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ABSTRACT

INTEGRATED ELECTRONIC-PHOTONIC SYSTEMS: FROM HIGH-RESOLUTION

SYNTHESIS TO COMPACT PHASED ARRAYS

Farshid Ashtiani

Firooz Aflatouni
Silicon-based integrated electronics drastically changed many areas from
communications to healthcare, mainly due to the high yield and low cost of large-scale
production of complex systems with very small footprints. More recently, silicon
photonics has also been used to integrate bulky, expensive, and power hungry optical
systems. Low propagation loss and high optical confinement of silicon photonic
waveguides have enabled many applications from imaging to signal generation. Since
both electronic and photonic components can now be co/hybrid integrated, there are a
large number of application that are enabled by using integrated electronic-photonic
systems. Electronic-assisted photonic systems, benefit from complex control electronics
to implement photonic systems with superior performance compared to conventional
implementations. Similarly, photonic-assisted electronic systems take advantage from the
large bandwidth available at optical frequencies as well as low-loss optical interconnects
to enhance the speed and power consumption of electronic systems. In this thesis, three
examples of integrated electronic-photonic systems are presented. Starting with synthesis
of optical signals, a partially integrated high-resolution optical frequency synthesizer is

demonstrated where an integrated electro-optical phase-locked loop is used to phase-

Vi



frequency lock a highly tunable laser to a stabilized optical frequency comb. The system
is capable of synthesizing optical frequencies around 1550 nm over a range of 5 THz
with sub-Hz resolution. Next, we benefit from the large bandwidth and low loss of
photonic integrated components to implement a nanophotonic near-field microwave
imager. The imager up-converts the received microwave signals reflected from a metallic
object to optical frequencies and optically processes the signals to form the corresponding
image of the object. The 121-pixel imager achieves 4.8° spatial resolution with orders of
magnitude smaller size than the benchtop implementations and a fraction of the power
consumption. Finally, solid-state optical beam steering using novel integrated optical
phased arrays is presented. We address the challenge of realizing optical phased arrays
with very small element spacing by reducing the number of phase shifters required for 2-
D beam steering as well as benefiting from a photonic fabrication process with two
optical device layers to implement very compact optical elements. Using these novel
methods, an optical phased array with 3 pm element spacing and beam steering range of

about 23° is implemented.
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CHAPTER 1

Introduction: Integrated electronic-photonic systems

Integrated electronic systems implemented on silicon platforms have been extensively
used in various areas of science and engineering from communications to medicine.
Mature fabrication processes with very high yield, large-scale production at a low per-
device cost, and integration of fairly complex systems on very small footprints are among
the main reasons for the increasing demand for electronic chips. Based on these unique
features, micro/nano electronic technology has been used to enhance the performance of
different systems in other fields of research such as bio-sensing, imaging, and optics to

name a few.

Since early 2000, silicon photonics has become increasingly popular as it enables
integration of large bench-top optical systems that reduces the overall size, cost, and
power consumption by orders of magnitude. Low propagation loss and high optical

confinement provided by silicon-on-insulator (SOI) platforms enable implementation of



many active and passive photonic components such as waveguides, detectors and
modulators on electronic compatible platforms [1,2]. This paves the way towards co-
integration of electronic and photonic components on the same platform enabling the
integration of a wider range of previously known bench-top systems, as well as a vast

variety of novel applications in engineering, science, and medicine.

System comprised of both electronic and photonic components and blocks can be
categorized into two main types. Electronic-assisted photonic systems, which benefit
from the fact that complex electronic circuits can be used to control and enhance the
performance of the photonic systems [3-5]. Similarly, photonic-assisted electronic
systems utilize the unique features of photonic components such as low waveguide
propagation loss to implement systems with performances that are very challenging to be

achieved in electronics-only implementations [6-8].

In this thesis, benefiting from the co-design of electronic and photonic systems, three
different examples of integrated electronic photonic systems are presented. These
applications include optical frequency synthesis, optical processing of microwave signals,

and solid-state optical beam steering.

1.1 Optical frequency synthesis: a partially integrated approach

Similar to electrical frequency synthesizers (EFS) that have been widely used in almost
all RF and microwave systems, optical frequency synthesizers (OFS) have many

applications in communications, sensing and imaging, radar and ranging, and
2



spectroscopy, to name a few. OFSs have been studied for many years and in fact, early
works date back to 1980s. However, OFSs are not as commonly and widely used as
EFSs. Integration of EFSs on small chips is the main driving force behind this
widespread use. In contrast, implementation of OFSs have been mainly limited to bench-
top systems that are large, expensive, and consume a large amount of power. Therefore,

integration of these systems is a critical step towards their large scale deployment.

fR EF fOUT
Phase/freq N )
@—» detactor »1 Loop filter VCO
.
Frequency |
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four

Loop filter Laser

¥

f1 fN

Figure 1.1 — Comparison of a typical EFS and an OFS.

Figure 1.1 shows the simplified block diagram of an EFS, where a voltage-controlled
oscillator (VCO) is phase locked to a stable low-noise reference and by adjusting the

frequency division ratio, an arbitrary electrical frequency can be generated. Since the



implementation of a frequency divider that can divide optical frequencies to electrical

ones is very challenging, some other method should be used to implement an OFS.

With the advent of optical frequency combs (OFC), a common approach is to use an
OFC as the reference of the OFS and lock a tunable laser (acting as the current-controlled
oscillator or CCO) to any of the comb teeth. The OFC is stabilized using extremely stable
microwave oscillators and covers a wide range of frequencies. Therefore, it is a good
candidate to be used in an OFS. Figure 1.1 also shows a typical OFC-based synthesizer
where the electrical reference is replaced with an OFC, the phase/frequency detection is
done by using an optical power combiner followed by a photodiode, the VCO is replaced

with a tunable laser (TL) and the frequency divider is eliminated.

Moreover, as discussed in details in Chapter 2, a heterodyne electro-optical phase-
locked loop (EOPLL) can be used in order to phase-frequency lock the TL and fine-tune

its frequency with respect to the reference.

It is highly desired to integrate the whole OFS system shown in Fig. 1.1 on a chip. The
integration involves multiple different blocks. First, the OFC should be integrated which
is a challenging task but with recent advances, many on-chip frequency combs have been
reported. Of course, it also requires an involved process of comb stabilization which is
beyond the scope of this thesis. In the rest of the system, the EOPLL is the core block that
is responsible for phase locking of the TL to the reference OFC. Demonstration of an
OFS with integrated EOPLL is one of the main steps towards full integration. Finally, the

rest of the electronic blocks will be integrated with the OFC and EOPLL chips. The focus



of this thesis is in Chapter 2 on a partially integrated OFS that uses an EOPLL chip for
stable phase-frequency locking to demonstrate high resolution synthesis over a wide
range of optical frequencies. Chapter 2 of this thesis contains detailed information about

the design and implementation of the proposed OFS.

1.2 Optical signal processing

Over the past decades, advancements in semiconductor fabrication processes have
enabled powerful digital and analog circuits for a vast variety of application from
personal computers to smartphones and communication systems. Latest technology nodes
provide nanoscale feature sizes that reduce the parasitic elements in a circuit and enable
implementation of high frequency and large bandwidth systems. However, different
factors such as large electrical loss of electrical waveguides at microwave frequencies
and electromagnetic interference make the design of high frequency systems rather

challenging.

Integrated photonic platforms offer very large bandwidth, low propagation loss, and
immunity to electromagnetic interferences. These features address the challenges with
electrical counterparts and enable efficient signal processing in the optical domain.
Therefore, optical processors have increasingly gaining attention for different

applications from communications to imaging.

In a typical microwave imaging system, an array of antennas is used to receive from

signal from different directions. The signal coming from an object is received by multiple
5



antenna and after processing, the corresponding image can be formed. One common way
of processing and delaying the received signals is by using true-time delay elements.
Since the signals coming from different directions arrive at different times, they
constructively interfere after passing through delays that are properly set, resulting in a
large signal that can be detected and used to find the direction of incidence. Such systems
have been mostly implemented using bench-top setups that are bulky, power hungry, and
expensive. Moreover, since the processing of the signals happens in electrical domain,

these systems are susceptible to electromagnetic interferences.

One way to address these challenges is to use antenna arrays with integrated
electronics [9]. Figure 1.2 shows this concept in which signals coming from different
angles are received by four antennas. After going through a network of delay elements,
these four signals constructively interfere at the corresponding pixel. This architecture
benefits from sharing the delay elements for different pixels to reduce the total number of
pixels [9]. For instance, the signal coming from direction 2 (red) is first received by Ao,
then by A1 and Az, and finally by A4. Therefore, these signals constructively interfere at

the pixel closer to As.

In the electrical approach, the delay elements are typically implemented using
transmission lines that are loaded by inductors and capacitors. This approach enables
smaller, lower power, and less expensive systems compared to the bench-top ones.
However, there are still challenges that limit the scaling to imagers with a large number
of pixels. Large propagation loss of the electrical transmission lines, especially compared

to that of optical counterparts, necessitates the use of repeating amplifiers to compensate
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for the variation of electrical power across the delay network that in turn, increases the
power consumption of the system. In addition, the large number of inductors required for
the delay elements, consumes a large silicon area, making the chips more expensive.
Since the processing still happens in electrical domain, electromagnetic interferences as
well as cross-talk between the inductors, can significantly degrade the performance of the

systems.

--..'/ ¥~ Delay

element (1)

Pixels

Figure 1.2 — The schematic of a multi-beam imager by sharing the delay elements
between the pixels.

Optical signal processing can be used to address these challenges by using

nanophotonic silicon waveguides instead of the electrical transmission lines that



significantly reduces the loss and enables more compact delay elements due to the higher
index of refraction of silicon and therefore lower group velocity. In this thesis, the first
nanophotonic microwave near-field imager is presented that receives the microwave
ultra-wideband signals, up-converts them to the optical domain using modulators,
processes the signals using on-chip nanophotonic delay elements, and forms the image by
converting the processed signals back to the electrical currents using photodiodes. The
121-element imager, which is integrated on a silicon chip, is capable of simultaneous
processing of ultra-wideband microwave signals and achieves 4.8° spatial resolution for
near-field imaging with orders of magnitude smaller size than the benchtop
implementations and a fraction of the power consumption. The details of the design and
implementation of the imager chip as well as the imaging demonstration results are

presented in Chapter 3 of this thesis.

1.3 Optical beam steering

Initially intended for use in radar systems to steer the radio waves across the sky to detect
planes, phased arrays have been used for different applications for many years. From
radar and object tracking to communication systems, phased arrays consist of a 1-D or 2-
D array of transmitting or receiving antennas (elements) that, depending on their relative
phase, are capable to transmit to or receive from a specific spatial direction. Typically,
phase shifters are used to set the relative phase between the elements. Figure 1.3(a) shows
the conceptual block diagram of a 1-D transmitting phased array with 8 elements. By

properly setting the relative phases, the systems can transmit in a certain spatial direction
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by forming a far-field interference pattern that results in a narrow beam, while in other

directions no or very small signal is transmitted.
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Figure 1.3 — (a) Conceptual block diagram of a 1-D 8-element phase array. (b) A
Compact 4x4 optical phased array for 2-D beam steering using 8 phase shifters and two
layers of photonic routing to achieve close to half-wavelength element spacing.

Two parameters are very important in the design and performance of the phased array:
element size, element spacing, and the total number of elements. Depending on the
frequency (wavelength) of operation, the size of the elements vary. For instance, in
microwave domain the size of the elements is in the order of a few millimeters to a few
centimeters while in the optical domain, they are three or four orders of magnitude
smaller. Moreover, in an ideal case, the spacing between the elements should be half of
the wavelength of operation to achieve a wide beam steering range as well as large side-
lobe suppression ratio. Finally, the number of elements sets the far-field beam width and
to achieve a narrow beam to have a high spatial resolution, one should increase the

number of the elements within the phase array aperture.

In the microwave domain, because of the wavelength values, it is a straightforward

task to implement a phase array with large number of elements and half-wavelength
9



element spacing to achieve a high quality beam. However, such a task is very challenging
in the optical domain as the wavelength value necessitates sub-micron element spacing to
achieve large beam steering range and side-lobe suppression ratio. This is due to the
difficulty of designing very compact optical antennas and placing them at half-
wavelength spacing since typically the elements are a few micron on each side. In
addition, photonic and electronic routings to distribute light and control the optical phase
of the elements, limit the element spacing even more. Therefore, to implement optical
phased arrays (OPA) with performances similar to those of the microwave phased arrays,
one should implement compact optical antennas and employ creative ways of light

distribution and controlling the relative phase between the elements.

In this thesis, novel OPA architectures are presented in which the routing complexities
are addressed by reducing the number of phase shifters in a 2-D system, and compact
OPA aperture is achieve by benefiting from a photonic fabrication process with two
layers of photonic routing. Figure 3.1(b) shows the conceptual schematic of the proposed
solutions. In this 4x4 OPA, 8 phase shifters are used to control the relative phases
between the elements instead of the conventional use of 16 phase shifters. This
significantly reduces the routing complexity and power consumption especially in OPAs
with large number of elements. In addition, by implementing two sets of elements and
combining their signals vertically, very compact aperture can be achieved. Two 8x8 OPA
chips are designed and implemented as proofs of concept and 2-D beam steering is
demonstrated. The details of the proposed approaches are presented in chapter 4 of this

thesis.
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1.4 Thesis outline

The topics that were discussed in sections 1.1 to 1.3, are presented in details in the rest of
this thesis. A partially integrated optical frequency synthesizer is presented in chapter 2.
First, the importance and applications of an OFS is discussed and is compared with the
typical implementation of an EFS. The step by step principle of operation of the proposed
OFS based on an optical frequency comb is explained in which a coarse tuning phase and
fine tuning phase are used to phase lock a widely tunable laser to the teeth of the OFC.
Because of using an integrated heterodyne EOPLL, high resolution synthesis can be
performed. Since the performance of the TL is critical in the process of frequency
synthesis, the full characterization of the TL in terms of wavelength tuning is presented.
Moreover, the FM response of the TL as the main limiting factor of the phase locking
loop bandwidth is discussed in details. As the beginning phase of the synthesis process,
the coarse tuning and tooth indexing systems are explained and the corresponding
characterization results are shown. After the coarse tuning phase, the EOPLL chip is
engaged to perform phase-frequency locking. To study the effect of integrating photonic
and electronic devices on the same chip to realize the EOPLL on the loop stability, the
theoretical analysis of nonlinear operation of the EOPLL is investigated in details. In
addition, the theory of operation of the heterodyne EOPLL is presented. These theoretical
studies are followed by detailed characterization results of the EOPLL as well as the
novel frequency detection scheme. An aided acquisition system is added to the OFS

system to enhance the acquisition range of the EOPLL and overcome some of the
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challenges such as false locking and temperature stabilization. Finally, the full system is
used to demonstrate optical frequency synthesis using an electro-optic frequency comb as

the reference to the OFS.

In chapter 3, the first nanophotonic near-field microwave imager is presented. First,
the motivation behind the work including the applications of near-field imagers and the
shortcomings of the bench-top and fully electrical implementations is presented. The idea
of multi-beam antenna arrays and their application in designing an imager is discussed.
The main concept behind the proposed nanophotonic imager is the fact that one can
optically delay an electrical signal. The theory of this concept is studied to show how
modulating light with an electrical signal and delaying it, delays the electrical signal by
the same amount. This results in more compact optical delay elements compared to the
electrical counterparts that together with the lower loss of the optical delay elements, are
the main reasons of the advantage of the proposed system over the conventional methods.
The system architecture is explained thoroughly. One challenge in this system is that the
coherence of the input light can cause variations in the intensity of pixels. A solution
based on frequency chirping the input laser is proposed and the corresponding theoretical
study are presented. The imager chip is characterized in terms of optical signal
distribution and single pulse source measurements to ensure that the chip can distinguish
between the signals coming from different angles. Finally, using metallic target objects,
near-field imaging is demonstrated, where the target objects are illuminated by a train of

UWB microwave pulses and the reflected signals are optically processed by the chip to
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form an image. A way of scaling up the number of pixels of the imager is proposed as the

potential continuation of this work.

Chapter 4 presents a novel OPA architecture that has been proposed as a way towards
ultra-compact phase arrays. The basics of phased arrays is explained and the effect of
increasing the number of elements as well as reducing the spacing between them are
studied through simulations. Since the wavelength of optical signals is much smaller than
that of microwave signals, achieving half-wavelength element spacing in OPAs is an
open problem. The proposed solution consists of two main steps towards the
implementation of ultra-compact OPAs. First, we reduce the number of phase shifters in
an NXN OPA by a factor of N/2 for 2-D beam steering using a novel architecture. This
architecture significantly reduced the photonic and electrical routings as well as the
power consumption that enable more closely-spaced OPA elements. The theory of
operation of this scheme is studied showing that in fact by properly setting the phase of
row and column signals of the OPA, one can set the relative phase between the elements
in order to perform single-beam steering. The theoretical study is followed by simulation
results for further investigation. An 8x8 OPA chip with 11 pum element spacing using the
proposed architecture is fabricated in a 180 nm SOI process as a proof of concept. The
details of the design of the system including the photonic components and the effect of
layout mismatches are discussed. Then, the demonstration results of 2-D beam steering
using the chip are presented. After showing that an OPA with reduced number of phase
shifters can be used for 2-D beam steering, the element spacing within the aperture is
further reduced by benefitting from a photonic fabrication process that provides two
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layers of photonic routing in silicon and silicon nitride. In this process, beam steering in
each of the X and Y directions can be done by having two apertures: one in Si layer and
one in SiN. These layers are placed in near-field of each other that can be leveraged to
combine the beams vertically. Therefore, by eliminating many photonic components that
were previously used to combine the row and column signals, the elements can be placed
much closer to each other. Moreover, waveguide gratings are used to have smaller
elements. A new 8x8 OPA chip with 3 um element spacing is fabricated in a 180 nm SOI
process as a proof of concept that features both reduction of phase shifters and two-layer
photonic routing. The details of the design of the elements are presented as well as other
photonic devices. Finally, 2-D beam steering results using the new chip is demonstrated

and the results are presented.

Finally, chapter 5 presents a summary of my PhD works and discusses the potential

future research directions that can be considered as the continuation of these works.
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CHAPTER 2

Synthesis of optical signals: Towards integrated optical

frequency synthesizers

Today, integrated electronic frequency synthesizers (EFS) play a key role in many
applications ranging from communication to detection and sensing [10-12]. In any of
these systems, there is a need for generating an arbitrary and configurable
radio/microwave frequency. For instance, such a signal can serve as the carrier signal in a
communication system or as the pilot signal in a radar system. Figure 2.1 shows the
conceptual block diagram of a typical EFS. In this figure, frequency synthesis is
performed by phase-locking a voltage-controlled oscillator (VCO) to a lower frequency
reference oscillator with significantly lower phase noise and higher stability. A

phase/frequency detector measures the error signal between the output frequency (four)
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and the reference frequency (frer). The error signal, after proper processing, is fed back
to the VCO to achieve the desired output frequency. In this case, the phase locking is
accomplished using integrated frequency dividers that divide down the VCO frequency
by a generally reconfigurable factor, allowing direct comparison with the lower
frequency reference oscillator. By adjusting the division ratio, different frequencies can
be synthesized using a single reference frequency. Such a system has been implemented
using both bench-top and integrated systems. The integrated EFSs are especially
beneficial since they can be deployed in large-scale in various systems at a significantly
lower cost, lower power consumption, and small physical size compared to the bench-top
counterparts. In fact such systems have enabled many low-cost handheld communication

and sensing devices such cellphones and handheld radar units.

frer four
Phase/freq - .
®—> g »1 Loop filter VCO
y N
Frequency |
divider N

Figure 2.1 — Block diagram of a typical EFS

In the optical domain, a tunable, stable, and low-noise optical frequency is essential
for many different communication and sensing systems. However, achieving all three

criteria at the same time in a single laser is very challenging. For instance, highly tunable,
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relatively low-noise lasers are available that have poor frequency stability characteristics
[13] and there are highly stable and low-noise lasers that are tunable for only a fraction of
nanometers [ 14]. Therefore, a system like an EFS is required to realize the above criteria
at same time and optical frequency synthesizers (OFS) are the most common solution.
Largely tunable OFSs also have many applications including optical communication [15],
frequency metrology [16], and spectroscopy [17]. Ideally, optical synthesis should be
performed by phase-locking a laser to a stable low phase noise electrical oscillator as
shown in Fig. 2.2(a). The frequency of a semiconductor laser can be tuned by changing
its gain section bias current and therefore it can be modelled as a current controlled

oscillator (CCO) [18]. This is illustrated in Fig. 2.2(b). In this case, a change of ic(t) in the

laser bias current results in a change of K,

QJZ (t)dt in the instantaneous phase of the
laser electric field, where Kiser is the laser current to frequency conversion gain.
However, realization of an optical frequency divider that is capable of performing
frequency division from optical frequencies to radio frequencies is very challenging. This
is mainly because it requires several different material systems and efficient non-linear
frequency conversion at different frequencies. The alternative solution is to replace the
electrical reference signal with an optical one, i.e. a laser, and use an electro-optical
phase-locked loop (EOPLL). Figure 2.2(c) shows the conceptual diagram of an OFS
where the frequency divider is eliminated and the output tunable laser (TL) is locked
directly to the reference laser. In this architecture, the phase detector can be implemented

by beating the two lasers and using a photodiode (PD) to generate a current that is

proportional to the phase difference between the lasers [19]. This is shown in Fig. 2.2(d),
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: [o o, .
where the electric fields of two lasers, £, =+/F, ¢’ and E =4/P, e’ are combined

and photo-detected. The photo-current is written
asi(t) = R[R + P +24/PP. cos(®@, - @, )i|, where R, Pi, P,, ® and @, are the

photodiode responsivity, the optical power of the first and second lasers, and the

instantaneous phase of the first and second lasers, respectively.

