SILICON PHOTONIC DEVICES FOR
MICROWAVE SIGNAL GENERATION AND
PROCESSING

By

Nasrin Ehteshami

Thesis submitted to the Faculty of Graduate and
Postdoctoral studies in partial fulfillment of the
requirements for the Master of Applied Science degree in
Electrical and Computer Engineering

Ottawa-Carleton Institute of Electrical and Computer Engineering
School of Electrical Engineering and Computer Science
Faculty of Engineering
University of Ottawa

uOttawa

© Nasrin Ehteshami, Ottawa, Canada, 2016



ACKNOWLEDGMENTS

I would like to thank all the people who contributed in some way to the work described in
this thesis.

First and foremost, | thank my academic advisor, Professor Jianping Yao for accepting me
into his group, for the continuous support of my research by giving me intellectual freedom
in my work, supporting my attendance at various workshops, engaging me in new ideas, and
demanding a high quality of work in all my endeavors. His guidance helped me in all the
time of research and writing of this thesis. | could not have imagined having a better advisor

and mentor for my study.

I would also like to thank all of my colleagues who were working with me in the Microwave
Photonics Research Laboratory at the department of Electrical Engineering and Computer
Science, University of Ottawa. They provided a friendly and cooperative atmosphere at

work and also useful feedback and insightful comments on my work.

I would like to acknowledge CMC Microsystems for providing the design tools and enabling
the fabrication of silicon photonics chips through Institute of Microelectronics (IME) in

Singapore and the Inter-university Microelectronics Centre (IMEC) in Leuven, Belgium.

Finally, I would like to acknowledge my family who supported me during my time here.
First and foremost | would like to thank Mom, Dad, Brother and Sisters, for their constant
love and support. Words cannot express how grateful 1 am to my family for all of the
sacrifices that they’ve made on my behalf. Last but not the least, I would like to express

appreciation to my beloved husband Vahid.



ABSTRACT

Silicon photonics as a one of the most promising photonic integration technologies has
attracted many attentions in recent years. The major feature of this technology is its
compatibility with complementary metal-oxide semiconductor (CMQOS) processes which
makes it possible to integrate optical and electronic devices in a same chip and reduce the
cost significantly. Another reason of using silicon photonics is the high index contrast
between the silicon core and silicon dioxide cladding which ensures the high density
integration of photonic devices on a single chip. Monolithic integration with electronic and
optical circuits makes silicon photonics technology suitable for numerous applications. One
example is microwave photonics (MWP). MWP is an area that studies the interaction
between microwave and optical signal for the generation, processing, control and distribution
of microwave signals by means of photonics. Silicon photonics offers a reduction in footprint,
losses, packaging cost and power dissipation in MWP systems.

This research in this thesis is focused on the design and fabrication of the silicon photonic
devices for MWP signal processing and generation. Four MWP systems based on silicon
photonic devices are proposed and experimentally demonstrated.

1) A single pass-band frequency-tunable MWP filter based on phase-modulation to
intensity-modulation conversion in an optically pumped silicon-on-insulator (SOI) microring
resonator (MRR) is designed and experimentally demonstrated. In the proposed filter, a
phase-modulated optical signal is filtered by the SOl MRR, to have one first-order sideband
suppressed by the MRR notch. The phase-modulated optical signal is converted to an
intensity-modulated single-sideband (SSB) signal and detected at a photodetector (PD). The
entire operation is equivalent to a single pass-band filter. The frequency tunability is
achieved by tuning the resonance wavelength of the MRR, which is realized by optically
pumping the MRR. A single pass-band MWP filter with a tunable center frequency from 16
to 23 GHz is experimentally demonstrated.

2) A broadband optically tunable MWP phase shifter with a tunable phase shift using
three cascaded SOl MRRs that are optically pumped is designed and experimentally
demonstrated. A microwave signal to be phase shifted is applied to an optical single-
sideband (OSSB) modulator to generate an optical carrier and an optical sideband. The phase

shift is introduced to the optical carrier by placing the optical carrier within the bandwidth of



one resonance of the three cascaded MRRs. The experimental results show that by optically
pumping the cascaded MRRs, a broadband MWP phase shifter with a bandwidth of 7 GHz
with a tunable phase shift covering the entire 360° phase shift range is achieved.

3) A multi tap MWP filter with positive and negative coefficients using a silicon ring
resonator modulator (RRM) is proposed and experimentally demonstrated. The RRM s
designed and fabricated to operate based on the carrier depletion effect. The positive and
negative coefficients are obtained by using opposite slopes of the modulation transmission
response of the RRM. Two filter responses with two and three taps are experimentally
demonstrated, showing the proof-of-principle for frequencies up to 18 GHz.

4)  An approach to generate microwave signal based on enhanced four wave mixing
(FWM) in an active silicon waveguide (SIWG) is studied. This SIWG is designed and
fabricated, and the use of the active SIWG for MWP frequency multiplication to generate a
frequency-sextupled millimeter-wave signal is experimentally demonstrated. Thanks to a
reverse-biased p-n junction across the SiWG, the conversion efficiency of the FWM is
improved, which leads to the improvement of the microwave frequency multiplication

efficiency.
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CHAPTER 1 INTRODUCTION

1-1. Microwave photonics

Microwave photonics (MWP) [1] is an area that studies the interaction between microwave
and optical waves for application such as radar, communications, sensor networks, warfare
systems and instrumentation. In general, the MWP techniques cover the following topics: 1)
photonic generation of microwave signals, 2) photonic processing of microwave signals, 3)
photonic distribution of microwave signals, and 4) photonic analog-to-digital conversion [1].
An MWP system is implemented using a modulation device for electrical-to-optical (E/O)
conversion, a photodetector (PD) that does the optical-to-electrical (O/E) conversion and
functionalities between these two conversions (Fig.1.1). Some of the key functionalities in
this case are time delay and phase shifting of microwave signals, frequency tunable and high
selectivity microwave filtering, frequency up and down conversions and microwave
waveform generations. Processing of microwave signal in optical domain has the advantages
of the large bandwidth, low loss, small size, light-weight, immunity to electromagnetic
interference (EMI) and the potential of large tunability and low-power consumption.

REIN Functionalities
e delay ———»  Optical path
+ i > Electrical path
_ : -phase shift
Optical Modulation filterin Photo RFOUT
Source . device - ‘ i
-frequency detector
conversion

Fig.1.1: The MWP system basically consists of a modulation device for E/O conversion and a PD for O/E conversion.
There are functionalities such as time delay, phase shift and filtering which connect two conversions.

The MWP has found widespread applications over the last 20 years. This applications
include the generation, distribution, control and processing of the microwave signals. The
earliest application for MWP technique was microwave signal distribution which an optical

fiber was used as a replacement of coaxial cables in MWP links for connection between



modulators and detectors. Optical fibers have advantages in size, weight, loss and immunity
to EMI over coaxial cables. Today, the MWP technique is used for antenna remoting (such
as optically controlled beam-forming techniques for phased array antennas) and signal
distribution to separate the signal processing core from the antenna, in this way, the signal
processing part can be protected in case of antennas deployed in harsh environments.

Although microwave signal distribution is the main driver for MWP, other applications
like microwave signal generation and processing have attracted much attention. The
generation of the microwave signals and broadband waveforms are the latest development in
MWP. The main attraction for signal generation using MWP technique is the large frequency
tunability and generation of ultra-wide bandwidth microwave signal. Filtering, tunable true
time delay and wideband phase shifting of microwave signals are important issues in
microwave signal processing [2],[3]. Implementation of MWP processors for optical beam-
forming and phase array antenna systems can be obtained by combining these basic
functionalities.

Most of MWP systems are implemented using discrete components, such as lasers,
modulators and detectors. Using the discrete components makes the system bulky and
complicated and reduces the system reliability and leads to the higher power consumption in
the system. Also, the use of discrete components increases the system price since each
component will bear packaging cost. These problems can be resolved with photonic
integration [4], [5] which provides a reduction in footprint, losses, packaging cost and power
dissipation in MWP systems [6]. Potential for photonic integration offers the prospect for
low-cost, reliable and energy-efficient MWP systems, on the other hand leads to increasing
speed, component counts as well as incorporating as much functionalities (active and
passive) in a single chip/technology platform [7-9].

In the past 20 years, three platforms have been frequently used to demonstrate integrated
MWP functionalities. They are indium phosphide (InP), silica planar light-wave circuits
(PLCs) and silicon-on-insulator (SOI) [6]. The propagation loss in InP passive optical
waveguide is higher than SOI based waveguides, thus, semiconductor optical amplifiers
(SOAs) should be used in InP based MWP circuits to compensate the losses, but the noise
added from the SOAs might limit the MWP system functionality. In MWP systems that are

based on silica PLCs, the lowest propagation loss can be achieved on a waveguide with a low



refractive index contrast of 0.7%. This low contrast value leads to the large bending radius
and thus, larger chip size which is less attractive for photonic chip integration. In SOI
platform a waveguide with extreme low loss down to 0.8dB/cm can be achieved [10], also,
the strong optical confinement due to the high index contrast between silicon (n=3.45) and
SiO2 (n=1.45) allows for sharp bending and guarantees the high density integration of
photonic devices on a single chip. Among these three available platforms, we focus on the

SOI platform for MWP applications in this thesis.

1-2.  Silicon photonics

Silicon photonics is the technology of signal generation, processing, transmission and
detection where the signal is carried by light in silicon-based components. The
complementary metal-oxide semiconductor (CMOS)-compatible SOI substrates excited the
development of research activities in silicon photonics. The strong optical confinement in
SOI platform allows tight bending in optical waveguide thus making feasible high density
integration. Such a high optical confinement in the SOI platform with desirable properties
such as high third-order optical nonlinearities enables functionalities like amplification,
modulation, lasing, and wavelength conversion.

The past 15 years have seen significant increase of silicon photonics implementation in
MWP systems. The following are a few examples of silicon based devices for MWP
applications; optical passive components such as rib and strip waveguides, directional
couplers, Y branch, microring resonators (MRRs) and Mach-Zehnder interferometers (MZIs),
and active optoelectronic components such as modulators, detectors and sometime light
sources. Compact silicon modulators based on Mach-Zehnder (MZ) interferometers and
microring resonators (MRRs) utilizing the free carrier plasma effect have been demonstrated
by Intel [11] and Cornell [12], respectively. Germanium can be grown directly on the SOI
wafer to make Ge-on-Si detectors [13]. Nowadays, all the major silicon-based components
have been implemented with acceptable performance except light sources. Silicon is usually
known as a poor light-emitting material because of its indirect band gap. An optically
pumped silicon-based Raman lasers have been demonstrated in [14] in which the power
dissipation and efficiency are very low. In the next chapter we will review the most advances

in silicon photonics technology for MWP applications.
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1-3. Outline of this thesis

Chapter 1: This introduction was aimed at giving a general description of the microwave
photonics technique and silicon photonics.

Chapter 2: The background review of important silicon photonic designs which have been
proposed up to now to address different MWP applications are presented.

Chapter 3: The fundamental of the SOI passive design including silicon waveguide,
directional coupler, and ring resonator are given. A high quality factor SOl MRR is designed
and experimentally tested to implement a tunable single pass-band MWP filter. In the
proposed filter, a phase-modulated optical signal is filtered by the SOl MRR, to have one
first-order sideband suppressed by the MRR notch. The phase-modulated optical signal is
converted to an intensity-modulated single-sideband (SSB) signal and detected at a
photodetector (PD). The entire operation is equivalent to a single pass-band filter. The
frequency tunability is achieved by tuning the resonance wavelength of the MRR, which is
realized by optically pumping the MRR.

Chapter 4: Three cascaded MRRs is designed and experimentally tested to implement a
tunable MWP phase shifter. A microwave signal to be phase shifted is applied to an optical
single-sideband (OSSB) modulator to generate an optical carrier and an optical sideband.
The phase shift is introduced to the optical carrier by placing the optical carrier within the
bandwidth of one resonance of the three cascaded MRRs. The experimental results show that
by optically pumping the cascaded MRRs, a broadband MWP phase shifter with a tunable
phase shift covering the entire 360° phase shift range is achieved.

Chapter 5: The main physical mechanism used for optical modulation in silicon is studied.
A ring resonator modulator (RRM) is designed and fabricated by embedding a lateral P-N
junction in the silicon rib waveguide. A multi tap MWP filter with positive and negative
coefficients using the RRM is designed and experimentally demonstrated

Chapter 6: An approach to perform microwave frequency multiplication based on
enhanced four wave mixing (FWM) in an active silicon waveguide (SIWG) is studied. This
SIWG is designed and fabricated, and the use of the SIWG for MWP frequency
multiplication to generate a frequency-sextupled millimeter-wave signal is experimentally
demonstrated.

Chapter 7: The summary and future works are given.
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CHAPTER 2 BACKGROUND REVIEW OF SILICON
PHOTONIC DESIGN FOR MICROWAVE PHOTONIC
APPLICATIONS

2-1. SOl based microwave photonic applications

As mentioned earlier in Chapter 1, the MWP applications divided to four categories 1)
photonic generation of microwave signals, 2) photonic processing of microwave signals, 3)
photonic distribution of microwave signals, and 4) photonic analog-to-digital conversion.
Most of the advances in silicon photonics for MWP applications have been focused on
photonic processing of microwave signals (which have enabled filtering, tunable true time
delay and wideband phase shifting of microwave signals), and photonic generation of
microwave signals. Here, we focus on these two applications to show recent development in

SOl based devices for MWP applications.

