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Abstract 
 

 

The capacity of optical communications networks continues to grow unabated. 

Applications for streaming video, social networking and cloud computing, are driving exponential 

growth of the traffic carried over the world’s ICT networks, which has been sustained thus far 

through the proliferation of datacenters and efficient, effective use of existing optical fibre. To 

meet increasing capacity demands requires increasingly sophisticated modulation formats and 

spectral management to achieve effective use of the available spectrum provided by an optical 

fibre. Moreover, the technology developed for optical communications is finding broader 

application to other sectors such as data centres, 5&6 G wireless; lidar and radar. 

Ultimately, some essential signal processing functions must occur at speeds beyond purely 

electronic means even when accounting for anticipated technological development. The option is 

to perform signal processing in the optical domain. Optical signal processors are fundamentally 

analog and linear in nature. To provide high performance, an analogue processor must be well 

controlled in a way analogous to the numerous and sophisticated controllers employed by the 

process industry. Consequently, a further extension of control to deeper levels within the physical 

layer reaching the optical layer will be necessary. For example, current reconfigurable optical add-

drop multiplexers are coloured and directional and the wavelength division multiplexing channel 

grid, transponders modulation format, and the routing are all fixed. Through optimization of the 

interface between the physical components, sensors, and processors elastic optical network 

technology can be achieved by employing colour-, direction-, contention-, grid-less, filter-, gap-

less reconfigurable optical add-drop multiplexers, flexible channels centre frequencies and width, 

flexible sub-carriers in super-channels, flexible modulation formats and forward error control 

coding transponders, and impairment-aware wavelength routing and spectral assignment. 

The aim of this thesis is to advance the state-of-the-art in photonic circuits and subsystems via 

proposing new architecture; study of the feasibility of photonic integration and, proof of concept 

implementations using available resources. The goal is to introduce new architectural concepts 

that make effective use of physical components and/or optical processors with reduced energy 
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consumption, reduced footprint and offer speed beyond all-electronic implementations. The thesis 

presents four case studies based on one or more published papers and supplementary material that 

advance the goal of the thesis. 

The first study presents a coherent electro-optic circuit architecture that generates N spatially 

distinct phase-correlated harmonically related carriers using a generalized Mach-Zehnder 

Interferometer with its N×1 combiner replaced by an N×N optical Discrete Fourier Transform. The 

architecture subsumes all Mach-Zehnder Interferometer-based architectures in the prior art given 

an appropriate selection of output port(s) and dimension N, although the principal application 

envisaged is phase-correlated subcarrier generation for next-generation optical transmission 

systems. The theoretical prediction is then verified experimentally using laboratory available 

photonic integrated circuit fabricated for other applications. Later on, a novel extension of the 

circuit architecture is introduced by replacing the optical Discrete Fourier Transform network 

using the combination of a properly chosen phase shifter and single MMI coupler. The second 

study proposes two novel architectures for an on-chip ultra-high-resolution panoramic 

spectrometer and presents their design, analysis, integration feasibility, and verification by 

simulation. The target application is to monitor the power of a wavelength division multiplexed 

signals in both fixed and flex grid over entire C-band with minimum scan time and better than 1 

GHz frequency accuracy. The two architectures combine in synchrony a scanning comb filter stage 

and channelized coarse filter. The fine filtering is obtained using a ring resonator while the coarse 

filtering is obtained using an arrayed waveguide grating with appropriate configuration. The fully 

coherent first architecture is optimised for compactness but relies on a repeatable fabrication 

processes to match the optical path lengths between a Mach-Zehnder interferometer and a multiple 

input arrayed waveguide grating. The second architecture is less compact than the first but is robust 

to fabrication tolerances as it does not require the path length matching. The third study proposes 

a new circuit architecture for single sideband modulation or frequency conversion which employs 

a cascade Mach-Zehnder modulator architecture departing from the orthodox dual parallel 

solution. The theoretical analysis shows that the circuit has 3-dB optical and 3-dB electrical 

advantage over the orthodox solution. The 3-dB electrical advantage increases the linear operating 

range of Mach-Zehnder modulator before RF amplifier saturation. An experimental verification of 

the proposed architecture is provided using an available photonic integrated circuit. The proposed 

circuit can also perform complex modulation. An alternative implementation based on polarization 
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modulators is also described. The fourth study presents the theoretical modelling of a photonic 

generation of broadband radio frequency phase shifter. The proposed phase shifter can generate 

any phase without bound: the complex transmission of the phase shifter follows a trajectory that 

rotates on a unit circle and may encircle the origin any number of times in either direction, which 

has great utility in the tuning of RF-photonic systems. The proposed concept is then verified 

experimentally using off the shelf low frequency electronic components. 
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CHAPTER 1 

Introduction 
 

1.1 Background and motivation  

Information and Communications Technology (ICT), including optical communications, high 

performance computing and wireless access are creating an interconnected global society. 

Applications like streaming video (e.g. Netflix), social networking (e.g. Facebook) and cloud 

computing (e.g. Amazon Web Services, Dropbox) are driving exponential growth of the traffic 

carried over the world’s ICT networks. Breakthrough technology is required to serve an increasing 

number of users with ever-increased bandwidth demands while limiting energy consumption. The 

industry now talks of Pbit/s capacity optical networks. The first concern of industry is the cost of 

hardware, yet energy consumption has risen to second place, and the key to both cost and energy 

reduction is photonic integration. 

Software-defined networking (SDN) and emerging elastic optical network (EON) technologies 

are key technology enablers for next-generation networks. SDN allows programmability of 

network functions and protocols. EON allows the allocation of an arbitrary and appropriate 

spectral range and advanced modulation format to an optical path according to application 

bandwidth and quality of service requirements taking into account optical physical layer attributes 

such as impairments. Network operators have embraced the SDN paradigm with enthusiasm 

motivated by its potential to commoditize hardware amongst other factors. However, the current 

optical transport network (OTN) is opaque to the control plane and as such is a major impediment 

to the full deployment of SDN. An SDN/EON OTN is required that calls for integrated photonics 

where all components are controlled by software. 

5G wireless and optical communications are converging in terms of technology and methods. 

Spectrally efficient advanced modulation formats long used in wireless to relieve a crowded RF 

spectrum are now being used in coherent optical communications systems to relieve what has now 

become a similarly crowded optical spectrum. Similarly, RF-photonic methods for the generation 

and modulation of millimeter wave carriers, their (de-) modulation, and distribution are envisaged 

to support 10 Gbit/s data rates necessary for large file download and the use of a high density of 
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antennas with multiple-in multiple-out signal processing for good coverage.  RF photonic systems 

have been implemented until recently using fibre-coupled discrete components but considerations 

of stability, compactness, and cost calls for integrated photonics. 

With the transition from incoherent to coherent optical systems a revolution is consequently in 

progress in both optical and wireless communication technology. At long last, rather than field 

intensity, information is now conveyed by the amplitudes of the components of the vector field 

(polarisation, magnitude and phase). It is theoretically possible to construct a coherent optical 

circuit with sufficient versatility to implement any possible linear operation. This follows because 

any loss-less linear optical circuit is described by a unitary transformation, and a specific array of 

basic two-mode transformations is mathematically sufficient to implement any unitary 

transformation [1]. Many advanced optical functions, including fundamental tests of quantum 

mechanics and quantum technologies; and arbitrary linear optical processors for communications 

could be implemented using meshes of Mach–Zehnder interferometers [2]. 

Ironically, the physical layer functions required by optical communications networks are more 

easily expressed but far more challenging to implement within a coherent optical rather than an 

incoherent optical conceptual framework. The reason is the extreme short wavelength of light (~1 

µm), which demands path length tolerances in the region of ~ 1 nm if the phase is to be controlled 

within a complex circuit architecture; performance can be severely degraded by small 

imperfections of optical components. Fortunately, another revolution in optical component 

technology is in progress with a transition from discrete components interconnected by optical 

fibre to integrated components interconnected by planar optical waveguides within a photonic 

integrated circuit (PIC). Photonic integration brings tight dimensional tolerances and, more 

significantly, extremely tight relative dimensional tolerances. The latter enables circuit designers 

to ameliorate impairments by making use of component symmetries that are robust to PIC 

fabrication errors but impractical with discrete components. Moreover, methodologies for 

trimming circuit parameters to achieve perfect optics with imperfect components are emerging [3]. 

The research will focus on photonic circuits and subsystems that leverage continued advances in 

photonic integrated circuits including hybrid integration of active optoelectronic, electro-optic, and 

electronic devices, and related advances in algorithms for signal processing and control. The goal 

is to advance the state of the art through the proposal and exploration of novel circuit or system 
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architectures that offer speed beyond all-electronic implementations, substantially reduced energy 

consumption, and/or reduced footprint with the potential for commercialization. 

 

1.2 Objectives 

The specific objectives are: 

▪ to demonstrate new programmable discrete-space optical processor architectural and 

device concepts amenable to photonic integration for next generation optical 

communications and microwave-photonics functions. 

▪ to develop the design of a technologically viable compact on-chip high-resolution 

wideband spectrometer to measure the spectral profile of WDM signals accurately in flex- 

and fixed- grid architectures across the entire C-band 1530 nm-1565 nm aiming at sub-

GHz resolution bandwidth. 

▪ to develop energy efficient circuit architecture for complex modulation and/or frequency 

shifting operation. 

▪ to develop broadband RF phase shifter using photonic technology. 

The thesis plan envisages chapters based on either papers that have been published or manuscripts 

planned for publication. The contributions of the research described has made to the advancement 

of the research goal outlined in the preceding is detailed in the following sections. 

 

1.2.1 Photonic processor architecture 

Meshes of Mach–Zehnder interferometers (MZI) feature widely in the field of radio frequency 

(RF) photonics. There has been a plethora of publications [4-9] over the last decade that have 

described essentially the same Generalized Mach-Zehnder Interferometer (GMZI) circuit 

architecture: a 1 × 𝑁 splitter directly interconnected to a 𝑁 × 1 combiner via an array of N electro-

optic LiNbO3-based phase modulators, each circuit adapted to particular design goals. The 

applications have generally been to; in- and quadrature- (IQ) phase modulation, single sideband 

modulation, electro-optic frequency up-conversion [4-7]; radio frequency (RF) multiplication [8-

9]; and multiple carrier generation [10]. The difference between the circuits proposed have largely 

concerned variations of the static optical and electrical phase shifts required or the implementation 

of an equivalent circuit using standard Mach-Zehnder modulators (MZM) rather than individual 

phase-modulators (PM) as the basic building brick. A generalized design methodology that 
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determines the parameters of the architecture required to meet specified design objectives such as 

the suppression of unwanted intermodulation products has been reported in [11]. It has also been 

shown [12-13], how to use the intrinsic phase relations between the ports of splitters and combiners 

and specifically multi-mode interference (MMI) couplers to implement the static optical phase 

shifts required by these circuits, thereby avoiding the need to apply static DC bias to the electro-

optic modulators and the associated drift issues that otherwise require complex stabilization 

circuitry. This thesis describes and analyses a coherent electro-optic circuit architecture that 

generates N spatially distinct phase-correlated harmonically related carriers using a GMZI with its 

𝑁 × 1 combiner replaced by an 𝑁 × 𝑁 optical Discrete Fourier Transform (DFT). Advantage may 

be taken of the tight optical path-length control, component and circuit symmetries and emerging 

trimming algorithms offered by photonic integration. The architecture subsumes all MZI-based 

architectures in the prior art given an appropriate choice of output port(s) and dimension 𝑁 

although the principal application envisaged is phase correlated subcarrier generation for next 

generation optical transmission systems beyond 1Terabit / second using all optical orthogonal 

frequency division multiplexing. 

Super-channel transmission has already been reported experimentally [14-18] to facilitate high 

data rates. One common demerit in these demonstrations is that all subcarriers exit from the same 

port by means of optical comb generation. Hence, an optical de-multiplexing filter is needed to 

separate these subcarriers individually so that they can be modulated. However, the limited tuning 

range and temperature sensitivity of an optical de-multiplexing filter makes the system 

implementation complicated and reduces the system performance. The design of a complementary 

frequency shifter capable of generating two spatially separated subcarriers has been reported [10] 

but, with ever increasing demand for bandwidth, a circuit design capable of generating more than 

two spatially separated subcarriers is required for near future optical systems. 

This thesis considered the acousto-optic diffraction in the Raman-Nath regime within the 

framework of classical Fourier optics to provide the intuition of the proposed architecture. This 

motivates a discretization that replaces the acousto-optic modulator by a set of waveguide phase-

modulators excited by a waveguide splitter; electrically driven from the same RF source but with 

a progressive phase increment; and with light from their egress port processed by an optical DFT 

network. A transfer matrix analysis of this architecture then shows that it operates as expected with 

carriers with frequency shift 𝑞𝜔𝑅𝐹 emitted from output port 𝑞 modulo 𝑁. The options for the 
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implementation of the DFT network are considered and a specific example based on MMIs 

elaborated for 𝑁 =  4. The analysis is then verified by simulation both in the ideal case and in the 

presence of impairments. A similar optical processor may be applied at the receiver to demodulate 

super channels before coherent detection. The thesis also explains how the architecture can be 

understood as a discretization of a classical free-space optical information processing system. Later 

on, a novel extension of the circuit architecture has also been introduced, by replacing the 4 × 4 

optical Discrete Fourier Transform (DFT) network using the combination of a properly chosen 

phase shifter and single  4 × 4 MMI coupler. An integrated circuit based on silicon photonics 

technology readily available in the laboratory is used for experimental confirmation.  

 

1.2.2 Design and integration feasibility of a high-resolution broadband spectrometer 

In an optical network, optical performance monitoring (OPM) is the key enabling technology for 

reliable spectrum management. Up-to-date network telemetry is required for capacity scaling, 

network or component fault recovery, and network reconfiguration through performance 

prediction and planning. The monitoring includes information on bit-error-rate (BER), optical 

signal-to-noise ratio (OSNR), electrical signal-to-noise ratio (ESNR), loss, power, etc. The 

monitoring information is then fed to the network management agent for resource optimization to 

maximize the reach versus rate. In practice, optical performance monitoring may be based on the 

measurement of one or several parameters. However, OPM is used herein to refer to “power” 

monitoring since power is one of the key indicators of performance in optical systems. 

In transport optics, especially in WDM networks, spectral sensing is not straightforward. 

Traditionally WDM channels are distributed over the 40 nm wide fibre-optic C-band (1530 nm to 

1570 nm) with fixed centre frequencies arranged on the ITU grid at intervals of 50 GHz or 100 

GHz. and an OPM card is used to measure the power. The working principle of the OPM card 

involves sweeping a tunable filter with 50 GHz resolution over the spectrum to make available 

ITU grid channel power readings. Due to their excessive power consumption, size and cost, OPM 

cards are deployed at few points in the network; typically co-located with reconfigurable add-drop 

multiplexers (ROADMs). However, current optical networks are elastic in nature, i.e. the channels 

are not located on a fixed regular grid, rather the channel center wavelength can be placed at an 

arbitrary location within the spectrum. The flexible grid can support a variety of channel power 

profiles (i.e., bandwidth and power spectral density) with a resolution of channel centre frequency 
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placement as fine as 6.25 GHz. Flex-ready spectrum measurements are required to facilitate the 

deployment of the flex-grid system. As a result, flex-grid ready ROADM architectures are 

equipped with new modules that can measure power at desired frequency location and resolution. 

However, due to cost issues, spectrum measurement is only performed at add-drop nodes and not 

at amplifier nodes.  Moreover, a single OPM module is shared by the multi degree-ROADM so 

the OPM measurement speed reduces as the number of lines it supports increases. Consequently, 

the performance of WDM channels in a section (ROADM-to-ROADM) is modeled based on an 

analytical or a semi-analytical analysis or a machine learning approach. The absence of OPM 

makes it difficult to have live and accurate network measurement; and hence hard to implement 

performance optimization. Complete knowledge of spectral content in a network is prerequisite 

for the effective use of color-, direction-, contention-, grid-, filter-, gap-less ROADM, flexible 

modulation formats, flexible channels frequencies and spectral assignment. 

A large variety of on-chip spectrometer designs have been unveiled and realized over the past 

decade such as cascaded ring resonator (RR) arrayed waveguide grating (AWG) architecture [19-

20], dispersive configurations (arrayed waveguide gratings (AWG) [21], echelle gratings (EG) 

[21-22] or cascaded micro-ring resonators [23-24], cascaded Mach-Zehnder interferometer (MZI) 

based processor [25]; and discrete Fourier transform infrared spectroscopy [26-27]. In [19] the 

authors propose a combined architecture where the ring and AWGs need to be tuned to match the 

ring response with the AWG center wavelength. Depending on the number of channels, fixed grid 

reading of the spectrum is achieved. Similar to the previous prior art the authors of [20] proposed 

a cascaded architecture where a ring resonator (RR) is followed by a parallel pair of arrayed 

waveguide gratings (AWG) with different center wavelengths to reduce the cross talk. The center 

wavelength of the AWGs must differ by half a channel spacing for proper operation but there is 

no mention of if and how the whole spectrum may be scanned. When the RR is not tuned to an 

AWG channel passband center, the spectrometer will suffer increased insertion loss and channel 

leakage (cross talk) with increased detuning. In addition to that, EG and AWGs have been 

proposed by Xiang et al. [21] to construct spectrometers capable of operation over a broad range 

of different wavelength. The resolution is restricted by the number of samples of the spectrum by 

the fixed number of EG/AWG channels. The minimum resolution bandwidths obtained is 1.6 nm 

(∼100 GHz). A finer resolution of 0.496 nm with an adjacent channel cross talk of -18 dB is 

obtained by a similar configuration disclosed in reference [22] using an EG with integrated metal 
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semiconductor metal (MSM) photodiode. A multiple ring resonator in cascade architecture has 

been proposed in [23-24] for high resolution spectrum measurement. These architectures have 

proven to be extremely complicated to control and calibrate in a reliable fashion due to the fact 

that two or more very sensitive components (RR) are needed to be tuned together. An array of 84 

microdonut resonators are integrated to cover 50 nm bandwidth with a minimum resolution of 0.6 

nm. The outer radii of the resonator require careful variation with a step size of 1 nm [23]. Multiple 

ring resonator in cascaded is presented in [24]. On the other hand, in [25] a fast-Fourier 

transformation (FFT)-like approach is used by performing multiple measurements of the filtered 

spectrum. The authors demonstrate a resolution of 23 pm (~ 2.9 GHz) over a 184 pm range about 

1550 nm using eight parallel MZI. Sub-GHz resolution seems to be within reach but entire C band 

coverage remains challenging as it requires multiple arms which imposes significant loss, complex 

control and measurement dynamics. Following a similar approach, Kita et al. [26] proposed a new 

signal processing technique performed electro-optically where a combination of numerous 

measurements with data processing provides the desired high-resolution power measurement 

across a desired band. To achieve sub-GHz resolution more than 10 stages are needed. Reference 

[27] discloses a digital Fourier Transform infra-red (dFTIR) spectroscopy approach with a cascade 

of 10 electro-optic switches in between carefully dimensioned waveguide segments, which in 

principle can lead to a sub-GHz resolution. However, the scaling and control of the architecture is 

complicated when high resolution sensing is required over a wide band. Therefore, this strategy 

and architecture suffers similarly in scaling when high resolution spectrum sensing over a wide 

band is needed. In summary, the existing measurement technologies fail to combine acceptable 

resolutions with wideband operation and do not support feasible integration with other products 

which limits their deployment mainly due to high cost, loss and foot print. In addition, the 

requirement of sub-GHz resolution bandwidth to reliably and accurately distinguish the individual 

carriers in a densely packed multi-carrier super-channels or to monitor the differential power of 

adjacent channels in fixed and flex-grid architectures with a large free-spectral range for 

transparent operation across the entire C band 1530 nm-1565 nm for an integrated solution remains 

challenging. 

In this thesis, the design of a technologically viable compact on-chip high-resolution wideband 

spectrometer is presented and verified by software simulation using an industry standard tool. A 

novel and original approach to coordinated tuning of the individual stages enables the spectrometer 
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to scan the entire C-band with better than 1 GHz resolution using only three stages and two 

controls. The target application is to measure the spectral profile of WDM signals accurately in 

flex- and fixed- grid architectures across the entire C-band 1530 nm-1565 nm with minimum scan 

time and better than 1 GHz frequency accuracy. The photonic integration of the circuit architecture 

can be implemented using a mature fabrication technology; low index contrast Silica on Silica or 

CMOS compatible low loss Si3N4 photonic integration platform. However, to meet the technical 

specifications such as compact size and high-resolution bandwidth, the Si3N4 platform is preferred 

due to its impressive agreement between simulation and practical measurement for the components 

used in this design architecture [28-31]. For effective use of resources, the fabrication plan 

envisaged access to multi-project wafer MPW runs for test structures followed by a custom wafer 

run for fabrication of prototypes for demonstration. The LioniX Triplex technology chosen only 

offers MPW runs for designs using the asymmetric double strip (ADS) waveguide and the low-

cost photolithography used has a minimum feature size of 1 um. Accordingly, the simulations of 

the components and sub-circuits that constitute the proposed spectrometer are designed using ADS 

as reference waveguide. The proposed circuit architecture consists of three stages. The first stage 

is a ring resonator (RR) which has the function of defining the spectrometer resolution. It provides 

a periodic train of resonances spaced by its free-spectral range (FSR). It is tuneable in frequency 

over one FSR. The final stage is an arrayed waveguide grating (AWG) which has the function of 

isolating one RR resonance in each output channel. The output channel frequency spacing is equal 

to the FSR of the RR. The principal innovation is ganged tuning of the RR and AWG to retain the 

RR resonance at the center of the AWG channel passband. This is achieved by a second stage that 

uses an MZDI with FSR equal to the AWG channel spacing to form a coherent superposition of 

two interleaved AWG channel spectra corresponding to a pair of input ports. 

An alternative architecture is also conceived as a refinement of the previously proposed design. 

The coherent superposition of a pair of AWG input channels is replaced by the incoherent 

superposition of pairs of AWG outputs, which may perform processing the measured AWG 

channel powers. The MZI stage is eliminated, releasing the spectrometer from any requirement to 

control inter-stage optical path lengths and thereby significantly easing manufacture. The details 

of the circuit architecture design, modelling and integration feasibility is also presented in this 

thesis. The architecture combines a RR and a number N of AWG with interleaved channel spectra. 

For the purpose of exposition, the N = 2 case is first considered but subsequently generalised. 
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Hardware economies may be made by replacing the multiple AWGs by a single time multiplexed 

N-input AWG. The N = 3 architecture has particular merit as the first to offer near zero adjacent 

channel crosstalk. In order to meet the specification (high resolution bandwidth) of the proposed 

spectrometer, the CMOS compatible Si3N4 photonic integration platform has been selected as it 

offers low loss, tight confinement, low dispersion and a mature thermo-optic phase shifter 

technology. The detail simulation verification of the proposed architecture is presented using 

components (RR and AWG) designed for fabrication. A combination of industry standard software 

tool is used for the component design. A simple but novel signal processing approach enables the 

spectrometer to scan the entire C-band with high resolution (∼1GHz) using only one dynamic 

control. The original signal processing techniques make the proposed architecture robust to 

fabrication tolerances. 

 

1.2.3 Energy efficient single sideband modulation/complex modulation 

Electro-optic in-phase–quadrature (I-Q) modulation or single side-band (SSB) modulation or 

frequency conversion are functions (‘the desired function’) fundamental to radio frequency 

photonic systems. To the best of the authors’ knowledge, an integrated SSB modulator based on a 

Ti-diffused LiNbO3 optical waveguide circuit driven by an in-phase and quadrature signal at 2 

GHz. was reported for the first time in 1981 [4]. The circuit configuration used is same as the dual-

parallel Mach-Zehnder modulator (DP-MZM) used today. Since then, there has been a plethora of 

publications [5-7,12-13, 32-36] describing different techniques of achieving the desired function. 

In [32-34] the desired function is achieved by electro-optic amplitude modulation of an optical 

carrier. A custom electro-absorption modulator (EAM), driven by a mm-wave RF source, is used 

to externally amplitude-modulate a distributed feedback laser (DFB) and an optical filter (for 

example, a fiber-Bragg grating (FBG)) is used to extract a single side-band. The conversion 

efficiency is low, which reduces receiver sensitivity. Moreover, the EAM, DFB laser, and FBG 

must be very closely matched in frequency of operation that entails temperature control, which is 

undesirable in terms of energy consumption. Alternatively, the desired function is achieved by 

electro-optic phase-modulation of an optical carrier. Typically, pairs of phase modulators are 

combined to form Mach-Zehnder modulators (MZM), which are used to amplitude-modulate the 

in-phase (I) and quadrature (Q) components of the optical carrier. Circuit architectures using a 

dual-drive MZM (DD-MZM) [5, 35-36], two DD-MZM [6] and a DP-MZM [7] have been 
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investigated. To minimize trimming, it is advantageous in integrated circuits to exploit phase shifts 

that are intrinsic to the topology of the optical and electrical waveguides (and, hence, are 

broadband and temperature insensitive), such as, the phase relations between the ports of splitters 

and combiners and, more generally, the ports of multi-mode interference couplers (MMI).The use 

of the intrinsic phase relationship between ports of a MMI coupler has been proposed to improve 

the linearity of an electro-optic modulator by selective suppression of unwanted inter-modulation 

products [37-38]. A requirement for precise RF-drive level, static DC bias of the electro-optic 

modulators, and/or passive phase shift elements are common features of most designs. A notable 

advance, reported in [12-13], are DC bias-less and filter-less architectures with no requirement to 

set a precise electrical drive level. Most reported architectures [1, 5-13] are directly equivalent to 

single stage generalized Mach-Zehnder Interferometer (GMZI) circuit: a 1 × 𝑁 splitter directly 

interconnected to a 𝑁 × 1 combiner via an array of 𝑁 linear electro-optic phase modulators. The 

universally accepted solution is the use of a Dual-parallel Mach-Zehnder modulator (DP-MZM) 

solution. Few two-stage architectures have been reported and, to the best of authors’ knowledge, 

none reported capable of the desired function; only architectures useful for frequency-

multiplication are known in the prior art [39]. The search for a two-stage architecture capable of 

the desired function was motivated by the authors’ finding, reported in [40], that a two-stage MZM 

architecture for frequency multiplication required 3 dB less RF-drive power than its functionally 

equivalent GMZI architecture. As far as the authors are aware, a two-stage MZM capable of 

performing the desired function is reported for the first time in this thesis. The proposed design 

has 3 dB RF and 3 dB optical conversion gain advantage compared to a single stage circuit, for 

example, a DP-MZM. The experimental verification of the proposed concept is also presented 

using a prototype cascaded MZM architecture on a silicon photonics. The adapted circuit is a three-

stage cascaded MZM architecture was designed to be used as an optical digital-to-analog converter 

for high baud rate PAM transmission. The details of the fabrication technology of the silicon 

photonic chip and the electrode electro-optic (E/O) characterization can be found in [41]. 

Achieving the correct quiescent operating point experimentally is complicated by imbalance of the 

optical path lengths in the different stages of the test architecture and other impairments due to 

fabrication errors. Nevertheless, thermo-optic phase shifters are present in every stage for 

appropriate phase tuning. Firstly, a DC characterization was performed with the assistance of the 

algorithm presented by Wilkes et al [42]. They formed an interferometer consisting of a cascade 
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of two Mach-Zehnder modulators; one of which plays the role of a variable beam splitter. Using 

Miller’s algorithm to adjust the variable beam splitter they achieved a – 60 dB extinction ratio 

limited only by the number of bits of the DAC used to provide the bias voltage. In our case, using 

the algorithm, the extinction ratio at the upper output port is maximized to greater than 40-dB. The 

lower port extinction is improved similarly. Following the achievement of this bias state, an 

additional optical bias is applied as per the conceived theoretical model. An alternative 

implementation based on polarization modulators is also reported in this thesis. 

 

1.2.4 Photonic generation of broadband RF phase shifter 

A precise and broadband radio frequency (RF) phase shifter is needed in a variety of applications 

including phased array antenna systems to support high speed wireless communication and radar; 

and self interference cancellation (SIC) systems in a full duplex technology to improve the 

attainable spectral efficiency of a 5G network. The photonic generation of microwave phase shifts 

is receiving significant attention due to its simplicity, light weight, low cost, small size and 

broadband operation with minimal phase errors. The underlying principle is based on frequency 

shifting an optical carrier via single side band suppressed carrier (SSB-SC) modulation using RF 

carrier of interest followed by the re-insertion of  a copy of the original optical carrier that is shifted 

in phase by a variety of means such as an optical phase modulator based on p-n junction devices; 

z-cut lithium niobate  (LiNbO3); or a polarization controller within a number of different circuit 

architectures [43-50].  

In reference [43] an optical carrier is divided in to two paths, one used to generate SSB-SC 

modulation, while the other path is phase shifted using an optical phase modulator. Both the paths 

are then combined on a photodiode to generate the phase shifted RF signal. A similar strategy to 

obtain the phase shift is followed in references [44-45] using a dual-polarization dual-parallel 

Mach Zehnder Modulator (DP-MZM); in which one DP-MZM generates the SSB-SC modulation 

while the other DP-MZM is biased at maximum transmission point to maximize the output power 

of the carrier. The outputs of the both DP-MZM are then combined using a polarization beam 

combiner (PBC). The relative phase of the orthogonally polarised optical carrier and sideband is 

then adjusted by a polarization dependent optical phase shifter (OPS) [44] or a combination of 

polarization controller and polarizer [45]. A DP-MZM based scheme is presented in [46-49]. In 

[46], one child MZM is biased at the minimum transmission point (MITP) and driven by an RF 
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signal, thereby generating double sideband suppress carrier (DSB-SC) modulation; while the other 

child MZM is biased at the MATP to pass the carrier. The two outputs are combined by using an 

optical coupler [47]. The optical phase shift is applied by tuning the phase adjust voltage of the 

parent MZM. Finally, an optical bandpass filter (OBF) is used to suppress one of the sidebands. A 

similar method is described in [47] except the combining is done through a PBC and the optical 

phase shift is implemented using polarization dependent OPS. Reference [48] describes a DP-

MZM based scheme capable of a 360˚-degree phase shift founded on the precise settings of the 

phase and amplitude of the optical carrier and two sidebands using predetermined modulator bias 

voltages. An architecture consisting of, two parallel MZM driven by in-phase and quadrature phase 

RF signal modulate orthogonally polarised optical carriers combined on a photodiode is 

demonstrated in [49]. The slope about the operating point of the two MZM is varied by adjustment 

of their respective DC bias voltage, thereby the sign and magnitude of the in-phase and quadrature 

phase modulation components is adjusted resulting in the phase shift of the superimposed 

components. For proper operation of the scheme, the modulation depth should be small which 

leads to high insertion loss and careful adjustment of the two bias voltages is required as, for a 

constant magnitude RF output, both bias voltages depend on the desired phase shift. A photonic 

integrated phase shifter based on silicon-on-insulator technology is presented in [50]. A single side 

band (SSB) full carrier modulation is generated using a DP-MZM. An optical deinterleaver filter 

is used to separate the optical carrier and the sideband. The phase of the isolated carrier is then 

shifted by using a p-n junction based optical phase shifter and combined with the sideband on a 

photodiode. All these methods require either an optical deinterleaver filter or optical bandpass 

filter, precise control of the polarization and/or polarizer, bias voltages or suffers from lack of 

phase shift linearity and range. Moreover, the need for a continuous phase shift range extending 

beyond 360˚ degree is gaining appreciation. For an example, improved robustness to loss of lock 

of an optoelectronic oscillator has been demonstrated by enlarging the RF tuning phase shift ranges 

from 350˚ degrees to 1160˚ degree using a frequency conversion pair [51]. A circuit architecture 

based on two parallel DP-MZM circuit that requires no additional control or filter for proper 

operation is proposed in the thesis. Furthermore, the linearity of the phase shifter remains valid for 

wide range of frequencies. The proposed phase shifter can generate any phase without bound. 

