. Equation
(6) may be simplified and the first few terms evaluated:

Eout = −2Ein
∞∑
q=0

J4(2q+1)(m) cos[4(2q + 1)ωRFt]

≈ −2Ein[J4(m) cos(4ωRFt) + J12(m) cos(12ωRFt)

+ J20(m) cos(20ωRFt) + . . .]
(7)

It can be observed that all the orders are suppressed
except the odd multiples of four. From the magnitude of
the Bessel functions of order 12 and higher, it can be seen
that their contribution is negligible whilem < 7.3, so fre-
quency octupling can be achieved within this prescribed
range of modulation index.

Results and discussion

The proposed circuit architecture is simulated using the
Virtual Photonic Inc. (VPI) software package. Linearly
polarized light output from a continuous-wave DFB laser
operating at a vacuum wavelength of 1550 nm with a
linewidth of 200 kHz and average power of 10mW is
equally split by a Y-splitter and then injected into the
upper and lower arms of the circuit. The RF drive fre-
quency is set to 10GHz and the half-wave voltage for the

32



4 G. M. HASAN ET AL.

Figure 2. (a) Optical spectrum and (b) electrical spectrum of the
frequency 8-tupling signal.

PolM is taken as 1V. The peak RF voltage is then cho-
sen to be 1.2V to obtain the maximum electrical power
at the output. At each PolM (PolMn), a RF drive voltage
with the specified amplitude and phase shift is applied.
In the ideal case to obtain frequency octupling, the light
input at each arm is linearly polarized at 45° with respect
to the principal axis of the PolM, the Y-splitter is perfectly
balanced, the PBC is oriented along the principle axis of
the PolMs, the four polarizers at the dual-parallel struc-
ture are oriented at 45° and the 5th polarizer behind the
PBC is oriented at−45° with respect to the principal axes
of the PolMs, the RF phase shifts are exactly equal to the
values specified in the theoretical analysis.

Figure 2 shows the optical and electrical spectra at
the output of the circuit. As shown in Figure 2(a), the
unwanted 12th harmonics at ±120GHz (12× 10GHz)
are 67.68 dB smaller than the 4th harmonics at ±40GHz
(4× 10GHz) and the other sidebands are completely
suppressed by design. After passing through a photode-
tector with responsivity of 0.8 A/W, the desired beat
signal with frequency 80GHz, eight times that of the
RF drive signal, is generated without any significant
unwanted harmonics, as shown in Figure 2(b).

In practice, circuit parameters are subject to errors
due to the operating environment and component tol-
erances, hence the expected results may vary from the
ideal results due to the introduction of circuit imbalance.
Figure 3(a) shows the variations of OSSR and ESHSR due

Figure 3. (a) Numerically calculated OSSR and ESHSR for a wide
range of modulation index. (b) Electrical peak power of the har-
monics of interest and unwanted harmonics.

to a variation of modulation index arising from the vari-
ation of the peak RF drive voltage while the half-wave
voltage of the modulators are taken to be equal and
constant. It can be observed that the OSSR is quite con-
stant at 72.166 dB over a range of modulation index. At
lower values of modulation index (m ≤ 4.9), the promi-
nent unwanted harmonics are 5th order harmonics at
±50GHz. After that, the unwanted 12th order harmon-
ics emerge and cause a deterioration of the OSSR. From
the perspective of ESHSR, the circuit can achieve octu-
pling with satisfactory unwanted sideband suppression
without careful adjustment of the RF drive to the PolM.
Circuit operation with OSSR and ESHSR greater than
20 dB can be obtained for a wide range of modulation
index (1.9 ≤ m ≤ 7.3). The relationship among the peak
electrical power of the harmonic of interest (80GHz)
and the other unwanted harmonics with even multiple
of the RF drive frequency (20, 40 and 60GHz) for a
wide range of modulation index, as shown in Figure 3(b),
depicts the complete suppression of unwanted electrical
harmonicswhenmodulation index variation is taken into
consideration.

OSSR and ESHSR calculated for a constant RF peak
amplitude at 1.2V while varying polarizer angle are plot-
ted in Figure 4(a,b). It can be observed that both OSSR
and ESHSR are sensitive to the polarizer angle variation.
The variation is symmetric with respect to the ideal con-
dition. OSSR and ESHSR with values greater than 30 dB
can be achieved when individual polarizer angle devia-
tion is restricted to an interval of±3° from its ideal value.
From the simulation results, drifts in the Polarizer 1 and
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Figure 4. Variation of (a) OSSR and (b) ESHSR due to the drift of polarizer angle from ideal condition.When all the polarizers are suffering
fromdifferent angular deviation, the points on the x-axis represent different cases i.e.±0.5° (�Pol1 = 0,�Pol2 = ±0.5°,�Pol3 = ±1°,
�Pol4 = ±1.5°, �Pol5 = ±0.5°), ±1°(�Pol1 = 0, �Pol2 = ±1°, �Pol3 = ±1.5°, �Pol4 = ±2°, �Pol5 = ±1°), ±1.5°(�Pol1 = 0,
�Pol2 = ±1.5°, �Pol3 = ±2°, �Pol4 = ±2.5°, �Pol5 = ±1.5°), ±2°(�Pol1 = 0, �Pol2 = ±2°, �Pol3 = ±2.5°, �Pol4 = ±3°,
�Pol5 = ±2°), ±2.5°(�Pol1 = 0, �Pol2 = ±2.5°, �Pol3 = ±3°, �Pol4 = ±2.5°, �Pol5 = ±2.5°), ±3°(�Pol1 = 0, �Pol2 = ±3°,
�Pol3 = ±2.5°,�Pol4 = ±2°,�Pol5 = ±3°).

Polarizer 3 angle have negligible impacts on the desired
8th order RF harmonic since the additional unwanted RF
harmonics are more than 60 dB below the desired signal
power even when the deviation is ±3°. When all polar-
izer suffer from the same angle deviation, the situation
deteriorates but still circuit operation with greater than
20 dB forOSSR and 30 dB for ESHSR can be attained for a
±3° polarizer angle variation. To observe more practical
situations, simulations are done with different polarizer
having different polarizer angle deviation. Each point on
the axis defining the deviation of polarizer angle repre-
sents different cases. It can be observed that for different
deviation, the behaviour of OSSR is similar to the case
with the same deviation for all polarizer. Operation with
greater that 45 dB for ESHSR can be obtained for all these
cases.

Non-ideal phases of the RF drives to the individual
PolMs are also considered. Figure 5 shows the almost
identical ESHSR variations due to individual RF drive
signal phase error. Phase deviation of eachRF LO from its
ideal condition induces unwanted optical sidebands and
corresponding RF sidebands at the detector. However,
when the phase deviation is within±3°, the unwanted RF
sidebands are 19 dB lower than the desired component
and hence the quality of the generated mm-wave carri-
ers can be maintained even when the individual phase
deviation is around ±3°.

To observe the robustness of the configuration to RF
phase deviation, any two of the RF phases to the indi-
vidual PolMs are varied while the others are kept at
their ideal condition. Figure 6 shows the dependence of
ESHSR on the simultaneous phase deviation at PolM1
and another PolM (PolM2 or PolM3 or PolM4). In

Figure 5. ESHSR variation due to the deviation of individual RF
drive phase from ideal condition. RFn represents the RF phase
variation of the corresponding PolMn.

Figure 6(a), identical RF phase deviation is applied to
the PolM1 and either of the remaining PolMs. It can
be observed that the operation is more sensitive to the
simultaneous phase error in one arm of the parallel
branches. Circuit performance with ESHSR more than
19 dB is achieved when the deviation of RF drive phases
of PolM1 and another PolM varies between −2° and
+2°. Figure 6(b) shown a more practical situation where
differential deviation of RF drive phase is applied simul-
taneously to PolM1 and another PolM. In this case, circuit
operation is more sensitive to the phase variations at
PolMs in the same branch. In this case, ESHSR of greater
than 19 dB can be obtained for a differential phase devia-
tion of±1.5° from ideal condition. From the observation,
it can be concluded that maintaining RF drive phases at
their specific values is critical for successful operation of
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Figure 6. ESHSR variation due to the simultaneous phase drift in
two RF drives (a) at same direction, (b) at opposite direction. RFn
represents the RF phase variation of the corresponding PolMn.

the proposed circuit. Several approaches can be taken
into consideration to maintain precision over RF drive
phase. In (22), a photonic integrated microwave phase
shifter is proposed and experimentally demonstrated to
be capable of controlling the phase ofmicrowave signal in
a range of more than 360° with a bandwidth of more than
6GHz around anRF carrier flexibly selectable between 10
and 16GHz.

Conclusion

In summary, a photonic circuit consisting of four PolMs
and five polarizers has been proposed for implementing
frequency octupling and its operation has been theoreti-
cally analysed. Computer simulations verify its function-
ality. The operation of the circuit is not restricted to the
careful selection of the amplitude of the drive voltage to
maintain higher OSSR and ESHSR. The proposed sys-
tem can be operated over a modulation index from 1.9 to
7.3, a far wider range than other octupling techniques uti-
lizing PolM (16,18,19). Moreover, the circuit requires no
DCbias and no optical filtering for sideband suppression.
The effect on the optical and RF sidebands of a variety of

non-ideal values of parameters such as RF drive ampli-
tude, phase and the polarizer angles have been evaluated.
From the results it is found that the proposed circuit is
robust to practical values of component error.
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3.4 Contribution 

In the following part of the chapter, the second configuration enabling optical frequency octupling 

is presented. Its operation is analyzed theoretically using a transfer matrix approach. The 

theoretical predictions are then validated by the results of computer simulation. These results are 

published in Optical and Quantum Electronics. I drafted the paper, performed the simulations and 

contributed the original ideas by performing the theoretical analysis using transfer matrix method 

and evaluated the overall performance of the circuit by considering different non-ideal factors such 

as deviation in polarizer angle, RF drive phase to attain insight of their practicalities. Mehedi Hasan 

provided advice on the circuit diagram. Hongpeng Shang and DeGui Sun replicated and validated 

the results using different software. Peng Liu gave advices on the setup for practical verification 

and is providing assistance in experimentation with discrete components. Dr. Karin Hinzer and Dr. 

Trevor Hall were the principal investigators that formulated the research project. Dr. Hall 

contributed to the theory, provided advice on the interpretation of the results and helped revise the 

manuscript. 

 

3.5 Energy Efficient Photonic Millimeter-wave Generation Using Cascaded 

Polarization Modulators 

The following section is a reproduction of an article published in Optical and Quantum Electronics 

[59] 

Reprinted by permission from Springer Nature Customer Service Centre GmbH: 

Springer Nature, Optical and Quantum Electronics, ‘Energy efficient photonic millimeter-wave 

generation using cascaded polarization modulators’, Gazi Mahamud Hasan, Mehedi Hasan, 

Hongpeng Shang, DeGui Sun,  Karin Hinzer, Peng Liu and Trevor Hall © 2019 
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3.6 Summary 

In summary, two photonic circuit architecture are proposed that have the ability of millimeter-

wave generation using the optical external modulation technique. Both circuits employ 

polarization modulators instead of conventional Mach-Zehnder modulator or phase modulator. 

The cascade of polarization modulator and polarizer provides the operation of an intensity 

modulator whose biasing condition can be set by the polarizer angle and polarization state of the 

input light to each polarization modulator. A frequency multiplication factor of eight is achieved 

by both circuits which eases the requirement of the RF local oscillator to access the millimeter-

wave band. Complete suppression of carrier and unwanted sidebands except harmonics of order 

equal to odd integer multiples of four is achieved by design which nullifies the adoption of optical 

and electrical filters and simplifies the circuits’ operation and configuration. The operation of the 

frequency multiplication circuits is not restricted by any requirement to set the amplitude of the 

drive signal to a precise level which has the associated advantage of wide operating range in terms 

of modulation index with excellent spectral purity. The adoption of a polarization modulator 

instead of a MZM facilitates the DC bias free operation. Besides, the conventional MZI suffers 

from the path-length errors between its two arms whereas, in a polarization modulator, spatial 

overlap between the two-modes and propagation through identical physical path offers robust 

operation against relative optical path-length difference. This facilitates demonstration of the 

operation of both of the proposed circuits with discrete components. Moreover, developments in 

polarization modulators integrated on material platforms such as GaAs/AlGaAs [118], 

InP/InGaAsP [120] and progress on photonic integration technology [121] provide prospects of 

photonic integrated circuit implementation. The predictions of the theoretical analysis have been 

verified by computer simulations. Both circuits achieve unwanted optical harmonic suppression of 

more than 65 dB when ideal conditions are considered. A 10 GHz RF input signal can be translated 

to 80 GHz with electrical side harmonic suppression ratio (ESHSR) of >60 dB after beating the 

optical signal at a photodetector. The proposed system analysed in the first part of the chapter can 

provide operation over a modulation index from 1.9 to 7.3. The second architecture can operate at 

lower RF drive level with ~6 dB RF advantage compared to functionally equivalent parallel circuit. 

Non-ideal situations are also acknowledged for both circuits and it can be observed that the 

performance is limited mostly due to the errors in RF conditions. Operation with ESHSR greater 

than 20 dB can be obtained with practical values of component errors.  
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Chapter 4. Performance Analysis of a Multi-function Photonic 

Architecture on SOI employed as a Frequency Shifter 

4.1 Introduction 

The ever-growing data traffic and super broadband services demanded by the end users have led 

the wireless communication network to undergo rapid development in terms of capacity, 

bandwidth, cost and mobility. The low-power, mature lower frequency bands are already 

congested and offer small capacity in wireless communication. On the other hand, the high 

capacity high frequency wireless system is inherently power hungry, costly and imposes 

complicated coverage schemes. This bottleneck has introduced the radio-over-fiber (RoF) system 

as a viable solution for broadband wireless access networks [122-123]. RoF technology can exploit 

the low loss, lower power consumption and broad bandwidth offered by optical fiber 

communication by distributing the radio signals over the optical fiber. Traditionally, RoF employs 

analogue intensity-modulated direct detection (IM-DD) optical links [124-125] which is prone to 

high power consumption, limited dynamic range and periodic RF power fading. Hall et al. 

reasoned that broadband wireless access network using distributed antenna system architecture 

deployed in cluttered urban environments complemented by a digital coherent optical RoF link 

provides an energy efficient solution [3]. The millimeter-wave (mm-wave) carrier generation at 

downlink and efficient single sideband (SSB) modulation at uplink are two major factors to be 

considered for improvement of digital coherent optical transport of RF signal [23-25]. Numerous 

researches have been undertaken on photonic mm-wave generation techniques. The simplest 

approach is the heterodyne beating of two phase correlated optical carriers separated in frequency 

at a high speed photo-detector. The conventional methods are based on a dual-mode laser [126], a 

dual lasers with phase locking [127-128] or mode-lock lasers [129] which all suffer low RF 

coherency or limited tunability. External modulation based photonic mm-wave generation 

techniques are emerging as a feasible candidate due to its higher spectral purity, simplicity, 

stability and low RF frequency requirement [34],[59],[115]. A common feature of most external 

modulation based architectures is that the pair of high-order harmonics separated by the desired 

RF carrier frequency is emitted from the same output port. Hence, optical frequency selective 

components such as arrayed wavelength grating (AWG), frequency de-multiplexer are needed to 

separate these sub-carriers in order that they may be modulated individually. This introduces 

complexity in system implementation in terms of tuning, selectivity and temperature sensitivity 

[130-131].  

Yamazaki et al. demonstrated that a complementary frequency shifter capable of spatial frequency 

separation can be implemented and integrated along with an in-phase quadrature-phase (IQ) 

modulator to obtain separate subcarrier modulation without using any optical frequency de-

multiplexer and achieved data rates up to 400 Gbit/s using dual-polarization (DP) 16-level QAM 

[132-133]. A digital coherent RoF system with downlink utilizing a higher order SSB modulator 

as a frequency shifter to generate mm-wave has been proposed by Hassan & Hall [134]. Their 

architecture exploits the spatial separation of higher order sideband for frequency multiplication 

and consequently can be operated in a low RF frequency regime.  
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A multi-functional photonic circuit consisting of four differentially driven MZMs in parallel has 

been proposed in [135]. Sub-carrier generation, frequency multiplication, complex modulation and 

frequency conversion can be achieved by the same architecture. Each functionality is associated 

with a combination of MZM biasing, optical phase shifting and RF relative phase relationship 

which can be obtained by outside control. Table 4.1 describes the conditions for achieving these 

function. Figure 4.2 shows the schematic of the proposed circuit. In this chapter, the frequency 

shifting capability of the proposed architecture [135] is demonstrated. The silicon-on-insulator 

(SOI) platform has been used for the fabrication of the circuit. Multimode interference (MMI) 

couplers are used as the splitter/combiner of the MZI structures to avoid DC bias drift problem. 

Besides, MMI offers wideband operation, less sensitivity to slight fabrication defects and low loss. 

The circuit had been fabricated to prove its implementation feasibility and so, to avoid complexity, 

tuning mechanism had been avoided in the design. The observations obtained from our 

experiments is encouraging for future fabrication with proper tuning mechanism and 

implementation in the digital coherent RoF link of a viable  sub-carrier generator with higher order 

frequency multiplication at downlink and SSB modulator at uplink. 