2-1.1 Microwave photonic filter

Fig. 2.1 shows a general layout of a microwave photonic filter. The radio frequency (RF)
to optical conversion is achieved by modulating either a single continuous wave (CW) source
or a CW source array. Then the modulated signal is sent to an optical subsystem which
samples the signal in the time domain using optical delay lines and other photonic elements.

At the output, the resulting signal is sent to the receiver producing the output RF signal (So

(t)).

Input RF signal
si(t
. i) l Output
SElelcH Optical subsystem (delay . RF signal
source /Array »! Modulator > line/MRR/FBGs) > Receiver >
of CW source Soft)

Fig.2.1: General layout of a MWP filter (FBGs: Fiber Bragg Gratings)



The most powerful approach for the implementation of MWP filters is that based on
discrete time signal processing [15] where a number of weighted and delayed samples of the
RF signal are produced in the optical domain and combined upon detection. In particular,
finite impulse response (FIR) filters combine a finite set of delayed and weighted taps of the
input optical signal (a RF-modulated optical carrier) at their output while infinite impulse
response (IRR) are based on an infinite number of weighted and delayed taps of the input

optical signal [16]. For an example the transfer function of FIR filter is given by
~ j27Kfee T
H(fee) =D ae 2% (2-1)
k=0

where ak represents the weight of the sample, N is the number of samples and T the time
delay between consecutive samples implies that the filter is periodic in the frequency domain.
The period, known as free spectral range (FSR) is given by frsr = 1/T. MWP filters can also
operate under coherent and incoherent regime. In the incoherent regime the basic delay T is
much greater than the coherence time of the optical source that feeds the filter while in the
coherence regime is much smaller. Spectral response can be compressed or stretched by
changing T. This is a technique usually used for tuning the notch or pass-band positions of an
MWP filters.

One of the key components in the MWP filter structure (Fig.2.1) is the optical subsystems.
Several SOI based photonic subsystems have been reported [17-42]. A fully reconfigurable
fourth-order RF photonic filter on SOI platform with a tunable 3-dB bandwidth of 0.9-5
GHz, more than 38 dB optical out-of-band rejection, FSR up to 650 GHz, and compact size
was demonstrated in [17]. The filter architecture is shown in Fig.2.2 (a). Each unit cell is a
Mach-Zehnder interferometer (MZI1) and a feedback loop (in this case, a racetrack resonator)
that is coupled to the MZI arm using a tunable coupler. The use of ring resonator enables a
reduction in size, weight and power of each unit cell, and a large number of these unit cells,

can be cascaded on a single chip.
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Fig.2.2: (a) optical micrograph of the fourth-order cascade filter implemented by cascading two second-order unit cells. (b)

Zoom in view of each unit cell including a racetrack resonator embedded in MZI structure, (c) Band-pass filter response
shows the flat top, the blue (dashed) curve shows that the bandwidth can be fine-tuned without affecting the other
parameters of the response [17].

In [18] a tunable and reconfigurable pass-band microwave photonic filter based on an
integrated optical processor was demonstrated on a SOI substrate. The optical processor
based on micro-rings, MZI, and Y-branches (Fig.2.3.) were utilized to produce two pass-
band responses for separately processing optical carrier and sideband. Fig. 2.4 shows that the
operating frequency and 3-dB bandwidth of filter could be tuned from 18 to 40 GHz and
from 4 to 15 GHz, respectively.

Fig.2.3: Optical micrograph of the proposed optical processor. (MR: microring) [18]



Electrical power (dBm)

Frequency (GHz)
Fig.2.4: (a) Tunable center frequency from 18 to 40 GHz with the 3-dB bandwidth of ~5 GHz. (b) Tunable bandwidth from

4 to 15 GHz while maintaining center frequency of ~22 GHz [18].

Most of the high-order silicon ring filters typically have bandwidths larger than 100 GHz.
In some MWP application a flat band-pass and narrow 3 dB bandwidth is necessary. In
[19]1-2 GHz-bandwidth filters with very high extinction ratios (~50 dB) was demonstrated
based on mutually coupled silicon ring resonator. Mutually coupled resonators have the
ability to produce higher-order filter responses with a flat-top. Each ring of a filter was
thermally controlled by metal heaters placed on the top of the ring (Fig.2.5). 3dB bandwidth
of 1.9 GHz experimentally was achieved as shown in Fig.2.6. In another demonstration [20]
a fully-reconfigurable fourth-order silicon optical lattice filter was implemented by cascading
unit cells including an MZI and an MRR. The experimental results showed a notch filter with
400 MHz notch width.

heater pad metal trace

Fig.2.5: Image of the fabricated filter [19].
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Fig.2.6: Transmission spectra for the 5th-order ring filter [19]

A novel photonic microwave filter implementation based on an asymmetric SOI based
Mach-Zehnder modulator (MZM) was demonstrated in [21]. The asymmetry of the MZM
has been utilized to achieve positive and negative filter coefficients. Active performance was
based on a reverse biased P-N junction that was incorporated in the shorter arm of the MZM
as shown in Fig.2.7 (a). Two filter responses with two and three taps were experimentally
demonstrated as shown in Fig. 2.7 (b) and (c), respectively.

(b)

Modulated

Relative amplitude [dB]

10
Frequency [GHz]

Relative amplitude [dB]
3

% Frequency [GHz] L
Fig.2.7: (a) Schematic of the silicon Mach-Zehnder modulator for implementing the MWP filter, (b) two-tap response, (c)
three-tap response .The solid line represents the experimental results and the dotted the theoretical estimation [21].



2-1.2. Delay line and phase shifter

Optical delay lines (ODL) and wideband tunable phase shifters have substantial
importance in some MWP signal processing applications such as optical beam-forming and
MWP filter. In 1997 Yegnanarayanan et al. [22] demonstrated the first optical delay line in
SOl for true time-delay phased array antenna. They used eight-channel 3um wide
waveguides with a time delay of 12.3ps measured over 2-20GHz frequency range. An
electronically tunable optical true-time delay line was proposed in [23], this delay line
utilized the combination of apodised gratings and the free-carrier plasma effect to tune the
delay of silicon waveguides at a fixed wavelength. The device showed a tuning ranges as
high as ~660 ps with a loss of < 2.2 dB when operated in the reflection mode of the gratings.
An integrated delay lines based on tapered Bragg gratings in SOI rib waveguides was
presented in [24]. A tuning range of 450 ps was achieved using the thermo-optical effect.
Besides delay, phase shifting is also attractive for a number of signal processing applications.
Burla et al. [25] demonstrated the separate carrier tuning (SCT) scheme together with optical
single sideband filtering monolithically integrated in a single chip. The SCT unit worked as a
phase shifter in the system. The SCT unit which was implemented using a pair of cascaded

optical ring resonators (ORRS) is shown in Fig 2.8 (a). By adjusting the position of its
resonant frequency with respect to the carrier wavelength (2.8(b)), RF phase shift up to 360°
was obtained over a less than 2GHz bandwidth (2.8(c)).

SCTunit  (a)
(e (en) | L .
; ; Separate carrier tuning (SCT) ynit (b)
i carier tuner | 0
i 180
_____________________________ o) A
5 & B GG e 3B \ \
8 s et o S !
s (73] H
9 w7201 - - optical :
§a — 5 ] carrier T usB
5 o _ -900 1.2 GHz 1 GH
s = 1080 1 « > 2y
) T T T T T T T T I
135 T -0.25 0 +0.25
m Normalized frequency (FSR..)

10 12 14 16 1B 20 22 24
Frequency (GHz)

Fig.2.8: (a) separate carrier tuning unit, (b) the phase response, (c) measured RF phase shift. (USB: upper side band) [25]
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An electrically tunable MWP phase shifter using a single SOI-MRR or two cascaded SOI-
MRRs with a phase shift of 204° or 360° at 40 GHz was demonstrated in [26, 27]. The phase
tuning was implemented using an embedded micro-heater. Since the phase shift was
achieved at a single frequency, the phase shifter in [26, 27] was, in fact, a true time delay line.
In [28], an all-optically tunable MWP phase shifter with a phase shift of 260° was achieved
by using a single passive MRR. The tuning was realized by utilizing the thermal nonlinear
effect due to two photon absorption (TPA) in the silicon waveguide. The advantage is that no
micro-heater is needed, which simplifies the design. However, due to the limited phase
tuning range, it is difficult to realize a full 360° phase shift using a single MRR.

2-1.3. Microwave signal generation

The focus of recent research in microwave signal generation is on generating ultra-wide
bandwidth (UWB) RF waves and extremely stable and pure microwave carriers. Recently, an
integrated ultra-broadband arbitrary microwave waveform generator that incorporates a fully
programmable spectral shaper fabricated on a silicon photonic chip was demonstrated in [29].
The spectral shaper was implemented using eight cascaded MRRs, each having a slightly
different resonant wavelength on a silicon photonics platform. The resonance wavelengths
could be tuned by micro heater. The typical bending radius was Spum and the waveguide
propagation loss was around 3.5dB/cm. The principle of this photonic arbitrary microwave
waveform generation system is shown in Fig. 2.9. The input light source was a mode-locked
and amplified femtosecond laser, which had a broadband spectrum. The spectral shaper was
used to modify the spectrum emitted from a mode-locked laser. Frequency-time mapping
was achieved with 5.5 km of optical fiber, and then optical signal converted to the electrical

domain using a high-speed photodetector (PD).
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Fig.2.9: On-chip arbitrary waveform generation using cascaded of 8 MRR resonators in SOI platform [29].

A photonic-assisted microwave signal generator based on a silicon MRR modulator was
demonstrated in [30]. A PN junction was embedded in the MRR cavity. The DC component
of the modulated light was trapped in the cavity, while the high-order sideband components
were able to exit the cavity and then generate microwave signals at new frequencies.
Experimental results showed that a 10 GHz microwave signal was converted to a 20 GHz
signal in the optical domain with an electrical harmonic suppression ratio of 22 dB. Fig.
2.10(a) presents a schematic diagram of the microwave signal generation system. A cross
section of the rib waveguide forming the ring is shown in Fig. 2.10 (b). The rib waveguide
was embedded with a lateral PN junction whose doping concentration was 1.5 x 10%cm?.
The two ohmic contact regions of the PN junction were heavily doped to 1 x 102%¢m?3. The
etching depth was 160 nm and the dimension of the rib waveguide accommodating the PN

junction was 450 nm x 220 nm.
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Fig.2.10: (a) Schematic diagram of a typical microring cavity in the microwave signal generation system. (b) Cross section
of rib waveguide. TL, tunable laser; PC, polarization controller; DUT, device under test; GC, grating coupler; DC, direct
current; EDFA, erbium-doped fiber amplifier; ESA, electrical signal analyzer. Optical fiber is represented by solid lines and
the electrical path is represented by dashed lines [30].

2-2. Other emerging applications

On chip microwave frequency conversion is another technique that recently received
increasing interest. In this approach, RF frequency mixing for signal up-conversion and
down-conversion is performed in a silicon photonic integrated circuit. In [31] the RF mixer
was realized in silicon electro optical MZM enhanced via slow-light propagation. An up-
conversion from 1 GHz to 10.25 GHz was demonstrated. A summary of some integrated
MWP demonstrations based on SOI platform since 2005 until mid-2015 is shown in Table
1.1.
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2-3. Objective of this research

Most of the reported MWP filters [18-23] were based on MZMs. In this research an SOI
based ring resonator modulator (RRM) is designed to implement a multi tap MWP filter.
Compared to MZMs, RRM offers plenty of advantages such as compact footprint, low
driving voltage and ultra-low power consumption. Most of the reported MRR based phase
shifters [25-28] suffer from insufficient phase shift or narrow bandwidth. Here, we have
designed a wide band full 360° MWP phase shifter based on three cascaded MRRs. We also
have utilized the nonlinear four-wave mixing (FWM) effect in silicon for MWP signal
generation. In addition, the nonlinear thermo-optic effect in silicon is used to add tunability
to the passive MWP filter and phase shifter.

Tablel.1. Reported results for MWP demonstrations based on SOI platform

Year Functionality Key component Reference
2005 Delay line Photonic crystal [32]
2007 MWP filter MRR, MZI [33],[34]
2010 Delay line MRR [35]
2010 MWP filter MZI [36]
2010 MWP filter MRR [37]
2012 UWB generator MRR [38]
2012 Delay line Resonator [39]
2013 MWP filter MRR [40]
2014 RF phase shifter | MRR [41]
2015 RF generator MRR [42]

14




2-4.  Silicon photonic design procedure
A complete development process of any silicon photonic structure can be split into four
basic steps: design (including modelling, simulation and analysis), mask generation,

fabrication and characterization, which are explained in the following sections.

2-4.1. Design

First, we tried to model the performance of the device under study. In silicon based devices
due to high index contrast between core and cladding the analytical approach is not the only
modeling procedure of photonic structures. In this case, we simulated the device under study
to analyze its performance. We have employed the following computational tools to study
the behaviour of our designs: the finite difference time domain (FDTD), the finite difference
frequency domain (FDFD) and interconnect. In the case of electro-optic modulators design,
semiconductor device simulation is used to simulate the electrical structures besides the

optical modelling.