There are two main issues with the architecture shown in Fig. 2.2(c): limited tuning
range as well as reference stability. The tuning range is limited by the loop bandwidth
(typically a few MHz) and the reference laser needs to be highly stable. As shown in Fig.
2.2(e) the limited tuning range can be addressed by using multiple references at different
frequencies. The TL can be locked to any of the references and hence, the tuning range
can be extended. However, this solution is not practically desirable since it requires

multiple stable lasers as the set of references.

Recent advancements in demonstration of integrated optical frequency combs [20-21]
enable implementation of a highly stable frequency comb serving as the reference signal
for an OFS. Therefore, for wide range optical frequency synthesis, a highly stable optical
frequency comb (OFC) is often used as the reference frequency and the frequency
synthesis is performed by phase-locking a widely tunable laser to different reference

comb teeth [15-17] as shown in Fig 2.2(f).
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Figure 2.2 — (a) Replacing the VCO in and EFS with a semiconductor laser to synthesize
optical frequencies. (b) The model of a semiconductor laser acting as a CCO. (c) The
block diagram of an OFS after eliminating the frequency divider and using an optical
reference. (d) Implementation of the phase detector using an optical power combiner
following by a PD. (e) Enhancing the tuning range by having multiple references. (f)
Using frequency comb as the reference to simultaneously enhance the tuning range and

stability.
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The OFC can be extended across a large range of frequencies that addresses the
limited tuning range issue. Moreover, the teeth of an OFC are typically stabilized
referenced to a stable RF/microwave source [23]. Therefore, both issues concerned with

the architecture in Fig. 2.2(c) could be addressed by using an OFC as the reference (Fig.

2.2()).

To date, although many complex integrated electronic-photonic systems have been
demonstrated [24-26], optical frequency synthesizers have been mostly demonstrated
using bench-top implementations. In these implementations, very stable references can be
used which results in high quality of phase locking and the synthesis performance.
Despite excellent performance, such systems typically suffer from large physical size,
high power consumption, and high cost which make their large scale deployment,
especially in mobile and low-power applications, rather challenging. Therefore, there is a

large need for fully integrated OFSs.

This chapter presents a partially integrated OFS in which an integrated EOPLL is used
as the core block. The rest of this chapter is organized as follows. In section 2.1, the top-
level system architecture as well as the two-phase synthesis process (i.e. coarse and fine
tuning phases) are discussed. Section 2.2 presents the details of characterization of the
tunable laser. Coarse tuning an indexing systems are discussed in Section 2.3. The fine
tuning phase is performed using an integrated EOPLL chip and the design and
characterization results are discussed in Section 2.4. Section 2.5 contains some of the

challenges in design and implementation of the partially integrated OFS. Finally, the
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frequency synthesis demonstration results are presented in Section 2.6. Section 2.7

summarizes the chapter and provides some potential future works.

2.1 Principle of operation and system architecture

The proposed partially integrated OFS uses an OFC as the reference signal to which a
widely tunable distributed Bragg reflector (DBR) laser is phase locked using an
integrated heterodyne EOPLL chip. This section present the principle of the operation of

the OFS that uses a two-phase process in order to synthesize a desired optical frequency.

2.1.1 Principle of operation

As mentioned before, the proposed OFS works based on a two-phase process; a coarse
tuning phase and a fine tuning phase. Figure 2.3 illustrates these phase. Assuming that an
OFC with 500 MHz teeth spacing or free spectral range (FSR) is used as the reference
signal, the initial position of the TL with respect to the comb is shown in Fig 2.3(a).
Consider the case that the TL is supposed to be tuned to a frequency which is 5.7 GHz
larger than its initial frequency to synthesize a new frequency. Considering the 500 MHz
tooth spacing, the target 5.7 GHz can be decomposed into two parts. In a coarse tuning
phase, the TL is tuned while a counter keeps track of the passing teeth. The TL is tuned
for 5.5 GHz which corresponds to passing 11 comb teeth. After counting 11 teeth while

the TL is being tuned, its new location is marked in Fig 2.3(b).
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Figure 2.3 — Frequency synthesis using a coarse tuning and a fine tuning phase. (a) The
initial frequency of the TL and the target frequency that is 5.7 GHz higher. (b) Coarse
tuning after counting for 11 teeth. (c) Fine tuning using a heterodyne EOPLL for 200

MHz. (d) The block diagram of the heterodyne EOPLL.

Then, as shown in Fig. 2.3(c), the TL can tuned for the remaining 200 MHz in a fine
tuning phase using a heterodyne EOPLL. The simplified bock diagram of a heterodyne
EOPLL is shown in Fig. 2.3(d) [27]. The principle of operation of the EOPLL will

discussed in more details in section 2.4. Here, the reference laser and the TL are
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combined and photo-detected which, as shown in Fig. 2.2(d), act as the phase detector.
The resulting signal (beat note) at frequency wrer— rL is then mixed with a RF local
oscillator signal at frequency @io, creating an error signal that is fed back to the TL after
filtering. Under the lock condition, the signal injected to the TL is DC which necessitates
that arer— @wrL = @wro. Therefore, by adjusting the LO frequency, the frequency of the TL
can be tuned with respect to the reference frequency. Since this can be done with very
high resolution (sub-Hz), it is used for fine tuning the TL with respect to the reference. A

similar process can be utilized to synthesize any other frequency within the range of the

OFC.

2.1.2 System architecture

The block diagram of the proposed optical synthesizer is shown in Fig. 2.3(a). The
synthesizer consists of a reference OFC, a widely tunable laser (TL), the integrated
EOPLL for fine tuning, the aided acquisition system (AAS) that enhances the acquisition
range of the phase locking system, the indexing system that monitors the number of
passing teeth, and the laser control and driver unit for coarse and fine tuning. A stable,
low-noise frequency comb is generated using phase-only modulation of a continuous-
wave laser [28] and is used as the reference for the synthesizer. The OFC contains many
teeth with tooth spacing of 500 MHz. The TL is custom fabricated DBR laser made by
Inifinera Corporation. The simplified structure of the laser is shown in the inset of Fig

2.4(a). The TL consists of four main sections: back mirror, gain section, thermal phase
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section, and front mirror. By controlling the operating point of these sections, it is
possible to coarse and fine tune the laser. Mirrors and the phase section are used for
coarse tuning and the gain section is used for fine tuning and phase locking the TL to the
reference. More details about the laser and its characterization process is presented in

Section 2.2.

In order to perform frequency synthesis, the TL should be first coarse-tuned to the
vicinity of the target frequency. In the coarse tuning phase, the microcontroller performs
continuous laser tuning by sending proper signals to the laser driver, which injects
corresponding currents to the mirrors and phase sections of the TL. As the TL is tuned,
the indexing system, which monitors the beat-note between the TL and the comb teeth,
detects and counts the number of passing comb teeth. When the TL reaches the target
comb tooth, the microcontroller stops the coarse tuning and holds constant the mirrors
and phase section currents generated by the laser driver. At this point, the aided
acquisition system and the EOPLL are engaged. The aided acquisition system is used to
enhance the acquisition range of the EOPLL to cover the tooth-spacing of the reference

comb.

The EOPLL performs phase-frequency locking of the TL to the comb tooth right next
to the target tooth (acquired in the coarse tuning phase). In the case shown in Fig. 2.4(b),
once the TL reaches the target comb tooth after counting a certain number of teeth, the
EOPLL phase-locks the TL to the tooth right after the target comb tooth. This is due to
the fact that in a heterodyne EOPLL, under the lock condition, the frequency of the TL

and the reference optical frequency are offset by the frequency of the heterodyning local
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RF oscillator [29]. For tooth-spacing of 500 MHz, this local oscillator is tuned from 250
MHz to 500 MHz to span the tooth-spacing. Similarly, if the desired frequency is on the
left side of the target comb tooth (Fig. 2.4(c)), the tooth right before the target tooth is
selected as the reference to the heterodyne EOPLL. Note that because of the heterodyne
design of the EOPLL, the TL, when in between two teeth, is always phase locked to the

further tooth (i.e. at a frequency distance of 250 MHZ to 500 MHz).
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Figure 2.4 — (a) Block diagram of the partially integrated OFS. (b) The EOPLL phase
locks the TL to tooth right after the target comb tooth. (¢) The reference to the EOPLL is
the tooth right before the target comb tooth.

2.2 Tunable laser characterization

Before performing frequency synthesis, it is required to characterize the TL to find its
output wavelength or frequency as a function of different section settings. Inside the
cavity of a typical laser, light is reflected back and forth between two mirrors and an
active medium, the gain section, which is placed between the mirrors, provides gain to

sustain the oscillation. The lasing frequency is inversely proportional to the total time it
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takes for the light to travel between the mirrors and depends on the cavity length and the
effective index of refraction of the laser cavity. Therefore, to adjust the lasing frequency

to a desired value, these properties should altered correspondingly.

Here, a widely tunable DBR laser, custom fabricated by Infinera Corporation, is used
for optical frequency synthesis. The TL is comprised of four sections: gain, phase, front
mirror, and back mirror as depicted in Fig. 2.5(a). The gain section is biased using a low-
noise dc current source and is also connected to the output of the EOPLL chip to perform
phase locking. The gain section of the Infinera laser has a gain of 1.5 GHz/mA at a dc
current of 80 mA. The phase section can be modelled as a resistor and used to thermally
fine tune the laser wavelength over a small range (<0.5nm) and has a resistance of 30 .
The Bragg reflectors (mirrors) can be tuned by adjusting their refractive index through
the carrier injection effect. To change the refractive index of the mirrors, electrical
current should be injected to them appropriately. The TL can be monotonically and
continuously tuned by simultaneous tuning of front and back mirrors in the same

direction. In the rest of this section, this is called common-mode tuning.

The range in which the change in emission wavelength of the TL is continuous and
monotonic is limited to a few nanometers and is referred to as a “super-mode”. When
front and back mirrors are tuned in the opposite directions (differential tuning), the laser
cavity condition may change such that an abrupt and relatively large shift occurs in the
laser’s emission wavelength resulting in a mode hop [30] where the emission is set to a

different super-mode.
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With the combination of the common-mode and the differential tuning of the Bragg
mirrors, the TL can be tuned continuously over a large wavelength range. Note that
within a super-mode, the monotonic change in wavelength is primarily continuous but
may incur small frequency jumps. These small jumps may be tuned across by adjusting

the current of the thermally tuned phase section.
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Figure 2.5 — (a) Block diagram of the laser driver. (b) Coarse characterization of the
widely tunable laser showing the tuning range and super-modes. (c) TL FM response
measurement setup and (d) the corresponding magnitude and phase responses with
estimated phase cross-over frequency of 4.2 MHz.

Coarse tuning can thus be accomplished by changing the currents of the Bragg mirrors
and/or phase section. Continuous tuning and sequential counting of comb teeth are

essential for correct frequency synthesis; thus, during the coarse tuning, the TL must not
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experience any frequency jumps or mode hops as this will result in losing track of the

current location of the TL with respect to the reference comb.

To identify the super-modes and study the tuning behavior of the TL for different
phase and mirror current configurations, the TL was characterized. Fig. 2.5(a) shows the
top level schematic of the circuit used to control and drive the TL. To tune the TL across
a large wavelength range, first, the differential input (DF) is used to select a super-mode
by changing the offset current between the cavity mirrors. Then, the common-mode (CM)
input is adjusted to change the currents of both mirrors by the same amount to

continuously tune the laser across the selected super-mode.

As part of the coarse characterization of the TL, using the common-mode and
differential mode described above, the currents of the mirrors are swept in a nested loop
and the emission wavelength of the TL is measured and recorded. Fig. 2.5(b) shows the
super-modes and emission wavelengths of the TL sorted in ascending order. The
horizontal axis shows the number of sweep points. Each sweep (characterization) point

corresponds to a different combination of mirror currents.

The result of the TL coarse characterization can be used to form a look-up table that
contains data points required to continuously sweep the TL across a desired wavelength
range. The look-up table is stored in the memory of the microcontroller. Digital to analog
converters set the CM, DF and phase values based on this look-up table and op-amp

based drivers are used to drive the various sections of the TL.
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Another important characteristic of the TL that should be studied, is the frequency
modulation (FM) response of the laser. The tunable DBR laser used in this work does not
have a separate wideband section for frequency tuning. Therefore, the gain section is
used to perform phase locking. In this case, the resulting phase inversion in the laser FM
response limits the loop bandwidth [31]. This is especially important since it limits the
bandwidth within which the phase noise (linewidth) of the TL can reduced. Phase
reversal is due to the fact that when the gain section of the TL is modulated with an
electrical signal. At low modulation frequencies the corresponding change in the
frequency of the TL is out of phase with the modulation signal. In other words, as the
modulating signal (current) becomes larger, the laser goes towards lower frequencies
(thermal red shift). At high modulation frequencies, it is in-phase with input signal
(electronic blue shift). These two opposing mechanisms cause a phase reversal in the
laser FM response, resulting in a large phase change in the loop response, which limits its
operation bandwidth (this is discussed in Section 2.4). As shown in [31], the FM response

of a semiconductor laser can be modeled as

b [
N
Foa ()= |
1+ [ (2.1)
f.

where f'is the modulation frequency, and b and f; are fitting parameters. Figure 2.5(c)
shows the measurement setup for FM response characterization. Here, the gain section of
the laser is being driven by port 1 of a vector network analyzer (VNA) and the output of

the TL is connected to a frequency discriminator, comprised of a Mach-Zehnder
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interferometer followed by a photodiode. The output of the photodiode is amplified and
connected to port 2 of the VNA. The resulting magnitude and phase responses are shown
in Fig. 2.5(d). The magnitude and phase responses of (1) for » =2.9 and f. = 4.2 MHz are
also shown in Fig. 2.5(d). As mentioned before, f. (known as phase cross-over
frequency), limits the effective loop bandwidth of the EOPLL. In this case, the bandwidth
over which the loop is capable of performing phase noise reduction cannot be much

larger than 4.2 MHz.

2.3 Coarse tuning and tooth indexing

As mentioned in Section 2.1.1, in order to perform optical frequency synthesis, during the
coarse tuning phase, the TL is tuned to the vicinity of the desired comb tooth. In this case,
it is necessary to tune the TL continuously (Section 2.2), and to keep track of the
frequency of the TL with respect to the comb teeth at all times. Therefore, an indexing

system is designed to count the number of passing comb teeth as the TL is being tuned.

Before discussing the design of the indexing system, the generation and the spectrum
of the OFC should be considered. An OFC can be generated using different methods. In
order to ultimately implement a fully integrated OFS, one needs to integrate the OFC,
too. One way to do so is to use a mode-lock laser whose output consists of a train of very
short pulses in time domain which corresponds to equidistant tones in frequency domain.
In this method, by passing the output of a mode-locked laser through nonlinear a

material, a wide octave-spanning optical spectrum, a.k.a. supercontinuum, is generated.
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Then, in a second harmonic generation process, an OFC with twice the frequency of the
original one is generated. Finally, using a carrier envelope offset locking method, the last
and first comb lines of the first and second OFC are locked to each other, resulting a very
stable reference comb. Also, the OFC repetition rate is locked to a clean microwave
source [22,23]. In general, the reference OFC spectrum and its noise floor are not flat, i.e.

the noise floor and the comb teeth power vary across the comb frequency range.
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Figure 2.6 — (a) Typical spectrum of an OFC where the non-flat noise floor causes teeth

power variation. (b) The setup to generate electro-optical OFC and the resulting
spectrum.

This is illustrated in Fig 2.6(a). This in important characteristic that should be
considered in designing an indexing system and will be discussed more. Here, in order to
demonstrate optical synthesis using the proposed system, an electro-optic frequency
comb is implemented. In this method, electro-optical modulation of light is used in order

to introduce side-tones and generate comb teeth. As shown in Fig. 2.6(b), the output light
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of the laser source is first amplified using an erbium-doped fiber amplifier (EDFA) to
achieve enough optical power for modulation. After passing through a polarization

controller (PC), the light is modulated using an optical intensity modulator (IM).
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Figure 2.7 — Operation of the indexing system. (a) No signal is detected when the beat-
note is outside the passband of the filters. (b) Bottom path detect the beat-note and a large
signal appears at L3. (c) Top path detects the beat-note but no signal appears at L3. (d)
The OFC spectrum and the detected pulses with two pulses per comb tooth.
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To increase the number of teeth, a second stage of modulation is implemented using
an optical phase modulator (PM). Finally, a wideband laser source whose spectrum is
non-flat within the bandwidth of interest is added to the generated comb to imitate the
spectrum of a typical integrated OFC. The resulting spectrum of the OFC is shown in Fig.
2.6(b) after frequency down-conversion. This OFC contains 7 teeth and is used for

indexing system characterization.

The block diagram of the indexing system is shown in Fig. 2.7(a), where, the beat-note
signal is detected by combining the TL output and the reference comb followed by photo-
detection. As discussed before, the reference comb frequency spectrum and its noise floor
are not flat. This may result in rather large beat-note SNR variations which makes it
challenging to detect and count the comb teeth. In particular, often the local SNR may be
large enough for detection, however, the noise floor around some comb teeth may be
larger than the power of some other comb lines elsewhere within the comb spectrum. In
this case, a single power threshold level would not work to detect all comb teeth. In the
proposed architecture of Fig. 2.7(a), the beat-note power is compared with the local noise
level using two parallel paths. In the top path, a power detector measures the power of the
signal after a low-pass filter (LPF) with a corner frequency of 80 MHz. In the bottom
path, the LPF is replaced by a band-pass filter (BPF) whose passband covers 120 MHz to
160 MHz and does not overlap with that of the LPF. Therefore, when the top path detects
the power of the signal (Fig. 2.7(b)), the bottom path measures the local noise level. The
same situation happens when the beat-note is within the passband of the BPF in the

bottom path while the top path measures the local noise floor (Fig. 2.7(c)). The signal at
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the output of the bottom path is then subtracted from the output of the top path in a
difference amplifier. In this case, transitions in the signal at the output of the difference
amplifier (in form of a pulse train) correspond to passing comb teeth and can be used for

tooth-indexing and counting

In Fig. 2.7, as the beat-note moves, two signals, L1 and L», are generated in the top and
bottom paths, respectively. When Li (L2) is high at time # (%), the signal power is
measured in the top (bottom) path and the noise level is measured in the bottom (top)
path. When L> is higher than L, a signal is generated at the output of the difference
amplifier (L3). Therefore, two pulses per comb tooth are generated at node L3, one when
the TL is on the left side of a specific comb tooth and one when it is on the right side.
This is shown in Fig. 2.7(d) where each comb tooth falls between two pulses as the TL

passes through the comb teeth.

While the TL is being continuously tuned, the microcontroller counts the number of
pulses (corresponding to the number of passing teeth) and locates the TL frequency with
respect to the reference comb teeth. After counting a desired number of comb teeth, the
TL arrives in the vicinity of the target comb tooth and the microcontroller stops the
coarse tuning. At this point, the EOPLL is engaged to perform phase locking followed by
fine tuning, the process that is explained in details in the next section. Note that the
proposed architecture of the indexing system is capable of detecting the beat-note with

more than 25 dB SNR variations which is essential for the frequency synthesis process.
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2.4 Fine tuning using the EOPLL chip and the AAS

EOPLL is the core of an optical synthesizer as it phase locks the TL to the reference and
allows for fine tuning the frequency of TL with respect to the reference. EOPLLs have
been studied and demonstrated using both bench-top [32-35] and partially integrated
implementations [4,29]. Large phase locking bandwidth has been achieved for an EOPLL
with electronic and photonic circuits implemented on two separate III-V platforms
[36,37]. Integrated EOPLLs are especially important in implementation of integrated
OFSs to ensure a stable phase-lock to the reference which is a function of total loop
delay. In bench-top and partially integrated EOPLLs, large delays exist because of off-
chip electrical and optical long routings. Therefore, it is very beneficial to have a fully
integrated EOPLL in an OFS. The main challenge is the co-integration of electronic and

photonic components on the same chip to minimize the loop delay.

Standard complementary metal oxide semiconductor (CMOS) Silicon on insulator
(SOI) processes offer high degree of optical confinement, high fabrication yield, low-
cost, scalability to large-volume production, and co-integration with sophisticated
electronic circuits [26,38,39] and therefore are suitable candidates for EOPLL system

integration at infrared regime.

In this section the demonstration of an EOPLL integrated on the
GLOBALFOUNDRIES GF7RFSOI, a standard 180 nm CMOS-SOI process is presented.
Different photonic devices were designed on GF7RFSOI process (without post-

processing) that were co-integrated with standard electronic devices to realize a novel
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reconfigurable phase-frequency locking architecture suitable for phase locking many
different types of tunable lasers in the 1510 nm - 1590 nm wavelength range.
Furthermore, co-integration of electronic and photonic devices on the same chip reduces
the on-chip loop delay which significantly improves the EOPLL stability compared to
bench-top and partially integrated implementations. By using the proposed architecture,
the EOPLL acquisition and tracking ranges are significantly improved and the tunable
laser can be continuously tuned while maintaining phase lock which is a key feature for

reliable optical synthesis.

2.4.1 EOPLL nonlinear theory if operation

The frequency of a semiconductor laser can be tuned by changing its gain section bias
current and therefore it can be modelled as a current controlled oscillator (CCO) [18].

This was illustrated in Fig. 2.2 and is repeated in Fig. 2.8(a). As discussed earlier, a

change of i«(t) in the laser bias current results in a change of K,WJ‘I'C (1)dt in the

instantaneous phase of the laser electric field, where Kiuer is the laser current to

frequency conversion gain. Also, the photo-current is written
asi(?) = R[R + P, +24/PP, cos(®, - D, )i|, where R, Pi, P, ® and @, are the

photodiode responsivity, the optical power of the first and second lasers, and the
instantaneous phase of the first and second lasers, respectively. Using this optical phase
detector a semiconductor laser can be phase locked to a reference laser. The conceptual

block diagram of an electro-optical phase locked loop (EOPLL) in the phase domain is
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depicted in Fig. 2.8(c) where ®, = wt, ® and ®, =®, - @ are the input phase, the

output phase, and the phase error, respectively. Also, fpp(.), froop(t), and t4 are the non-

linear impulse response of the phase detector, the loop filter impulse response, and the

loop propagation delay, respectively. In addition, @; and @, are the reference laser

frequency and the free-running frequency of the TL, respectively.
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Figure 2.8 — The EOPLL principle of operation. (a) The semiconductor laser modelled as
a current controlled oscillator, (b) an optical phase detector, and (c¢) the conceptual block
diagram of an EOPLL in presence of loop delay.