Actually, the complex transmission of the phase shifter follows a trajectory that rotates on a unit 

circle in either direction. The practical implementation of the proposed design can be demonstrated 
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using a commercially available dual polarization quadrature phase shift keying (DP-QPSK) 

modulator. Due to unavailability of a-QPSK modulator, experimental verification by an electronic 

emulation of the proposed concept is presented in this thesis using off the shelf components. 
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CHAPTER 2 
 

Universal RF photonic circuit architecture 
 

2.1 Summary 

There has been a plethora of publications over the last decade on the subject of electro-optic circuit 

architectures for RF signal generation. These circuits may be understood as a Generalized Mach-

Zehnder Interferometer (GMZI) circuit architecture with as many arms containing phase 

modulators as there are distinct paths through the circuit studied: a 1 × 𝑁 splitter directly 

interconnected to a 𝑁 × 1 combiner via an array of N electro-optic LiNbO3-based phase 

modulators where 𝑁 is the number of distinct paths through the structure studied. It was observed 

that there existed an essential unity of these architectures. This chapter describes and analyses a 

coherent electro-optic circuit architecture that generates 𝑁 spatially distinct phase-correlated 

harmonically related carriers using a GMZI with its 𝑁 × 1 combiner replaced by an 𝑁 × 𝑁 optical 

Discrete Fourier Transform (DFT). The architecture subsumes all MZI-based architectures in the 

prior art given an appropriate selection of output port(s) and dimension N, although the principal 

application envisaged is phase-correlated subcarrier generation for next-generation optical 

transmission systems. For simplicity, the simulation of a 4 × 4 DFT realized by a combination of 

180˚ optical hybrids implemented as 2 × 2 MMI couplers. A novel extension of the circuit 

architecture is also presented, by replacing the 4 × 4 optical Discrete Fourier Transform (DFT) 

network using a combination of a properly chosen phase shifters and a single 4 × 4 MMI coupler. 

Furthermore, the experimental validation of a 4 × 4 universal RF photonic circuit architecture is 

presented using photonic integrated circuit (PIC) readily available in the laboratory which was 

fabricated for another application. 

 

2.2 Contribution 

Part of the theoretical modelling and simulation verification provided in this chapter was published 

as a seminal paper in Optics Express. I performed the simulation verification, processed the results 

and wrote part of the manuscripts. Dr. Hall conceived the initial theory and wrote other parts of 

the manuscript. I conceived the theory of realizing N×N DFT circuit using N×N MMI with 

combination of predefined phase shifts. I wrote the manuscript and Dr. Hall revised it. It was 



15 
 

published as conference proceedings in Progress in Electromagnetic Research Symposium.  

Another manuscript demonstrating the experimental findings has been prepared for   submission 

to Optics Communication. I designed the experiment, completed the measurement, and wrote the 

manuscript. Dr. Hall edited the manuscript. Mr. Gazi Hasan contributed to the input/output 

coupling of the experiment and data recording. 

 

2.3 Article 

This section is a reproduction of articles published (Optics Express) and submitted (Optics 

Express) for publication.  

© The Optical Society; Reproduced with permission from [52],   

T. J. Hall and M. Hasan, “Universal discrete Fourier optics RF photonic integrated circuit 

architecture,” Optics Express 24(7),7600-7610 (2016). 

Reproduced with permission from [53], 

M. Hasan, D. Sun, P. Liu and T. J. Hall, “Towards a universal RF photonic integrated circuit 

architecture for microwave applications,” 37th Progress in Electromagnetics Research Symposium 

(PIERS), Shanghai, China 8-11 August (2016). 

The submitted manuscript follows verbatim [54]. 

M. Hasan, G. M. Hasan and T. J. Hall, “Experimental realization of a universal RF photonic 

integrated circuit,” submitted to Optics Communication (2020). 
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Universal discrete Fourier optics RF photonic integrated 

circuit architecture 

Trevor J. Hall and Mehedi Hasan* 

Photonic Technology Laboratory, Centre for Research in Photonics, Advanced Research Complex, University of Ottawa, 25 Templeton Street, 
Ottawa, K1N 6N5, ON, Canada 

  

Abstract: This paper describes a coherent electro-optic circuit architecture that generates a 
frequency comb consisting of N spatially separated orders using a generalised Mach-Zenhder 
interferometer (MZI) with its N×1 combiner replaced by an optical N×N Discrete Fourier Transform 
(DFT). Advantage may be taken of the tight optical path-length control, component and circuit 
symmetries and emerging trimming algorithms offered by photonic integration in any platform that 
offers linear electro-optic phase modulation such as LiNbO3, silicon, III-V or hybrid technology. 
The circuit architecture subsumes all MZI-based RF photonic circuit architectures in the prior art 
given an appropriate choice of output port(s) and dimension N although the principal application 
envisaged is phase correlated subcarrier generation for all optical orthogonal frequency division 
multiplexing. A transfer matrix approach is used to model the operation of the architecture. The 
predictions of the model are validated by simulations performed using an industry standard software 
tool. Implementation is found to be practical. 

© 2016 Optical Society of America 
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1. Introduction  

With the transition from incoherent to coherent optical systems a revolution in optical communications technology is 

in progress. At long last, rather than field intensity, information is now conveyed by the amplitudes of the components 

of the vector field (polarisation, magnitude and phase). It is theoretically possible to construct a coherent optical circuit 

with sufficient versatility to implement any possible linear operation. This follows because any loss-less linear optical 

circuit is described by a unitary operator, and a specific array of basic two-mode operations is mathematically 

sufficient to implement any unitary operator [1]. Many advanced optical functions, including fundamental tests of 

quantum mechanics and quantum technologies; and arbitrary linear optical processors for communications could be 

implemented using meshes of Mach–Zehnder interferometers [2]. Ironically, the physical layer functions required by 

optical communications networks are more easily expressed but far more challenging to implement within a coherent 

optical rather than an incoherent optical conceptual framework. The reason is the extreme short wavelength of light 

(~1 µm), which demands path length tolerances in the region of ~ 1 nm if the phase is to be controlled within a complex 

circuit architecture; performance can be severely degraded by small imperfections of optical components. Fortunately, 

another revolution in optical component technology is in progress with a transition from discrete components 

interconnected by optical fibre to integrated components interconnected by planar optical waveguides within a 

photonic integrated circuit. Integration brings tight dimensional tolerances and, more significantly, extremely tight 

relative dimensional tolerances. The latter enables circuit designers to ameliorate impairments by making use of 

component symmetries that are robust to photonic integrated circuit fabrication errors but impractical with discrete 

http://dx.doi.org/10.1364/optica.2.000747.s001
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components. Moreover, methodologies for trimming circuit parameters to achieve perfect optics with imperfect 

components are emerging [3]. 

Meshes of Mach–Zehnder interferometers (MZI) feature widely in the field of radio frequency (RF) photonics. 

There has been a plethora of publications [4-9] over the last decade that have described essentially the same 

Generalized Mach-Zehnder Interferometer (GMZI) circuit architecture: a 1 × 𝑁 splitter directly interconnected to a 

𝑁 × 1 combiner via an array of 𝑁 electro-optic LiNbO3-based phase modulators, each circuit adapted to particular 

design goals. The applications have generally been to; in- and quadrature- (IQ) phase modulation, single sideband 

modulation, electro-optic frequency up-conversion [4-7]; radio frequency (RF) multiplication [8-9]; and multiple 

carrier generation [10]. The difference between the circuits proposed have largely concerned variations of the static 

optical and electrical phase shifts required or the implementation of an equivalent circuit using standard Mach-Zehnder 

modulators (MZM) rather than individual phase-modulators (PM) as the basic building brick. A generalized design 

methodology that determines the parameters of the architecture required to meet specified design objectives such as 

the suppression of unwanted intermodulation products has been reported in [11]. It has also been shown [12-13], how 

to use the intrinsic phase relations between the ports of splitters and combiners and specifically multi-mode 

interference (MMI) couplers to implement the static optical phase shifts required by these circuits, thereby avoiding 

the need to apply static DC bias to the electro-optic modulators and the associated drift issues that otherwise require 

complex stabilization circuitry. This paper describes and analyses a coherent electro-optic circuit architecture that 

generates 𝑁 spatially distinct phase-correlated harmonically related carriers using a GMZI with its 𝑁 × 1 combiner 

replaced by an 𝑁 × 𝑁 optical Discrete Fourier Transform (DFT). Advantage may be taken of the tight optical path-

length control, component and circuit symmetries and emerging trimming algorithms offered by photonic integration. 

The architecture subsumes all MZI-based architectures in the prior art given an appropriate choice of output port(s) 

and dimension 𝑁 although the principal application envisaged is phase correlated subcarrier generation for next 

generation optical transmission systems beyond 1Terabit / second using all optical orthogonal frequency division 

multiplexing. 

Super-channel transmission has already been reported experimentally [14-18] to facilitate high data rates. One 

common demerit in these demonstrations is that all subcarriers exit from the same port by means of optical comb 

generation. Hence, an optical de-multiplexing filter is needed to separate these subcarriers individually so that they 

can be modulated. However, the limited tuning range and temperature sensitivity of an optical de-multiplexing filter 

makes the system implementation complicated and reduces the system performance. The design of a complementary 

frequency shifter capable of generating two spatially separated subcarriers has been reported [10] but, with ever 

increasing demand for bandwidth, a circuit design capable of generating more than two spatially separated subcarriers 

is required for near future optical systems. 

The paper is organized as follows. First, to provide intuition, acousto-optic diffraction in the Raman-Nath regime 

is considered within the framework of classical Fourier optics. This motivates a discretization that replaces the 

acousto-optic modulator by a set of waveguide phase-modulators excited by a waveguide splitter; electrically driven 

from the same RF source but with a progressive phase increment; and with light from their egress port processed by 

an optical DFT network. A transfer matrix analysis of this architecture then shows that it operates as expected with 

carriers with frequency shift 𝑞𝜔𝑅𝐹  emitted from output port 𝑞 modulo 𝑁. The options for the implementation of the 

DFT network are considered and a specific example based on MMIs elaborated for 𝑁 =  4. Layout considerations 

result in re-ordering and consolidation of elements that can remove any obvious connection to a travelling phase 

modulation wave and Fresnel diffraction. The analysis is then verified by simulation both in the ideal case and in the 

presence of impairments. The paper closes with a discussion of implementation feasibility and a summary of the main 

results. 

2. Classical Raman-Nath diffraction 

As a consequence of Fresnel diffraction, an ideal thin lens forms, in its real focal plane, the Fourier transform of the 

field in its front focal plane. A point source, represented by a Dirac delta distribution at the origin of the front focal 

plane, is thereby transformed to a constant amplitude field in the real focal plane. Hence, in Fig. 1, the spherical wave 

emanating from the point source at the origin in the front focal plane of lens L1 is collimated into a plane wave 

propagating along the optical axis to provide a uniform amplitude field in its rear focal plane. Similarly, lens L2 forms, 

in its rear focal plane, the Fourier transform of the field in its front focal plane. Consequently, the Fourier transform 

of the field transmitted by the acousto-optic modulator (AOM) is formed at the screen. In the absence of the AOM, 

lenses L1 and L2 ideally form a stigmatic image of the point source on the screen. In practice, the ideal image is 

convolved by a point-spread function caused by the finite apertures of the system’s components. An acoustic wave 

induces within the aperture of the AOM a travelling phase grating via the elasto-optic effect. In the Raman-Nath 

regime the AOM behaves as a thin transmittance and the image on the screen splits into multiple diffraction orders. 
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The optical field 𝑎 at the exit of the AOM due to a plane acoustic wave propagating in the x-direction transverse 

to the optical axis is given by: 

𝑎(𝑥) = 𝑒𝑥𝑝[ 𝑖𝜂 𝑐𝑜𝑠( 𝛺𝑡 − 𝐾𝑥)].     (1) 

where  =  𝑛𝑘𝑙 is the peak optical phase change caused by the peak refractive index change n induced by the 

acoustic wave via the elasto-optic effect, 𝑘 =  2/𝜆 is the vacuum optical wavenumber, 𝜆 is the vacuum optical 

wavelength, 𝑙 is the acousto-optic interaction length,  is the frequency of the acoustic wave  =  2/ is the 

acoustic wavenumber,  is the acoustic wavelength, and 𝑡 is time. Invoking the Jacobi-Angier expansion: 

 

exp(𝑖𝜂 𝑐𝑜𝑠𝜃) = ∑ 𝑖𝑞𝐽𝑞(𝜂)exp (𝑖𝑞𝜃)∞
𝑞=−∞                                           (2) 

yields: 

 𝑎(𝑥) = ∑ 𝑖𝑞𝐽𝑞(𝜂) exp[𝑖𝑞(𝛺𝑡 − 𝐾𝑥)]∞
𝑞=−∞                                (3) 

where 𝐽𝑞 is the Bessel function of the first kind of order q. The lens L2 forms, in its rear focal plane, the Fourier 

transform â of the field a in its front focal plane: 

 𝑎̂ =
1

2𝜋
∫ 𝑎(𝑥) 𝑒𝑥𝑝( − 𝑖𝜉𝑥)𝑑𝑥.
∞

−∞
     (4) 

where the spatial frequency variable  is mapped into a transverse spatial co-ordinate by the optical system. Performing 

the Fourier transform one obtains an infinite train of Dirac distributions located at  =  −𝑞 with mass 

𝑖𝑞𝐽𝑞()𝑒𝑥𝑝(𝑖𝑞𝑡):  

  𝑎̂(𝑥) = ∑ 𝑖𝑞𝐽𝑞(𝜂) exp(𝑖𝑞𝛺𝑡) 𝛿∞
𝑞=−∞ (𝜉 + 𝑞𝐾)                  (5) 

This is the familiar Raman-Nath diffraction pattern with the temporal frequency of each order Doppler shifted by q 

The different temporal frequency components of the field are thereby spatially separated. Suppose, rather than plane 

wave-illumination, multiple beamlets (for example generated by a Fourier array generator [19]) sample the travelling 

phase grating on a regular lattice with period 𝛬/𝑁 then the spatial spectrum is replicated on a regular lattice with 

lattice constant 𝑁𝐾. The Raman-Nath orders are thereby superimposed into equivalence classes corresponding to 

order 𝑞 modulo 𝑁. A single period of the spectral orders is then related to a single period of the sampled phase grating 

by a DFT. 

2.1 Discrete Raman-Nath diffraction 

Pursuing the observation in the preceding section, consider the circuit shown in Fig. 2 consisting of a 1 × 𝑁 uniform 

light splitter that excites an array of 𝑁 identical electro-optic waveguide phase modulators with outputs combined by 

a passive coherent optical network that emits light from its output ports with complex amplitudes bq equal to the DFT 

of the complex amplitudes 𝑎𝑝 of the light entering its input ports, where p and q are integers that index the ports: 

 

Fig. 1. A classical free-space coherent optical system for the observation of continuous 
Raman-Nath diffraction. Lens L1 provides the acousto-optic modulator with uniform 

collimated illumination. The acousto-optic modulator (AOM) generates a travelling 

refractive index wave within its aperture. Lens L2 provides the Fourier transform of the light 

transmitted by the AOM at the screen where Raman-Nath diffraction orders are observed. 
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𝑏𝑞 =
1

√𝑁
∑ 𝑎𝑝

𝑁−1
𝑝=0 𝑒𝑥𝑝( − 𝑖𝑝𝑞

2𝜋

𝑁
)     (6) 

Let each phase modulator be driven by an RF source of angular frequency  with a progressive phase shift with 

increment 2/𝑁: 

𝑣𝑝 = 𝑣𝑅𝐹 𝑐𝑜𝑠[ 𝛺𝑡 + 𝑝(
2𝜋

𝑁
)]     (7) 

For light of unit amplitude at the input of the splitter, the complex amplitude ap of the light exiting the phase 

modulators is: 

𝑎𝑝 =
1

√𝑁
𝑒𝑥𝑝( 𝑖𝜋

𝑣𝑝

𝑣𝜋

) 

 

=
1

√𝑁
𝑒𝑥𝑝( 𝑖𝜋

𝑣𝑅𝐹

𝑣𝜋
) 𝑐𝑜𝑠[ 𝛺𝑡 + 𝑝(

2𝜋

𝑁
)]      (8) 

where v is the half-wave voltage. 

The output of the waveguide phase modulators may be interpreted as the discrete-space samples at 𝑥 =  −𝑝𝑑 of 

a single period of the continuous travelling phase function defined by Eq. (1) with a peak phase shift given by: 

 

𝜂 = 𝜋
𝑣𝑅𝐹

𝑣𝜋
                    (9) 

and a spatial frequency of the periodic extension of a single period of the samples given by: 

 

𝛫 =
2𝜋

𝛬
;            𝛬 = 𝑁𝑑     (10) 

where d is the sampling interval. 

Substituting Eq. (8) into Eq. (6) and invoking the Jacobi-Angier expansion Eq. (2) yields: 

 

 𝑏𝑞 =
1

𝑁
∑ ∑ 𝑖𝑟𝐽𝑟(𝜂) exp(𝑖𝑟𝛺𝑡)exp [𝑖𝑝(𝑟 − 𝑞)2𝜋 𝑁⁄ ]∞

𝑟=−∞
𝑁−1
𝑝=0                                      (11) 

Re-ordering the summations to give: 

 𝑏𝑞 = ∑ 𝑖𝑟𝐽𝑟(𝜂) exp(𝑖𝑟𝛺𝑡)  
1

√𝑁
 ∑ exp [𝑖𝑝(𝑟 − 𝑞)𝑝 2𝜋 𝑁⁄ ]𝑁−1

𝑝=0
∞
𝑟=−∞                                 (12) 

and noting: 

 

Fig. 2. 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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1

√𝑁
∑ 𝑒𝑥𝑝[ 𝑖(𝑟 − 𝑞)𝑝

2𝜋

𝑁
]

𝑁−1

𝑝=0

= 0                𝑟 ≠ 𝑞         𝑚𝑜𝑑               𝑁 

 
1

√𝑁
∑ 𝑒𝑥𝑝[ 𝑖(𝑟 − 𝑞)𝑝

2𝜋

𝑁
]𝑁−1

𝑝=0 = 1                        𝑟 = 𝑞         𝑚𝑜𝑑             𝑁                                 (13) 

yields the final result: 

 𝑏𝑞 = ∑ 𝑖(𝑞+𝑠𝑁)𝐽(𝑞+𝑠𝑁)exp [𝑖(𝑞 + 𝑠𝑁)𝛺𝑡]∞
𝑠=−∞                               (14)  

 

It can be observed that all carriers of order q modulo N exit output port q as anticipated in the preceding section. 

The operation of the circuit architecture in Fig. 2 may therefore be understood in terms of discretized Raman-Nath 

diffraction. The circuit architecture subsumes the 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 I. 

 

Table 1. Circuit Architecture Configurations 

Function Dimension Port(s) used 

IQ modulation, SSB & electro-

optic frequency conversion 
𝑁 =  4 q = 1 or N-1 

× 𝑁 RF frequency multiplication 𝑁 =  2𝑞 𝑞 

Spatially separated carrier 
generation 

𝑁 = desired number of 

carriers 

all 

3. Discrete Fourier optics 

It is well established that a suitable combination of waveguides and couplers may implement an optical DFT. The 

foundation of discrete Fourier optics was established by a pioneering paper in which Siegman proposed [20] a simple 

optical scheme previously also reported by Marhic [21], to perform the DFT of a parallel input signal using only 

passive couplers and phase shifters. Following the Cooley-Tukey algorithm, the 𝑁 × 𝑁 DFT is recursively 

decomposed into 𝑙𝑜𝑔2(𝑁) stages of 2 × 2 DFT elements in parallel that are realized by 180𝑜 optical hybrids 

implemented as 2 × 2 couplers. Subsequently, Cincotti [22] proposed a decomposition into larger dimension 𝑀 × 𝑀 

DFT elements that are realized by (360/𝑀)° optical hybrids. This is advantageous in reducing the wiring complexity 

and the number of waveguides cross-overs. The DFT elements may be implemented using star-couplers [23] or 

multimode interference (MMI) couplers augmented by static phase shift elements [24, 25]. It is possible to implement 

any linear transformation including the DFT using a mesh of Mach-Zehnder Interferometers (MZI) [26]. Star-couplers 

and MMI depend upon Fresnel diffraction in ‘free-space’ slab waveguide regions that is sampled at its boundaries by 

single-mode planar waveguides. Networks that employ these components retain a connection to classical Fourier 

optics that becomes tenuous when only directional couplers are used. For illustrative purposes, a 4 × 4 DFT realized 

using 2 × 2 MMI is considered in this paper. Figure 3(a) shows a network that performs a 4 × 4 DFT composed of 

four 180°-optical hybrids described by the transfer matrix: 

𝑆 =
1

√2
(
1 1
1 −1

). 

and a /2 phase shift element described by the transfer function: 

𝑍−1 = exp (−𝑖𝜋
2⁄ ) 

A 2 × 2 MMI 3dB coupler is described by the transfer matrix: 

𝑆𝑀𝑀𝐼 =
1

√2
(

1 −𝑖
−𝑖 1

) =
1

√2
(
1 0
0 −𝑖

) (
1 1
1 −1

) (
1 0
0 −𝑖

). 

Hence: 
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𝑆 = −(
−𝑖 0
0 1

) 𝑆𝑀𝑀𝐼 (
−𝑖 0
0 1

). 

 

Consequently, up to a sign, the 180°-optical hybrids may be replaced by 2 × 2 MMI 3dB couplers with a /2 phase 

shift element connected to its upper input and output port as shown in Fig. 3(b). Performing this substitution and 

eliminating any constant overall phase shifts yields the network shown in Fig. 4(a). The phase shift blocks at the front-

end of the DFT network may be moved into the respective arm of the phase modulator array and placed at the front. 

The analysis in the preceding assumed that the 1 × 𝑁 input splitter generated light at its egress ports of equal 

magnitude and phase. This may be achieved using a tree of 1 × 2 symmetric splitters. The cross-over at the front-end 

of the DFT network as shown in Fig. 4(a), may be removed by reordering the phase-modulators. This re-ordering has 

the effect of grouping the phase modulators into differentially driven pairs that form two Mach-Zehnder 

interferometers (MZI) statically biased by the phase-shift elements. The latter may be absorbed by replacing the 

1 × 2 symmetric splitters on the egress side of the splitter tree by 2 × 2 MMI 3dB couplers. Moreover, in most 

applications the spatial location and absolute phase of an output is irrelevant which permits the cross-over and two 

delay elements on the output side of the DFT network to be removed. The final result is shown in Fig. 4(b). 

 

 

 

Fig. 4. (a) Schematic of a 4 × 4 DFT network using 2 × 2 MMI; (b) schematic of the 

complete circuit. The y-branch at the input represents a 1 × 2 symmetric coupler. 

 

Fig. 3.  (a) Schematic of a 4 × 4 DFT network; (b) realisation of S using a 2 × 2 MMI. 
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4. Verification 

The correct operation of the circuit is verified by simulation using an industry standard software tool (VPIphotonics). 

A continuous wave DFB laser set to operate at a vacuum wavelength 1550 nm with a power of 10 mW is used as an 

optical source. A 10 GHz RF source generating peak amplitude of vRF = 0.25v and an appropriate phase shift is 

applied to the phase modulators. Figs. 5(a) & (b) show the optical spectrum predicted by the simulation which verifies 

the theoretical predictions. The correct function of the circuit may deviate from ideal because of power imbalances 

and phase error between the ports of MMI due to fabrication errors and errors in the path length of the electrical 

waveguides that connects the RF source and phase modulator electrodes. It can be assumed that all the components in 

a circuit will suffer similar impairments. 

To account for the MMI tolerances, the S-matrix of an ideal MMI is perturbed to have 1° phase error and 0.70% 

power imbalances (well above simulated errors [27]) between the output ports and loaded for all the MMIs present in 

the circuit. The resultant optical spectra are shown in Figs. 5(c) & (d). Carrier break-through can be observed in the 

spectrum, thus limiting the overall performance. Nevertheless, a minimum sub-harmonic suppression ratio (SHSR) of 

24 dB and above can be achieved. It has been reported [28] that performance degrades more when RF drive phase 

error is considered as the RF phase error for a harmonic is a multiple equal to its order of the RF-drive phase error. 

Figure 6 shows the calculated SHSR for different phase error between the MZMs. It shows that other than the output 

at port 𝑏0, all remain constant. A minimum SHSR of 24 dB and above is achieved. The optical phase errors can be 

reduced substantially over a broader bandwidth compared to a conventional MMI by the use of a sub-wavelength 

 

Fig. 5. Simulated optical spectrum, (a)-(b) without considering MMI errors due to fabrication tolerances; 

(c)-(d) with fabrication tolerances. A resolution bandwidth of 1 GHz is used for the optical spectrum 

analyzer. The optical noise floor is determined by the laser line-width, which is considered 200 kHz in this 
simulation. 

 

Fig. 6.  Optical SHSR as a function of RF drive’s phase errors between the MZMs. 
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engineered MMI [29]. A linear summing amplifier can combine in-phase and quadrature phase RF signals to produce 

any desired RF phase shift and a CMOS implementation has been demonstrated operating at 77 GHz [30]. Co-

integration of these RF phase-shifters with the optical circuitry will also avoid electrical phase shift errors and 

facilitates programmability and electrical trimming.  

If required, additional small Mach-Zehnder interferometers may be integrated within the circuit to facilitate 

optical trimming [31] to improve the performance further, for example, by pursuing the ideas of Miller [3].The 

proposed circuit architecture may be implemented in any photonic integration platform [32] that can offer a linear 

electro-optic modulator. As many as 20 LiNbO3 phase modulators hybridized to silica on silicon photonic light circuits 

by butt coupling have been demonstrated [10]. Continuous advances in performance of modulators based on InP [33], 

silicon [34], polymer [35]; and progress on hybrid integration of LiNbO3 [36], BaTi03 [37-38], organic [39] thin-film 

electro-optic materials and III-V active devices [40] on silicon-on-insulator augurs very well that implementation is 

practical. 

5. Conclusions 

A coherent electro-optic circuit architecture that generates a frequency comb consisting of N spatially separated orders 

has been described. Intuition is provided by the space discretization of classical Raman-Nath diffraction. The circuit 

consists of a 1 × 𝑁 splitter that feeds light into a parallel array of electro-optic phase modulators each driven from the 

same RF source with a progressive phase shift with increment 2/𝑁 with their phase modulated optical outputs 

processed by an 𝑁 × 𝑁 optical DFT. The circuit is not limited to a DFT and any linear optical transformation may be 

substituted. Advantage may be taken of the tight optical path-length control, component and circuit symmetries and 

emerging trimming algorithms offered by photonic integration in any platform with a linear electro-optic phase 

modulator. The circuit subsumes many prior RF photonic circuit architectures given an appropriate choice of output 

port(s) and dimension N, although the principal application envisaged is phase correlated subcarrier generation. The 

predictions of a transfer matrix model of the circuit operation are validated by simulations performed using an industry 

standard software tool. Implementation is found to be practical. This suggests that free-space optical information 

processing systems [41] demonstrated in the past may find renewed application in discrete space form. 

Acknowledgments 

The authors acknowledge the Natural Sciences and Engineering Research Council of Canada (NSERC) for their 
support through a Strategic Project Grant STPGP 430176-12. Trevor J. Hall is grateful to the Canada Research 
Chair (CRC) Program for their support of his CRC-I in Photonic Network Technology. 

 

 

 

 

 



25 
 

Towards a Universal RF Photonic Integrated Circuit Architecture for Microwave 

Applications 

Mehedi Hasan, DeGui Sun, Peng Liu, and Trevor J. Hall 

Photonic Technology Laboratory, University of Ottawa, 25 Templeton Street, Ottawa, K1N 6N5, ON, Canada 

 

Abstract 

There has been a plethora of publications over the last decade that have described essentially the same Generalized 

Mach-Zehnder Interferometer (GMZI) circuit architecture: a 1 × 𝑁 splitter directly interconnected to a 𝑁 × 1 

combiner via an array of 𝑁 electro-optic LiNbO3-based phase modulators, each circuit adapted to particular design 

goals. This paper introduces a novel extension of the circuit architecture that subsumes all these MZI circuits in the 

prior art by replacing the 𝑁 × 1 combiner of a GMZI-based architecture by an 𝑁 × 𝑁 optical Discrete Fourier 

Transform (DFT) network to generate a frequency comb with regularly spaced harmonics of frequency 𝑞𝜔𝑅𝐹  where 

𝜔𝑅𝐹  is the frequency of the RF drive signal applied to the phase modulators. All harmonic orders equivalent modulo 

𝑁 to the output port number 𝑝 exit that port.  As the circuit generates 𝑁 spatially separated phase correlated subcarriers, 

it can be used to provide multi-carriers for transmission formats such as orthogonal frequency division multiplexing 

(OFDM) that will enable the satisfaction of the terabit data rate demands anticipated in the near future. The proposed 

circuit can be implemented practically in any material platform that offers linear electro-optic phase modulators.  

 
Introduction 

In the field of microwave photonics, there has been a plethora of publications that describe the application of Mach-

Zehnder interferometer (MZI) based RF photonic circuits that are all equivalent to the same generalized Mach-Zehnder 

interferometer (GMZI) circuit architecture: a 1 × 𝑁 splitter directly interconnected to a 𝑁 × 1 combiner via an array 

of 𝑁 electro-optic (typically, LiNbO3-based) phase modulators. Depending on the setting of circuit parameters 

(dimension, static optical & electrical phase-shifts) various useful functions have been demonstrated, including radio 

frequency (RF) multiplication [1-2], electro-optic frequency up-conversion [3], single side band (SSB) modulation or 

in- and quadrature- (IQ) phase modulation [4] and complementary frequency shifting [5]. A generalized design 

methodology that specifies the architecture required to meet specified design objectives such as the suppression of 

unwanted intermodulation products has been reported in [6]. The study of an optical Discrete Fourier Transform (DFT) 

used as the combiner of a GMZI circuit was reported for the first time in [7]. The envisaged application is subcarrier 

generation for next generation optical transmission systems at 1 Terabit / second using an all optical orthogonal 

frequency division multiplexing (AO-OFDM) technique. Super-channel transmission has already been reported 

experimentally [8-11] to facilitate high data rates. One common demerit of all these demonstrations is that all 

subcarriers generated by an optical comb source, output from the same port. Hence, an optical de-multiplexing filter 

is in need to separate these subcarriers individually so that they can be modulated. However, the limited tuning range 

and temperature sensitivity of an optical de-multiplexing filter makes the system implementation complicated and 

reduces the system performance. To overcome this problem, the design of a complementary phase shifter has been 

reported [12]. However, the reported design can only generate two subcarriers which is not sufficient to meet the ever-

increasing demand. Hence, the design of a circuit that can generate more than two subcarriers will be required for near 

future optical system. A generalized design methodology is reported in [13-14] to generate multiple subcarriers by 

means of an optical Discrete Fourier Transform. However, in these approaches, it is assumed that coherently related 

discrete set of amplitudes are fed to the DFT network as optical inputs by means of a set of single-mode polarization 

fibers, which is challenging for practical implementations.  To overcome this barrier, a generalized methodology is 

presented in [7], to perform an Nth order spatial DFT. It is shown that the optical DFT network can be implemented 

using a suitable combination of waveguides, phase shifters, splitters and combiners. This paper introduces a novel 

extension of the circuit architecture presented in [7], by replacing the 4 × 4 optical Discrete Fourier Transform (DFT) 

network using the combination of a properly chosen phase shifter and single  4 × 4 MMI coupler. 

 

Principle of operation 

Figure 1(a) shows a 4 × 4 DFT network using a 4 × 4 multimode interference (MMI) coupler and phase shifter in the 

appropriate position. Figure 1(b) shows the schematic of the proposed universal RF photonic circuit architecture. Note 

that, cascaded Y-branches are used as 1 × 4 splitter at the input. The input Y-branches may be replaced by using 4 × 4 
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MMI with appropriate choice of the phase shift elements as shown in Fig 1(c). Further, the waveguide crossover at 

the input of the 4 × 4  optical DFT network may be removed by interchanging the RF drive signal between phase 

modulator 3 (PM3) and 4 (PM4). The output crossover is not mandatory to implement as one know which harmonics 

are stronger at a particular output port. Similarly, the phase factor at the output of the DFT network can be removed 

in applications where the overall phase of a carrier is irrelevant. It is reported in [7] that, if the phase modulators are 

driven by an RF source of angular frequency 𝜔𝑅𝐹  with a progressive phase shift of 2𝜋
𝑁⁄ , each of the output ports 

generate carriers with frequency shift of 𝑞𝜔𝑅𝐹  where 𝑞~𝑝 modulo 𝑁, and 𝑝 is the output port number. 
The transfer matrix of a 4 × 4 MMI can be written as [15]: 

T =
1

√4
[

1 −𝜉 𝜉 1
−𝜉 1 1 𝜉
𝜉 1 1 −𝜉
1 𝜉 −𝜉 1

]      (1) 

where, 𝜉 = exp(−𝑖 𝜋 4⁄ ). 