2-4.2. Mask generation

We derived appropriate design parameters from the modelling and simulation process. We
then generated the mask design for the fabrication. Usually, a set of photonic structures are
designed varying the parameters in a wide range. The graphic database system (GDS)
generates final file of the mask which finally is sent to the fabrication foundry. Final GDSs
corresponding with this research work are shown in Fig. 2.11. The active design (Fig.2.11
(@) consists of ring modulator, phase modulator, active silicon waveguide, cascaded ring
modulator with phase modulator and a Mach-Zehnder modulator. The passive design

(Fig.2.11 (b)) includes single and cascaded MRRs with different parameters.
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Fig.2.11: Final GDS corresponding to this research work, (a) active design, (b) passive design

2-4.3. Fabrication

For this research, the first silicon photonics foundry services were offered by IMEC
(formerly the Inter-university Microelectronics Centre; in Leuven, Belgium). The fabrication
process for passive and active silicon photonic process was included using 193nm and 248
nm deep-UV lithography, respectively. The active design was fabricated in the Institute of
Microelectronics (IME) in Singapore. The most common impurities used to dope silicon
were boron and phosphorus, which are respectively situated in the 111 column and V column
of the periodic table. The dopants implants for the modulators were performed on the
exposed silicon, prior to any oxide fill. This was followed by a rapid thermal anneal at 1030

°C for Si dopant activation. The image of the fabricated chips is shown in Fig. 2.12.
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Fig.2.12: Image of the fabricated chips corresponding to this research work, (a) active design, (b) passive design

The general procedure for silicon photonic design has been summarised in Fig. 2.13.

end verified design for
fabrication (IME, IMEC

Fig.2.13: Graphical overview of a silicon photonic design workflow, starting from the simulation of the devices, the mask
layout generation, verification, fabrication and testing.
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CHAPTER 3 AN SOI BASED MICRORING
RESONATOR FOR A SINGLE PASS-BAND
MICROWAVE PHOTONIC FILTER

3-1. Silicon-on-insulator

The wafers commonly used for silicon photonics are termed silicon-on-insulator (SOI).
The typical wafer consists of a 725 um silicon substrate, 2 um of oxide (buried oxide, or
BOX), and 220 nm of crystalline silicon, as shown in Figure 3.1. The 220 nm thickness has
become a standard used in particular by multi project wafer foundries (e.g. IMEC and IME).
The height of the BOX layer should be at least 1 um to ensure minimal substrate leakage
losses.

The refractive index wavelength dependence of silicon and silicon dioxide should be
considered to describe the dispersion effects. Fig. 3.2 shows the wavelength dependence of
the refractive index at a room temperature for both silicon and silicon dioxide using the
models determined by Li [43] and Tan and Arndt [44]. Most of the light is confined in the
silicon and the silicon dioxide dispersion and temperature dependence does not play an

important role in the performance of silicon photonic circuits.

Cladding oxide

Burried oxide (BOX),
2pum

Fig. 3.1: Cross-sectional view of silicon-on-insulator (SOI) wafer.
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Fig.3.2: Refractive index of (a) silicon and (b) silicon dioxide versus A at room temperature (T=300K) [43], [44]

3-2. SOI waveguide

The propagation loss in SOI waveguides has a large variation depending on the waveguide
dimensions and processing conditions. There are two types of waveguides commonly used in
silicon photonics technology: rib and strip waveguides (Fig.3.3). The rib waveguides exhibit
relatively low-losses down to 1-2 dB/cm, but limited in bending radius to hundreds of
micrometers [45]. Strip waveguides on the other hand show higher losses in the order of 2-3
dB/cm [46] but they allow ultra-compact devices in the order of a few micrometers due to
the tight bending radius. Silicon strip waveguide (Fig.3.4) is a basic and crucial component
in photonic integrated circuits. The light is guided in the waveguide through total internal
reflection and its confinement is largely determined by the refractive index between the
waveguide core and the surrounding cladding. The SOI material provides very high
refractive index contrast and makes it possible to confine the light tightly to a silicon
waveguide. To ensure single mode propagation and low propagation loss, the waveguide

core height and width must be carefully chosen.
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Fig.3.3: Common waveguides in silicon photonics. (a) Strip waveguide, (b) Rib waveguide

If the waveguide width is too large, the higher order modes leak into the silicon dioxide
layer because the higher order modes have an effective index closer to that of the silicon
dioxide. If the waveguide width is too small, none of the modes can be guided and all of the
light radiates into the surrounding media. The silicon thickness is typically constrained to
what is available by the foundry (SOI thickness of 220 nm, or etched silicon with a 90 nm
thickness). For the given thickness, we find a suitable waveguide width to support only a
single TE and TM waveguide mode. Bogaerts [47] measured the propagation losses versus
waveguide width with a fixed height of 220 nm as shown in Table 3.1. For width=500nm the
propagation loss reaches to the minimum value, also the strip waveguide becomes single
mode for TE polarization when the waveguide width is between 550 nm and 440 nm in the
wavelength range around 1550 nm. The propagation losses exponentially increase with
decreasing waveguide width due to weaker confinement of the optical mode. The strong

confinement of light in sub-micrometer SOl waveguides allows sharp bends to be created.
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Fig.3.4: Cross-sectional view of silicon-on-insulator (SOI) strip waveguide with air cladding, (a) 2D view, (b) 3D view

Table 3.1: Propagation losses versus waveguide width [47]

Width (nm) Propagation loss (dB/cm)
400 34+ 1.7
440 9.5+1.8
450 7.4+0.9
500 2.4+1.6

Fig. 3.5 shows that how effective index change versus wavelength for different waveguide
widths. The effective index decreases with an increase in wavelength for two main reasons:
1) the refractive index of the material decreases with wavelength and 2) the optical mode
confinement decrease when the wavelength increases. The effective index increases with an
increase in waveguide width because the optical mode confinement increases. Fig.3.6 shows
the simulation result of the fundamental mode profile for strip waveguide (500nmx220nm)
with a TE-like polarization, the field and energy is strongly confined inside the waveguide,
although about 10% of the field is in the cladding. This is the mode used for most silicon

photonics devices.
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Fig. 3.6: Simulation results of TE (first mode) mode profile of a 500 x 220 nm strip waveguide at 1550 nm, effective index

mode is neff = 2.44,

3.3. Directional coupler

The directional coupler is the most common method of splitting and combining light in
photonic systems. The directional coupler consists of two parallel waveguides, where the
coupling coefficient is controlled by the length of the coupler and the spacing between the
two waveguides (Fig. 3.7). The behaviour of a directional coupler can be found using
coupled mode theory [48]. The fraction of the power coupled from one waveguide to the

other can be expressed as:
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P
k* = 9% —gin*(C.L -
) CL) (3-1)
where Po is the input optical power, Pcross is the power coupled across the directional coupler,
L is the length of the coupler, and C is the coupling coefficient. The fraction of the power

remaining in the original through waveguide can be expressed as:

P rou
t? = thP % = cos’(C.L) (3-2)
0

P through

YA 500 nm

Gap
220 [

@ x (b)

Fig.3.7: Schematic of the SOI directional coupler, (a) 2D view, (b) 3D view

To obtain the coupling coefficient, we use super-mode analysis, to calculate the effective
indices (n1 and n2) of the two eigen-modes of the coupled waveguides. These two modes, is
shown in Fig. 3.8, are known as the symmetric and anti-symmetric super-modes. From these
two super-modes, the coupling coefficient is found:

_ AN

T (&3

where 4n is the difference between the effective indices (n1 — n2) and is calculated using a
2DFD mode solver. All simulations are for a fixed waveguide width and height of 500 nm

and 220 nm, respectively. The propagation constant of the two modes are given by:

_2m, :
== (3-4)
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Py = (3-5)

When the modes travel along the directional coupler, the field intensity oscillates between
the two waveguides. With the two modes in phase, the power is placed in the first
waveguides. After a = phase shift difference between two modes, the power becomes
localized in the second waveguide. This occurs after a distance called the cross-over length,
Lx, and is found by:

ﬂle_ﬂZLx:ﬂ.
2zn, 27N
L[ /11__/12]:,; (3-6)
_A
* 2An

Fig. 3.9 shows the difference between the effective indices (n1-nz) versus wavelength for
gap distances of 200 nm, 300 nm, 400 nm, and 500 nm. As expected, the difference between
n1 and nz decreases with increasing gap distance. Also, n1 is greater than nz since the odd
mode is less confined. Once the waveguides are sufficiently far apart, the difference between

n1 and n2 becomes effectively zero, which corresponds to an infinite Lx.

(a) (b)

Fig.3.8: Simulated result of two fundamental modes of a directional coupler. (a) Symmetric mode. (b) Antisymmetric mode.
The asymmetric nature of the 2nd mode profile is evident in the zero-crossing in the centre of the gap. A = 1550 nm, coupler
gap = 200 nm, waveguide dimension: 500 nm x 220 nm.
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Fig. 3.9: Simulated result for difference between the effective index versus wavelength for gap distances of 200 nm, 300
nm, 400 nm, and 500 nm.

We can calculate the field coupling coefficient (k) using (3-1) for any directional coupler
gap or length (L is the coupler length) as:

P 77AN

k = [eed 2 = sin(—.L)‘
P A (3-7)
If we assume there is no loss in the coupling region, we can write
2 2
k| +t] =1 (3-8)

where |t[> and |k|? are the power transmission factor and power coupling factor, respectively.
Fig. 3.10 shows numerical results for the power coupling factor and power transmission
factor versus coupling length for a fixed gap distance of 200 nm. For coupling length equal
20 pum a 50-50 directional coupler can be achieved. Also, the cross over length (Lx) for the
gap variation from 50 nm to 300 nm is calculated and the result is shown in Fig. 3.11(a). If
the gap distance decreases, the length at which total power transfer occurs will decrease. Fig.

3.11(b) shows the cross over length versus wavelength for gap=200nm.
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Fig. 3.10: Simulated results for coupling power ratio versus coupling length (L), gap distance = 200 nm, and A = 1550 nm.
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Fig.3.11. Calculations for a strip waveguide directional coupler, 500 x 220 nm. (a) Cross-over length, Lx, versus gap space,

A=1550 nm, (b) Wavelength-dependence of the cross-over length for gap = 200 nm.

3.4. Ring resonator

The MRR can be treated as a round waveguide coupled to a straight waveguide. Fig. 3.12
shows a MRR that is coupled to a straight bus waveguide. The optical input Ei1 travels along
the upper straight waveguide and enters the coupling region which is modeled with the

lossless coupling matrix [49]

Etl _ t k Eil
E,| |-k t'|[E, (3-9)
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Ei1

Ei2 Ew

Fig.3.12: Model of a single ring resonator with one waveguide

The * denotes the conjugated complex value of t and k, respectively. A portion of the input
wave is coupled into the resonator to form a travelling wave that circulates clockwise around
the ring. During a single round-trip, the circulating wave is diminished, due to intrinsic
optical losses, by an attenuation factor a = exp(-aL/2) where « is the attenuation coefficient
in the ring and L is the total circumference of the ring. Using (3-9) the ratio of the transmitted

and incident field in the bus waveguide is given by

E, {t—aexp(j(p)}

E

1-taexp( jo) (3-10)

il

t2 + k? =1 for lossless coupling. ¢ = AL is the round-trip phase change of the ring and j is the
. 2 : : .

propagation constant (8 = kn =7”neff ), Where neit is the effective refractive index of the

waveguide and A is the wavelength. We find the ring to be on resonance when the phase ¢ Is

a multiple of 2xt. The total phase shift of the transmitted light for one ring is given by

tsin atsin
¢ = 7 + @ +arctan 1% | arctan| ——2 (3-11)
a—tcose 1-atcose

By squaring (3-10), we obtain the intensity transmission Tn as follow,

27



2
Etl _

E

a’—2tacosg+t°

T = = >
1-2atcos¢ + (ta)

n

(3-12)

il

When the ring resonator is coupled to two waveguides, the incident field is partly
transmitted to the drop port (Fig 3-13). Transmission to the pass and drop port can be

obtained as follow

Ei1 Et1

Ei2

Ew2

Fig. 3.13: Model of an add-drop MRR with two waveguide

. tfa®-2ttacosg+t’

Ta = E, 1-2att,cosg+(4t,a)° (3-13)

_E,_ (@-t)Ha-t)a
T E, 1-2att,cos¢+(tt,a)’ (3-14)

The transmission function (Tn, Tpand Ta) is shown in Fig. 3.14. The wavelength distance

between two resonances or free spectral range (FSR) in function of wavelength equals:

/12
FSR = -2 (3-15)

ngL

The group index takes into account the dispersion of the waveguide and is defined by

dn
N, =Ng — A, —o

g res W (3-16)
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The quality factor (Q-factor) is a measure of the sharpness of the resonance relative to its
central frequency,

/1['95
Q - factor = BWHM (3-17)

Mes 1S the resonance wavelength and FWHM is the full width at half maximum of the

resonance spectrum and for an all-pass ring resonator equals [49]

(1-ta)A’

res

7N, L\/a (3-18)

In (3-12) by setting t=a internal losses are equal to the coupling losses. The transmitted

FWHM =

power becomes zero (Tn=0), this is known as the critical coupling condition. At critical
coupling, the phase response jumps abruptly. By setting t<a the MRR works in over-coupled
condition. Compared with the critical-coupling case, the transmission is broadened and the
notches are much shallower; the total phase change across one FSR is 2w, but with a reduced
slope, which corresponds to a smaller group delay. For under-coupling (t>a) condition the
phase shift near the resonance shows a strong decrease [49].
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Fig.3.14: Numerical result for transmission spectrum of an all-pass ring and the two outputs of add-drop ring with the

important spectral features indicated. a = 0.94, t1=t2=t=0.9. Because of the additional losses introduced by the second
coupling section, the add-drop ring has a broader resonance.
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3-4.1. Racetrack resonator

To control the coupling parameters we have used a racetrack resonator instead of the ring
resonator as shown in Fig. 3.15. There is a parallel length (L) between resonator and bus
waveguide. Transmission and phase response at the through port of the racetrack for varying
coupling coefficients is shown in Fig. 3.16. Here, we assume the diameter of the ring is
30um, the effective group index of the SOl waveguide is 4.26 and the ring works in over
coupling condition. By increasing the coupling coefficient the notch depth and the slope of
the phase response in resonance wavelength will reduce. In next sections, for the sake of

simplicity the notation “MRR” has been used for all types of resonator (ring and racetrack).