The non-linear delay differential equation associated with the EOPLL in Fig. 2.8(c) is
written as

do, (1)
dt

+ K 008 (®,(1))* f0,, () *5(t—1,) = Aow. 2.2)
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where A®=@® —® and K =2, PP K, are the difference between the reference laser

frequency and the TL free-running frequency and the loop gain, respectively. Also, “*”
denotes convolution. For the first order loop, no loop filter is placed in the PLL, that is,
froop(t) is replaced by O(f) where J(.) is the Dirac delta function. In this case Eq. (2.2)
is modified to

do, (1)
dt

+Kcos(d)€(t—td))=Aa). (2.3)

To study the effect of the loop delay on the loop stability, perturbation theory can be

used [40]. Consider the case that the phase error, ®,is perturbed around its steady state.

In this case, the phase error can be written as ®, = ®,  +0®, where @, is the steady

,88

state phase error and 0@, is the perturbation. Equation (2.3) is then modified to:

e

A5, (1)

+Kcos(®,  +50,(t-1,)) = Ao, (2.4)
dt ’

Since the perturbation is by definition small, the cosine term in Eq. (2.4) can be

simplified as
cos(d)e’ss +00 (1 —zd)) =
cos(CDe,SS)cos(é‘(l)e(t—td))—sin((De,SS)sin(ﬁCDe(t—td))
~ cos(d)e’ss)—§CDe(t—td)sin(<I)e’SS). (2.5)

do

. e () :
Also, under steady state condition, d =0 and Eq. (2.4) results in
t
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. [ Ao,
sin(®@, ) =+, [1-(—)". (2.6)
K

Using Egs. (2.5) and (2.6), Eq. (2.4) is modified to

dod (1) Aw Ao
+K ?$5®e(t—td) i =Aw. (2.7)

dt

The characteristic equation for Eq. (2.7) is written ass=VK —Aw (¢ ).

Multiplying both sides of this equation by ! de% results in
ste =+t NK —Aw’. (2.8)

The solution to Eq. (2.8) can be written in terms of complex Lambert function [41] as

st, = W(itd VK’ - Aw’ ) (2.9)

where W(.) represents the complex Lambert function that satisfies W(z)e"” =z . The

EOPLL described by Eq. (2.3) is stable if the real part of the solution to the characteristic
equation is negative which requires W(itl,\/K C- Ao ) <0. For the complex Lambert

function, W(z), the real part of W is non-positive only if —7 /2 <z <0[27], resulting in

stability condition as

2
ogKgi 1+(2t“ij ) (2.10)
2t T

d
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Equation (2.10) shows that the maximum stable loop gain is inversely proportional to the
loop delay. Since the tracking and acquisition ranges of a PLL are directly proportional to
the loop gain [40], the loop delay limits the tracking and acquisition ranges.

Most practical phase locked loops can be modelled as a second order loop [40] where
Jfroop(t) represents a non-zero pole in the loop transfer function. In this case, the non-linear
delay differential equation of the EOPLL, Eq. (2.2), is written as

d’®, (1) do,(1)
a 2 +
dt dt

+Kcos(CDe(t—td)):Aa). (2.11)

where f,, () = efat“(l), corresponding to a pole at @ =-1/a, is considered and u(r)

represents the step function. Perturbing the phase error around the steady state point

results in the characteristic equation for Eq. (2.11) as

6D (1) 1dsd (1) K Ao
L), 1490, K 1_(_) 5O (—1)=0 2.12)
dt a dt a K

Equation (2.12) is a linear delay differential equation known as the Lienard equation

[42]. The Lienard delay differential equation d’x/dt’ +A(dx/dt)+Bx(t—t,)=0

represents a stable system if for 4,8 > 0, Bx"(Bt, — A) < Ois satisfied [27,42]. Therefore,

the second order EOPLL is stable if

K<i1/1+(Aa)td ). (2.13)

t

d
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Equation (2.13) shows that similar to the first order EOPLL, the maximum stable loop
gain of a second order EOPLL is inversely proportional to the loop delay and hence is

significantly improved with system integration.

2.4.2 Theory of heterodyne EOPLL

The EOPLL shown in Fig. 2.8(c) is a homodyne phase locked loop. In this case, under
the lock condition, the electronic signal within the loop would be at DC. Therefore, the
homodyne EOPLL suffers from the effect of the flicker noise of the electronic
components. In addition, all electronic components must be able to operate at DC.
Moreover, it is essential that the EOPLL can be used for fine tuning the TL frequency.
An alternative to the homodyne EOPLL is the heterodyne configuration, which can
address the aforementioned challenges. The block diagram of a heterodyne EOPLL is
depicted in Fig. 2.9(a). This is a more complete version of the block diagram shown in

Fig. 2.3(d). Assuming the electric field of the tunable and reference lasers to be
E, =P, """ andE, = [P, e’ """ the photocurrent corresponding to the

beat-note of the two lasers is written as

Ipp ()= R(PTL + PRef ) + 2R\/ })TLPRef COS(((‘)T - a)Re_f')t+ ¢TL _¢Ref)> (2.14)

41



where ipp, By, Pryrs Orp s Oy s @y 5 Grer» @nd R are the photocurrent, the TL power, the

reference laser power, the TL frequency, the reference laser frequency, the phase of the
TL, the phase of reference laser, and the photodiode responsivity, respectively.
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Figure 2.9 — (a) Conceptual block diagram of a heterodyne electro-optical phase-locked
loop. (b) Phase adjustment mechanism in EOPLL.

The photocurrent is amplified and converted to a voltage using a band-pass trans-

impedance amplifier (TTA). The TIA output voltage is written as

Vi (1) = ZKTIAR\/ PTLPRef cos ((a)T — Wpyy )t + by — ¢Ref + )r (2.15)
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where K, and¢,,, are the TIA gain and phase responses, respectively. The TIA output

voltage is mixed with the heterodyning LO signal, low-pass filtered, and converted to a
control current using a voltage-to-current converter (Vtol). The Vtol output, the control

current, can be written as
ic (t) =K cos (( W, — Wpyr —WOpp )t + ¢TL - ¢Rgf' - ¢L0 + ¢T1A + ¢LPF + ¢le ) > (2.16)

where K =K}, K, . K

Mixer

KR PTLPRef s Kyiors K 1o s K stiser s $r0 Brpr and Drion are

electronic gain, the Vtol gain, the low-pass-filter amplitude response, the mixer
conversion gain, the phase of the heterodyning signal, the low-pass-filter (LPF) phase
response, and the Vtol converter phase response, respectively (Fig. 2.9(b)). The control

current is injected to the TL to close the loop. Under the lock condition, the control

current is at DC. Therefore, @, — @y, = @,,, which indicates the frequency difference

between the reference and the TL, can be adjusted by tuning the heterodyning signal.
This is a key feature in operation of an optical synthesizer since for a stable frequency
comb as the reference, the TL can be tuned with a fine resolution by tuning the
synthesized heterodyning source. Also, under the lock condition, the phase of the control
current is constant which considering that the phase responses of the TIA, LPF, and Vtol

are constant results in

P = Prey — Pro = const. (2.17)
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Equation (2.17) shows that the relative phase between the reference laser and the TL can
be accurately adjusted by changing the phase of the heterodyning source in the electrical

domain.

2.4.3 Integrated EOPLL system architecture and characterization

Figure 2.10(a) shows the schematic of the integrated EOPLL. Both reference laser and
TL are coupled into the chip using grating couplers (GC), guided using nanophotonic
waveguides, and combined using a Y-junction. The Y-junction output is then backside
coupled to a vertical InGaAs photodiode using a grating coupler. The output of the

photodiode is wire-bonded to the input of the electronic circuit for further processing.

The output of the chip is fed back to the laser to close the loop. In this case, on-chip
optical and electrical interconnects reduce the total loop delay. The analysis presented in
Section 2.4.1 shows that the maximum stable loop gain is inversely proportional to the
loop delay. Therefore, compared to bench-top implementations, integrated
implementations can significantly improve the EOPLL stability.

Figure 2.10(b) shows the microphotograph of the electronic-photonic chip integrated
on GF7RFSOI process with the photodiode mounted on top. The photonic test structures

used for device characterization are depicted in Fig. 2.10(c).
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Figure 2.10 — (a) Schematic of the EOPLL chip. (b) The EOPLL chip microphotograph.
(c) Characterization results of the implemented on-chip photonic devices. Peak GC

efficieny happens at 1560 nm and coupling angle of 17°. The Y-junction has an excess
loss of 0.5 dB.

At 1550 nm, the measured grating coupler efficiency, the nanophotonic average
waveguide loss, and the Y-junction excess loss are 27%, 1.3 dB/mm, and 0.5 dB,
respectively. Note that while many photonic devices have been successfully implemented
on GF7RFSOI process, a wide band photodiode with high responsivity cannot be
implemented since no material with efficient absorption coefficient at 1550 nm (e.g. Ge)

is available in this standard electronic process.
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Figure 2.11 — The block diagram of the EOPLL and frequency acquisition principle of
operation. (a) Block diagram of the EOPLL chip. (b) Frequency detection principle of
operation in the complex frequency plane is shown. Each diagram shows the frequency
spectrum of the corresponding node in Fig. 2.11(a). “I” and “Q” represent cosine and sine
functions, respectively.
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Figure 2.11(a) shows the block diagram of the EOPLL. The two lasers are coupled
into the SOI chip, combined using a Y-junction, and photo-detected. The photocurrent,
which is the beat note between the reference and the TL, is a sinusoidal signal containing
the instantaneous phase difference between the lasers and flows back to the SOI chip
using bond wires. This photocurrent is amplified and converted to a voltage using a trans-
impedance amplifier (TTA). A poly-phase filter [43] is used to convert the TIA output
voltage, the beat-note signal at frequency frr, to two signals with 90° phase difference
(referred to as the quadrature signals). Four active mixers are used to perform quadrature
mixing of the poly-phase filter output and the differential quadrature signals generated
from the off-chip LO heterodyning signal at frequency fLo. The quadrature mixer output
is used in three different paths; the frequency detection path, the phase detection path,
and the integration path. Figure 2.11(b) illustrates the frequency detection principle of
operation in a complex frequency plane. Note that the imaginary plane is rotated by 90°
with respect to the real plane to ease the illustration.

The beat-note signal at the output of the TIA follows Eq. (2.15). A poly-phase filter is

placed after the TIA to generate two signals with 90° phase difference as

Vx:Acos(a)RFHqﬁRF) and VyzAsin(a)RFt+¢RF), (2.18)

where A=2K palyK T[AR\/ PP Ref > Ppp = O — Opers Per =P — ¢qu + @, + ¢poly K poly >

andg,, are the amplitude of the signal at the poly-phase filter output, the beat-note

oly

frequency, the phase of the signal after the poly-phase filter, the poly-phase filter
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insertion loss, and the poly-phase filter phase response, respectively. The signals at nodes
X and Y are mixed with the differential quadrature signals generated from the
heterodyning synthesized source. In this case, the signals at nodes 1, 2, 3, and 4 are

written as

v =%[sin((a)w + O )+ +¢RF)+sin((a)LO — O )+ —¢RF)], (2.19)

v, :A—zB[—sin((a)LO + O ) E+ +¢RF)+sin((a)LO — W )+, —¢RF)}, (2.20)
B (2.21)

v, ZT[COS((COLO +a)RF)z‘+¢L0 +¢RF)+COS((0)LO —a)RF)t+¢5LO —¢RF)],
(2.22)

v, :%[—cos((a}w +a)RF)t+¢L0 +¢RF)+COS((a)LO —a)RF)t+¢LO —¢RF)},

where B, ®,,, and ¢,,are the amplitude, frequency, and phase of the heterodyning

signals, respectively. The signals at nodes 1 and 2 are added to reject the upper side-band
at frr + fLo. A low-pass filter is used to attenuate the leakage signals at frr and fro. In this

case, the signal at node 7 is written as

Vv, = AB[sin((a)LO — O )t + B — P )], (2.23)

Similarly, the signal at node 8 is written as

Ve =AB|:COS((60LO—a)RF)t+¢LO—¢RF):|, (2.24)

Differentiating the signal at 7 with respect to time results in the signal at node 9 as
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V9 :AB(QLO_wRF)|:COS((a)L0_a)RF)Z+¢LO_¢RF):|’ (2.25)

Multiplying the signals at nodes 8 and 9 followed by low-pass filtering (integration)

results in a DC term at node 10 as

(4B)’ (2.26)

Vo :T(CULO _a)RF)'

Equation (2.26) shows that the DC voltage at node 10 is linearly proportional to the
difference between the beat-note frequency and the LO frequency. The signal at node 10
is applied to the TL gain section to offset frequency lock it to the reference laser. The

frequency locking does not interfere with the phase locking process as under the phase
lock condition (@,, = @) , the DC voltage at node 10 is zero.

Note that if the upper sideband at frr + fLo appears at nodes 6 or 7, it can desensitize
the frequency detection resulting in a false DC voltage detected at node 10. Therefore, the
upper side-band must be sufficiently attenuated. Using a high order low-pass filter to
attenuate the upper side-band can significantly increase the loop delay resulting in
instability. As an alternative to the high order low-pass filter, the reported quadrature
mixing scheme rejects the upper side-band without introducing excess delay and hence
does not affect the loop stability

The phase detection path is used to phase lock the TL to the reference laser. In this
case, the signal at node (6) which is proportional to the instantaneous phase difference

between the beat-note and the heterodyning LO signal is used for phase locking. Under
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the lock condition, the phase and frequency difference between the reference and slave
lasers are set by the phase and the frequency of the LO heterodyning signal.

The integrator path increases the loop gain at low frequencies and hence increases the
tracking range [40]. The signal at node (5) is amplified, integrated, and combined with
the outputs of the frequency detection and the phase detection paths and is injected to the
laser. The gain and bandwidth of all three paths can be adjusted to enable phase and

frequency locking of various TLs with different characteristics.

The electronic circuit schematic of various blocks of the EOPLL is shown in Fig. 2.12.
The TIA is designed based on a regulated cascade architecture as the input stage followed
by a buffer stage. The output of the buffer (S+ and S-) are connected to a differential
amplifier followed by another buffer to further increase the gain, providing 0 to 69 dBQ
gain and 3-dB bandwidth of 4.5 GHz. The quadrature mixers are double balanced Gilbert
cells with gain of 16 dB and measured 3-dB bandwidth of 9 GHz. The poly phase filter is
a 7-stage RC network with 3-dB bandwidth of 5.5 GHz. The frequency detection
amplifier has 42 dB voltage gain and is followed by a 300/600 kHz low-pass filter as an
integrator. The phase detection amplifier has measured voltage gain of 20 dB and its
bandwidth can be selected in the range of 12~50 MHz which is useful when different
lasers with different FM responses are used as slave lasers. The amplifier in the integrator
path has measured voltage gain of 19.5 dB and is followed by a 300/600 kHz low-pass

filter as an integrator. The entire chip consumes 19 mA from a 1.5 V supply voltage.
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Figure 2.12 — Electronic circuitry used for different blocks of the EOPLL chip.

To characterize the EOPLL performance, first the frequency detection path is
characterized. This is important since it defines the acquisition range of the EOPLL
which is essential for fine tuning in synthesis process. As explained before, frequency
detection relies on quadrature RF and LO signal generation. Hence, amplitude and phase

mismatch between these quadrature signals can affect the frequency locking
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performance. Figures 2.13(a) and 2.13(b) show the measured amplitude and phase
mismatch between the signals at nodes (5) and (6) in Fig. 2.11(a), respectively. Figure
2.13(c) shows the measured characteristics of the frequency detection path versus
simulation result for the case that the LO frequency is set to 900 MHz. When the beat-
note frequency, frr, is larger (smaller) than the heterodyning frequency, fio, a positive
(negative) voltage is generated at node (10) tuning the slave tunable laser such that frr
moves towards fio leading to frequency locking. When the beat-note frequency is within
the EOPLL phase acquisition range, the phase detection path performs phase locking. At
his point, the voltage at node (10) is zero (frr = fLo) and the frequency locked loop is
disengaged. The figure shows the measured amplitude mismatch of under 2.5% and

phase mismatch of under 5° at the output of the quadrature mixer stage.
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Figure 2.13 — Measured (a) amplitude and (b) phase mismatch at the output of quadrature
mixers (nodes (5) and (6) in Fig. 2.11(a)). (¢) The measured characteristics of the

frequency detection path when the frequency of the heterodyning signal is set to 900
MHz.

The full EOPLL characterization setup is shown in Fig. 2.14(a). The reference laser

optical power is set to 5 dBm and is delivered to the chip using an optical fiber.
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Figure 2.14 — (a) Measurement setup for characterization of the EOPLL chip. (b) Beat-
note lock spectrum for different LO frequencies.

Note that the output of a laser chip can also be directly coupled to the EOPLL chip
via the grating coupler. A low-noise current source is used to bias an ACATEL
3CNO00325CW distributed feedback (DFB) laser as the TL to minimize the effect of the
noise of the laser driver on the laser linewidth. The bias current of the slave tunable laser
is set to 94 mA which is provided by a Thorlabs LDC201U laser driver. Note that the
noise of the laser driver is directly injected to the TL increasing its linewidth and
reducing the PL-FOM. In this case, the linewidth of the laser would be closer to the phase
reversal frequency in the FM response which lowers the selectivity required for phase

locking. The full-width at half-maximum linewidth of the TL when driven by the
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Thorlabs LDC201U current source (at 94 mA) is approximately 650 kHz. The phase
reversal frequency in the TL FM response occurs at 800 kHz. Therefore, the PL-FOM
defined in the main text can be calculated to be 1.23. Based on phase locking
performance of several commercially available semiconductor lasers it seems that PL-

FOM > 1 results in robust phase locking.

A monitoring pad at the output of the photodiode has been wire-bonded and used to
monitor the beat-note lock spectrum on a RF spectrum analyzer. To provide the
heterodyning signal to the chip an Anritsu MG3696A frequency synthesizer has been
used followed by a 180° hybrid and two 90° hybrids. The delivered RF power of the
differential quadrature signals required for on-chip quadrature mixing is about 4 dBm. To
monitor the lock spectrum, the beat-note after the photodiode is monitored using HP
8565E spectrum analyzer. The spectrum analyzer span is set to 50 MHz, the resolution

and video bandwidths are set to 30 kHz and 10 kHz, respectively.

The total estimated on-chip propagation delay due to optical waveguides is under 30
ps. The estimated propagation delay due to optical and electrical interconnects between
the EOPLL chip and the slave laser is under 2 ns. Figures 2.14(b) shows the lock
spectrums (the beat-note) for different heterodyning LO frequencies confirming that the
reported integrated EOPLL can acquire phase and frequency lock over a large range of

heterodyning signal frequency.
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2.4.4 Aided acquisition system

In order to further enhance the acquisition range of the EOPLL to be sufficient to cover
the reference comb tooth-spacing, an aided acquisition system (AAS) is implemented.
The block diagram of the AAS is shown in Fig. 2.15(a). The AAS system architecture is
inspired by the frequency acquisition system reported in [29], however, it has been
designed for a wideband operation such that the LO heterodyning signal can be tuned

over 500 MHz while maintaining phase lock which is crucial for optical synthesis.
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Figure 2.15 — (a) Block diagram of the aided acquisition system. (b) Block diagram of the
implemented 90° hybrid in AAS system. (c¢) Lock detector response measured for LO
frequency of 375 MHz.

The AAS consists of two paths: a lock indicator and a ramp generator path. In the
ramp generator path, the system first detects the frequencies of the beat-note signal (frr)
and the heterodyning LO signal (fi0). Depending on whether frr > fio or frr < fL0, @ high
or low dc voltage is generated. A microcontroller reads this dc voltage and instructs a
digital to analog converter to generate an upward or downward sloping ramp signal. This
signal is injected to the phase section of the TL in order to shift the TL wavelength such
that the beat-note frequency moves towards the LO frequency. The lock indicator path
determines if the beat-note is within the acquisition range of the EOPLL. To do so, the

beat-note and the LO signals are mixed. The mixer output, corresponding to the
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frequency difference between the beat-note and the LO signal, is low pass filtered and
power detected. The low-pass filter corner frequency is set to be slightly smaller than the
acquisition range of the EOPLL. If the frequency difference is within the bandwidth of
the filter, the output of the power detector will be high indicating that the beat-note is
close enough to the LO frequency such that the EOPLL can acquire phase lock. In this
scenario, the microcontroller monitoring the output of the lock detector disengages the
aided acquisition loop to avoid interfering with the EOPLL operation. If the frequency
difference is outside the bandwidth of the low-pass filter, the lock detector output is low

and the ramp generator is engaged.

A key component of the AAS system is the 90° hybrid in the image reject architecture
in Fig. 2.15(a). This hybrid needs to operate from low enough frequencies (overlapping
with EOPLL acquisition range), to 250 MHz (determined by the comb spacing). Fig.
2.15(b) shows the schematic of the 90° hybrid. To achieve a large image rejection over
the desired wide frequency band, the frequency range of interest is divided into 3 sub-
bands. After power splitting, in each sub-band, the quadrature signal is generated using a
lower bandwidth hybrid. The outputs of these 3 hybrids are combined after band select

filtering to achieve the functionality of the desired wideband 90° hybrid.

