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ABSTRACT

Integrated photonics is an emerging technology that has begun to transform our
way of life with the same amount of impact that integrated CMOS electronics
has. Currently, photonics integration is orders of magnitude less complicated than
its electronics counterparts. Nonetheless, it serves as one of the main driving
forces to meet the exponentially increasing demand for high-speed and low-cost
data transfer in the Information Age. It also promises to provide solutions for next-
generation high-sensitivity image sensors and precision metrology and spectroscopy
instruments. In this thesis, integrated photonics architectures for solid-state photonic
beamforming and processing are investigated for high-resolution and high sensitivity
lens-free transceiver applications. Furthermore, high-efficiency integrated electro-
optical modulators aiming to meet the demand of high-density photonic integration
with improved modulation efficiency, small footprint, and lower insertion loss are

investigated.

Two integrated photonic solid-state beamforming architectures incorporating two-
dimensional apertures are explored. First, a novel transceiver architecture for remote
sensing, coherent imaging, and ranging applications is demonstrated. It reduces
system implementation complexity and offers a methodology for very-large-scale
coherent transceiver beamforming applications. Next, a transmitter beamforming
architecture inspired by the diffraction pattern of the slit annular ring is analyzed
and demonstrated. This transceiver architecture can be used for coherent beam-
forming applications such as imaging and point-to-point optical communication.
Finally, a coherent imager architecture for high-sensitivity three-dimensional imag-
ing and remote-sensing applications is present. This novel architecture can suppress
undesired phase fluctuations of the optical carrier signal in the illumination and ref-
erence paths, providing higher resolution and higher acquisition speed than previous

implementations.

Moreover, several compact, high-speed CMOS compatible modulators that enable
high-density photonic integration are explored. Ultra-compact and low insertion
loss silicon-organic-hybrid modulators are designed and implemented for high-
speed beamforming and high-efficiency complex signal modulation applications.
Finally, a novel integrated nested-ring assisted modulator topology is analyzed and

implemented for high-density and high modulation efficiency applications.



vii

PUBLISHED CONTENT AND CONTRIBUTIONS

A. Khachaturian, B. Abiri, A. Zhou, and A. Hajimiri, "Monolithic Mach-Zehnder
Interferometer Modulator in an unmodified CMOS process," 2015 IEEE Photonics
Conference (IPC), pp. 394-395, 2015. Available: https://ieeexplore.ieee.
org/abstract/document/7323627.
10.1109/1PCon.2015.7323627.

I designed and measured the device and wrote the paper.

A. Khachaturian, B. Abiri, and A. Hajimiri, "A compact spiral Mach-Zehnder In-
terferometer Modulator on SOI process," 2015 IEEE 12th International Confer-
ence on Group IV Photonics (GFP), pp. 151-152, 2015. Available: https:
//1eeexplore.ieee.org/document/7305996.
10.1109/Group4.2015.7305996.

I measured the device and wrote the paper.

R. Fatemi, A. Khachaturian, and A. Hajimiri, “A nonuniform sparse 2-D large-FOV
optical phased array with a low-power PWM drive,”IEEE Journal of Solid-State
Circuits, vol. 54, no. 5, pp. 1200-1215, 2019. Available: https://ieeexplore.
1eee.org/document/8649827.
https://doi.org/10.1109/JSSC.2019.2896767.

I contributed to the design and measurement.

R. Hosseini, A. Khachaturian, M. Cdtuneanu, P. P. Khial, R. Fatemi, A. Hajimiri,
and K. Jamshidi, "Compact, High Extinction Ratio Silicon Mach-Zehnder Modu-
lator with Corrugated Waveguides," Conference on Lasers and Electro-Optics, pp.
SM3B.6, 2018. Available: http://www.osapublishing.org/abstract.cfm?
URI=CLEO_SI1-2018-SM3B.6.
10.1364/CLEO_S1.2018.SM3B.6.

I contributed to the design, measurement, and wrote the paper.

R. Fatemi, A. Khachaturian, and A. Hajimiri, “A low power PWM optical phased
array transmitter with 16° field-of-view and 0 8° beamwidth,” in 2018 IEEE Radio
Frequency Integrated Circuits Symposium (RFIC), 2018, pp. 28-31. Available:
https://ieeexplore.ieee.org/abstract/document/8428847.
https://doi.org/10.1109/RFIC.2018.8428847.

I contributed to the design and measurement.

R. Fatemi, A. Khachaturian, and A. Hajimiri, “Scalable optical phased array with sparse

2D aperture,” in Conference on Lasers and Electro-Optics,Optical Society of Amer-



viii
ica, 2018, STu4B.6. Available: http://www.osapublishing.org/abstract.
cfm?URI=CLEO\_S1-2018-STu4B.6.
https://doi.org/10.1364/CLEO\_SI1.2018.STu4B.6.

I contributed to the design and measurement.