Input port t Through port
4 Et1

Ei1 Gap¢ }

Coupling length (L)

a

Fig.3.15: Schematic of the racetrack resonator
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Fig. 3.16: Transmission and phase response at the through port for varying coupling coefficients. (a~0.997, R=30um,

L=10pum).
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3-4.2 High Q-factor MRR design

MRR with a very high Q factor can be used directly for filter applications. For proper
design and optimization of a high-quality resonator, several aspects have to be considered.
Q-factor can be rewritten as a function of the physical parameters of an all-pass ring

resonator [49]:

an_L+/ta
Q- factor=—2—— (3-19)
Ares (1—12)
And for an add-drop ring resonator:
. Li/tta
Q- factor=—2 Y 12" (3-20)

As (1 —1,t,8)

The Q-factor represents the number of oscillations of the field before the circulating
energy is depleted to 1/e of the initial energy. In order to increase the Q-factor, it is crucial to
reduce the losses in the cavity. The round trip loss as well as coupling loss in the directional
couplers is loss factors that need to be reduced to obtain high-Q MRR. Therefore an all-pass
resonator will exhibit a higher Q-factor than an add-drop resonator (when both devices
operate close to critical coupling). The Eq. (3-19) shows that a higher Q is obtained for large
L and small cavity loss, but these two terms are not independent since the accumulated
propagation loss increases with the cavity length. Propagation loss is set to 2.7dB/cm
(corresponding to waveguide losses in a silicon wire with air cladding in the IMEC
fabrication process). Our design is based on all pass MRR with 30um radius and coupling
length of 10um. The numerical result for Q factor versus wavelength for different gap
distance is shown in Fig.3.17. As the gap increases, coupling coefficient decreases (t
increases) which causes an increase in Q-factor. A MRR with the following parameters has
been simulated using Mode software and the results are shown in Fig. 3.18. The transmission
response for the MRR with R=30um, L=10um and gap=280nm is shown in Fig. 3.18 (a) the
Q-factor reach around 10°. With decreasing the gap distance to 240nm the Q factor decreases
to 9000 (Fig.3.18 (b))
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Fig.3.17: Numerical result for Q factor versus wavelength for different gap distance. (R=30um, coupling length=10um)
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Fig.3.18: Transmission response for the designed MRR (a) Q=10°, (b) Q=9000

Fabrication process includes a technique (corner analysis) that considers typical process
variations for each parameter. For example, the thickness of the SOI layer may be specified
as 220 nm, with a £10 nm variation. Similarly, other fabrication parameters have variations,
such as ring radius, coupling length, gap distance and waveguide width. Image of the
fabricated MRRs is shown in Fig 3.19, which shows MRRs with different variations. Two
grating couplers are incorporated to couple the light into the MRR from a single mode fiber

and out of the MRR to another single mode fiber.
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Most of the silicon-based devices need an interface between the input and the single-mode
optical fibers. In our design, we have used a grating coupler for all of the device inputs. In a
grating coupler, the fundamental mode from the silicon waveguide is first expanded laterally
by an adiabatic taper into a waveguide of about 10 pum width. This width is match with the
mode size of an optical fiber on the y axis as shown in Fig 3.20. The light is then coupled out
by the diffraction of shallow-etched gratings into the optical fiber. For most of the grating
couplers, the optical fiber is orientated with an angle 6 of about 10°. This is to avoid the large

second-order Bragg back reflection [50].
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Fig.3.19: Image of the fabricated MRR with different variation in coupling length, radius and gap
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Oxide n=15

Silicon n=3.47

Fig. 3.20: Schematic of a waveguide grating coupler between an optical fiber and silicon waveguide. 0 is the angle of the

fiber axis to the surface normal of the SOI wafer, and the yellow arrow shows the direction of light propagation [50].

3-5. Experimental setup to measure the transmission response of the
MRR

Fig. 3.21 shows the experimental setup that we used in our lab to measure the MRR
transmission response. A signal from a broad band source has been sent to the input of the
MRR through the polarization controller (PC). We adjust the PC to ensure that the input
signal to the MRR is TE polarized. Fig.3.22 shows how the single mode fiber coupled into
and out of the MRR. The MRR output is then sent to the optical spectrum analyser (OSA).
The measured MRR transmission response is shown in Fig 3.23. As you can see the insertion
loss in 1550nm is about 25dBm. Two main factors limit the coupling efficiency of grating
couplers and leads to high insertion loss. First is the poor directionality of grating diffraction.
Second one is the mode mismatch between the field profiles of the diffracted light from the
waveguide gratings and the fiber mode. Because the coupling coefficient is a wavelength-

dependent parameter, the notch depth has been changed with wavelength.
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Fig. 3.21: Experimental setup to measure transmission response of the MRR, PC: polarization controller, OSA: optical

spectrum analyser, GC: grating coupler.
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Fig.3.23: Measured transmission response of the MRR over 60 nm bandwidth
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3-6. Single pass-band microwave photonic filter

In this part, we propose and demonstrate a single pass-band frequency-tunable microwave
photonic filter (MPF) based on phase modulation to intensity modulation (PM-1M)
conversion using the high Q-factor SOl MRR which was designed in previous part. The key
advantage of an MPF implemented in the optical domain is the large frequency tunable range
which is difficult to realize using electronic methods. To avoid optical interference which is
extremely sensitive to environmental changes, most of the reported MPFs are implemented
in the incoherent regime based on a multi-tap delay-line structure with a finite impulse
response (FIR) or infinite impulse response (IIR) in which the multiple taps are usually
realized using multiple wavelengths [16]. Due to the discrete time delays, a multi-tap delay-
line MPF has a spectral response that is periodic. For many applications, however, it is
required that an MPF has only a single pass-band [51]. To implement a single pass-band
MPF with a low noise figure, an effective solution is to implement MPFs in the coherence
regime [52]. In the proposed MPF, a microwave signal is modulated on an optical carrier at a
phase modulator. The phase-modulated signal is then sent to the MRR. One first-order
sideband is suppressed by the notch, thus the phase-modulated (PM) signal is converted to an
intensity-modulated (IM) signal, and PM-IM conversion is achieved. The detection of the
single side band (SSB) signal at a photodetector (PD) would generate a microwave signal.
The overall operation is equivalent to a single pass-band MPF with its center frequency

determined by the wavelength difference between the optical carrier and the MRR notch.

3-6.1. Principle of operation

Fig.3.24 shows the schematic of the proposed signal pass-band MPF. A light wave from a
laser diode is coupled to a phase modulator, to which a RF signal is applied via its RF port to

phase modulate the light wave. The modulated signal can be expressed as

E(t)= A’ + Aﬁlej(w"_w )ty A_lej(“’“mRF r (3-21)

where Ao is the optical field of the input light wave, Ai and A-1 are the first order sidebands.

The value of the phase modulation index is set small so that the power of the second-order
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and higher order sidebands is much smaller than that of the carrier and the first-order
sidebands. Therefore, only the optical carrier and the two first-order sidebands are
considered, and wo and wrr are the angular frequencies of the optical carrier and the RF
signal, respectively. Then the phase modulated signal send to the MRR, where one of the
first-order sidebands falls in the notch of the MRR. The optical carrier and the remained
first-order sideband are then applied to a photodetector (PD). The beating between these two
components will generate a microwave signal which is equivalent to a single pass-band filter
response [53].

Ao Al
Ao Input RF Ao Arf
signal ‘[
® J {
®0 A-1 f
A-1 . or
————| Modulator Notch Filter ﬁ Output RF
signal

\ [
Al ‘T‘

Transmission {dB)

wavelength (nm)

Fig.3.24: Schematic of single pass-band MPF

3-6.2. Tunability of the resonance wavelength

At high powers, the stored light in silicon MRR is absorbed via two photon absorption
(TPA) and generates free carriers. The generated carriers lead to free carrier absorption
(FCA). At wavelengths near 1550 nm TPA is significant and can result in large TPA induced
free carrier index changes. The TPA and FCA nonlinear processes result in the heating of the
resonator and this thermo optic (TO) effect causes a red-shift in the resonance [54], [55].
The free-carrier dispersion (FCD) effect due to the TPA also induced free carrier generation
and will introduce a blue-shift in the resonance wavelength. The effective resonance shift AL
owing to the counteracting effects of FCD and TO processes in the silicon MRR can be

expressed as

AL~ (AN +AN,) (3-22)

£
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where Ao is the resonant wavelength, ng is the group index of the MRR, and An_, and An,,

are the refractive index changes of the silicon owing to the FCD and TO effects, respectively.
Since the TO effect is much greater than the FCD effect, the overall wavelength is red-
shifted. Fig.3.25 shows the fabricated SOl MRR. The MRR has a radius of 30 um, the
coupling length between the ring and waveguide is 10 um and the coupling gap is 280 nm.
The transmission response of the MRR is measured and result is shown in Fig.3.26. Two
individual resonances are highlighted at the wavelengths A1=1535.85 nm and A>=1538.56
nm. The FSR is 2.7 nm. The quality factors are determined by fitting the resonances with
Lorentzian line shapes which yields Q »1=10° (first resonance) and Q= 3x 10* (second

resonance).

Grating coupler

Fig. 3.25: Image of the fabricated MRR with grating coupler
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Fig. 3.26: Measured spectrum of the MRR for TE polarization. Inserts: zoom-in views of the two notches at 1535.855 nm
and 1538.56 nm with 3dB bandwidth.
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Fig. 3.27: Experimental set-up to measure resonance wavelength shifting. LD: laser diode, PC: polarization controller, EDFA:

erbium-doped fiber amplifier, OF: optical filter, OSA: optical spectrum analyser.

To investigate the tunability of the resonances associated with the thermo optic effects, we
employed experimental set-up as shown in Fig. 3.27. We position a CW probe (LD1) on Az,
and then the wavelength of the pump light (LD2) is selected to be at A1 to maximize the
coupling of the light into the MRR. Note that the Q-factor of the MRR at A1 is about 10°, the
mode can be highly localized in high Q MRR and the red-shift will increase. Both the pump
and probe beams are coupled into the MRR via a 3dB coupler and the output spectrum is sent
to the optical filter (OF) to filter out the pump signal before sending to an optical spectrum
analyser (OSA). The measured transmission response of the MRR at different pumping
power levels of 34, 31, 28, 25 dBm (This power level is at the output of the EDFAL) is
shown in Fig.3.28. The transmission response without pumping is also shown. It can be seen
the resonance wavelength is shifted to a longer wavelength with the increase of the pumping
power. In fact, the resonance wavelength is red-shifted from about 1538.56 to 1538.62 nm

with a total wavelength shift of AA=0.06 nm.
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Fig.3.28: Measured transmission spectrum of the MRR showing a net red-shift of resonance with the increase of the pump
power from 0 (no pump) to 34 dBm.
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3-7. Experimental set up for tunable MPF implementation

An experiment based on the setup shown in Fig. 3.29 is performed. The wavelength of the
optical carrier (LD1) is chosen to be slightly less than the center wavelength of the second
notch (A2 = 1538.56 nm). Thus, one sideband will suppress in the notch of the MRR when
the microwave frequency is equal to the frequency difference between the optical carrier and
the A2. In our system, the phase-modulated light wave is injected into the MRR that is
employed to filter out one sideband, to achieve PM-IM conversion. The central frequency of
the pass-band MPF is determined by the wavelength difference between the optical carrier
and the notch. Therefore, the central frequency of the MPF can be tuned by changing the

wavelength of the optical carrier or the wavelength of the notch resonance (A2).

LD2 ] eoFal

SOI MRR

PC3

E- O

PC2 3 dB coupler

Electrical path

Optical path
VNA PD |€«— OF
Silicon waveguide

Fig. 3.29: Schematic of the proposed single passband MPF. LD: laser diode, PC: polarization controller, PM: phase

modulator, EDFA: erbium-doped fiber amplifier, OF: optical filter, PD: photodetector, VNA: vector network analyzer, PA:

power amplifier.

To measure the spectral response of the MPF, a microwave sinusoidal signal generated by
the VNA with a frequency sweeping from 45 MHz to 40 GHz is applied to the phase
modulator. This MRR is designed to only support the transverse electric (TE) mode. Thus, in
the experiment, PC2 and PC3 are adjusted to ensure that the input signal to the MRR is TE
polarized. The profile of a notch of the MRR is Lorentzian. The frequency response of the
MPF is directly translated from the Lorentzian notch due to the PM-IM conversion, thus the
frequency response should also have a Lorentzian shape. The optical carrier and the first-
order sideband are then applied to a PD. The beating between these two components will

generate a microwave signal which is equivalent to a single pass-band filter response. As can
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be seen in Fig. 3.30, the frequency response is fitted using a Lorentzian function [56], good
agreement is observed. The central frequency of the MPF is 16 GHz, corresponding to a
wavelength difference of about 0.13 nm between the optical carrier and the notch. The free
spectral range of the MRR is around 2.7 nm or, equivalently, 337 GHz. Thus, the maximum
central frequency of the single passband MPF can be 168.5 GHz, when the optical carrier is
placed in the middle of the two resonant notches. The 3-dB bandwidth is around 6 GHz,
which is determined by the 3-dB bandwidth of the notch at 1538.56 nm; the slight difference
between 3-dB bandwidth of the filter and notch comes from self-phase modulation (SPM)
effect which is resulted from TPA [57] causes the spectral broadening in the MPF spectrum
response and adds the flatness on top of the filter. The bandwidth of the MPF can be reduced

by using an MRR with a narrower notch.