In order to characterize the AAS, two RF synthesized sources, one emulating the beat-
note and the other one as the LO signal, are used. When the beat-note frequency is
changed with respect to the LO frequency, the outputs of the lock indicator and the ramp
generator are measured. In Fig. 2.15(c), LO frequency is set to 375 MHz and beat-note

frequency is changed from 250 to 500 MHz. As a result, the ramp up/down changes from
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close to 0 V to more than 1 V depending on the sign of frr — fLo. Furthermore, if frr is
within #20 MHz of fio, the lock indicator signal changes from close to 0 V
(corresponding to the “Unlocked” state) to about 2 V (corresponding to the “Locked”
state). In addition to enhancing the acquisition range of the EOPLL, the AAS resolves the
issue of the false locking and compensates for the effect of slow laser temperature

stabilization process (both will be discussed in detail in Section 2.5).

2.5 OFS design challenges

2.5.1 False locking

As discussed in Section 2.4, the integrated heterodyne EOPLL, as the core of the optical
synthesizer, enables high resolution fine tuning through the adjustment of the frequency
(and phase) of the heterodyning local oscillator. While the control of the optical phase
and frequency using the RF heterodyning signal is a significant advantage, it poses the

challenge of false locking.

Consider the block diagram of a heterodyne EOPLL in phase domain depicted in Fig.
2.16(a), where the frequency of the signals at different nodes are shown. Here, @, @rr,
wmo, and ¢ are the reference laser frequency, the tunable laser frequency, the

heterodyning LO frequency, and the phase error signal, respectively.
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Figure 2.16 — (a) Block diagram of a heterodyne EOPLL in the phase domain. (b)

Conceptual block diagram of a tunable laser as a current-controlled oscillator.

As shown in Fig. 2.16(b), the laser can be modeled as a current-controlled oscillator
for which the oscillation frequency is determined by the current injected to its gain

section. For this case, the non-linear differential equation of the EOPLL can be written as
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%H( cos(¢,(t)=Awtw,, (2.27)

where K is the loop gain in rad/sec (representing the product of the phase detector gain,
the gain of the electronics, and the gain of the laser), and Aw=w,, —®; is the
frequency difference between the two lasers. The + sign in Eq. (2.27) represents the fact

that there are two stable locking points for the system. Under the steady state condition,

%:O, and since the cosine function is bounded, the lock condition can be
t

determined as
Aot o, <K (2.28)

which can be simplified to two conditions

{—K ~w,, <Aw<K-wo,, 2.29)

-K+w,,<Aw<K+aw,,
Equation (2.29) indicates two possible locking points, that is, the TL may lock to the

reference laser, either when the TL is at frequency ®,,, —@;, or whenitisatw,,, +®,, .

This phenomenon can confuse the system when acquiring phase lock.

To address this issue the AAS is designed such that only one of the above two
scenarios can take place. As discussed in Section 2.4.4, the AAS generates a ramp signal
that is injected to the TL to bring the beat-note between the TL and the reference comb
tooth within the acquisition range of the EOPLL. In this case, when the beat-note is on

the left side of the LO signal (lower frequency) the ramp slope is positive and when it is
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on its right side (higher frequency) the slope is negative. For example, if the TL
frequency is higher than that of the desired comb tooth (such that the beat-note signal is
on the left side of the LO signal), the AAS ramps up the TL current, moving it to higher
frequencies. As a result, the beat-note frequency increases towards that of the LO until

the EOPLL performs phase locking (once the beat-note is within its acquisition range).

On the other hand, if initially the TL frequency is lower than that of the desired comb
tooth, the generated ramp signal moves the TL frequency even further from the comb
tooth. Therefore, the TL can only lock to a comb tooth with frequency lower than that of
the TL. In order to phase lock the TL to a comb tooth at a higher frequency than the TL,
the slope of the ramp signal should be reversed. Therefore, by setting the sign of the ramp
signal slope, one of the solutions to Eq. (2.28) can be selected which resolves the false

locking.

2.5.2 TL temperature stabilization response

As discussed in Section 2.2, the TL can be tuned by adjusting the mirror and/or phase
section currents. Increasing (decreasing) the currents results in an increase (decrease) in
the laser temperature. This variation in temperature changes the cavity conditions and
hence the wavelength of the laser. This thermal wavelength variation not only makes

phase locking challenging but also can cause the indexing system to lose the tooth count.

This problem is exacerbated for larger changes in the mirror/phase current. Consider

the case that a large frequency change from the current frequency of the TL, fi, to the
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target frequency, f, is desired. Correspondingly, the mirrors and/or phase section currents
should change by a large amount (i.e. tens of mA). For this case, although the coarse
tuning phase is performed in a fraction of a second, as explained in Section 2.3, when the
frequency of TL reaches f; after counting certain number of teeth, its temperature has
changed. A temperature controller loop is used to keep the temperature of the TL
constant, however, the time required for the loop to acquire thermal equilibrium is
usually much longer than the coarse tuning time. During the temperature stabilization
process, the frequency of the TL varies, causing TL to move away from the target comb
tooth and most likely pass through many comb teeth away from the target tooth. This also
does not allow the EOPLL to robustly acquire/maintain phase lock. As mentioned in
Section 2.4.4, the AAS is used to address this issue. When the coarse tuning process is
done and the TL reaches f», the temperature of the TL is slowly changing around its set
point. Therefore, the beat-note tends to pass over the LO signal. Here, the lock indicator
system detects when the beat-note is moving away from the LO signal and the ramp
generator keeps the beat-note within the acquisition range of the EOPLL by adjusting the
current of the phase section of TL. Therefore, while the thermal loop is settling down, the
TL remains phase-locked to the desired comb tooth. Fig. 2.17 shows the measured phase
section current change for the case that a large mirror current change occurs. In this
figure, the system is initially in thermal equilibrium and the TL is phase-locked to a comb
tooth (at f1). Then, both front and back mirror currents are changed by about 20 mA in
less than a second to coarse tune the frequency of TL to f5, resulting in a large
temperature change. The loop reacquires phase lock the moment the coarse tuning is

done. Simultaneously, while the laser’s temperature is stabilizing, the phase section
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current is slowly changing to counteract the effect of temperature stabilization and keep

the TL frequency constant.
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Figure 2.17 — Measured phase section current versus time when a large mirror current
change happens showing how AAS counteracts the laser thermal fluctuations.

2.6 Optical frequency synthesis

To demonstrate optical synthesis, a widely tunable laser is required. As explained in
section 2.2, a DBR laser custom fabricated by Infinera Corporation is used for this
purpose. The measurement setup used to demonstrate optical frequency synthesis is
shown in Fig. 2.18(a), where similar to Section 2.3, a method of phase-only modulation
of a continuous wave reference laser is used to generate the reference frequency comb
[28]. Fig. 8(b) shows the picture of the measurement setup where the main blocks are
highlighted as well as the chip microphotograph of the EOPLL. In this setup, the tooth-

spacing is set to 500 MHz. The output of the TL is combined with the reference comb
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and the resulting optical signal is divided into two branches using a 50/50 power splitter.
One branch illuminates the photodiode connected to the input of the indexing system and
the AAS. The other branch is further divided using a 10/90 optical power splitter where
the 10% output is used for monitoring the optical spectrum and the 90% output
illuminates the photodiode at the input of the EOPLL chip. The EOPLL chip requires
differential quadrature LO heterodyning signals which are generated off-chip using a

180° hybrid and two 90° hybrids.
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Figure 2.18 — (a) Measurement setup used for optical frequency synthesis demonstration
and (b) the setup picture and the EOPLL chip microphotograph. (¢) Optical frequency
spectrum showing the initial location of the TL with respect to the reference comb and
(d) the corresponding phase-locked beat-note spectrum. (e) Final location of the TL after
coarse and fine tuning phases and (f) the corresponding lock spectrum.

The output of the indexing system is read by the microcontroller to count the number
of teeth and set the laser driver currents to perform continuous TL coarse tuning. The

gain section current consists of a dc bias current provided by a Thorlabs LDC201U ultra
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low noise current source as well as the output signal of the EOPLL chip for phase
locking. The phase section current is composed of the current for coarse tuning and the
current generated by the AAS to enhance the acquisition range and to keep the TL within
the EOPLL acquisition range during temperature stabilization process. The mirror (front
and back) currents are injected to the laser in the coarse tuning process. Using this
architecture a coarse tuning speed and resolution of 0.5 THz/sec and 20 MHz are

achieved, respectively.

At the end of the coarse tuning process, phase locking is done by the EOPLL. At this
point, TL is fine-tuned by adjusting the frequency of the LO heterodyning signal. Fig.
2.18(c) to 2.18(f) show the optical synthesis result where the TL is initially at 1557.8063
nm and is phase-locked to a comb tooth with an offset frequency of 375 MHz (Fig.
2.18(c)). For this case, the lock spectrum (i.e. the spectrum of the beat-note under the
locked condition) is shown in Fig. 2.18(d). Consider the case that the TL is to be tuned to
the target wavelength of 1557.9924 nm. This wavelength is chosen to ease the
illustration. First during the coarse tuning, front mirror, back mirror, and phase section
currents are varied such that TL continuously is tuned to the vicinity of the target
wavelength. While the TL is passing through the comb teeth, the indexing system
generates two pulses per comb tooth as explained in Section 2.3. The desired range

includes 47 teeth and hence, 94 pulses are generated in total.

When the microcontroller counts the proper number of pulses (in this case 94), it stops
the coarse tuning. At this point, the EOPLL chip phase locks the TL to the tooth right

next to the target comb tooth. Finally, optical frequency synthesis is completed when LO
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fine tuning is done. The final location of the TL with respect to the comb and the

corresponding lock spectrum are shown in Fig. 2.18(e) and 2.18(f), respectively.

The fine tuning performance of the system is further investigated by conducting
additional measurement mainly on the EOPLL chip and the AAS. These measurements
include phase locking and phase noise reduction performance, fine tuning range by
adjusting the LO heterodyning frequency, long-term stability of system, and fine tuning

speed that are presented next.

As mentioned earlier in Section 2.4.2, under the phase lock condition, the frequency
difference between the TL and the selected comb tooth is set by the heterodyning LO
signal. Also, within the loop bandwidth, the TL phase noise follows that of the reference
laser. This is shown in Fig. 2.19(a) where the spectrum of the beat-note before and after
phase locking is depicted. From this figure, an effective loop bandwidth of about 5 MHz
can be estimated which is primarily limited by the FM response cross-over frequency.
The residual phase noise of the locked beat-note for LO heterodyning frequency of 300
MHz is measured which is compared with that of the LO heterodyning signal in Fig.
2.19(b). Fig. 2.19(c) shows the lock spectrum for different LO frequency settings. The
implemented EOPLL is capable of phase locking for LO frequencies between 200 MHz
and 1.3 GHz. However, given the 500 MHz comb tooth-spacing in this work, LO

frequency range of 250 MHz to 500 MHz is considered.
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Figure 2.19 — (a) Beat-note spectrum before and after phase locking. (b) Measured phase
noise of the locked beat-note and the LO heterodyning signal. (¢) Lock spectrum for
different fio settings. (d) Allan deviation measurement result.

Similar to an electrical frequency synthesizer, in an optical synthesizer the stability of
the synthesized frequency tone is one of the critical characteristics of the system. To
measure the Allan deviation of the synthesized optical signal, the beat-note signal is
connected to a Tektronix FCA 3120 frequency counter. The Allan deviation of the free-
running and phase-locked beat-notes for gate times between 4 psec and 1 sec are shown

in Fig. 2.19(d), where at a gate time of 1 sec, the stability is enhanced by about 6 orders
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of magnitude. Table 2.1 compares the performance of the EOPLL within the OFS with

those of a few recent works.

Table 2.1 — Comparison if the implemented EOPLL with some of the recent works

Power
Slave tunable laser Reference Loop . consump Process
. . laser . Phase noise tion Area .
(linewidth) (linewidth) bandwidth (electron (electronics)
ics)
SG-DBR with a
separate wideband Optical -80 dBc/Hz 4 mmx 8 InP HBT chip
[44] tuning section (10 comb 400 MHz at 200 Hz 400 mW mm#* (electronics)
MHz)
DBR with a separate PCB
[45] wideband tuning (100 kHz) 100 MHz -1230131?(%? - - implementati
sections (1.25 MHz) on
This Seclzljfa‘:iﬁ‘egtizn EO comb (1imi5t el\glgz v | 105 dBoHZ | oo | 12mmx2 180 nm
work ) € | (<100 kHz) y at | MHz : mm CMOS SOI
section (<1 MHz) response)

Another important characteristic of a synthesizer is the tuning time, measured in both
coarse and fine tuning phases. Measurements show a coarse tuning speed of about 0.5
THz/sec at 20 MHz frequency resolution. Using an electrical synthesizer (serving as the
LO heterodyning signal) with small enough tuning time, the fine tuning time of the
optical synthesizer would be limited by the acquisition time of the EOPLL. Figure
2.20(a) shows the setup used to measure the acquisition time of the EOPLL, where a
voltage controlled oscillator (VCO) is used to provide the LO heterodyning signal to the
EOPLL chip. The output signal of the EOPLL chip (which is injected to the gain section
of the TL) is monitored on an oscilloscope while the beat-note spectrum is monitored on
an electrical spectrum analyzer. To measure the EOPLL acquisition time, the VCO
frequency is changed such that the loop loses and re-acquires lock periodically. This is

done by applying a square wave signal to the control voltage of the VCO such that its
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frequency changes by about 50 MHz (which is larger than the acquisition range of the
EOPLL). In this case, if the EOPLL is phase-locked when the square wave is at the low
state, it will lose lock when the square wave signal quickly goes to high state as the LO

heterodyning frequency changes instantly by an amount larger that the EOPLL

acquisition range.
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Figure 2.20 — (a) Measurement setup for EOPLL acquisition time and (b) the output of
the EOPLL chip which is injected to the gain section of the TL.

68




Therefore, by applying the square wave signal to the VCO control voltage, the EOPLL
will periodically be pushed out-of-lock and re-acquire lock. Note that, the state of the
loop (i.e. whether it is phase-locked or not) can be followed by monitoring the beat-note
spectrum (on the spectrum analyzer) as well as the EOPLL chip output (on the
oscilloscope). In Fig. 2.20(b), the red signal shows the square wave signal applied to the
control voltage of the VCO and the blue signal shows the AC component of the EOPLL
chip output (injected to the TL gain section). When the EOPLL is phase-locked, the
fluctuations of the EOPLL chip output is suppressed. Given that the rise/fall time of the
square wave is much smaller than the lock/unlock transition in the EOPLL chip output,

the acquisition time of the EOPLL can be approximated to be 400 nsec.

Table 2.2 — Implemented OFS performance summary

Center frequency 192 THz
Tuning range ~5THz
Coarse tuning speed 0.5 THz/sec
Coarse tuning resolution 20 MHz

Find tuning range (without AAS) 250 MHz (40 MHz)
EOPLL acquisition time fine tuning) 400 nsec

Fine tuning resolution <1Hz

2.7 Summary and future work

Based on the need for integrated OFS systems for various applications such as optical

communications and sensing, I started working on the ways towards implementing a fully
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integrated OFS. In these applications, a stable, widely tunable and high resolution
synthesizer is required. OFC-based synthesizers are one common approach where a
widely tunable laser is phase-locked to different teeth of a stable low-noise optical comb
as the reference. Therefore, a large frequency range can be covered while the TL is
stabilized using a phase-locked loop. Recent advancements in demonstration of
integrated optical frequency combs enable implementation of a highly stable frequency

comb serving as the reference signal for the EOPLL in an integrated optical synthesizer.

As the first step, an integrated electro-optical phase locked loop (EOPLL) as the core
of an optical synthesizer, where photonic and electronic devices are integrated in a
standard silicon-on-insulator (SOI) process was implemented. A sophisticated integrated
electronic-photonic architecture is proposed enabling reliable, low-cost, and high
resolution optical synthesis. The small on-chip optical delay and electronically assisted
frequency detection and acquisition provide tunable phase and frequency locking. The
integrated EOPLL was fabricated using Global Foundries 7RFSOI process which is a
standard CMOS process. The chip consumes 28.5 mW with total chip area of 2.4 mm?
making it comparable with electrical synthesizers enabling large-scale deployment in
applications such as low-cost optical spectroscopy, detection, sensing, and optical

communication.

In the next step, the EOPLL chip was used to implement a partially integrated OFS. In
the proposed architecture, frequency synthesis is done in two phases. In a coarse tuning
phase, a widely tunable distributed Bragg reflector (DBR) laser is continuously tuned by
adjusting its mirrors and phase section currents. While the laser is being tuned, an
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indexing system detects and counts the number of passing comb teeth. Coarse tuning is
concluded when the tunable laser reaches the target comb tooth. Following the coarse
tuning phase, a heterodyne integrated EOPLL phase locks the tunable laser to the selected
comb tooth. An aided acquisition system, improves the acquisition range of the EOPLL
to 250 MHz making it compatible with the 500 MHz tooth-spacing of the OFC. Under
the phase-locked condition, fine frequency tuning is performed by adjusting the
frequency of a RF local oscillator. The proposed synthesizer has the capability of
synthesizing optical frequencies over a 5 THz range with a coarse tuning speed of 0.5
THz/sec and coarse and fine tuning resolutions of 20 MHz and less than 1 Hz,
respectively. Experimental results of frequency synthesis as well as extensive

characterization results of different block of the implemented system are presented.
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Figure 2.21 — The block diagram of an OFS that integrates all electronic blocks.

As an immediate continuation of this work, all blocks together with the EOPLL chip
can be integrated on the same chip which results in a lower power consumption, lower

cost, and smaller size of the system. Larger bandwidth electronics can be designed for the
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EOPLL and AAS. This relaxes the filter design for the indexing system and allows for
larger tooth-spacing for the OFC, which generally can result in larger SNR and higher
power per comb tooth. Finally, depending on the available fabrication processes, the
proposed system can be co/hybrid integrated with the OFC to realize a fully integrated

OFS. Figure 2.21 depicts the top level chip architecture of a fully integrated OFS.

72



CHAPTER 3

Optical signal processing: A nanophotonic near-field imager

Unlike the radio and microwave frequencies, where lack of enough bandwidth is a
serious challenge in many applications, in the optical domain, very large bandwidths are
available. This provides a great opportunity of implementing systems in which data
processing is performed in the optical domain rather than the conventional electrical
signal processing to realize much faster systems. This has resulted in many works in the
field of microwave photonics. These works include different applications from signal
generation to phased arrays [46-48]. In true-time delay based antenna arrays [48] more

compact and more efficient delay elements can be implemented in the optical domain.

Ultra-wideband (UWB) near- and far-field imagers utilize a large bandwidth in the
microwave regime enabling implementation of near-field radar [49,50], through-the-wall
imaging [51,52], tracking and positioning [53], low power communication for internet-

of-things (IoT) [54], and high depth resolution imaging [55]. In medicine, these imagers
73



have been used for cancer cell detection [56,57], brain imaging [58], imaging of heart
motions [59,60] and respiration rate monitoring [61], to name a few. UWB describes
systems whose instantaneous fractional bandwidth, defined as the ratio of -10 dB
bandwidth to the center frequency, exceeds 20% [62]. High depth and azimuth resolution,
penetration through optically opaque obstacles, and capability of imaging in different

weather conditions have made UWB systems suitable for many applications.
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Figure 3.1 — (a) The 1-D multi-beam antenna array with three simultaneous outputs. (b)
2-D multi-beam array.

Conventionally, UWB near-field imagers have been implemented as bench-top
systems [49,50], where a train of narrow time domain pulses, often monocycles [63-65],
illuminate the target object and the reflected pulses are received using a wideband
antenna array and processed to form the image. Despite excellent performance, these
bench-top implementations are bulky, expensive, and suffer from high power

consumption and are susceptible to electromagnetic interference.
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One way to improve the performance of such imagers is to concurrently receive the
impinging signals from different directions using multi-beam antenna arrays. Figure
3.1(a) shows the one dimensional (1-D) architecture of a multi-beam antenna array,
where fixed delay elements in a delay-sharing architecture are used [63]. Depending on
the angle of incidence, two antennas receive the signal with different delays. The
received signals are coherently combined at a certain output, where the delay difference
is compensated by the delay line network. This architecture uses three simultaneous
outputs where antennas 41 and A4 receive signals at different times depending on the
angle of incidence. For the case of normal incidence (direction 1, red signal), two signals
are combined coherently at output 2 after both passing through the same amount of delay
of 21. For the case that the pulse impinges on the array from direction 2 (purple signal),
the pulses received by antennas A1 and A» are delayed by 3t and 1, respectively, and

combined coherently at output 3.

The delay sharing architecture can be extended to a 2-D antenna array as shown in
Fig. 1(b). For normal incidence (direction 1), signals received by 41 to 44 experience the
same delay (41) and are coherently combined at the center pixel. For a pulse impinging
from direction 2, the pulse received by antennas 41 and A3 are delayed by 4t while the
pulse received by antennas 4> and A4 are delayed by 6t and 27, respectively. The

resulting four aligned pulses are coherently combined at the red pixel.

In the electrical domain, on-chip electrical delay lines are typically implemented either

by setting the length of a transmission line [66,67] or periodically loading the

75



transmission line with series inductors and shunt capacitors to change the propagation
velocity [68]. In both methods, the loss of the silicon substrate introduces a large
propagation loss for the on-chip delay lines [69]. For imagers with large number of delay
lines, amplifiers and buffers may be used [66] to compensate for the loss of the delay line
at the cost of increased power consumption and noise, reduced bandwidth, and delay non-
uniformity. Also, long transmission lines per delay element (due to the high propagation
velocity) in the former method, and the large size of the inductors in the latter method
result in a large per-delay element area and high vulnerability to electromagnetic

interference.

High optical confinement, low propagation loss offered by nanophotonic waveguides,
and large bandwidth available around the optical carrier make CMOS compatible silicon
photonic platforms good candidates for implementation of integrated microwave
photonic systems. The large group index in silicon-on-insulator waveguides,
corresponding to a lower wave propagation velocity compared to typical electrical
transmission lines, results in larger delay per-length, which together with significantly
lower propagation loss and immunity to electromagnetic interference make the optical
delay lines a good candidate for implementation of UWB near-field imagers with a large

pixel count. This will be discussed in details in Section 3.1.