Table 4.1: List of parameters necessary to obtain target application (MATP: Maximum transmission point; MITP: 

Minimum transmission point; Complex signal = 𝑉𝐼 + 𝑖𝑉𝑄 ) 

  Sub-carrier  generation Frequency 

conversion/SSB 

modulation 

IQ 

modulation 

Frequency 8-tupling 

MZM DC 

bias point 

MZMA MITP MITP MITP MATP 

MZMB MITP MITP MITP MATP 

MZMC MITP MITP MITP MATP 

MZMD MITP MITP MITP MATP 

Optical phase 

shift 

MZMA π/4 0 0 0 

MZMB 0 0 0 0 

MZMC 2π/4 0 0 0 

MZMD 3π/4 0 0 0 

Modulating 

signal 

MZMA 𝑉𝑅𝐹sin⁡(𝜔𝑅𝐹𝑡) 𝑉𝑅𝐹sin⁡(𝜔𝑅𝐹𝑡) 𝑉𝐼 𝑉𝑅𝐹cos⁡(𝜔𝑅𝐹𝑡) 

MZMB 𝑉𝑅𝐹sin⁡(𝜔𝑅𝐹𝑡 + 𝜋/4) 𝑉𝑅𝐹sin⁡(𝜔𝑅𝐹𝑡 + 𝜋/2) 𝑉𝑄 𝑉𝑅𝐹cos⁡(𝜔𝑅𝐹𝑡 + 𝜋/4) 

MZMC 𝑉𝑅𝐹sin⁡(𝜔𝑅𝐹𝑡 + 3𝜋/4) 𝑉𝑅𝐹sin⁡(𝜔𝑅𝐹𝑡 + 𝜋/2) 𝑉𝑄 𝑉𝑅𝐹cos⁡(𝜔𝑅𝐹𝑡 + 𝜋/2) 

MZMD 𝑉𝑅𝐹sin⁡(𝜔𝑅𝐹𝑡 + 2𝜋/4) 𝑉𝑅𝐹sin⁡(𝜔𝑅𝐹𝑡) 𝑉𝐼 𝑉𝑅𝐹cos⁡(𝜔𝑅𝐹𝑡 + 3𝜋/4) 

 

4.2 Contribution 

The results described in this chapter are being prepared for publication. A primary draft has been 

archived in arXiv.org. This chapter provides a theoretical verification of the frequency shifting 

functionality of the fabricated circuit. A short review on silicon modulator is presented. The results 

collected from experiments are delivered and explained. Circuit and design modifications needed 

for better performance are prescribed for future fabrication. I prepared the set up for testing and 

measurement, conducted the experiment and collect data, characterized the results and prescribe 

future fabrication modifications needed. Mehedi Hasan helped me in conducting experiment and 

described the functionalities in a publication [135]. Dr. Jessica Zhang from CMC microsystem 

prepared the layout. Dr. Ramón Maldonado-Basilio did the wirebonding of the chip and conducted 

an experiment before to evaluate the diode characteristics of the individual phase modulator [137]. 
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Dr. Trevor Hall developed the theory, designed the circuit, provided advice on the interpretation 

of the results and helped revise the manuscript. 

4.3 Theory 

The conventional waveguide-based method for frequency shifting utilizing single sideband 

modulation (SSB) by an in-phase/quadrature (IQ) modulator was first described by Izutsu et al. 

[81]. Their architecture consists of a dual parallel Mach-Zehnder modulator (DPMZM) which has 

two differential MZMs, each on one arm of an outer Mach-Zehnder interferometer (MZI) structure. 

The MZMs are set to their minimum transmission bias points and act as amplitude modulators.  

The outer MZI is set to its quadrature bias point i.e. one arm has a phase shift of π/2 with respect 

to the other. Figure 4.1 shows the architecture and the output optical spectrum of this IQ modulator. 

The circuit shown in Figure 4.1(a) can perform the SSB frequency electro-optical up-conversion 

function if an RF electrical signal is applied to I channel and a π/2 phase-shifted replica of the 

same RF electrical signal is applied to the Q channel. In the ideal situation, each of the Y-splitters 

has a perfect 3-dB splitting ratio which leads to the transmission function of the circuit to be: 

𝑓1(𝑡) =
𝑖

2
{sin[𝑚 cos(𝜔𝑅𝐹𝑡)] + 𝑖 sin[𝑚 sin(𝜔𝑅𝐹𝑡)]}

⟹
𝑓1(𝑡) = 𝑖{𝐽1(𝑚) exp[𝑗𝜔𝑅𝐹𝑡] − 𝐽3(𝑚) exp[−𝑗3𝜔𝑅𝐹𝑡] … }

     (4.1) 

where 𝑚 = 𝜋𝑉RF 𝑣𝜋⁄  is the modulation index, 𝑣𝜋 is the half-wave voltage of the modulator, 𝐽𝑝 is 

the Bessel function of the first kind of order p and 𝜔𝑅𝐹 is the RF angular frequency. The optical 

spectrum shown in Figure 4.1(b) is achieved for 𝑉RF = 0.1𝑣𝜋. Restricting operation in small signal 

modulation range results in lower conversion efficiency but high side-harmonic suppression [90]. 

A polarity change at the phase in the outer MZI can switch the upper sideband (USB) to lower 

sideband (LSB) operation. 

Maldonado-Basilio et al. proposed an electro-optical up-conversion mixer which utilizes the 

intrinsic relative phase relationships between the ports of MMI coupler to provide necessary static 

Figure 4.1 (a) Schematic diagram of conventional IQ modulator based optical frequency shifter. The MZMs are 

differentially driven. π/2 optical phase shift is applied to bias the outer MZI to its quadrature point (b) Optical 

spectrum of the corresponding circuit showing frequency shifting of the carrier by the RF frequency 30 GHz. 

Simulation is done using Virtual photonics Inc. (VPI) software package. MZM: Mach-Zehnder modulator, 

OSA: Optical spectrum analyzer, LD: Laser diode 
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phase, eliminating the need of static bias, static phase element and trimming [136]. Another 

photonic frequency multiplier circuit uses the same concept of exploiting the phase relationship of 

input and output signals in the MMI coupler to obtain an 8-fold multiplication of the electric local 

oscillator frequency [58],[137]. Mehedi Hassan et al. extended the circuits functionality to have 

dual-carrier complex modulation, sub-carrier generation and frequency up-conversion [135]. This 

photonic circuit consists of eight phase modulator situated in the arms between an interconnected 

4×8 distribution tree and a complementary 8×4 combination tree. The 4×8 distribution tree starts 

with an outer stage of 4×4 MMI coupler which is followed by an inner stage consisting of two 

parallel pairs of 2×2 MMI couplers. The 8×4 combination tree maintains a reciprocal structure of 

the distribution tree. Four MZI structures can be formed by connecting each pair of phase 

modulators to the inner stage MMIs as shown in Figure 4.2(a). Each MZI configuration can act as 

an MZM when differentially driven. A little modification in the connections between the outer and 

inner stages at the distribution and combination sides which would translate into the bias point 

reversal converts the frequency 8-tupling circuit in [58] to the IQ modulator in [135]. The 

schematic diagram of the modified IQ modulator is shown in Figure 4.2(b). 

To achieve the IQ modulator operation, each MZM is to be biased at its minimum transmission 

point (MITP). This can be maintained by selecting appropriate input and output ports of each MZI 

which offers the necessary static optical phase difference between the arms of MZM due to the 

intrinsic relative phase relationships between the ports of MMI coupler. Figure 4.2(a) shows the 

choice of input-output ports for which MITP condition for each MZM can be achieved by design. 

The transfer matrix of individual MZM can be expressed as: 

 

[
𝑏1

𝑏2
] = 𝑇2×2 [

exp⁡(𝑖𝜑1) 0
0 exp⁡(𝑖𝜑2)

] 𝑇2×2 [
𝑎1

𝑎2
]     (4.2) 

Figure 4.2 (a) Schematic of the differentially driven MZMs; (b) Schematic diagram of the proposed frequency 

shifter circuit. Each MZM is driven differentially with modulating signals 𝜑𝐴, 𝜑𝐵 , 𝜑𝐶 ⁡and 𝜑𝐷 respectively. MMI: 

Multimode interference coupler, PM: Phase modulator, MZM: Mach-Zehnder modulator 



52 
 

where 𝑇2×2 =
1

√2
[
1 −𝑖
−𝑖 1

] is the transfer matrix of a 2×2 MMI coupler and 𝜑𝑛 is the phase shift 

applied to the nth arm of an MZM. Based on the input/ output ports of each MZM chosen and the 

phase shift applied to drive each MZM differentially, the transmission function of each MZM can 

be obtained as: 

𝑓𝑀𝑍𝑀𝑁
= 𝑖 sin(𝜑𝑁)        (4.3) 

The four parallel MZMs biased at MITP provide the framework of two parallel IQ modulators. 

The necessary optical phase difference between two MZMs of each IQ modulator can be obtained 

by a proper interconnection between the inner MZM stage and the 4×4 MMI couplers at the outer 

stages. The detailed schematic diagram in Figure 4.2(b) shows a mirror symmetry in terms of 

circuit connection. Several ways for the application of RF inputs satisfying the condition of biasing 

the outer MZI of each IQ modulator at its quadrature point are possible. Figure 4.2(b) shows one 

example which retains the mirror symmetry. In this architecture, the upper two MZMs form one 

IQ modulator and the lower two MZMs form the other one. 

The total transfer matrix of the architecture can be expressed as [58]: 

[

𝑂1

𝑂2

𝑂3

𝑂4

] = 𝑖⁡𝑇4×4 [

sin(𝜑𝐴)
0
0
0

⁡⁡

0
sin(𝜑𝐵)

0
0

⁡⁡

0
0

sin(𝜑𝐶)
0

⁡⁡

0
0
0

sin(𝜑𝐷)

] 𝑇4×4 [

𝐼1
𝐼2
𝐼3
𝐼4

]    (4.4) 

where 𝑇4×4 =
1

√4
[

⁡⁡⁡1
−𝜁

⁡⁡⁡
𝜁
1

⁡⁡

−𝜁
⁡⁡⁡1

⁡⁡⁡
1
𝜁

⁡⁡

⁡⁡⁡𝜁
⁡⁡⁡1
⁡⁡⁡1
−𝜁

⁡⁡

⁡⁡⁡1
⁡⁡⁡𝜁
−𝜁
⁡⁡⁡1

] is the transfer matrix of a 4×4 MMI coupler. Here, ⁡𝜁 = 𝑒𝑖𝜋 4⁄ . 

Assuming only 𝐼1 to be connected to the optical source and two modulating signals 𝑉1 = 𝑉𝐼1 +

𝑖𝑉𝑄1 and 𝑉2 = 𝑉𝐼2 + 𝑖𝑉𝑄2 to be applied in such a way that 𝜑𝐴 = ⁡𝜋𝑉𝐼1/𝑣π⁡, 𝜑𝐵 = ⁡𝜋𝑉𝑄1/𝑣π, 𝜑𝐶 =

⁡𝜋𝑉𝑄2/𝑣π and 𝜑𝐷 = ⁡𝜋𝑉𝐼2/𝑣π, the outputs of the architecture can be expressed as: 

[

𝑂1

𝑂2

𝑂3

𝑂4

] =
𝑖

4

[
 
 
 
 

sin(𝜋𝑉𝐼1/𝑣π) + 𝑖sin⁡(𝜋𝑉𝑄1/𝑣π) + sin⁡(𝜋𝑉𝐼2/𝑣π) + 𝑖𝑠𝑖𝑛(𝜋𝑉𝑄2/𝑣π)

𝜁{−sin(𝜋𝑉𝐼1/𝑣π) − sin⁡(𝜋𝑉𝑄1/𝑣π) + sin⁡(𝜋𝑉𝐼2/𝑣π) + 𝑠𝑖𝑛(𝜋𝑉𝑄2/𝑣π)}

𝜁{sin(𝜋𝑉𝐼1/𝑣π) − sin⁡(𝜋𝑉𝑄1/𝑣π) − sin⁡(𝜋𝑉𝐼2/𝑣π) + 𝑠𝑖𝑛(𝜋𝑉𝑄2/𝑣π)}

sin(𝜋𝑉𝐼1/𝑣π) − 𝑖sin⁡(𝜋𝑉𝑄1/𝑣π) + sin⁡(𝜋𝑉𝐼2/𝑣π) − 𝑖𝑠𝑖𝑛(𝜋𝑉𝑄2/𝑣π) ]
 
 
 
 

[𝐼1]  (4.5) 

For (𝑉𝐼1/𝑣π, 𝑉𝑄1/𝑣π, 𝑉𝐼2/𝑣π, 𝑉𝑄2/𝑣π) ≪ 1, equation (4.5) can be written as: 

                 [

𝑂1

𝑂2

𝑂3

𝑂4

] =
𝑖𝜋

4𝑣π

[
 
 
 
 

𝑉1 + 𝑉2

𝜁{(𝑉𝐼2 − 𝑉𝐼1) + (𝑉𝑄2 − 𝑉𝑄1)}

𝜁{(𝑉𝐼1 − 𝑉𝐼2) + (𝑉𝑄2 − 𝑉𝑄1)}

𝑉1
∗ + 𝑉2

∗ ]
 
 
 
 

[𝐼1]   (4.6) 

where (*) stands for complex conjugate. In the case of a pure tone modulating signal, i.e. 𝜑𝐴 =

𝜑𝐷 = ⁡𝑚 cos(𝜔𝑅𝐹𝑡) and its companion π/2 phase shifted replica, i.e. 𝜑𝐵 = 𝜑𝐶 = 𝑚 cos(𝜔𝑅𝐹𝑡 +
π/2), the outputs of the architecture can be expressed as: 
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[

𝑂1

𝑂2

𝑂3

𝑂4

] = [

−𝑖 ∑ 𝐽2𝑛−1(𝑚){(−1)𝑛 cos[(2𝑛 − 1)𝜔𝑅𝐹𝑡] + 𝑖sin⁡[(2𝑛 − 1)𝜔𝑅𝐹𝑡]}∞
𝑛=1

0
0

−𝑖 ∑ 𝐽2𝑛−1(𝑚){(−1)𝑛 cos[(2𝑛 − 1)𝜔𝑅𝐹𝑡] − 𝑖sin⁡[(2𝑛 − 1)𝜔𝑅𝐹𝑡]}∞
𝑛=1

] [𝐼1]

⟹

[

𝑂1

𝑂2

𝑂3

𝑂4

] = [

𝑖{𝐽1(𝑚)exp[−𝑗𝜔𝑅𝐹𝑡] − 𝐽3(𝑚) exp[𝑗3𝜔𝑅𝐹𝑡]… }
0
0

𝑖{𝐽1(𝑚)exp[𝑗𝜔𝑅𝐹𝑡] − 𝐽3(𝑚)exp[−𝑗3𝜔𝑅𝐹𝑡]… }

] [𝐼1]

   (4.7) 

It can be observed from equation (4.7) that for this specific input/output combination and local 

oscillator setting, this photonic architecture performs an electrical to optical frequency up-

conversion with the lower optical sideband available from output port 𝑂1 and the upper optical 

sideband available from output port 𝑂4. In principle, all even order harmonics, including the carrier 

are suppressed. Among the odd order harmonics, for output port 𝑂1, positive orders equal to 

(2p+1), with p even, and negative orders equal to –(2p+1) , with p odd, are suppressed and vice 

versa for output port 𝑂4. By energizing other input ports individually, the LSB-USB operations 

shift to other output ports. Interchanging the local oscillator setting, i.e. 𝜑𝐴 = 𝜑𝐷 =

𝑚 cos(𝜔𝑅𝐹𝑡 + π/2) and 𝜑𝐵 = 𝜑𝐶 = 𝑚 cos(𝜔𝑅𝐹𝑡) leads the LSB-USB operation to swap their 

respective output ports, maintaining their distinct spatial separation. Table 4.2 lists all the input-

output combination that leads the electrical to optical frequency up-conversion for the RF setting 

shown in Figure 4.2(b). 