Magnitude response (dB)

8 12 16 20 24 28 32 36
Frequency (GHz)

Fig.3.30: Measured frequency response of the MPF and its Lorentzian fit. The center frequency is measured to be 16 GHz
and the 3-dB bandwidth is around 6 GHz.

Then, we demonstrate the frequency tunability by optical pumping the MRR. To do so, a
pumping light from LD2 and amplified by EDFAZ2 is applied to the MRR. Since the central
frequency of the MPF is equal to the wavelength difference between the optical carrier and
the notch, by changing the location of the notch, the central frequency of the MPF is changed.
Fig. 3.31 shows the frequency response of the MPF when the central frequency is tuned from
16 to about 23 GHz by changing the pumping power from 0 (no pump) to 34 dBm. The
pumping power is measured to be 34 dBm at the output of the EDFA. Due to the low

efficiency of the grating coupler, the real input pumping power is about 27 dBm. The
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frequency tuning range is about 7 GHz. To increase the frequency tunable range, we may
simply use a pumping source with a large tunable power, but a higher pumping power may
damage the device, especially at the fiber-chip interface. Another solution is to design an
MRR that is more sensitive to the TO effect [58]. The key advantage of this method is that the
optical carrier remains constant, which is important for applications where the signal is
carried by an optical carrier with a fixed wavelength and cannot be tunable. In addition, the
use of a fixed optical carrier wavelength increases the frequency stability of the MPF.
Furthermore, the frequency tuning resolution can be significantly increased since the pumping
power can be precisely controlled with a high tuning resolution, while the wavelength tuning
step of a TLS is usually large.
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Fig.3.31. Measured frequency response of the MPF with the central frequency tuned from about 16 to 23 GHz by pumping
the MRR with a pumping power from 0 (no pump) to 34dBm.

In conclusion a single pass-band and frequency-tunable MPF based on PM-IM conversion
in an SOI MRR was proposed and experimentally demonstrated. The fundamental concept of
the approach was to filter out one sideband of a phase-modulated signal, to convert the
phase-modulated signal to an intensity-modulated SSB signal. The optical carrier and the
first-order sideband were then applied to a photodetector (PD). The beating between these
two components generates a microwave signal which was equivalent to a single pass-band
filter response with the central frequency tunable by tuning the resonance wavelength of the
MRR.
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CHAPTER 4 Optically Tunable Full 360° MWP Phase
Shifter Using Three Cascaded SOl MRRs

4-1. Cascaded MRRs

Fig 4.1 shows the cascaded MRRs configuration, we assume that all the rings are perfectly
isolated optically from one another. Each ring has the same circumference. Total

transmission response for identical cascaded MRRs is as follow [59]

i _ t-aexp(jo) ” (4-1)
E. 1-taexp( jo)

n

n is the number of the cascaded MRRs. The total phase shift of the transmitted light for one
ring is given by

tsin atsin
¢ =7 +@+arctan 0% |iarctan| —2 (4-2)
a—tcosgp 1-atcosg

By increasing the number of the MRRs in a cascaded configuration, the total phase shift can
be increased. For n identical cascaded MRRs, the total phase shift across one FSR is n¢ [59].
Fig. 4.2 shows numerical results of the transmission and phase response for an MRR at the
through port with different coupling condition in MRR. In under-coupling and critical-
coupling conditions (Figs. 4.2(a) and (b)) the phase shift cannot reach the maximum value.
Whereas, at the over-coupling conditions, as shown in Fig. 4.2(c) the phases experience a 2n
shift.

Ein Et(n+1)

Fig. 4.1. Schematic of cascaded MRRs
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As can be seen in Fig. .4.2 (d) as the notch depth decreases the maximum phase shift
decreases. Here, we assume the radius of the SOl MRR is 20um and the effective group

index of the SOI waveguide is 4.26.
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Fig. 4.2: Transmission and phase response at the through port for the MRR under different coupling conditions: (a) under-
coupling with k = 0.06, (b) critical-coupling with k?= 1-a2= 0.01, (c) over coupling with k = 0.3, and (d) over-coupling with
k = 0.4 (a~0.997). (R=30pm).

By increasing the number of cascaded MRRs the phase shift increases. For example Fig.
4.3 shows the simulation result in the over-coupling condition for three cascaded MRRs. As
expected the phase shift around 6z can be achieved. If, in this case, a single side band
modulated signal with two peaks of the desired frequency spacing is input to the MRR, the
phase difference of the two peaks can be tuned by changing the central wavelength of the
phase response, and thus realizing a microwave phase shift. Therefore, a tunable MRR
working in the over-coupling regime is preferred in order to make a microwave phase shifter

with large and continuous tuning range.
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Fig. 4.3: Transmission and phase response at the through port for the three cascaded MRRs under the over-coupling
condition with k = 0.4 (a~0.997)

4-2. MWP phase shifter

Microwave phase shifters are one of the key components of microwave systems in
applications such as phased array antennas, arrayed signal processors and microwave filters
[1]. However, it is difficult to realize phase shifters that can operate over a very wide
microwave frequency range using pure electronics phase shifters [60]. The use of photonic
solutions to implement microwave phase shifters has the advantages of greater bandwidth
due to the ultra-wideband nature of photonics, and large tunability. In this part, we propose
and experimentally demonstrate a full 360° optically tunable phase shifter based on three
cascaded passive MRRs over a broad bandwidth of 7 GHz. The result for single MRR s also
discussed. In order to introduce a phase shift in microwave signal, it is applied to an optical
single-sideband (OSSB) modulator to generate an optical carrier and a sideband. The phase
shift is introduced to the modulated signal by placing the optical carrier within the bandwidth
of one of the MRRs resonances. The phase tuning is implemented based on the thermal

nonlinear effect in the MRRs as discussed in chapter 3.
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4-3. Principle of operation

Fig.4.4. shows the schematic of a microwave photonic phase shifter using an SOl MRR. A
microwave signal to be phase shifted is modulated on an optical carrier at an OSSB
modulator. The OSSB-modulated signal with an optical carrier and a sideband is then sent to
the SOI-MRR. Mathematically, under small-signal modulation condition the optical field at

the output of the OSSB modulator (point B) can be expressed as
E(t), :Abexp(ja)ot)+A1exp[j(a)o+a)r,)t] (4-3)

where Ao and ax are the amplitude and the frequency of the optical carrier, and A1 and ao+ axt
are the amplitude and frequency of the first-order sideband, respectively. The optical field at
the output of the SOl MRR (point C) is given by [28]

E..(t)= ABexp(jo,t)exp(j6,)+AB’ exp[j (a’o + @y )t} (4-4)
AO . Ao A B
Input microwave 0 X
signal A1 f AlxB' Arf
A
o T | | T
Mo o wotorf o wotorf wrf
Light ——*—»| OSSB Modulator »  SOI-MRR . » PD ) Output imri]crlowave
A B C ﬁ D signal
_A90_> A Bo

o orf

Optical path
Electrical path

Phase (rad)

Transmission (dB)

wavelength (nm)

Fig.4.4. Schematic of the proposed microwave photonic phase shifter. OSSB: optical single-sideband, SOI-MRR: silicon-
on-insulator microring resonator, PD: photodetector. (The amplitude and phase of the SOI-MRR have been shown)

where B and B’ are the amplitudes of the MRR spectral response at ao and wo+axf,
respectively and 6o is the phase shift at o of the MRR spectral response. The phase shifted

optical carrier and the first-order sideband are then applied to the PD. The beating between
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these two components will generate a microwave signal (point D) with a phase shift equal to
the phase difference between the optical carrier and the first-order sideband. The phase-
shifted microwave signal is given by

iqe (t) = R|E,, (1)|" = RA,ABB' cos(w,t +6,) (4-5)

out

where R is the responsivity of the PD. As can be seen from Eq. (4-5), the phase shift
introduced to the optical carrier by the SOl MRR is directly translated to the microwave
signal. The value of the phase shiftis optically tunable by optically pumping the SOl MRR
which would cause a continuous lateral shift of the spectral response and consequently a

phase shift.

4-4. Experimental results

The key component in the proposed MWP phase shifter is the SOl MRRs fabricated on an
SOI platform. Each MRR has a radius of 20 um with a 220-nm-thick silicon slab on top of a
2-um silica buffer layer. The coupling length between a MRR and the waveguide is 10 pum.
Two grating couplers are incorporated to couple the light into the MRRs from a single-mode
fiber and out of the MRRs to another single-mode fiber. Fig 4.5 shows the images of the
fabricated single MMR and three cascaded MRRs. An experiment is performed, which is
done based on the experimental setup shown in Fig. 4.6. A light wave from a laser diode
(LD1) is coupled via a polarization controller (PC1) to a Mach-Zehnder modulator (MZM),
to which a microwave signal from a vector network analyzer (VNA) is applied via the RF
port. An optical double-sideband (ODSB) signal is obtained at the output of the MZM. To
suppress one of the two sidebands, a wave-shaper serving as an optical notch filter to
suppress one sideband is connected to the output of the MZM and an OSSB-modulated

signal is thus obtained.
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Fig. 4.5: An image of the fabricated single MRR, and 3 cascaded MRRs.
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Fig. 4.6: Experimental set up. LD: laser diode, PC: polarization controller, MZM: Mach-Zehnder modulator, EDFA:

erbium-doped fiber amplifier, OF: optical filter, PD: photodetector, VNA: vector network analyzer, PA: power amplifier.

The OSSB-modulated optical signal is then sent to the SOI-MRRs via a second PC (PC2).
A pumping light wave from a second LD (LD2) is amplified by an erbium-doped fiber
amplifier (EDFAL) and sent to the SOl MRRs via a 3-dB coupler. The MRRs are designed to
only support the transverse electric (TE) mode. Thus, during the experiment, PC2 and PC3
are adjusted to ensure that the input signal to the MRRs is TE polarized. The output optical
signal of the MRRs is amplified by a second EDFA (EDFA2) and sent to an optical filter
(OF) to filter out the residual pumping light before applying to a PD. Fig. 4.7 shows the
measured magnitude and phase response of an MRR at different pumping power levels of 27,
22, 18dBm. The response without pumping is also shown. By increasing the pump power,

the magnitude and phase response is shifted to a longer wavelength. By placing the optical
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carrier and sideband of an OSSB signal in the bandwidth of the phase response a phase shift
will be introduced to the modulated signal. As shown in Fig. 4.7(b), the maximum value of
RF phase shift is 228°. A full 360° RF phase shift is difficult to realize through a single MRR
[26]. The single MRR has an extinction ratio of 12 dB and 0.06-nm 3-dB bandwidth slightly
above the critical coupling condition. Since the RF power follows the optical power, the
large RF power variation due to the high extinction ratio of the MRR hampers the application
as an RF phase shifter. This problem can be resolved by using a low-Q MRR with a higher

coupling coefficient (narrower coupling gap), which will give a lower extinction ratio.
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Fig. 4.7: (a) The magnitude response, and (b) the phase response of the single MRR showing a net red-shift of the

magnitude and phase with the increase of the pump power from 0 (no pump) to 27dBm.
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The MRR with higher Q-factor provides a larger RF phase shift. However, the lower-Q
MRR gives a smaller RF power variation at the expense of reduced maximum RF phase shift.
Since the RF power variation is a vital factor in many microwave applications, the low-Q
MRR with small RF power variation and good phase-shift linearity would be a more
practical option for the real applications. In this case, more than one MRR is necessary to
achieve a full 360° RF phase shift. Here three cascaded MRRs have been designed to
achieve a linear 360° RF phase shift and the lowest RF power variations over a wide
bandwidth. Fig.4.8 shows the transmission spectrum of the three cascaded MRRs for the TE
mode where the spectral range from 1543 to 1549 nm covers two resonance notches at
1544.2 nm and 1548.03 nm. The notch depths for resonance notches are 5 dB and 16 dB,
which are not equal due to the wavelength-dependent coupling conditions. Also, a zoom in
view shows the first notch and its phase response. The optical carrier is placed in the
bandwidth of the first notch because at this wavelength, the MRR works in the over-coupling
condition and the extinction ratio is about 5 dB which cause small RF power variation. To
demonstrate tunability of the phase shifter, the wavelength of the pumping light is selected to
be at the wavelength of the second resonance notch, 1548.03 nm, to maximize the coupling
of the light into the MRRs.

Fig. 4.9 shows the phase response of the MRRs corresponding to the first notch. The phase
response is shifted from about 1544.20 to 1544.26 nm with a total wavelength shift of AL =
0.06 nm by changing the pumping power from 0 (no pump) to 27dBm. A maximum phase
shift of 855° is achieved. To realize a linear full 360° phase shift the optical carrier is set at A
= 1544.26 nm. By increasing pump power, the phase difference between the carrier and the
sideband is also increasing. When the pump power is 27dBm, the phase difference between

optical carrier and sideband reaches its maximum value.
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Fig. 4.8:.Transmission spectrum of the three cascaded MRRs for the TE mode.

This tunable phase shift can be used to introduce a tunable phase shift to the OSSB-
modulated signal to obtain a phase-shifted microwave signal. Fig. 4.10 shows the phase shift
measured using a VNA at different RF frequencies. As can be seen, a full 360° phase shift
with a bandwidth of 7 GHz from 16 to 23 GHz is achieved. As expected, the phase shift is
independent of the microwave frequency. This confirms that the system is a microwave
phase shifter, rather than a true time delay line.