If 𝛼2 and 𝛼3 are set to exp(𝑖 5𝜋 4⁄ ) and exp(𝑖 𝜋 4⁄ ), the transfer matrix of the 4 × 4 DFT network can be written as: 

T =
1

√4
[

1 1 1 1
1 𝑖 −𝑖 −1
1 −𝑖 𝑖 −1
1 −1 −1 1

]           (2) 

an interchange of columns 3 and 4; and then row 3 and 4 yields: 

[

𝐷0

𝐷1

𝐷2

𝐷3

] =
1

√4
[

1 1 1 1
1 𝑖 −1 −𝑖
1 −1 1 −1
1 −𝑖 −1 𝑖

] [

𝐵0

𝐵1

𝐵2

𝐵3

]      (3) 

which is the transfer matrix of a 4 × 4 DFT network. Now, if the input light waves of having equal amplitudes and 

phases are applied to the DFT network, results in spatially separated carriers with frequency shift of 𝑝𝜔𝑅𝐹 modulo 𝑁, 

where 𝑝 is the output port number. To reduce the components, the 1 × 4 splitter can be replaced with 4 × 4 MMI with 

new phase factors (𝛼3 = 𝛼4 = exp (𝑖𝜋 2⁄ )). 

Simulation result 

The proposed concept is verified by simulation using industry standard software tool (VPIphotonics).  A continuous wave DFB 

laser is set at 1550 nm with a power of 10 mW is used as an optical source.  A 10 GHz RF drive signal having a peak amplitude of 

𝑣𝑅𝐹 = 0.25𝑣𝜋  is applied to the phase modulators with proper phase as mentioned earlier. Figure 2(a) shows the simulated optical 

spectrum which verify the theoretical prediction. The correct function of the circuit may deviate from ideal because of power 

 

Fig. 1. (a)  4 × 4 optical DFT network; (b) schematic of the proposed circuit for 𝑁 = 4; (c) realization of the proposed circuit using 4 × 4 

MMI. 
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imbalances and phase error between the ports of MMI due to design errors, fabrication tolerances and error in the waveguide length 

that connects the RF drive signal and phase modulator. To account the design errors of MMI, all the necessary information (for 

example; length, width, input and output port position etc.) related to MMI design is extracted from the mask of the design presented 

in [16]. Then the Photon Design software tool FimmWave is used to reconstruct the S-matrix of the MMI by using the information 

collected from the mask. It can be assumed that all the components in a circuit will suffer similar errors. The reconstructed S-matrix 

of the MMI is used to configure all the MMI of the circuit in VPIphotonics simulation tool. Table 1 gives the parameters of the 

reconstructed S matrix. Figure 3(a)-(d) shows the simulated optical spectrum with the design errors. It shows that, a side 

harmonic suppression ratio (SHSR) of 21 dB or more is obtained. The SHSR can be improved by using sub-

wavelength engineered MMIs [17] and driving the modulators as hard as possible so that all the harmonics will have 

almost equal amplitude.  

Table 1. Summary of the phase error and power imbalances between the ports of the MMIs 

 Output ports Power splitting ratio Phase errors 

4 × 4 MMI 1 22.20% 4˚ phase error is considered between output ports 1 & 4 

2 23.43% 

3 24.30% 2˚ phase error is considered between output ports 2 & 3 

4 21.59% 

 

Fig. 3. (a)-(d) simulated optical spectrum considering MMI design errors. 

 

Fig. 2(a) simulated optical spectrum at the output of the circuit. RF drive signal frequency of 10 GHz is used in this simulation. 
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Conclusion 

In summary, a systematic design method for implementing spatial Discrete Fourier Transform in an integrated optical 

network has been presented. The design comprises of 𝑁 parallel electro-optic phase modulators electrically driven by 

sinusoidal RF signal with a progressive phase shift of 2𝜋 𝑁⁄ .  The design has been verified by simulation for a 𝑁 = 4 

architecture. Non-ideal scenarios such as the presence fabrication errors has been considered and quantified. The 

practical implementation of the circuit depends on the availability of a suitable photonic integration platform that 

offers linear electro-optic phase modulators. In this context, LiNbO3 offers mature integrated electro-optic modulator 

technology and that may be butt coupled to a planar light circuit containing the passive components [6]. Moreover, 

the continues advances made in the linearity, speed and footprint of electro-optic modulators based on thin film organic 

or ferroelectric oxides on silicon photonics augurs well for the future. 
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Abstract 

This paper demonstrates the operation of a universal RF photonic circuit that consists of a generalized Mach Zehnder 

Interferometer architecture with its N × 1 combiner replaced by a N × N optical DFT network. The proposed circuit 

architecture can be used for SSB modulation, frequency up-conversion/down-conversion, frequency multiplication 

and phase correlated subcarrier generation based on the choice of output ports and dimension (N) of the circuit. A 

transfer matrix approach is used to develop the theoretical predictions which are verified by simulation using industry 

standard software tool. An integrated circuit based on silicon photonics technology readily available in the laboratory 

is used for experimental confirmation.  

 

Introduction 

Optical processors containing meshes of Mach Zehnder Interferometers (MZI) when suitably configured can provide 

arbitrary linear processing functions of utility in a variety of applications from fundamental tests of quantum 

technologies to signal processing in microwave photonics. To the best of the authors’ knowledge, the very first 

integrated MZI single side band (SSB) modulator was demonstrated in 1981 [1]. The design can be characterized as 

an instance of a Generalized Mach-Zehnder Interferometer (GMZI) circuit architecture, where an array of N parallel 

linear electro-optic phase modulators interconnect the egress ports of a 1×N splitter input coupler and the ingress ports 

of a N×1 combiner output coupler. Since then a plethora of publications [2-11] have applied the same architecture for 

different RF photonic applications including, but not limited to, SSB modulation, frequency up-conversion/ frequency 

shifting operation, RF frequency multiplication and phase correlated multiple carrier generation to facilitate high data 

transmission. The variations in the static optical and electrical phase shifts are the main differences among these circuit 

architectures. A universal coherent electro-optic circuit architecture is reported in [12], that subsumes all these 

applications in one circuit. The replacement of the N×1 combiner of a GMZI circuit by an N×N optical Discrete 

Fourier Transform (DFT) network is the principal innovation. Although the principal application is the generation of 

N phase-correlated harmonically separated subcarriers for next generation optical transmission systems, the circuit 

performs other applications reported in the prior art [1-11] given an appropriate choice of output ports and dimension 

N. The generation of N phase correlated carriers from different output ports eliminates the requirement of an optical 

de-multiplexing filter needed to separate subcarriers generated from same port by means of optical comb techniques 

[13-16]. 

    This paper reports the experimental findings obtained from a prototype that validates the operating principles of the 

universal RF photonic circuit architecture disclosed in [12] for the dimension N = 4. A silicon photonics integrated 

circuit consisting of a 4 × 4 MMI splitter connected to a 4 × 4 MMI combiner via an array of four parallel dual-drive 

Mach Zehnder Modulators (MZM) fabricated originally for a frequency up-conversion application [17] is adapted to 

this experiment. The details of the fabrication technology and electro-optic characterization of the phase shifters can 

be found in [17].  The eight on-chip electro-optic phase shifters are effectively reduced to the four required for the 

verification of the proposed RF photonic circuit architecture by the selection of an appropriate drive. 

    The paper is structured as follows. Firstly, the general form of a universal RF photonic circuit architecture is 

explained, and an equivalent realization is developed. Secondly, a universal architecture is specialised to dimension  

N = 4 . The theoretical analysis of the proposed architecture (N = 4) is then developed using a transfer matrix 

approach. Followed by the theoretical prediction of the adapted photonic integrated circuit under specific operating 

conditions is developed and verified by computer simulation. Finally, the experimental measurements are reported. 

Principal of operation 

Figure 1(a) shows the schematic of the proposed discrete Fourier optics RF photonic circuit. The circuit consists of a 

1 × N uniform splitter that excites an array of N electro-optic phase modulators with outputs combined by a N × N 

optical DFT network. The optical DFT network is a passive coherent network formed by a combination of 180˚ hybrids 
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implemented as 2 × 2 MMI couplers. The phase modulators are driven by an RF source having angular frequency of 

𝜔 with a progressive phase shift of 2𝜋 N⁄ . The details of the mathematical derivation are reported in [12]. The analysis 

reveals that the proposed architecture subsumes all MZI based circuit reported in the prior art given appropriate 

selection of dimension N and output port(s). Figure 1(b) shows an alternative realization of the circuit architecture 

drawn in Fig.1(a), where all the parallel phase modulators are replaced by an equivalent delay. The complex optical 

field over different paths is sampled by a progressive delay of  T N⁄ , where T is the nominal period of the RF carrier. 

This is equivalent to sampling the input optical envelope at different times [18]. The merit of this architecture is that 

it does not require a progressive RF phase shift to drive N phase modulators. However, the fixed sampling interval 

limits the operating RF bandwidth. Figure 2(a-b) shows the simulated transmission spectra of the circuit for the 

dimension N = 2 and N = 4 respectively. A sampling interval of T = 0.1 ns is considered in the simulation. Result 

shows that the adjacent channel cross talk is low only at the channel passband centres. 

 
On the one hand, the array of parallel delay line can be mapped into a cascaded delay with a reduced number of arms, 

thereby reducing circuit complexity [19]. The cascaded architecture can be used as an RF frontend signal 

processor.[20]. On the other hand, the circuit presented in Fig. 1(a) can be operated over a range of frequencies up to 

the bandwidth of the phase modulator with the aid of an RF drive progressive phase shift circuit that, for example, 

constructs appropriate linear superpositions of in-phase and quadrature-phase components of the RF source. It is 

shown in reference [12], that a permutation of the phase modulators can lead to a differentially driven MZM 

implementation, which renders implicit the relation between the progressive phase shift and the phase modulators. In 

addition, the complexity of DFT network can be reduced by using higher dimension MMI couplers. For example, a 

4 × 4 DFT network can be realized by a single 4 × 4 MMI couplers with properly chosen phase shifter elements [21] 

as illustrated in Fig. 3(a). The main difference from the circuit presented in Fig. 1(a) is that the 1 × 𝑁 uniform splitter 

is replaced by a 4 × 4 MMI splitter, and the (4 × 4) DFT network is replaced by a 4 × 4 MMI coupler augmented by 

with properly chosen phase shift elements (𝜑1 and 𝜑2 in this case).  

 

Fig. 1. (a) Architectural diagram of the proposed universal RF photonic architecture, where an array of N parallel phase modulators are 

sandwich between 1 × N splitter and N × N DFT network; (b) An alternative realization of the schematic shown in Fig. (a). PM, phase 

modulator; DFT, discrete Fourier Transform. 

 

Fig. 2(a). Simulated transmission spectra of the circuit as shown in Fig.1(b) for N = 2; (b) transmission spectra of the same circuit when the 

dimension N = 4. The sample interval T is considered as 0.1 𝑛𝑠 (10 GHz free-spectral range) in the simulation. 
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A photonic integrated circuit, readily available in our laboratory, is adapted to verify the operation of RF 

photonic circuit with a 4 × 4 DFT network as shown in Fig. 3(a). Figure 3(b) shows the schematic of the integrated 

circuit which consists of eight (8) parallel phase shifters with 4 × 4 MMI couplers as the input splitter and output 

combiner. The function of Fig. 3(a) can be emulated by the circuit in Fig. 3(b) using carefully selecting the phase 

shifter RF drive and bias. The remainder of this section develops an expression for the output of the circuit of Fig, 

3(a) using the transfer matrix method. It is also shown theoretically, how the circuit of Fig. 3(b) may emulate the 

circuit of Fig. 3(a) as verified by simulation using an industry standard software tool.  

Transmission matrix of the circuit architecture shown in Fig. 3(a) is: 

[

𝑂1

𝑂2

𝑂3

𝑂4

] =  𝑇4×4 [

exp (𝑗𝜑1)
0
0
0

  

0
exp (𝑗𝜑2)

0
0

  

0
0

−exp (𝑗𝜑4)
0

  

0
0
0

−exp (𝑗𝜑3)

] 𝑇4×4 [

𝐼1
𝐼2
𝐼3
𝐼4

]   (1) 

where: 

𝑇4×4 =
1

√4
[

   1
𝜁

  
−𝜁
1

  

𝜁
   1

   
1
−𝜁

  

 − 𝜁
   1
   1
𝜁

  

   1
  −𝜁
𝜁

   1

] ; 𝜁 = 𝑒−𝑖𝜋 4⁄      (2) 

is the transfer matrix of a 4×4 MMI coupler; 

𝜑𝑗 = 𝜋 𝑣𝑗 𝑣𝜋⁄           (3) 

is the induced optical phase shift caused by RF signal having amplitude of 𝑣𝑗; and 𝑣𝜋 is the half-wave voltage of the 

modulator.  

If the input 𝐼1 is energized only, 

[

𝑂1

𝑂2

𝑂3

𝑂4

] = (1 4⁄ )𝐼1

[
 
 
 

exp(𝑗𝑣1) − 𝑗 exp(𝑗𝑣2) + 𝑗 exp(𝑗𝑣4) − exp (𝑗𝑣3)

𝜁{exp(𝑗𝑣1) + exp(𝑗𝑣2) + exp(𝑗𝑣4) + exp (𝑗𝑣3)}

𝜁{−exp(𝑗𝑣1) + exp(𝑗𝑣2) + exp(𝑗𝑣4) − exp (𝑗𝑣3)}

exp(𝑗𝑣1) + 𝑗 exp(𝑗𝑣2) − 𝑗 exp(𝑗𝑣4) − exp (𝑗𝑣3) ]
 
 
 

   (4) 

In the case of an RF drive of the form: 

𝑣1 = 𝑚 cos(𝜔𝑡) ; 𝑣2 = 𝑚 cos(𝜔𝑡 + 𝜋 2⁄ ) ; 𝑣3 = 𝑚 cos(𝜔𝑡 + 𝜋) ; 𝑣4 = 𝑚 cos(𝜔𝑡 + 3𝜋 2⁄ ) (5) 

where 𝑚 is the depth of modulation; defined as; 

𝑚 = 𝜋𝑣𝑅𝐹 𝑣𝜋⁄           (6) 

After applying the Jacobi Anger expansion and simplifying [22]: 

[

𝑂1

𝑂2

𝑂3

𝑂4

] = 𝐼1

[
 
 
 
 

𝑖{𝐽1(𝑚) exp[𝑗𝜔𝑅𝐹𝑡] − 𝐽3(𝑚) exp[−𝑗3𝜔𝑅𝐹𝑡]… }

𝑒−𝑖𝜋/4{𝐽0(𝑚) + 2𝐽4(𝑚) cos(4𝜔𝑅𝐹𝑡)… }

𝑒−𝑖𝜋/4{2𝐽2(𝑚) cos(2𝜔𝑅𝐹𝑡) + 2𝐽6(𝑚) cos(6𝜔𝑅𝐹𝑡)… }

𝑖{𝐽1(𝑚) exp[−𝑗𝜔𝑅𝐹𝑡] − 𝐽3(𝑚) exp[𝑗3𝜔𝑅𝐹𝑡]… } ]
 
 
 
 

   (7) 

It can be observed that the proposed circuit subsumes RF photonic architecture defined in the prior art for single side 

band suppressed carrier modulation (SSB-SC), I-Q modulation, frequency multiplication and spatially separated 

carrier generation given an appropriate output port choices and dimension of the phase modulator used. For example, 

for output port-1 (𝑂1) all the harmonics are suppressed except -3𝜔𝑅𝐹 , +1𝜔𝑅𝐹; which provides a +𝜔𝑅𝐹  shift of the 

optical carrier frequency or equivalently upper SSB modulation. Similarly, output port-4 (𝑂4) provides a −𝜔𝑅𝐹 shift 

of the optical carrier frequency or lower SSB modulation. For output port-2 (𝑂2) all the harmonics are suppressed 

except the carrier and ±4𝑡ℎ harmonics. For output port-2 (𝑂2) all the harmonics are suppressed except ±2𝜔𝑅𝐹 and  

±6𝜔𝑅𝐹 . If impinged onto a photodiode, a frequency multiplication of four times (4𝜔𝑅𝐹) can be obtained. Each of the 



32 
 

output of the complete architecture may be used to spatially separate a subcarrier to facilitate high data rate 

transmission. Table 1 summaries the circuit functions when four phase-modulators are used. 

 

Table 1. Functions provided by circuit architecture presented in Fig. 3(a) 

Function Port(s) used Remarks 

IQ modulation, SSB-SC & electro-optic 
frequency conversion 

1(𝑂1) or 4 (𝑂4)  

× 4 RF frequency multiplication 3 (𝑂3) × 8 RF can be generated from port-2 by 

suppressing the carrier  

Spatially separated carrier generation all  

 

For identical optical path lengths, when the upper arm is driven only, the transfer matrix of a 2 × 2 MZM can be 

written as: 

[
𝑂1

𝑂2
] =

1

2
[
1 −𝑖
−𝑖 1

] [
exp (𝑗𝜑) 0

0 1
] [

1 −𝑖
−𝑖 1

] [
𝐼1
𝐼2

]                                               (8) 

where 
1

√2
[
1 −𝑖
−𝑖 1

] is the transfer matrix of a 2 × 2 MMI. Simplifying Eq. (8) 

 [
𝑂1

𝑂2
] =

1

2
[

exp(𝑗𝜑) − 1 −𝑖{exp(𝑗𝜑) + 1}

−𝑖{exp(𝑗𝜑) + 1} 1 − exp(𝑗𝜑)
] [

𝐼1
𝐼2

]                                         (9) 

Similar way, when the lower arm is driven only. The transfer matrix can be written as, 

 

Fig. 3(a) Four parallel phase modulators between 4 × 4 optical DFT network and 1 × 4 Splitter, thereby create discrete Fourier optics RF 

photonic circuit [12]; (b) adapted readily available fabricated chip to demonstrate the function of Fig. (a). 
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[
𝑂1

𝑂2
] =

1

2
[

1 − exp(𝑗𝜑) −𝑖{exp(𝑗𝜑) + 1}

−𝑖{exp(𝑗𝜑) + 1} exp(𝑗𝜑) − 1
] [

𝐼1
𝐼2

]                                         (10) 

In the fabricated chip, only the minimum transmission port of the MZMs are connected to the outer 4 × 4 MMI. 

Hence, one can use either exp(𝑗𝜑1) − 1 or 1 − exp(𝑗𝜑1) as the transmission of each MZM based on the input port 

selection. The transmission matrix of the adapted circuit as shown in Fig. 3(b), when only one arm of each MZI is 

excited is given by: 

[

𝑂1

𝑂2

𝑂3

𝑂4

] =  (1 2⁄ )𝑇4×4 [

exp(𝑗𝜑1) − 1
0
0
0

  

0
exp(𝑗𝜑2) − 1

0
0

  

0
0

1 − exp (𝑗𝜑4)
0

  

0
0
0

1 − exp (𝑗𝜑3)

] 𝑇4×4 [

𝐼1
𝐼2
𝐼3
𝐼4

] (11) 

where 𝜑𝑗 is the optical phase shift induced by RF drive signal as defined by Eq. (3).  

When the light is launched into input  𝐼1 only, simplifying Eq. (11) using Eq. (3), 

 

[

𝑂1

𝑂2

𝑂3

𝑂4

] = (1 8⁄ ) 𝐼1

[
 
 
 

exp(𝑗𝑣1) − 𝑗 exp(𝑗𝑣2) + 𝑗 exp(𝑗𝑣4) − exp (𝑗𝑣3)

𝜁{−4 + exp(𝑗𝑣1) + exp(𝑗𝑣2) + exp(𝑗𝑣4) + exp (𝑗𝑣3)}

𝜁{− exp(𝑗𝑣1) + exp(𝑗𝑣2) + exp(𝑗𝑣4) − exp (𝑗𝑣3)}

exp(𝑗𝑣1) + 𝑗 exp(𝑗𝑣2) − 𝑗 exp(𝑗𝑣4) − exp (𝑗𝑣3) ]
 
 
 

   (12) 

The applied RF drive is as given by Eq. (5). Applying Jacobi Anger expansion and simplifying, 

[

𝑂1

𝑂2

𝑂3

𝑂4

] = (1 2⁄ )𝐼1

[
 
 
 
 

𝑖{𝐽1(𝑚) exp[𝑗𝜔𝑅𝐹𝑡] − 𝐽3(𝑚) exp[−𝑗3𝜔𝑅𝐹𝑡]… }

𝑒−𝑖𝜋/4{𝐽0(𝑚) − 1 + 2𝐽4(𝑚) cos(4𝜔𝑅𝐹𝑡) … }

𝑒−𝑖𝜋/4{2𝐽2(𝑚) cos(2𝜔𝑅𝐹𝑡) + 2𝐽6(𝑚) cos(6𝜔𝑅𝐹𝑡)… }

𝑖{𝐽1(𝑚) exp[−𝑗𝜔𝑅𝐹𝑡] − 𝐽3(𝑚) exp[𝑗3𝜔𝑅𝐹𝑡]… } ]
 
 
 
 

                  (13) 

If 𝐼2 is excited,  

[

𝑂1

𝑂2

𝑂3

𝑂4

] =
1

2
𝐼2

[
 
 
 
 

𝑒−𝑖𝜋/4{𝐽0(𝑚) − 1 + 2𝐽4(𝑚) cos(4𝜔𝑅𝐹𝑡) … }

𝑖{𝐽1(𝑚) exp[−𝑗𝜔𝑅𝐹𝑡] − 𝐽3(𝑚) exp[𝑗3𝜔𝑅𝐹𝑡]… }

𝑖{𝐽1(𝑚) exp[𝑗𝜔𝑅𝐹𝑡] − 𝐽3(𝑚) exp[−𝑗3𝜔𝑅𝐹𝑡]… }

𝑒−𝑖𝜋/4{2𝐽2(𝑚) cos(2𝜔𝑅𝐹𝑡) + 2𝐽6(𝑚) cos(6𝜔𝑅𝐹𝑡) … }]
 
 
 
 

[𝐼2]        (14) 

Eq. (13) is identical to Eq. (7) albeit the power at the output of the adopted chip is reduced by -6dB. In addition to, the 

output at port-2 (𝑂2) contain an extra carrier term contributed by the unmodulated arm of the MZM. Although, the 

constant carrier term is a part of the output of all the MZMs, it cancels out automatically from all the output ports due 

to inherent input/output phase relationship of the adapted circuit except from port 𝑂2. 

    To verify this theoretical prediction, a simulation is performed using the industry standard software tool, 

VPIphotonics. A CW-DFB laser having output power of 20 mW with an operating vacuum wavelength of 1550 nm 

is used as an optical source. A 10 GHz RF signal having peak amplitude of 0.25𝑣𝜋  and appropriate phase shift as per 

Eq. (4) is applied to the phase modulators. Figure 4. (i-iv) shows the optical spectrum at the output ports of the 4 × 4 

MMI. The output spectrum justifies the theoretical prediction as derived in Eq. (13). In practice, the power imbalances 

and phase errors between the ports of an MMI caused by variation in the fabrication processes deviate the correct 

operation of the circuit from ideal behaviour. The S-matrix of the MMI is perturbed from ideal to account the 

fabrication tolerances. In this simulation, the S-matrix of all the 2 × 2 MMI along with the two 4 × 4 MMI are 

configured according to the parameters listed in the Table 2 and loaded in VPIphotonics. The details about MMI 

tolerances can be found in [23]. The MMI design can be improved further using sub-wavelength engineering and 

broadband operation can be assured [24]. Simulated optical spectra shows that strong carrier breakthrough occurs at 

the output of the circuit. To improve the performance an integrated variable optical attenuator (VOA) [25] can be used 

to improve extinction or, to be more systematic, a trimming algorithm applied [26]. 
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Table 2. Summary of the power imbalances and phase error of the MMIs [23]. 

Type of MMI Output ports Power splitting ratio Phase errors 

4×4 1 25% 2° phase error is considered between 

output ports 1 & 4 4 23% 

2 24% 2° phase error is considered between 

output ports 2 & 3 3 22% 

2×2 1 50% 1° phase error  

2 49% 

 

Results and discussion 

A photonic integrated circuit readily available in the laboratory, fabricated for another application is adapted for the 

experimental demonstration of a discrete Fourier transform based RF photonic integrated circuit. Figure 5 shows the 

photograph of the fabricated chip with wire bonding. The device was fabricated using CMOS compatible SOI 

technology. The thickness of the buried oxide layer was 2 𝜇𝑚, whereas the thickness of the top Si layer was 220 𝑛𝑚. 

The wide width of the p-n junction-based phase shifter in comparison to the width of the input/output ports of the 

MMI introduces waveguide bends into the circuit layout. As such, path length matching becomes a most important 

and critical aspect of the design. More detail about the fabricated chip can be found in [17, 23]. The detail design of 

the MMI presented in the fabricated chip can be found in [27]. 

 

Fig. 4. Simulation result of the schematic presented in Fig. 3(b); (a-d) Optical spectrum at the four output ports (port-1, port-2, port-3 and 

port-4 respectively) of the 4 × 4 MMI when light is launched from the input port-1; The ideal plots are obtained when there no phase error 

and power imbalances among the ports of  MMIs, whereas the non-ideal plots are obtained by adding power imbalances and phase errors in 
the MMIs according to the reference [23]. 
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A continuous wave laser at a wavelength of 1550.38 nm is used as the optical input. A polarization beam-splitter 

(PBS) followed by a polarization controller (PC) is used to constrain the polarization of the light input to the silicon 

chip to be TE-like. The output of the circuit is connected to an optical modulation analyzer (Agilent N4391A) which 

is connected to a digital storage oscilloscope (Infiniium DSO-20-91604A). To maintain the same polarization state, 

polarization maintaining fiber is used for all connections. Lensed fibers are used for fiber-to-chip coupling at the input-

output to reduce coupling loss. The four phase modulators are driven by four RF signals with specific phase 

relationship generated by a four-channel arbitrary waveform generator (AWG) (Fluke 294). The four RF signals with 

 

Fig. 5. (a) Schematic of the measurement setup; (b) microscopic image of the wire bonded chip; AWG, arbitrary waveform generator; PBS, 

polarization beam splitter; PC, polarization controller; OMA, optical modulation analyzer; DUT, device under test. 

 

Fig. 6. Measured optical spectra at different output ports of the 4 × 4 MMI when the light is launched from input port 1 (𝐼1); (a) port-1 (𝑂1); 

(b) port-2 (𝑂2); (c) port-3 (𝑂3); (d) port-4 (𝑂4). 
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progressive phase shifts are denoted as V1, V2, V3 and V4 in Fig 5. A 10 MHz sinusoid signal with amplitude 2.5V is 

applied to each phase shifter. For this circuit to be operated as a DFT network, careful positioning of the RF drives 

from the AWG is necessary. For example, to maintain symmetry with the ideal DFT circuit shown in Fig. 3(a), RF 

drives V4 and V3 are applied to the phase modulators at the lower and upper arm of the MZM3 and MZM4 respectively 

so that the π optical phase shifts can be naturally derived from the phase relationship of the input-output ports of the 

corresponding 2×2 MMIs. A DC voltage of -3 V is applied via bias tee to make sure the p-n junction always operates 

in reverse bias. The DC biases are tuned slightly to obtain the correct operation. Light from the optical source is 

applied to individual input of the chip to investigate the response separately. The measured optical spectra of the four 

output ports of the circuit when the optical source is connected to input 1 of the circuit is shown in Fig. 6. Output port-

1 and port-4 generates upper sideband and lower sideband respectively aligned with the theoretical prediction. The 

theoretically pristine performance of the circuit is limited by the presence of carrier and undesired spurious sidebands. 

The carrier breakthrough is too high due to power and phase imbalances between the ports of the MZM and the 

inactive phase shifter arm in each of the MZM working as bypass light path. Furthermore, the modulators are driven 

at a peak voltage of 2.5V due to limitation of the source, resulting in very small modulation index so that a suppressed 

carrier amplitude remains strong in comparison to the weak sidebands. The output spectrum at port-2 well justifies 

the theoretical prediction. Output port-3 should result in the dominance of the +2 and -2 harmonics. The +1 and -1 

harmonics are suppressed to -60 dBm from circa -40 dBm. Due to the small modulation index, the amplitude of the 

2nd harmonic is too low. High insertion loss is also observed. The principal reason is that the chip lacks any mechanism 

for matching between the fiber mode and high-contrast access waveguide mode and some defects have also been 

observed on the chip [17].  

To verify the correct operation of the circuit, further investigation is performed by changing the input light injection 

from input port-1 to port-2. The output spectrum is shown in Fig. 7. Now the optical carrier and ±2nd harmonic excite 

from the port-1(𝑂1) and port-4 (𝑂4) respectively. Similarly, output port-2 and port-3 generates LSB and USB 

respectively. The same kind of deviations from the theoretical prediction are observed as shown in Fig. 7. 

Nevertheless, it can be concluded that the circuit functions as universal RF photonic circuit described in [12] which 

subsumes the majority of the prior art in RF photonics. The main aim of this report is to prove that the fabrication of 

𝑁 = 4 parallel phase modulators combined by an (4 × 4) DFT circuit can be made practical. Careful design with 

 

Fig. 7. Measured optical spectra at different output ports of the 4 × 4 MMI when the light is launched from input port 2 (𝐼2); (a) port-1 (𝑂1); 

(b) port-2 (𝑂2); (c) port-3 (𝑂3); (d) port-4 (𝑂4). 
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incorporating tuning mechanism via means of a phase shifter, VOA [25] or more in a systematic way, i.e. by using 

algorithm [26], can be applied to improve further the performance of the circuit. 

Conclusion 

In summary, a previously proposed RF photonic circuit architecture consists of 1 × N splitter connected with N × N 

DFT network via N parallel electro-optic phase modulator has been implemented. A photonic integrated circuit based 

on silicon photonics technology having eight parallel phase shifters connected between 4 × 4 MMI at the input and 

output is configured for the target application. All though phase-correlated but spatially separated subcarrier 

generation is the principal aim, the circuit can subsume majority of the RF photonic applications in the prior art. 

Experimental results verify the theoretical prediction but the unwanted harmonics suppression ratio and specifically 

the carrier suppression is not sufficient for two reasons. Firstly, due to the unavailability of high-power RF signal 

source having four output channels, the phase shifters are driven at low modulation index. Consequently, the ±1st 

harmonics are weak compared to the carrier so that magnitude of the carrier breakthrough due to fabrication tolerances 

and bias errors remains significant relative to the magnitude of the sidebands. There is no tuning element in the circuit 

to compensate the MMI output power imbalances and phase errors due to the fabrication and bias errors. Nevertheless, 

it has been demonstrated that the universal RF photonic architecture described in [12] can be materialized using current 

state of the art technology, thereby, establishing a systematic design approach for future RF photonic applications. 
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CHAPTER 3 
 

High resolution optical spectrometer 
 

3.1 Summary 

In this chapter, the design of a technologically viable compact on-chip high-resolution wideband 

spectrometer is presented and verified by software simulation using an industry standard tool. The 

target application is to measure the spectral profile of WDM signals accurately in flex- and fixed- 

grid architectures across the entire C-band 1530-1565 nm aiming at sub-GHz resolution bandwidth 

with minimum scan time and better than 1 GHz frequency resolution. The proposed architecture 

consists of three stages. The first stage is a tunable ring resonator (RR) that defines the resolution. 

The third stage is an arrayed waveguide grating (AWG) that isolates one RR resonance within 

each of its channels. The second stage uses an MZI to form a coherent superposition of two 

interleaved AWG channel spectra corresponding to a pair of input ports; establishing gang tuning 

of the RR and AWG to retain the RR resonance at the center of the AWG channel passband. A 

refinement of the architecture is also presented by replacing the coherent superposition of a pair 

of AWG input channels to the incoherent superposition of pairs of AWG outputs. This eliminates 

the MZI stages, consequently the spectrometer does not require any control of the inter-stage 

optical path length, which renders the spectrometer more robust to fabrication process variations. 

 

3.2 Contribution 

The research findings reported in this chapter have been published as an article in IEEE Photonics 

Journal and a manuscript submitted to Optics Express for peer review. A US PATENT application 

has also been filed. I contributed to the circuit design, performed circuit level numerical modelling, 

simulation and wrote the manuscripts. Dr. Hall contributed to the architecture design, 

interpretation of the result and revised the manuscript. Mr. Peng Liu performed the RR simulation 

using OptiBPM. Mr. Gazi Hasan executed the simulation of the directional coupler. Dr. 