It is possible to remove one IQ modulator completely from the operation by disconnecting the RF 

local oscillators to it. For equal phase shift at both arms of an MZI architecture, it will act as a 

cross-over if there is no external perturbation in phase. From Figure 4.2, it can be observed that all 

the cross-ports are unused which means that any MZI can be cut-off completely at the expense of 

optical power. Taking 𝜑𝐶 = 𝜑𝐷 = 0 leads the removal of the lower IQ modulator to be from the 

end-to-end optical path which modifies equation (4.4) to: 

⁡⁡

[

𝑂1

𝑂2

𝑂3

𝑂4

] = 𝑖⁡𝑇4×4 [

sin(𝜑𝐴)
0
0
0

⁡⁡

0
sin(𝜑𝐵)

0
0

⁡⁡

0
0

sin(𝜑𝐶)
0

⁡⁡

0
0
0

sin(𝜑𝐷)

] 𝑇4×4[𝐼1]

⟹

[

𝑂1

𝑂2

𝑂3

𝑂4

] =
1

2

[
 
 
 
 

−𝑖 ∑ 𝐽2𝑛−1(𝑚){(−1)𝑛 cos[(2𝑛 − 1)𝜔𝑅𝐹𝑡] + 𝑖sin⁡[(2𝑛 − 1)𝜔𝑅𝐹𝑡]}∞
𝑛=1

𝑒𝑖3𝜋/4 ∑ 𝐽2𝑛−1(𝑚){(−1)𝑛 cos[(2𝑛 − 1)𝜔𝑅𝐹𝑡] + sin⁡[(2𝑛 − 1)𝜔𝑅𝐹𝑡]}∞
𝑛=1

−𝑒𝑖3𝜋/4 ∑ 𝐽2𝑛−1(𝑚){(−1)𝑛 cos[(2𝑛 − 1)𝜔𝑅𝐹𝑡] − sin⁡[(2𝑛 − 1)𝜔𝑅𝐹𝑡]}∞
𝑛=1

−𝑖 ∑ 𝐽2𝑛−1(𝑚){(−1)𝑛 cos[(2𝑛 − 1)𝜔𝑅𝐹𝑡] − 𝑖sin⁡[(2𝑛 − 1)𝜔𝑅𝐹𝑡]}∞
𝑛=1 ]

 
 
 
 

[𝐼1]

⟹

[

𝑂1

𝑂2

𝑂3

𝑂4

] =
1

2

[
 
 
 
 

𝑖{𝐽1(𝑚)exp[−𝑗𝜔𝑅𝐹𝑡] − 𝐽3(𝑚)exp[𝑗3𝜔𝑅𝐹𝑡]… }

√2𝑒𝑖3𝜋/4{−𝐽1(𝑚)cos⁡(𝜔𝑅𝐹𝑡 + 𝜋/4) + 𝐽3(𝑚)cos⁡(3𝜔𝑅𝐹𝑡 − 𝜋/4)}

√2𝑒𝑖3𝜋/4{𝐽1(𝑚)cos⁡(𝜔𝑅𝐹𝑡 − 𝜋/4) − 𝐽3(𝑚)cos⁡(3𝜔𝑅𝐹𝑡 + 𝜋/4)}

𝑖{𝐽1(𝑚)exp[𝑗𝜔𝑅𝐹𝑡] − 𝐽3(𝑚) exp[−𝑗3𝜔𝑅𝐹𝑡]… } ]
 
 
 
 

[𝐼1]

 (4.8) 
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Table 4.2: List of the transfer functions and optical spectra at the output ports for individual input port excitation. 4 

MZM means all four differentially driven MZMs are active. 2 MZM means only MZMA and MZMB are active, other 

MZMs are acting as cross-over.  

 Only one input port is energized  

𝑰𝟏 𝑰𝟐 𝑰𝟑 𝑰𝟒 

 

 

 

𝑶𝟏 

𝑓4⁡𝑀𝑍𝑀

= 𝑖 {
𝐽1(𝑚) exp[−𝑗𝜔𝑅𝐹𝑡]

−𝐽3(𝑚)exp[𝑗3𝜔𝑅𝐹𝑡] . .
} 

 

𝑓2⁡𝑀𝑍𝑀

=
𝑖

2
{

𝐽1(𝑚) exp[−𝑗𝜔𝑅𝐹𝑡]

−𝐽3(𝑚) exp[𝑗3𝜔𝑅𝐹𝑡] . .
} 

𝑓4⁡𝑀𝑍𝑀 = 0 
 

𝑓2⁡𝑀𝑍𝑀 = √2𝑒
𝑖3𝜋
4  

× {
−𝐽1(𝑚) cos (𝜔𝑅𝐹𝑡 ±

𝜋

4
)

+𝐽3(𝑚) cos (3𝜔𝑅𝐹𝑡 ∓
𝜋

4
)
} 

𝑓4⁡𝑀𝑍𝑀 = 0 
 

𝑓2⁡𝑀𝑍𝑀 = √2𝑒
𝑖3𝜋
4  

× {
𝐽1(𝑚) cos (𝜔𝑅𝐹𝑡 ∓

𝜋

4
)

−𝐽3(𝑚) cos (3𝜔𝑅𝐹𝑡 ±
𝜋

4
)
} 

𝑓4⁡𝑀𝑍𝑀

= 𝑖 {
𝐽1(𝑚) exp[𝑗𝜔𝑅𝐹𝑡]

−𝐽3(𝑚)exp[−𝑗3𝜔𝑅𝐹𝑡] . .
} 

 

𝑓2⁡𝑀𝑍𝑀

=
𝑖

2
{

𝐽1(𝑚) exp[𝑗𝜔𝑅𝐹𝑡]

−𝐽3(𝑚) exp[−𝑗3𝜔𝑅𝐹𝑡] . .
} 

 

 

 

𝑶𝟐 

𝑓4⁡𝑀𝑍𝑀 = 0 
 

𝑓2⁡𝑀𝑍𝑀 = √2𝑒
𝑖3𝜋
4  

× {
−𝐽1(𝑚) cos (𝜔𝑅𝐹𝑡 ±

𝜋

4
)

+𝐽3(𝑚) cos (3𝜔𝑅𝐹𝑡 ∓
𝜋

4
)
} 

𝑓4⁡𝑀𝑍𝑀

= 𝑖 {
𝐽1(𝑚) exp[𝑗𝜔𝑅𝐹𝑡]

−𝐽3(𝑚)exp[−𝑗3𝜔𝑅𝐹𝑡] . .
} 

 

𝑓2⁡𝑀𝑍𝑀

=
𝑖

2
{

𝐽1(𝑚) exp[𝑗𝜔𝑅𝐹𝑡]

−𝐽3(𝑚) exp[−𝑗3𝜔𝑅𝐹𝑡] . .
} 

𝑓4⁡𝑀𝑍𝑀

= 𝑖 {
𝐽1(𝑚) exp[−𝑗𝜔𝑅𝐹𝑡]

−𝐽3(𝑚) exp[𝑗3𝜔𝑅𝐹𝑡] . .
} 

 

𝑓2⁡𝑀𝑍𝑀

=
𝑖

2
{

𝐽1(𝑚) exp[−𝑗𝜔𝑅𝐹𝑡]

−𝐽3(𝑚) exp[𝑗3𝜔𝑅𝐹𝑡] . .
} 

𝑓4⁡𝑀𝑍𝑀 = 0 
 

𝑓2⁡𝑀𝑍𝑀 = √2𝑒
𝑖3𝜋
4  

× {
−𝐽1(𝑚) cos (𝜔𝑅𝐹𝑡 ±

𝜋

4
)

+𝐽3(𝑚) cos (3𝜔𝑅𝐹𝑡 ∓
𝜋

4
)
} 

 

 

𝑶𝟑 

𝑓4⁡𝑀𝑍𝑀 = 0 
 

𝑓2⁡𝑀𝑍𝑀 = √2𝑒
𝑖3𝜋
4  

× {
𝐽1(𝑚) cos (𝜔𝑅𝐹𝑡 ∓

𝜋

4
)

−𝐽3(𝑚) cos (3𝜔𝑅𝐹𝑡 ±
𝜋

4
)
} 

𝑓4⁡𝑀𝑍𝑀

= 𝑖 {
𝐽1(𝑚) exp[−𝑗𝜔𝑅𝐹𝑡]

−𝐽3(𝑚) exp[𝑗3𝜔𝑅𝐹𝑡] . .
} 

 

𝑓2⁡𝑀𝑍𝑀

=
𝑖

2
{

𝐽1(𝑚) exp[−𝑗𝜔𝑅𝐹𝑡]

−𝐽3(𝑚) exp[𝑗3𝜔𝑅𝐹𝑡] . .
} 

𝑓4⁡𝑀𝑍𝑀

= 𝑖 {
𝐽1(𝑚) exp[𝑗𝜔𝑅𝐹𝑡]

−𝐽3(𝑚)exp[−𝑗3𝜔𝑅𝐹𝑡] . .
} 

 

𝑓2⁡𝑀𝑍𝑀

=
𝑖

2
{

𝐽1(𝑚) exp[𝑗𝜔𝑅𝐹𝑡]

−𝐽3(𝑚) exp[−𝑗3𝜔𝑅𝐹𝑡] . .
} 

𝑓4⁡𝑀𝑍𝑀 = 0 
 

𝑓2⁡𝑀𝑍𝑀 = √2𝑒
𝑖3𝜋
4  

× {
𝐽1(𝑚) cos (𝜔𝑅𝐹𝑡 ∓

𝜋

4
)

−𝐽3(𝑚) cos (3𝜔𝑅𝐹𝑡 ±
𝜋

4
)
} 

 

 

𝑶𝟒 

𝑓4⁡𝑀𝑍𝑀

= 𝑖 {
𝐽1(𝑚) exp[𝑗𝜔𝑅𝐹𝑡]

−𝐽3(𝑚)exp[−𝑗3𝜔𝑅𝐹𝑡] . .
} 

 

𝑓2⁡𝑀𝑍𝑀

=
𝑖

2
{

𝐽1(𝑚) exp[𝑗𝜔𝑅𝐹𝑡]

−𝐽3(𝑚) exp[−𝑗3𝜔𝑅𝐹𝑡] . .
} 

𝑓4⁡𝑀𝑍𝑀 = 0 

 

𝑓2⁡𝑀𝑍𝑀 = √2𝑒
𝑖3𝜋
4  

× {
−𝐽1(𝑚) cos (𝜔𝑅𝐹𝑡 ±

𝜋

4
)

+𝐽3(𝑚) cos (3𝜔𝑅𝐹𝑡 ∓
𝜋

4
)
} 

𝑓4⁡𝑀𝑍𝑀 = 0 

 

𝑓2⁡𝑀𝑍𝑀 = √2𝑒
𝑖3𝜋
4  

× {
𝐽1(𝑚) cos (𝜔𝑅𝐹𝑡 ∓

𝜋

4
)

−𝐽3(𝑚) cos (3𝜔𝑅𝐹𝑡 ±
𝜋

4
)
} 

𝑓4⁡𝑀𝑍𝑀

= 𝑖 {
𝐽1(𝑚) exp[−𝑗𝜔𝑅𝐹𝑡]

−𝐽3(𝑚) exp[𝑗3𝜔𝑅𝐹𝑡] . .
} 

 

𝑓2⁡𝑀𝑍𝑀

=
𝑖

2
{

𝐽1(𝑚) exp[−𝑗𝜔𝑅𝐹𝑡]

−𝐽3(𝑚) exp[𝑗3𝜔𝑅𝐹𝑡] . .
} 

 

It can be seen from equation (4.8) that frequency shifting utilizing the SSB modulation in one IQ 

modulator can be obtained by the proposed two parallel IQ modulator architecture. Removing a 

part of the circuit from the operation without physically disconnecting it offers a valuable degree 

of freedom in any photonic integrating architecture. Equation (4.8) verifies that apart from the 

optical loss, the reduced circuit can still offer electric to optical frequency up-conversion with the 

same spatial specification and spectral purity. 

It can be observed from equation (4.7) and (4.8) that the lower and upper optical first-order 

harmonics are conveniently spatially separated and available from output port 𝑂1 and 𝑂4 when 

only input port 𝐼1 is coupled to the optical source. The 3rd order harmonics can be suppressed by 

properly selecting the RF amplitude. Table 4.2 lists all the complementary frequency shifting 
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combination possible when only one input port is operating. This facilitates remote heterodyning 

for wireless access network using a digital coherent RoF system. One of the two harmonics can be 

modulated by a second IQ modulator and the two harmonics combined and propagated through 

the optical fiber. After its transmission to a high-speed photodetector at the remote antenna, the 

two harmonics beat to produce a modulated RF carrier with a center frequency equal to the double 

of the RF frequency. The multiplication factor is small and so, high RF frequency is needed to 

access the millimeter-wave regime.   

4.4 Silicon Photonic Modulator 

One of the key components of the proposed dual-parallel IQ modulator is the MZI structure with 

a phase modulators in in each arm. Balanced and identical operation in terms of amplitude/power 

and phase relationship is mandatory to obtain the ideal outcome. Up-conversion at high 

frequencies requires the modulators to have large bandwidth. Power dissipation, insertion loss, 

footprint etc. are also important factors to be considered. Besides, the RF and DC bias sources that 

drive the modulators must be of high quality to avoid compromising performance. 

The mature LiNbO3 technology offers large bandwidth, minimized effects of dispersion and stable 

operation over temperature [138-139]. Its lack of inversion symmetry causes the Pockels effect to 

dominate which offers linear electro-optic phase modulation. Another material platform offering 

high speed performance is group III–V semiconductor compounds [140-141] but Si has emerged 

as a strong competitor by taking advantages of the mature CMOS manufacturing infrastructure. 

The combination of photonic and electronic functionalities in a monolithic integrated structure 

offers the benefits of volume manufacturing e.g. reduced cost to fabricate, ease of large scale 

integration, miniaturisation, repeatability and improvement of component reliability. The 

important characteristics that a Si modulator should have includes low power consumption, high 

modulation speed, small footprint, large optical bandwidth and robust thermal sensitivity. In 

addition to the SOI modulator platform, excellent progress has been made in hybrid devices where 

other materials are incorporated with the SOI waveguides to achieve modulation, including 

electro-optic polymers [142-143], germanium [144-146], GeSi [147-150], group III–V materials 

[151], LiNbO3 [139] and graphene [152-153]. Table 4.3 summarises the designs and performances 

of some of the key devices which have contributed to the evolution of Si photonic modulation. 

The linear electro-optic (Pockels) effect is absent in unstrained pure crystalline silicon. However, 

the quadratic electro-optic (Kerr) effect and the Franz-Keldysh (FK) effect are present. The 

required electric field for these effects to introduce change in refractive index of Si on the order of 

Δn ≈ 10-4-10-6 is very high and wavelength dependent [154]. Application of these weak effects 

alone in the pure silicon is not sufficient to obtain high performance modulation in 

telecommunication wavelengths of 1.3 μm and 1.55 μm. Another technique is to utilize the thermal 

modulation of pure Si which has a significant thermo-optic coefficient (Δn/ΔT ≈ 1.86 ± 0.08 K-1 

at wavelength 1.5 μm) [155]. This effect is rather slow (<1 MHz), and cannot be applied to the 

high frequency applications in the modern telecommunication system [156].  

The most conventional method of achieving modulation in Si devices so far has been to exploit 

the plasma dispersion effect, in which the variation of the free charges concentration in silicon is 
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responsible for the changes in the real and imaginary parts of the local refractive index and thus 

phase modulation of a guided wave travelling through the active region. Soref and Bennett 

quantified the variations in refractive index and absorption due to the changes in the free carrier 

densities in silicon [154]. For a vacuum wavelength of 1.55 μm, these variations can be expressed 

as: 

∆𝑛 = −[(8.8 × 10−22)∆𝑁𝑒 + (8.5 × 10−18)(∆𝑁ℎ)0.8]

∆𝛼 = [(8.5 × 10−18)∆𝑁𝑒 + (6.0 × 10−18)∆𝑁ℎ]
    (1) 

where ∆𝑛 and ∆𝛼 are the changes in refractive index and absorption of Si, and ∆𝑁𝑒 and ∆𝑁ℎ are 

the variations in free-electron and free-hole densities. Most studies, which are based on the plasma 

dispersion effect, have employed three common methods to electrically manipulate the charge 

density interacting with the propagating light in the Si waveguide: carrier accumulation, injection 

and depletion. 

Most of the early Si modulator researches have exploited the carrier injection into a region in the 

silicon waveguide where light is propagating. In general, Si waveguide with embedded p-i-n diode 

structure acts as a charge injection-based electro-optic phase modulator (Figure 4.3(a)). 

Modulation of the forward bias of the diode leads the injected carrier concentration in the intrinsic 

region to vary, resulting in a variation of local refractive index [157-163]. The interaction of the 

optical field and variation of refractive index results in phase modulation of the field, which can 

be maximized by carefully profiling the doping concentration and optimizing the waveguide  

Figure 4.3 Cross sections of typical plasma dispersion based Si modulator device structures (a) carrier injection 

based diode structure where forward biasing causes the carrier flow in the intrinsic region; (b) carrier 

accumulation structure where electric field applied causes the charge density to change around the insulating 

layer; and (c) carrier depletion based diode structure where carrier are swept away from the depletion region by 

the application of reverse bias voltage 
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dimensions. This forward biased p-i-n diode approach can offer high modulation efficiency and 

small device scale. However, the slow carrier generation and/or recombination processes limits 

the modulation speed unless the carrier lifetime can be significantly reduced [163]. 

Figure 4.3(b) shows the generalized carrier accumulation structure where the phase shifting 

element is a MOS-type capacitor embedded in Si rib waveguide. The application of electric field 

leads to the accumulation of free carriers on either side of the dielectric layer which modifies the 

refractive index profile of the waveguide and ultimately the optical phase of the light passing 

through. 

The functionality of this type of devices does not involve slow carrier generation and/or 

recombination processes and so, faster operation can be achievable [164-167]. Although plasma 

dispersion effect is polarization independent in nature, the oxide layer in the waveguide induces 

birefringence of the modal characteristics which leads to strong polarization dependence of the 

phase modulation efficiency. [154],[164].  

A carrier depletion based optical phase modulator consists of a reverse biased p-n diode formed in 

a Si waveguide which tailors the refractive index profile by depleting the waveguide of free 

carriers. The overlap between the optical mode and the depletion width where the change in 

effective index occurs is a critical condition to obtain high modulation efficiency with low optical 

loss. Faster functionality can be achieved as phase modulation is established by pushing the 

majority carrier away from the junction, which does not demand slow carrier generation and/or 

recombination processes [168-183]. Figure 4.3(c) shows the general structure of a depletion-type 

phase modulator. 