R. Fatemi, P.Khial, A. Khachaturian, and A. Hajimiri, “Breaking FOV-aperture trade-
off with multi-mode nano-photonic antennas,” IEEE Journal of Selected Topics
in Quantum Electronics, vol. 27, no. 1, pp. 1-14, 2021. Available: https:
//1eeexplore.ieee.org/document/9206075.
10.1109/JSTQE.2020.3026966.

I contributed to the theoretical analysis and simulation.

R. Fatemi, B. Abiri, A. Khachaturian, and A. Hajimiri, “High sensitivity active flat
optics optical phased array receiver with a two-dimensional aperture,” Opt. Express,
vol. 26, no. 23, pp. 29 983-29 999, Nov. 2018. Available: http://www.
opticsexpress.org/abstract.cfm?URI=0e-26-23-29983.
https://doi.org/10.1364/0E.26.029983.

I contributed to the measurement and analysis.

R. Hosseini, A. Khachaturian, M. Catuneanu, P. P. Khial, R. Fatemi, A. Hajimiri,
and K. Jamshidi, "Compact, High Extinction Ratio Silicon Mach-Zehnder Modu-
lator with Corrugated Waveguides," Conference on Lasers and Electro-Optics, pp.
SM3B.6, 2018. Available: http://www.osapublishing.org/abstract.cfm?
URI=CLEO_SI1-2018-SM3B.6.
10.1364/CLEO_SI1.2018.SM3B.6.

I contributed to the design, measurement, and wrote the paper.

A. Pai, A. Khachaturian, S. Chapman, A. Hu, H. Wang, and A. Hajimiri, "A handheld
magnetic sensing platform for antigen and nucleic acid detection," Analyst, vol.
139, pp. 143-1411, 2014. Available: https://pubs.rsc.org/en/content/
articlehtml/2013/an/c3an01947k.
https://doi.org/10.1039/C3AN01947K.

I contributed in the measurement and writing of the paper.



TABLE OF CONTENTS

Acknowledgements . . . . . . ... Lo
Abstract . . . . . . .
Tableof Contents . . . . . . . . . . . . . . ...
List of [llustrations . . . . . . . . . . ... .
Nomenclature . . . . . . . . . . . .. e
Chapter I: Introduction . . . . . . ... .. ..o
1.1 Contributions . . . . . . . . . . . . ...
1.2 ThesisOutline . . . . . ... ... .. ... ... ... ......
Chapter II: Silicon Photonics Integration . . . . . . ... .. .. ... ....
2.1 Silicon Photonics Platform . . . . . . ... ... ... ........
2.2 Silicon Photonic Devices . . . . . .. ... ... ... ... ...
2.3 High-Density Photonics Integration . . . . . ... ... ... ....
Chapter III: Coherent Optical Transceiver based on Co-Prime Sampling
3.1 Introduction . . . . ... .. .. ...
3.2 Background Formulation for Co-Prime Sampling . . . . . . ... ..
33 Design . ...
3.4 MeasurementResult . . . . ... ... ... ... ... ...,
3.5 Discussion . . . .. ...
Chapter IV: Large-Scale Beamforming Based on Annular-Ring Diffraction
Pattern . . . . . . . L
4.1 Introduction . . . . . . . . . . .. ..
42 Theory . . . . . . . .
43 Design . . . . . .
4.4 MeasurementResult . . . . .. ..o
4.5 Discussion . . . . . ...
Chapter V: Large-Scale Coherent [Q Imager . . . . . ... ... ... ....
5.1 Introduction . . . . .. .. . ... .. ...
5.2 Background . . .. ...
5.3 Design . . ... e
5.4 Setupand Measurement . . . . . ... ... ...
Chapter VI: A Compact Spiral Mach-Zehnder Interferometer Modulator on
SOIProcess . . . . . . . . i i e e e
6.1 Introduction . . . . .. .. . ... ... ...
6.2 Design . . . . ...
6.3 Measurements . . . . . . ...l e
Chapter VII: Monolithic Mach-Zehnder Interferometer Modulator in an Un-
modified CMOS Process . . . . . . . . . . ... ... ..
7.1 Introduction . . . . . . . . . . . . . ...
7.2 Design . . . ...

ix



7.3 Measurements . . . . ... ... e e e e e 68
Chapter VIII: High-Speed Slow-Wave Modulator Using Corrugated Waveguides 70
8.1 Introduction . . . . ... ... .. ... ... 70
8.2 Design . . . . ... 70
8.3 Measurements . . . . . .. ... 71
8.4 Discussion . . . . ... L 72
Chapter IX: High-Efficiency Polymer-Based Modulators . . . . . . ... .. 73
9.1 Introduction . . . . .. ... .. ... ... 73
9.2 SOH Modulator Implementations and Modulation Efficiency . ... 76
9.3 Strip-to-Slot Mode Adapter . . . . .. .. ... 78
9.4 Sources of InsertionLoss . . . . ... ... ... 81
9.5 High-Speed SOH Modulator Design . . . . ... ... ....... 81
9.6 Dual-SSB LIDAR Signal Generator . . . . .. ... ......... 82
9.7 SOH1DOPA Design . . . . . ... ... ... .. ...... 84
Chapter X: High-Speed Nested-Ring-Assisted MZI Modulator . . . . . . .. 87
10.1 Introduction . . . . . .. .. 87
10.2 Background and Theory . . . . . . ... ... ... . ........ 88
10.3 Integrated NRAMZM Design . . . . . ... ... ... ... .... 101