Mohammad Rad reviewed the manuscripts. 
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Ultra-high resolution wideband on-chip spectrometer 
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Abstract: Monitoring the state of the optical network is a key enabler for programmability of network functions, protocols 

and efficient use of the spectrum. A particular challenge is to provide the SDN-EON controller with a panoramic view of the 

complete state of the optical spectrum. This paper describes an architecture for compact on-chip spectrometry targeting high 

resolution across the entire C-band to reliably and accurately measure the spectral profile of WDM signals in fixed and flex-

grid architectures. An industry standard software tool is used to validate the performance of the spectrometer. The fabrication 

of the proposed design is found to be practical. 

Index Terms: Spectrometer, Ring resonator, Mach-Zehnder interferometer, Arrayed Waveguide Grating, Photonic 

integration, Optical performance monitoring, Optical transport networks. 

1. Introduction 

Software Defined Networking (SDN), Elastic Optical Networks (EON), and Artificial Intelligence (AI) have gained 

wide acceptance as they support network operators (Bell, Rogers, Verizon, etc.) in their quest to address the challenges 

of rapidly changing and demanding service requirements, while making efficient use of network resources [1], [2]. 

SDN allows programmability of network functions and protocols. EON allow the allocation of an arbitrary and 

appropriate spectral range and modulation format to an optical path according to application bandwidth and quality of 

service requirements taking into account optical physical layer attributes such as impairments [3]. AI allows the 

network to provision resources in response to current service requests while learning from the past to improve network 

efficiency and effectiveness [4]. 

SDNs scale by control and adaptive management, and handle changing demand and resources to achieve energy, 

resource efficiency and sustainability. Applying SDN principles to the physical layer that includes optical components, 

such as wavelength switches, fibre, add/drop mux/de-mux, amplifiers, filters, and sensors; requires fully 

programmable functions be they implemented in optics or electronics. As a consequence of the rigidity of the physical 

layer infrastructure, SDN research has focused principally on the higher digital electronic layers of the network. 

Applying SDN to the optical transport network could enhance both operational management in terms of cost saving 

and service layer performance such as fast connection turn-up, margin squeezing or health monitoring of the network. 

The adaptability provided from AI combined with the flexibility of SDN & EON along with the extremely fast 

processing capability of optical devices will transform the existing transport networks into a next-generation SDN-

enabled energy efficient optical transport network. 

Optical performance monitoring (OPM) is critical to this vision as it is necessary that the SDN-EON-AI controller 

is provided with sufficient and accurate knowledge of the state of the network to fulfill its function. Network 

management agents or optimization algorithms require up to date telemetry data of the network on links, components 

and operating points of service (WDM traffic channels in the case of transport optics). Monitoring information can be 

used for better resource optimization to maximize the reach versus rate. OPM information can also be used for 

performance prediction and planning in case of network reconfiguration, capacity scaling or network or component 

fault recovery. The monitoring information includes power, loss, bit-error-rate (BER), optical signal-to-noise-ratio 

(OSNR), electrical signal-to-noise ratio (ESNR), etc. In practice any parameter measured in the network can be used 

for the purpose of OPM. However, power is a strong indication of performance in optical systems as like other 

systems and hence OPM is used to refer to “power” in this manuscript. 
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Power measurement (monitoring) or spectrum sensing, while seemingly very simple and basic, is still challenging 

in transport optics especially in WDM networks. Typically, WDM channels are spread from 1530 nm to 1570 nm, 

i.e., across around 40 nm of fiber optic bandwidth. Traditional WDM channels are spaced at known and fixed locations 

of the WDM spectrum (50 GHz or 100 GHz ITU spectrum). However, current elastic optical networks are following 

more and more flex-grid channel profiles where the channel center wavelength can be at any place in the spectrum 

with much finer resolutions (e.g. smaller than 6.25 GHz) and they also can have different power profiles (i.e., 

bandwidth and power spectral density). Power measurement is done by OPM cards traditionally where a tunable filter 

sweeps the spectrum (C band) typically with 50 GHz resolution and hence ITU channel power readings become 

available. OPM cards are large; consume considerable power; and, most important, are expensive. As a result, they 

are only available at few points in the network. Typically, reconfigurable add-drop modules (ROADMs) are equipped 

with OPM cards. Since existing power measurements are based on ITU, flex ready spectrum measurements are 

adopted for flex grid systems. New modules capable of performing power measurement for desired location (center 

wavelength) and desired resolution (known bandwidth) are being used in flex-grid ready ROADM architectures. 

However, they still suffer from the cost issue and hence spectrum measurement is only available at add-drop nodes. 

ROADMs with high degrees usually share an OPM module for the purpose of spectrum measurement. This makes the 

OPM speed slow depending on the number of lines it supports. Amplifier nodes do not have power reading 

capabilities. Therefore, almost all analysis of photonic layer optimizations uses analytical, semi-analytical, or machine 

learned based modeling to estimate the performance of WDM channels in a section (ROADM-to-ROADM). 

Reliable spectral measurement across the network is therefore a key enabling technology. Complete knowledge of 

the state of the network is a prerequisite to enabling SDN-EON-AI to make effective use of colour-, direction-, 

contention-, grid-less, filter-, gap-less ROADM, flexible channels centre frequencies and width, flexible sub-carriers 

in super-channels, flexible modulation formats and forward error control coding transponders, and impairment-aware 

wavelength routing and spectral assignment. The absence of OPM (with focus on power measurement) makes it very 

difficult to have reliable performance estimation or have the models trained and fed with proper live and accurate 

measurement across the network for the purpose of performance optimizations. Knowledge of spectral content in a 

section of optical networks is of great value for operators and photonics infra-structure owners. 

A large variety of on-chip spectrometer designs have been unveiled and realized over the past decade such as 

cascaded ring resonator (RR) arrayed waveguide grating (AWG) architecture [5-6], dispersive configurations (arrayed 

waveguide gratings (AWG) [7], echelle gratings (EG) [7] or cascaded micro-ring resonators [8], cascaded Mach-

Zehnder interferometer (MZI) based processor [9]; and discrete Fourier transform infrared spectroscopy [10]. In [5] 

the authors propose a combined architecture where the ring and AWGs need to be tuned to match the ring response 

with the AWG center wavelength. Depending on the number of channels, fixed grid reading of the spectrum is 

achieved. Similar to the previous prior art the authors of [6] proposed a cascaded architecture where a ring resonator 

(RR) is followed by a parallel pair of arrayed waveguide gratings (AWG) with different center wavelengths to reduce 

the cross talk. The center wavelength of the AWGs must differ by half a channel spacing for proper operation but 

there is no mention of if and how the whole spectrum may be scanned. When the RR is not tuned to an AWG channel 

passband center, the spectrometer will suffer increased insertion loss and channel leakage (cross talk) with increased 

detuning. In addition to that, EG and AWGs have been proposed by Xiang et al. [8] to construct spectrometers capable 

of operation over a broad range of different wavelength. The resolution is restricted by the number of samples of the 

spectrum by the fixed number of EG/AWG channels. A multiple ring resonator in cascade architecture has been 

proposed in [8] for high resolution spectrum measurement. These architectures have proven to be extremely 

complicated to control and calibrate in a reliable fashion due to the fact that two or more very sensitive components 

(RR) are needed to be tuned together. On the other hand, in [9] a fast-Fourier transformation (FFT)-like approach is 

used by performing multiple measurements of the filtered spectrum. The authors demonstrate a resolution of 23 pm 

(~ 2.9 GHz) over a 184 pm range about 1550 nm. Sub-GHz resolution seems to be within reach but entire C band 

coverage remains challenging as it requires multiple arms (up to 10) which imposes significant loss, complex control 

and measurement dynamics. Following a similar approach, Kita et al. [10] proposed a new signal processing technique 

performed electro-optically where a combination of numerous measurements with data processing provides the 

desired high-resolution power measurement across a desired band. To achieve sub-GHz resolution more than 10 stages 

are needed. Therefore, this strategy and architecture suffers similarly in scaling when high resolution spectrum sensing 

over a wide band is needed. In summary, the existing measurement technologies fail to combine acceptable resolutions 

with wideband operation and do not support feasible integration with other products which limits their deployment 
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mainly due to high cost, loss and foot print. In addition, the requirement of sub-GHz resolution bandwidth to reliably 

and accurately distinguish the individual carriers in a densely packed multi-carrier super-channels or to monitor the 

differential power of adjacent channels in fixed and flex-grid architectures with a large free-spectral range for 

transparent operation across the entire C band 1530 nm-1565 nm for an integrated solution remains challenging. 

In this paper, the design of a technologically viable compact on-chip high-resolution wideband spectrometer is 

presented and verified by software simulation using an industry standard tool. A novel and original approach to 

coordinated tuning of the individual stages enables the spectrometer to scan the entire C-band with better than 1 GHz 

resolution using only three stages and two controls. The target application is to measure the spectral profile of WDM 

signals accurately in flex- and fixed- grid architectures across the entire C-band 1530 nm-1565 nm with minimum 

scan time and better than 1 GHz frequency accuracy. The photonic integration of the circuit architecture can be 

implemented using a mature fabrication technology; low index contrast Silica on Silica or CMOS compatible low loss 

Si3N4 photonic integration platform. However, to meet the technical specifications such as compact size and high-

resolution bandwidth, the Si3N4 platform is preferred due to its impressive agreement between simulation and practical 

measurement for the components used in this design architecture [11] - [14]. 

2. Proposed spectrometer circuit architecture 

The circuit architecture of the proposed spectrometer [15] is illustrated schematically in Fig. 1. It consists of three 

stages. The first stage is a ring resonator (RR) which has the function of defining the spectrometer resolution. It 

provides a periodic train of resonances each with bandwidth <1GHz and spaced by its free-spectral range (FSR). It is 

tuneable in frequency over one FSR. The final stage is an arrayed waveguide grating (AWG) which has the function 

of isolating one RR resonance in each output channel. Each channel has a -3dB passband width equal to half the 

channel spacing. The output channel frequency spacing is equal to the FSR of the RR. The central stage has the 

function of ensuring to a good approximation that the centre frequency of each AWG output channel passband tracks 

the centre frequency of their associated RR resonance. It consists of a parallel mirrored pair of nominally identical 

Mach-Zehnder delay interferometers (MZDI) with FSR equal to the AWG channel spacing and hence to the FSR of 

the RR. The construction of the MZDI can be made either by using 2×2 directional couplers or multimode interference 

(MMI) couplers. The four outputs of the central stage are connected via equal optical path length waveguides to four 

of five adjacent AWG input channels omitting the centre channel. The AWG input channel frequency spacing is equal 

to half the AWG output channel spacing. The Mach-Zehnder interferometer (MZI) that precedes the MZDI pair is 

used as a switch that selects the active MZDI and hence the active pair of AWG input channels of the four equipped 

AWG input channels. 

The spectrometer has two controls: a first control to tune the RR and a second to toggle the MZI switch. A phase 

change of Δ𝜃 ∈ [0,2𝜋 ] within the RR provided by a phase shift element is used to scan cyclically the RR resonant 

frequency comb over one FSR. There are two phases within this operating cycle that correspond to the state of the 

switch. The switch toggles at the mid-point and the end point of the scan as determined by the first control. These two 

controls are the only dynamic controls needed. However, it is prudent to equip the MZDI stages with quasi-static (pre-

set) phase trimmers to compensate any phase bias errors due to fabrication process variations. There is some freedom 

of choice in the selection of the FSR and hence the total number of AWG output channels required to operate over the 

entire C-band. Reported experimental demonstrations of the components, our device and circuit simulations, and the 

 

Fig. 1. Schematic of the proposed spectrometer. AWG, arrayed waveguide grating. 

 

 



44 
 

process development kit support the practicality of the demonstration of a spectrometer that meets the following 

specifications. 

Table 1: Sub-system design specifications for the proposed spectrometer. 

Design specifications Comments Remarks 

RR free spectral range (GHz) 50  

MZI free spectral range (GHz) 50 Equal to the free spectral range of RR 

AWG output channel spacing (GHz) 50 Equal to the free spectral range of RR 

AWG output channel bandwidth (GHz) 25 Half of AWG output channel spacing 

AWG input channel spacing (GHz) 25 Half of AWG output channel spacing 

Number of AWG output channel 88  

Total spectrum covered (THz) 4.4 88 × 50 = 4400 GHz (entire C band) 

 

To isolate an individual RR resonance within an AWG channel, ideally the comb of AWG passband centre 

frequencies tracks the comb of RR resonant frequencies as the spectrometer is scanned, as illustrated schematically in 

Fig. 2 (a, b). The benefits of ganged tuning are: minimisation of excess loss; tuning invariant channel transmission; 

and, an AWG adjacent channel crosstalk that is the best value (passband centre) rather than the worst value (passband 

edges). During the two phases of the scan, a data acquisition system (DAQ) acquires samples of the optical power 

monitored by photodetectors placed at the AWG outputs. Post processing of the acquired data may be further 

optimized for an increased effective measurement resolution. In principle, the AWG output channel spectra may be 

translated in frequency by translating the input waveguide across the input aperture of its first star coupler. An optical 

phased array (OPA) can be used to perform the translation of the input field profile. A necessary condition is that 

translation per unit frequency change of the OPA output equals that of the AWG input. The OPA may be based on a 

secondary AWG having an FSR equal to the primary AWG output channel frequency spacing. The secondary AWG 

output star coupler and the primary AWG input star coupler may be merged. However, the defocus caused by opposite 

sign curvature of the secondary AWG image field and the principal AWG object field strictly should be compensated 

by a field lens within the merged couplers. An alternative more practical approach adopted in this work is to accept a 

discrete approximation to the translation of the input field profile and connect the two-star couplers by N waveguides 

of the same optical path length. In the discrete case the output channel frequency spacing of the OPA should equal the 

input channel frequency spacing of the primary AWG and the OPA may be implemented by a dimension N generalised 

Mach-Zehnder Interferometer (GMZI) rather than by a secondary AWG.  

A more serious problem follows from field being split between the two extrema of the beam steering aperture at the 

frequency at which the field profile should fly-back. Over the fly back transition in the transmission this result, in two 

adjacent RR resonances being passed via the same output port giving rise to unacceptable crosstalk at the edges of the 

tuning range. The remedy is to use two OPA-AWG units offset in frequency and to select the unit offering low 

crosstalk at a particular tuning. With this expedient it is sufficient to use a Mach-Zehnder interferometer (MZI) as a 

dimension N=2 discrete approximation to an OPA. 

 

Fig. 2. (a) Tunable RR & AWG; DAQ, data acquisition; (b) Tracking of RR comb (grey arrows) & AWG 

channels (peaked curves). 
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Consider an MZI–AWG with input channel frequency spacing and output channel bandwidth equal to one half of 

its output channel frequency spacing Δ𝜔. A 2×2 MZI has an amplitude transmission matrix: 

𝑇𝑀𝑍𝐼 = [
sin(𝜑 2⁄ ) cos(𝜑 2⁄ )

cos(𝜑 2⁄ ) − sin(𝜑 2⁄ )
]       (1) 

where 𝜑 is the phase imbalance between its arms. It is easily verified that this transmission matrix satisfies energy 

conservation. Fig. 3 shows the basic amplitude transmission of an MZI, when light is launched from different input 

ports.  

 

The period of the amplitude transmission matrix defined by Eq. 1 is 720 degrees. However, the phase imbalance of 

the arms leads to an exp(𝜑 2⁄ )  scalar pre-multiplier neglected in Eq. 1 which ensures the overall MZI is invariant to 

a 360˚-degree change of 𝜑. Accordingly, Fig 3(b) and (d) are only shown over a range of 360 degrees. Take the MZI 

port with cos(𝜑 2⁄ ) dependence to be connected to the reference input channel of the AWG and the MZI port with 

sin(𝜑 2⁄ ) dependence to be connected to the upshifted frequency input channel. 

The amplitude transmission of a given output port is: 

𝑇𝐴𝑊𝐺(𝜔) = 𝐻(𝜔) cos(𝜑/2) + 𝐻(𝜔 − Δ𝜔 2⁄ ) sin(𝜑/2)    (2) 

where 𝐻(𝜔) is the transmission function of an AWG which may be taken as real to good accuracy and 𝜔 is the 

frequency offset from the centre of the passband. Now let us consider that 𝜑 = 𝜔𝜏, where 𝜏 = 2𝜋 ∆𝜔⁄ , is the delay 

that must be applied in one of the arms of the MZI and ∆𝜔 is the AWG channel frequency spacing. The transmission 

at selected values of detuning is given by Table 2. 

Table 2. Transmission of the MZIA-AWG output channel for MZIA phase bias variation from 0° to 360°. 

AWG 
transmission 

𝜔 Remarks 

0 Δ𝜔 4⁄  Δ𝜔 2⁄  −Δ𝜔 2⁄  −Δ𝜔 4⁄  Δ𝜔 The AWG tracks the RR resonant 
frequency correctly over the first half 
of the RR/MZI FSR only corresponding 
to MZIA bias  0° to 180° 

𝑇𝐴𝑊𝐺(𝜔) 1 1 1 -1 0 1 

When 𝜔𝜏 = 0 (𝜑 = 0), as per Fig. 3(b) the MATP port is active only, hence the amplitude transmission of the AWG 

is only 𝐻(𝜔). For 0° < 𝜑 < 180°, the amplitude transmission of the MZI output ports have the same sign and there 

is constructive interference between the superimposed AWG amplitude transmissions. This corresponds to the desired 

 

Fig. 3. Schematic of an MZI with input from upper port (a) and lower port (c); and corresponding (b) & (d) 

amplitude transmission plot. MITP, minimum transmission point; MATP, maximum transmission point. 
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frequency tracking behavior as summarised by Table 2. As the input channel frequency spacing of the AWG is set to 

25 GHz, the MZI-AWG combination track over half of the output channel frequency spacing. When 180° < 𝜑 <
360°, as shown in Fig. 3(b) the amplitude transmission of the MZI are opposite in sign resulting in destructive 

interference between the superimposed AWG amplitude transmissions. As a result, the remaining half the FSR is 

taken up by the undesired fly-back response. 

The fly-back may be corrected using an alternative MZIB-AWG arrangement with the MZI port with cos(𝜑 2⁄ ) 

dependence connected to the reference input channel of the AWG and the MZI port with −sin(𝜑/2) connected to the 

upshifted frequency input channel. As shown in Fig. 3(d), the amplitude of the MZI output ports have the same sign 

and create constructive interference between the superimposed AWG amplitude transmission for 180° < 𝜑 < 360°. 
The new form of the previously described amplitude transmission at the same output port becomes, 

𝑇𝐴𝑊𝐺(𝜔) = 𝐻(𝜔) cos(𝜑/2) − 𝐻(𝜔 − Δ𝜔 2⁄ ) sin(𝜑/2)     (3) 

The frequency tracking behavior of the MZIB-AWG arrangement is summarised in the Table 3 and can be seen to 

be complementary to the frequency tracking behavior of the MZIA-AWG arrangement summarised in Table 2: when 

MZIA-AWG commences fly-back, MZIB-AWG tracks correctly and vice versa. 

 

Table 3. Transmission of MZIB-AWG output channel for MZIB phase bias variation from 0° to 360°. 

AWG 

transmission 
𝜔 Remarks 

0 Δ𝜔 4⁄  Δ𝜔 2⁄  −Δ𝜔 2⁄  −Δ𝜔 4⁄  Δ𝜔 The AWG tracks the RR resonant 

frequency correctly over the second half 
the RR/MZI FSR only corresponding to 

MZIB bias  180° to 360° 

𝑇𝐴𝑊𝐺(𝜔) 1 0 -1 1 1 1 

 

Fig. 4(a-b) depicts the combination of the MZIA-AWG and MZIB-AWG with the simulated (i-x) frequency tracking 

behavior at different MZI phase bias. As found in the earlier analysis, the MZIA-AWG combination tracks the RR 

resonance frequency correctly up to Δ𝜔 2⁄  or 180˚ phase bias of the MZIA, whereas MZIB-AWG tracks the RR 

resonance frequency correctly from 180˚ to 360˚ phase bias. A phase bias ranging from 180˚ to 360˚ is equivalent to 

a phase bias ranging from 180˚ to 0˚. Consequently, the circuit architectures track in opposite directions the same 0 

GHz to 25 GHz span of the 50 GHz channel frequency spacing. To overcome this problem, the resolution during the 

fly-back phase MZIA-AWG is to hand over to an alternative MZIB-AWG with the MZI port with cos(𝜑/2) 

dependence connected to the reference input channel of the AWG and the MZI port with −sin(𝜑/2) dependence 

connected to the downshifted frequency input channel of the AWG. This arrangement advantageously eliminates the 

cross-over interconnection. The amplitude transmission at the same output port is modified to: 

𝑇𝐴𝑊𝐺(𝜔) = 𝐻(𝜔) cos(𝜑 2⁄ ) − 𝐻(𝜔 + Δ𝜔 2⁄ ) sin(𝜑 2⁄ )              (4) 

which during the fly-back phase of MZIA gives the desired frequency tracking over the -25 GHz to 0 GHz span of the 

50 GHz channel frequency spacing:  

𝑇𝐴𝑊𝐺(𝜔) = 1        𝜔 = −Δ𝜔 2⁄

     𝑇𝐴𝑊𝐺(𝜔) = 1        𝜔 = −Δ𝜔 4⁄      

𝑇𝐴𝑊𝐺(𝜔) = 1                      𝜔 = 0

       (5) 

Note that at 𝜔 = 0,±Δ𝜔 2⁄ , where handover occurs the two MZI-AWG channel outputs agree. Consequently MZIA-

AWG and MZIB-AWG combine with handover to successfully track the full span (-25 GHz to +25 GHz) of the channel 

frequency spacing (50 GHz). To economise on hardware, one would like to use a switch to select the MZI input port 

and rearrange the connection of its two outputs between a three input AWG as shown in Fig. 5. However, a switch to 

rearrange the MZI outputs could introduce phase errors. It is consequently preferable to use two nominally identical 

MZDI to drive two pairs of adjacent ports separated by an unequipped central input port of a 5-input port AWG as 

shown in Fig.1. The handover is then between the set of output ports and the same set displaced by one port. The data 

acquisition system can resolve this shift trivially. 
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Fig. 4. MZI-AWG combination to correct the fly-back problem; (a) light is injected from the upper input port with corresponding 

amplitude transmission (i―v) of MZIA-AWG combination at different phase bias; (b) light is injected from the lower input port 

with amplitude transmission(vi ―x) of  MZIB-AWG combination at different phase bias of the MZI. 
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The simulated output channel spectra of the AWG for a wide range of frequencies is shown in Fig. 6. The spectra 

shown in Fig. 6 provide intuition that the spectrometer may be understood as an RR working into a pair of passband-

flattened AWGs with interleaved output channel spectra. However, this does not imply that any approach to a passband 

flattening mechanism will suffice. The mechanism of choice is ganged tuning of the RR and AWG via (a good 

approximation to) translation of the input across the aperture of the first star coupler. This mechanism offers not only 

the best of low adjacent channel leakage found at the centre of channel passband rather than the worst of adjacent 

channel leakage found at the edges of the channel of the basic AWG but also it offers a means to merge the two 

interleaved AWGs into a single consolidated AWG which halves the number of output channels; the number of 

photodetectors; and the footprint size otherwise required. 

 
 

3. Simulation results 

VPIphotonics software simulation is used to validate the theoretical prediction. Fig. 7. shows a schematic of the 

spectrometer stripped of the RR and with waveguide delay-lines and frequency independent static phase shift elements 

denoted by the symbol 𝜏. The phase shifts are adjusted manually to bias the upper and lower MZI stages and to switch 

between them. The switch is used to select the upper MZI (MZIA) in the first phase illustrated in Fig. 4(i-v) and the 

lower MZI (MZIB) in the second phase illustrated (Fig. 4(vi-x)). For better understanding the concept, a 5 channel 

AWG with an FSR of 250 GHz (5 × 50 GHz) is used for simulation. 

 
Fig. 5. Schematic diagram of the circuit architecture that can overcome the fly back problem and track the whole FSR of the RR. 

 

Fig. 6. AWG output channel spectra when both MZDI are auto-tuned by a delay line with an FSR equal to the AWG output channel 

frequency spacing. The channel spectra corresponding to the two different switch states are interleaved. 
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    To achieve auto-tuning the phase-shift elements presents in Fig. 4, are replaced by the delay lines. In this case (50 

GHz output channel frequency spacing) the delay is chosen to set an FSR of 50 GHz. Fig. 8. shows the output of the 

AWG when both MZI are auto-tuned in this way. The flat passband and steep transitions between pass and reject 

 

Fig. 7. VPI schematic of a circuit architecture for the purpose of demonstrating the operational principles by simulation; DC, directional 
coupler; OSA, optical spectrum analyzer. 

 

Fig. 8. A simulation of the complete spectrometer circuit with the MRR in place (as in Fig. 1) illustrating 

operation over complete scanning cycle over the full 50 GHz RR FSR. (a) Upper MZDI selected phase of 

scanning cycle; (b) lower MZDI selected phase of scanning cycle; (c) full scanning cycle. 



50 
 

bands are notable. The channel spectra corresponding to the two different switch states are interleaved. In the proposed 

architecture, only the RR will be tuned over one FSR for spectral sensing. One phase shifter for each MZI is included 

to align the MZI FSR with the AWG output channel spectra. It remains constant once the alignment (if required) is 

done. Fig. 8. illustrates the output channel spectra over the full scanning cycle of the proposed spectrometer obtained 

by tuning the RR over one FSR. The switched MZDI-AWG succeeds in isolating one RR resonance with sub-GHz 

bandwidth within each AWG channel; the peak of the resonance is substantially constant as the ring resonance 

frequency is scanned across its 50 GHz FSR thereby providing a continuous spectrum across the whole operating 

band; and, the adjacent channel crosstalk is negligible. It may be observed that the selection of the upper MZI provides 

a flat response over half the channel frequency spacing corresponding to a phase bias of 0 to −𝜋 radians and selection 

of the lower MZI provides a flat response over the remaining half of the channel frequency spacing corresponding to 

a phase bias of −𝜋 to −2𝜋 radians. Moreover, the readings of either selection agree at the two handover transitions in 

the scanning cycle one at a phase bias of 0, −2𝜋 and one at a phase bias of –𝜋. The contiguous flat response across 

the band is a noticeable feature. 

 

4. Discussion 

A combination of software simulation is used to study further the integration feasibility of the proposed architecture.  

VPIphotonics is used for the circuit simulation whereas, Photon Design along with MATLAB is used to verify the 

function of the individual components that comprise the architecture. The simplicity of the structure (3-stages) and 

control (2-controls) renders practical implementation as a single photonic integrated circuit. The proposed 

spectrometer can be fabricated in any mature fabrication platform. However, the resolution bandwidth of the 

spectrometer primarily depends on the insertion loss (dB/turn) of the RR. An integration platform supporting loss-loss 

waveguides and careful attention to the design of the RR couplers to minimise their excess loss are therefore 

paramount. Hence in order to meet the specification of the proposed spectrometer, the CMOS compatible Si3N4 

photonic integration platform has been selected as it offers low loss, tight confinement, low dispersion and a mature 

thermo-optic phase shifter technology. There are ample reports in the literature of the technological verification of 

SSC, MMI, tunable RR, and sub-circuits such as MZ(D)I [11]-[13] and modest port count AWG fabricated using the 
Si3N4 integration platform [14].  

For effective use of resources, the fabrication plan envisaged access to multi-project wafer MPW runs for test 

structures followed by a custom wafer run for fabrication of prototypes for demonstration. The LioniX Triplex 

technology chosen only offers MPW runs for designs using the asymmetric double strip (ADS) waveguide and the 

low-cost photolithography used has a minimum feature size of 1 um. Accordingly, the simulations of the components 

and sub-circuits that constitute the proposed spectrometer are designed using ADS as reference waveguide. The 

 

Fig. 9. (a) The reference ADS waveguide with width 𝑤 = 1.1 𝜇𝑚 simulated shown in the FIMMPROP device window; (b) fundamental TE-

like mode group index versus vacuum wavelength across the C-band; (c) simulated waveguide loss for a straight waveguide having length of 

𝑙 = 3392.878 𝜇𝑚 ; (d) simulated group delay caused by the same waveguide mentioned in (c).  
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reference ADS used is shown in Fig. 9(a) where the width of the top side of the upper strip is 1.1 um and the etching 

results in sidewalls inclined at 82° relative to the horizontal axis. The Photon Design software tool FIMMWAVE was 

used to acquire the characteristics of the waveguide in the C-band. Simulations all use the TE-like mode as it is more 

tightly confined and hence exhibits slightly lower bend loss than the TM mode.  

The effective group index of the mode is illustrated in Fig. 9(b) and has a value of 1.7725, 1.76841 and 1.7629 

at the short wavelength edge (1530 𝑛𝑚), centre wavelength (1545 𝑛𝑚), and the longer wavelength (1565 𝑛𝑚) edge 

of the C-band respectively. The major contributing mechanism is waveguide dispersion; the contribution of material 

dispersion is negligible in comparison. The phase shift 𝜑 contributed by a waveguide delay line of length 𝑙 as a 

function of optical frequency 𝜔 is given by: 

𝜑(𝜔) = 𝑛𝑒(𝜔)(𝑙 𝑐⁄ )𝜔         (6) 

where 𝑛𝑒 is the mode effective index and 𝑐 is the vacuum velocity of light. At frequencies in a neighborhood of a 

reference frequency 𝜔0 the frequency dependence of the optical path length is well approximated its Taylor series 

up to second order: 

𝜑(𝜔) ≈ 𝜑0 − 𝜏(𝜔 − 𝜔0) − 𝜏′ 1

2
(𝜔 − 𝜔0)

2 …      (7) 

where: 

𝜑0 = 𝑛𝑒(𝜔0)(𝑙 𝑐⁄ )𝜔0

𝜏 = 𝑛𝑔(𝜔0)(𝑙 𝑐⁄ )

𝜏′ = 𝑛𝑔
′ (𝜔0)(𝑙 𝑐⁄ )

         (8) 

and 𝑛𝑔, 𝑛𝑔
′  are the mode group index and mode group index dispersion respectively. The phase bias 𝜑0 is equal to the 

phase shift evaluated at the reference frequency, 𝜏  is the group delay evaluated at the reference frequency and 𝜏′ is 

the group delay dispersion given by the slope of the group delay versus optical frequency. 

The phase bias is sensitive to subwavelength errors in the optical path length 𝑛𝑒(𝜔0)𝑙. A means of trimming 

or tuning the phase bias may therefore be necessary to correctly set the operating point of interferometric components. 

The free-spectral range is the frequency interval over which the phase shift changes by  2𝜋 and assuming small 

dispersion is given by: 

𝐹𝑆𝑅(𝜔) = 𝑐 𝑛𝑔(𝜔)𝑙⁄          (9) 

The dispersion results in a small change over the band of the local value of the FSR. The FSR at the reference 

frequency defines a regular frequency grid over the whole band. The optical path length 𝑙 is calculated as 

3392.878 𝑢𝑚 at the reference frequency 194.1747 THz (wavelength of 1545.0 𝑛𝑚). Fig. 9(c) shows the simulated 

total waveguide loss for the optical path length 𝑙.  A loss of 0.3 dBcm-1 is considered in the simulation as conservative 

assumption albeit 0.1 − 0.2 𝑑𝐵𝑐𝑚−1 is reported in the chosen platform. In the presence of dispersion, the frequencies 

where the phase shift returns to the value of the phase-bias position are offset from the grid because of the dispersion. 

Figure 9(d) shows the simulated group delay for the whole C-band. It shows that the group delay offset by ±0.3 𝑝𝑠 

from its average value 20 𝑝𝑠 (50 𝐺𝐻𝑧) due to waveguide dispersion. As such the FSR differ around 100 MHz from 

its design value, i.e 50 𝐺𝐻𝑧.  