Optimization of the structure, variation in doping profiling, junction engineering, reduction in 

device dimension, and implementation of faster electrodes have led to performance enhancement 

over the years. Most attention has been given to increasing modulation speed with a smaller 

footprint to meet every increasing bandwidth demands. Other important concerns are the insertion 

loss, modulation depth, power budget, ease-of-fabrication, optical bandwidth and temperature 

sensitivity. A comparative study based on several performance metrics is given in Table 4.3 which 

shows that over the past few decades, researchers have employed various design strategies to tailor 

the modulator characteristics. Horizontal [182], vertical [169] and interleaved [186] diode 

structures are mostly exploited. Optimization of the Si waveguide geometry is necessary to control 

the single mode propagation [168], polarization dependence [164], [174] and optical mode 

confinement [187]. Greater overlap between the charge modulation area, e.g. the depletion region 

of a depletion-type diode, and the optical mode is necessary for efficient phase modulation. In 

addition to that, optical loss can be minimized by reducing sidewall roughness and placing metallic 

contact regions far from regions where light propagates. Doping profiling and positioning of the 

p-n junction also play important roles. The speed of the Si modulator is mostly RC time constant 

limited. The concentration and placement of highly doped regions should be carefully chosen as 

they induce absorption of photon and high capacitance [173]. On the other hand, they offer lower 

access resistance. Different low-level doping configurations are discussed in the literature [169-

178],[180],[183]. The aim is to increase modulation efficiency, decrease device length and optical 
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Table 4.3: Summary of some Si based modulators alongside their performance metrics for comparison. Performance 

metrics which are not mentioned in the publications explicitly are left blank  

Modulator structure Modulation 

principle 

Material 

platform 

Modulation 

efficiency 

Modulation 

speed 

Modulation 

depth 

Insertsion 

loss 
MZI with vertical p-i-n 

diode on its arms [157] 

Carrier injection by 

forward biasing the p-
i-n devices 

Si  

̶ 

τresponse = 50 ns -4.9 dB  

̶ 

Fabry-Perot etalon [155] Heating of the etalon 

structure  

Si ̶ ̶ ̶ ̶ 

Free space MZI with 
vertical p-i-n diode in one 

arm [158-159] 

Carrier injection by 
forward biasing the p-

i-n devices 

SOI 0.85 V-mm  
̶ 

 
̶ 

 
̶ 

Planar Fabry-Perot optical 
cavity [156] 

Electric heating of the 
cavity 

Si ̶ 3 dB BW ≈ 700 kHz ̶ ̶ 

Integrated MZI with MOS 

capacitor structure with 

poly-Si gate embedded in 

Si waveguide [164-166] 

Accumulation of free 

carriers due to the gate 

voltage 

SOI 77-80 V-mm Intrinsic BW ≈ 2.5 

GHz 

Data rate ≈ 1-4 Gb/s 

DC >16 dB 

5 dB @ 1Gb/s 

1.3 dB @ 

4Gb/s 

~15.3 dB 

(including 

coupling 

loss) 

Integrated MZI with MOS 

capacitor with crystalline 
Si gate embedded in Si 

waveguide [167] 

Accumulation of free 

carriers due to the gate 
voltage 

SOI 33 V-mm Intrinsic BW ≈ 10 

GHz 
Data rate ≈ 10 Gb/s 

 

3.8 dB @ 

10Gb/s 

~19 dB 

(including 
coupling 

loss) 

MZI with vertical p+pnn+ 

diodes (simulation)[168] 

Carrier depletion by 

reverse biasing the p-n 
junction 

SOI 25 V-mm τrise ~ 0.007 ns  

̶ 

~2 dB 

p-i-n ring resonator 

coupled to a single 
waveguide [160] 

Resonant wavelength 

modification by 
forward biasing the p-

i-n junction 

SOI  

̶ 

Data rate ≈ 0.4-1.5 

Gb/s 

DC≈15 dB ~9 dB 

(including 
coupling 

loss) 

Vertical p+-nid-n+ diode 
with a doped p+ layer 

inserted in the non-

intentionally doped (nid) 
region [169] 

Carrier depletion by 
reverse biasing the p-n 

junction 

SOI 31 V-mm  
 

̶ 

 
 

̶ 

 
 

̶ 

MZI with vertical p-n 

diode with thin n+-Si cap 

layer for electrical contact 
and capacitance limiter 

[170-171] 

Carrier depletion by 

reverse biasing the p-n 

junction 

SOI <40 V-mm ~20 GHz @ 30 

Gb/s[170] 

~30 GHz @ 40 
Gb/s[171] 

DC>20 dB 

1 dB @ 30 

Gb/s 
1.1 dB @ 

40Gb/s 

<22 dB 

(including 

coupling 
loss) 

Integrated MZI with 
horizontal p+-i-n+ diodes 

[161] 

Carrier injection by 
forward biasing the p-

i-n devices 

SOI 0.36 V-mm Data rate ≈ 10 Gb/s 
(pre-emphasis) 

 

6-10 dB ~12 dB 

Horizontal p-i-n diodes 

with a p-doped slit 
embedded in the intrinsic 

region on the arms of MZI 

structure [172]  

Carrier depletion by 

reverse biasing the p-n 
junction 

SOI 50 V-mm Intrinsic BW≈10 

GHz 

DC ≈ 14 dB ~5 dB 

Thermo-optic switch based 

on photonic wire 

waveguides arranged in a 
dense, double spiral 

geometry on MZI arms 

[192]  

Electric heating by a 

thin-film heater 

SOI  

 

̶ 

~25 kHz DC ≈ 22 dB ~6 dB 

(without 

coupling 
loss) 

Slotted photonic crystal 

waveguide in SOI with 

void regions are infiltrated 
with nonlinear optical 

polymer [190] 

Application of electric 

field across the slotted 

waveguides to exploit 
the Pockels’ effect  

SOH  

 

̶ 

~40 GHz  

 

̶ 

 

 

̶ 

Slotted photonic crystal 

waveguide in SOI with 
highly χ(2) nonlinear 

material cover [187] 

Application of electric 

field across the slotted 
waveguides to exploit 

the nonlinear effect 

SOH  

̶ 

Intrinsic BW ≈ 78 

GHz 
Data rate ≈ 100 Gb/s 

 

̶ 

 

̶ 

Lateral p-n junctions with 
p implant dependent 

junction position in the rib 

waveguide on MZI arms 
[173] 

Carrier depletion by 
reverse biasing the p-n 

junction 

SOI 25.6 V-mm Data rate ≈ 10 Gb/s 6.1 dB @ 10 
Gb/s 

 
̶ 
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Rib waveguide comprising 
n-region wrapped around 

p-region to form p-n diode 

[174] 

Carrier depletion by 
reverse biasing the p-n 

junction 

SOI 110 V-mm 
(TE) 

140 V-mm 

(TM) 

Data rate ≈ 40 Gb/s DC > 8 dB 
6.5 dB @ 40 

Gb/s 

~15 dB 
(excluding 

coupling 

loss) 

Slotted SOI waveguide 
spin-coated with nonlinear 

organic material M1 [142]  

Gate voltage applied 
between the Si 

substrate and metal 

electrode to obtain 
modulation 

SOH 58 V-mm Intrinsic BW ≈ 60 
GHz 

Data rate ≈ 42.7 

Gb/s 
(limited by test 

equipment) 

 
 

̶ 

~40 dB(due 
to 

fabrication 

error) 

Lateral p-n junction with 
the rib section formed of 

only p-Si (Data for 3.5mm 

MZI are given only) [175-
176] 

Carrier depletion by 
reverse biasing the p-n 

junction 

SOI 27 V-mm 
[175] 

28 V-mm 

[176] 

Data rate ≈ 40 
Gb/s[175] 

Data rate ≈ 50 

Gb/s[176] 

DC ≈ 25 dB 
10 dB @ 40 

Gb/s 

3.1 dB @ 50 
Gb/s 

 

~15 
dB[175] 

~7.4 dB 

[176] 

Lateral p-i-n diodes with a 

p-doped slit embedded in 

the intrinsic region [177-

178] 

Carrier depletion by 

reverse biasing the p-n 

junction 

SOI 60 V-mm 

[177] 

35 V-mm 

[178] 

Data rate ≈ 10 

Gb/s[177] 

Data rate ≈ 40 

Gb/s[178] 

8.1 dB @ 10 

Gb/s 

6.6 dB @ 40 

Gb/s 

~6 dB 

[177-178] 

MZI with horizontal p+-i-
n+ diode on its arms [162] 

Carrier injection by 
forward biasing the p+-

i-n+  devices 

SOI 0.22 V-mm Data rate ≈ 3 Gb/s 
(pre-emphasis) 

DC ≈ 18 dB  
̶ 

Lateral p-i-n GeSi diode is 

buttcoupled to the SOI 
waveguide [147] 

Reverse biasing the 

GeSi diode to enhance 
absorption coefficient 

GeSi  

̶ 

Intrinsic BW ≈ 38 

GHz 
Data rate ≈ 28 Gb/s 

DC ≈ 5.9 dB 

6.3 dB @ 28 
Gb/s 

~4.8 dB 

Microring modulator based 

on a p-n junction [179] 

Carrier depletion by 

reverse biasing the p-n 
junction to shift the 

resonance wavelength 

dynamically 

SOI  

 
̶ 

Intrinsic BW ≈ 15 

GHz 
Data rate ≈ 25 Gb/s 

Data rate ≈ 30 Gb/s 

 

10.4 dB@ 25 

Gb/s 
9.4 dB @ 30 

Gb/s 

~2 dB 

(Microring) 

Periodically interleaved 

PN junctions [180] 

Carrier depletion by 

reverse biasing the p-n 

junction 

SOI 24 V-mm Intrinsic BW ≈ 55 

GHz 

Data rate ≈ 60 Gb/s 
Data rate ≈ 70 Gb/s 

7.4 dB@ 60 

Gb/s 

6.1 dB @ 70 
Gb/s 

~3.34 dB 

SOI slot waveguide 

covered by electro-optic 

material (chromophores 
YLD124 and PSLD41) on 

MZI arms[191] 

Strong interaction of 

the guided light within 

the EO cladding due to 
the applied electric 

field 

SOH 0.53 V-mm 56 Gb/s (QPSK) 

112 Gb/s (16QAM) 

 

 

̶ 

~27 dB 

Selectively grown GeSi as 
p-i-n diode in a recessed Si 

region [148-149] 

Enhancement of 
absorption coeficient 

by band-tilting due to 

the application of 
electric field  

GeSi  
 

 

̶ 

3dB BW > 50 GHz 
[148] 

Data rate ≈ 50 Gb/s 

[148] 
Data rate ≈ 100Gb/s 

[149] 

(pre-emphasis) 

DC ≈ 4.2 
dB[148] 

3 dB @ 

50Gb/s  
6 dB @ 

100Gb/s  

  

~4.4 dB 
[148] 

~6 dB 

[149] 

Selectively grown Ge as p-
i-n diode in a recessed Si 

region [144] 

Application of electric 
field modulates the 

absorption coefficient 

of Ge 

Ge  
̶ 

 

Intrinsic BW > 50 
GHz 

Data rate ≈ 56 Gb/s 

DC ≈ 4.6 dB 
3.3 dB @ 50 

Gb/s 

~5.5 dB 

MZI with lateral p-n diode 

on its arms. Substrate is 

removed to reduce 
electrode transmission 

loss, achieve the electro-

optical group index 
matching and realize 50-

ohm impedance matching 

[181-182] 

Carrier depletion by 

reverse biasing the p-n 

junction 

SOI  

 

 
 

̶ 

3dB BW > 50 GHz  

Data rate ≈ 80 Gb/s 

OOK & 50 
Gbaud[181] 

Data rate ≈ 90Gb/s 

[182] 
 

 

 

 
 

̶ 

 

 

 
 

̶ 

SOI slot waveguide 

covered by electro-optic 

material (SEO100) [143] 

Interaction of electric 

field and EO organic 

cladding leads to the 
change in refractive 

index 

SOH 1 V-mm 6 dB BW ≈ 25 GHz 

Line rate ≈ 100 Gb/s 

 

DC ≈ 14 dB 

5-7 dB@100 

Gb/s 

 

 

̶ 

U shaped p-n junction 

[183] 

Carrier depletion by 

reverse biasing the p-n 
junction 

SOI 33-51 V-mm 3dB BW ≈ 14.7 

GHz 
32 Gb/s (OOK) 

64 Gb/s (PAM-4) 

DC ≈ 25 dB 

4.12 dB@ 32 
Gb/s 

~9.8 dB 
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absorption by doping profiling around the junction. It can be observed from the majority of works 

that the junction offset or the embedded doped slit are chosen such that the majority of the light 

propagating region is formed of p-type silicon. This is because the hole density change results in 

a larger refractive index change with lower optical absorption compared to the electron density 

change according to Kramers-Kronig analysis [154]. Any misalignment of the p-n junction results 

in a reduction in modulation efficiency which shows that tight fabrication accuracy is needed for 

satisfactory performance [184],[189]. Liu et al. presented a design where a single sided asymmetric 

silicon cap layer over the p-n junction is employed to reduce the capacitance of the phase shifter 

[170]. The interleaved design offers high modulation efficiency if the period of n-type and p-type 

region is small [180],[186].  Although junction alignment error free operation can be obtained 

using the interleaved structure, high volume of depletion region results in high capacitance and so 

high frequency operation is limited. 

To minimize the RC limitation of the frequency response of the modulator, a travelling wave 

electrode based on a coplanar waveguide structure is incorporated to match the electrical group 

delay and the optical phase velocity [170]. Back reflection can be suppressed by optimizing the 

electrode termination impedance which maximises transfer of the RF power from the source to the 

device. Xiao et al. showed that the application of a substrate removal technique reduces the 

electrode transmission loss, achieves the electro-optical group index matching and realizes 50-

ohm impedance matching, simultaneously [181-182]. Si optical modulators with generation and 

transmission of up to 100 Gb/s OOK signal have been presented [143],[182]. 

Conventional Si depletion-type phase shifter based MZIs tend to require long interaction length 

which results in a larger footprint, higher insertion loss, cost and power consumption. It can be 

seen in Table 4.3 that the VπLπ product is larger for depletion-type modulators as the propagation 

constant perturbation is fairly low and so modulation efficiency is comparatively smaller. The 

footprint of the modulator based on resonant light-confining structure, on the other hand, is 

typically smaller. This type of modulator consists of a ring resonator coupled to a single waveguide 

which enhances modulation efficiency utilizing its sharp spectral resonances. By tuning the 

effective index of the ring waveguide utilizing the embedded diode structure, the resonance 

wavelength is modified, which induces a strong modulation of the transmitted signal [160],[179]. 

However, these structures are highly sensitive to small variations in bias conditions, operating 

temperature, and fabrication tolerances due to the same narrowband resonant behavior [184]. 

Another alternative modulation scheme is the utilization of the strong electro-absorption (EA) 

effect possessed by Ge/GeSi epitaxially grown on silicon-on-insulator (SOI) wafers [144],[147-

149]. The Franz–Keldysh effect (FKE) in bulk semiconductors or the quantum-confined Stark 

effect (QCSE) in quantum-well (QW) structures which is responsible for the EA effect permits 

high speed operation, smaller footprint and lower power consumption.  

The hybrid material system merging silicon and nonlinear optical (NLO) polymer incorporates the 

strong light-confining abilities of silicon with the superior NLO properties of the polymer. This 

polymer employs the electronic polarization of π- conjugated organic molecules which provides 

extremely high Pockels coefficients for high modulation speeds extending up to frequencies in the 

terahertz range [188]. The slotted photonic crystal waveguide structure can exploit slow light 
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mechanism with low voltage application to achieve compact devices with high modulation 

efficiency [142-143],[187],[190-191]. The performance of the Silicon-Organic hybrid (SOH) 

modulator is limited by complex poling method and stability issue of the organic material due to 

photo-oxidation and temperature variation. 

4.5 Device Fabrication 

Figure 4.4(a) and 4.4(b) show the top-view microscope image and the mask layout of the frequency 

up-converter. Device fabrication was performed using the A*Star Institute of Microelectronics 

(IME) CMOS compatible process on a SOI wafer. The SOI wafer has a top Si thickness of 220 nm 

and buried oxide thickness of 2 μm [173]. The circuit consists of four 2×2 MMI-MZMs connected 

in parallel in between two 4×4 MMIs.  The large width of the electro-optic modulator stack in 

comparison to the I/O-end-MMIs introduces bends. So, path-length matching becomes a critical 

design point.  From Figure 4.4(b), it can be observed that racetrack method has been applied where 

concentric circles are used to ensure that each lane encounters compensating short and long paths 

around bends. The absence of any mechanism for efficient coupling of light to and from the circuit 

at the edges of the chip is the primary limiter of functionality in terms of insertion loss. 

Each intensity modulator is a Mach-Zehnder interferometer (MZI) with a reverse biased p-n diode 

structure embedded in each of the two arms. The p-n junction is formed at the middle of the Si rib 

waveguide between lightly doped p and n regions which extend to the slab. Figure 4.4(c) shows 

the cross-sectional schematic of the MZI modulation arms. To ensure good ohmic contact between 

Figure 4.4 (a) Top-view microscopic image of the fabricated chip; (b) Mask layout of the device; (c) Cross-sectional 

diagram of the MZI arm 
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silicon and metal contacts, two slab regions are heavily doped; the distance from the rib edges is 

maintained so that for the rib height-slab thickness ratio, the additional optical loss due to 

absorption in the heavily doped region is negligible [173]. After doping, the implanted dopants 

were activated using a rapid thermal anneal (RTA) at 1030o C for 5 seconds. Two level metal 

system is used for interconnect. Travelling wave electrode based on coplanar waveguide structure 

are formed for the input of modulating signal. No termination impedance have been fabricated on 

the chip or applied in the experiment. 