In this chapter, the first integrated nanophotonic near-field imager is presented where
the reflected wideband microwave signals from the target object are received using UWB
antennas, up-converted to the optical domain using electro-optic ring modulators, delayed

and processed using a network of optical delay lines, and photo-detected using a matrix
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of 11x11 photodiodes. The photo-currents are further amplified and energy detected to
form the near-field image of the target object. The implemented nanophotonic near-field
imager utilizes photonic delay lines with about 44 times smaller chip area compared to
the equivalent state-of-the-art electrical delay lines [63,66] and achieve more than 16
times lower propagation loss compared to the equivalent delay lines implemented on
electronic processes with advanced metal stack. The photonic delay line implementation,
processing, distribution, and beamforming enable the scalability of the proposed
architecture to an imager with a large number of pixels. Furthermore, unlike electronic
implementations, the photonic delay lines and devices are immune to undesired magnetic
coupling and electromagnetic interference in the microwave regime. The imager chip,
fabricated using IME 180 nm silicon photonic SOI process, is capable of receiving 121
simultaneous beams with a delay resolution of 9.8 ps (with a footprint of 360 um?/ps) and

is used to form the near-field image of different objects.

The rest of the chapter is organized as follows. In Section 3.1, the concept of optically
delaying an electrical signals is studies and the implemented photonic delay element is
compared with the electrical counterpart. Section 3.2 presents the architecture of the
proposed imager chip and discusses important considerations of the system. Before near-
field imaging demonstration, the imager is characterized using wired and wireless setups
and the results are presented in Section 3.3. Section 3.4 contains the results of imaging
different metallic objects. Some of the specification so of the imager such as dynamic
range, linearity, and noise figure are studied in Section 3.5. Finally, Section 3.6
summarizes the chapter and introduces some of possible future research directions.
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3.1 Optically delayed electrical pulse

A key concept in the implementation of the proposed nanophotonic near-field imager is
that an electrical pulse can be optically delayed, that is, if an optical carrier is modulated
with an electrical pulse, optically delayed by t, and demodulated, the recovered electrical
pulse is delayed by t. Figure 3.2(a) shows the structure of the nanophotonic waveguides
used to implement the photonic delay lines (Fig. 3.2(b)). The delay element is constructed
of single-mode as well as multi-mode waveguides to achieve small size and low loss
simultaneously. In the IME process used in this work, the multi-mode waveguide has a
propagation loss of better than 0.3 dB/cm. This number for a single-mode waveguide is
about 2 dB/cm. Multi-mode waveguide is used for the long straight waveguides to lower
the propagation loss. Other section of the delay element are made of single-mode
waveguide to make size smaller since wider waveguide need larger bend radius which

results in larger size. The delay cell introduces a delay of 9.8 ps.

(a) (b}

Y

Figure 3.2 — (a) Single-mode and multimode silicon waveguides implemented in IME
180 nm silicon-on-insulator (SOI) photonic process and the corresponding mode profile
at 1550 nm. (b) Delay cell microphotograph.
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Figure 3.3 — Optically delayed electrical pulse and comparison of optical and electrical
delay lines. (a) Optically delayed electrical signal using a MZM. (b) Optically delayed
electrical signal using a ring modulator. In both a and b, the modulator is followed by a
delay cell to optically delay the electrical signal Vrrin. (c) Schematic of a loaded
transmission line with LC segments. Each transmission line segment is 250 um long and
the inductor and capacitor values are 400 pH and 130 fF, respectively. (d) Comparison
between the simulated per-delay element loss of the implemented optical delay and that
of the LC loaded transmission line for the same delay of 9.8 ps.

As mentioned above, one of the main concepts in the design of the integrated
nanophotonic near-field imager is that an electrical pulse can be delayed optically. In this
case, an optical signal is first modulated by the input electrical signal, delayed using a
true-time-delay (TTD) cell, and photo-detected to recover the delayed version of the
input electrical signal. Here we consider this effect for two typical cases, where the
electro-optical conversion is performed using either a Mach Zehnder modulator (MZM)

or a ring modulator.

Figure 3.3(a) shows the block diagram of the system that optically delays an electrical

signal with a MZM as the intensity modulator. Consider the case that the electric field of
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the optical wave in the form of E, =,/Be’" is modulated with the input radio

frequency (RF) signal V. =v, Cos(a)RFt) using the MZM. When the phase difference

between the two arms of the MZM, 6, is set to 90°, the electric field of the modulated

optical signal is written as
4 JC Y (1)
_Eej(%t{j /Po"' /Ple Ve :l’ (3.1)

where FB,B,®,,v,,®.,and V are the laser power (before the modulator), the light

power after the phase modulator (in the top branch of the MZM), the laser frequency, the
RF signal amplitude, the RF signal frequency, and the modulator phase-to-voltage gain,

respectively. The modulated signal is delayed using an optical TTD cell with a delay of

7, . The resulting electric field of the delayed optical signal is written as

ED _1 e j(@(t-70) {J\/— \/_ej( ”Vocos g (119 ])j| (3.2)

The delay line output is photo-detected and the photo-current is written as

a

LrF out =iR{PO +B+2\RF sin(%cos[a)ﬁ (t—ro )]ﬂ, (3.3)

where R represents the photodiode responsivity. In this case, using the Jacobi-Anger

expansion [70] the fundamental component of the photo-current is written as
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Inp o = R EJ, %COS[wRF (t —7T )] (3.4)

T

Equation (3.4) indicating that the electrical signal is delayed by the amount of the delay

of the optical TTD element. Note that J; denotes the Bessel function of the first kind.

Figure 3.3(b) shows the block diagram of the system that optically delays an electrical

signal using a ring modulator. Consider the case that the electric field of the optical wave

in the form of EL=\/F0ej(‘”°’) is modulated with the input RF signal

Vier =V, Cos(a)RFt) using a ring modulator. The applied RF signal perturbs the index of

refraction of the ring structure [71], that is

n(t) =n+Ancos(wyt), (3.5

where 7 is the constant (un-perturbed) index and An = j—"L(;—O] is the amplitude of index

T

change due to the applied RF signal, 4,,Land V_are the laser wavelength in free-space,

the effective length of the phase modulator in the ring, and the phase-to-voltage gain,
respectively. In this case, the instantaneous output power of the ring modulator can be

approximated as [71]
P, =P +H, (0 )Ancos(wyt+¢), (3.6)
where F, is the constant part of the output optical power, ¢ is the phase of the small-

. . An . . . .
signal instantaneous output power, and H, (a)RF) = A—IS the linearized transfer function
\P
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as the ratio of the output power perturbation to the small-signal index perturbation, which

can be written as [71]

2 J O +
H, ()= B, | Zx—22 ’% —— x|, 3.7
n 2 . . 2
O +— Opp ) + ]+ +0
47 (@u ) +1 T 47

where ®,,7,0 =@, —®,,,,k,, and T are the resonance frequency of the ring, the photon

lifetime, the difference between the input laser frequency and the ring resonance
frequency, the frequency of the input laser, the coupling coefficient of the ring modulator,

and the round trip time of the ring, respectively. Equation (3.7) indicates that in presence
of an input optical wave and a known modulating RF signal, H, (a)RF) is a constant and
therefore, based on Eq. (3.6), the time varying part of the output power is only

proportional to Cos(a)RFt). The modulator output is delayed using an optical TTD cell

with delay of 7, and photo-detected using a photodiode with responsivity of R. In this

case, the AC component of the photo-current is written as

) A [ 1
i o = RH, (wRF)i(Vjvo cos(a)RF (t—ro)+¢). (3.8)

indicating that the electrical signal is delayed by the amount of the delay of the optical

TTD element.

3.1.1 Comparison of electrical and optical delay lines
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Conventionally, the all-electrical on-chip delay lines are implemented either by setting
the length of a transmission line [67] or periodically loading a transmission line with
series inductors and shunt capacitors (LC segments) to change the propagation velocity
[68]. In both methods, the loss of the silicon substrate introduces a large propagation loss
for the on-chip delay lines [69]. For imagers with small number of delay lines, repeating
amplifiers (or line amplifiers) may be used [63] to compensate for the loss of the delay
line at the cost of high power consumption, excess noise, and reduced bandwidth, and
delay non-uniformity. In addition, the long transmission line per delay element (due to
the high propagation velocity) in the former method, and the large size of the inductors in
the latter method result in a large per delay line chip area. The resulting large area and
high power consumption of the on-chip electrical delay lines as well as sensitivity to
magnetic coupling and vulnerability to electromagnetic interference significantly limit
the scalability of on-chip near-field imagers implemented on standard electronic
processes. Between the two aforementioned design methods for electrical TTD elements,
the second method is often preferred [63] as it provides an overall smaller delay element
size. Note that the loss of the LC segments (or transmission lines) increases with

frequency while that of the optical TTD remains constant across a large frequency range.

Figure 3.3(c) shows the schematic of an integrated all-electrical delay line
implemented using a loaded transmission line with LC segments. Figure 3.3(d) shows the
simulated loss per delay cell of the structure in Fig. S1(c), implemented using top two
metal layers (4 um thick aluminum and 0.5 pm thick copper) in a standard 90 nm RF
CMOS SOI process with 7 metal layers, which is compared with the loss of the optical
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TTD element, implemented on IME silicon-on-insulator process, for the same delay of
9.8 ps. As expected, for the same delay, the loss of the optical delay line is significantly
lower than that of the LC loaded transmission line. Furthermore, the loss of the LC
loaded transmission line increases with frequency while that of the optical delay line
remains unchanged. At 2.5 GHz and 35 GHz, the loss of the optical delay line is 16 times

and 100 times lower than that of the electrical delay line, respectively.

3.2 System architecture

This section presents the design of the proposed nanophotonic imager. Figure 3.4(a)
shows the structure of the photonic-assisted one-dimensional UWB antenna array as an
essential building block of the implemented imager. The impinging wideband microwave
signal is received using two antennas, amplified, and used to modulate the input light
using ring modulators [72]. The light at the output of each modulator is guided to an
array of delay lines. A directional coupler is placed after each delay element to tap-off a
part of the light. The coupling length of each directional coupler is adjusted to ensure that
all directional couplers have the same output power and the ratios are shown in Fig
3.4(b). An array of Y-junctions is used to combine the outputs of the directional couplers
in the top delay line array (processing the light travelling from left to right) with the
outputs of the corresponding directional couplers in the bottom delay line array
(processing the light travelling from right to left) forming the output waveguide array

from out 1 to out 11 in Fig. 3.4(a). Note that two separate delay line arrays are used to
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isolate the optical path after each ring modulator, avoiding wave interference at undesired
nodes. In this case, depending on the angle of incidence of the impinging pulse, the two
optical waves, travelling in opposite directions, will be coherently power combined at one
of the outputs (out 1 to out 11). The characterization and optical power distribution
uniformity of the photonic-assisted 1-D UWB delay line array is discussed in more

details in Section 3.3.1.
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Figure 3.4 — (a) The structure of the photonic-assisted one-dimensional UWB antenna
array including 1x2 array of UWB antennas. (b) Directional coupler ratios. (¢) Schematic
of the 1-D array for SR and FOV calculation.

The number of delay elements and the amount of delay are important in determining

the field of view as well as the spatial resolution of the imager. As shown in Fig. 3.4(c),
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assuming that the antennas receive the incoming signal at a specific angle, ¢, the spatial

resolution (SR) and the field-of-view (FOV) can be calculated as [55]

SR =2sin”" (CZZ—TJ (3.9
FOV =+sin™ (—(N — DCOTJ (19
+ y .

where ¢ is the speed of light in free space, T is the delay of the delay lines, N is the
number of delay lines per row/column, and d is the UWB antenna spacing. As explained
in more details in Section 3.3, in the implemented 11x11 imager, antenna spacing is
about 7 cm, the delay of each delay line is 9.8 ps, and the number of delay lines per each
row/column is 12, which results in a spatial resolution of about 4.8° and a field-of-view

of about £27°.

Figure 3.5(a) shows the structure of the implemented nanophotonic near-field imager.
A laser emitting 30 mW at 1550 nm is coupled into the chip input waveguide using a
grating coupler. The coupled light is then split into four branches and guided to the top
and bottom 1-D UWB antenna arrays, which are identical to the structure in Fig. 3.4(a)
and serve as the top and bottom distribution networks for eleven delay line columns.
Delay line columns are also identical to the delay line array in Fig. 3.4(a) (without the
ring modulators) but rotated by 90 degrees. An array of 11x11 photodiodes, the imager

pixels, are used to photo-detect the outputs of all columns.
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Figure 3.5 — (a) Structure of the 11x11 imager. (b) Waveguide connections illustrating
the delay cell, the waveguide crossings, and the directional couplers. (c)
Microphotograph of the photodiode. (d) Microphotograph of the ring modulator. (e)
Microphotograph of the 11x11 nanophotonic near-field imager integrated in the IME 180
nm silicon-on-insulator process.

The SiGe photodiode have been previously designed and characterized to have a
responsivity of 0.75 A/W at 1550 nm and 3dB bandwidth of more than 30 GHz. The
impinging signals are received by an array of 2x2 UWB antennas, amplified, up-
converted to the optical domain, and travel through the on-chip network of delay lines.
The ring modulator has a 3dB bandwidth of more than 30 GHz [72]. Depending on the
angle of incidence, four UWB pulses will arrive at the same time at a certain pixel for
which the relative delays between the received RF pulses are compensated by on-chip
optical delay lines and, ideally, are coherently power-combined before photo-detection.
However, since a coherent light source is coupled to the chip, a path mismatch and/or
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thermal gradient can affect the phase of these four aligned pulses at the combining point
preventing a constructive addition. To address this issue, the laser is frequency chirped
and is guided to the four ring modulators using on-chip waveguides with different lengths
resulting in different optical carrier frequencies at the point of modulation as well as the
combining points at the pixels. This is discussed in details in Section 3.2.1. Figure 3.5(b)
shows the zoomed-in version of the waveguide connections. Figures 3.5 (c), 3.5 (d) and
3.5(e) show the microphotographs of the SiGe photodiode, ring modulator, and the

integrated nanophotonic near-field imager, respectively

3.2.1 Coherence effect on image SNR

In the implemented nanophotonic near-field imager, for a given angle of incidence of the
impinging UWB pulse, all four modulated optical waves will arrive at the same time at a
certain pixel, where they are combined and photo-detected. Since all four modulated
optical waves are originated from the same laser, their constructive addition at the
combining point depends on their instantaneous relative phases. Therefore, phase
mismatches between these four optical waves, as a result of fabrication process
variations, thermal gradient across the chip, or other effects, may affect their constructive
addition lowering the detection SNR. Figure 3.6 shows the block diagram of our
proposed scheme to address this issue. The laser source is frequency chirped and coupled

to the chip. The coupled light is split into four branches and guided to the four ring
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modulators using waveguides with different lengths (corresponding to four different

delays of T1 to Ts).
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Figure 3.6 — Proposed scheme to address the potential phase mismatch between optical
waves at the combining point before each pixel.

Consider the case that the laser output electric field after frequency chirping is written
as E, (1) =+P,e’ ™™ where P,,@,,and « are the laser power, the laser frequency,

and the laser frequency chirp rate, respectively. The electric field of the light in the i

branch (i =1, 2, 3, 4) after the delay line (right before the ring modulator) is written
asE,(t) =[P/, where @ =, —4ral +27at,¢ =210 -o,T,+y,,F,,T,and
. are the frequency of the optical wave, phase of the optical wave, the power of the

optical wave in each branch, the delay of the i" waveguide (before the i ring modulator),

and a constant phase, respectively. The UWB pulse waveform, p(t), impinging from a
certain direction, arrives at the i™ ring modulator (on the i branch) with the delay 7,0f

(which is set by the angle of incidence). The electric field of the modulated light after the

i modulator is written as
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EM,i(t):p(t_z'i)\/PMej(wit+¢')’ (3.11)

where the modulator is approximated as an electro-optic multiplier. The light at the

h

output of the i modulator is optically delayed byz, such that output of all four

modulators arrive at a certain pixel at the same time, that is, 7, +7, =7, fori =1, 2, 3, 4.

In this case, the four modulated optical waves at the combining point are written as
Epy (1) = p(t =7\ Py el (3.12)

where o, = w, —4naz,, ¢ =¢ +27a (rlfz +27,T, ) —~w,7,+0,,P,, ,and 6, are the frequency

of the optical wave in each branch at the combining point, the phase of the optical wave
in each branch at the combining point, the power of the optical wave in all four branches
at the combining point, and the optical constant excess phase at the combining point,

respectively. The electric field of the optical wave at the combiner output is written as
A . 1+
E, @)= pt-1) %Ze’“’f DE (0, (3.13)
i=1

The output optical wave is photo-detected and the photo-current is written as

. . RP,, , ! N

inp (1) = RE,, E,, = =2 p(i=7,) 442" cos| (@, ~a, )i+, -4, |1, (.14
j=1 k=1
J#k

where R is the responsivity of the photodiode. The photo-current is amplified and

converted to a voltage using a trans-impedance amplifier (TIA) resulting
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inv, (t)=Gi,,(t), where G is the trans-impedance of the TIA. Finally, a power detector

out

integrates v_to find the output power as

out

P, =(GRP,, ) P.. (3.15)

where sz is the power of the pulse squared and all cos(.) terms in Eq. (3.14) are averaged

to zero during integration. Equation (3.15) shows that the detected power does not
depend on the relative phase between the four modulated optical waves at the combining

point. Note that for the pixels that receive only one pulse, Eq. (3.15) is modified to

1 o o .
P, = Z(GRPDM )2 P, ,indicating a factor of four contrast, which is the same as the image

contrast in [63].

(a) —— (b) 20
uxiliary laser Photodiode

(for monitoring)
* Spectrum
Analyzer

Polarization Bias VO"EQES

controller

Magnitude (dBm)
]

Input Q00 000 To photonic

laser chip 0
/ Erbium-doped 2 3 4 5 6 7 8
Single-sideband fiber amplifier Frequency (GHz)
modulator I ( C) 2
generation
0
RF
amplifier

Magnitude (dBm)
]

Voltage-controlled

oscillator Ramp
generator

4 5 6 7 ) 8
Frequency (GHz)

= = 2 3

Figure 3.7 — Chirp generation. (a) Block diagram of the laser frequency chirp generation
system. (b) Spectrum of the optical signal with zero modulator bias and, (c) with single-
sideband operation biasing condition, where the optical carrier and the undesired
sideband are significantly suppressed. The frequency spectrum of the laser is down-
converted using an auxiliary laser.
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Figure 3.7(a) shows the block diagram of the chirp generation system, where the
output of a HP-8168F tunable laser is connected to the JDSU 10020484 single-sideband
(SSB) modulator after polarization adjustment. The frequency of a Minicircuits ZX95-
2500W voltage-controlled oscillator (VCO) is linearly chirped by applying a saw tooth
waveform (generated by a Keithley 3390 waveform generator) to its control voltage. The
VCO output drives the SSB modulator, chirping the frequency of the tunable laser. The
SSB modulator output is amplified to about 30 mW and coupled into the chip. The beat-
note between a secondary tunable laser and the SSB modulator output is used to monitor
the performance of the SSB modulator. Figures 3.7(b) and 3.7(c) show the SSB
modulator output spectra with zero biasing and with single-sideband operation biasing,
respectively. Under the single-sideband operation condition, the undesired sideband and
the optical carrier are significantly suppressed. The frequency of the optical signal is

linearly chirped by about 800 MHz over 5 ps.

3.3 Nanophotonic chip characterization

As mentioned before, prior to imaging demonstration, the chip should be characterized to
ensure its proper operation. In order to do so, the optical power distribution using the 1-D
array shown in Fig. 3.4(a) is measured. Then, using a wired and a wireless measurement
setup, the performance of the chip regarding properly delaying the received signals, both
in through cables and wireless, is investigated. In his section, the optical power

distribution and path loss is discussed to figure out how much optical power can be
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expected at each PD. Then, the electronic read-out circuits are shown. Finally, the results

of these characterizations are presented.

3.3.1 Optical power distribution using the 1-D array and the optical path loss of the

system

In the reported nanophotonic near-field imager, it is necessary for the output of each of
the four ring modulators to be equally distributed among all 121 pixels to form a uniform
image. In the proposed imager, first, two 1-D delay line arrays equally distribute the light
among 11 columns (see Fig. 3.5(a)), and then, the same 1-D delay line array is used in
each column to equally distribute the light among 11 photodiodes. The structure of the 1-
D delay line array that was previously shown in Fig. 3.4(a), is repeated in Fig. 3.8(a),
where a directional coupler is placed after each delay line. To achieve equal power
distribution, the required coupling ratio for each directional coupler is calculated. Note
that the directional couplers as well as the delay elements have non-ideal (less than
100%) transmission coefficient. For each coupler in Fig. 3.8(a), the top number denotes

the percentage of the power guided to the next delay cell and the bottom number shows

th th

the amount of power coupled to the i" output (C;i represents the i coupler). These
coupling ratios are realized by adjusting the coupling length and spacing for each
directional coupler. Figure 3.8(b) shows the microphotograph of the 1-D delay line array
which was separately implemented on the same IME silicon-on-insulator run. The

characterization result is shown in Fig. 3.8(c), where less than 2 dB variation across the
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11 outputs is observed. Note that this variation is taken into account during a calibration

phase before any imaging measurement.
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Figure 3.8 — 1-D delay line array. (a) Schematic of the delay line array with 11 outputs
with the required coupling ratios that are chosen based on simulation results. (b) The
microphotograph of the 1-D delay line array. (c) The measured optical power at the 11
outputs.

3.3.2 Total optical path loss

This transmission, or equivalently loss, is part of the total optical loss from the input
grating coupler to any of the PDs (pixels). Figure 3.9 shows the block diagram of the
photonic routing starting from the input grating coupler and ending to a photodiode.
When a 15 dBm optical signal impinges on the grating coupler, each photodiode receives
about -23 dBm (corresponding to a 38 dB power drop from the laser output to each
photodiode). Out of this 38 dB power drop, 5 dB is due to the loss of the input on-chip
grating coupler, 7 dB is due to the power distribution among the four ring modulators (6
dB due to two layers of Y-junction power splitters and 0.5 dB per Y-junction excess
loss), 4 dB due to the optical insertion loss of the ring modulator, 11 dB due to power

distribution among the columns (10.5 dB for distribution and 0.5 dB excess loss), and 11
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dB due to power distribution among the photodetectors of each column (10.5 dB for
distribution and 0.5 dB excess loss). Therefore, about 22 dB drop is due to the optical

splitting from the output of a ring modulator to each photodetector.
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Figure 3.9 — Simplified block diagram illustrating the total optical loss from input grating
coupler to each photodiode.