In the experiment, the phase shifter has a bandwidth of 7 GHz from 16 to 23 GHz. The
higher frequency of 23 GHz is limited by the bandwidth of the PD (here the bandwidth of the
PD was 25 GHz). For the proposed phase shifter, if a PD with a much wider bandwidth is
used, the highest frequency will only be limited by the wavelength spacing between two
resonance peaks which is about 4 nm or 500 GHz. The lower frequency of 16 GHz is limited
by the notch width of the MRR. If an MRR with a narrower notch is used, the lower
frequency can be smaller. Note that for a microwave phase shifter, we expect the power of
the phase-shifted microwave signal at the output of the phase shifter is constant for different
phase shift. In the proposed approach, the power variation is maintained small by slightly
offsetting the resonance wavelengths of the three MRRs. As can be seen in the inset in Fig.
8, the notch depth is 5 dB, which is smaller than that of a single MRR. When optical carrier
set in A = 1544.26 nm , the amplitude difference between location of the optical carrier and

sideband is less than 1 dB which leads to low range of RF power fluctuation after PD.
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In conclusion, a tunable microwave photonic phase shifter based on three cascaded SOI

MRRs was proposed and experimentally demonstrated. The phase tuning was implemented

by tuning the phase response through optical pumping. Due to the TPA-induced TO effect,

the phase response was shifted to a longer wavelength, which led to the change of the phase

shift of the microwave phase shifter. The use of the fabricated MRRs to implement a

broadband microwave photonic phase shifter with a bandwidth of 7 GHz from 16 to 23 GHz

with a tunable phase shift covering the entire 360° phase shift range was demonstrated.
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CHAPTER S MULTI TAP MWP FILTER USING
SILICON-ON-INSULATOR RING MODULATOR

5-1. Silicon-on-insulator modulator

A critical component in an integrated MWP filter is the electro-optic modulator, the device
which is responsible for the conversion of electrical signals into optical signals. Optical
modulators were mainly limited to I11-V semiconductor [62] and Lithium niobate (LINbO3)
[63] material platform. Applying an electric field to these materials may change the real and
imaginary part of the refractive indices. A change in the real part of the refractive index (An)
with an applied electric field is known as electro-refraction, whereas a change in the
imaginary part of the refractive index (Aa) is known as electro-absorption. Pockels effect, the
Kerr effect and the Franz—Keldysh are three useful electric field effects in semiconductor
materials for electro-absorption or electro-refraction based modulators [64]. However, these
effects are extremely inefficient in silicon: silicon is transparent at the 1.55 um optical
communication wavelength and the second order susceptibility (y ) required for electro-
optic effects in silicon is zero [65]. Alternative methods are required to achieve modulation
in silicon. The most conventional way to produce optical modulation in silicon is through the
use of the plasma dispersion effect which conects changes in the electron and hole densities
to changes in the refractive index and absorption [66]. Silicon optical modulator would
typically consists of an interferometor (Mach-Zehnder interferometer (MZI) [67]) or a
resonantor (microring [68], a racetrack [69],[ 70] or a microdisk [71]). Such structures
typically use a PN diode structure around the optical waveguide to change the density of free
carriers in interaction with propagating light. To be compatible with high-speed CMOS
electronics, it is desired that the next generation of optical modulators operate at speeds
exceeding 50 Gb/s, consume less than 10 fJ of energy per bit, operate with drive voltages

under 2 V, and maintain footprint sizes under 10° um? [72].
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5-2. Plasma dispersion effect

The plasma dispersion effect is used for silicon modulators where the concentration of
carriers is varied either by injecting or removing carriers from the device. The concentration
of free charges in silicon changes the real and imaginary parts of the refractive index. Soref
and Bennett [66] evaluated changes in the refractive index An from experimentally produced
absorption curves for a wide range of electron and hole densities, over a wide range of
wavelengths. They also quantified changes in both the refractive index and absorption, and
produced the following expressions to evaluate changes in the carrier densities in silicon at a

wavelength of 1.55 um:

An=An_+An, =-[8.8x10% x AN +8.5x107*° x (AP)"®]

A = Aa, +Aa, =85x10 x AN +6x107 x AP (5-1)

where AN, AP are the carrier densities of electrons and holes [cm™] and Ace and Aan are the
changes in absorption resulting from changes in the free-electron and free-hole carrier
concentrations, respectively. In comparison to electrons, holes have a smaller absorption and
larger index shift. Thus, holes are most effective for providing an index shift with minimal
absorption; hence modulators typically use holes for offset junction designs. Carrier injection
through a P-N junction is a slow process, and can only reach modulation bandwidths of a few
GHz at most [73]. Hence, carrier depletion in P-N diodes is the common method for light

modulation in silicon waveguides.

5-3. PN junction phase shifter

The impurity and carrier distributions in a carrier-depletion phase modulator are illustrated
in Fig. 5.1. The rib waveguide is embedded with a lateral PN junction whose doping
concentration is shown in Table. 5.1. These parameters correspond to typical values found in
foundry processes of SOI modulation diodes. The two ohmic contact regions of the PN
junction (p++ and n++) are heavily doped. There are two levels of contact vias and
aluminum (Al) interconnects for electrical contact. The etching depth is 90 nm and the

dimension of the rib waveguide accommodating the PN junction is 500 nm x 220 nm.
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Fig. 5.1: Cross-sectional view of the PN-Junction in a rib waveguide with the carrier distribution

Table.5.1: PN junction parameters used in calculations.

Parameters Value
Carrier concentration in p region 7x10% cm3
Carrier concentration in n region 5x10t cm3
Carrier concentration in p++ region 1.7x10%° cm3
Carrier concentration in n++ region 5x10%° cm3

The effective index (nefr) and absorption (apn) as functions of applied voltage are given by:
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et i (V) = Ny

(5-2)

where netri is the effective index of the waveguide without any doping and dnest/dnco (change
of effective index mode versus change in effective index of the core) is typically very close
to 1. E(y) is the field profile found using the effective index method. Then the voltage-
dependent changes in effective index and phase are given by:

Aneff (V) = Nt (V) = Nge (O)
5-3
A¢:Aneff(;/).zzzll_ (5-3)

where L is the length of the phase shifter. Fig. 5.2 shows the electric field intensity of the
guided mode calculated using Mode solution.
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Fig. 5.2: Electric field intensity of the fundamental mode calculated using mode software (simulation result).

Holes have stronger effect on the effective index than electrons; therefore an offset can be
used to optimize the modulation efficiency. A 50 nm doping offset is used in the calculation.
Changes in effective index as a function of reverse applied voltage is calculated and shown
in Fig. 5.3. By increasing the reverse voltage bias the effective index increases, because the
carriers are removed from the waveguide by the applied voltage. The change in the phase is

plotted in Fig. 5.4. A voltage of 1.8 V is needed to make a phase shift of z for a waveguide of
1 cm long.
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Fig. 5.3: Changes in effective index as a function of applied voltage (reverse biased) (numerical result).
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Fig.5.4: Phase change as a function of applied voltage (reverse biased). (numerical result).

The small-signal model equivalent the pn junction is illustrated in Fig. 5.5. The 3 dB cutoff

frequency determined by the RC time constant can be found by

1

fo=———
27RC,

(5-4)
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Rn

Fig.5.5: Small signal model for pn junction

Cj represent the capacitance of the reverse biased PN junction, Rn and Rp are the series
resistances over the length of the diode due to the slab and rib sections and Rjis the
equivalent resistance. As shown in Fig. 5.6, fc increases by increasing the applied reverse
bias due to simultaneous reduction of Rj and Cj, and as a result of the expanded depletion
region. We can see that the frequency response of the PN-junction can easily go beyond tens
of GHz; the resistance of the junction is an important parameter that can be reduced by
optimizing the doping concentrations and the distances between dopants and junction.
Minimizing the distance between the contact and junction will lead to a reduced RC time

constant and increase the fe.
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Fig.5.6: Cutoff frequency as a function of applied voltage (reverse biased). (numerical result).

The modulation speed of a silicon modulator based on the plasma dispersion effect can be
determined by how fast the free carriers is injected or removed. Three different device
configurations, namely, forward biased p-i-n diode [74], MOS capacitor [75], and reverse
biased PN junction [76] have been proposed to achieve phase modulation in silicon. Despite

of the high modulation efficiency in forward biased p-i-n diode the modulation speed is
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usually limited due to the slow carrier generation and/or recombination processes, unless the
carrier lifetime is significantly reduced. While both MOS capacitor and reverse biased PN
junction rely on electric-field induced majority carrier that can potentially achieve >10 Gb/s
operation.

So far, we have discussed how optical modulators in silicon can change the refractive
index of the material, or how to induce absorption. Here there are two options available for
converting a change in refractive index into intensity modulation. First, the refractive index
change can be used to shift the relative phase of two propagating waves such that they
interfere either constructively or destructively. Typically, a MZI is used to achieve this.
Second, including a resonant structure such as ring resonator allows the refractive-index
change induced in the modulator to change the resonant condition, thus allowing the device
to be switched between on- and off resonance. Compared with MZIs, ring resonators offer
plenty of advantages such as compact footprint, low driving voltage and ultra-low power
consumption. In the next part a ring resonator modulator based on reverse biased PN junction

is designed.

5-4. Reverse bias ring resonator modulator (RRM)

A MRR has strong wavelength selectivity; therefore, when operating at a wavelength close
to the resonance, the transmission is very sensitive to the phase change in the cavity. By
integrating a PN-junction into the resonator cavity and modulating the phase through the
plasma effect (described in the previous section) an efficient RRM can be achieved. Two
ring resonator configurations all-pass and add-drop filters are commonly used to obtain a
micro-ring modulator, as shown in Fig. 5.7. A quarter of the optical cavity (in the directional
coupler region) is integrated with a resistor heater for thermal tuning and wavelength
stability (5.7(a)). As a result of this compromise, the modulation efficiency is lower as
compared to the fully modulated cavity (5.7(b)).
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(@)

(fully modulated) [77]

First we incorporate the PN-junction model as shown in Fig.5.8 with the micro-ring
resonator and then we can simulate its spectrum as a function of applied voltage. We

consider a fully modulated structure (no thermal tuning is used).

Oxide
500 nm

i
@
a
=
5]
Is%
®

3po1123|3

N

[
[
[
[
[
[
&
g

90 nm¢ P

pn oﬁéet=50nm

-+—1.05um—»

Fig 5.8: Reversed biased RRM cross-section.

The cutoff frequency (3 dB), fc, of the small-signal response of a RRM is determined by both
the RC constant of the reverse-biased PN-junction and the photon lifetime, zp, in the optical

cavity as follow [77]:
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The total bandwidth in ring modulator is mostly limited by photon lifetime, and RC time
constant can be ignored. Then 7, determined cutoff frequency is given by:

1

27zrp

“p

(5-6)

where 1p is related to the total quality factor, Qt, of the optical cavity and is given by:

_Q

p @, (5-7)

T

where wo is the optical frequency and Q: is determined by both the coupling and propagation

losses:
1 1 N 1
=~~~ T~ 5-8
QA Q Q )
where the Qi (interinsic qaulity factor) is given by:
Q =22 (5-9)
" da

where « is the attenuation coefficient in ring cavity and ng is group index of the silicon

waveguide. For the all-pass filter, the coupling-determined quality factor, Qc, is given by:

7k.n,

%="7 log, |t|

(5-10)

where Lt is the ring circumference and t is the transmission coefficient as discussed in
Chapter 3. If the add-drop configuration is used, the coupling-determined quality factor
should be divided by 2 since two couplers are used in this case. Fig.5.9 shows that how the
cut-off frequency changes versus total Q-factor (Qt). The main factors in determining Q: are
losses and coupling coefficient. Loss can be manipulated by Wslab, pn-offset, waveguide
width and bending radius. (The bending radius and waveguide width are fixed in 30um and
500 nm, respectively). Fig. 5.10 shows the simulation results of excess loss versus different

Wslab values. Decreasing Wslab to 350 nm at zero voltage induces about 2dB/cm more loss.
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For Wslab = 750 nm and pn-offset of 0, 50, 100 nm the excess loss is shown in Fig. 5.11. As

expected, by increasing the pn-offset the pn loss decreases (holes create less loss) and the

modulation efficiency increases. On the other hand, lower losses increase the quality factor,

and as a result decrease the bandwidth. The choice of pn-offset requires a trade-off between

the speed and modulation efficiency.
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Fig. 5.9: Numerical results for cut off frequency response versus total Q-factor
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Fig.5.11: Numerical results for excess loss as a function of applied voltage (reverse bias) at various pn_offset.
(Wslab=750nm)

The only degree of freedom left here is coupling coefficient. For an example, a coupling
coefficient of k = 0.3 is needed to induce a quality factor around 8000 which results in 20
GHz bandwidth as shown in Fig.5.9. The effective index of the first and second super modes
of the coupler structure in ring modulator is calculated in Lumerical Mode (Fig.5.12 and

5.13). Using these data, the coupling length (Lc) for k=0.3 has been calculated to be around

.

—06

10 um, the coupler is designed to work near critical condition.
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Fig. 5.12: Simulation result; electric field of the first super mode of the directional coupler structure.
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Fig. 5.13: Simulation result; electric field of the second super mode of the directional coupler structure.