4.6 Experimental Result and Discussion 

 

 

Figure 4.5 Schematic of the measurement setup. The built-in laser diode of the optical modulation analyzer (OMA) 

is used as the input light source to maintain better coherency at the receiver side. Light is coupled to the access 

waveguide at the input/output ends of the chip utilizing lensed polarization maintaining fiber. DC sources are 

connected to the RF signals generated from arbitrary waveform generator (AWG) via bias tees (BT). Polarization 

controller (PC) and polarization beam splitter (PBS) are used so that only TE is transmitted through the chip. Optical 

power meter is to observe the stability of the input polarization state.   

The setup used for experimental demonstration of the phase shifter is sketched in Figure 4.5. The 

built-in laser diode of an optical modulation analyzer (Agilent N4391A) is used as the optical 

source. To maintain polarization of the light input to the silicon chip to be TE, a polarization 

controller (PC) followed by a polarization beam-splitter (PBS) is connected between the light 

source and the DUT. An optical power meter (Anritsu ML910B) is used to measure the power of 

TM component. By adjusting the PC, the TM component can be minimized and the stability of the 

polarization state of the input light can be observed and maintained. Lensed fibers are used for 

input-output coupling. The output of the silicon chip is fed back to the OMA which is connected 

to the digital storage oscilloscope (Infiniium DSO-20-91604A). Polarization maintaining fiber is 

used for all connections. 
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4.6.1 Static Assessment 

To isolate individual MZI’s DC characteristic, it is imperative that the other MZIs on the parallel 

structure are perfectly balanced and biased at their null point. The 4×4 MMIs at the edges should 

also be balanced in terms of splitting ratio and phase relationship. Ideally, from the structure shown 

in Figure 4.2(a), the MZIs are biased at their null point by design and due to the equal path length 

between the internal 2×2 MMIs, they are acting as a cross-over in the absence of any outside 

perturbation. But any minute width deviation in the high contrast SOI platform due to fabrication 

tolerance or poor design can create huge phase error. So in practice, for SOI one might as well 

assume every MZI is randomly unbalanced.  

Figure 4.6 shows the variation of optical output power due to the reverse bias voltage change.  Two 

MZMs (MZMA and MZMB) are considered for the DC test and two input-output port combinations 

(I1→O3 and I2→O3) are taken. It can be observed from Figure 4.6(a) that over the range of the bias 

voltage, the notch in the transmission (minimum transmission) for biasing one arm of MZMA 

corresponds to a flat peak transmission (maximum) for biasing the other arm. This can be expected 

as the light propagating through the cross arm is subjected to a total π phase shift. Their roles have 

been interchanged with noteworthy deviations when the input condition was changed. Similar 

Figure 4.6 DC characteristics of the MZMs (MZMA and MZMB) in terms of output optical power due to the 

variation of reverse bias voltage. Input port 1 & 2 are considered for light input. Output is taken from output 

port 3.  Each MZM is asymmetrically driven which means reverse bias is applied to only one arm of the 

corresponding MZM: Reverse bias voltage is applied to only (a) MZMA and (b) MZMB 
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behaviour can be observed for MZMB as shown in Figure 4.6(b), although there are obvious shifts 

in its responses relative to MZMA. These data suggest that biasing of the MZMs in the device 

needs individual fine tuning. In addition, the contributions of the off-state, imbalanced MZMs 

cannot be neglected. 

 

Figure 4.7 shows the forward bias I-V characteristic of a phase modulator in one arm of MZMB. 

A similar measurement can be found in [135],[137] which determines that the diode performance 

has not deteriorated over the years. 

4.6.2 Dynamic assessment 

Individual characterization of the MZMs continued with the application of RF input. An arbitrary 

waveform generator (Fluke 294) with sinusoid frequency limited to 40 MHz is used as the RF 

source. MZMB is driven differentially. Two channels from the arbitrary waveform generator 

(AWG) provide two 10 MHz sinusoidal signals with one is π phase shifted relative to the other.  

Figure 4.7 Measured forward bias I-V characteristic 

of a phase modulator on MZMB 

Figure 4.8 Optical spectrum of the circuit when only one MZM (MZMB) is modulating.  
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The RF amplitude has not been adjusted to maximize the desired harmonic. The output optical 

spectrum is shown in Figure 4.8. The horizontal axis is the relative frequency with respect to the 

optical frequency of the input light and the vertical axis is the optical spectrum received at the 

OMA. The carrier frequency is 193.4125 THz and the resolution bandwidth of the OMA is 477.42 

kHz. In an ideal scenario, a differentially driven MZM biased at its MITP acts as an intensity 

modulator. For a pure tone modulating signal, carrier and even order harmonics are completely 

suppressed where harmonics are spaced by the value of RF frequency. The odd harmonics remain 

with intensity weighted by Bessel functions of modulation index with the same order as the 

harmonic. Figure 4.8 shows deviation from the ideal case. The carrier and 2nd order harmonics are 

present which reflect the fact that other MZMs are contributing to the carrier breakthrough. The 

imbalance in the MZMB results the imperfect suppression of the 2nd or any other even order 

harmonics. The dual-drive configuration can be exploited so that individual adjustment of the 

modulation voltage of each phase shifter can be performed to suppress the unwanted harmonics. 

Appropriate RF outputs from the AWG are applied to the frequency shifter circuit, shown in Figure 

4.5. Light is launched into the chip through input port 1 and outputs are taken from port 1 and 4. 

The optical spectrums are shown in Figure 4.9. It can be observed that frequency up-conversion 

has been achieved. Figure 4.9(a) and 4.9(b) represent the LSB and USB modulation based 

frequency shifting operation. The theoretically pristine performance of the circuit is limited by the 

presence of carrier and undesired spurious sidebands. A carrier suppression of ~20 dB and lowest 

spurious harmonic suppression of ~12 dB relative to the desired harmonic have been measured.  

Figure 4.9 Optical spectra representing frequency shifting functionality of the fabricated circuit. (a) Frequency 

down-conversion at output port 1 and (b) frequency up-conversion at output port 4. The resolution bandwidth of the 

optical modulation analyzer is 668.388 kHz 
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From the optical spectra of the frequency shifter, it can be concluded that the finite extinction ratio 

of the MZMs, power imbalance and phase errors between the ports of the MMIs are imposing the 

deviations from the ideal situation. Mehedi et al. have analyzed the performance of the circuit by 

simulation considering these impairments [135]. They modelled their MMIs based on the results 

obtained in [193]. By comparing their simulation results and experimental data obtained here, it 

can be estimated that the impairments due to the fabrication errors are more severe than simulated. 

The only tuning mechanism adopted in our experiment is the adjustment of DC bias voltage. 

Further tuning can be done at fabrication level by incorporating additional phase shifter [194] or 

integrated variable coupler and variable attenuator [195] components. In addition, Miller described 

a self-adjustment approach to compensate for imperfect extinction ratio which could be adopted 

to minimize amplitude and phase imbalance [196]. Furthermore, broadband sub-wavelength 

engineered MMI offers reduced phase error and power imbalance which could be a viable solution 

[197-198]. 

 

Another important observation is the high insertion loss (~20-30 dB). The principle reason is the 

absence of any mechanism for matching between the fiber mode and high-contrast access guide 

mode which could lead huge coupling loss. The lack of test structure on the chip prevents the 

author to measure insertion loss of individual component. It is observed that the loss varies 

depending upon the choice of input-output port combination. Several defects have been observed 

on the chip. Figure 4.10 shows a defect at one of the access guide which shows the highest loss. It 

is imperative that for future fabrication, the access guides should have proper coupling mechanism. 

Figure 4.10 Microscopic image of the defect at the edge-end of the access waveguide 
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A variety of edge coupling schemes for low-loss coupling between the optical fiber and silicon 

photonic wire on high-contrast material platform have been proposed which can be adopted [199-

200]. In addition to the structural issues, the RF amplitude has not been tuned to critically adjust 

the modulation index of each modulator and thus maximize 1st order harmonics at the output. 

4.7 Summary 

In summary, we have demonstrated an optical SSB modulation based frequency shifter on SOI 

platform and its performance has been evaluated. A carrier suppression ratio of ~20 dB and 

spurious sideband suppression ratio of ~12 dB have been achieved by only limited DC bias tuning. 

No additional imbalance compensating mechanism has been adopted. The quality of the operation 

can be improved by reducing fabrication errors, optimizing the phase shifter and MMI design and 

implementing integrated edge coupling and imbalance compensating technique. Although only 

low RF frequency operation is being reported due to the limit imposed by equipment, this device 

should be capable of operating in the full bandwidth of the modulators (~10 GHz).  

The architecture is a multi-functional device which offers operations other than optical frequency 

shifting. Complex modulation, frequency multiplication for millimeter-wave application and sub-

carrier generation to facilitate high data rate transmission using OFDM technology can be achieved 

without any modification inside the circuit. The DC bias-less design with inherently off-state 

MZM in parallel offers freedom to choose any modulator and flexibility to exploit and further 

extend its functionality. The demonstrated circuit has been fabricated using ‘off-the-shelf’ 

components as a proof of implementation feasibility. There is still scope for improvements in terms 

of component design and state-of-the-art fabrication to achieve compact device with low loss, low 

power, spectrally pure and high bandwidth operation. In addition to SOI, the circuit can be 

fabricated in any other material platform offering electro-optic modulator such as LiNbO3, III-V 

or hybrid technology to exploit the advantages they render.   
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Chapter 5. Phase Modulator Circuits for Vector Modulation 

5.1 Introduction 

The rapid advancement of technology demands larger quantities of information to be transferred 

in a faster pace with higher signal quality, greater security and digital data compatibility. The ever 

increasing bandwidth demand with the evolution of communication systems motivated the 

employment of multi-level modulation formats based on coherent technologies [201]. Among 

different choices of modulation techniques, IQ modulators offer high speed data transmission, 

advanced modulation formats and better control over generation and transmission of signals [202].  

In this chapter, a generalized theory of complex modulation utilizing a generalized Mach-Zehnder 

interferometer (GMZI) is presented. The theory suggests that any number of phase modulator 

greater than two arranged in a parallel cascade can perform vector modulation scheme. A circuit 

consisting of three phase modulators (PM) in parallel, in contrast to the conventional architectures 

with four PM, can act as an IQ modulator with distortion-limited functionality. Increment of the 

dimension of the GMZI structure and adoption of a linear combination of in-phase and quadrature 

signal as the drive to constituent modulators are conjectured to be one of the condition of the ideal 

operation. Numerical simulation validates the operation of IQ modulator based on 3 PM-GMZI 

structure. 

5.2 Contribution 

A short report on vector modulation using odd number of phase modulator had been presented in 

the 2019 International Conference on Numerical Simulation of Optoelectronic Devices (NUSOD) 

[203]. This chapter discusses an elaborated and extended version of the theory utilizing phase 

modulator network and generalized Mach-Zehnder interferometer (GMZI) structure for linear IQ 

modulation. A system consisting of three parallel phase modulators as an approach to vector 

modulation is investigated. I drafted the papers, performed the simulations and contributed the 

original ideas by performing the system simulation to prove the proposed scheme’s validity. 

Mehedi Hasan helped with circuit simulation. Dr. Karin Hinzer and Dr. Trevor Hall were the 

principal investigators that formulated the research project. Dr. Hall contributed to the theory, 

provided advice on the interpretation of the results and helped revise the manuscript. 

5.3 Theory 

A generalized Mach-Zehnder interferometer consisting of a 1×𝑁 uniform splitter and a 𝑁×𝑁 

discrete Fourier transform processor interconnected by an array of 𝑁 identical phase modulators is 

illustrated in Figure 5.1. The complex amplitudes 𝑏𝑞 at the output of the circuit are given by: 

                                                     𝑏𝑞 =  
1

√𝑁
∑ 𝑎𝑝 𝑒𝑥𝑝(−𝑖𝑝𝑞 2𝜋 𝑁⁄ )𝑵−𝟏

𝒑=𝟎                                         (5.1) 

where 𝑝 and 𝑞 are integers that index the input and output ports of the DFT processor. Let the 

voltage 𝑣𝑝 applied to the phase modulator with index 𝑝 be a co-sinusoidal waveform of peak 

amplitude 𝑣𝑚, angular frequency Ω and phase shift 𝑝2𝜋⁄𝑁: 

                                                           𝑣𝑝 =  𝑣𝑚 𝑐𝑜𝑠[𝛺𝑡 + 𝑝(2𝜋 𝑁⁄ )]                                              (5.2) 
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The complex amplitude 𝑎𝑝 of the carrier modulated by phase modulator 𝑝 is: 

                                𝑎𝑝 =
1

√𝑁
𝑒𝑥𝑝(𝑖𝜋 𝑣𝑝 𝑣𝜋⁄ ) =  

1

√𝑁
𝑒𝑥𝑝{𝑖𝑚 𝑐𝑜𝑠[𝛺𝑡 + 𝑝(2𝜋 𝑁⁄ )]}                    (5.3) 

where 𝑚 = 𝜋(𝑣𝑚/𝑣𝜋) is the modulation index and 𝑣𝜋 is the half-wave voltage of the phase 

modulator. Substituting equation (5.3) into equation (5.1) and invoking the Jacobi-Anger 

expansion yields: 

                    

            𝑏𝑞 =  
1

𝑁
∑ ∑ 𝑖𝑟𝐽𝑟(𝑚)𝑒𝑥𝑝 (𝑖𝑟𝛺𝑡)𝑒𝑥𝑝 (𝑖𝑝(𝑟 − 𝑞) 2𝜋 𝑁⁄ )∞

𝑟=−∞
𝑁−1
𝑝=0

⟹
𝑏𝑞 =  ∑ 𝑖(𝑞+𝑠𝑁)𝐽(𝑞+𝑠𝑁)

∞
𝑠=−∞ (𝑚)𝑒𝑥𝑝 (𝑖(𝑞 + 𝑠𝑁)𝛺𝑡)

                 (5.4)     

It can be observed that all carriers of order 𝑞 𝑚𝑜𝑑 𝑁 exit output port 𝑞. The circuit architecture 

subsumes most RF photonic circuits in the prior art for radio frequency (RF) multiplication; in-

and quadrature (IQ) phase modulation; single sideband modulation; electro-optic frequency up-

conversion and frequency comb-generation given an appropriate choice of output port(s) and 

phase-modulator dimension 𝑁 as is listed in Table 5.1. 

Table 5.1: Circuit architecture configurations 

Function  Dimension  Port(s) used 

IQ modulation, SSB & electro-
optic frequency 
conversion 

N > 2  q = 1, N - 1 

× N RF frequency 
multiplication 

N = 2q  q 

Spatially separated 
carrier generation 

N  𝑞 = 0, … , 𝑁 - 1 

Figure 5.1 Schematic diagram of an array of 𝑁 phase modulators in parallel between a 1×𝑁 splitter and 𝑁×𝑁 DFT 

network. PM: phase modulator; DFT: discrete Fourier transform. 
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The general analysis of co-sinusoidal modulation predicts that the carrier of order 𝑞 𝑚𝑜𝑑 𝑁 exits 

from port 𝑞. That is each port outputs a comb of carriers separated in frequency by 𝑁Ω. For 𝑁 > 

2,   q= -1 and 𝑚 ≪ 1 the unwanted orders are suppressed and approach zero as 𝑚 → 0 relative to 

the principal order. In that limit one can invoke linearity to extend the co-sinusoidal drive case to 

the general case of arbitrary IQ modulation. 𝑁 = 2 is an exception. Two examples of 𝑁 = 4 and 𝑁 

= 3 are given below: 

5.3.1 Example 1 with a GMZI configuration of 𝑁 = 4, 𝑞 = -1 

For a GMZI configuration of 𝑁 = 4, 𝑞 = -1, the corresponding modulation phase shifts and carrier 

phase shifts on each of the four arms are given in Table 5.2 

Table 5.2: GMZI configuration of 𝑁 = 4, 𝑞 = -1 

Arm index 
𝑝 

Modulation phase shift 
𝝋 = 𝒑(𝟐𝝅⁄𝑵) 

Carrier phase shift 
𝝓 = -𝒑𝒒 𝟐𝝅⁄𝑵 

0 0 0 

1 𝜋⁄2 𝜋⁄2 

2 𝜋 𝜋 

3 3𝜋⁄2 3𝜋⁄2 

 

The transmission of the 4 phase modulator GMZI is given by: 

𝑇4 𝑃𝑀 =
1

4
[𝑒𝑥𝑝(𝑖𝜋 𝑣0 𝑣𝜋⁄ ) + 𝑖 𝑒𝑥𝑝(𝑖𝜋 𝑣1 𝑣𝜋⁄ ) − 𝑒𝑥𝑝(𝑖𝜋 𝑣2 𝑣𝜋⁄ ) − 𝑖 𝑒𝑥𝑝(𝑖𝜋 𝑣3 𝑣𝜋⁄ )]               (5.5)  

For the special case of co-sinusoidal modulation where 𝑣0 = 𝑣𝐼 = −𝑣2 and 𝑣1 = 𝑣𝑄 = −𝑣3, 

equation (5.5) becomes: 

                                          𝑇4 𝑃𝑀 = 𝑖
1

2
[sin(𝜋 𝑣1 𝑣𝜋⁄ ) + 𝑖 sin(𝜋 𝑣𝑞 𝑣𝜋⁄ )]                                     (5.6) 

A Taylor series expansion of the equation (5.6) to first order of the transmission yields: 

                                                           𝑇4 𝑃𝑀 = 𝑖
1

2

𝜋

𝑣𝜋
(𝑣1 + 𝑖𝑣𝑄)                                                       (5.7) 

which confirms to first order that the circuit performs general IQ modulation in the desirable 

Cartesian representation. This configuration corresponds to a dual parallel Mach-Zehnder 

modulator (DPMZM) based standard means of IQ modulation shown in Figure 5.2. Arms 0 and 2 

form a first differential drive MZM driven by the in-phase component of the applied modulation 

and arms 1 and 3 form a second differential drive MZM driven by the quadrature-phase component 

of the applied modulation. The MZM pair are combined together with a relative carrier phase shift 

of 𝜋⁄2. 
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The total transmission can be written as:  

                                   𝑇4 𝑃𝑀 = 𝑇𝑥 + 𝑖𝑇𝑦 =
1

2
sin (𝜋𝑣𝐼/𝑣𝜋) + 𝑖

1

2
sin (𝜋𝑣𝑄/𝑣𝜋)                                  (5.8) 

where two real electrical signals are mapped linearly to the four real phase modulator electrical 

driving voltages. This mapping is non-invertible i.e. the four drive voltages are linearly dependent. 