 

Fig. 10. (a) Power splitting of a nominally 3dB directional coupler over the C-band for ADS waveguides and TE polarisation; (b-c) power 

splitting of a directional coupler used in the RR over the C-band. An input power of 0 dBm for all the samples over the C-band is used for the 

simulation. 
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The spectrometer circuit shown in Fig. 1 contains a total of three MZI sub-circuits (an MZI switch that selects one 

of two MZDI AWG passband flattening sub-circuits) formed by a total of six 2 × 2 3dB couplers. A 2 × 2 multimode 

interference coupler (MMI) can also be an ideal candidate for the 3 dB couplers. However, LioniX advised, for their 

integration platform, the excess insertion loss of MMI is much higher than directional couplers (DC). Simulations 

confirm that, with careful design for this platform, the excess loss of a DC is negligible (< 0.1 𝑑𝐵) comparison to an 

MMI (<1dB). However, the spectrometer circuit must operate successfully over the whole extent of the C-band. 

Deviations of the splitting ratio from 50:50 of 3dB couplers impacts adversely on the channel leakage of the 

spectrometer and consequently the wavelength dependence of the splitting ratio of the 3dB couplers is an important 

consideration. Fig. 10 (a) shows the power splitting ratio of the designed DC. First of all, the DC coupler is designed 

using Photon Design software tool for the reference ADS waveguide. Later on, a frequency dependent coupling 

coefficient is defined in VPI using the PYTHON language to emulate the findings using Photon Design. The flat 

power splitting at the right edge of the picture is just a continuation from the end of the frequency dependent splitting 

modelled in the PYTHON script. The frequency dependent coupling coefficient is defined till 194.1747+2 THz.  It 

shows that both simulations match each other well. Furthermore, it is also noted that the wavelength dependence of 

the splitting ratio of an MZI sub-circuit formed by a pair of DC interconnected with a pair of waveguide arms may be 

engineered to be maximally flat by appropriate adjustment of the lengths of the DC and the path imbalance between 

them [16]. Fig. 10 (b-c) shows the simulated through port and cross port coupling of the directional coupler used in 

the ring resonator. The power splitting ratio is used as 94.92% and 3.98% at the design wavelength 1545 𝑛𝑚. For an 

FSR of 50 GHz at 1545 𝑛𝑚 the ADS waveguide ring circumference is calculated to be 3.3928 𝑚𝑚 corresponding to 

a ring radius of 539.99 𝜇𝑚. The bend loss of an ADS waveguide bend of this radius of curvature is negligible over 

the C-band; the mode is fully bound by the waveguide bend and the only terms contributing loss are absorption and 

scattering loss. Detailed data on absorption and scattering loss is not available beyond the disclosure that the total 

waveguide loss is circa 0.1 − 0.2 𝑑𝐵 𝑐𝑚 − 1 for a ring of 50 − 100 μm radii. As a conservative assumption, the 

waveguide loss is considered as 0.3 𝑑𝐵/𝑐𝑚 in the simulation. Fig. (11) shows the transmission of the RR. The zoom-

out inset shows that the FSR is slightly offset from the 50 GHz grid at the edges of the band. Furthermore, the peak 

transmission is not constant throughout the C-band, it varies 1-1.25 dB from one edge of the C-band to the other edge. 

 

Fig. 11. The transmission of a ring resonator predicted by VPI simulation. The in set shows the zoom-in transmission at the smaller wavelength, 
center wavelength and longer wavelength. The coupler used has excess loss of 1.1%, cross-coupling of 3.98% and hence through-coupling of 

94.92% at the design wavelength. The waveguide loss is 0.3 dB/cm. The resulting FWHM bandwidth is (≤1 GHz) and insertion loss is 3.2 

dB. 
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This peak transmission follows the cross-coupling characteristic curve of the DC used in the RR. The resulting 

resolution bandwidth is found to be around 1 𝐺𝐻𝑧 and the insertion loss is 3.2 𝑑𝐵 at the design wavelength. 

Ring resonators fabricated via the LioniX MPW run will be tuned by thermo-optic phase shift elements which use 

chromium metal films deposited on top of the cladding at a distance of roughly 8 𝜇𝑚 from the waveguide core as the 

heating element. The chromium films have 150 nm thickness and 20 𝜇𝑚 width and are conveniently located on the 

over-cladding immediately above the waveguide core section in order to ensure maximum heat transfer. The heat 

increases the temperature of the waveguide causing a change in effective refractive index of the mode due to the 

temperature dependence of the refractive indices of core and cladding materials. The change of mode effective index 

in turn shifts the resonant frequency of the ring. 

 

Fig. 12. Full scanning cycle of the spectrometer at the center of the C-band (top), lower wavelength edge (middle) and longer wavelength 

edge (bottom). 
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The MPW process offers no design freedom in respect of this structure such as the use of deep trenches to prevent 

heat spreading. A high bit (≥ 8) digital to analog converter (DAC) with moderate sampling rate (~256 𝑘𝑏𝑖𝑡/𝑠) will 

be used to precisely tune the RR over one FSR. However, electro-optic tuning offer greater efficiencies, such as low 

drive voltage, high extinction ratio, low drive power, linear voltage to index relationship [17]. Tuning by means of 

Piezo-electric actuator is found to be efficient as well [18]. 

A stigmatic imaging methodology has been adopted for preliminary AWG design to avoid prolonged and complex 

simulations when making small adjustments. For stigmatic images, the AWG channel passband characteristics are 

determined entirely by the transmission of an offset junction between an input (Tx) and output (Rx) waveguide 

respectively. Seyringer has reported impressive agreement of simulations and experimental measurements of a 160×50 

GHz AWG fabricated in Si3N4 with footprint of ~ 1cm2 [14]. Her biomedical sensing application dictates the operating 

center vacuum wavelength of 850 nm. However, a reference design for 850 𝑛𝑚 may be mapped to 1550 𝑛𝑚 by 

increasing all dimensions by a factor of 1.8 at least as a good starting point for further optimisation. Moreover, the 

spectrometer requires almost half the number of output channels which will scale down the footprint. Finally, VPI 

circuit simulation is used to evaluate the overall performance of the proposed circuit. An AWG having 80 output 
ports with 50 𝐺𝐻𝑧 FSR is used in the circuit simulation. An AWG insertion loss of 5 dB is considered representative, 

while a random 100 MHz offset/shift from the 50 𝐺𝐻𝑧 FSR is applied to emulate the fabrication error. The RR, DC 

and MZI is configured as depicted earlier in the discussion part. It is reasonable to assume that all directional couplers 

on the same integrated circuit have similar extinction ratio as Yamazaki et al. [19] obtained less than 0.5 dB loss 

variation among 4 Mach Zehnder Modulators (MZMs). An optical source covering the whole C-band with power of 

0 dBm for all the samples is used as input. The spectrometer performs excellently albeit the crosstalk is increased by 

2-5 dB at some points. Nevertheless, a crosstalk of -22 dB or less is obtained as shown in Fig. 12. Again, the peak 

power flatness lies within 1 dB.  

The entire operation of the proposed circuit requires four controls; two static and two dynamic. As per the 1st term 

of Eq. (8), the two MZI connected to the AWG will have phase bias at the design wavelength. Hence, phase tuning is 

required to align the FSR of the MZI with the channel spectra of the AWG. Once this is done, it will remain static for 

the whole operation. Light can be launched using the unused port of the switch to complete this adjustment. Out of 

the two-dynamic control, one will tune the RR over one FSR and other will trigger the switch at the predefined 

position. Table 4 shows the operation of the switch: 

The handover of the switch is not strictly restricted to Table 4. If we look closely at the ganged MZI-AWG spectra, 

there is ample liberty for the switching operation. The switch does not need to toggle at the exact 180˚ and 360˚ (or 

0˚) position of the RR. Rather there is a window of 5 GHz to make this switching operation with negligible power 

penalty. This redefines switching range 180 ± 15˚. An integrated wave meter as presented in [20], will be used to 

monitor the position of each resonance within an AWG channel. The wave meter circuit consist of a 2 × 2 directional 

coupler (or 2 × 2  MMI) and a  3 × 3 MMI (with its middle input port unused) that forma two-arm interferometer 

with a delay imbalance. When driven by a source with a narrow spectral line shape, in the present case a RR resonance 

within an AWG channel passband it generates sinusoidal interference fringes when the frequency is scanned. The 

phase of the fringe is a measure of the position of the spectral line within the FSR of the interferometer. The 3 × 3  

MMI  introduces 120° phase shifts between three copies of the intensity fringes measured at its three outputs, which 

enables an accurate estimate of the frequency of the spectral line independent of the input intensity and robust to 

component impairments 

Table 4. Operation of the switch 

RR position Switch position Remarks 

0˚ to 180˚ A (Fig.1 ) Upper MZI is in operation 

180˚ to 360˚ B (Fig. 1) Lower MZI is in operation 

 

 

 



55 
 

 

5. Conclusion 

In summary, a state of the art on-chip spectrometer with sub-GHz resolution over the entire C-band in a compact 

footprint has been proposed and verified by simulation in this article. To the best of the authors knowledge there have 

been no reports of simulation or experimental studies of a sub-GHz integrated spectrometer operating over the entire 

C-band and the solution proposed herein is unique. The proposed circuit architecture is feasible for photonic 

integration in the CMOS compatible Si3N4 platform owing to its low loss mature technology.  
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Abstract: Up-to-date network telemetry is the key enabler for resource optimization by means of capacity scaling, 

fault recovery, network reconfiguration etc. Reliable optical performance monitoring in general and specifically the 

monitoring of the spectral profile of WDM signals in fixed and flex-grid architecture across the entire C-band remains 

challenging. This article describes a spectrometer circuit architecture along with an original data processing algorithm 

that combined can measure the spectrum quantitatively across the entire C-band aiming at < 1 GHz resolution 

bandwidth. The circuit is composed of a scanning ring resonator followed by a parallel arrangement of AWGs with 

interlaced channel spectra. The comb of ring resonances provides the high resolution and the algorithm creates a 

virtual tuneable AWG that isolates individual resonances of the comb within the flat passband of its flat synthesised 

channels. The parallel arrangement of AWGs may be replaced by a time multiplexed multi-input port AWG. A 

simulation verification of the circuit using components designed for fabrication is presented. The architecture is robust 

to fabrication process variations owing to its data processing approach. Due to its maturity and low loss, CMOS 

compatible Si3N4 is chosen for integration. 

 

1. Introduction 

In an optical network, optical performance monitoring (OPM) is the key enabling technology for reliable spectrum 

management. Up-to-date network telemetry is required for capacity scaling, network or component fault recovery, 

and network reconfiguration through performance prediction and planning. The monitoring includes information on 

bit-error-rate (BER), optical signal-to-noise ratio (OSNR), electrical signal-to-noise ratio (ESNR), loss, power, etc. 

The monitoring information is then fed to the network management agent for resource optimization to maximize the 

reach versus rate. In practice, optical performance monitoring may be based on the measurement of one or several 

parameters. However, OPM is used herein to refer to “power” monitoring since power is one of the key indicators of 

performance in optical systems. 

In transport optics, especially in WDM networks, spectral sensing is not straightforward. Traditionally WDM 

channels are distributed over the 40 nm wide fibre-optic C-band (1530 nm to 1570 nm) with fixed centre frequencies 

arranged on the ITU grid at intervals of 50 GHz or 100 GHz. and an OPM card is used to measure the power. The 

working principle of the OPM card involves sweeping a tunable filter with 50 GHz resolution over the spectrum to 

make available ITU grid channel power readings. Due to their excessive power consumption, size and cost, OPM 

cards are deployed only at a few points in the network; typically co-located with reconfigurable add-drop multiplexers 

(ROADMs). However, current optical networks are elastic in nature, i.e. the channels are not located on a fixed regular 

grid, rather the channel center wavelength can be placed at an arbitrary location within the spectrum. The flexible grid 

can support a variety of channel power profiles (i.e., bandwidth and power spectral density) with a resolution of 

channel centre frequency placement as fine as 6.25 GHz. Flex-ready spectrum measurements are required to facilitate 

the deployment of the flex-grid system. As a result, flex-grid ready ROADM architectures are equipped with new 

modules that can measure power at desired frequency location and resolution. However, due to cost issues, spectrum 

measurement is only performed at add-drop nodes and not at amplifier nodes. Moreover, a single OPM module is 

shared by the multi degree-ROADM so the OPM measurement speed reduces as the number of lines it supports 

increases. Consequently, the performance of WDM channels in a section (ROADM-to-ROADM) is modeled based 

on an analytical or a semi-analytical analysis or a machine learning approach. The absence of OPM makes it difficult 

to have live and accurate network measurement; and hence hard to implement performance optimization. Complete 

knowledge of spectral content in a network is prerequisite for the effective use of color-, direction-, contention-, grid-

, filter-, gap-less ROADM, flexible modulation formats, flexible channels frequencies and spectral assignment. 

A variety of different approaches to the problem of spectral sensing with high resolution across a wide band have 

been disclosed in the literature [1-9] but when scaled to combine acceptable resolution with wideband operation their 

practical implementation is most often not feasible due to excessive cost, loss and footprint. An integrated solution 
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for a high resolution (sub-GHz) spectrometer to monitor the power in fixed and flex grid across the entire C band 1530 

nm to 1565 nm remains challenging. Nevertheless, a three-stage architecture proposed in a previous publication [10] 

has been shown to be viable. The first stage is a tunable ring resonator (RR) that defines the resolution. The third stage 

is an arrayed waveguide grating (AWG) that isolates one RR resonance within each of its channels. The principal 

innovation is ganged tuning of the RR and AWG to retain the RR resonance at the center of the AWG channel 

passband. This is achieved by a second stage that uses an MZI to form a coherent superposition of two interleaved 

AWG channel spectra corresponding to a pair of input ports. Further details can be found in [10]. This paper describes 

a refinement of the architecture and method that enables the ganged tuning of the AWG to be virtualized. The coherent 

superposition of a pair of AWG input channels is replaced by the incoherent superposition of pairs of AWG outputs, 

which may be performed by processing the measured AWG channel powers. The MZI stage is eliminated, releasing 

the spectrometer from any requirement to control inter-stage optical path lengths and thereby significantly easing 

manufacture. 

In this paper, the circuit architecture design, modelling and integration feasibility of an ultra high-resolution 

wideband spectrometer based on the refined architecture is presented. The purpose of the proposed circuit is to 

measure the spectral profile of WDM channels in flex- and fixed-grid architectures across 1530 nm to 1565 nm (C 

band). The architecture combines a RR and a number 𝑀 of AWG with interleaved channel spectra. For the purpose 

of exposition, the 𝑀 = 2 case is first considered but subsequently generalised. Hardware economies may be made by 

replacing the multiple AWGs by a single time multiplexed 𝑀-input AWG. The 𝑀 = 3 architecture has particular merit 

as the first to offer essentially zero crosstalk. The proposed spectrometer can be fabricated in any mature fabrication 

platform. However, the resolution bandwidth of the spectrometer primarily depends on the insertion loss (dB/turn) of 

the RR. Hence in order to meet the specification of the proposed spectrometer, the CMOS compatible Si3N4 photonic 

integration platform has been selected as it offers low loss, tight confinement, low dispersion and a mature thermo-

optic phase shifter technology. There are ample reports in the literature of the technological verification of spot size 

convertors (SSC), multimode interference couplers (MMI), tunable RR, and sub-circuits such as Mach-Zehnder 

interferometers (MZI) [11-13] and high port count AWG [14] fabricated using the Si3N4 integration platform. The 

detail simulation verification of the proposed architecture is presented using components (RR and AWG) designed for 

fabrication. A combination of industry standard software tools is used for the component design. A simple but novel 

signal processing approach enables the spectrometer to scan the entire C-band with high resolution (∼1GHz) using 

only one dynamic control. The original signal processing method renders the proposed architecture robust to 

fabrication tolerances. 

 

Proposed spectrometer circuit architecture 

The schematic diagram of the proposed circuit architecture is shown in Fig. 1(a). The architecture consists of two 

stages; the first stage is the RR which offers the fine filtering while the last stage AWG offers the coarse filtering. In 

other words, the RR generates a periodic train of fine resonances spaced by its free spectral range (FSR), while the 

AWG isolates one RR resonance in each output channel. Hence, the output channel frequency spacing of the AWG 

must be equal with the FSR of the RR by design. The RR defines the spectrometer resolution bandwidth and is tunable 

in frequency over one FSR. Two identical AWGs with -3 dB channel passband-width close to half the output channel 

frequency spacing are required for the proposed circuit architecture implementation.  However, the two AWGs are 

not driven by the same input channel (port), rather they are driven by adjacent input ports as shown in Fig. 1(a). The 

input channel frequency spacing is equal to half of the output channel frequency spacing (i.e. 1 2⁄  FSR). The channel 

spectra of AWG1 and AWG2 are thereby interlaced and overlap as illustrated in Fig.1(b) for a 50 GHz channel 

frequency spacing. For clarity, three only of the channel spectra of each AWG are shown with possible mappings of 

the comb of RR resonances. In practice, 50 GHz AWGs need 88 channels to cover the whole C-band. The comb of 

RR resonances is tuned by an intra-ring phase shift 𝜃. The translation in frequency of the comb is proportional to the 

phase shift and ranges over one FSR as 𝜃 ranges over 2𝜋 radians. For simplicity of exposition, 𝜃 = 0 is taken to 

correspond to the alignment of the RR resonances with AWG1 channel passband centre frequencies. It follows that 

𝜃 = 𝜋 corresponds to the alignment of the RR resonances with AWG2 channel passband centre frequencies and 𝜃 =
𝜋 2⁄ , 3𝜋 2⁄  corresponds to alignment respectively with the intersection between the upper (lower) AWG1 -3dB channel 

passband edge and the lower (upper) AWG2 -3dB channel passband edge. 
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The optical power of each output channel of both AWGs is measured by a photodetector array while the RR is 

scanned over an FSR under the control of the data acquisition system (DAQ). The principal novelty of the spectrometer 

is the construction of a virtual AWG that is tuned to retain the ring resonance within the passband of its synthesised 

channels A virtual channel with index 𝑚 is synthesised by summing the optical power of a selected pair of interlaced 

AWG1 and AWG2 channels in two phases: 

Phase 1: As the ring resonance is tuned over the first half of the FSR by a tuning phase shift from 𝜃 = 0 to 𝜃 = 𝜋 

(green stem in Fig. 1(b)), AWG1 channel 𝑚 (Ch1m) and AWG2 channel 𝑚 (Ch2m) are summed. 

Phase 2: As the ring resonance is tuned over the second half of the FSR by a tuning phase shift from 𝜃 = 𝜋 to 𝜃 = 2𝜋 

(purple stem in Fig. 1(b)), AWG2 channel 𝑚 (Ch2m) and AWG1 channel 𝑚 + 1 (Ch2(m+1)) are summed. 

If the AWG channels have a raised cosine spectral profile, then the synthesised channels have a perfectly flat passband. 

In practice the AWG channel profile will differ from the ideal and there will be ripple. However, the ripple will be 

small as the synthesised channel spectral profile will agree with the ideal when the ring resonance is aligned at either 

passband centre or at the intersection of the -3dB passband edges of the AWG channels summed. Table 1 tabulates 

the steps of the data processing algorithm performed in the electronic domain by the data acquisition system. Handover 

from phase 1 of the processing algorithm to phase 2 occurs at 𝜃 = 180˚ but this is not critical. Handover may occur 

for 𝜃 anywhere between 165˚ or 195˚ with very little or no penalty. Hence, the careful tracking of the position of a 

resonance is not mandatory. However, an integrated wave meter concept presented in [16] can be used to monitor the 

position of the RR resonance within a single channel of the AWG. Since the resonances are substantially periodic in 

 

Fig. 1. (a) Schematic of the proposed spectrometer; (b) interlaced optical spectrum of AWG1 and AWG2 with the resonance mapping over 
one FSR. AWG, arrayed waveguide grating; RR, ring resonator; DA, detector array; DAQ, data acquisition Ch; channel; FSR, free spectral 

range. 
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frequency, albeit very slightly detuned by chromatic dispersion, the position of the resonance within each channel of 

the AWG can be mapped easily. 

Table 1. Data processing algorithm for a 2 AWG architecture 

RR tuning phase Synthesized channel Remarks 

𝜃 ∈ [0, 𝜋] 
(1st half FSR) 

Ch11 + Ch21 

⋮ 

Ch1n + Ch2n 

green stem Fig. 1(b) 

𝜃 ∈ [𝜋, 2𝜋] 
(2nd half FSR) 

Ch21 + Ch12 

⋮ 

Ch2(n−1) + Ch1n 

purple stem Fig. 1(b) 

 

The spectrometer requires only one control, which sets the intra-ring phase shift in order to tune the RR resonant 

frequency comb cyclically over one FSR. Our device and circuit simulations; previously reported experimental 

demonstrations; and the process development kit support the practicality of a 50 GHz FSR RR. Table 2 shows the 

detail specifications of the proposed circuit design. For a RR FSR of 50 GHz, the required number of AWG output 

ports is 88 to cover the entire C-band. The number of output ports can be reduced by increasing the FSR of the RR, 

since 50→150 GHz channel spacing AWG having output ports up to 96 are available commercially [15]. On the other 

hand, a RR having FSR of 220 GHz fabricated using double strip TrIPleXTM waveguide technology is already reported 

in [3]. 

Table 2. Detail design specifications of the proposed circuit architecture shown in Fig. 1(a) 

Design specifications Numbers Remarks 

RR free spectral range (GHz) 50  

AWG output channel spacing (GHz) 50 equal to the free spectral range of RR 

AWG output channel bandwidth (GHz) 20 ~ ≤ 1 2⁄   AWG output channel spacing 

AWG input channel spacing (GHz) 25 half of AWG output channel spacing 

Number of AWG output channel 88  

Total spectrum covered (THz) 4.4 88 × 50 = 4400 GHz (entire C band) 

 
Fig. 2. Simulated optical power as a function of ring resonance for different passband width of the AWG channel, (a) linear scale, (b) 

logarithmic; (c) optical spectrum of AWG1 and AWG2 at channel one for ring resonance position of 0˚ and 90˚ for the passband width of 25 

GHz [i-iv] and 20 GHz [v-viii] respectively. 
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The VPIphotonics simulation tool is used to evaluate the performance of the combined circuit architecture and data 

processing method. The optical power at each output channel of the both AWGs is monitored while scanning the RR 

over one FSR. The shape of the AWG is defined by VPIphotonics physical model. The calculation of the power 

depends on the number of samples used in the simulation time window. Since the signals were widely spread, a 

moderate time window is used in the simulation to avoid an excessive memory requirement. A slight variation in the 

result is obtained for different time window settings. The simulated output is then processed using the algorithm 

presented in Table 1. Figure 2 shows the variation in measured optical power as a function of the resonance position 

over one FSR for various AWG channel passband widths. Channel 1 & 2 of AWG1 and channel 1 of AWG2 are used 

for the calculation. The results show that the spectral measurement is almost flat with little ripple (∼0.5 dB) over the 

entire FSR for a passband width of 25 GHz. The dependence on the simulation parameters suggest that the magnitude 

 

Fig. 3. (a) Schematic of the modified design; (b) interlaced spectrum of AWG1, AWG2 and AWG3 with the resonance mapping over one 
FSR. 
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of the ripple is an over estimate and the asymmetry is an artifact. The ripple increases inversely with the AWG 

passband and reaches ∼1.25 dB for a passband width of 20 GHz. Figure 2(c[i-iv]) shows the optical spectrum of 

AWG1 and AWG2 at output channel one (Ch11 & Ch21) for ring resonance position of 0˚ and 90˚ respectively for 

passband 

width of 25 GHz. It shows that a strong cross talk component is present at the AWG2 channel. Hence, the power 

calculation is misleading at the 0˚ position. The crosstalk component can be reduced by reducing the passband width 

of the AWG. Figure 2(c[v-viii]) shows the optical spectrum of AWG1 and AWG2 at the same resonance position for 

the pass band width of 20 GHz. The cross talk at the neighboring channel is reduced by ∼-6 dB. This leads to a ripple 

of ∼1→1.25 dB over the entire FSR. Since the transmission characteristic of an AWG is substantially periodic, the 

simulated result will almost be same for any other channel measurement of the AWG. The entire channel spectra of 

both AWGs are presented in Fig. 8. 

To substantially eliminate adjacent channel crosstalk and to reduce the ripple, the architecture is upgraded to three 

AWG with interlaced channels as shown in Fig. 3(a). For simplicity, assume the three AWGs are identical with input 

port spacing of 1 3⁄  of the output channel spacing, with AWG1, AWG2 and AWG3 driven by input port 𝑙, (𝑙 + 1) and 

(𝑙 + 2) respectively; where 𝑙 is an integer. Figure 3(b) shows the interlaced spectrum of the upgraded architecture 

using the parameters given in Table 3. 

Table 3. Detail design specifications of the proposed circuit architecture shown in Fig. 3(a). 

Design specifications 

 

Comments Remarks 

RR free spectral range (GHz) 51  

AWG output channel spacing (GHz) 51 equal to the free spectral range of RR 

AWG output channel bandwidth (GHz) 16 ~ ≤ 1 3⁄   AWG output channel spacing 

AWG input channel spacing (GHz) 17 half of AWG output channel spacing 

Number of AWG output channel 88  

Total spectrum covered (THz) 4.4 88 × 51 = 4488 GHz (entire C band) 

A virtual channel with index 𝑚 is synthesised by summing the optical power of a selected pair of interlaced AWG1, 

AWG2, AWG3 channels as before but now in three phases: 

Phase 1: As the ring resonance is tuned over the first third of the FSR by a tuning phase shift from 𝜃 = 0 to 𝜃 = 2𝜋 3⁄  

(green stem in Fig. 3(b)), AWG1 channel 𝑚 (Ch1m) and AWG2 channel 𝑚 (Ch2m) are summed. 

Phase 2: As the ring resonance is tuned over the second third of the FSR by a tuning phase shift from 2𝜋 3⁄  to 𝜃 =
4𝜋 3⁄  (purple stem in Fig. 3(b)), AWG2 channel 𝑚 (Ch2m) and AWG3 channel 𝑚 (Ch3m) are summed. 

Phase 3: As the ring resonance is tuned over the final third of the FSR by a tuning phase shift from 𝜃 = 4𝜋 3⁄  to 𝜃 =
2𝜋 (black stem in Fig. 3(b)), AWG3 channel 𝑚 (Ch2m) and AWG1 channel 𝑚 + 1 (Ch1(m+1)) are summed. 

Table 4. Data processing algorithm for a 3 AWG architecture 

RR tuning phase Synthesized channels  Remarks 

𝜃 ∈ [0, 2𝜋 3⁄ ] 
(1st third FSR) 

Ch11 + Ch21 

⋮ 

Ch1n + Ch2n 

green stem Fig. 3(b) 

𝜃 ∈ [2𝜋 3⁄ , 4𝜋 3⁄ ] 
(2nd third FSR) 

Ch21 + Ch31 

⋮ 

Ch2n + Ch3n 

purple stem Fig. 3(b) 

𝜃 ∈ [4𝜋 3⁄ , 2𝜋] 
(3nd third FSR) 

Ch31 + Ch12 

⋮ 

Ch3(n−1) + Ch1n 

black stem Fig. 3(b) 
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Table 4 tabulates the steps of the data processing algorithm performed in the electronic domain by the data acquisition 

system. Figure 4 shows the variation in measured optical power as a function of the resonance position over one FSR 

for three AWG channel passband widths. The ripple in the spectrum sensing is reduced to ≤ 0.4 dB for the preferred 

passband width 1 3⁄  (17 GHz) of the output channel spacing (51 GHz). Due to fabrication tolerances, the passband 

width may vary from 17 GHz, as such two other measurements are taken for width of 15 GHz and 19 GHz respectively. 

Almost identical results are obtained. Ideally, the measured optical power should be constant as there is negligible 

crosstalk present in the design. The variation is obtained in the simulation due to the time window settings; can be 

considered as an artifact. Fig. 4(c[i-viii]) shows the optical spectrum at different location of the ring resonance. 

There is no crosstalk present in the spectrum and the spectral sensing is very simple and straight forward. Fig. 4(c[i-

iv]) shows the spectrum of AWG1 and AWG2 for resonance position ≤120˚. Figure 4(c[v-vi]) shows the spectrum of 

AWG2 and AWG3 obtained at resonance position 180˚. Finally, Fig. 4(c[vii-viii]) depicts the optical spectrum of 

AWG3 and AWG1 measured at the resonance position of 270˚. Since the overall spectrum is delivered to all the three 

AWG but the measurement involves summing the outputs of only two AWG, 1 3⁄  of the total input power is discarded. 

Furthermore, it requires one more AWG over the scheme presented in Fig. 1(a). The huge advantage of the design is 

spectral sensing is performed with essentially no adjacent channel crosstalk. 

The practical implementation can be made simpler by time multiplexing using a single 3-input AWG and a 1 × 3 

switch as shown in Fig. 5. The input ports are spaced in frequency by 1 3⁄  of the AWG output frequency spacing. For 

simplicity, assume the resonance position is at 0˚. The switch is connected to the upper input port of the AWG. The 

output data is recorded by the DAQ. Now change the switch to the middle input and record the data. Repeat the 

procedure for resonance position up to 120˚. Alternatively; keeping the switch at upper input port, scan the ring 

resonance up to 120˚ and record the data. Now change the switch to middle input port, scan the ring resonance from 

0˚→120˚ and record data. Now data processing will be done as per Table 4. For resonance position 120˚→240˚, the 

switch will be toggled between the middle input and last input port of the AWG. Finally, for 240˚→360˚, the switch 

will toggle between 1st input and third input port of the AWG. As before there is very little penalty in the measured 

optical power if handover between phases occurs within ±20˚ of the specified tuning phases of 120˚, 240˚, 360˚. The 

switch does not need to toggle at the exact positions specified and the data acquisition can be performed flexibly. 

 

Fig 4. Simulated optical power as a function of ring resonance for different passband width of the AWG channel (a) linear scale (b) logarithmic 

scale; (c) optical spectrum of AWG1, AWG2 and AWG3 for ring resonance position of 0˚[i-ii], 90˚[ii-iv], 180˚ [v-vi] and 270˚[vii-viii] for the 

passband width of 17 GHz. 
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Validation & integration feasibility 

A combination software simulation tools are used to validate the concept. For example, VPIphotonics is used for the 

circuit simulation whereas, Photon Design and OptiBPM is used to verify the function of each component that 

comprise the architecture. The proposed spectrometer can be fabricated in any mature low-loss photonic integration 

platform. If the excess loss of the ring per turn is negligible in comparison to the power coupled out per turn, the 

resolution bandwidth of the spectrometer is determined by the power cross-coupling ratio of the couplers. The ring 

excess loss per turn consequently limits the achievable resolution. An integration platform supporting the design of 

low-loss waveguides and low-loss waveguide bends is therefore paramount. Owing to its low loss, tight confinement, 

low dispersion waveguides and a mature thermo-optic phase shifter technology, the CMOS compatible Si3N4 photonic 

integration platform is selected to meet the specification of the proposed spectrometer circuit. The platform also offers 

good prospects for further loss-reduction [17] and to lower power consumption, temperature insensitive, alternatives 

to thermo-optic phase-shift elements [18-19]. For effective use of resources, the original plan for fabrication envisaged 

 

Fig. 5. Schematic diagram showiung practical implementation. 

 

 

Fig. 6. (a) Schematic diagram of a RR; (b) power coupling between the ports of a directional coupler as a function of spatial separation among 

them; (c) zoom-in view of the power coupling at the cross port as a function of spatial separation. 
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access to multi-project wafer MPW runs for test structures followed by a custom wafer run for fabrication of 

prototypes for demonstration. LioniX only offer Si3N4 Triplex technology MPW runs for designs using the asymmetric 

double strip (ADS) waveguide and the low-cost photolithography used has a minimum feature size of 1 𝜇m. 

Accordingly, the simulations of the components and sub-circuits that constitute the proposed spectrometer are 

designed using ADS as reference waveguide. The waveguide characteristic over full C-band is obtained by using the 

Photon design software tool FIMMWAVE. TE-like mode is used in all the simulation due to its tight confinement, 

hence it exhibits lower bend loss in comparison to the TM-like mode. The effective group index of the mode at the at 

the smaller wavelength edge (1530 nm), centre wavelength (1545 nm), and the longer wavelength edge (1565 nm) of 

the C-band is found to be 1.7725, 1.76841 and 1.7629 respectively. 