Finally, the calculated through-port response for reverse bias voltage between O and 4 V is
shown in Fig. 5.14. When the applied voltage (reverse biased) changes from 0 to 4V, the
transmission drops by about 6 dB. In order to improve the modulation efficiency, we can
increase the quality factor to make the transmission notch narrower. However, a higher Q
means a longer photon lifetime, which will limit the frequency response of the modulator.

In general the following steps should be taken into account in design of the RRM: First we
calculate the quality factor of the ring for the target modulation bandwidth. Then we
calculate the design parameters to match the required Q and FSR: radius, and coupling
coefficients. At this point, the optical transfer function can be verified and optimized, and a
time-domain model can be constructed. Finally, the physical structure needs to be calculated,
specifically the directional coupler for a desired coupling coefficient.
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Fig.5.14: Numerical results for through port response versus wavelength for reverse bias voltage.

5-5. Small signal modulation in RRM

Fig .5.15 shows the basic MRR topology and an example of the transmission response. As

discussed in detail in Chapter 3, the transmission spectra to the through port is given by

H(t):i{M} 511
E, |1-taexp(jo)

il
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Fig. 5.15: (a) Basic MRR topology, (b) an example of transmission spectrum
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The interesting features of this transmission occur around the resonant frequencies of the
ring, which are located at wr = 2zc/(nL), L is the ring circumference. Optical modulation is
achieved in a microring resonator by varying the parameters of its transfer characteristics,
such as the resonant frequency or the coupling coefficient. For example, Fig. 5.16 shows that
when the resonant frequency is shifted by 6 = w-wr, due to a applied voltage, then the

transmission of the optical carrier is modified by A|Ht/?, which gives rise to intensity
modulation.

Power transmission (dB)

-35¢ . . . . .
-40 -30 -10 0 10 30 40
Frequency detuning

Fig.5.16: Transmission (|Ht|?) as a function of the detuning from resonance J = w-wr.

In order to derive the optical response of the modulator, we start with the equations
introduced in [78]

da

: 1 :
E =(-lo, _T_a)a+ yr= (5-12)

E,=E,+iua (5-13)

where a is the amplitude of the field travelling inside the resonator, ar the resonant
frequency of the resonator, ta the 1/e decay time of the field amplitude and p the coupling
strength between the resonator and the bus waveguide. By applying the sinusoidal drive

voltage 6V sin(aw,t) the resonant frequency of the resonator is shifted to o, +dw,.sin(w,t) ,
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where the nonlinearity of the transfer function is neglected. By assuming ¢V and dar to be

small quantities, the small signal response of the modulator is given by

Sw,a(E, +iua)’ dw,"a" (E, +iuad)
Sy = pRe( 1 : _ _ + 1 l _
——iw, — (i, —iw,) ——io,+(io,—iv,)

Ta a

) (5-14)

ao 1S the frequency of the continuous wave optical carrier incoming from the laser,

E,=E.e™" and ae'" is the value of a in the absence of modulation voltage. The two

additive terms of equation (5-14) are correspondent to the generation of two side bands,
which confirm the application of this RRM as an intensity modulator. The high modulation

efficiency can be achieved when the laser frequency wo is close to the cavity resonance cr.

5-6. Experimental results for fabricated RRM

Dual-bus RRM with a 30 um radius is fabricated at the Institute of Microelectronics (IME).
The starting material is an 8 SOI wafer with a Boron-doped top silicon layer of around 10
ohm-cm resistivity, a 2 um bottom oxide thickness, and a 750 ohm-cm handle silicon wafer,
needed for RF performance [79]. The image of the fabricated device is shown in Fig. 5.17.
Fiber-coupling is achieved with grating couplers. The RRM is probed with standard ground-
signal-ground (GSG) RF probes. An experimental set up is shown in Fig 5.18 to measure the
electro-optic (E/O) S21 parameter of the RRM. An external high bandwidth photo-detector is
used to convert the modulated optical signal back into RF input for a vector network
analyzer. The E/O S21 of the RRM is shown in Fig.5.19. The 3dB bandwidth is measured at
0 V dc bias. The bandwidth is about 18.2 GHz.
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Fig.5.17: The image of the fabricated RRM

TLS >
PC EDFA
Electrical path
- Y
Optical path PA |« VNA |« PD
<—

Fig.5.18: Experimental setup to measure S21 response of the RRM, TLS: tunable laser source, PC, polarization controller,
VNA: vector network analyser, PA: power amplifier, RRM: ring resonator modulator

In next part we propose a simple technique to realize all-optical microwave filters with
positive and negative coefficients using the above fabricated RRM. In our approach, the
positive and negative coefficients are obtained by using opposite slopes of the modulation

transmission response of the RRM.
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Fig. 5.19: Measured electro-optic S21 response for RRM. The device shows 18.2 GHz bandwidth.

5-7. Multiple-source microwave photonic filters (MSMPFs).

In MSMPFs, the output of an array of optical CW sources is optically combined and
modulated by the RF input signal. The source array can be implemented by using an array of

independent lasers. The electric field prior to RF modulation is given by
N-1 )
E(t) = Z\/ﬁy(%”wﬁ) (5-11)
r=0

where the number of filter coefficients, N, is determined by the number of optical
wavelengths, Ir, wr, and ¢r(t) represent, the optical intensity, the source central frequency,
and the phase fluctuations of the rth component of the array ,respectively. Each source
implements a filter sample that is selectively delayed usually by employing a dispersive
medium. Fig. 5.20 shows the schematic of the MSMPF. The output electric field from

impinging on the photodiode in this case is given by

N-1 )
E,(t) = D> /a8, (t—rT)e/# D (5-12)
r=0
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The dispersive delay element is chosen such that the differential group delay experienced by
adjacent wavelengths of the source array is T. The output current from the photodiode is:
1,(t) = 9{<|E0 (t)|2>
N-1 (5-13)
= ERFZ(;[|a,|si (t—rT)]

The phase variations from different optical sources can be assumed to be always
uncorrelated. Thus, a linear relationship between the input and output RF/microwave signal
IS obtained. The amplitude of each coefficient, ar, is controlled with the optical power of
each wavelength. The main advantage of this filter architecture is a very stable response due
to operation in the incoherent regime. Furthermore, the filter transfer function can be
reconfigured by dynamically changing the relative power of the optical wavelengths, and it
can be tuned by controlling the dispersive medium [80]. However, positive and negative
filter coefficients are needed to allow a full versatility in the transfer function, thus enabling

flat-pass bands or high out-of-band suppression.
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Fig.5.20: Schematic of the MSMPF, (WDM: wavelength division multiplexing)

Fig. 5.21 (a) shows the steady state transfer function of the RRM. The ring resonator is a
cavity working on the principle of the constructive interference of light inside the resonator,
resulting in a Lorentzian transfer function [79]. For small signal analysis, we assume that a
traveling wave is circulating within the ring with constant amplitude then we can view the
resonator as a lumped oscillator, the transfer function of the RRM in dynamic mode is
periodic. Fig. 5.21(b) demonstrates the general RRM output power in response to a

sinusoidal modulation frequency [81]. The fundamental concept for the implementation of
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MWP with negative coefficients also is shown in Fig. 5.22. For instance, two optical carriers
modulated by a microwave signal are placed at wavelengths that correspond with opposite
slopes in the RRM response, the microwave signal after photo-detection will have the same

average power but inverted phase (i.e., n-shifted) [82].
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Fig. 5.21: (a) Steady state transfer function of the silicon ring modulator, (b) RRM output power in response to sinusoidal modulation
frequency.
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Fig. 5.22: Illustration of the phase inversion suffered by a microwave modulating signal.
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5-8. Implementation of the MSMPF

The experimental setup is shown in Fig. 5.23. A set of optical continuous wave (CW)
carriers are modulated by the silicon RRM. The RF signal from a VNA is combined with the
DC bias using a bias-Tee and applied to the modulator through a broadband GSG probe.
Before any measurement is made, we adjusted the power and the polarization state of each
source to obtain the same average output power from the RRM for each wavelength, to
guarantee the uniformity of all the samples. By choosing the wavelength of the optical
carriers, it is possible to control the sign of the corresponding filter coefficient. Fig. 5.24
shows the measured transmission response of the RRM. The optical carriers modulated by a
microwave signal are placed at wavelengths that correspond with opposite slopes to
implement a microwave filter with positive and negative coefficients. After modulation, the
signals are amplified with an EDFA and launched to a dispersive medium which in this case
is done with a 10-km coil of standard single-mode fiber (SMF-28 fiber).

- PC1
Optical RRM A @
Source

A1 PD
: PC?2 >
Optical V2 RF Probes
Source A3 WDM i
o VNA
5
PC3 —
Optical Path @
— Electrical Path
DC Power
Supply

Fig.5.23: Experimental setup for three-tap microwave photonic filter architecture. RRM: ring resonator modulator, SMF:

single mode fiber, VNA: vector network analyser, WDM: wavelength division multiplexer.
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Fig.5.24: Measured RRM response (L1, A2 and A3 show the location of the optical carriers in different slopes)

The fiber coil provides a dispersion of 17 ps/(nm.km), which, for a wavelength separation
of 1.5 nm between adjacent carriers, corresponds to a time delay between adjacent samples
of 255ps or, in other words, a free spectral range of 3.9 GHz for the RF filter. Then, the
optical signal is photo-detected and injected into the VNA input for measurement of the filter
transfer function. Fig. 5.25 shows the normalized filter response between 0-20 GHz when
two optical carriers (A1=1554.5 nm and A2=1556nm) enter the modulator with the same
output power at the input of the photodiode. These wavelengths are placed at the opposite
slopes of the modulator response. Both the experimental (solid curves) and the theoretical
(dashed curves) results are shown for reference and comparison. As expected, the filter
resonance at baseband (typical of positive coefficient filters) has been eliminated, thus
confirming the feasibility of the proposed scheme for the implementation of negative
coefficients. The filter’s free spectral range is close to 3.9 GHz, as predicted. Fig.5.26 shows
the filter response when three optical carriers (1554.5, 1556, and 1557.5nm) are fed to the
modulator. The RRM shows up to 18 GHz bandwidth and the measurement has been done
between 0 to 20 GHz. At higher frequencies, the agreement is reduced due to an unbalance
in the modulation efficiency between optical carriers and the higher accuracy needed in time-

delay among taps.
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Fig.5.25. Experimental result for two-tap filter response with negative coefficient. (The solid line represents the

experimental results and the dotted the theoretical estimation).
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Fig.5.26: Experimental result for three-tap filter response with negative coefficient. (The solid line represents the
experimental results and the dotted the theoretical estimation).

In conclusion, we demonstrated an approach to the implementation of MWP filter that was
based on the phase inversion that a microwave modulating signal suffered in a RRM,
depending on whether the positive or the negative linear slope of its modulation transfer
function was employed. Experimental evidence of the feasibility of this approach was
provided. RRM-based MWP filter has the advantages of simple configuration, small package,
and easy to integrate. Also, RRM has lower power consumption and drive voltage compared
to MZM-based MWP filters.
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CHAPTER 6 MICROWAVE FREQUENCY
MULTIPLICATION BASED ON ENHANCED FOUR
WAVE MIXING INANACTIVE SILICON
WAVEGUIDE

6-1. Optically generation of microwave signal

In many microwave systems such as broadband wireless networks, and radar systems, a
high- quality millimeter-wave (mm-wave) source is essential [1]. External modulation for
frequency multiplication enjoys good tunability and simplicity, and thus becoming one of the
most important methods for generating microwave signals at high frequencies. With external
modulation method, normally a low frequency microwave signal is modulated onto an
optical carrier to generate high order optical sidebands, and different methods are adopted to
amplify the sidebands with desirable frequencies. In addition to the use of an external
modulator to generate higher order sidebands (or phase-correlated multiple wavelengths), the
use of four-wave mixing (FWM) in highly nonlinear fiber (HNLF) [83] or a semiconductor
optical amplifier (SOA) [84] can also generate phase correlated multiple wavelengths to
achieve microwave frequency multiplication. Recently, silicon photonics has been
extensively investigated for microwave signal generation [29], [30]. Among the many
different components, a silicon waveguide is a fundamental component which can be used
not only to guide light waves in a silicon circuit, but also achieve various functions thanks to
the strong light confinement due to a high refractive-index contrast. For example, optical
nonlinear effects can occur in a silicon waveguide even in a relatively low input optical
power. Light propagation in the waveguide can produce a wide variety of nonlinear
phenomena, including self-phase modulation (SPM), cross phase modulation (XPM), two-
photon absorption (TPA), and four-wave mixing (FWM). In the past few years, all-silicon
active optical devices have been extensively studied in connection with these nonlinear
effects [85]. On the other hand, extensive efforts have been directed to the generation of high
frequency and low phase noise microwave or mm-wave signals based on photonics.

In this part, we propose an approach to implementing microwave frequency multiplication
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based on enhanced FWM in an active silicon waveguide (SIWG). A SiWG-based FWM has
the advantages of simple configuration, small package, and easy to integrate. The system

mainly consists of an active SiWG and a LiNbO3 intensity modulator (MZM).