For 𝑁 even this linear dependence is precisely that the drives may be arranged into 𝑁/2 pairs of 

differential drives. 𝑁 = 4 is a special case: there are two equations for the mapping, two equations 

for the constraints and four unknowns. 

5.3.2 Example 2 with a GMZI configuration of 𝑁 = 3, 𝑞 = -1 

For a GMZI configuration of 𝑁 = 3, 𝑞 = -1, the corresponding modulation phase shifts and carrier 

phase shifts on each of the three arms are given in Table 5.3. 

Table 5.2: GMZI configuration of 𝑁 = 3, 𝑞 = -1 

Arm index 

𝑝 

Modulation phase shift 

𝝋 = 𝒑(𝟐𝝅⁄𝑵) 

Carrier phase shift 

𝝓 = -𝒑𝒒 𝟐𝝅⁄𝑵 

0 0 0 

1 2𝜋⁄3 2𝜋⁄3 

2 4𝜋⁄3 4𝜋⁄3 

 

The schematic of three phase modulator GMZI structure is shown in Figure (5.3). The transmission 

of the GMZI is given by: 

𝑇3 𝑃𝑀 =
1

3
[𝑒𝑥𝑝(𝑖𝜋𝑣0 𝑣𝜋⁄ ) + 𝑒𝑥𝑝(𝑖 2𝜋 3⁄ ) 𝑒𝑥𝑝(𝑖𝜋𝑣1 𝑣𝜋⁄ ) + 𝑒𝑥𝑝 (𝑖 4𝜋 3⁄ ) 𝑒𝑥𝑝(𝑖𝜋𝑣2 𝑣𝜋⁄ )]      (5.9) 

 

 

Figure 5.2 DP-MZM IQ modulator corresponding to a GMZI structure with N=4 
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Expanding the exponentials in equation (5.9) to the first order and using the identity 

[1 + exp (𝑖2𝜋/3) + exp (𝑖4𝜋/3) = 0] leads to: 

                               𝑇3 𝑃𝑀 =
1

2
𝑖𝜋

1

𝑣𝜋
[𝑣0 + 𝑣1 𝑒𝑥𝑝(𝑖 2𝜋 3⁄ ) + 𝑣2 𝑒𝑥𝑝(𝑖 4𝜋 3⁄ )] + ⋯                    (5.10)  

For IQ modulation purpose: 

                                

     𝑣0 + 𝑣1 𝑒𝑥𝑝(𝑖 2𝜋 3⁄ ) + 𝑣2 𝑒𝑥𝑝(𝑖 4𝜋 3⁄ ) =  𝑣𝐼 + 𝑖𝑣𝑄

⟹

[
1 cos (2𝜋 3)⁄ cos (4𝜋 3)⁄

0 sin (2𝜋 3)⁄ sin (4𝜋 3)⁄
] [

𝑣0

𝑣1

𝑣2

] = [
𝑣𝐼

𝑣𝑄
]

                                 (5.11)  

Equation (5.11) represents an under-determined system of the form Ax = y that does not have a 

unique solution. The rank of the augmented matrix is less than the unknown which corresponds to 

an infinitude of solutions. Rather than solving the equation, one way is to minimize the error 

function: 

                                             𝑬 = ||𝒚 − 𝑨𝒙||𝟐 = (𝒚 − 𝑨𝒙, 𝒚 − 𝑨𝒙)                                            (5.12) 

which leads to: 

                                         

𝑫𝒙𝑬(∙) = −(𝑨 ∙, 𝒚 − 𝑨𝒙) − (𝒚 − 𝑨𝒙, 𝑨 ∙)
⟹

𝑫𝒙𝑬(∙) = −(∙, 𝑨†𝒚 − 𝑨†𝑨𝒙) − (𝑨†𝒚 − 𝑨†𝑨𝒙,∙)
                              (5.13) 

Hence 𝐷𝑥𝐸(∙) = 0 and the error is minimized if  

                                                                   𝑨†𝑨𝒙 = 𝑨†𝒚                                                           (5.14) 

where 𝑨† is the adjoint operator of A. Now 𝑨†𝑨 is square but for an undetermined system it still 
has a determinant of zero, equivalently there are solutions to: 

Figure 5.3 GMZI structure with 3 phase modulator 
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                                                                       𝑨†𝑨𝒛 = 𝟎                                                              (5.15) 
 
To resolve the uniqueness, the solution of smallest norm can be found by using the eigenvectors of 

𝑨†𝑨 to invert the equation (5.14) excluding the eigenvectors with zero eigenvalues. In the case 𝑁 
= 3, there will be only be one null vector. This eigenvector describes the symmetry of the imposed 

constraint. The eigenvectors and eigenvalues of 𝑨†𝑨 are: 

                                                             

𝑢0 =
1

√3
[
1
1
1

] 𝜆0 = 0

𝑢1 =
1

√6
[
−1
−1
2

] 𝜆1 =
3

2

𝑢2 =
1

√2
[

1

−1

0

] 𝜆2 =
3

2

  

                                                    (5.16) 

Now, applying the eigenvectors excluding the one with zero eigenvalue, it can be found: 
 

                                                         𝑨†𝒚 ⋅ 𝒖𝟏 = −
1

√6

3

2
[𝑣𝐼 + √3𝑣𝑄]                                             (5.17) 

 
 

                                                          𝑨†𝒚 ⋅ 𝒖𝟐 =
1

√2

3

2
[𝑣𝐼 −

1

√3
𝑣𝑄]                                              (5.18) 

which implies: 

                                                         [

𝑣0

𝑣1

𝑣2

] =
1

6
[

   4𝑣𝐼 + 0𝑣𝑄     

−2𝑣𝐼 + 2√3𝑣𝑄

−2𝑣𝐼 − 2√3𝑣𝑄

]                                                (5.19) 

Considering modulation by a pure tone: 𝑣𝐼 = 𝑣𝑚cos (𝜔𝑡) & 𝑣𝑄 = 𝑣𝑚sin (𝜔𝑡) which leads to: 

 

𝑣0 =
2

3
𝑣𝑚 cos(𝜔𝑡) ⟹ 𝑣0 =

2

3
𝑣𝑚 cos(𝜔𝑡 + 𝜙0) 𝜙0 = 0

𝑣1 =
2

3
𝑣𝑚[𝑐𝑜𝑠(𝜙1) cos(𝜔𝑡) + sin (𝜙1)sin (𝜔𝑡)] ⟹ 𝑣1 =

2

3
𝑣𝑚 cos(𝜔𝑡 + 𝜙1) 𝜙1 = 2𝜋/3

𝑣2 =
2

3
𝑣𝑚 [𝑐𝑜𝑠(𝜙2)cos 𝜔𝑡 + sin (𝜙2)sin (𝜔𝑡)] ⟹ 𝑣2 =

2

3
𝑣𝑚 cos(𝜔𝑡 + 𝜙2) 𝜙2 = 4𝜋/3

    

                  

                                                                                                                                                    (5.20) 
 
and the correct progressive RF phase shift is recovered. Utilizing equation (5.20) into equation 
(5.10) leads to- 

                                                                 𝑇3 𝑃𝑀 = 𝑖
1

2

𝜋

𝑣𝜋
(𝑣𝐼 + 𝑖𝑣𝑄)                                                  (5.21) 
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This demonstrates that to first order the circuit performs general IQ modulation in the desirable 

Cartesian representation. In general, the I and Q channels should be combined as the linear 
combination: 
 

                                                     𝑣𝑝 = cos (𝜙𝑝)𝑣𝐼 + 𝑠𝑖𝑛(𝜙𝑝)𝑣𝑄                                                (5.21) 

 
where 𝑝 in the index of the phase modulator and 𝜙𝑝 is its associated progressive phase for a 
𝑁 phase modulator GMZI.  

                                                             𝜙𝑝 = 𝑝
2𝜋

𝑁
                                                            (5.22) 

 
 

5.3.3 Distortion analysis 

From the above analysis, the transmission of a GMZI of dimension 𝑁 configured for IQ 

modulation is: 

               𝑇(𝜌, 𝜉) =
1

𝑁
∑ 𝑒𝑥𝑝 {𝑖[𝑝(2𝜋 𝑁⁄ ) +  𝜌𝑐𝑜𝑠 (𝜉 + 𝑝 2𝜋 𝑁⁄ )]}𝑁−1

𝑝=0                    (5.23) 

where 𝜌 = 𝑚 and 𝜉 = Ω𝑡 in the forgoing analysis. A key property is that in a neighborhood of the 

origin of the complex plane the transmission can follow a continuous path with arbitrary 

encirclement of the origin while the in-phase and quadrature components of the applied modulation 

remain bounded: 

        
𝑇(𝜌, 𝜉) =

1

𝑁
∑ 𝑒𝑥𝑝 {𝑖[𝑝(2𝜋 𝑁⁄ ) +  𝑐𝑜𝑠(𝑝 2𝜋 𝑁)𝑥 + 𝑠𝑖𝑛(⁄ 𝑝 2𝜋 𝑁⁄ )𝑦]}𝑁−1

𝑝=0

𝑥 = 𝜌𝑐𝑜𝑠(𝜉)      ;         𝑦 = −𝜌𝑠𝑖𝑛(𝜉)
          (5.24) 

On account of the 2𝜋 periodicity of the functions in equations (5.23), the substitution 𝑝 ⟶ 𝑝 + 𝑞 

only reorders the terms within the summation. Consequently: 

                                             𝑇(𝜌, 𝑞 2𝜋 𝑁⁄ ) = exp (−𝑖𝑞 2𝜋 𝑁⁄ )𝑇(𝜌, 0)                                        (5.25) 

where  

                                 𝑇(𝜌, 0) =  
1

𝑁
∑ 𝑒𝑥𝑝 {𝑖[𝑝(2𝜋 𝑁⁄ ) + 𝜌 𝑐𝑜𝑠(𝑝 2𝜋 𝑁⁄ )]}𝑁−1

𝑝=0                          (5.26) 

The transmission 𝑇(𝜌, 𝜉) is therefore a form of interpolation between the points represented by 

{𝑇(𝜌, 𝑞2𝜋/𝑁)|𝑞 = 0, … . , 𝑁 − 1} that make up a 𝑁-polygon domain containing the neighborhood 

of the origin. Figure 5.4 depicts the path the transmission can follow for different dimension N of 

of GMZI. 𝑁 = 3 is the minimum dimension at which the interpolation is suitable for the purpose 

of IQ modulation but only in a rather small disk with well-behaved and thereby correctable 

transmission, which is inscribed within an equilateral triangle contained within the unit square 

centred on the origin. It can be observed from Figure 5.4 that the domain enlarges with further 

increase of dimension. Dimension 𝑁 = 4 corresponds to the orthodox configuration that by default 
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is considered practical. The diameter of the circle that can be inscribed within the 𝑁 = 3 triangle is 

about half the diameter of the circle that may be inscribed within the 𝑁 = 4 square. Consequently 

the insertion loss that must be tolerated when using the 𝑁 = 3 rather than 𝑁 = 4 IQ modulator as a 

continuous phase modulator is about 6dB greater. Circuits with lower 𝑁 suppress fewer harmonics 

generated by the nonlinearity. It is therefore no surprise that the well-behaved region decreases in 

size with decreased dimension increasing the insertion loss that must be tolerated for good 

performance. It can be suggested that increasing will result in a well-behaved region that expands 

as a regular polygonal approximation to a disk and hence to decreased insertion loss. From Figure 

5.4, it can be observed that the circuit operation is close to ideal by 𝑁 = 6. 

Figure 5.4 Transmission function of GMZI structure with different dimension N 

following a continuous path containing N-polygon domain 
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5.4 Simulations and results for 3 PM-GMZI architecture 

When a pure tone modulation is considered as in equation (5.20), the 3 phase modulator (PM) 

GMZI architecture provides single sideband (SSB) modulation. Equation (5.4) can be expressed 

for a pure tone modulation as: 

                     𝑇3 𝑃𝑀 ≈ 𝐽1(𝑚) 𝑒𝑥𝑝(𝑖𝜔𝑅𝐹𝑡) + 𝐽2(𝑚) 𝑒𝑥𝑝(−𝑖2𝜔𝑅𝐹𝑡)𝑒𝑥𝑝 (𝑖𝜋/2) + ⋯                  (5.27) 

The operation of the 3 PM-GMZI architecture as a SSB modulator is investigated at first. Virtual 

Photonics Inc. (VPI) software package is used for validating the proposed architecture. A 

continuous wave distributed feedback (DFB) laser at a wavelength of 1550 nm with average power 

of 10 mW is used as the optical input. Three PMs are set in parallel with half wave voltage of each 

as 1V. A 10 GHz sinusoidal RF drive signal is applied to each of them. Opposite polarity (q=1 in 

equation (5.4)) between optical and RF phase shifts results in upper sideband (USB) operation as 

in equation 5.27 whereas, same polarity leads lower sideband operation (q=-1 in equation (5.4)). 

Progressive optical and RF phase shifts of 𝑝2𝜋/3   (𝑝 = 0, 1, 2) with opposite polarity 

respectively are applied to obtain USB operation. 

Figure 5.5 shows the optical spectrum at the output of the configuration where the optical carrier 

and all the sidebands except the 1st harmonic at USB and 2nd harmonic at LSB are effectively 

suppressed. A spurious harmonic suppression ratio (SHSR) of over 48 dB is observed with an RF 

input of only 5 mV amplitude without any DC offset. 

The linearity of the system described through the relation between the USB harmonic at +10 GHz 

and the LSB harmonic at  ̶ 20 GHz is illustrated in Figure 5.6. SHSR linearly decreases with the 

increment of RF input power. Other unwanted harmonics e.g. at +40 GHz emerges at the output 

for RF input power with greater than -10 dBm. Satisfactory performance with RF signals having 

Figure 5.5 Optical spectrum of the proposed architecture when acting 

as a SSB modulator 
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low average power can be realized with the modulator here proposed depending upon the receiver 

sensitivity and noise. 

Drifts from the ideal condition are also investigated. Imbalance in RF drive powers to PM0 and 

PM1 is considered in Figure 5.7(a). The degradation in the performance appears from the 

unsuppressed 1st order harmonic at LSB whereas the optical power at -20 GHz harmonic remains 

almost consistent. Carrier also gains significant power above the noise level. It can be observed 

from Figure 5.7(a) that operation with SHSR greater than 20 dB can be achieved with a 40% 

imbalance in the abovementioned RF drives. The suppression of -10 GHz is also degraded when 

the RF phases are subjected to variation. Drift of more than ±0.5⁰ in RF phase angle results this 

harmonic to be the major cause behind the decrement of SHSR, as shown in Figure 5.7(b). The 

Figure 5.6 Output optical power and SHSR of the two major USB and LSB harmonics 

in term of RF input power 

Figure 5.7 (a) SHSR variation due to the difference of RF drive amplitude between PM0 and PM1, 

(b) the effects of the drift in optical and RF phase on SHSR and SCSR. Identical results are 

obtained when the phase deviations are mirrored 
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effect of optical phase drift is more severe. From equation (5.10), it can be taken that the carrier 

suppression by design is dependent mostly on the precise choice of optical phase difference 

between the arms of the architecture. From fig 5.7(b), a sharp response against the optical phase 

drift in terms of spurious carrier suppression ratio can be observed.   