3.3.3 Data read-out and calibration

The implemented imager consists of 121 pixels as a matrix of 11x11 photodiodes as
shown in Fig. 3.10(a). The current of these photodiodes can be read using a matrix read-
out scheme. The anodes of the photodiodes in each row are connected to a row-select line
and the cathodes of the photodiodes in each column are connected to a column-select
line. By applying a voltage to a column-select line (while keeping the rest of the column-
select lines open), the reverse biased current of each of the 11 photodiodes on that
column flows though the corresponding row-select line, is converted to a voltage using a
resistor (Rr), and power detected. By selecting the columns, one at a time, all 121 photo-

currents can be read in 11 steps.
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Since pixels are read one column at a time, in principle, 11 power detectors are
required to detect the power of the pixels. However, the 11 parallel adjacent lines are
highly susceptible to cross-talk and electromagnetic interference, which may result in a
poor signal-to-interference ratio making the pixel read-out challenging. To alleviate this
issue, a differential power detection scheme is used. Figure 3.10(b) illustrates the
differential power detection circuit (three photodiodes are shown for simplicity), where
10 differential power detectors are used for 11 output channels to detect the relative
power between the adjacent photodiodes. To form the image, these relative power

measurements are used to estimate the power of each channel during the post-processing

phase.
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Figure 3.10 — Data read-out circuitry. (a) Matrix of photodiodes as imager pixels. (b)
Differential energy detection circuit.

The calibration process that is explained next is used in all of the characterizations and
imaging demonstration that are presented in the next sections. There are three main
sources of error in the pixel read-out process that may affect the quality of the image: the
cross-talk between the traces of the printed-circuit-board (PCB), the non-uniformity of
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the optical signal distribution, and the mismatch between the power detectors. The effect
of these non-ideal factors is reduced through the calibration process. When both the input
laser and the pulse generator are switched off, the power detectors should have a uniform
response. However, in practice, the output voltage of the power detectors are not the
same. To address this non-uniformity between the power detectors, first the output of the
power detectors are measured while the laser and the pulse generator are off. The image
in this case, light-off / puise:off; TEPresents the mismatch between the outputs of the power
detectors and is referred to as lion-uniform P detecr. TO measure the cross-talk between the
PCB traces driving the ring modulators and those at the input of the power detectors, the
power detector outputs are measured when the laser is off but the pulse generator is on.
The result of this measurement, ign:off/ puise:on, represents both the PCB cross-talk and the
mismatch between the power detectors. In this case, the image representing the effect of

the electrical PCB cross-talk can be calculated as

yj

cross—talk —

1

light:off | pulse:on - Ilight:off/pulse:off : (3 . 1 6)

Ideally, when the input laser is on, all pixels should receive the same amount of optical
power. However, in practice, the input optical power may not be equally distributed
among all pixels. The image formed for the case that the laser is on but the pulse
generator 18 off, Liighr.on / puise:off, T€presents the effect of both non-uniform optical power
distribution and the mismatch between the power detectors. In this case, the image

representing the effect of the non-uniform optical power distribution can be calculated as
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Inon—un[ﬁ)rmdist = ]light:on/pulse:oﬁ' - ]light:oﬂ'/pulse:oﬁ' . (3 . 1 7)

For the final measurement, both the laser and the pulse generator are turned on. In this
case, the formed image, Liighs:on / puise:on, represents the near-field image of the target object
as well as the effect of non-uniform optical power distribution, the cross-talk between

PCB traces, and the mismatch between the power detectors, that is,

+ Inon—uniﬁ)rmﬁPidetect . (3 . 1 8)

light:on/ pulse:on = ] UWB _image + ] non—uniformdist + I cross—talk

Therefore, using Eqns. (3.16), (3.17), and (3.18), the near-field image of the target

object can be calculated as

I

UWB _image = Ilight:on/pulse:on - ]light:on/pulse:q/f - ]light:off/pulse:on + ]light:uff/pulse:o/f . (3 . 1 9)

Note that for each measurement in the characterization and imaging setups, the three
calibration measurements are performed once and the three calibration images are stored

and used for image formation.

3.3.4 Wired Characterization

The ultimate purpose of designing this system is to perform near-field microwave
imaging. However, before getting there, the chip should be characterized to
experimentally validate the concept of optically delayed electrical pulses used in the
proposed solution to coherently combine the pulses at each pixel (by sweeping the
frequency of the laser).
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Figure 3.11 — (a) Wired measurement setup for characterization of the imager chip. (b)
The 4-channel digitally controlled electrical variable delay line. (¢) Wired measurement
results showing a bright pixel at different locations for different electrical delay settings
emulating different angles of incidence.

In demonstration of near-field imaging, the input signal to the chip is wirelessly
received by using UWB antennas. Therefore, to ensure the proper performance of the
chip itself, it is desired to first, apply the input signals using cables rather than antennas.
Figure 3.10(a) shows the measurement setup for wired characterization of the
nanophotonic imager chip. The output of an Avtech AVE2-C-5000 UWB pulse source
generating 200 ps wide monocycles (with a frequency spectrum spread from 0.5 GHz to
5 GHz) is split into four branches using a RF power splitter. A 4-channel digitally
controlled electrical variable delay line is used to independently adjust the delay of each
channel between 0 to 220 ps with a resolution of 0.06 ps. Figure 3.10(b) shows the
implemented 4-channel variable delay line system that can be mechanically adjusted

using stepper motors. This system provides a per-channel delay with an insertion loss of
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less than 2 dB across the bandwidth of interest, emulating an UWB signal impinging with

different incidence angles.

An array of power detectors are used to differentially read and detect the power of the
pixels forming an 11x11 image after processing as explained in Section 3.3.1. Figure
3.10(c) shows the formed images for five different delay settings emulating five different
angles of incidence. This measurement shows that individual pixels can be illuminated
within the imager output. Note that Fig. 3.10(c) shows the results after the calibration

phase explained in Section 3.3.3.

3.3.5 Wireless characterization

In the wired measurements, the performance of the chip when receiving signals with
different delays was studied. Now, the characterization can be performed using a wireless
setup where the input pulses are received wirelessly and applied to the chip. The
measurement setup used for wireless characterization of the imager is shown in Fig.
3.11(a). Here, the goal is to use a single transmitter antenna such that only one pixel of
the imager “turns on”. A 2x2 array of UWB Knight’s helm printed circuit board (PCB)
antennas [73] are used to receive the UWB pulses. The incoming signal is a monocycle
pulse whose frequency spectrum covers a range of about 500 MHz to 5 GHz. Therefore,
the bandwidth of these antennas should be large enough to preserve the shape of the

pulse. The antenna dimensions are optimized for operation in the 500 MHz to 5GHz
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range. Figure 3.11(b) shows the fabricated antenna implemented on a FR4 printed circuit
board.
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Figure 3.12 — (a) Wireless measurement setup. (b) Wireless measurement results for five

(c)

different angles of incidence, where a pixel for each case is illuminated.

The UWB pulse generator drives a wideband antenna transmitting pulses towards the
imager. The impinging signals are received using a 2x2 antenna array (with 7 cm
spacing), amplified, and fed to the input of the imager chip. To minimize the undesired
reflections and the effect of the electromagnetic interference, the measurement setup is
placed inside a shielded anechoic chamber. The distance between the transmit antenna

and the receive antenna array is set to about 1 mA.

Figure 3.11(c) shows the images formed for five different angles of incidence. These
results show that in depending on the angle of incidence, a corresponding pixel turns on.

The same experiment has been done using two transmit antennas to illuminate two pixels.
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These results are required to show that when an object is to be imaged, the system is
actually capable of resolving signals coming from different parts of the object. Note that

Fig. 3.10(c) shows the results after the calibration phase explained in Section 3.3.3.

3.4 Imaging demonstration

The nanophotonic imager chip was used to demonstrate microwave near-field
imaging. Figure 3.13(a) shows the near-field imaging setup. In this figure, the target
object which is made of aluminum tapes, is illuminated using an UWB monocycle pulse
train with a pulse repetition rate of 1 MHz. The reflected UWB pulses from the target
object placed at a distance of about 0.5 m are received by the 2x2 antenna array of the
imager. The antennas are the same as Fig. 3.12(b). The antenna signals are amplified and
connected to the ring modulators on chip. After processing the signals using the on-chip
true-time delay network followed by post processing, the corresponding 11x11 near-field
image of the target object is formed. To demonstrate the near-field imaging performance,
a 24 cm x 24 cm metallic square, a metallic surface with a 24 cm x 24 cm square hole at
its center, and the UPenn logo with a metallic surface were used as the target objects.
Note that the dimensions of the target objects and their distance to the imager are chosen
to ensure that the entire object is within the imager field-of-view. The transmit antenna,
the target object, and the receive antenna array are placed inside a shielded anechoic
chamber. Figure 3.13(b) shows the 11x11 UWB near-field images of the target objects.
The read-out circuitry and the calibration process are the same as what was explained in

Section 3.3.3.
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Figure 3.13 — (a) Near-field imaging results. (a) Imaging measurement setup. (b) Three
target objects and their near-field images formed using the implemented nanophotonic
imager are shown.
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3.5 Imager noise performance and linearity

There are a few important parameters for any receiver that should be measured to figure
out the incoming signal characteristics required for the system to work properly. Among
those, noise figure, linearity (in terms of IIP3) and dynamic range, and sensitivity are the

most common ones. In this section, the calculations of these parameters are presented.

3.5.1 Noise figure of the system

Figure 3.14 shows the simplified block diagram of the RF front-end of the imager system
that is used for noise figure calculations. Based on this figure and using the Friis equation
[74], the noise factor, F, for a single received UWB pulse can be calculated as

F-1 F-l

F~=F+
Gl Gl G2

; (3.20)

where F|,F,,G,, and G, are the noise factors of the first and second amplifiers and the

gain of the first and second amplifiers, respectively, and F; is the noise factor of the

electro-optic system (with electrical voltage to the ring modulator as the input and the
electrical current of the photodiode as the output). Note that, as an important advantage of
UWB pulse receivers, the system noise factor can be improved significantly by
integrating (averaging) many pulses within the integration time (also referred to as

exposure time) [75]. In this case, since the received pulses are correlated while the noise
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is uncorrelated, the SNR improves by a factor of N, where N is the number of received

pulses averaged within the integration time. As a result, Eq. (3.20) is re-written as

RF front-end
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driver
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G;=15dB G2=26dB
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Figure 3.14 — Schematic of the RF front-end of the UWB imager.
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The noise factor of the electro-optic system is written as

1 ZIZJD shot
Bl —7| — |, (3.21)
G| { Ve

where G; is the trans-conductance gain from the photocurrent output to the input voltage

of the ring modulator (this gain is much smaller than unity), iy, ., = 2¢i,,, pc is the power

spectral density of the photodiode shot noise, and V_Iiis the power spectral density of

reference voltage noise at the modulator input (for R =50€2 and no complex conjugate

matching). For the implemented imager system, when the optical power at the input of a

ring modulator is set to 3 dBm and the modulator is driven with a 7V (peak-to-peak)
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input UWB pulse, a 2.5 pA pulse is detected at the output of each photodiode. Therefore,

2.5x107° 4 .
for measured G; =—————— and measured i, ,- #1014 at room temperature can be
7V ’

calculated. For the imaging measurements, the pulse repetition rate is set to 1 MHz and
the integration time is set to 1 ms, which results in N=1000. Therefore, using the
parameters shown in Fig. 3.14 and Eq. (3.20) and (3.21), the total noise figure of the
system can be calculated as 3.8 dB. Note that without factor of 1000 averaging, the

noise figure of the system is about 33.8 dB.

3.5.2 Dynamic range and sensitivity

Here the spurious-free dynamic range (SFDR) and the sensitivity of the imager are
studied. SFDR is a measure of the main signal to the spurious signals that eventually can
be used to find the sensitivity of the system, i.e. the smallest detectable input signal to the
system. To calculate the SFDR, first, the system IIP3 should be calculated, which can be
written as

1 1 G GG,
~ - - ,
1IP3 "~ 1IP3, 1IP3, IIP3,

(3.22)

where [IP3,,1IP3,, and IP3, are the 3"-order input intercept point of the first and
second amplifiers, and the 3rd-order input intercept point of the ring modulator,
respectively. Using the method discussed in [76], the /P3;for our ring modulator is

calculated as 38 dBm. In this case, the total system I/P3 = -10 dBm is calculated.
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The SFDR can be calculated as [74]

1IP3+174dBm— NF —10log BW )
3

2(
SFDR =

—SNR,. +10log(N), (3.23)

Where SNR . is the minimum desirable SNR for image detection, BW is the bandwidth

1n

of the system (5 GHz in this case), and 1010g(N ) represent the SNR improvement due to

the averaging. In this case, for a SNR_. of 10 dB and N = 1000, the SFDR of 64.8 dB is

calculated.

Moreover, the sensitivity can be calculated as [74]

sen

P,, =—174dBm+ NF +10log BW + SNR ., —10log(N). (3.24)

Based on this equation, the imager has a sensitivity of about -93 dBm can be estimated.

3.6 Summary and Future works

In this section, the demonstration of the first nanophotonic near-field imager chip was
presented, where compared to the state-of-the-art all-electrical designs, the on-chip
photonic delay lines are more than 44 times smaller, achieve significantly lower
propagation loss, and are immune to the electromagnetic interference, making the
proposed nanophotonic imager scalable to an imager with a large number of pixels. This
work is an example of optical processing of electrical signals that results in more efficient

(area and energy) systems. The chip was completely characterized prior to performing
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imaging using wired and wireless setups. Imaging of multiple objects was performed.

Table 3.1 summarizes the specifications of the implemented near-field imager.

Table 3.1 — Implemented nanophotonic near-field imager performance summary

Number of pixels 11x11
Delay resolution 9.8 ps
Spatial resolution 4.8°

Field of view +27°
Delay element dimensions 40 pm X 90 pm
Photonic chip dimensions 2.2 mm X 2.1 mm
Fabrication process IME 180nm SOI

In future, the pulse width of the UWB signal can be reduced by increasing the signal
spectral bandwidth enabling near-field imaging of smaller objects at a higher resolution.
The high bandwidth of the ring modulators and SiGe photodiodes enable the
implemented nanophotonic imager chip to be used for near-field imaging in mm-wave

regime without any modifications.

The implemented nanophotonic near-field imager can be scaled to an imager with a
very large number of pixels using the tiling scheme, where multiple imagers with smaller
pixel counts can be placed next to each other to form an imager with a large pixel count.
To increase the number of pixels of the integrated nanophotonic near-field imager, the
number of the delay elements in the 1-D array of delay lines in Fig. 3.8(a) can be

increased.
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Figure 3.15 — Scaling the number of pixels by tiling.

In this case, the directional couplers (with varying coupling length and gap), placed
between the delay lines, need to be designed to ensure equal power at the output of the
directional couplers. For a given minimum feature size of a photonic process, the design
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of the directional couplers for a delay line array with large number of elements may be
challenging since the required coupling length/gap difference between two consecutive
directional couplers (to ensure equal output power) may become smaller than the
minimum feature size. Alternatively, a practical approach for scaling to a large number of
pixels is the tiling scheme, where multiple imagers with smaller pixel counts can be
placed next to each other to create an imager with a large number of pixels. Figure 3.15
illustrates an example of this idea, where four identical 11x11 imagers are placed next to
each other to form a 22x22 imager. In this case, the UWB signal received by each
antenna is used to modulate the input light using ring modulators. The modulator outputs
are guided to all four 11x11 imagers. The modulated light is routed to the closest 11x11
imager with no extra delay. However, to route the same signal to other imagers, extra

delays are added to account for the total delay of the closer imagers.

Moreover, the electrical bandwidth of the chip is mainly limited by the photodiode and
the ring modulator (about 30 GHz). This indicates that the same architecture can be used
for imaging at higher frequencies. Using existing modulators with larger bandwidth, the
proposed imager can be used for microwave imaging at frequencies of tens of GHz with
some minor modifications of the read-out circuit bandwidth. This is an important
advantage compared to the electrical solutions where the large loss of the delay cells as
well as the power consumption of repeating amplifiers at high frequencies make their

design very challenging (as discussed in Section 3.1.1).
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CHAPTER 4

Optical beam steering: Towards half-wavelength element spacing

optical phased arrays

A phased array is composed of multiple transmitting or receiving antennas (elements), in
a 1-D or 2-D form, that is capable of sending or receiving signal from a certain direction.
This is achieved by accurately controlling the relative phase between the elements. This
is desired in many applications since it eliminates the need for any mechanical movement
to steer the beam. Figure 4.1 shows a 1-D phase array in which the signal source is
connected to eight phase shifters followed by eight antennas. If the relative phases
between the antennas are set properly, their radiated signals will coherently interfere

along a specific direction. In this figure, the signal in each path experiences a certain
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amount of phase shift, i.e. A¢, relative to the path above it, resulting in transmitting signal

in the direction shown in Fig. 4.1.

Two important design criteria that are typically considered in designing the phased
arrays are the array aperture size and the element to element spacing. The former affects
the width of the far-field beam and the latter the amount of the power radiated in the

radiation lobes other than the main lobe (i.e. side-lobes) as well as the steering range.

Typically, antenna arrays are analyzed using the concept of array factor [77]. It can be
shown that for an N-element linear array like the one shown in Fig. 4.1, the total electric

field in far-field can be written as
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Figure 4.1 — Simplified block diagram of a 1-D phased array consisting of 8 antennas.
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E(total) = [E(single element at reference point)] X [array factor] 4.1)

Effectively, by calculating the electric field pattern of a single element placed at the
reference point and multiplying it by the array factor, the far-field interference pattern of
the antenna array can be calculated. The array factor (AF) in Eq. (4.1) can be written as

[77]

AF = Z ej(k—l)?dsin9+A¢ . (42)

where N,n,1,d,0,and A¢ are the number of antennas (elements), index of refraction of

the medium, wavelength of the signal in free space, array element spacing, spatial
steering angle, and relative phase between the elements, respectively. The far-field beam
intensity is proportional to the magnitude of AF in Eq. (4.2). Therefore, the beam pattern

can be plotted for different array sizes and element spacing as shown in Fig. 4.2.

Figure 4.2(a) shows the effect of the number of elements on the beam width for the
case that all elements are radiating in-phase. As the number of elements increases, the
beam width decreases, resulting in the energy being focused on a specific point. In
applications where spatial high-resolution is required, large number of elements are

required.

Figure 4.2(b) shows beam pattern for different relative phases and element spacing
(factor of wavelength) plotted in polar coordinates for an 8-element linear phased array
(N=8). It shows how beam steering can be performed by setting the relative phases (A¢).

Moreover, the graphs show the effect of element spacing on the power transmitted in the
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side-lobes. From these results, ideally, if the adjacent elements are placed at half-
wavelength distance from each other, all of the side-lobes can be eliminated. In addition,
the spatial range, or field-of-view (FOV), of the phased array can be improved by
reducing the element spacing. Therefore, in order to have a high spatial resolution beam
steering with maximum FOV and side-lobe suppression ratio, a phased array with large

number of elements placed at half-wavelength should be designed.

Phased arrays have been implemented in different regimes. In the microwave regime,
phased arrays have various applications in communications [78], radar systems [79], and
wireless power transfers [80], to name a few. In these systems, microwave antennas,
acting as the elements of the phased array, are designed for the frequency band of interest
and placed next to each other in a 1-D or 2-D architecture. Since in RF and microwave
domains the signal wavelengths are in the order of a few millimeters to tens of

centimeters, achieving half-wavelength element spacing is not a challenging task.
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Figure 4.2 — (a) Beam width comparison for different number of array elements. (b)

Beam steering by changing the relative phases for different element spacings.
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In optical regime, optical phased arrays (OPA) have many applications such as in
optical communications [81], LiDAR systems [82-84], projection systems [85], and 3-D
imaging [86]. In such systems, the far-field beam is formed and steered by controlling the
relative phases between optical elements within the array aperture. To form a narrow
beam with a large side-lobe suppression ratio, which is steerable over a large field-of-
view, a large number of closely placed elements (ideally with element spacing
approaching half of the wavelength) within a large aperture is required. However, in
contrast with the microwave phased arrays, this is a very challenging task. Especially,
achieving half-wavelength element spacing is extremely difficult since the wavelength in
the infrared regime (commonly used in the above mentioned applications) is about 1 pum,

resulting in sum-micron element spacing.

Benefiting from integrated photonic platforms, a number of OPAs have been
demonstrated [82-95]. In the conventional implementation of a 2-D NxN element OPA,
N? phase shifters are used to perform per-element optical phase adjustment [82-85,87,88].
This results in a large power consumption in a conventional 2-D OPA with per-element
phase shifters and makes the optical and electrical routing within the array aperture rather
challenging. The typical size of the optical elements of few microns and the complex

photonic routing have made realization of ultra-compact OPAs an open problem.

In 2-D OPAs with grating based elements (e.g. grating couplers), this challenge can be
to some extent addressed by steering the beam in one dimension through adjusting the
relative phases between the elements, while using wavelength tuning for beam-steering in

the other dimension [92-95]. Despite excellent beam-steering results, this method
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requires a highly tunable laser (over a large wavelength range) and typically achieves a
smaller steering range through wavelength tuning compared to the relative phases

adjustment between the OPA elements.