Figure 6(a) shows the schematic diagram of a RR. As shown, it requires two directional couplers (DC). The resolution 

of the spectrometer is largely set by DC power cross coupling and is determined by the spatial gap between the 

interacting waveguides. A variety of numerical and quasi analytical methods involving different approximations are 

used to bracket a range of gaps targeting 2-4% power coupling. The range of gaps is then sampled by test structures 

to enable the gap to be refined experimentally. For example, Figure 6(b) shows of one full scanning by OptiBPM of 

power coupling as a function of the gap. The zoom in view of the power coupling at the cross port of the DC is shown 

in Fig. 6(c). Simulation result show that, for a gap of 1.3 um the power coupling at the cross port is 5% and it reduces 

to <∼1% for a gap of 1.7 um. For the MPW run, several ring resonators are laid out on the mask having gaps from 

1.3 um to 1.8 um with 0.1 um increment with the objective that at least one RR works well. Two identical DC are 

used in the ring design.  

VPIphotonics software simulation is used to simulate the ring response for different power coupling ratios. The 

DC is designed first using FIMMWAVE software tool. Then the s-matrix as a function of entire C-band is imported 

to VPIphotonics. Accordingly, the DCs are configured in VPI to have same characteristics as found using the 

FIMMWAVE tool. The power splitting ratio of 94.92% and 3.98% at the design wavelength 1545 𝑛𝑚 is used in the 

simulation verification. The excess loss of the DC is found to be 1.1%. 

The ADS waveguide ring circumference is calculated to be 3.3928 𝑚𝑚 at 1545 nm for an FSR of 50 GHz using 

the following formula. 

𝐹𝑆𝑅(𝜔) = 𝑐 𝑛𝑔(𝜔)𝑙⁄                                   (1) 

 

Fig. 7. Simulated transmission spectrum of the RR; (a) smaller wavelength edge; (b) center wavelength; (c) longer wavelength edge; and (d) 

zoom-in view of the ring resonance at the design wavelength. Waveguide loss is 0.4 dB/cm, the cross coupling is 3.98% with coupler access 

loss of 1.1%. The simulated full width half maximum (FWHM) is ≤ 1 GHz. The insertion loss of the RR is found to be ∼3.2 dB. 
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where, 𝑛𝑔 is the group index, 𝑙 is the length of the delay line to obtain the specified FSR. The corresponding ring 

radius is 539.99 𝜇𝑚. The bend loss of an ADS waveguide bend of this radius of curvature is negligible over the C-

band; the mode is fully bound by the waveguide bend and the only terms contributing loss are absorption and scattering 

loss. Detailed data on absorption and scattering loss is not available beyond the disclosure that the total waveguide 

loss is circa 0.1-0.2 dB cm-1 for a ring of 50-100 um radii. The waveguide loss is considered as 0.4 dB/cm in the 

simulation as a conservative assumption. 

 

Table 5. Design specifications detail of the AWG1 and AWG2. 
 

 

 

 

 

 

 

 

 

Figure 7 (a-c) shows the simulated transmission spectra of the RR at various point of the C-band. The peak 

transmission of the RR varies 1→ 1.25 dB from the longer wavelength edge to the shorter wavelength edge of the C- 

band. Furthermore, the FSR is slightly less than 50 GHz at the edge of the short wavelength due to variation of the 

effective index across the band from the index at the design wavelength, 1545 nm. This is due to the presence of group  

velocity dispersion. To minimise the relative detuning between the RR and AWG, the AWG channel passband center 

frequencies can be offset slightly. Further, digital signal processing can be used to provide the quantitative spectrum. 

Fig. 7(d) shows the zoom-in view of the ring resonance at the design wavelength. The full width half maximum 

(FWHM) bandwidth of the RR is found to be around 1 GHz. The insertion loss of the simulated ring resonator is found 

to be 3.2 dB at the worst cases. The LioniX MPW fabrication process offers only thermo-optic phase shifts. Hence, 

Design specifications Comments Remarks 

AWG output channel spacing (GHz) 50 equal to the free spectral range of RR 

AWG output channel bandwidth (GHz) 20 ~ ≤ 1 2⁄   AWG output channel spacing 

AWG input channel spacing (GHz) 25 half of AWG output channel spacing 

Number of input channel 8  

Number of output channel 32  

Free spectral range FSR (GHz) 1600 32×50 GHz 

 

Fig. 8. (a) Simulated spectrum of the AWG1 with input light launch from upper left port (port 1); (b) zoom-in view of the interlaced spectrum 

between AWG1 and AWG2. The input light is launched from the identical input port (port 1). 



67 
 

the RR will be tuned using such a phase shifter. The precision of the RR tuning over one FSR depends on the applied 

voltage to the phase shifter. The tuning can be done through a high bit number digital to analog (DAC) converter 

having moderate sample rate (∼256 kbps). However, due to low drive voltage, low drive power and linear voltage to 

index relationship, electro-optic tuning offers smooth operation with better efficiencies [20]. As an alternative means 

of tuning, the insertion of piezo-electric actuator augurs well for the future [19].  

 

While the fine tuning of the RR is performed, the AWGs perform the coarse filtering, that is isolating each 

resonance of the RR at the output ports of the AWGs. The AWG design is by Bright Photonics BV to the specification 

given in Table 5. Two identical AWGs except for a channel spectrum shifted by 25 GHz have been laid on the mask. 

Figure 8(a) shows the designed transmission spectra of the upper AWG as a function of frequency. As shown in the 

table, a 32-channel cyclic AWG is designed for fabrication. Two AWGs (AWG1 & AWG2) are identical in design 

apart from a 25 GHz relative shift of the channel spectra. Figure 8(b) shows a zoomed-in view of the interlaced AWG1 

and AWG2 channel spectra when light is launched from the input channel one. It also shows that the crossover between 

the channels are down to ∼-22 dB, this was the main aim of the reduction of the passband width to 20 GHz. Similar 

results were obtained when light is launched from other input ports. For a ring resonator having FSR of 50 GHz, an 

AWG of 86∼88 channels are required to cover the whole spectrum. The 32- channel AWG design presented here can 

easily be scaled up to 86 or 88 channels since a higher number (96) of output channels commercial AWG is already 

available [15]. Since the designed 32-channel AWG is cyclic, the output spectrum is periodic with a period of 32. 

Hence, with the aid of a tunable optical bandpass filter the spectrum of the whole C-band can be measured to prove 

the concept. Figure 9 shows the zoom-out spectra of the designed AWG. It shows that the envelop of the AWG 

passband is ∼1.8 dB down at the edges of the AWG FSR compared to the center of the AWG FSR. This can be 

reduced significantly by increasing the FSR of the AWG. 

The circuit level simulation has been implemented using VPIphotonics to evaluate the overall performance. The 

RR is configured as explained in Fig.7. The S matrix of the AWGs provided by Bright Photonics BV is imported into 

VPIphotonics accordingly. The scanning is performed by changing the position of the ring resonance across one FSR 

while recording the available optical power at the PIN diode at the output of each AWG channel. The arithmetic 

summation is performed offline as per Table 1 to obtain the plot as shown in Fig.10 (a-b) and 11 (a-b). The results 

presented in Fig. 10 are obtained when both the AWGs are driven from input channel one (1). Whereas, Fig. 11 is 

obtained by launching the light from input channel four (4). Both the figures are almost identical. Fig. 10 (a-b) shows 

the available optical power at the PIN photodiode over one complete FSR. Figure 10 (a) represents the optical power 

variation as a function of frequency on a linear scale, whereas Fig. 10 (b) uses a semi log scale. The optical power 

variation is plotted on a logarithmic scale. The measured power at the edges of the FSR is ∼1.5→2 dB less than the 

power at the center of the FSR. This finding is consistent with the envelop of the AWG passband reported in Fig. 9. 

The inset shows a zoomed-in view of the plot at three different resonance locations within the FSR. It shows that a 

ripple of ∼1→1.25 dB is present in the detected power; this is identical with the findings presented in Fig. 2(b) obtained 

by simulation for the ideal case. Figure 10 (c) shows the optical spectrum obtained from two different channel located 

at the edges (left and right) of the AWG FSR for two different position of the RR. The spectrum presented in the upper 

row is obtained at the output channel of AWG1 while the spectrum in the lower row is obtained from AWG2. Figure 

10 (c) (i,-iv) is obtained for the RR position of 0˚. The position 0˚ refers to the alignment of the ring resonances with 

the passband centre of the AWG. This is taken as the reference (starting) point to simplify the calculation. Whereas 

spectrum presented in Figure 10 (c) (v-viii) obtained for ring position of 90˚; slightly to the right of the origin at 0˚. 

Figure 10 (c) (ii, iv) shows that the crosstalk contribution in the neighbouring channel is reduced greatly by reducing 

 

Fig. 9.  Transmission spectra of the AWG output-channels. Zoom-out view of Fig. 8(a). 
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the AWG passband bandwidth to 20 GHz. The simulated crosstalk at the neighbouring channel is less than < −30 dB 

for the worst cases. Figure 11 is identical to Fig. 10 albeit the light is launched from input channel four (4). In addition, 

the spectrum presented in Figure 11 (c) (v- viii) is for the RR position of 120˚ rather than for 90˚ in Fig. 10. Figure 10 

(c) shows the optical spectrum obtained from two different channel located at the edges (left and right) of the AWG 

FSR for two different position of the RR. The spectrum presented in the upper row is obtained at the output channel 

of AWG1 while the spectrum in the lower row is obtained from AWG2. Figure 10 (c) (i-iv) is obtained for the RR 

position of 0˚. The position 0˚ refers to the alignment of the ring resonances with the passband centre of the AWG. 

This is taken as the reference (starting) point to simplify the calculation. Whereas spectrum presented in Figure 10 (c) 

(v-viii) obtained for ring position of 90˚; slightly to the right of the origin at 0˚. Figure 10 (c) (ii, iv) shows that the 

crosstalk contribution in the neighbouring channel is reduced greatly by reducing the AWG passband bandwidth to 

20 GHz. The simulated crosstalk at the neighbouring channel is less than < −30 dB for the worst cases. Figure 11 is 

identical to Fig. 10 albeit the light is launched from input channel four (4). In addition, the spectrum presented in 

Figure 11 (c) (v- viii) is for the RR position of 120˚ rather than for 90˚ in Fig. 10. 

 
Fig. 10. Simulated result of the whole circuit when light is launched from input channel one (1) of both AWG; (a) optical power available 
at the PIN photodiode as a function of frequency; (b) logarithmic representation of the optical power measured in (a); (c) optical spectrum 

at the left (i-ii & v-vi) and right edges channel (iii-iv & vii-viii) of the AWG FSR for 0˚ and 90˚ degree position of the RR respectively. 
Upper row represents the spectrum of AWG1 while lower row represents the spectrum of AWG2. The spectrum sensing is obtained in (a) 

by simply summing the detectable optical power in AWG1 and AWG2. In this case (i)+(ii) for the frequency offset ∼-0.89 THz and (iii)+(iv) 

for frequency offset ∼0.65 THz from the center (193.55 THz) of the AWG FSR. 
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Finally, the simulation results obtained using components designed for fabrication bode well for sensing the whole C-

band with high resolution bandwidth albeit with some ripple present in the detectable optical power which may be 

corrected, if required, by digital signal processing to provide the quantitative spectrum. 

Conclusion 

In summary, a simple circuit architecture for on-chip spectral monitor with high resolution is presented. The newly 

proposed signal processing method and feasibility for photonic integration places the spectrometer in the forefront of 

the state of the art. Detailed simulation results are presented using constructor design data. The CMOS compatible 

Si3N4 platform is selected for fabrication due to its low loss and maturity. Simulation result verify that the spectrum 

monitoring can be performed over the entire C-band with peak power flatness ∼1→1.25 dB. The incoherent 

summation architecture proposed herein is less compact but is more robust to fabrication process variations than the 

coherent summation architecture proposed previously. A refinement of the architecture is proposed to provide a 

completely flat spectral response with zero adjacent channel crosstalk at least in theory. Finally, a novel circuit 

architecture using the combination of an optical switch and multi-input AWG is proposed as a practical more compact 

alternative implementation. 
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Fig. 11. Simulated result of the whole circuit when light is launched from input channel four (4) of both AWG; (a) optical power available 

at the PIN photodiode as a function of frequency; (b) logarithmic representation of the optical power measured in (a); (c) optical spectrum 
at the left (i-ii & v-vi) and right edges channel (iii-iv & vii-viii) of the AWG FSR for 0˚ and 120˚ degree position of the RR respectively. 
Upper row represents the spectrum of AWG1 while lower row represents the spectrum of AWG2. 
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CHAPTER 4 
 

Frequency shifting/SSB modulation 
 

4.1 Summary 

Theoretical modelling of a photonic integrated circuit based on a two-stage cascaded MZM 

architecture for in-phase & quadrature phase (IQ) RF modulation in general and specifically 

frequency up conversion/frequency shifting is proposed. Hither to, there has been no disclosure in 

the scientific literature of cascaded MZM circuit architecture capable of these functions. In the 

proposed design, a 1 × 2 splitter is used at the input, a 2 × 1 combiner is used at the output, and a 

2 × 2 coupler interconnects the two stages. A 2 × 2 MMI or 2 × 2 directional coupler (DC) may 

be used in each of these positions. The dynamic phase shift is provided by driving one stage by 

the in-phase signal and driving the other stage by the quadrature-phase signal. The first and second 

2 × 2 MMI/DC with the first stage phase-modulators together form a 2 × 2 MZM, i.e. an MZM 

with two input ports and two output ports. The innovation here is that the exit coupler of a first 

stage 2 × 2 MZM and the entrance coupler of the second stage 2 × 2 MZM are merged together 

to form a special coupling and phase bias component. An immediate consequence is that there is 

no intrinsic loss introduced between the two stages which reduces the optical insertion loss by 3-

dB compared to the orthodox arrangement. Each light path is modulated twice (1st stage & 2nd 

stage) in this architecture, so the RF power required to achieve a specified phase modulation 

magnitude is 3-dB less than the RF power required for the same phase modulation by a parallel 

MZM architecture, which modulates each light path only once.  Hence, the proposed circuit is 6-

dB (3-dB optical and 3-dB electrical) advantageous compared to the functionally equivalent DP-

MZM. The experimental verification of the energy efficient I-Q modulator has also been 

demonstrated. photonic integrated circuit fabricated by University of Laval group for another 

application containing a three-stage cascaded MZM circuit was adapted to the purpose of the 

experimental verification. In addition, an alternative implementation based on polarization 

modulators is presented. 
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4.2 Contribution 

The theoretical modelling part of this chapter were published in Optics Letters and Journal of 

Modern Optics respectively. I contributed the original idea, formulated the theoretical model, 

performed the numerical simulations, generated the result and wrote the manuscript. Dr. Hall 

contributed to the theoretical modelling and revised the manuscript. The experimental 

demonstration part was published in Photonics Technology Letters. I performed the experiment 

and wrote the manuscript. Dr. Hall and Prof. Sophie Larochelle from University of Laval edited 

the manuscript. Mr. Omid Jafari and Mr. Xun Guan contributed to the alignment of the light input 

to- and output from the tested photonic integrated circuit. 
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A Photonic integrated circuit architecture for implementing 

frequency up-conversion is proposed. The circuit consists of 

a  𝟏 × 𝟐 splitter and 𝟐 × 𝟏 combiner interconnected by two 

stages of differentially driven phase modulators having a 

𝟐 × 𝟐 MMI between the stages. A transfer matrix approach 

is used to model the operation of the architecture. The 

predictions of the model are validated by simulations 

performed using an industry standard software tool. The 

intrinsic conversion efficiency of the proposed design is 

improved by 6 dB over the alternative functionally 

equivalent circuit based on dual parallel Mach-Zehnder 

modulators known in the prior art. A two-tone analysis is 

presented to study the linearity of the proposed circuit and a 

comparison is provided over the alternative.  The proposed 

circuit is suitable for integration in any platform that offers 

linear electro-optic phase modulation such as LiNbO3, 

Silicon, III-V or hybrid technology. © 2015 Optical Society of 

America 

OCIS codes: (250.5300) Photonic Integrated Circuits, 

(060.5625) Radio frequency photonics, (130.4110) Modulators  

http://dx.doi.org/10.1364/OL.99.099999 

 

 

Electro-optic in-phase–quadrature (I-Q) modulation or single side-

band (SSB) modulation or frequency conversion are functions (‘the 

desired function’) fundamental to radio frequency photonic systems. 

To the best of the authors’ knowledge, an integrated SSB modulator 

based on a Ti-diffused LiNbO3 optical waveguide circuit driven by an 

in-phase and quadrature signal at 2 GHz. was reported for the first time 

in 1981 [1]. The circuit configuration used is same as the dual-parallel 

Mach-Zhender modulator (DP-MZM) used today. Since then, there 

has been a plethora of publications [2-13] describing different 

techniques of achieving the desired function. In [2-4] the desired 

function is achieved by electro-optic amplitude modulation of an 

optical carrier. A custom electro-absorption modulator (EAM), driven 

by a mm-wave RF source, is used to externally amplitude-modulate a 

distributed feedback laser (DFB) and a fibre-Bragg grating (FBG)) is 

used to extract a single side-band. The conversion efficiency is low, 

which reduces receiver sensitivity. Moreover, the EAM, DFB laser, 

and FBG must be very closely matched in frequency of operation that 

entails temperature control, which is undesirable in terms of energy 

consumption. Alternatively, the desired function is achieved by 

electro-optic phase-modulation of an optical carrier. Typically, pairs 

of phase modulators are combined to form Mach-Zehnder modulators 

(MZMs), which are used to amplitude-modulate the in-phase (I) and 

quadrature (Q) components of the optical carrier. Circuit architectures 

using a dual-drive MZM (DD-MZM) [5-7], two DD-MZM [8] and a 

DP-MZM [9] have been investigated. The use of the intrinsic phase 

relationship between ports of a multimode interference coupler 

(MMI) coupler has been proposed to improve the linearity of an 

electro-optic modulator by selective suppression of unwanted inter-

modulation products [10-11]. A requirement for precise RF-drive 

level, static DC bias of the electro-optic modulators, and/or passive 

phase shift elements are common features of most designs. A notable 

advance, reported in [12-13], are DC bias-less and filter-less 

architectures with no requirement to set a precise electrical drive level. 

Most reported architectures [1, 5-13] are directly equivalent to single 

stage generalized Mach-Zehnder Interferometer (GMZI) circuit: a 

1 × 𝑁 splitter directly interconnected to a 𝑁 × 1 combiner via an 

array of 𝑁 linear electro-optic phase modulators. Few two-stage 

architectures have been reported and, to the best of the authors’ 

knowledge, none reported capable of the desired function; only 

architectures useful for frequency-multiplication are known in the 

prior art [14]. The search for a two-stage architecture capable of the 

desired function was motivated by the authors’ finding [15]- that a 

two-stage MZM architecture for frequency multiplication required 3 

dB less RF-drive power than its functionally equivalent GMZI 

architecture. As far as the authors are aware, a two-stage MZM 

capable of performing the desired function is reported for the first time 

in this letter. The proposed design has a 6 dB conversion gain 

advantage compared to a single stage circuit, for example, a DP-

MZM.  Fig. 1 shows a schematic of the proposed circuit. Three splitter 

/ combiners are interconnected by two stages of differential phase 

shifters. A 1 × 2 splitter is used at the input, a 2 × 1 combiner is used 

at the output, and a 2 × 2 coupler interconnects the two stages. A 

2 × 2 MMI or 2 × 2 directional coupler (DC) may be used in each 

of these positions. The dynamic phase shift is provided by driving one 

stage by the in-phase signal and driving the other stage by the 

quadrature signal. The first and second 2 × 2 MMI/DC with the first 

stage phase-modulators together form a 2 × 2 MZM, i.e. an MZM 

with two input ports and two output ports. Similarly, the second 2 × 2 

MMI/DC with the second stage phase-modulators together form a 

MZM with two input ports and two output ports. Standard MZM are 

often equipped with only one input and one output port. A cascade of 

such two such MZM stages results in a back‐to‐back arrangement of 

a 2 ×1 and 1× 2 combiner and splitter at their interface. This 

constrains the phase shifts experienced by the four light‐paths that 

traverse the structure preventing the provision of useful functions for 

odd order sidebands of the carrier induced by the phase modulation.  

Cascade photonic integrated circuit architecture for electro-optic In-

phase Quadrature / Single Side Band modulation or frequency 

conversion 

Mehedi Hasan1,* Trevor Hall,1 

1 Photonic Technology Laboratory, University of Ottawa, 800 King Edward Avenue, Ottawa, K1N 6N5, ON, Canada 
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The innovation here is that the exit coupler of a first stage 2 × 2 MZM 

and the entrance coupler of the second stage 2 × 2 MZM are merged 

together to form a special coupling and phase bias component. With 

the addition of a static phase shift of 𝜋 in one arm of the second stage 

the desired functions are enabled. An immediate consequence is that 

there is no intrinsic loss introduced between the two stages which 

reduces the insertion loss by 3 dB compared to the orthodox 

arrangement. The static phase-shift may be distributed more 

symmetrically around the input and output ports of the central coupler 

to emphasize its role as a special coupling and phase bias element and 

provided either by appropriate dc-biasing of the phase modulator(s) or 

via a passive waveguide element(s). 

For simplicity, initially assume there is negligible propagation delay 

between the stages. Using a transfer matrix approach, the output of the 

whole circuit is given by: 

 

𝐸0 =
1

2√2
[1 1] [

1 0
0 −1

] [𝑇2] [
1 −𝑖
−𝑖 1

] [𝑇1] [
1
1
] 𝐸𝑖 .                  (1)       

where   

           
1

√2
[
1
1
] ;   

1

√2
[
1 −𝑖
−𝑖 1

] ; and  
1

√2
[1 1]  

 

are the transfer matrix of 1 × 2 MMI, 2× 2 MMI and 2 × 1 MMI 

respectively; and, 

 

𝑇1 = [𝑒
iφ1 0
0 𝑒−iφ1

] & 𝑇2 = [𝑒
iφ2 0
0 𝑒−iφ2

].  

are the transfer matrix of the 1st stage and 2nd stage optical phase 

modulators. Here: 

             𝜑𝑗 = 𝜋𝑣𝑗(𝑡)/𝑣𝜋.                                              (2) 

is the optical phase shift induced by the RF signal, 𝑣(𝑡), and 𝑣𝜋 is the 

half-wave voltage that characterizes the phase modulators. 

Simplifying Eq. (1) gives: 

 

𝐸0 =
1

√2
𝑖[𝑠𝑖𝑛(𝜑1 + 𝜑2) + 𝑖 𝑠𝑖𝑛(𝜑1 − 𝜑2)]𝐸𝑖 .             (3) 

 

If one sets: 

𝑣1 + 𝑣2 = √2𝑣𝐼 & 𝑣1 − 𝑣2 = √2𝑣𝑄                              (4) 

 

Then for  |𝑣𝐼|, | 𝑣𝑄| ≪ 𝑣𝜋one finds: 

 

              𝐸0 =
𝜋

𝑣𝜋
𝑖(𝑣𝐼 + 𝑖𝑣𝑄)𝐸𝑖 .                                                  (5) 

 

It is clear that the circuit acts as an I-Q modulator up to an irrelevant 

overall carrier phase shift. For large signals, the I and Q inputs should 

be pre-distorted to compensate the sine function characteristic. This is 

straight forward to implement for digital modulation formats. Note 

that one may directly connect the I and Q channels to electrical ports 

1 and 2. This follows from the fact that a linear combination of the I 

and Q channels that conserves power is equivalent to a rotation of the 

constellation which is equivalent to a carrier phase shift. For example, 

let: 

                                                𝑣1 = 𝑣𝑄 & 𝑣2 = 𝑣𝐼                            (6) 

Then: 

              

𝐸0/𝐸𝑖 = 𝑖
1

√2

𝜋

𝑣𝜋
[(𝑣𝑄 + 𝑣𝐼) + 𝑖(𝑣𝑄 − 𝑣𝐼)]

=
𝜋

𝑣𝜋

1

√2
(1 + 𝑖)(𝑣𝐼 + 𝑖𝑣𝑄)

=
𝜋

𝑣𝜋
(𝑣𝐼 + 𝑖𝑣𝑄) 𝑒𝑥𝑝(𝑖𝜋/4)

            (7) 

 

In the case of an applied RF-signal with peak amplitude of  𝑣𝑅𝐹  and 

frequency  𝜔 of the form: 

 

𝑣1(𝑡) = 𝑣𝑅𝐹 𝑠𝑖𝑛(𝜔𝑡) & 𝑣2(𝑡) = 𝑣𝑅𝐹 𝑐𝑜𝑠(𝜔𝑡)                     (8) 

 

it follows immediately that the circuit provides upper single side band 

modulation or equivalently acts as an electro-optic up-conversion 

mixer (inverting the quadrature drive provides the lower sideband). 

Eq. (5) & (7), invoke a small RF signal condition, 𝑣𝑅𝐹/𝑣𝜋 ≪ 1 , a 

non-necessary condition if recourse is made to the Jacobi-Anger 

expansion, which yields: 

 

𝐸0 = √2∑ (−1)𝑛𝐽2𝑛+1(𝑚)𝑒𝑥𝑝[(−1)𝑛(2𝑛 + 1)𝜔𝑡]𝐸𝑖
∞
𝑛=0      (9) 

 

where, 𝐽2𝑛+1 is the Bessel function of the first kind of order  2𝑛 + 1 

and            

                            

𝑚 = √2𝜋
𝑣𝑅𝐹

𝑣𝜋
                                                         (10) 

It can be seen from Eq. (9) that all even orders are suppressed, 

including the carrier. The principal side-bands are -3, 1 and 5. The √2 

pre-factor in Eq. (9) & (10) yield the 3 dB optical and 3 dB electrical 

advantages of the proposed architecture over the circuits presented in 

[12-13]. 

Due to the nonlinearity of the MZM, the proposed circuit will generate 

nonlinear distortions such as intermodulation distortions (IMDs) and 

harmonic distortions. The third-order IMD (IMD3) dominates the 

IMD as it has components with frequencies that fall within the band 

of interest which cannot be removed by filtering. Two complex tones 

𝑣𝑅𝐹𝑒𝑖𝜔1𝑡 and𝑣𝑅𝐹𝑒𝑖𝜔2𝑡 are applied to the input of the proposed I/Q 

modulator, such that the real and imaginary parts of the RF drive 

signals are: 

 

Fig. 1. Schematic diagram of the proposed design; RF LO, radio 

frequency local oscillator; TED, tunable electrical delay; I, in-phase; Q, 

quadrature.  

 

Fig. 2. Optical spectra for frequency up-conversion. The optical noise 
floor is determined by the laser line-width. A resolution bandwidth of 

156.25 MHz is used for the optical spectrum analyzer. 



75 
 
                          𝑣𝐼 = 𝑣𝑅𝐹(𝑐𝑜𝑠𝜔1𝑡 + 𝑐𝑜𝑠𝜔2𝑡) 
                           𝑣𝑄 = 𝑣𝑅𝐹(𝑠𝑖𝑛𝜔1𝑡 + 𝑠𝑖𝑛𝜔2𝑡)                                   (11) 

 

For 𝜑𝑗 ≪ 1 Eq. (3) may be approximated using the Taylor series 

expansion to give 

 

 𝐸0 =
1

√2
𝑖[{(𝜑1 + 𝜑2) + 𝑖(𝜑1 − 𝜑2)} − 

1/3! {(𝜑1 + 𝜑2) + 𝑖(𝜑1 − 𝜑2)}
3]𝐸𝑖 .                                                     (12) 

 

Substituting Eq. (11) into Eq. (12) making use of Eq. (2) and 

simplifying, the component of the output at the signal frequencies is:  

 

𝐸𝜔1,2
= 𝐸𝑖 {

𝜋𝑣𝑅𝐹

𝑣𝜋
−

3

4
(

𝜋𝑣𝑅𝐹

𝑣𝜋
)

3

} 𝑒𝑖𝜔1,2𝑡𝑒
𝑖𝜋

4 .                                  (13) 

 

The component of the output with frequency (2𝜔1,2 − 𝜔2,1) is: 

 

𝐸2𝜔1,2−𝜔2,1
= 𝐸𝑖 {

1

4
(

𝜋𝑣𝑅𝐹

𝑣𝜋
)

3

} 𝑒𝑖(2𝜔1,2−𝜔2,1)𝑡𝑒
𝑖𝜋

4 .                       (14) 

 

The component of the output at frequency (3𝜔1,2) is: 

𝐸3𝜔1,2
= 𝐸𝑖 {

1

12
(

𝜋𝑣𝑅𝐹

𝑣𝜋
)

3

} 𝑒𝑖(3𝜔1,2)𝑡𝑒
𝑖𝜋

4 .                                           (15) 

 

The optical signal at the output of parallel MZM configuration with 

identical function [12-13] is:  

𝐸0 =
1

2
[𝑠𝑖𝑛(𝜑1) + 𝑖 𝑠𝑖𝑛(𝜑2)]𝐸𝑖 .                                                           (16) 

 

For 𝜑𝑗 ≪ 1, Eq. (16) may be approximated using the Taylor series 

expansion to give: 

 

𝐸0 =
1

2
[{(𝜑1) + 𝑖(𝜑2)} −

1

3!
{(𝜑1) +  𝑖(𝜑2)}

3]𝐸𝑖 .  (17) 

 

Following the same procedure as before components of the output at 

the signal frequencies, in-band IMD3 and the third harmonic 

components are:  

𝐸𝜔1,2
= 𝐸𝑖 {

1

2

𝜋𝑣𝑅𝐹

𝑣𝜋
−

3

16
(

𝜋𝑣𝑅𝐹

𝑣𝜋
)

3

} 𝑒𝑖𝜔1,2𝑡 .  (18) 

𝐸2𝜔1,2−𝜔2,1
= 𝐸𝑖 {

1

16
(

𝜋𝑣𝑅𝐹

𝑣𝜋
)

3

} 𝑒𝑖(2𝜔1,2−𝜔2,1)𝑡 .  (19) 

                     𝑬𝟑𝝎𝟏,𝟐
= 𝑬𝒊 {

𝟏

𝟒𝟖
(

𝝅𝒗𝑹𝑭

𝒗𝝅
)

𝟑

} 𝒆𝒊(𝟑𝝎𝟏,𝟐)𝒕.                         

(20) 

 

If one compensates for the reduced power requirement and reduced 

insertion loss of the cascade architecture compared to the parallel 

architecture by setting 𝑣𝑅𝐹 → (1/√2)𝑣𝑅𝐹 &  𝐸𝑖𝑛 → (1/√2)𝐸𝑖𝑛  in 

Eq. (13), (14) and (15), then Eq. (13) becomes equal to Eq. (18), Eq. 

(14) becomes equal to Eq. (19) and Eq. (15) as same as Eq. (20). 

Hence, for same output optical power, the proposed circuit requires 6 

dB (3 dB optical and 3 dB electrical) less power than the parallel 

circuit presented in [10-12] and has exactly the same intermodulation 

distortion. 

A simulation using the industry standard (VPIphotonicsTM) software 

tool is used to verify the operation of the proposed architecture. A 

continuous wave DFB laser diode set at 1550 nm, power of 5 mW, 

and line-width of 200 kHz is used as the optical input. Ideal phase 

modulators are used. Y-splitter, optical coupler and Y-combiner are 

selected from the Photonic-Integrated Circuit library. A RF driving 

signal of peak amplitude 𝑣RF = 0.1𝑣π (𝑣π = 1 volts) volts with 60 

GHz angular frequency is applied to the four phase modulators with 

phase relation of 0, +𝜋 to the first stage and  +𝜋 2⁄  and −𝜋 2⁄  to 

the second stage. Fig. 2 shows the optical spectrum of the resultant 

upper side-band which verifies the theoretical prediction. 

VPI simulates the Y-splitter, optical coupler and Y-combiner as ideal 

components, i.e. there is no propagation delay associated between the 

input and output light-wave when it travels through the components. 

In practice, the input light-wave will encounter a propagation delay at 

the output of the first stage (output of the 2×2 MMI according to Fig. 