 

Figure 5.8 Application of the 3 PM-GMZI architecture in a radio-over-fiber downlink carrying 10 Gb/s QPSK 

signal. Adder network is used to produce the required drive signal as a linear combination of the I and Q signal. LO: 

Local oscillator, OA: Optical amplifier, PD: Photodetector, SMF: Single mode fiber, BPF: Band pass filter, RA: RF 

amplifier, LPF: Low pass filter, BERT: Bit error rate tester 

A downlink system with the 3 PM-GMZI IQ modulator is numerically simulated. As shown in 

Figure 5.8, two wavelengths spatially separated with a frequency difference of 40 GHz is obtained 

from the optical source. Two different optical input systems are considered. The first one involves 

two lasers with their emission frequencies (193.1 THz and 193.14 THz) separated by 40 GHz. The 

second system uses the optical frequency shifter discussed in chapter 4. Two up- and down-

converted 1st order harmonics (193.12 THz and 193.08 THz) with frequency difference of 40 GHz 

are spatially separated and collected from two output ports. A 10 Gbit/s QPSK signal is generated 

from pseudo random binary sequences (PRBS) of period 215-1. An adder network is used to 

provide the linear combination of the I and Q signal according to equation (5.21). This baseband 

signal modulates the lower frequency component. The output of the modulator is then combined 

with the un-modulated optical carrier using a 2×1 MMI or Y-combiner. The combined signal is 

then transported from the transmitter central office (CO) to the remote base station (BS) through a 

span of single mode optical fiber. A carrier of 40 GHz is generated at the BS by the heterodyne 

beating of the two components of the combined signal into a photodetector with a sufficient 

frequency bandwidth. Hence the information signal (PRBS in this case) is imprinted on the 40 

GHz carrier. The modulated carrier is then amplified and filtered through a band-pass filter having 

center frequency at 40 GHz with a bandwidth equal to the 1.5 times the bit rate. The corresponding 

signal is then transmitted by antenna to provide the down-link of a wireless access system. In this 

simulation, the wireless link is emulated in one uplink approach (RF uplink) by using an attenuator 

with a given amount of loss and a Gaussian noise source is used to set the noise floor referred to 

the input of the receiver. In the simulation, the optical fiber span and corresponding optical 

amplifier preceding the SMF are not used.  
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Figure 5.9 Dependence of (a) symbol error rate and (b) EVM on the weighted drive signal for two optical input 

system 

Figure 5.9 shows the dependence of the 3 PM-GMZI IQ modulator’s performance on the weighted 

drive signal for a signal to noise ratio (SNR) of 15 dB. It can be observed from equation (5.20) and 

Figure 5.6 that the linear combination of I and Q signals are needed to drive the modulators and 

𝑣𝑚 is a factor that controls the magnitude of drive to the phase modulators. For a narrow range of 

𝑣𝑚, the system can obtain symbol error rate (SER) > 10-8 which can be predicted from the 

distortion analysis. For an optical input system with two separate laser source, a SER of ~ 5.45×10-

12  (EVM ~ 14.5%)is observed for 𝑣𝑚=0.02 V. For the same specifications, the SSB modulation 

based frequency shifter obtains a SER of ~ 2.27×10-11 (EVM ~ 15.6%).  

Figure 5.10 shows the dependence of SER and EVM of the 3 PM-GMZI structure on signal to 

noise ratio (SNR). With the increment of SNR, improvement of the system’s performance is 

observed. For an SNR of 18 dB, system with two separate laser inputs can achieve an SER of ~ 

4.78×10-20 (EVM ~ 10.7%) whereas, the system with SSB modulator as the optical source can 

achieve SER of ~ 1.88×10-18 (EVM ~ 12.2%). 

Figure 5.10 Variation of (a) SER and (b) EVM due to SNR 
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. 

From Figure 5.9 and 5.10, it can be observed that the 3 PM-GMZI IQ modulation system two 

separate laser input performs slightly better than the system with the SSB modulation based 

frequency shifter proposed in chapter 4. In those cases, the two lasers are taken as noise correlated. 

Figure 5.11 shows that when the condition of noise correlation between the lasers in system 

incorporating the two separate laser inputs is omitted, deviation in the constellation diagram 

occurred which relates to performance degradation. For the SSB modulator based frequency 

shifter, single laser is used and the two spatially separated USB and LSB harmonics from the two 

output ports are phase correlated.  

5.5 Summary 

In summary, a general analysis of N-dimensional parallel phase modulator based GMZI structure 

is presented and its capability of complex modulation is discussed. In addition to the conventional 

IQ modulator consisting of even (N=4) number of phase modulator, the analysis also predicts the 

realization of odd (N=3) number phase modulator based vector modulation approach. The analysis 

suggests that using a linear combination of in-phase and quadrature signals is the correct way of 

implementing the RF phase shifts [204-205] and enables the use of the various architectures to be 

extended to analytic signals. Numerical analysis shows that well-behaved and thereby correctable 

functionality can be achieved by N=3 PM-GMZI structure for a region which is smaller than higher 

dimensional structure, which is verified by simulation. A RoF system simulation incorporating 3 

PM-GMZI IQ modulator and external modulation or SSB modulation based optical input suggests 

Figure 5.11 Constellation diagram of the system with 3 PM-GMZI IQ 

modulator having two different optical input system 
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better performance when correlation of laser phase noise is concerned. A comparison between the 

presented performance and that obtained in chapter 2 for a conventional IQ modulator depicts the 

superiority of N=4 over N=3 dimensional IQ schemes. It can be conjectured that increasing 𝑁 will 

result in a well-behaved region that expands as a regular polygonal approximation to a disk and 

hence to decreased insertion loss albeit that is unlikely to merit the complexity and expense.   
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Chapter 6. Conclusions 

6.1 Summary & Conclusions 

The next generation access network promises to provide ubiquitous connectivity alongside high-

speed, wideband, low cost and longer reach operation. It is crucial to develop millimetre-wave 

(mm-wave) (30-300GHz) fiber supported transport networks. Although the cost effectiveness is 

still an open question, simplistic base station architecture with simplified antenna units and high 

optical component reuse is necessary for enabling a compatible mobile network backhaul and pico-

cellular wireless personal area network (WPAN). The application of mm-wave is not limited to 

wireless access networks only. Antenna remoting, phased-array antennas, optical sensors, radars 

and tera-hertz applications can also benefit from efficient generation and transmission of mm-

waves.  

This thesis concentrates on external modulation based radio frequency multiplication and 

translation which offers efficiency, stability and spectral purity. Chapter 2 discusses a generalized 

graphical method based on decomposing a photonic circuit to its parallel counterpart which results 

in a collection of optical path, tracing from input to output with transmission function depending 

on the optical component within it. This method is utilized to quantitatively analyze a photonic 

frequency multiplication circuit consisting of four Mach-Zehnder modulator (MZM) in cascade. 

A multiplication factor of eight has been achieved.  In addition to its simple architecture, the circuit 

performs efficient suppression of carrier and unwanted harmonics by design for a reasonable range 

of RF drive input power which offers additional flexibility due to the absence of an optical or 

electrical filter. A comparison with three other functionally equivalent frequency octupling circuit 

shows that the proposed circuit possesses superior RF power efficiency and can achieve low RF 

input operation which makes it more suitable for low-power integrated system. The absence of any 

other element other than MZM can provides a low access loss option when integration on material 

platforms such as LiNbO3, Si, or III-V is considered. A system simulation shows its possible RoF 

application when the 4th order optical sidebands are separated by a frequency demultiplexer.   

In chapter 3, two architectures employing polarization modulators to obtain photonic frequency 

multiplication function have been proposed. Both circuits are designed to achieve a multiplication 

factor of eight. The first proposed architecture can provide an operation for a wide range of 

modulation index and without any adoption of optical or electrical filter which offers flexibility 

and tunability. The second circuit offers a low RF drive operation. In each circuit, an intensity 

modulator is realized by cascading polarization modulator and polarizer. By setting the polarizer 

angle and polarization state of the input light to each polarization modulator, the biasing condition 

of the intensity modulator can be determined. The employment of a polarization modulator instead 

of a Mach-Zehnder modulator, which is the orthodox choice for an intensity modulator, has been 

proven to provide DC bias free operation. Hence, bias drift related problems can be avoided. In 

addition to that, high extinction ratio and robust operation against path-length error and 

environmental perturbations facilitates implementation with discrete components.  

In chapter 4, a multifunctional circuit fabricated on SOI platform has been discussed. The circuit 

can offer sub-carrier generation, frequency octupling function, IQ modulation and frequency 
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translation, where activation of any of these functions only needs distinct RF drive and bias 

conditions from outside. An MZI structure utilizing MMIs as its input and output splitters is 

adopted. The intrinsic phase relationship among the input and output ports is employed to bias the 

MZI to its null point by design. An experiment has been conducted to investigate this circuit’s 

frequency shifting capability. In principle, the circuit has the framework of two parallel IQ 

modulator where all the optical phases needed for biasing the MZI structures are provided by 

MMIs, which results in a DC free design. Another important feature is that the circuit can deliver 

two spatially separated up- and down-converted optical harmonics from two separate ports. This 

enables the circuit to generate two spatially separated carrier from a single laser source which can 

be utilized in remote heterodyning for wireless access network using a digital coherent Radio-

over-Fiber (RoF) system. A carrier suppression ratio of ~20 dB and spurious sideband suppression 

ratio of ~12 dB have been achieved. Individual MZM characteristics have been investigated to 

determine the reasons behind the deviation from the ideal outcome. It is conjectured that imbalance 

in the MMIs is the principle cause. Only DC bias tuning is implemented in the experiment. The 

absence of efficient on-chip coupling-to-fiber mechanism results in high insertion loss.  

Finally, a generalized theory of GMZI structure based IQ modulation has been presented in chapter 

5. The theory predicts that a 3 phase modulator MZI structure can yield the IQ modulation function. 

A linear combination of the in phase and quadrature signal is needed to drive the phase modulators 

which complicates the process when compared to the conventional four phase modulator based IQ 

modulation scheme. A system simulation has been presented to validate the theory. It has been 

observed that when two separate laser sources are used for heterodyning system, phase correlation 

between them is crucial. A simulated version of the fabricated circuit discussed in chapter 4 has 

also been used with the 3 phase modulator based vector modulation system.  

6.2 Discussion & Suggestions for Further Work 

The thesis concentrates on electro-optic photonic integrated circuits which can offers 

functionalities such radio frequency multiplication, translation and IQ modulation. The simulation 

results and experimental data are encouraging. Realization of these circuits in their integrated 

formats while considering practical issues with design and material platform is the next step. Some 

suggestions for future work are offered below. 

1. The immediate next step is the investigation of other functionalities of the chip discussed in 

chapter 4. The circuit is capable of sub-carrier generation, IQ modulation, frequency 8-tupling 

and frequency translation. The features involving translated carrier generation at the output 

from a single source and spatial separation between them enable the transmission of phase 

correlated carriers without adopting complicated system to maintain coherency and to 

frequency demultiplex. Although the Mach-Zehnder modulators have a bandwidth of 10 GHz, 

experiments were limited by the arbitrary waveform generator to 10 MHz. A high frequency 

experiment should be executed to determine its feasibility in RoF communication. The sub-

carrier generation is an interesting option as it enables frequency 6-tupling with two principle 

optical harmonics from two different output ports [135]. A V-band 60 GHz signal can be 

generated from a RF drive of 10 GHz in a digital coherent RoF downlink system.  
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2. The fabricated circuit discussed in chapter 4 has shown deviations from an ideal outcome. 

Carrier and other unwanted harmonics, which should be suppressed by design, emerge and 

deteriorate the spectral purity. It has been conjectured that one of the principle reasons is the 

imbalance in MMIs which results in a finite extinction ratio of the MZMs. In addition, high 

coupling loss has also been observed due to the absence of a proper on-chip mechanism for 

matching between the fiber mode and high-contrast access waveguide mode. These can be 

avoided by introducing bias tuning mechanism employing tunable phase shifter on the arms of 

MZMs, variable coupler and a grating coupler at the access guide. Due to the presence of MMI 

which is controlling the biasing condition of the MZM with its intrinsic phase relation between 

its ports, the imbalance can be handled with a narrow-range tunable phase shifter. Besides, 

integrated variable coupler and variable attenuator, broadband sub-wavelength engineered 

MMI and Miller’s self-adjustment approach can be adopted to compensate for imperfect 

extinction ratio which could be adopted to minimize amplitude and phase imbalance [195-197]. 

In addition to that, the silicon layer thickness on SOI platform is typically chosen to be 220 nm; 

a de facto microelectronics industry standard. However, it is not clear that this thickness is the 

best choice for photonics [206]. Other choices which offer linear electro-optic modulator can 

be considered for future fabrication alongside the modification needed in the present design to 

overcome the issues related to imbalance and loss. 

3. The simulation results of the frequency multiplication circuit in chapter 2 have shown a 

prospective opportunity to be a viable solution for millimeter-wave generation and 

transmission. The straightforward structure without additional splitter/coupler or phase shifter 

will simplify the design for integration and minimizes the additional loss and imbalances. The 

Mach-Zehnder modulators incorporated in the architecture are biased at their minimum 

transmission point, which is same as the MZMs used in the PIC discussed in chapter 4. 

Adoption of MMI as the splitter/combiner of the MZM in the proposed frequency octupling 

system simplifies the DC bias drift related problem. Besides, the interesting observation of this 

architecture having pristine RF component while maintaining same finite extinction ratio for 

each MZM should be investigated further. The first priority for a practical implementation is to 

choose a suitable integration technology which can offer a stable and future-proof solution. 40 

GHz LiNbO3 modulator has already been available commercially. Monolithic LiNbO3 with a 

half-wave electro-optic modulation efficiency of 1.8 V∙cm while operating at data rates up to 

40 Gbps has been demonstrated [207]. More than 100 GHz operation has also been achieved 

by LiNbO3 modulator on silicon [139]. InAlGaAs-based electro-optic modulators with low 

drive voltage (𝑣𝜋 = 0.77 𝑉) and an exceeding bandwidth of 67 GHz has also been demonstrated 

[105]. 112 Gb/s 16QAM signal transmission with modulation efficiency of 0.53 V-mm with 

electro-optic modulator on silicon-organic hybrid (SOH) has been achieved [191]. Recent 

developments of high-speed silicon-on-insulator (SOI) electro-optic modulator has availed the 

opportunity to exploit the mature CMOS manufacturing infrastructure for monolithic 

integration of electronic and photonic functionalities. Signal transmission in OOK format at 90 

Gb/s has been demonstrated utilizing SOI modulator [182]. Recently an all-silicon IQ 

modulator with 100 GBaud 32QAM transmission has also been demonstrated [208]. The 

proposed frequency octupling architecture can take advantages of these platforms for a practical 

realization.  
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4. Although the IQ modulation with 3 phase modulator architecture in chapter 5 becomes 

complicated due to the linear combination of in phase and quadrature signal for driving the 

phase modulator, the condition becomes simpler when only SSB modulation/frequency shifting 

with a pure tone is considered. The proposed circuit can provide a low RF drive option for a 

frequency translation. A practical implementation of this can realize an integrated frequency 

shifter which has one phase modulator less than the conventional one which might result in a 

compact photonic integrated circuit. 

5. It has been observed in this thesis that the RF drive phase plays an important role in attaining a 

better performance. Both Mach-Zehnder modulator and polarization modulator based 

architectures have shown degradation in performance for RF phase imbalance. In addition to 

the imperfect operation of RF drive sources, the length of the waveguides connecting the drive 

signal to the phase modulators is found to be another critical design point. It is imperative to 

sort out proper methods to generate and incorporate required phase relationship of the RF drive 

signal in the architecture. In addition to that, long-term stability issues particularly dc bias drift 

should be addressed. 
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Appendix I. List of Photonic Frequency Multiplication Techniques 

for Millimeter-wave Generation 

A detailed list that summarizes some of the works related to mm-wave generation with frequency 

multiplication functionality is presented below: 

Table I.1: Summary of some photonic frequency multiplication techniques with, unless otherwise specified,   

experimental results 

Short description Multiplication 

factor 

Performance metrics 

Mach-Zehnder modulator (MZM) biased to suppress 

the  carrier and even order harmonics [34] 

2 (36 GHz 

from 18 GHz) 

Signal to Noise ratio (SNR) > 35 dB 

MZM biased to suppress the odd order optical 

harmonics is followed by a fixed-wavelength optical 

notch filter to suppress the carrier [35] 

4 (32-50 GHz 

from 8-12.5 

GHz) 

Optical sideband suppression ratio 

(OSSR) > 25 dB 

Double-sideband phase modulation without 

suppression of carrier is achieved by a phase 

modulator. Band-pass filter is used to suppress the 

higher order harmonics. Maintaining π phase 

difference between the 1st order optical harmonics by 

dispersion compensation technique, minimizing drift 

of laser wavelength and employment of band-limited 

power amplifier after the heterodyning process could 

minimize the carrier’s effect [36] 

2 (60 GHz 

from 30 GHz) 

OSSR > 40 dB 

 

Dual parallel polarization modulator (DP-PolM) with 

adjustment of the polarization controllers on its two 

arms is used [37]. 

2 (20 GHz 

from 10 GHz) 

Carrier suppression ratio (CSR) ~ 29.5 

dB 

Dual parallel MZM (DP-MZM) with the outer Mach-

Zehnder interferometer (MZI) is biased at MITP. The 

sub MZMs are biased at maximum transmission point 

(MATP). The sub MZMs are driven by relative π/2 

phase shifted RF input. No optical filtering is needed 

[38]. 

4 (40-72 GHz 

from 10-18 

GHz) 

Electrical side harmonic suppression 

ratio (ESHSR) > 38 dB (40 GHz) 

Optical sideband suppression ratio 

(OSSR) > 36 dB (72 GHz) 

DP-MZM with the outer MZI is biased at MATP. The 

sub MZMs are biased at minimum transmission point 

(MITP) [39]. 

4 (36 GHz 

from 9 GHz) 

ESHSR > 30 dB 

OSSR > 35.4 dB  

Polarization modulator (PolM) on a Sagnac loop, four 

polarization controller, polarizer and polarization 

beam splitter are used [40].  

4 (2.04-1000 

GHz from 

0.51-25 GHz) 

OSSR ~ 32 dB (40 GHz) 

CSR ~ 42 dB (40 GHz) 

ESHSR ~ 17.8 dB (40 GHz) 

Differentially driven DD-MZM is followed by a phase 

modulator with same RF drive frequency. Careful 

selection of RF drive amplitude and phase to the phase 

modulator and bias of the MZM lead to improving 

sideband extinction and variable functionality: Double 

sideband-suppressed carrier (DSB-SC) and Optical 

single sideband (OSSB) [41] 

3 (30 GHz 

from 10 GHz ) 

OSSR > 45 dB 

Phase noise -81.25 dBc/Hz at 10 kHz 

offset 

Two cascaded differentially driven DD-MZMs biased 

at MATP and MITP respectively. High order 

6 (60 GHz 

from 10 GHz) 

OSSR ~ 36 dB 
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sidebands are suppressed by an optical band-pass filter 

(simulated) [42].  