In this chapter, we present a novel solution to address the previous challenges in
designing ultra-compact OPAs. In the proposed scheme, the N? phase shifters in an NXN
OPA are reduced to only 2N phase shifters to properly set the phase of the rows and
columns and therefore, to set the relative phase between adjacent elements. To
demonstrate this idea, an 8x8 OPA chip was implemented on a silicon photonic process
and 2-D beam steering has been shown. This design significantly reduces the routing
complexity as well as power consumption of the OPA and enables more compact OPAs.
Then, a novel implementation architecture is proposed that benefits from a fabrication
process with two photonic routing layers. Using this process together with the reduced
complexity offered by the use of only 2N phase shifters and also designing compact
elements, a new 8x8 OPA chip was implemented that features 3 pum element spacing

which is 3 times smaller than the state-of-the-art.

The rest of the chapter is organized as follows. Section 4.1 presents the idea of
reducing the number of phase shifters, the theory of operation of the proposed
architecture including using 2N phase shifters and designing compact waveguide grating
elements, and the 8x8 OPA as a proof of concept. Section 4.2 is dedicated to the second
step of implementing an ultra-compact OPA using a process that offers two-layer
photonic routing. Finally, Section 4.3 summarizes this chapter and presents some of the

possible future works.
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4.1 Reducing the number of phase shifters

This section presents the idea of an NXN OPA with 2N phase shifters. The theory behind
the proposed architecture discussed and an 8x8 OPA is designed and implemented as a

proof of concept.

4.1.1 Theory of operation

In an OPA, the beam forming and steering is performed by controlling the relative phases
between the elements. Figure 4.3(a) shows the structure of the proposed NXN OPA,
where N nanophotonic waveguides serving as rows cross N nanophotonic waveguides

serving as columns. Consider the case that the electric field of optical wave entering the

m™ row is written as £, = a, e’” , and the electric field of optical wave entering the n™

column is written as E, =b,e’” where a,,,b,,4,,and 6, are the amplitude of the optical

field in the m™ row, the amplitude of the optical field in the n™ column, the phase of the

optical signal in the m™ row, and the phase of the optical signal in the n™ column,

respectively. Note that the term e o representing the optical frequency of the signal, is
dropped for simplicity. Before the crossing point of the m™ row and the n™ column, two
directional couplers with varying coupling ratio followed by a Y-junction are used to
combine a fraction of the light from the m™ row with a fraction of the light from the n™
column. The Y-junction output is connected to a grating coupler, GCmn, acting as the

OPA element. The length of each directional coupler as well as the etch level in the
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coupling region is adjusted to ensure all grating couplers receive the same power. The

electric field at the input of GCn is written as

1 [ a,sing +b sinéd
E =——(a’>+b*+2a b cos(¢p —6))exp| jtan”'| —= m___n n L (4.3
" \/N\/( n by + 20,0, 0059, ")) pl:] [am cosg, +b, cos ﬂ 43)
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Figure 4.3 — Conceptual schematic of the proposed NXN OPA, where optical signals
traveling in the row and column waveguides have (a) different phases and amplitudes and
(b) different phases but the same amplitude.

In this case, the relative phase between GCrmn and GCm+1)n can be written as

Ag ~ tan| P sing,,, +b,sing, | | %o sing, +b,sind, 4.4)
b a,. cosg . +b cosd a,cosg +b cos6, | '
Similarly, the relative phase between GCrnn and GCnn+1) can be written as
AD ~ tan”| %o sing, +b,,,8in6g,,, | tan”| 2n sing, +b,sind, @5)
i am Cos ¢m + bn+l Cos 011+1 am Cos ¢m + bn Cos en '
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Equations (4.4) and (4.5) indicate that the relative phase between adjacent elements
can be set by adjusting the amplitude and phase of the optical waves in row and column
waveguides outside the aperture. Note that the phase of the individual element cannot be
independently set. However, the relative phase between the adjacent elements in the X
and Y directions (in Figs. 4.3(a) and 4.3(b)) can be set to any value between 0 and 27
radians, enabling formation of a beam that can be steered in X and Y directions

independently. For the case that a, =b, =a, (Fig. 4.3(b)), Eq. (4.3) can be simplified as

cos(¢’” —6, j
2

In this case, the relative phase between the adjacent elements in rows and columns can

E = A% (4.6)

2
—F—d
mn \/ﬁ 0

be written as

ABpiimn = % 4.7
_ (4.8)
Agm,nJrl,n = w

In order to perform 2-D beam-steering, the relative phase between all adjacent

elements in rows and also all adjacent elements in columns are set to the same values

A¢m-¢—l,m,n = A¢ (49)
(4.10)
A0m,n-¢—1,n = Ae
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Figure 4.4 — (a) The far-field interference pattern of an 8x8 OPA with 64 per-element
phase control (top row) and that of an 8x8 OPA with identical element structure and
spacing but implemented based on the proposed architecture (bottom row). The diagonal
beam-steering (with same relative phase between the elements in rows and columns) is
performed. (b) The peak intensity of the main lobe in the far-field pattern for the
conventional and proposed 8x8 OPAs.

Therefore, 2N phase shifters can be used to perform 2-D beam-steering for an NxN
OPA, which significantly reduces the power consumption for an OPA with a large
number of elements, while eliminating the electrical routing within the aperture.
Furthermore, moving the phase shifters outside of the aperture enables smaller element

spacing for a 2-D phase array.
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In Eq. (4.6), the amplitude of the electric field at GCmn is proportional to the
term‘cos((¢m -0)/ 2)‘ Therefore, the light emission intensity from grating couplers

may be lower than the conventional 2-D OPAs, where per-element phase shifters (with

low phase dependent insertion loss) are used.

To study the performance of the proposed 2-D OPA and also investigate the effect of
the aforementioned phase dependent amplitude variation on the beam forming and
steering, the Fraunhofer far-field approximation [96] is used to calculate the far-field
interference pattern of an 8x8 OPA implemented based on the proposed architecture
(with 16 off-aperture phase shifters), which is compared with that of a conventional 8x8
OPA with 64 per-element phase shifters. Similar to Eq. (4.2) and using Eq. (4.3), the

array factor in this case can be written as [96]

N-1N-1

AF =YY" [(a2 +5} +2a,b,cos(4, ~0,))e

I=] k=

j(/—l)sin(ﬂ)[%dcos¢+A¢x:|e j(k—l)sin(H)[zlﬂdsin¢+A¢‘_] @.11)

where 0,4,A¢,, and Ag, are the polar (elevation) angle, the azimuth angle, relative phase

difference in rows, and the relative phase difference in columns, respectively. Figure
4.4(a) compares the far-field interference pattern of the proposed scheme and the
conventional per-element architecture for the case of diagonal beam-steering. The two
OPAs have identical element structure with the same element spacing of 11 um. The
diagonal beam-steering is performed by setting the same relative phase of 0°, 30°, 60°,

120°, and 180° between the adjacent elements in both rows and columns. The normalized
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main lobe power for different steering angles for these two 8x8 OPAs is compared in Fig.
4.4(b). As predicted by Eq. (4.6), the intensity of the main lobe for the proposed OPA is
generally lower than that of the conventional OPA. Note that in Fig. 4.4(a), for a relative
phase of 180° between the adjacent elements in the proposed OPA, the intensity of every
other element is zero (caused by the cosine term in Eq. (4.6)), effectively doubling the

OPA element spacing, which results in a factor of 2 smaller lobe-spacing.

The side-lobe suppression ratio was calculated using the simulated far-field pattern in
Fig. 4.4(a). In the conventional OPA with per-element phase control, the side-lobe
suppression ratio of about 13 dB is calculated, which is reduced to about 9 dB for the
proposed OPA with off-aperture phase adjustment due to the phase dependent amplitude
effect described by Eq. (4.6). Note that the proposed architecture here can be used to
form and steering a single beam and unlike 2D OPAs with per-element phase shifters, is
not capable of simultaneous multi-beam forming. This is due to the fact that setting the
phase of individual elements is not possible using this architecture and only the relative

phases with linear relationship can be set.

4.1.2 System architecture

In order to demonstrate the idea of reducing the number of phase shifters, an 8x8 OPA is
designed and implemented. Figures 4.5(a) and 4.5(b) show the structure of the

implemented OPA transmitter.
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Figure 4.5 — (a) The structure of the implemented 8x8 OPA with 16 phase shifters placed
outside of the array aperture. (b) The structures of the grating couplers (as OPA elements)
and directional couplers with varying lengths. (c) The microphotograph of the
implemented 8x8 OPA chip fabricated in the IME 180 nm SOI process.

The input light is coupled into the chip using an on-chip grating coupler and is guided
to a network of Y-junction splitters. The splitter network uniformly splits the coupled
light into 16 branches. The phase of optical wave in the nanophotonic waveguide in each
branch is adjusted through a thermal phase shifter. After phase adjustment, 8
nanophotonic waveguides serving as rows and 8 nanophotonic waveguides serving as
columns are used to guide the optical waves to an array of 8X8 grating couplers serving as
the OPA elements. Each grating coupler is placed near the crossing point of a row and a
column waveguide and is fed by two directional couplers followed by a Y-junction
combiner used to combine a fraction of the light from the corresponding row and column

waveguides. The directional couplers have varying lengths to ensure that all grating
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couplers receive the same optical power. The spacing between the grating couplers within
the array aperture is 11 pm and they are placed symmetrically with respect to the row and
column waveguides as shown in Fig 4.5(b). The photonic components including the
grating coupler, the directional couplers, and the waveguide crossings are carefully
designed to make the element spacing as small as possible. The microphotograph of the
photonic chip is shown in Fig 4.5(c). The chip has an area of 1000 um x 950 um, while
the emitter aperture area is 77 um x 77 pum. The chip is fabricated in the IME 180 nm

silicon-on-insulator (SOI) photonic process.

4.1.3 Photonic devices

There are various photonic devices that should be specifically designed in IME 180 nm
SOI process to achieve a compact OPA. These components are presented in this section.
Figures 4.6 shows the structure of the 200 um long thermal phase shifter. The phase
shifter consists of a TiN metal heater on top of a silicon waveguide and two deep trenches
on the sides. Since the phase shifters are thermal, thermal cross-talk can act as noise as
biasing one phase shifters can affect others. Therefore, the deep trenches help with more
thermal isolation between the phase shifters to enhance the thermal efficiency and reduce
thermal cross-talk. The phase shifter has a measured resistance of 350 Q and I~ of 4.5
mA. Hence, the phase shifters can change the optical phase by more than 27 radians (by
injecting 9 mA). In fact, the breakdown current of the thermal phase shifters has been

measured to be about 42 mA (corresponding to about 9w radians optical phase shift).
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Therefore, any phase mismatch between the waveguides routing the light to the rows (or
columns) can be corrected in the calibration phase which will be explained in next

section.

Metal heater

Deep trench
isolation

. 200 pum

|

Si Metal contacts

Figure 4.6 — The structure and microphotograph of the thermal phase shifter.

Figure 4.7(b) shows the structure of a grating coupler (serving as the OPA element) as
well as the simulated far-field beam pattern. The design of the grating coupler serving as
the OPA element follows the one presented in [97], however, the device dimensions and
the number of gratings are modified to optimize the coupling efficiency for a compact
footprint. The simulated efficiency of the grating coupler is about 30% at 1500 nm.

I 1

0.8

90

500 nm

Shallow
etch

30

210

270

Figure 4.7 — The structure and simulated far-field beam pattern of the designed grating
coupler.
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Figure 4.8 — (a) Different levels of Si etch. (b) The structure of the directional coupler
with partially etched coupling region. (c) Finite-Difference Time-Domain (FDTD)
simulation results for the directional couplers with varying length and different silicon
etch levels within the coupling region.

The IME 180 nm SOI process offers three silicon etch levels as shown in Fig. 4.8(a)
that are used in the design of the compact directional couplers, grating couplers, and the
compact waveguide crossings. Figure 4.8(b) shows the structure of the directional
couplers with varying lengths are used in order to equally distribute the optical power in
each row and column. To make the element spacing as small as possible, the coupling
lengths should be minimized, which is achieved by partially etching the gap in the
coupling region to increase the coupling coefficient for a given length. Considering the
transmission and the coupling coefficients of the directional couplers, as well as the loss
of the waveguide crossings, the required coupling lengths and the etch depth for the 7

directional couplers in each row/column are simulated, which are shown in Fig. 4.8(c).
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Note that the 500 nm wide 220 nm thick single-mode nanophotonic waveguides have a

measured loss of under 2 dB/cm.

500 nm Oval-shaped
shallow etch

|

Figure 4.9 — The structure of the designed compact waveguide crossing.

To further reduce the element spacing, a compact waveguide crossing structure is
designed. The crossing uses oval-shaped partial Si etch to achieve small size and low loss
simultaneously. It has a simulated insertion loss of under 0.3 dB with an isolation of more

than 30 dB which are decent results given the total length of 5 um.

Figure 4.10 summarizes the structure of a single element along with the corresponding
row and column waveguides and the feed network. Note that in order to achieve
symmetric routing, the grating couplers are placed at a 45 degree angle with respect to the
column waveguides as shown in Fig 4.5. The Y-junction that is used for combining the
row and column signals is similar to the design in [98]. It has a measured excess loss of

about 0.5 dB.
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Figure 4.10 — The structures of the nanophotonic waveguides, the waveguide crossing,
directional couplers with varying length, the Y-junction, and the grating coupler serving
as the OPA element.

4.1.4 The effect of layout mismatches

Due to fabrication process variations, the phase of optical signals in different waveguides
guiding the light to the rows and columns of the aperture are unknown. However, we are
using thermal phase shifters, which can change the optical phase by more than 27 radians
(by injecting 9 mA). Therefore, any phase mismatch between the waveguides routing the
light to the rows (or columns) can be corrected in the calibration phase. The calibration

process is explained in the next section on the measurement results.

129



bo ejﬂ

0‘33"‘
[0
g
by
CQS"
o
i
>
[}
3
T

> +A¢n,12) %(‘92 -+ A¢n,23) *(Hw -0, +A¢n,34)

7%
aze

= S ?Hz,,zwz,.\)
P /,
Es'
i +
<<
|
=

(4 - 4|+ AG, ;)

-C

ey ’ —

— * —
N

- M}

4
2
G
=z
Ty iy
T
-
T
N

aoej¢$3 ::g(: = A
ﬁ,JJ //yl 6} 7. |
aoej¢4 — #

A¢n,(ﬁj = ¢n,i _¢ﬂ,j
AG =6 -6

m,ij n,i n,j

Figure 4.11 — The effect of phase mismatch.

In addition, note that for advanced foundry processes, while the level of mismatch
between the designed and fabricated devices may be large, there is a rather high degree of
matching among the closely placed on-chip identical structures. For example, in [83],
using a 65nm process for implementation of a large scale optical phased array of 64x64

emitters, relatively good beam-forming results (with no active adjustment) have been
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achieved. Similarly, our proposed architecture uses a similar approach to distribute the
light between the emitting elements of the rows and columns within the aperture. Note
that the aperture is quite small and the identical structures are placed closely and hence

the mismatch between the devices within the aperture should be very small.

Nevertheless, to elaborate on this, Fig. 4.11 shows the effect of phase mismatch where
for simplicity an array of 4x4 emitters (along with the corresponding row and column
waveguides) is shown. Here, we assume that the unknown phase between the adjacent
elements in the i row has two components: 6&,; and ¢n,i, where 6,; is the same for all
elements on the /™ row, since identical directional couplers are used to couple the light
into the emitters from all columns, while ¢,; may be different for each element on the i™
row since directional couplers with varying lengths are used to couple the light from the
it row waveguide to the emitters of the /™ row. Similarly, for the j* column, ¢,; is the
same for all elements while 6,; may be different for different emitters on the ;™ column.
Under this assumption, the relative phase between adjacent elements within the aperture
is calculated, which is shown in Fig. 4.11. For a desired relative phase of 46 and 4¢ in
the X and Y directions, we have

A6 =%(91 —6,+A4, ) =%(02 —0,+A4, ;) :%(93 —0,+A4, ;). (4.12)
(4.13)

Ag Z%((A — 9, +A0n,12):%(¢2 —¢, +A9ﬂ»23) :%(% 4 +A0”’34)'

Therefore, the phase of the rows and columns should be set such that
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6, = const. 4.14)
0,=0,-200+A4g,,,.
0,=0,-2A0+Ag, ...
0,=0,-2A0+Ag, ,.

¢, = const.

¢2 = ¢1 - 2A¢+A9n,12'
¢3 = ¢2 - 2A¢+ Aen,23'
¢ =4 —20p+ A‘914,34-

(4.15)

Note that 46, and A¢,;; are unknown but constant as there is a negligible thermal
gradient across the closely packed on-chip devices. These equations show that for a
desired 46 and A4¢, 0; and ¢; can be found using a gradient descent optimization process
as in [85], where the far-field interference pattern is compared with the simulation result
for the case that both row and column signals have zero phase offset. Then, by adjusting
the currents of the thermal phase shifters around the corresponding calibration point, the

2-D beam-forming is performed.

4.1.5 Characterization and 2-D beam steering results

Characterization of the OPA chip includes monitoring the grating lobes of the far-field
interference pattern, 2-D beam steering, total system path loss, and the power radiated in
the main lobe. The measurement setup for characterizing the proposed OPA is shown in
Fig. 4.12(a), where a laser emitting 1 mW at 1502 nm is coupled into the chip input
grating coupler using a single-mode optical fiber after passing through a polarization

controller. Two digitally controlled 8-channel thermal phase modulator drivers were used
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to control the row and column phase shifters, each with 8-bit output voltage resolution. A
FJW FIND-R-Scope 85700A infrared camera with adjustable optics were used to monitor

the far-field interference pattern of the OPA.

(a) _ (b)
%
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%
-
®

OPA chip

Row phase
shifter driver

Column phase
shifter driver

Optical fiber

Figure 4.12 — (a) Measurement setup used to characterize the OPA chip. (b) Measured
far-field interference pattern showing four grating lobes.

In order to demonstrate 2-D beam-steering, the thermal phase shifters are used to
control the phase of the optical signals in each row and column. To account for the
different waveguide routing lengths and process variations, the OPA was first calibrated
(using the procedure in [85]), where the far-field interference pattern is compared with
the simulation result for the case that both row and column signals have zero phase offset.
Then, by adjusting the currents of the thermal phase shifters around the corresponding
calibration point, the 2-D beam-forming was performed. Figure 4.12(b) shows four

grating lobes of the far-field interference pattern of the OPA.

Figure 4.13 shows the 2-D beam-steering results in which only one grating lobe is

shown. By controlling the phase of the thermal phase modulators in the rows and
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columns, beam-steering range of about 7° is demonstrated, which is in agreement with

the simulation results in Fig. 4.4(a).

Figure 4.13 — Demonstration of the 2-D far-field beam-steering. The reference spot is at
the center and the pictures around it show the movement of the beam.

Another experiment that was carried out was measuring two consecutive resolvable

spots. The result is shown in Fig. 4.14(a) shows two consecutive resolvable spots as the
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main lobe is steered diagonally. The corresponding beam profiles are shown in the

bottom section of Fig. 4.14(b).

Figure 4.14 — (a) Two consecutive resolvable spots while diagonal beam-steering is
performed. (b) The beam profiles.

Assuming that a 0 dBm optical power is coupled into the input grating coupler, the
estimated output power for each emitting grating coupler is about -38 dBm. Out of this 38
dB power drop, 21 dB is due to the power distribution among the emitters (64 emitters

and each emitter is driven by two inputs; one from the corresponding row and one from
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the corresponding column), 10 dB is due to the loss of the input and output grating
couplers (4.5 dB measured loss of the input grating coupler and 5.5 dB simulated loss of
the emitting grating coupler), 2 dB excess loss of the Y-junction splitter network (0.5 dB
measured excess loss per Y-junction), 3.5 dB loss of the Y-junction combiner before each
emitter (since its two input are not necessarily in-phase), and 1.5 dB simulated loss of

routing, bends, and waveguide crossings.

Table 4.1 — 8x8 OPA (IME) performance summary

Number of elements 64 (8x8)
Element spacing 11 pm
Element dimensions 2.5 um X 3 pm
Number of phase shifters 16

Beam steering range 7°
Process IME 180 nm SOI

Finally, a measurement was performed to find the power of the main lobe. In this
measurement, first, the chip is replaced with a collimator with narrow output beam-width,
where a known low-power collimated laser beam is used to illuminate the IR camera with
the same angle of incidence and from the same distance. Under the condition that the
camera pixels are not saturated, a relationship between the camera output image and the
beam power is established (i.e. given the pixel luminance range of 0 to 255, the total
power can be estimated by integrating the image profile). Then, the collimator is replaced
with the chip and image of a single spot is acquired and used to estimate the power in the

main lobe. The result shows that when the optical power coupled into the chip is set to -2
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dBm (close to the number that was used to demonstrate beam-steering), the power in the

main lobe is about -45 dBm. Note that no lens is used in both measurements.

4.2 OPA with compact elements

In Section 4.2, it was demonstrated that for linear 2-D beam steering, the number of
phase shifters can be cut by a factor of N/2 for an NXN OPA. As shown before, this
approach significantly reduces the electrical and optical routing complexity and power
consumption. The lower routing complexity is especially important in designing OPAs
with very compact element spacing as this and also the size of the elements are the main
limit of the side-lobe suppression. The proposed architecture significantly relaxes the first
limitation. Therefore, to further reduce the element spacing, smaller elements are
required. However, as shown in Fig. 4.5(b) and Fig. 4.9, most of the space between the
elements is consumed by the photonic devices for combining the row and column signals
in route to the grating coupler. The challenge is that further reduction of the element
spacing requires reducing the size of theses photonic routing devices. This is very
challenging since the optical loss significantly increases upon further reduction in size.
For instance, the directional couplers need about 5 um length, half of the element
spacing. Therefore, another approach is required to further reduce the element spacing

and/or other mechanisms for coupling and power combining.