1) and hence the RF drive to the second stage needs to be delayed by 

the same amount to ensure proper operation. VPI simulates an MMI 

as a real device. Hence the circuit was also simulated with the Y-

splitter, optical coupler and Y-combiner replaced by a 1×2 MMI 

splitter, 2×2 MMI coupler and 2×1 MMI combiner. An optical delta 

pulse is first applied to a 2×2 MMI in order to determine its 

propagation delay. Fig. 3 (a) shows the relation between input and 

output optical pulse shape. The length of the MMI was found from the 

field distribution, which is 1030 µm approximately. The propagation 

delay 𝜏 can be calculated from 𝜏 = 𝐿𝑛 𝑐⁄ , where 𝐿 is the length of 

the MMI, 𝑛 is the refractive index and 𝑐 is the velocity of light. For a 

refractive index of 1.50, 𝜏 is calculated as 5.15 ns. Adjusting the delay 

provided by the tunable electrical delay line to 5.15 ns, the output of 

the circuit is as shown in Fig. 2 (real). It shows that the harmonics of 

interest (+1st) is 37 dB greater than the unwanted harmonics (-1st). It 

is clear from Fig. 3 (a), the output optical pulse is not only delayed but 

also broadened as many modes travel the whole length of MMI. Fine 

tuning of the electrical delay line about the theoretical delay results in 

improved suppression of unwanted harmonics. Fig. 3 (b) shows the 

optical spectrum of the proposed circuit when the delay is set to 5.22 

ns. It shows that the unwanted -1st harmonics is suppressed almost 

completely. A side harmonic suppression ratio of more than 40 dB is 

achieved in this case. Furthermore, in practice the length of 2×2 MMI 

 

 

Fig. 3. (a) Propagation delay between the input and output optical signal 

of a 2×2 MMI. (b) Optical spectra for frequency up-conversion with 

adjusted propagation delay. 
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for high index contrast integration platform can be much smaller (~48 

µm), which decreases both the delay and the delay spread.  

To assess the linearity of the proposed circuit, the output optical power 

of the first-order harmonic (FOH), third-order harmonic and third-

order intermodulation product calculated from two-tone analysis 

(both numerical and simulation) is plotted in Fig. 4 as a function of 

applied RF voltage. As described in the mathematical analysis, the 

IMD3 is more dominant than the third order harmonic. Furthermore, 

the simulation verification validates the numerical simulation up to an 

applied RF voltage of 0.3 volt approximately, beyond which 

contribution from high order terms cause a deviation. The linearity of 

the proposed circuit described through the relation between the FOH 

at 𝜔1 and the third-order intermodulation product at (2𝜔1 − 𝜔2)  is 

illustrated in Fig. 4. For a 50 Ω load, an input RF power of −30 dBm 

(modulation index 𝑚 is about 0.044), the ratio of FOH to IMD3 

achieved is over 55 dB. As the RF power increases, the ratio 

decreases. For an input RF power of -5 dBm (modulation index 𝑚 is 

about 0.79), the ratio of FOH to the IMD3 decreases to 20 dB; 

suggesting the end of the linear region. The simulation results show 

that the proposed up-conversion mixer can be a very effective solution 

for the transport of weak RF signals given sufficient the receiver 

sensitivity.  

The performance of the proposed circuit may deviate from ideal due 

to various reasons. It is reported [16] that the length of the waveguides 

connected between the RF drive signal and the phase modulators is 

the critical part of the design compared to the phase errors and power 

imbalances between the ports of MMIs. As a tunable electrical delay 

is used at the second stage to compensate the propagation delay 

introduced at the first stage, a further precise tuning can overcome the 

relative phase errors of RF drive signals. On the other hand, using a 

sub-wavelength engineered MMI, the phase errors and power 

imbalances between the output ports can be substantially reduced 

compared to a conventional MMI and assure broadband operation 

[17]. 

 In summary, a photonic integrated circuit based on a two stage MZM 

architecture has been proposed for frequency up-conversion of an 

electrical domain signal to the optical domain. Theoretical analysis 

and simulation verification show that the proposed circuit is 6 dB 

advantageous than the functionally equivalent single stage parallel 

structure. The circuit can also be used for complex modulation. The 

linearity of the I/Q modulator has been analyzed and the simulation 

results illustrate the range of operation of the modulator. In addition to 

the mature LiNbO3 technology, recent developments of linear electro-

optic phase modulators based on Silicon or Silicon hybrid [18-19] or 

III-V [20] with preferred photonic integration technology [21] makes 

the implementation of the circuit practical. 
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Fig. 4. Output power of fundamental signal, third-order harmonics and 

third-order IMD as a function of applied RF voltage (𝑣𝑜𝑙𝑡). 
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Abstract— A frequency conversion mixer or single side band 

modulator using two cascaded MZM is proven experimentally. 

The operation of the circuit is modelled by a transfer matrix 

approach and verified by simulation in support of the experiment. 

A 10 GHz shift of the optical carrier in both left and right 

direction is demonstrated. The residual sideband suppression 

relative to the enhanced sideband is 22 dB for the best cases. 

Numerical analysis shows that the circuit has 3-dB optical and 3-

dB electrical intrinsic advantage over the functionally equivalent 

DP-MZM. 

 
Index Terms—MZM, SSB, SSB-SC, Silicon photonics, Photonic 

integrated circuit. 

INTRODUCTION 

FFICIENT single side band suppressed carrier (SSB-SC) 

modulation technology for frequency conversion or 

shifting is a growing need and fundamental to radio 

frequency photonic systems. Starting from the very first 

demonstration [1] of an integrated SSB modulator based on a 

Ti-diffused LiNbO3 optical waveguide circuit driven by an in-

phase (I) and quadrature (Q) signal at 2 GHz, there has been a 

plethora of publications [2-9] describing different techniques 

for obtaining the desired functions. All the architectures 

presented in references [1-5, 7-9] use circuits of Mach-Zehnder 

Modulators (MZM). Typically, pairs of electro-optic phase 

modulators are combined to form an MZM. A dual-drive MZM 

(DD-MZM) is used in [2, 4] to generate the SSB-SC 

modulation. In this scheme, the optical carrier is modulated by 

the in-phase and quadrature component of the RF drive signal. 

However, a dual-parallel Mach Zehnder Modulator (DP-

MZM) is the most widely used solution because of its superior 

carrier and sideband suppression [3,5,7-9]. In this scheme, two 

child MZM are biased at the minimum transmission point 

(MITP) while the parent MZM is kept at the quadrature bias 

point (QTP). Then the I and Q components of the RF signal are 

applied to the two child MZM. The use of the intrinsic phase 

relationship between ports of a 1× 3 multimode interference 
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coupler (MMI) has been proposed for selective suppression of 

unwanted harmonics [6]. A notable advance on the design of 

the desired function is presented in [7] and a DC bias-less and 

filter-less scheme based on MMI couplers has been reported 

[8]. A silicon-based DP-MZM architecture for 1 GHz 

frequency shifting is reported in [9]. All these architectures are 

directly equivalent to a single stage generalized Mach-Zehnder 

Interferometer (GMZI) circuit: an 1 × 𝑁 splitter directly 

interconnected to a  𝑁 × 1 combiner via an array of 𝑁 linear 

electro-optic phase modulators. A search for a two-stage 

cascaded architecture capable of performing SSB was inspired 

by a publication on frequency multiplication [10]; a cascaded 

MZM structure requires 3-dB less RF power than the 

functionally equivalent parallel architecture. Finally, a 

cascaded MZM architecture capable of performing I-Q and/or 

SSB modulation with 6-dB intrinsic advantage (3-dB electrical 

and 3-dB optical) was proposed and verified by simulation in 

[11]. An alternative implementation based on polarization 

modulators was reported in [12]. This letter reports the test and 

measurement of a prototype cascaded MZM architecture on a 

silicon photonics platform that proves experimentally the 

proposed architecture and theoretical predictions disclosed in 

[11]. The three-stage cascaded MZM architecture was designed 

to be used as an optical digital-to-analog converter for high 

baud rate PAM transmission. It was fabricated on the same 

multi project wafer (MPW) run, and with the same RF 

transmission line design, as the single MZM with segmented 
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Fig. 1. Schematic diagram of the photonic integrated circuit architecture 

and experimental arrangement; OSA, optical spectrum analyzer; TED, 

tunable electrical delay; DC, direct current; CW, continuous wave. 
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electrodes in [13]. The details of the fabrication technology of 

the silicon photonic chip and the electrode electro-optic (E/O) 

characterization can be found in [13]. Ideally, the present 

demonstration of SSB generation would have required a two-

stage cascaded MZ structure. Consequently, the three stage 

MZM, readily available in our laboratory, was adapted for this 

application by appropriate tuning of the exit stage. 

PRINCIPAL OF OPERATION 

Fig. 1 shows the schematic of the fabricated circuit architecture 

used for the experimental verification. The originally proposed 

circuit architecture consisting of two cascaded MZM is 

highlighted in the schematic. It can be seen that the original 

architecture is identical to the fabricated chip except for the last 

stage MMI. The novelty of the circuit architecture is the 

coupling between the two MZM used. A 2×2 MMI is used as 

the exit coupler of the 1st MZM and entrance coupler for the 

2nd stage MZM. Thereby creating special coupling and phase 

bias. Since there is no unused port between the stages, the 

optical insertion loss is reduced by 3 dB from the orthodox 

arrangements given that the phase modulators are lossless (or 

negligible loss) and equal in length for both cascade and 

parallel cases. For lossy modulators, the optical advantage will 

be reduced by the attenuation of the additional stage. However, 

the architecture has less intrinsic loss due to reduced (halved) 

number of splitters and combiners. An additional 90˚ optical 

phase shift is required in both the stages for the target 

application. Each light path is modulated twice (1st stage & 2nd 

stage) in this architecture, so the RF power required to achieve 

a specified phase modulation magnitude is 3-dB less than the 

RF power required for the same phase modulation by a parallel 

MZM architecture, which modulates each light path only once. 

Hence, the proposed circuit is 6-dB (3-dB optical and 3-dB 

electrical) advantageous in principle.  

To implement the same function using the three stage MZM, 

the 90˚ optical phase bias is applied in the 3rd stage instead of 

the 2nd stage as in the original design. The in-phase and 

quadrature-phase RF signal is applied to the 1st stage and 2nd 

stage respectively. The 2 × 2 MMI present in the fabricated 

chip are identical in design as in [14]. A thermo-optic phase 

shifter is present in each of the arms between stages. The 

modulator was fabricated at IME A*star on the same run and 

with the same electrode design as the segmented MZM in [13]. 

The phase-shifter length of the first two stages is L=1500 𝜇𝑚 

and 2L=3000 𝜇𝑚 for the third stage, for a total phase shifter 

length of 6 𝑚𝑚 (compared to 3.5 𝑚𝑚 in [13]). The MZM is 

designed to be driven in a push-pull (PP) configuration. A 50 

Ω termination is used in the MZM for impedance matching 

with the RF drivers. Deep UV photolithography is used to 

fabricate the modulator. The BOX thickness was 3𝜇𝑚, whereas 

a top-silicon layer of 200 𝑛𝑚 was used in the wafer. The width 

of the modulator ridge waveguide is 500 𝑛𝑚; whereas slab 

thickness is 90 𝑛𝑚 [13]. Figure 2 shows the E/O 

characterization of the modulator with a length of 2000 𝜇𝑚. 

The 3-dB bandwidth of the modulator is found to be ∿38 GHz. 

However, the bandwidth of the 1500 𝜇𝑚 phase shifter will be 

greater than 38 GHz due to low microwave loss and reduced 

velocity mismatch between the optical and electrical wave. 

  
Neglecting the propagation delay between the stages the 

functional diagram (Fig. 3) may be represented by transfer 

matrices. The output of the originally proposed circuit can be 

written: 

𝐸𝑜 =
1

2√2
𝐾3𝑃2𝑇2𝐾2𝑇1𝑃1𝐾1𝐸𝑖    (1) 

where: 

 𝐾𝑗 =
1

√2
[
1 −𝑖
−𝑖 1

] 

describes a 2× 2 MMI; and 𝑃1, 𝑃2 describe the static optical 

phase shifts applied in the 1st & 2nd stage MZM, respectively. 

Here, 𝐸𝑖 and 𝐸𝑜 are 2 × 1 column vectors. The choice of input 

and output port is determining which of their two elements is 

chosen as non-zero. Given an upper port input for upper 

sideband (USB) or lower sideband (LSB) modulation with 

upper (UEP) or lower (LEP) exit port: 

𝑃1 = [
𝑖 0
0 1

] (𝑈𝑆𝐵) ; 𝑃1 = [
1 0
0 𝑖

] (𝐿𝑆𝐵) 

𝑃2 = [
𝑖 0
0 1

] (𝑈𝐸𝑃) ; 𝑃2 = [
1 0
0 𝑖

] (𝐿𝐸𝑃) 

and: 

𝑇1 = [𝑒
𝑖𝜑1 0
0 𝑒−𝑖𝜑1

] & 𝑇2 = [𝑒
𝑖𝜑2 0
0 𝑒−𝑖𝜑2

] 

describe the 1st & 2nd stage optical phase modulators. Here: 

𝜑𝑗 = 𝜋 𝑣𝑗 𝑣𝜋⁄      (2) 

is the optical phase shift induced by the RF signal 𝑣𝑗 and 𝑣𝜋 is 

the half-wave voltage of the phase modulators. Simplifying (1) 

 

Fig. 3. Functional diagram; (a) originally proposed circuit; (b) circuit 

adopted for experimental demonstration; PP, push-pull. 

 

Fig. 2. Normalized E/O |S21| for 2000 𝜇𝑚 long phase shifter with reverse 

bias voltages from 0 to 8 V. Adapted with permission from [1] © The 

Optical Society. 
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gives: 

𝐸0 = (1 √2⁄ )𝑖[sin(φ1 + φ2) + 𝑖 sin(φ1 − φ2)]𝐸𝑖  

 (3) 

Setting: 
𝑣1 = 𝑣𝑄 & 𝑣2 = 𝑣𝐼      

     (4) 

then for |𝑣𝐼|, | 𝑣𝑄| ≪ 𝑣𝜋 

𝐸0 𝐸𝑖⁄ = (𝜋 𝑣𝜋⁄ )(𝑣𝐼 + 𝑖𝑣𝑄) exp(𝑖 𝜋 4⁄ )  (5) 

demonstrating that circuit performs I-Q modulation. 

The implementation of the same function using a three-stage 

cascaded MZM is not as straight forward as described in the 

preceding. The second stage optical phase shift is applied in the 

3rd stage to ensure the quadrature operation of the final stage 

MZM. On the other hand, the I and Q signals are applied in the 

1st stage and 2nd stage MZM as per the originally proposed 

architecture. The total transmission may be written as: 

𝐸𝑜 𝐸𝑖⁄ = (1 4⁄ )𝐾4𝑃3𝐾3𝑇2𝐾2𝑇1𝑃1𝐾1          (6) 

where 𝑃1,𝑃2 are chosen as before. Equation (6) simplifies to: 

𝐸0 𝐸𝑖⁄ = (1 2⁄ )𝑖[sin(𝜑1 + 𝜑2) + 𝑖 sin(𝜑1 − 𝜑2)]    (7) 

Equation (7) is identical to (3) except for the reduction of the 

optical amplitude by a factor of 1 √2⁄  due to the redundant 3rd 

stage of the photonic integrated circuit used. In the case of an 

applied RF-signal of the form: 

𝑣1(𝑡) = 𝑣𝑅𝐹 cos(𝜔𝑡) & 𝑣2(𝑡) = 𝑣𝑅𝐹 sin(𝜔𝑡)      (8) 

The circuit provides lower sideband modulation or frequency 

down conversion. By interchanging the drive signals, one can 

obtain frequency up-conversion or upper side band modulation. 

Hence, the circuit works as electro-optic up/down conversion 

mixer or frequency shifter. Invoking the Jacobi Anger 

expansion, Eq. (7) may be rewritten: 

𝐸0 𝐸𝑖⁄ = ∑(−1)𝑛𝐽2𝑛+1(𝑚) exp [𝑖(−1)𝑛(2𝑛 − 1) (𝜔𝑡 −
𝜋

4
)]

∞

𝑛=0

 

(9) 

where, 𝐽𝜈 is the Bessel function of the first kind of order  𝜈 and 

𝑚 = √2𝜋 𝑣𝑅𝐹 𝑣𝜋⁄     (10) 

is the modulation index. The pre-factor √2 confirms the 3-dB 

electrical advantage of the proposed architecture in comparison 

to circuits presented in [5, 8-9]. The 3-dB optical advantage is 

not realised because of the presence of the third stage. 

However, the original design confirms the 3-dB optical 

advantage as well. It can be understood from (9), that all the 

even harmonics are suppressed including the carrier. The 

principal sidebands are -1, +3, and -5. 

RESULT 

The circuit architecture proposed is validated by the industry-

standard software tool (VPIphotonics™) and laboratory 

experiment. In the simulations, a 1540 nm CW-DFB laser 

having power of 0 dBm is used as the optical input. All the 

MMIs are configured to have more than 1˚ phase error and 1% 

power imbalances. A 10 GHz RF source having peak amplitude 

of 𝑣𝑅𝐹 = 0.1𝑣𝜋 V (𝑚~0.44 as per (10)) and appropriate phase 

shift is chosen to emulate the experiment. Fig. 4 shows the 

simulated optical spectrum of the frequency shift operation. In 

the laboratory experiment, the coupling and on-chip loss is 

found to be 25 dB (∼16 dB coupling loss and ∼9 dB on-chip 

loss). The 9 dB on-chip loss is in agreement with the loss value 

(5 dB) reported in [13] considering the longer phase shifters 

and routing waveguides, and the presence of two additional 

MMI. However, the coupling loss is 4 dB higher (16 dB vs 12 

dB) due to a non-optimum fiber array. Hence, a 25-dB 

attenuator is used in the simulated circuit to account for the 

coupling and on-chip loss. Note that state-of-the-art silicon 

photonic modulators can be designed with lower than 1 dB of 

coupling loss using edge couplers [15], subwavelength gratings 

[16], or photonic wire bonding [17]. 

The theoretical analysis of the circuit architecture is relatively 

straightforward; however, achieving the correct quiescent 

operating point experimentally is complicated by imbalance of 

the optical path lengths in the different stages of the test 

architecture and other impairments due to fabrication errors.  

Nevertheless, thermo-optic phase shifters are present in every 

stage for appropriate phase tuning. Firstly, a DC 

characterization was performed with the assistance of the 

algorithm presented by Wilkes et al [18]. Using the algorithm, 

the extinction ratio at the upper output port is maximized to 

greater than 40 dB. The lower port extinction is improved 

similarly. The algorithm works on the principle that the first 

stage MZI acts as a variable beam splitter and the last stage 

MZI acts as a variable beam combiner while the complete 

circuit acts as a single MZI controlled by the phase shifters in 

the central stage. The high extinction at the upper output port 

ensures that the complete circuit acts as an ideal MZI; when the 

second stage phase shifter is adjusted to maximized 

transmission, the optical input to the upper input port exits only 

from the upper output port. Following the achievement of this 

bias state an additional 90˚ optical phase bias is applied at the 

1st stage and 3rd stage to achieve the correct bias state for single 

sideband modulation. A fine tuning of the bias voltages is 

required for proper operation. A laser source providing 0 dBm 

power at a vacuum wavelength of 1540.01 nm was used as the 

optical input. An Anritsu 3695C RF signal generator was used 

as RF signal source. A 10 GHz sinusoid having power of 18 

 

Fig. 4. Simulated optical spectrum; Ideal, refers to the exact optical phase 

shift between the stages and Non-ideal represent slight detuning from the 

ideal. The optical noise floor is determined by the laser linewidth. 
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dBm was used as the analog RF input to the circuit. A 90˚ RF 

hybrid coupler from Krytar (model 3014320; 1.4-32 GHz) was 

used to create the in-phase (I) and quadrature-phase (Q) 

channels. The insertion loss of the hybrid is about 3.5 dB, while 

the amplitude imbalances and phase imbalances are ±1.55 dB 

and ±12˚ respectively. A mechanical phase shifter from API 

technologies (OPS -0002) was used in one of the arms at the 

output of the hybrid coupler for fine tuning of the phase of the 

RF signal. The insertion loss of the device was 3-5 dB. Finally, 

the RF signal was applied to the RF pad of the circuit using a 

RF probe. The RF coaxial cable connected between the RF 

probe and the 90˚ hybrid added a further 2-3 dB of loss.  Fig. 5 

(a) shows the measured frequency down-conversion (green) 

from the upper output port. The bias voltages at the thermo-

optic phase shifters are 5.10 V, -3.24 V and 3.20 V for the 1st 

stage, 2nd stage and 3rd stage respectively. The optical spectra 

show that a side harmonic suppression ratio of more than 20 dB 

can be obtained by fine tuning of the bias voltages. Frequency 

up- conversion (orange) is obtained from the same output port 

when the input optical signal is changed from upper input port 

to the lower input port. For the identical bias voltages, the side 

harmonic suppression is reduced to some extent from the 

previous case. The modulation index is ∼ 0.35-0.40, far from 

the peak (𝑚 =∼ 2) of the first harmonics. A low 𝑣𝜋 modulator 

can be used to improve the conversion efficiency. Fig. 5 (b) 

shows the output optical spectra for 10 GHz and 8 GHz RF 

signal. Since the chip was not wire bonded, and there is no heat 

sink to stabilize the temperature, slight variation in the optical 

spectra were observed due to thermal drift of the bias point. 

Nevertheless, a side harmonic suppression ratio of 15 dB or 

more is obtained in all cases. 

CONCLUSION 

In summary, the experimental verification of a previously 

proposed two stage cascaded circuit architecture for single side 

band modulation was performed. A three-stage cascaded 

circuit architecture fabricated for high baud rate PAM 

transmission was adapted for the experimental demonstration. 

The experimental result shows that, the circuit can perform 

SSB modulation with a side harmonic suppression ratio of at 

least 15 dB or more. Careful design and experiment are 

required to improve the performance further. However, it is 

now proven that a two-stage cascaded MZM can be used for 

SSB and/or I-Q or complex modulation with greater energy 

efficiency. The device was fabricated using CMOS compatible 

silicon photonics technology. 
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Abstract— A novel photonic technique for implementing frequency up-conversion or complex modulation is 

proposed. The proposed circuit consists of a sandwich of a quarter-wave plate between two polarization 

modulators, driven respectively by an in-phase and quadrature-phase signals. The operation of the circuit is 

modeled using a transmission matrix method. The theoretical prediction is then validated by simulation using 

an industry-standard software tool. The intrinsic conversion efficiency of the architecture is improved by 6 dB 

over a functionally equivalent design based on dual parallel Mach-Zehnder modulators. Non-ideal scenarios 

such as imperfect alignment of the optical components and power imbalances and phase errors in the electric 

drive signals are also analyzed. As light travels, along one physical path, the proposed design can be 

implemented using discrete components with greater control of relative optical path length differences. The 

circuit can further be integrated in any material platform that offers electro-optic polarization modulators.  

 

I. INTRODUCTION 

Frequency up-conversion or single side-band (SSB) modulation in the uplink is one of the key functions required by 

a radio-over-fiber (RoF) link. The generation of SSB and complex (in-phase (I) and quadrature (Q)) modulation using 

single and multiple Mach-Zehnder modulator (MZM) has been extensively investigated previously [1-7]. Hitherto a 

circuit architecture using a dual parallel Mach-Zehnder (DP-MZM) modulator has proved to be the most suited to 

practical implementation [7] but requires the control of three large bias voltages to prevent drifts. This issue may be 

alleviated by making good use of the intrinsic phase relations between the output ports of multimode interference 

(MMI) couplers used to form the MZM to eliminate the requirement large DC bias, at least in principle [8-9]. All the 

architectures reported in [1-9] are equivalent to the same generalized Mach-Zehnder Interferometer (GMZI) where a 

parallel array of 𝑁 linear electro-optic phase modulators interconnect a 1 × 𝑁 splitter at the front and 𝑁 × 1 combiner 

at the rear. Motivated by the authors’ finding [10] that a cascade MZM architecture for frequency multiplication 

required 3 dB less in radio frequency (RF) power than its functionally equivalent parallel architecture, it was shown 

for the first time that an unorthodox series arrangement of two MZM can provide the same function (SSB, I-Q 

modulation) as the parallel arrangement of two MZM within a DP-MZM, with a 6-dB advantage in intrinsic 

conversion efficiency [11]. The demonstration of an optical single side band polarization modulation (unsuppressed 

carrier) with high sideband suppression ratio (30 dB) using two cascaded polarization modulators as presented in [12], 

motivates the authors to design an I-Q modulator using cascaded polarization modulator. In this paper, a design based 

on similar principles [11] is proposed using polarization optics. 

The fundamental operating principle of a polarization modulator is two-mode interference. The two-modes are a 

pair of eigenmodes with orthogonal polarization aligned along the principal axes of the electro-optic modulator. The 

two modes may both be excited using a polarizer to present linearly polarized light at the input inclined at an angle to 

the principal axes; both modes are equally excited if this angle is set to 45°. In the typical case, a field-applied to the 

using a polarization analyzer oriented at an angle to the principal axes of electro-optic material induces a differential 

phase-shift between these two modes, which may be brought to interference using an analyzer inclined at an angle to 

the principal axes. The contrast of the interference is maximized if this angle is set to 45°. The polarization modulator 

may be equipped with a pair of complementary input and output ports by using polarizing beam splitters to implement 

the polarizer and analyzer, which combined with appropriately oriented half-wave and quarter-wave plates, function 

as variable beam-splitters. As a two-mode interferometer a polarization modulator is functionally equivalent to any 

other two-mode interferometer such as a conventional Mach-Zehnder interferometer in which the two modes are 

distinct spatially. Nevertheless, the polarization modulator offers some technical advantages. For most applications a 

conventional MZI is only practical when implemented on a suitable integration platform because of its sensitivity to 

path-length errors between its arms. A polarization modulator is far more robust to such errors because the two-modes  
 



83 
 

 
overlap spatially and follow an identical physical path which cancels the common part of path-length errors. The 

control of relative optical path-length differences between the modes is eased sufficiently that an implementation using 

discrete components is practical. Moreover, the implementation of static optical phase phases is also eased 

considerably. The use of polarizing beam splitters permits beam-splitting ratios corresponding to sums or differences 

and commonly used static optical phase biases may be implemented by insertion of a suitably orientated half- or 

quarter-wave plate. 

In [11], it was shown for the first time that I-Q modulation using cascaded MZM, can be achieved using an unorthodox 

inter-stage coupler with specific phase relations between its ports. The novelty of the design lies in making use of both 

output ports of the first-stage MZM and both input ports of the second MZM rather than the usual practice of leaving 

one output port and one input port unused. A 2 × 2 MMI is used as a combined exit-coupler of first stage MZM and 

entrance-coupler of the second stage MZM, thus forming a special coupling and optical bias element for the MZM. In 

[12], an inter-stage polarization controller is used, effectively, as an appropriately oriented half-wave plate to rotate 

the output of the first polarization modulator by 45˚ to obtain single side band modulation with unsuppressed carrier. 

However, in order to obtain I-Q modulation or single side band modulation with a suppressed carrier with a cascade 

of polarization modulators, the inter-stage coupler must be functionally equivalent to the special coupling element 

described in reference [11]. It turns out that the equivalent element is an appropriately oriented quarter-wave plate.  

The proposed architecture is a sandwich of two electro-optic polarization modulators with a quarter wave plate 

between them as illustrated schematically in Figure 1. The axes of the polarization modulators are aligned with the x 

and y axes. The light entering the device is linearly polarized at 45 degrees to the 𝑥 and 𝑦 axes. The polarizer is crossed 

with respect to the input polarization in order to form the difference between the  𝑥 and 𝑦 components of the 

polarization. An innovative part of the design is the use of a quarter-wave plate with its axes oriented at 45 degrees to 

the 𝑥 & 𝑦 axes to mix the 𝑥- & 𝑦- components of the polarization between the two polarization modulators. Since the 

quarter-wave plate is notionally lossless the insertion loss of the overall device is reduced by 3 dB in comparison to 

the orthodox methods of I-Q modulation. To the best of the author’s knowledge, the resulting architecture has not 

been reported previously. 

For simplicity, assume there is no transmission delay between the stages. Consider a pair of polarization modulators 

with principal axes aligned with the 𝑥 and 𝑦 direction. Then in 𝑥 and 𝑦 co-ordinate system their Jones matrices are 

given by 

𝑇𝐸𝑂𝑀 = [
exp (𝑖𝜑) 0

0 exp (−𝑖𝜑)
]      (1) 

where, 𝜑 = 𝜋𝑣(𝑡) 𝑣𝜋⁄  is the optical phase shift induced by RF signal, 𝑣(𝑡) and 𝑣𝜋 is the half-wave voltage of the 

modulator. The Jones matrix of a wave plate with fast axis vertical (𝑦) and slow axis horizontal (𝑥) with retardant 

𝛼 = 𝜋 2⁄  for quarter wave plate, 

𝑇𝑤𝑝 = [
exp(𝑖𝛼 2⁄ ) 0

0 exp(− 𝑖𝛼 2⁄ ))
]                                            (2) 

If one rotates the wave plate so the slow axis is inclined at an angle 𝜃 to the horizontal (when looked at in the direction 

of beam propagation) then the Jones matrix becomes: 

𝑇𝑤𝑝 = [
cos(𝛼 2⁄ ) + 𝑖 sin(𝛼 2⁄ ) cos(2𝜃) 𝑖 sin(𝛼 2⁄ ) sin(2𝜃)

𝑖 sin(𝛼 2⁄ ) sin(2𝜃) cos(𝛼 2⁄ ) − 𝑖 sin(𝛼 2⁄ ) cos(2𝜃)
]   (3) 

If 𝜃 = 45°, then the transfer matrix of a quarter wave plate with respect to the 𝑥 and 𝑦 axis is given by: 

𝑇𝑤𝑝 =
1

√2
[
1 𝑖
𝑖 1

]       (4) 

 
Fig. 1.  Schematic diagram of the proposed frequency up-converter. LD: laser diode; PolMod1: polarization modulator 1; QWP: quarter 
wave plate; PolMod2: polarization modulator 2; Pol: polarizer; OSA: optical spectrum analyzer. RF LO: radio frequency local oscillator. 
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The input is linearly polarized inclined at 45° to the 𝑥 and 𝑦 axis and hence: 

𝐸𝑖𝑛 =
1

√2
[
1
1
] 𝑎𝑖𝑛       (5) 

The output is selected by a polarizer crossed with the input polarization; hence the output of the whole circuit can be 

written as: 

𝐸𝑜𝑢𝑡 =
1

√2
[1 −1]𝑇𝐸𝑂𝑀1𝑇𝑤𝑝𝑇𝐸𝑂𝑀2

1

√2
[
1
1
] 𝑎𝑖𝑛      (6) 

Carrying out the matrix multiplications results in: 

𝐸𝑜𝑢𝑡 =
1

√2
[𝑖 sin(𝜑1 + 𝜑2) + sin(𝜑1 − 𝜑2)]𝑎𝑖𝑛      (7) 

If one sets 𝑣1 = 𝑣𝐼 and 𝑣2 = 𝑣𝑄, then for |𝑣𝐼|, | 𝑣𝑄| ≪ 𝑣𝜋 one finds: 

𝐸𝑜𝑢𝑡 =
𝜋

𝑣𝜋
(𝑣I + 𝑖𝑣𝑄) exp(𝑖 𝜋 4⁄ ) 𝑎𝑖𝑛      (8) 

which demonstrates in the small signal approximation that the circuit acts as an I-Q modulator up to a rotation of the 

constellation. In the case of narrow-band RF modulation then 

𝑣1(𝑡) = 𝑣𝑅𝐹 cos(ω𝑡)

𝑣2(𝑡) = 𝑣𝑅𝐹 sin(𝜔𝑡)
          (9) 

and, invoking the Jacobi-Anger expansion, Eq. (7) may be rewritten as: 

𝐸𝑜𝑢𝑡 = √2∑ (−1)𝑛𝐽2𝑛+1(𝑚)𝑒𝑥𝑝[(−1)𝑛(2𝑛 + 1)𝜔𝑡]∞
𝑛=0 𝑎𝑖𝑛   (10) 

where 

𝑚 = √2𝜋
𝑣𝑅𝐹

𝑣𝜋
           (11) 

is the modulation index and, 𝐽2𝑛+1 is the Bessel function of the first kind of order 2𝑛 + 1. It can be seen from Eq. 

(10), that the orders of the principal side-bands are -3, 1 and 5. The √2 pre-factors in Eq. (10) & (11) yield the 3-dB 

optical and 3 dB electrical enhancement of conversion efficiency of the proposed design over the circuits presented in 

the prior art [1-9]. 