MZM biased at MITP followed by 400m highly 

nonlinear fiber (HNLF) utilizing four wave mixing 

(FWM) to generate 3rd order optical harmonics. 

Adoption of fiber Bragg gratings is needed to filter out 

unwanted 1st order optical harmonics [43] 

6 (40 GHz 

from 6.667 

GHz) 

ESHSR >25 dB 

SNR ~50 dB  

Linewidth < 3 Hz 

Cascaded intensity modulator (IM) and phase 

modulator (PM) driven by same RF frequency with a 

relative π/2 phase shift. Adjustment of RF drive power 

and introduction of tunable dispersion compensator 

are required to maximize the optical sidebands 

responsible for frequency 6-tupling [44] 

6 (36 GHz 

from 6 GHz) 

Linewidth <20 Hz 

Dual parallel PolM (DP-PolM) consisting of PolM and 

polarization controller on each of its two arms is used, 

followed by a polarizer. By properly controlling the 

direction of polarization controllers and polarizer and 

the phase difference of the drive signal, frequency 

multiplication is achieved. Strict condition on the 

modulation index is required to suppress unwanted 

sidebands (simulated) [45]. 

6 (24 GHz 

from 4 GHz) 

OSSR > 31 dB 

ESHSR > 25 dB 

Two cascaded DP-MZM with all sub-MZMs are 

differentially driven and biased at MATP. The outer 

MZIs of the two DP-MZMs are biased at MITP. 

Carrier and odd order unwanted harmonics 

suppression can be achieved by design [46]. 

8 (60-80 GHz 

from 7.5-10 

GHz) 

SNR > 40 dB (60 GHz) 

Phase noise -73 dBc/Hz at 10 kHz 

offset (60 GHz) 

OSSR > 30 dB (80 GHz) 

Dual parallel PolM (DP-PolM) consisting of PolM 

each of its two arms is used, followed by a polarizer. 

By properly controlling the phase difference of the 

drive signal and maintaining modulation index to a 

fixed value, frequency multiplication is achieved. 

Different frequency multiplication factor can be 

achieved by different polarizer settings [47].  

4, 8 (16 GHz 

and 32 GHz 

from 4 GHz) 

OSSR~ 56 dB (8-tupling) 

ESHSR~ 49 dB (8-tupling) 

OSSR~ 41 dB (4-tupling) 

ESHSR~ 35 dB (4-tupling) 

A polarization division multiplexing-dual arm MZM 

(PDM-DMZM) or PDM-DPMZM followed by an 

FBG filter to suppress carrier provides tunable 

multiplication factor under different DC biases and RF 

drive phase conditions [48].  

i) 2 (20 GHz 

from 10  Ghz) 

ii) 4 (24 GHz 

from 6 GHz) 

iii) 8 (28 GHz 

from 3.5 GHz) 

OSSR > 15 dB (2-tupling) 

OSSR > 15 dB (4-tupling) 

OSSR > 10 dB (8-tupling) 

Intensity modulator followed by DP-MZM with 

specific DC bias to the lower sub-MZM of the DP-

MZM to ensure unwanted harmonics and carrier 

suppression. The outer MZI of the DP-MZM is MITP 

biased and the upper sub-MZM and IM are biased at 

MATP [49].  

8 (32,40 GHz 

from 4,5 GHz) 

OSSR ~ 18 dB 

ESHSR ~ 15 dB 

Phase noise ~ -90 dBc/Hz at 10 kHz 

offset 

MATP-biased MZM is followed by a DP-MZM with 

its sub-MZMs are biased at MATP. The outer MZI of 

the DP-MZM is biased at MITP [50]. 

8 (80 GHz 

from 10 GHz) 

OSSR ~ 34 dB 

Phase noise ~ -88 dBc/Hz at 10 kHz 

offset  
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A DP-MZM is placed in a Sagnac loop with its sub-

MZMs and outer MZI are biased at MATP. By 

controlling the polarization controller to satisfy a strict 

condition, carrier is suppressed at the polarizer [51].  

8 ( 24 GHz 

from 3 GHz) 

OSSR ~ 18 dB 

ESHSR ~ 16 dB 

Cascade of two PolMs, each followed by polarization 

controller and polarizer. There is also another 

polarization controller before each PolM. Specific 

combinations of polarization state and polarizer angle, 

RF voltage and phase shift provide tunable 

multiplication factor [52]. 

i) 4 (16 GHz 

from 4 GHz) 

ii) 6  

iii) 8 

i) OSSR ~ 19 dB 

    ESHSR ~ 21.35 dB 

    Phase noise ~ -95.95 dBc/Hz at 1 

kHz  

    offset 

ii) OSSR ~ 17.17dB 

iii) OSSR ~ 15.57 dB 

Two MATP-biased MZM are connected in series by a 

tunable optical phase shifter. Specific modulation 

index or optical notch filter is needed to be applied to 

achieve carrier suppression [53]. 

8 (30.4, 28 

GHz from 3.8, 

3.5 GHz 

respectively) 

ESHSR ~ 10.5 dB (30.4 GHz) 

ESHSR ~ 22 dB (28 GHz) 

Phase noise~ 96.5 dBc/Hz at 1 kHz 

offset 

Frequency multiplication is implemented by 

cascading a Sagnac loop containing an intensity 

modulator and polarization controller, polarizer and 

DP-MZM in series. Specific conditions on modulation 

indices, polarizer angle and phase angle in the optical 

signals in the Sagnac loop can be maintained by DC 

and polarization controller tuning mechanism to 

suppress carrier and unwanted sidebands [54] 

8 (32 GHz 

from 4 GHz) 

OSSR ~ 20 dB 

ESHSR ~ 17 dB 

DP-QPSK followed by a polarization controller and 

polarizer is used [55]. 

8 (24 GHz 

from 3 GHz) 

ESHSR ~ 12.6 dB 

Nested MZM consisting of two sub-MZMs, each 

biased at MATP. Very narrow ranges of modulation 

indices provide carrier suppression by design 

(simulated) [56]. 

8 (40 GHz 

from 5 GHz) 

SNR ~ 44 dB for modulation index = 

2.405 

Outer MZI biased at MITP with each of its two arms 

containing a pair of MZMs in series, each biased at its 

MATP (simulated) [57] 

8 (60 GHz 

from 7.5 GHz) 

OSSR ~ 70 dB 

ESHSR > 70 dB 

Four MZMs are in parallel, each one is biased at 

MATP (simulated) [58] 

8, 24 (60  GHz 

and 180 GHz 

from 7.5 GHz) 

OSSR ~ 69 dB 

ESHSR ~ 65 dB 

Four cascaded PolMs with each PolM is followed by  

polarizer are used (simulated) [59] 

8 (80  GHz 

from 10 GHz) 

OSSR ~ 66 dB 

ESHSR ~ 60 dB 

Cascaded FWM in a 900 m HNLF is used to amplify 

the harmonics generated by the MZM and generate 

new harmonics around the pump carrier. Additionally, 

the nonlinear medium is reused to actively filter a pair 

of desired sidebands with narrow selectivity through 

polarization pulling by Stimulated Brillouin Scattering 

(SBS) and a polarizer [60].  

i) 12 (66.71 

GHz from 

5.559 GHz) 

ii) 24 (66.95 

GHz from 

2.78 GHz) 

iii) 25 (69.63 

GHz from 

2.75 GHz) 

i) ESHSR > 24 dB 

    Phase noise ~ -73.2dBc/Hz at 10 

    kHz offset 

ii) ESHSR > 25.3 dB 

iii) ESHSR > 21.1 dB 
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Optical frequency quadrupling system consisting of 

DP-MZM followed by SOA to introduce FWM 

nonlinear effect. Two optical interleavers are used to 

suppress carrier and unwanted sidebands [61]. 

12 (60, 120, 

210 GHz from 

5, 10 and 17.5 

GHz) 

OSSR ~25 dB (60 GHz) 

Phase noise ~ -57 dBc/Hz at 10 Hz 

offset for 60 GHz signal  

OSSR ~ 30dB (120 GHz) 

OSSR ~ 20dB (210 GHz) 

Two stage (frequency quadrupling followed by 

frequency doubling) architecture employing MATP-

biased MZM at 1st stage and MITP-biased MZM at 2nd 

stage is used. The quadrupled microwave harmonic 

from the 1st stage is the RF drive for the 2nd stage’s 

MZM. Optical bandpass and band-elimination filters 

are needed for carrier and unwanted harmonics 

suppression [62].  

8 (100 GHz 

from 12.5 

GHz) 

Carrier suppression ratio (CSR) > 60 

dB 

Optical sideband suppression ratio 

(OSSR) > 30 dB 

SNR > 70 dB 

Phase noise degraded by ~19.2 dB at 

100 kHz offset 

Two cascaded DP-MZM with all sub-MZMs and outer 

MZI structures are biased at their maximum point. 

Specific modulation index values must be maintained 

to suppress carrier and unwanted sidebands 

(Simulated) [63] 

16 (160 GHz 

from 10 GHz) 

OSSR ~21.5 dB 

ESHSR ~ 38 dB 

Two identical DP-MZMs are cascaded with all sub-

MZMs are biased at null point. The RF drive is phase 

shifted by 15⁰ between the two DP-MZMs. Strict 

conditioning on the magnitude of modulation index is 

needed to suppress the unwanted harmonics 

(Simulated) [64]. 

24 (72 GHz 

from 3 GHz) 

OSSR > 33 dB 

ESHSR > 26 dB 

DP-MZM and injected DFB slave laser are used to 

generate ±2nd order sidebands, lock the slave laser by 

one injected sideband and utilize the FWM 

nonlinearity to generate other sidebands. Notch 

filtering and tuning of the master laser are needed for 

carrier/unwanted harmonics suppression and tunable 

multiplication [65]. 

i) 8 (16 GHz 

from 2 GHz) 

ii) 12 (18 GHz 

from 1.5 GHz) 

iii) 14 (17.5 

GHz from 

1.25 GHz) 

i) SNR > 15 dB 

ii) SNR > 15 dB 

iii) SNR > 15 dB 

Single arm MZM with adjustment of DC and RF drive 

amplitudes are needed for carrier and unwanted 

sideband suppression [66]. 

8 (72 GHz 

from 9 GHz) 

OSSR > 18 dB 

CSR > 37 dB 

A uniform fiber Bragg grating based acousto-optic 

tunable filter (UFBG-AOTF) is applied to select the 

desired optical sidebands from the output of a 

differentially driven DD-MZM biased at quadrature 

point. Adjustment of frequency of the applied acoustic 

wave on the UFBG leads tunable multiplication factor. 

Optical band-stop filter is needed to suppress carrier 

[67]. 

i) 2 (20 GHz 

from 10 GHz) 

ii) 4 (40 GHz 

from 10 GHz)  

iii) 6, 8, 10 

(simulated) 

i) ESHSR > 15 dB 

ii) ESHSR > 20 dB 

Using a directly modulated laser to injection locking 

the high-order sideband of modulated light with 

another directly modulated slave laser, frequency 

multiplication is detected at the slave laser’s radio 

frequency port. Temperature adjustment of the lasers 

is required for tuning the multiplication factor. No 

photodetector is necessary [68] 

i) 10 

ii) 12  

(1 GHz to 10 

and 12 GHz 

respectively) 

i) ESHSR > 25 dB 

    Phase noise -82 dBc/Hz at 10 kHz 

    offset 

ii) ESHSR > 25 dB 

    Phase noise -80.2 dBc/Hz at 10 kHz 

    offset 
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The modulated light out of the MITP-biased MZM is 

equally split. One part is undergone a π phase shift; 

another part is modulated again by the same RF drive 

at a MATP-biased MZM and combined at polarization 

combiner after passing through polarization controller. 

The combined signal is then passed through the linear 

polarizer. For fixed modulation index to suppress 

unwanted harmonics and carrier, the tuning at 

polarizer can be used for controlling OSSR and 

multiplication factor (Simulated) [69] 

2, 6 (20 GHz 

and 60 GHz 

from 10 GHz) 

OSSR ~ 50 dB 

SNR > 35 dB 
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Appendix II. MATLAB Script to Formulate the Argand Diagram  

 

In chapter 2, an Argand diagram is used to characterize the ideal RF specifications by depicting 

the optical paths graphically which can be utilized to establish the total transmission function of 

frequency 8-tupling circuit. It is also established that any arbitrary RF drive drift from its ideal 

value can be represented by the new traces of each optical path. A script written in MATLAB can 

be utilized to automate the derivation of the Argand diagram of the proposed frequency octupling 

circuit which can be used to formulate the transmission function. Simple modification of any RF 

drive specifications in the script is needed to evaluate the effect of deviation in corresponding ideal 

RF drive conditions quantitatively. This can be utilized to be a simple alternative to cumbersome 

analytical approach to address such deviation. In this script, two cases are considered: the ideal 

case where specific RF drive conditions are maintained and a non-ideal case discussed in chapter 

2 where RF drive amplitudes and phases are deviated from the ideal condition. The script can 

generate the Argand diagram where each optical path is depicted by a radius vector whose 

properties can be utilized to derive the transmission function of the architecture. 
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Argand_diagram_Frequency_octupling_circuit.m      Page 1 

 

clear all; 
close all; 
clc; 

  
phi_matrix=[1 1 1 1; 1 1 1 -1; 1 1 -1 1; 1 1 -1 -1; 1 -1 1 1; 1 -1 1 -1;... 
    1 -1 -1 1; 1 -1 -1 -1; -1 1 1 1; -1 1 1 -1; -1 1 -1 1; -1 1 -1 -1;... 
    -1 -1 1 1; -1 -1 1 -1; -1 -1 -1 1; -1 -1 -1 -1]; 
% phi_matrix is used to address the π phase difference between the upper 
% and lower arm of a differentially driven MZM. Any deviation in this  
% condition can be introduced in this matrix 

  
d2r = @(y) (y*pi/180); 
r2d = @(z) (z*180/pi); 

  
Vpi=5;      % typical half-wave voltage of LiNbO3 MZM 
Vrf1=3.1;   % Ideal case where all RF drive amplitudes are same 
Vrf2=3.1; 
Vrf3=3.1; 
Vrf4=3.1; 

  
amp1=pi*Vrf1/Vpi; 
amp2=pi*Vrf2/Vpi; 
amp3=pi*Vrf3/Vpi; 
amp4=pi*Vrf4/Vpi; 

  
MZM_1=amp1*exp(j*d2r(0));     % radius vector representing each phase  
MZM_2=amp2*exp(j*d2r(45));    % modulator of the corresponding MZM 
MZM_3=amp3*exp(j*d2r(90)); 
MZM_4=amp4*exp(j*d2r(135)); 

  
Vpi=5;            
Vrf1_1=2.725;   % Non ideal case where RF drive amplitudes are different 
Vrf2_2=3.1; 
Vrf3_3=3.8; 
Vrf4_4=3.1; 

  
amp1_1=pi*Vrf1/Vpi; 
amp2_2=pi*Vrf2/Vpi; 
amp3_3=pi*Vrf3/Vpi; 
amp4_4=pi*Vrf4/Vpi; 

  
rf1=0;        % Non ideal case where RF drive phases are different  
rf2=48; 
rf3=89.2; 
rf4=135; 

  
MZM_1_1=amp1_1*exp(j*d2r(rf1)); 
MZM_2_2=amp2_2*exp(j*d2r(rf2)); 
MZM_3_3=amp3_3*exp(j*d2r(rf3)); 
MZM_4_4=amp4_4*exp(j*d2r(rf4)); 
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% in the following section, radius vectors representing phase modulators  
% are used to define 16 optical paths corresponding the proposed cascaded 
% frequency 8-tupling architecture. Their numerical values can be utilized  
% directly to calculate the transmission function.  
for i=1:1:16 
    

f_1(i,1)=phi_matrix(i,1)*MZM_1+phi_matrix(i,2)*MZM_2+phi_matrix(i,3)*MZM_3+ph

i_matrix(i,4)*MZM_4; 
    

f_2(i,1)=phi_matrix(i,1)*MZM_1_1+phi_matrix(i,2)*MZM_2_2+phi_matrix(i,3)*MZM_

3_3+phi_matrix(i,4)*MZM_4_4; 
end 

  
f=[abs(f_1) r2d(angle(f_1)) abs(f_2) r2d(angle(f_2))] 
labels=cellstr(num2str([1:16]')); 

  
% The following section plots the Argand diagrams of the ideal and 
% non-ideal case  
for j=1:1:16 

 
x1=f(j,1)*cosd(f(j,2)); 
y1=f(j,1)*sind(f(j,2)); 
x2=f(j,3)*cosd(f(j,4)); 
y2=f(j,3)*sind(f(j,4)); 

  
plot([0,x1],[0,y1],'r'); 
text(x1,y1,labels(j,1)); 
axis ([-5 5 -5 5]); 
daspect([1 1 1]) 
hold on; 
plot(x1,y1,'r*') 
hold on; 

  
plot([0,x2],[0,y2],'k--'); 
text(x2,y2,labels(j,1)); 
hold on; 
plot(x2,y2,'k*') 
hold on; 

  
end 
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