6-2. Four wave mixing effect in SIWG

All-optical wavelength conversion based on four—-wave mixing (FWM) in silicon
waveguides is an attractive area. As is well known that efficient FWM occurs only when
phase-matching condition is satisfied [86] [87]. Fig. 6.1(a) illustrates the perspective view of
the proposed active SIWG. It is fabricated on a silicon-on-insulator (SOI) substrate with a
bottom silica layer of 2-um in thickness. The cladding layer of silica is removed in Fig.
6.1(a) to clearly illustrate the internal structure of the device. To reduce the nonlinear optical
loss due to the TPA-induced FCA, a lateral p-n structure is adopted which is reversed bias.
Additional p++ and n++ implantations are utilized for electrode contact. The SIWG has a
straight waveguide of 6 mm long with an embedded p-n structure. Silicon rib waveguide
with 500-nm in width, 220-nm in height, and 90-nm in slab thickness is employed to ensure
a single fundamental TE mode operation, as shown in Fig. 6.1(b). A major limitation for high
conversion efficiency is the strong nonlinear absorption that occurs at high pump powers.
Although linear optical absorption in silicon at wavelengths of 1.3-1.7 um is small, two-
photon absorption (TPA) induced free carrier absorption (FCA) causes the optical loss to
increase with the pump power. We have demonstrated that the TPA induced FCA in silicon
can be significantly reduced by introducing a reverse biased p-n diode structure embedded in
a silicon waveguide [88]. The p and n implants are performed on the exposed silicon, prior
to any oxide fill. It is followed by the formation of contact vias and two levels of aluminum
(Al interconnect for electrical connection. The in and out coupling is achieved through
standard grating couplers. The waveguides is designed with three different lengths: a straight
waveguide of 6mm long which the p-n structure is embedded in this length, two straight
waveguide of 600 um for connection to grating couplers and two curve of radius 50 um. This
device is probed with standard ground-signal-ground (GSG) probe to introduce a reverse DC

bias into the system.
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Fig.6.1. (a) Perspective view of the SiIWG, (b) a cross-sectional view of the SIWG, The clad is covered by silica layer
(Si02). (BOX: buried oxide).

A schematic of the experimental setup is shown in Fig. 6.2. The pump and signal are
combined with a 3dB coupler into erbium doped fiber amplifier (EDFA). The output of the
EDFA is coupled into a SIWG via a single mode fiber. Fig. 6.3 is a typical spectrum of the
output beam from the SIWG. According to the theory of FWM the pump and the input signal
(A1, A2), mix together to create new wavelengths (As=2A2-M1 and 4=2A\1-A2). Such FWM
components will grow with increased input signal and pump powers. For easy comparison
with other published works, we follow the definition of wavelength conversion efficiency as
the ratio between the peak levels of the converted signal at A3 and the original signal at A1 in
Fig. 6.3. The conversion efficiency shown here is -25 dB (Fig.6.3. blue line) with pump
power of 27dBm into the waveguide. At high pump powers, two-photon absorption (TPA)
generates free carriers in the waveguides. In the TPA process, two photons are absorbed
simultaneously and an electron-hole pair is created in the silicon waveguide. These generated
carriers cause additional optical loss. This nonlinear absorption starts to reduce the effective
pump power and the conversion efficiency drops. By applying the reverse bias to the p-n

structure in the waveguide, sweeping out the two-photon absorption generated free carriers,
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the conversion efficiency significantly increases. The conversion efficiency of -19 dB is
obtained by applying -20V DC bias. (Fig.6.3. redline). The TPA induced free carriers
absorption (FCA) in silicon can be significantly reduced by introducing a reverse biased p-n
structure embedded in a silicon waveguide, shortening the free carrier life time. In the next
section, we have used this characteristic to generate mm-wave signal based on the enhanced

FWM in active SIWG.
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LD2

3-dB
coupler

Fig.6.2: Schematic experimental set up of the FWM effect in SIWG
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Fig.6.3. Spectrum of the output beam from SiWG. Pump power is 27dBm
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6-3. Microwave signal generation based on enhanced FWM in an active
SIWG

The configuration of the proposed mm-wave generation system is shown in Fig. 6.4. A
microwave signal is applied to the LiINbO3 modulator (MZM), which is biased by V/2 in
order to achieve carrier suppression. The field of the light source is E, = A, exp[ja,t +¢, ()]
and the microwave signal is ¢(t) =V_ / 2sin(Qt +y, (t)) , Where ¢, (t) phase noise of the input light,
w, (t) phase noise of the microwave signal and V_is the half wave voltage. Considering that

the higher order sidebands have much lower power than the first-order sidebands, the optical
signals mainly consists of only two first-order sidebands. The optical signal at the output of

the MZM can be written as

E e =~ 1 2 expli(0y + 4 O1exp(- L) -
A _ (6-1)
j 7”exp[1(co2 +,(t)]exp(-jAL)

where

W =0, +Q, ®,=0w,—
o () =y, (1) + o, (1), (6-2)
o, )=y, +p,()+7

Because both optical pumps are derived from the same single source, the phase noise ¢,(t)
and ¢, (t) are totally correlated and ¢, (t) - ¢, (t) = -2y, (t) + = . The two first-order sidebands in ®1
and w2 at the output of the LiNbOs are amplified by an EDFA, and are sent to the SIWG.

Based on FWM theory; two new frequencies in w3 and w4 are generated. The frequency and

phase noise of the generated signal can be written as

W, =20, -0, =0, +3Q, 0, =2w0,-0, =aw,—3C (6-3)

(1) =20, (1) — 0, (1) =3y, (V) + 0, () — 7

@, (1) =20,(t) — (1) = =3Bp, (1) + o, () + 27 (6-4)
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Fig.6.4: Schematic diagram of the mm-wave generation (LD: Laser Diode, PC: Polarization Controller, MZM: Mach-
Zehender modulator, EDFA: Erbium-doped Fiber Amplifier, SIWG: silicon waveguide, PD: Photodetector, ESA: Electrical

Spectrum Analyzer)

The  phase  difference  between  the  two idlers IS given by
o, (t) — @, (t) =3¢, (t) —3p, (t) = 6, (t) —37. Thus the phase noise of the beat signal is independent

of the phase noise of the light source and is six times the phase noise of the microwave
reference signal due to the frequency sextupling. The phase noises of the two mixing waves
are correlated, and the phase noise of the beat signal is only determined by the driver signal,
which is always as narrow as several Hertz. In our experimental setup, the laser diode (LD)
output is set at 1549.9 nm, and the MZM is driven by a microwave signal at 4GHz. The
spectrum at the point A is shown in Fig. 6.5(a). It can be seen that the optical carrier is
suppressed, and the two first-order sidebands have same power levels, which are about 30
dBm higher than the other higher order sidebands.

The optical spectrum at the output of the SIWG, at point B, is shown in Fig. 6.5 (b). Two
idlers are generated due to FWM in the SiWG. In high input power, free carriers would be
generated in the SIWG due to the TPA effect. In a TPA process, two photons are absorbed
simultaneously to produce an electron-hole pair. These generated free carriers would cause
additional optical loss. This nonlinear absorption starts to reduce the effective input power
and the conversion efficiency drops. By applying a reverse bias to the p-n structure in the
waveguide, to sweep out the TPA-generated free carriers, the conversion efficiency would
significantly increase. The SIWG is biased at -20 V to achieve a maximum conversion
efficiency, as shown in Fig. 6.5 (c). The conversion efficiency has been increased by about 6
dB. The wavelength spacing between the two idlers is 24 GHz, which is six times the
frequency of the microwave reference signal. The optical signal at the output of the SIWG is

sent to the optical filter to remove the two pump waves. After amplification by EDFA2, the
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two idlers are applied to the PD (50 GHz, DSC10ER) to generate a frequency sextupled

microwave signal, which is monitored by an electrical spectrum analyser (ESA, Keysight,
E4448A).

10
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Fig.6.5: (a) Optical spectrums (a) at the output of the MZM (point A), (b) the output of the SIWG (point B) without bias and
(c) the output of the SIWG (point B) with the reverse bias voltage of -20 V.
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Fig. 6.6 shows the spectrum of the generated frequency sextupled signal at 24 GHz without
bias (red line) and in -20 V bias (blue line). As can be seen the microwave signal generation
efficiency has been improved by about 8 dB. The spectral width is ultra-narrow, which is
only dependent on the spectral width of the microwave reference source. The phase noise
from the light source from the LD is fully cancelled, which ensures a good phase noise
performance. To compare the phase noise between the generated microwave signal with
maximum efficiency and the microwave reference signal, the phase noises of the two signals
are measured, which are shown in Fig. 6.7. As can be seen the generated frequency sextupled
signal at 24 GHz has a phase noise of around -85 dBc/Hz at a 10-kHz offset, which is about
15-dB higher than that of the 4-GHz microwave reference signal. Theoretically, the phase
noise of a frequency-sextuple signal will have a phase noise degradation of about

10log,, 6> ~15 dB as compared with its reference signal.

—— Without Bias
-60} —— Bias=-20V

Power (dBm)

80 40 0 40 80
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Fig.6.6. Spectrum of the generated frequency sextupled microwave signal at 24 GHz without bias and with the reverse bias
voltage of -20 V.

In conclusion, the generation of a frequency-sextupled microwave signal based on FWM
in an active SIWG was experimentally demonstrated. The key contribution of the work was
the use of the active SIWG that was designed to have a p-n junction across the SIWG. When
the p-n junction was reversed biased, the conversion efficiency of the FWM was improved,
which led to the improvement in the frequency multiplication efficiency. An active
waveguide was fabricated on a SOI substrate and was used to achieve frequency

multiplication to generate a frequency-sextupled microwave signal. When a microwave
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reference signal at 4 GHz was applied to the MZM, a frequency-sextupled microwave signal
at 24 GHz was generated. The phase noise of the generated signal was independent of the
light source and only dependent the phase noise of the microwave reference source. For a
microwave reference source with a phase noise of 100 dBc/Hz at 10-kHz offset, the phase
noise of the frequency sextupled microwave signal was -85 dBc/Hz at 10-kHz offset. The
frequency multiplication efficiency was improved by about 8 dB when the p-n junction was
reversed biased by a bias voltage of 20 V. The proposed system can be improved by
integrating the MZM, the optical filter and the PD in a single chip to minimize the size and

the coupling losses.

Phase noise(dBc/Hz)

1 10 100 10° 10%
Offset Frequency(Hz)

Fig.6.7. Phase noise of the 4-GHz signal from the microwave source and the generated 24.0-GHz signal
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CHAPTER 7 SUMMARY AND FUTURE WORK

7-1. Summary

This research focused on the silicon photonic design for microwave photonic signal
generation and processing. The design procedures of passive and active devices including
strip and rib waveguide, directional coupler, ring resonator were studied. A single pass-band
and frequency-tunable MWP filter based on PM-IM conversion in an SOl MRR was
proposed and experimentally demonstrated. The fundamental concept of the approach was to
filter out one sideband of a phase-modulated signal, to convert the phase-modulated signal to
an intensity-modulated SSB signal. The optical carrier and the first-order sideband were then
applied to a photodetector. The beating between these two components generated a
microwave signal which was equivalent to a pass-band filter response with the central
frequency tunable by tuning the resonance wavelength of MRR. A tunable MWP phase
shifter based on three cascaded SOI MRRs was proposed and experimentally demonstrated.
The phase tuning was implemented by tuning the phase response through optical pumping.
Due to the TPA-induced TO effect, the phase response was tuned. The use of the fabricated
MRRs to implement a broadband microwave photonic phase shifter with a bandwidth of 7
GHz from 16 to 23 GHz with a tunable phase shift covering the entire 360° phase shift range
was demonstrated. Four wave mixing (FWM) effect in silicon waveguide was studied and a
silicon waveguide with lateral PN junction was designed to generate microwave signal based
on enhanced FWM. With reverse biasing this waveguide the loss corresponding with two
photon absorption decreased and the FWM conversion efficiency increased. Modulators are
one of the key components in microwave photonic systems. Conventional modulators based
on LiNob3 and Il1-V are large and bulky which leads to high power consumption in the
system. Silicon photonic provides the opportunity to design and fabricated a modulator in
micrometer size. A RRM with 18.2 GHz bandwidth which worked based on carrier depletion
effect was designed and fabricated. This modulator used to implement a multi tap microwave
photonic filter with positive and negative coefficients.
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7-2. Future works

Limitations of the MWP system (high cost, bulkiness, high power consumption etc.) can
be removed by realization of entire functionalities (filtering, phase shifting, modulation,
detection) on a chip. In Chapter 3 we demonstrated a single pass-band MWP filter using a
discrete phase modulator cascaded with a SOl MRR. The system was still bulky. Integration
of the SOI phase modulator and MRR in single chip can be a good approach to reduce the
size and power consumption of the system.

Optical comb generation on a chip [89] has drawn too much attention in microwave
photonics as it enables several applications such as wavelength division multiplexing (WDM)
networks [90], optical arbitrary waveform generation (O-AWG) [91], and rapid arbitrary
millimeter wave generation [92]. A suitable approach for frequency comb generation is
based on periodic modulation of a continuous-wave (CW) laser. The number of comb lines
depends on the modulation depth and the number of cascaded devices. Up to now most of the
reported comb generators are based on discrete components such as MZM and phase
modulator [93-95], the system is so bulky, costly, and power consuming. Integration of the
SOI modulators on a single chip for comb generation [96], [97] can reduce the size of the
system significantly. As a part of this research work we designed a RRM as an intensity
modulator cascaded with phase modulator on a single chip for comb generation. The size of
the chip was 6mmx3mm, which was significantly small compared to discrete modulators.
The bandwidth and modulation efficiency of the designed modulators was not high enough
for comb generation. This design can be improved by increasing the modulation efficiency of
the cascaded SOl modulators. For example the modulation efficiency of the RRM improved
by increasing its Q-factor. The resistance of the PN junction in SOI modulators is another
important parameter that can be reduced by optimizing the doping concentrations and the
distances between dopants and junction. Minimizing the distance between the contact and
junction will lead to a reduced RC time constant and eventually increase the bandwidth of the

modulator.
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