II. SIMULATION RESULTS 

A VPI software simulation is used to verify the operation of the proposed design. A continuous wave distributed 

feedback (DFB) laser with a wavelength of 1550 nm and power of 10 mW is used as the optical input. The input light 

is linearly polarized at an angle of 45° to one of the principal axes. A 20 GHz sinusoidal drive signal having amplitude 

of 0.1V (𝑣𝜋 = 1V) is applied to each modulator with the proper phase relation as specified in the earlier section. A 

SSB modulation is obtained at the output port as shown in Fig 2(a). It shows that an optical sub-harmonics suppression 

ratio (SHSR) of near about 42 dB can be achieved in ideal conditions, i.e. when the power splitting ratio of the RF 

drive signals are 50:50 and in quadrature phase. In practice, path imbalances in the electrical waveguides that connect 

the drive signals to the phase modulators will occur and minimizing this imbalance is the most critical aspect of the 

design [13]. Figure 2(b) shows the simulated optical SHSR for a ±4°phase error between the in-phase and quadrature 

RF drive signals. Simulation result shows that a SHSR of 30 dB still can be achieved for 4°of phase error. The 

suppression ratio (30 dB) of the proposed scheme is much larger than the functionally equivalent configuration found 

in [14] using a dual parallel MZM (the SHSR is about 22∼23 dB). 

Furthermore, as the output is selected by a polarizer; a fine tuning of the polarizer angle around 45° can improve 

the SHSR by another 2∼3 dB or more. The inset shows the corresponding optical spectrum. It shows that still there is 

no carrier breakthrough. In [1-9] and all other functionally equivalent designs known in prior art, a residual carrier is 

always present because of the finite extinction ratio of the MZM. As the proposed design uses only one physical path 

along which light travels, the carrier breakthrough will only occur if there is an error in the orientation of the 
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components.  

 

To assess the impact of the incorrect alignment of the components, a further investigation is carried out. First of all, a 

3° phase error and 5% power imbalance is created between the I and Q drive. The peak amplitude of the RF drive 

signal is set to 0.2V to ensure that the circuit operates in the linear region or nearby. Then the orientation of the wave 

plate (with respect to the ideal 45°) is varied and the peak optical power of the harmonics of interest and unwanted 

harmonics are plotted in Fig 3. It shows that the carrier breakthrough is dominant only when the orientation error is 

±2° and above. The SHSR remains close to 25 dB. However, the carrier breakthrough can be reduced significantly 

(20-30 dB) by adjusting the polarization of the input light wave slightly; which ensured a SHSR of 30 dB or more. 

Fig 4 shows the simulated optical spectrum for a ±2° error in the alignment of the quarter wave plate with the drive 

signals errors specified in the preceding. Table I gives the combination of the polarizer angle and input light wave 

polarization to obtain the spectrum presented in Fig 4. The table shows that when PA and LPA both are set to ideal 

values (a), the signal of interest (+1 harmonic) is about 22.5 dB stronger than the carrier (Fig 4(a)). A further tuning 

in either PA or LPA improve the suppression ratio by a further 3 dB, making the overall suppression near 25.5 dB 

(Fig 4 (b)). A fine tuning in both PA and LPA suppresses the carrier further, making the signal to carrier suppression 

ratio reach 55 dB or more. In addition, the suppression ratio with respect to the strongest harmonics (-1) is about 30 

 

Fig. 2. (a) Simulated optical spectrum; (b) impact of RF drive phase error on SHSR. A resolution bandwidth of 1 GHz is 

used for the optical spectrum analyzer. 

 

Fig. 3. Optical power of the harmonics of interest (+1st) and unwanted harmonics for a range of device (quarter wave plate) angle selection. 

 



86 
 

dB and it can be filtered out easily if required. As the proposed circuit offers two degrees of freedom (tuning of the 

polarizer angle and polarization of the input light wave) over the convectional integrated circuit, a fine tuning of the 

orientation of the components can suppress the residual carrier significantly and improve overall performance. 

 

 
Table 1. Different settings of the polarizer angle (PA) and input Laser’s polarization angle (LPA) to address the alignment error 

among the principle components 

Spectrum (Figure 4) Polarization angle (degree) Polarization angle of the input light wave (degree) 

a 45˚ -45˚ 

b 45˚ -47˚ 

c 43˚ -47˚ 

 

III. CONCLUSION 

In summary, a photonic circuit architecture capable of implementing frequency up-conversion is proposed and verified 

by simulation. The circuit can also be used as an I and Q modulator. The proposed design is advantageous by 6 dB in 

terms of conversion efficiency compared to the functionally equivalent single stage parallel circuit. Residual carrier 

and other sub-harmonic suppression ratios are improved as light travels along only one physical path. The proposed 

architecture can easily be implemented using discrete components. Moreover, developments in high speed polarization 

modulators and improved photonic integration technology [15] provide prospects of photonic integrated circuit 

implementation. 
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                                            CHAPTER 5 

 

Photonic generation of broadband RF phase shift 
 

 

5.1 Summary 

In this chapter, a broadband RF-photonic vector (IQ) modulator / phase shifter is described. The 

proposed circuit architecture is based on two parallel DP-MZM circuit that requires no additional 

control or filter for proper operation. Furthermore, the linearity of the phase shifter remains valid 

for a wide range of frequencies. The proposed phase shifter can generate any phase without bound. 

The complex transmission of the modulator may follow a trajectory that may encircle the origin 

of the complex plane an arbitrary number of times in either direction.  A simulation verification is 

provided using industry standard software tool. An equivalent experimental demonstration is also 

provided at low frequencies using in-house off the shelf electronics. 
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Abstract: A means of applying an adjustable RF phase shift over a broad band of frequencies is a requirement of 

diverse application. Photonic solutions to the generation of RF phase shifts have receive significant attention for 

reasons of reduced cost, compactness and simplicity, yet the achievement of a phase shift extending beyond 360˚ 

range remains a challenge. The circuit architecture of a compact and broadband RF phase shifter with unbounded 

range based on two parallel DP-MZM architecture is presented and verified by simulation verification and emulated 

using off the shelf low frequency electronic components. Results demonstrate that the complex transmission of the 

phase shifter follows a trajectory that may r encircle the origin an arbitrary number of times in either direction. The 

proposed architecture can be implemented using commercially available DP-QPSK modulator or can be integrated in 

any material platform that offers linear electro-optic phase modulators.  

 

1. Introduction 

A precise and broadband radio frequency (RF) phase shifter is needed in a variety of applications including phased 

array antenna systems to support high speed wireless communication and radar; and self interference cancellation 

(SIC) systems in a full duplex technology to improve the attainable spectral efficiency of a 5G network. The photonic 

generation of microwave phase shifts is receiving significant attention due to its simplicity, light weight, low cost, 

small size and broadband operation with minimal phase errors. The underlying principle is based on frequency shifting 

an optical carrier via single side band suppressed carrier (SSB-SC) modulation using RF carrier of interest followed 

by the re-insertion of  a copy of the original optical carrier that is shifted in phase by a variety of means such as an 

optical phase modulator based on p-n junction devices; z-cut lithium niobate  (LiNbO3); or a polarization controller 

within a number of different circuit architectures [1-8].  

In reference [1] an optical carrier is divided in to two paths, one used to generate SSB-SC modulation, while the 

other path is phase shifted using an optical phase modulator. Both the paths are then combined on a photodiode to 

generate the phase shifted RF signal. A similar strategy to obtain the phase shift is followed in references [2,3] using 

a dual-polarization dual-parallel Mach Zehnder Modulator (DP-MZM); in which one DP-MZM generates the SSB-

SC modulation while the other DP-MZM is biased at maximum transmission point to maximize the output power of 

the carrier. The outputs of the both DP-MZM are then combined using a polarization beam combiner (PBC). The 

relative phase of the orthogonally polarised optical carrier and sideband is then adjusted by a polarization dependent 

optical phase shifter (OPS) [2] or a combination of polarization controller and polarizer [3]. A DP-MZM based scheme 

is presented in [4-7]. In [4], one child MZM is biased at the minimum transmission point (MITP) and driven by an RF 

signal, thereby generating double sideband suppress carrier (DSB-SC) modulation; while the other child MZM is 

biased at the MATP to pass the carrier. The two outputs are combined by using an optical coupler [5]. The optical 

phase shift is applied by tuning the phase adjust voltage of the parent MZM. Finally, an optical bandpass filter (OBF) 

is used to suppress one of the sidebands. A similar method is described in [5] except the combining is done through a 

PBC and the optical phase shift is implemented using polarization dependent OPS. Reference [6] describes a DP-

MZM based scheme capable of a 360˚-degree phase shift founded on the precise settings of the phase and amplitude 

of the optical carrier and two sidebands using predetermined modulator bias voltages. An architecture consisting of, 

two parallel MZM driven by in-phase and quadrature phase RF signal modulate orthogonally polarised optical carriers 

combined on a photodiode is demonstrated in [7]. The slope about the operating point of the two MZM is varied by 

adjustment of their respective DC bias voltage, thereby the sign and magnitude of the in-phase and quadrature phase 

modulation components is adjusted resulting in the phase shift of the superimposed components. For proper operation 

of the scheme, the modulation depth should be small which leads to high insertion loss and careful adjustment of the 

two bias voltages is required as, for a constant magnitude RF output, both bias voltages depend on the desired phase 

shift. A photonic integrated phase shifter based on silicon-on-insulator technology is presented in [8]. A single side 

band (SSB) full carrier modulation is generated using a DP-MZM. An optical deinterleaver filter is used to separate 
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the optical carrier and the sideband. The phase of the isolated carrier is then shifted by using a p-n junction based 

optical phase shifter and combined with the sideband on a photodiode. All these methods require either an optical 

deinterleaver filter or optical bandpass filter, precise control of the polarization and/or polarizer, bias voltages or 

suffers from lack of phase shift linearity and range. Moreover, the need for a continuous phase shift range extending 

beyond 360˚ degree is gaining appreciation. For an example, improved robustness to loss of lock of an optoelectronic 

oscillator has been demonstrated by enlarging the RF tuning phase shift ranges from 350˚ degrees to 1160˚ degree 

using a frequency conversion pair [9].  

In this chapter, a circuit architecture is proposed based on a parallel pair of dual-parallel Mach-Zehnder modulators 

(DP-MZM) that requires no additional control or filter for proper operation. Furthermore, the linearity of the phase 

shifter remains valid for a wide range of frequencies. The proposed phase shifter can generate any phase without 

bound. The complex transmission of the phase shifter follows a trajectory in the complex plane that may encircle the 

origin an arbitrary number of times in either direction. The practical implementation of the proposed design can be 

demonstrated using a commercially available dual polarization quadrature phase shift keying (DP-QPSK) modulator. 

Due to unavailability of a-QPSK modulator, experimental verification by an electronic emulation of the proposed 

concept is presented using off the shelf components. 

 

2. Principal of operation 

The circuit diagram of the proposed braodband phase shifter is given in fig. 1. The circuit consists of two DP-MZM. 

The upper DP-MZM generates the suppressed carrier-single side band modulation of the applied RF drive signal. To 

obtain this function, the bias of the two parallel child MZM is set to their minmum tranmission points (MITP), while 

the mother MZM is set to its quadrature transmission point (QTP). Then the in-phase (I) and quadrature-phase (Q) of 

the RF drive signal is applied to the upper and lower child MZM respectively [10]. SSB-SC modulation can also be 

regarded as the shifting of the optical carrier frequency by an amount equal to the RF frequency. The bias of the lower 

DP-MZM is set similarly to the upper DP-MZM. A static or low frequency in-phase and quadrature-phase signal is 

applied to the two child MZM to shift the phase of the optical carrier. When the output of the two DP-MZM imping 

on  a photodiode, a phase shifted version of the RF drive signal is recovered. 

 
In the small modulation index (𝑚1) approximation, the transmission [10] of the upper DP-MZM is  

𝑇𝑢𝑝𝑝𝑒𝑟 𝐷𝑃−𝑀𝑍𝑀 = (1 4⁄ ) 𝑚1 exp(𝑖(𝜔𝑐 ± 𝜔𝑟𝑓)𝑡)    (1) 

where, 𝜔𝑐 and 𝜔𝑟𝑓 is the optical and RF carrier frequency. Depending on the phase lead-lag between upper MZM and 

lower MZM, either an upper SSB-SC or lower SSB-SC modulation is obtained. Alternatively, one output port 

generates either upper/lower SSB-SC modulation while the other output port generates the complementary SSB-SC 

modulation for a two-output port DP-MZM [11]. The modulation index 𝑚1 is defined by: 

𝑚1 = 𝜋𝑣𝑅𝐹 𝑣𝜋⁄         (2) 

where, 𝑣𝑅𝐹  is the amplitude of the applied RF signal and 𝑣𝜋 is the half-wave voltage of the phase modulator used to 

form the MZM. Similar way, the output transmission of the lower DP-MZM can be written: 

 

Fig. 1. (a) Schematic diagram of the proposed broadband phase shifter; (b) phase shift trajectory (either clockwise or anti-clockwise); LD, 

Laser diode; SSB, Single side band; PD, Photodiode. 
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𝑇𝐿𝑜𝑤𝑒𝑟 𝐷𝑃−𝑀𝑍𝑀 = (1 4⁄ ) 𝑚2 exp(𝑖(𝜔𝑐𝑡 ± 𝜑))    (3) 

where 𝜑 is the applied phase shift to the optical carrier through I-Q modulation at the lower DP-MZM. The modulation 

index 𝑚2 can be written as: 

                 𝑚2 = 𝜋𝑣𝑝 𝑣𝜋⁄        where     𝑣𝑝 = √𝑣𝐼
2 + 𝑣𝑄

2  

The 𝑣𝜋 here may be different than for 𝑚1 due to the difference in the frequency of the RF modulation and 

the IQ controls. The output of the upper DP-MZM and lower DP-MZM is combined and impinged to a photodiode. 

Finally, the beat signal of interest at the output of the photodiode is, 

∝ cos(𝜔𝑟𝑓𝑡 ∓ 𝜑)       (4) 

The phase shift 𝜑 of the RF signal given by Eq. (4) may be continuously varied by a continuous variation of the 

bounded I and Q bias at the lower DP-MZM. The small modulation index 𝑚1 is a non-necessary condition. Jacobi 

Anger expansion leads to same solution while providing details on the amplitude of the Bessel sidebands [12]. 

Rather than applying the IQ RF and IQ bias separately to a parallel pair of IQ modulators, the vector sum of the 

IQ RF drive and IQ bias may be applied to a single IQ modulator to obtain the same result to the extent that an IQ 

modulator has a transmission is linear with respect to the IQ vector. Consequently, a single DP-MZM can be used to 

perform a similar operation [13]. However, without special linearization [14] measures the single DP-MZM 

arrangement is limited to small modulation indices 𝑚1, 𝑚2 resulting in high insertion loss compared to the parallel 

DP-MZM solution. 

 

3. Simulation verification & experimental result 

Circuit simulation using VPIphotonics is performed to verify the theoretical prediction. A Distributed Feedback (DFB) 

laser having wavelength of 1550 nm and an output power of 10 dBm is used as the optical source. The insertion loss 

and extinction ratio of each MZM is set to be 4 dB and 30 dB respectively. The half-wave voltage of each MZM is set 

to 5 V. The in-phase and quadrature phase of the RF drive signal with peak amplitude of 1.2 V and a frequency of 10 

GHz is applied to the upper DP-MZM. This results in a frequency shift of the optical carrier by an amount of 10 GHz. 

Although suppressed-carrier modulation is desired, the suppression is not complete due to the finite extinction of the 

MZM. For the purpose of demonstrating the operating principle by simulation, a very low frequency cosine- and sine- 

waveform are applied to the in-phase and quadrature-phase inputs to the lower DP-MZM to generate a slow linear 

ramp of the optical carrier phase. Once both the output of the upper and lower DP-MZM are combined at the 

photodiode, the desired phase shifted RF carrier can be observed.  

Figure 2 shows the phase shift at different static phase (φ) of the low frequency drive signal predicted by the 

simulation. The output phase shift exactly matches the applied phase shift and without bound. The corresponding 

phasor can rotate about the origin of the complex plane in either direction (clockwise or anti-clockwise) an arbitrary 

number of times. The power variation of the recovered signal at different phase shifts is found to be ∿1.8 dB maximum. 

This variation is the result of the nonlinear transmission function of the DP-MZM and may be corrected by pre-

 

Fig. 2.  Simulated phase relationship between the input and output RF signal. 
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distortion of the in-phase and quadrature phase controls of the lower DP-MZM or by application of alternative methods 

[14] of the lower DP-MZM. The proposed circuit can be used up to the bandwidth of the phase modulators used to 

form the DP-MZM. The practical implementation of the proposed circuit can be realized by commercially available 

dual polarization quadrature phase shift keying (DP-QPSK) modulator. Hybrid integration of silica and modulator 

based on LiNbO3 can be used to verify the concept [15]. 

Due to unavailability of a DP-QPSK-modulator and vector network analyzer, the concept is verified 

experimentally using off the shelf lower frequency electronic components. Figure 3 shows the schematic diagram of 

the experimental setup. An Analog Devices HMC630 used as vector modulator to emulate the function of a DP-MZM. 

The vector modulator has one input port, one output port and two other input ports for the application of I and Q 

controls. The operating frequency range is 700-1000 MHz, whereas the 3dB bandwidth of the I and Q ports are 180 

MHz. A Minicircuits ADP-2-10W (5 to 1000 MHz) is used as the input power splitter. To emulate the function of a 

photodiode, a double balanced mixer (ADE-2+) from Minicircuits is used. A RF signal with a frequency of 800 MHz 

and 10.5 dBm output power is used as the input carrier. A Rohde & Schwarz SMB 100A signal generator is used as 

the RF LO. An IF signal having frequency of 115 MHz is applied to a 90˚ hybrid (Minicircuits ADQ-22+) to generate 

the in-phase and quadrature-phase components. The in-phase and quadrature-phase component is then applied to the 

I and Q ports respectively of the upper vector modulator. 

Figure 3(b) shows the measured electrical spectrum of the SSB-SC modulation generated at a frequency 915 MHz. 

The sideband (at 915 MHz) to carrier (at 800 MHz) suppression ratio is 15 dB. In an optical implementation, the RF 

LO is replaced by an optical carrier and the IF signal is by RF signal that is needed to be phase shifted. In optics, a 

sideband to carrier suppression ratio of ∼20-22 dB was reported experimentally using a DP-MZM architecture [11-

12] a decade ago. A suppression of ∼40 dB is obtained [15] using a phase shifter and/or variable optical attenuator 

(VOA) as a trimming means. The phase of the carrier that passes through the lower vector modulator is adjusted by 

applying a DC voltage in the range of 0.5 V to 2.5 V to the I and Q port of the lower vector modulator using a precision 

DC source (Agilent B2912A). To adhere the specified ranges, the applied I and Q voltages are defined by: 

𝐼 = 1.5 + cos(𝜑)       (5) 

𝑄 = 1.5 + sin(𝜑)      (6) 

A phase ramp is applied to the carrier by changing the value of 𝜑, results in equal amount of phase shift at the recovered 

IF signal at the output of the mixer. Figure 3(c) shows the electrical spectrum of the measured carrier for a particular 

combination of I and Q values. A similar length of semi rigid RF cable is used to connect the two vector modulators 

 

Fig. 3. (a) Schematic of the experimental setup; (b) and (c) are the measured spectra (electrical) of the signal 

at point (b) and (c) in schematic (a); IF, intermediate frequency; LO, local oscillator; VM, vector modulator; 

DC, direct current. An electrical resolution bandwidth of 1 kHz with is used to capture the data. 
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with the double balanced mixer, making sure that the path lengths remain same. In a photonic integrated circuit, this 

can easily be achieved. The output of the mixer is then passed through a low pass filter (LPF) to the digital storage 

oscilloscope. Since, there is no vector network analyzer (VNA), the length of connection between the LPF and 

oscilloscope is kept to a minimum so that the actual phase at the output of the LPF is measured by the oscilloscope. 

Nevertheless, an error of ∼2-3˚ is added due to the different path lengths. Figure 4 and 5 shows the screen image of 

the measured phase difference between the recovered IF signal and the reference signal for various input phase values 

𝜑. 

 

Table 1. Experimental details of the applied input voltage (target phase), measured phase, actual phase shift and peak to peak 

voltage of the recovered IF signal. 

Input voltage 

(volts) 

Target 

phase 
degree 

Phase shift with 

respect to reference 
signal (degree) 

Adjusted phase 

(degree) 

Actual 

phase shift 
(degree) 

Amplitude 

𝑉𝑝𝑒𝑎𝑘−𝑝𝑒𝑎𝑘 

(mV) I-port Q-port 

2.5 1.5 0 170 170 − 170 = 0 0 110 

2.406 1.922 25 -170 −170 − 170 = −340 20 111 

2.207 2.207 45 -150 −150 − 170 = −320 40 113 

1.5 2.5 90 -100 −100 − 170 = −270 90 114 

0.793 2.207 135 -60 −60 − 170 = −230 130 114 

0.5 1.5 180 -19 −19 − 170 = −189 171 112 

0.633 1.0 210 10 10 − 170 = −160 200 110 

0.793 0.793 225 29 29 − 170 = −141 219 109 

1 0.633 245 50 50 − 170 = −120 240 110 

1.5 0.5 270 80 80 − 170 = −90 270 112 

2.207 0.793 315 120 120 − 170 = −50 310 110 

2.406 1.077 335 140 140 − 170 = −30 330 110 

 

Fig. 4. Screen image of the oscilloscope showing the phase difference between the generated RF signal and a 

reference signal for various target phase shift as input; (a) target phase shift 0˚; (b) target phase shift 45˚; (c) target 
phase shift 90˚ and (d) 135˚ respectively. 
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The measured phase difference is then adjusted by subtracting an equal amount of phase shift from all the measured 

phase to obtain the actual phase shift. Table 1 shows the details of applied voltage to the I and Q port, measured phase 

difference and actual phase shift. Figure 6. (a) plots the measured phase shift as a function of applied phase shift (target 

phase shift). A straight line is obtained using curve fitting which also justify the theoretical prediction. A very small 

error is obtained between the target phase shift and actual phase shift. In some cases, the measured phase shift is 

identical to the target shift. Measurement results also verify that the peak to peak amplitude of the recovered IF signal 

remain almost constant. Figure 6. (b) shows the comparison between expected I-Q values and measured I-Q values. 

A maximum error of 9-10˚ degree is obtained for two cases. However, the phase measurement using a VNA will 

 

Fig. 5. Screen image of the oscilloscope showing the phase difference between the generated RF signal and a 

reference signal for various target phase shift as input; (a) target phase shift 180˚; (b) target phase shift 225˚; 

(c) target phase shift 270˚ and (d) 315˚ respectively. 

 

Fig. 6. (a) Relationship between target and measured phase shift; (b) measured I-Q value versus expected I-Q 

value. 
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certainly improve the precision of the measurement. Nevertheless, a 360˚-degree rotation is obtained experimentally. 

The phase trajectory can rotate on the unit circle either way (clockwise or anti clockwise) indefinite amount of times.  

 

4. Conclusion 

In summary, a novel photonic technique for obtaining the phase shift of a RF signal is reported with simulation 

verification. The proposed circuit can function for a wide range of frequencies and it can generate a phase without 

bound. The circuit may be implemented in practice using a commercially available DP-QPSK modulator. The 

bandwidth of the operation depends on the bandwidth of the phase modulators that forms the MZM. An experimental 

verification of the concept is presented using off the shelf low frequency electronics. Results show that a RF phase 

shift of 360˚ degree or more can be obtained with negligible penalty at the amplitude of the phase shifted signal. 

Results also show that an SSB-SC modulation having sideband to carrier suppression ratio of only 15 dB or more is 

good enough for the proposed architecture to function correctly 
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CHAPTER   6 
 

Conclusion 
 

The transition from incoherent to coherent optical systems is a technological revolution that 

remains in progress in the fields of optical communications and microwave-photonics. Compared 

to RF wireless systems, it is far more challenging to implement coherent optical systems since the 

relative path lengths must be controlled at the level of ∼1 𝑛𝑚 (for a vacuum optical wavelength 

∼1 μm) if the phase is to be well defined within a complex system. Fortunately, another 

technological revolution is the migration from discrete components to photonic integrated 

components, which with continuing advancements in microfabrication can deliver path-length 

control at the requisite level. This thesis provides new insight and advancement in the field of 

coherent optical signal processor architecture through the design, verification by simulation and, 

test and measurement of some prototypes. All the contributions reported in this thesis make use of 

commercially viable technology that is amenable to integration. The applications of this thesis 

research range from RF photonics to optical communications. 

6.1 Summary of findings and contributions 

A universal coherent electro-optic circuit architecture that generates a frequency comb consisting 

of N spatially separated orders has been described in Chapter 2. The circuit consists of a 1 × N 

splitter that feeds light into a parallel array of electro-optic phase modulators each driven from the 

same RF source with a progressive phase shift with increment of 2π/N. The output of the phase 

modulator array is processed by an N × N optical DFT. The circuit is not limited to a DFT and any 

linear optical transformation may be substituted. The circuit subsumes many prior RF photonic 

circuit architectures given an appropriate choice of output port(s) and dimension N, although the 

principal application envisaged in this work is phase correlated subcarrier generation. The 

predictions of a transfer matrix model of the circuit operation have been validated by simulations 

performed using an industry standard software tool for the dimension N = 4. A novel extension 

of the circuit architecture is also presented, that replaces the 4 × 4 DFT network using the 

combination of a properly chosen phase shifter and a single 4 ×  4 MMI coupler. The 
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experimental verification is also provided. A photonic integrated circuit based on silicon photonics 

technology having eight parallel phase shifters connected between 4 × 4 MMI at the input and 

output was configured for the target application. Experimental results verify the theoretical 

predictions but the unwanted harmonics suppression ratio specifically the carrier suppression is 

inadequate. There are two reasons responsible. Firstly, the phase shifters are driven at a low 

modulation index due to the unavailability of a high-power RF signal source having four output 

channels. At low modulation index, the carrier amplitude is considerably stronger than ±1st 

harmonics, and consequently, although the carrier is suppressed substantially by the circuit, the 

carrier breakthrough due to fabrication errors remains high in magnitude relative to the ±1st 

harmonics. Secondly, there is no tuning element in the circuit to compensate the MMI output 

power imbalances and phase errors due to fabrication process errors. 

Two original circuit architectures for on-chip spectral monitoring with sub-GHz resolution over 

the entire C-band have been presented in Chapter 3. Reliable spectral measurement across the 

optical communications network is a key enabling technology. Complete knowledge of the state 

of the network is a prerequisite to enabling SDN-EON-AI to make effective use of colour-less, 

direction-less, contention-less, grid-less, filter-less, gap-less ROADM, flexible channels centre 

frequencies and width, flexible sub-carriers in super-channels, flexible modulation formats and 

forward error control coding transponders, and impairment-aware wavelength routing and spectral 

assignment. The first architecture described consists of three stages. The first stage is a tunable 

ring resonator (RR) that defines the resolution. The third stage is an arrayed waveguide grating 

(AWG) that isolates one RR resonance within each of its channels. The second stage uses an MZI 

to form a coherent superposition of two interleaved AWG channel spectra corresponding to a pair 

of AWG input ports; establishing gang tuning of the RR and AWG to retain the RR resonance at 

the center of the AWG channel passband. The second architecture described is a refinement of the 

first architecture in which the coherent superposition of a pair of AWG input channels is replaced 

by the incoherent superposition of pairs of AWG output channels. This eliminates the MZI stages, 

and as a consequence the spectrometer does not require any control of the inter-stage optical path 

length, which renders the spectrometer more robust to fabrication process variations. Detailed 

simulation verification is provided using constructor design data. Simulation results verify that the 

spectrum monitoring can be performed over the entire C-band with peak power flatness ∼1→1.25 

dB. A further modification of the second architecture is proposed to provide a completely flat 
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spectral response with zero adjacent channel crosstalk, at least in theory. The CMOS compatible 

Si3N4 platform is selected for fabrication due to its low loss and maturity. 

An original circuit architecture for SSB/I-Q modulation based on a two-stage cascaded MZM 

has been described in Chapter 4. SSB/I-Q modulator is at the heart of coherent optical 

communication and coherent radio-over-fibre (RoF) technology for performing multi-level 

modulation and single side band modulation. The proposed design is advantageous by 6 dB in 

terms of conversion efficiency compared to the functionally equivalent single stage parallel circuit. 

The experimental verification is provided using a three-stage cascaded circuit fabricated for high 

baud rate PAM transmission. The experimental result shows that, the circuit can perform SSB 

modulation with a side harmonic suppression ratio of at least 15 dB or more. Furthermore, a new 

architecture is proposed to implement the same functionality but using polarization optics. The 

residual carrier and other sub-harmonic suppression ratios are improved as light travels along only 

one physical path. 

A novel photonic technique of generating a broadband RF phase shift has been described in 

Chapter 5. A precise and broadband RF phase shifter is needed for phased array antenna systems 

to support high speed wireless communication and radar applications. The circuit architecture 

consists of two parallel DP-MZM with outputs combined by a photodetector. The circuit requires 

no additional control or filter for proper operation. Furthermore, the linearity of the phase shifter 

remains valid for a wide range of frequencies. The proposed phase shifter can generate any phase 

without bound. The complex transmission of the phase shifter follows a trajectory that may 

encircle the origin in either direction an arbitrary number of times. An experimental verification 

of the concept is presented using off the shelf RF electronics. 

In summary, the thesis contributes to the advancement of the field through the conception, 

theoretical modelling, verification by simulation, and experimental demonstration of original 

photonic processor circuit architectures amenable to photonic integration that include: 

▪ a universal RF-photonic processor that garners into a systematic formalism the ad hoc 

design processes of much of the prior art, elucidates the fundamental operating principles, 

and extends the applications inter alia to phase correlated sub-carrier generation for Tbit/s 

data transfer using optical orthogonal frequency division multiplexing (OFDM); 

▪  an optical power monitor (OPM) that provides for the first time a panoramic view of the 

power spectrum across the entire C-band with <1GHz resolution bandwidth; 
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▪ a unique energy efficient I-Q or SSB modulator; 

▪ a broadband high frequency RF phase shifter that can generate for the first time a 

continuous phase without bound. 

In conclusion, electro-photonic technology offers a means to accommodate ever increasing 

capacity demands of applications as data rates outpace (in speed, low energy consumption, weight, 

size etc.) all-electronic solutions. The photonic circuit architectures introduced by this thesis 

belong to a new class of coherent optical processor made increasingly practical by advances in 

microfabrication and algorithms [59]. The most pressing need found in this work is the 

development of:  

(i) drift-free, negligible power consumption on-chip phase bias trimmers required to 

set the operating point (i.e. provide the actuators / controls of a plant); 

(ii) on-chip sensors to monitor the state of the system; 

(iii) on-chip controllers and algorithms to initialize and maintain (online) the quiescent 

state of these fundamentally analogue coherent optical systems. 

6.2 Suggestions for future work 

In addition to the pressing needs identified, the research thesis may be advanced further through: 

▪ the photonic integrated circuit implementation of: 

o the universal RF photonic processor introduced in Chapter 2 using both modulator 

and delay line arrays up to initially the dimension N = 8 and then beyond. 

o the spectrometer architecture based on three (3) AWG introduced in Chapter 3 as 

it offers robust performance: sub-GHz resolution; wideband operation; flat spectral 

response; compactness; and essentially zero crosstalk. 

o the polarization insensitive spectrometer introduced in Chapter 3. 

o the two-stage cascaded circuit architecture for SSB modulation introduced in 

Chapter 4 and found to offer a 3 dB electrical and 3 dB optical advantage over a 

functionally equivalent single stage parallel circuit (i.e. a DP-MZM). The inherent 

advantages were verified by simulation but only implementation using linear 

electro optic modulator (for example LiNbO3 on Si or Si3N4) can provide an apple 

to apple comparison needed to evaluate the extent to which the advantage can be 

realized in practice. In addition, research on for high baud rate transmission using 

cascaded MZM can be advanced. 
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o the RF photonic phase shifter introduced in Chapter 5. The proposed circuit 

architecture can be implemented using commercially available DP-QPSK 

modulator but fabrication permits custom design to address drift-free phase bias, 

increasing the GMZI dimension beyond N=4 to decrease insertion loss and improve 

linearity, and alternative methods of linearization. 

▪ research on circuit symmetries and emerging trimming algorithms to approach perfect 

photonic systems using imperfect components, including online machine learning 

approaches to quiescent operating point control with minimal disturbance to concurrent 

operation. 
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