Since combining row and column signals and the necessary photonic routing is the

main limiting factor, an alternative is to perform the power combination vertically. Using
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photonic fabrication processes that offer two layers of photonic routing. Therefore, the
architecture previously shown in Fig. 4.5 can be modified to the one shown in Fig. 4.15.
This figure shows a conceptual schematic of this idea where the input light is coupled to a
grating coupler and is split in to two signals: one routed to the rows through a layer
transition (photonic via) and the other routed to the columns. The rows are implemented
using the bottom routing layer (orange) and the columns are realized in the top layer
(purple). These layers are at a small vertical distance from each other (sub-wavelength),

the signals of the rows and columns are combined vertically.

Bottom photonic
routing layer

Grating
couplers

Top photonic
routing layer

@» Routing layer 1
@& Routing layer 2

Figure 4.15 — Conceptual schematic of a 4x4 OPA that uses two photonic routing layers
to realize vertical power combining reducing the element spacing within the aperture.

Note that by eliminating the photonic devices for signal combining, the elements can
be placed closer to each other. In this case, the size of the individual elements can be the

limiting factor in achieving a very compact OPA aperture. This issue can be addressed by
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placing series grating structures (as the emitting elements) on the same waveguide as
shown in Fig. 4.16. The grating structures can be made by fully or partially etching the
waveguide [99]. By changing the number of gratings and/or their width, the amount of
optical power coupled in/out can be adjusted. Therefore, multiple OPA elements can be
implemented using series grating structures that are very closely packed. Especially since
this structure eliminates the need for directional couplers for light distribution, compact
OPA apertures can be realized. By superimposing the gratings made in each photonic
layer, their outputs can be combined vertically to implement a 2-D OPA. The details of
the design of the waveguide gratings as well as the 2-D OPA is presented in the following

sections.

Side view

a
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' Full etch

/
Y,
Different grating /
widths

Figure 4.16 — Waveguide gratings as the elements of an OPA.

Top view
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4.2.1 System architecture

As previously mentioned, the proposed approach to further reduce the element spacing
benefits from the availability of two layers of photonic devices and implementation of
series grating structures on the same waveguide as the emitting elements of the OPA.
Figure 4.17(a) shows the schematic of the designed OPA in TowerJazz 180 nm silicon
photonic process. The process features silicon (Si) and silicon nitride (SiN) as the two
photonic device layer. Since silicon has a higher index of refraction compared to nitride

(ng, =3.5,n,,.. ~2), it offers better light confinement allowing for more compact

photonic components such as straight waveguides and waveguide bends to be
implemented. In fact, in the TowerJazz process the minimum Si waveguide width,
minimum SiN waveguide width, minimum Si waveguide bend radius, and minimum SiN
waveguide bend radius are 450 nm, 800 nm, 2 um, and 20 um, respectively. Thus, it is

more area efficient to do the photonic routings using the Si layer as much as possible.

The input light is coupled to the chip by bringing an optical fiber close to the input
grating coupler implemented in Si layer. The light is split into 16 branches using 4 layers
of Y-junctions in the same layer resulting in 8 row signals and 8 column signals. Each
signal passes through a thermal phase shifter to properly set the optical phase. Since the
process does not offer any deep trench isolation, the thermal isolation between phase
shifters is enhanced by alternating the location of them in consecutive optical paths. After
phase adjustment, the signals are routed towards two sets of waveguides with emitting

elements; one in Si layer (columns, shown in red) and one in SiN (rows, shown in

purple).
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Figure 4.17 — (a) The schematic of the implemented OPA chip in TowerJazz process that
used two levels of photonic routing. (b) The zoomed-in view of the OPA aperture. (c)
The chip microphotograph.

The optical signals of the rows are transferred to SiN layer using photonic layer
transitions (photonic vias) implemented using long waveguide tapers that operate based
on vertical evanescent coupling between two tapers, one in Si and one in SiN layer. This

results in full transfer of light from one layer to the other.

The phase modulated optical waves are guided to the array aperture which consists of
two sets of 8x8 arrays of grating structures, one in Si layer and the other in SiN as shown
in Fig. 4.17(b). Note that the gratings are placed at 45° angle with respect to the axis of
the waveguides to align the radiation direction of the two layers that are placed on top of

each other. The details of the grating design is resented in the next section. The OPA has
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an element spacing of 3 pm corresponding to an aperture size of 21 pm. The

microphotograph of the chip with an area of 1000 um x 1200 um is shown in Fig 4.17(c).

Figure 4.18 shows the simulated beam steering result for the proposed OPA where 2-
D steering can be seen. The simulation is done using Lumerical FDTD tool. The graphs

show the far-field interference pattern.

ux

Reference Right Down-right

Figure 4.18 — Simulated beam steering results of the proposed two layer OPA.

4.2.2 Photonic devices

Similar to the previous chip, there are photonic devices specifically designed for this
more compact OPA implemented on the TowerJazz 180 nm SOI process. Figure 4.19(a)
shows the structure of the thermal phase modulator. It is 200 um long and consists of a
TiN resistor on top of the Si waveguide. Since there is no deep trench available in the
process, the thermal modulators are placed far from each other to enhance thermal

isolation. The phase shifter has a measured resistance of 230 Q and Ir of 6 mA which is
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larger than the previous version due to lack of deep trench isolation. Figure 4.19(b) shows

the microphotograph of the thermal phase shifter.

As mentioned in the previous section, the design of the compact OPA is based on the
two layers of photonic devices Figure 4.19(c) shows the photonic layer transition
(photonic via) used to transfer light from one layer to the other. It consists of two
waveguide tapers; on in Si and the other on in SiN. Based on the 80 nm vertical spacing
of these layers, it takes about 50 um of coupling length for the light to fully transit

between layers and the simulated loss of the via is less than 0.9 dB.
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Figure 4.19 — (a) The structure of the thermal phase shifter and (b) its microphotograph.
(c) The structure of the photonic via.

The design of the OPA aperture is done in two layers. The rows are implemented in

SiN and the columns in Si. However, the design strategies for the grating structures in
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both layers are similar. There are two main considerations in designing the grating

structures:

1- Aligning the radiation angles of the Si and SiN gratings around the wavelength
of interest.

2- Uniform distribution of light among the gratings in a row/column.

(@) Grating period (P) (b)

Langil) o \/\
/\\

Width (W)

Si (column)

(c)

GC |1 2 3 4 5 6 7 8

Si: Length/width (um) | 0.8/0.2 1/0.2 0.8/0.2 1.2/0.2 1.1/0.25 1.5/0.25 1.5/0.2° 1.7/0.25

SiN: Length/width (um) | 0.7/0.2 1/0.2 1.2/0.2 1.3/0.2 1.5/0.2 1.8/0.2 1.8/0.35 2/0.55
" 3 teeth

Figure 4.20 — (a) The structure and dimensions of a waveguide grating. (b) The
waveguide gratings designed for the 8x8 OPA with 3 mm element spacing and (c) the
corresponding grating lengths and widths.

The main design parameters of a grating structure are the grating length, width, and
period as shown in Fig 4.20(a). To achieve the first goal, we need to consider the
relationship between the angle of radiation of a grating structure and other design
parameters (i.e. wavelength, index of refraction, and grating period. Equation (4.16)

shows this relationship [100]
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n, —n,sin(6) = (4.16)

> >

where n,,n,,0,4,and Aare the index of refraction of the waveguide, the index of

refraction of the medium (in this case SiO2), the radiation angle, the wavelength of the
light, and the period of the grating, respectively. For the two layers, the wavelength (A)

and the index of refraction of the SiOz (n,) is the same. Therefore, for each material
given the associated index of refraction (n, ), the radiation angle depends on the grating

period (A). Thus, based on the Lumerical FDTD simulation results, the grating periods
of 1.2 um and 0.7 um are chosen for SiN and Si layers, respectively. Note that beam
alignment is done for a specific wavelength. This means that unlike the previous

implementation, this OPA is considered to be narrow-band.

Figure 4.20(b) shows the row and column waveguide gratings acting as the elements
of the phased array. Note that for the SiN gratings full etch and for the Si gratings half-
etch is used. The same structure is used for all rows/columns. As mentioned previously,
the 45 degree angle is for beam alignment between the vertically stacked Si and SiN
layers. The individual dimensions of all elements are shown in Fig. 4.20(c). The grating
lengths and widths are designed such that the output optical power of all elements are
about the same value. For the same reason, the last two gratings in Si layer use three teeth
instead of two to balance the optical power. Passivation etching is used in the aperture
area to reduce loss. The simulated optical power variations is about 1.5 dB across the

whole aperture with an average optical emission efficiency of 1.5% per grating coupler.
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4.2.3 Characterization and 2-D beam steering results (main lobe power, total loss)

Characterization of the second OPA chip is similar to the first one and includes
monitoring of the grating lobes of the far-field interference pattern, 2-D beam steering,

total system path loss, and the power radiated in the main lobe.

The measurement setup for characterizing the OPA is shown in Fig. 4.21. A laser
emitting 0.5 mW at 1470 nm is coupled into the chip input grating coupler using a single-
mode optical fiber after passing through a polarization controller. This wavelength is
chosen since the two layers emit with similar angles according to Eq. (4.16). Two
digitally controlled 8-channel thermal phase modulator drivers were used to control the
row and column phase shifters, each with 8-bit output voltage resolution. A FJW FIND-
R-Scope 85700A infrared camera with adjustable optics were used to monitor the far-

field interference pattern of the OPA.

OPA chip

Row phase
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o

Cp, 72,
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shifter driver Optical fiber

Figure 4.21 — The measurement setup for OPA characterization that includes a tunable
laser source, two digitally controlled phase shifter drivers, and an IR camera.
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For 2-D beam-steering demonstration, the thermal phase shifters are used to control
the phase of the optical signals in each row and column. The first step is to find the
proper wavelength that the row and column beams are aligned. This is done by
monitoring the far-field interference pattern. The beams are aligned once only one spot is
seen while that spot is being moved by adjusting the phase shifter currents. Once again,
to account for the different waveguide routing lengths and process variations, the OPA
was first calibrated, where the far-field interference pattern is compared with the
simulation result for the case that both row and column signals have zero phase offset.
Then, by adjusting the currents of the thermal phase shifters around the corresponding

calibration point, the 2-D beam-forming was performed.

Figure 4.22 shows the 2-D beam-steering results in which only one grating lobe is
shown. By controlling the phase of the thermal phase modulators in the rows and
columns, beam-steering range of about 23° is demonstrated. To estimate the power in the
main lobe, the digital output of the IR camera is recorded and compared to when the
number when another source with a known power illuminates the camera. Using this

method, the power in the main lobe is measured to be about -46 dBm.

Table 4.2 summarizes the specifications of the OPA chip.
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Figure 4.22 — 2-D beam steering results using the OPA with 3 um element spacing.

Table 4.2 — 8x8 OPA (TowerJazz) performance summary

Number of elements 64 (8x8)
Element spacing 3 um

Element dimensions (average) 1.5 pm X 2 pm
Number of phase shifters 16

Beam steering range 23°
Alignment bandwidth ~4 nm

Process TowerJazz 180 nm SiPh

148




4.3 Summary and future works

Ultra-compact OPAs, ideally with half-wavelength element spacing, have been studied
through different approaches due to their various applications in communications,
LiDAR and autonomous vehicles, imaging and projection systems. Such systems enable
2-D beam steering with large steering range as well as large side-lobe suppression ratio.
The main challenges in implementing such OPAs are the size of the elements as well as
the area required for complex photonic and electrical routings. Increasing the number of
elements of the OPA only exacerbates the situation and increases the power consumption
of the OPA. Therefore, to move towards half-wavelength element spacing both the
routing complexity and the element size should be reduced. To address the former, a
novel NXN OPA scheme was proposed that uses only 2N phase shifters instead of the
conventional way that needs N? phase shifters to perform 2-D beam steering with linear
phase relationship between the two directions. This approach significantly reduces the
power consumption as well as the electrical and photonic routing complexities and
eliminates the metallic-induced optical loss within the aperture by moving the phase
shifters outside the aperture. As a proof of concept, an 8Xx8 OPA with 16 phase shifters
was implemented in IME 180 nm SOI process. The 64-element OPA has an aperture size
of 77 um X 77 pm (element spacing of 11 pum) and achieves a steering range of 7°. The
element spacing is mainly limited by the photonic devices required for row and column

signal combination, despite the effort to minimize their sizes.

To further reduce the element spacing, we benefited from the TowerJazz 180 nm SOI

process that offers two layers of photonic devices in Si and SiN where one layer is used
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for beam steering along the X axis and the other for steering along the Y axis. Waveguide
gratings were used in both layers as the emitting the elements of the OPA to realize very
compact elements. The optical beams of the two layers that are a fraction of the
wavelength far from each other are combined vertically at a certain wavelength range.
Similar to the first chip, another 8x8 OPA was implemented has an aperture size of 21
pum X 21 pm (element spacing of 3 um) and achieves a steering range of 23°. Although
the element spacing is still larger than half-wavelength, it is the smallest element spacing

in 2D OPAs ever demonstrated to date.
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varying lengths
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Figure 4.23 — Scaling the number of elements by using waveguide gratings and
directional couplers with varying length together.

An immediate future work based on the proposed OPAs is to scale the OPA to larger
number of elements. An important motivation is the phase shifter reduction factor which

is N/2. For the implemented chips this factor is 4. However, as the number of elements
150



increases, this factor will be more significant. For instance, for a 128x128 OPA, the
proposed approach requires 64 times less number of phase shifters that results in a much
smaller power consumption as well as significantly more relaxed photonic routing.

Therefore, it is desired to increase the number of elements.

The challenge in increasing the number of elements in both chips, is the uniform light
distribution. In the first chip, more number of elements requires directional couplers with
very uneven ratios and close values. This makes the design process variation dependent
although OPAs with 4096 elements have been demonstrated using the same approach
[83]. In the second chip, the light distribution is done by designing the aspect ratio of the
gratings and because of the finite fabrication tolerance, it is challenging to fabricate

gratings with very small aspect ratio differences.

One potential approach could be through combining the two approaches for each of
the two layers. As shown in Fig. 4.23, 64 element 1-D array of elements can be
implemented using eight sets of grating waveguides, each having eight gratings similar to
the ones used in the second chip. Seven directional couplers with varying lengths are
used to distribute the light among the grating sets. This is also similar to the approach in
the first chip. A 64x64 element array in Si layer can be made by putting the 1-D arrays
next to each other. The same strategy can be used for the second layer to realize an OPA

for 2-D beam steering.
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CHAPTER 5

Conclusion

5.1 Summary

Electronic-photonic integrated systems are becoming more and more popular mainly due
to the fact that they have the advantages of both platforms: sophisticated, low-power,
high-speed electronics to implement complex signal processing as well as control,
together with miniaturized optical components and systems to benefit from the large
bandwidth available at optical frequencies as well as the small propagation loss in optical
regime. Therefore, these unique capabilities, make electronic-photonic systems very
promising candidates for a variety of applications. In this thesis, I presented three
integrated electronic-photonic systems to address optical signal synthesis, optical signal

processing, and optical beam steering as some of the most desirable applications.
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The first system 1is a partially integrated OFS with many applications in
communications, ranging and sensing. The OFS features an integrated EOPLL and uses
an electro-optically generated frequency comb as the reference to the system. In a coarse
tuning phase, the custom-fabricated widely tunable laser is frequency tuned across a wide
range by adjusting its mirrors and phase section currents. As the TL is being tuned, it
passes the teeth of the OFC. Therefore, by using an indexing systems and counting the
number of passing teeth, it is possible to determine the location of the TL with respect to
the comb. Once the TL reaches the vicinity of the comb tooth closest to the target
frequency to be synthesized, the EOPLL is engaged and phase-frequency locks the TL to
the comb tooth. Benefiting from the heterodyne architecture of the EOPLL, the TL can be
then fine-tuned by adjusting the frequency of the local heterodyning RF oscillator. An
aided acquisition system enhances the acquisition range of the EOPLL to cover the tooth
spacing of the OFC. In addition to detailed block characterizations, the full systems was
used to demonstrate frequency synthesis. The proposed systems is capable of performing
optical frequency synthesis over 5 THz with sub-Hz fine tuning resolution, with coarse

tuning speed and resolution of 0.5 THz/s and 20 MHz, respectively.

Once the optical signal is generated it can be used for a variety of applications, one of
which is optical signals processing. Despite the great success and widespread use of
electrical signal processing, there are issues such as the limited bandwidth and lossy
interconnects that makes implementation of systems such as high data-rate links and true-
time delay based antenna arrays challenging. In the optical regime, large available

bandwidth as well as low propagation loss interconnects, enable systems with much
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better performance compared to the electrical counterparts. In the second work of this
thesis, the first nanophotonic near-field microwave imager is presented that utilizes the
advantages of optical signal processing to implement an imager that is smaller and lower
power than the previous electrical ones. The target object is illuminated by a train of
UWB microwave pulses and the reflected signals are received by a 2x2 array of UWB
antennas. The received signals are amplified and connected to the on-chip ring
modulators. The modulators up-convert the electrical signals into optical frequencies by
modulating the light coupled into the photonic chip. The modulated signals are then
processed by a network of photonic delay elements. The delay elements are more than an
order of magnitude smaller and less loss than the state-of-the-art electrical ones. After
optically processing the electrical signals, an 11x11 network of photodiodes convert the
signals into electrical ones to form the corresponding image of the object. Full
characterization of the chip is presented in chapter 3 of the thesis including wired and
wireless single source characterization. Finally, using some metallic objects, near-field
imaging is demonstrated using the implemented imager chip. The 121-element imager,
which is integrated on a silicon chip, is capable of simultaneous processing of ultra-
wideband microwave signals and achieves 4.8° spatial resolution for near-field imaging
with orders of magnitude smaller size than the benchtop implementations and a fraction

of the power consumption.

The last work is towards ultra-compact OPAs for 2-D optical beam steering with
applications in optical communications, LIDAR, imaging and projection systems. Unlike

microwave phase arrays in which because of the wavelength size, half-wavelength
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element spacing is achievable, in OPAs this s an open problem. The main obstacles are
the large size of optical elements as well as the finite size of the required photonic routing
devices. In chapter 4 of the thesis, a novel architecture is proposed that reduces the
element spacing of an OPA in two steps. First, the conventional N? phase shifters that are
used to control the relative phase between the elements is reduced by a factor of N/2,
which significantly reduces the photonic and electrical routings as well as the power
consumption of the OPA. An 8x8 OPA chip is implemented in IME 180 nm SOI process
using the proposed architecture and 2-D beam steering is demonstrated via adjusting the
relative phases using only 16 phase shifters. The chip achieves and steering range of 7°.
The second step is to reduce the individual size of the elements and to eliminate the bulky
photonic devices previously used for on-chip light distribution. A photonic process that
offers two layers of silicon and silicon nitride for routing is used. Beam steering along the
X and Y directions are achieved using two sets of NXN apertures in each routing layer.
The optical signals of these layers are combined vertically since they are placed in the
near-field of each other. This method combined with the reduction of the number of
phase shifters, enable very compact element spacing within the OPA aperture. Another
8x8 chip is implemented in the TowerJazz 180 nm photonic process with element spacing
of only 3 um. 2-D steering of a single beam is demonstrated using this chip that achieves

a steering range of about 23°.

5.2 Future research directions
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For each of the three works presented in this thesis, there are possible continuations that
have been introduced previously in their corresponding chapters. In this section, a

summary of those is presented.
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Figure 5.1 — The conceptual block diagram of a fully integrated OFS chip excluding the
TL and the reference comb.

The partially integrated OFS was successfully used to demonstrate high-resolution
synthesis, therefore, the immediate continuation would be integrating other blocks on the
same chip. Figure 5.1 shows the conceptual block diagram of the proposed chip. The
reference comb and the TL are coupled to the chip using grating couplers. Similar to the
approach explained in chapter 2, the indexing systems is used for coarse tuning and the
EOPLL for fine tuning of the TL. The AAS enhances the acquisition range and helps
with addressing the false locking and temperature stabilization issues. The chip can be

implemented in a standard CMOS SOI process. Therefore, the TL and the reference

156



comb that require different materials for fabrication and are outside the scope of this

thesis, could be integrated on a separate photonic chip and the complete OFS system will

be a result of hybrid integration of the chips.
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Figure 5.2 — Proposed method of scaling the number of pixel of the nanophotonic
imager.

The nanophotonic imager can be used at higher microwave frequencies. Figure 3.3(d)

shows that as frequency increases, the loss per electrical delay cell increases drastically,
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making implementation of and electrical systems even more challenging. This large loss
necessitates using more repeating amplifiers on chip, which in turn increase the power
consumption. Since the loss per photonic delay element in the proposed approach is
almost constant versus frequency, the same architecture can easily be used at higher
frequencies. The ring modulator and the photodiode both have bandwidths larger than 30

GHz that makes them capable of handling tens of GHz signals.

In addition, the number of pixels of the imager can be scaled up by tiling multiple
imagers with less number of pixels. Again, since the loss per delay element is much
smaller than the electrical counterparts, the power consumption penalty would be much
less, too. Figure 5.2 shows the proposed scaling method. This figure shows how a 484-
pixel imager can be constructed using four 121-pixel sections. It should be noted that the
overall on-chip optical loss increases that can be compensated by increasing the laser
power at the input, which would still be lower than the power penalty of the electrical

solution.

Finally, the novel OPA architecture introduced in chapter 4 can be scaled in terms of
the number elements. Benefiting from a two-layer photonic routing process as well as the
reduced number of phase shifters required for beam steering, very compact aperture was
achieved. To increase the number of elements, considering the challenge of optical signal
distribution, one potential solution is shown in Fig 5.3. In this figure a 4096-element
OPA (8x8) is shown in which the input light is first split into 128 signals, 64 rows and 64
columns. Each row/column signal goes through a phase shifter to properly adjust the

phase. Then each should be split into another 64 signals that are routed to the elements.
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The light distribution is a combination of the two methods explained in chapter 4. Each
row/column consists of 7 directional couplers with varying lengths to equally distribute
the light among the waveguide gratings. In each of the 8 waveguide grating sections, light

is split into 8 signals that are coupler out of the chip by the gratings.

Directional coupler with
varying lengths

8 waveguide
gratings

Top view

), /S \
J‘%

Figure 5.3 — Schematic of the proposed OPA row/column with 64 elements.
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