Bibliography . . . . . . ... 105



Number

2.1

3.1

32

33

34
3.5
3.6

3.7

3.8

3.9

3.10

LIST OF ILLUSTRATIONS

Silicon photonics platform. (a) Devices available for silicon photon-
ics integration. (b) Optical mode confinement in dielectric waveg-
uides [17]. . . . . . .
Routing optical signal to radiating elements in a 2D grid requires a
larger inter-element spacing. 5_ 2 element spacing results in less
than30 FOV. . . ... ... .
OPA FOV as a function of the number of elements in the array. A
signal distribution waveguide pitch of 1< and radiating element
sizeof 2°<  2“<isassumed. The FOV is severely limited once the
total number of elements in the array is above 50. . . . . . . . .. ..
Co-prime sampling in spatial domain and the equivalent spectral
samples. ... e e
Co-prime sampling. . . . . . . . ... ...
Co-prime beam pattern multiplication. . . . . . . .. ... ... ...
Block diagram of design A: Integrated phase shifters adjust the phase
of the transmitter and receiver OPAs independently. The return signal
is mixed using balanced heterodyne detectors on-chip. The relative
phase of the received and LO signals are adjusted in the reference path
to improve receiver sensitivity. FMCW amplitude chirp for ranging
isappliedexternally. . . . . . .. .. .. ... ... ... ...,
Compact spiral thermo-optic phase shifter (left). An oxide trench
surrounds the radiators and reduces the cross-talk between adjacent
phase-shifters. Thermal simulation of the cross-talk between the
elements (right). . . . . ... ... L o
Electrical routing of the thermo-optic phase shifters. Phase shifters
are placed in a row-column fashion which allows programming 64
phase shifters with 16 drivenodes. . . . . . . ... .. ... .. ...
PAM programming of the thermo-optic phase shifter matrix. Each
of the M columns draws current 1 *" fraction of the cycle. . . . . . .

Far-field radiation efficiency and beamwidth of the radiating element.

Xi

Page

20



xii

3.11 Design A OPA array factor for the transmitter, receiver, and the

synthesized transceiver. While transmitter and receiver have 9 55

and 7 18 FOV, respectively, the transceiver can operate over a 30

FOV without any grating lobes and side-lobe levels below 15dB. . . 23
3.12 Design A OPA array factor including radiating element pattern. This

results in a radiator-limited FOV of 22 . . . . . ... ... ... ... 24
3.13 2D radiation pattern of the transmitter and receiver and effective

transSCeivVer array. . . . . . . v v v v v e e e e e e e 25
3.14 Block diagram of the second design. The number of radiators in

the receiver is increased to 8x16 to improve the transceiver SNR.

Integrated on-chip PIN modulators improve on-chip signal isolation

and place strong LO chirp signal and the transceiver mixed-signal

at different frequencies. Integrated tunable couplers in the receiver

allow for apodized amplitude distribution, which further improves

the receiver beam efficiency. . . ... ... .. ... ... ..... 26
3.15 Radiation pattern cross-section for the transmitter and receiver and

effective transceiver array including the effect of the grating couplers. 27
3.16 2Dradiation pattern of the transmitter, receiver, and effective transceiver

AITAY. .« o v v e e e e e e e e e e e e e e e e 28
3.17 Electrical programming nodes of the row-column phase shifters and

sniffer detectors for the cascaded amplitude modulator block. Con-

trol nodes for the amplitude modulators are wired as an additional

column in the receiver phase shifter matrix. Integrated diodes in the

phase shifter matrix prevent the reverse flow of current in the adja-

cent columns. Sniffer diodes before and after the tunable amplitude

modulators can be used to calibrate the tunable amplitude modulator

network. . ... .. 29
3.18 Co-prime transmitter beamforming and steering. Grating lobes are

spaced 9.55 consistent with 9 2“< spacing of radiating elements.

(a-d) Heat map for beamforming optimized for four directions. (e)

Perspective view of the Normalized Optical Power for (b). . . . . . . 29
3.19 Co-prime receiver beamforming and steering. Grating lobes are

spaced 7.2 consistent with 12 4 “< spacing of radiating elements.

(a-d) Heat map for beamforming optimized for four directions. (e)

Perspective view of the Normalized Optical Power for (¢c). . . . . .. 30



3.20

3.21
3.22
3.23
3.24
3.25

4.1

4.2
4.3

4.4

4.5

Overlap plot of the transmitter and receiver patterns. Beam pat-
terns captured when the optimized settings are loaded separately are

shown in blue. Beam patterns captured when both setting are loaded

concurrently are showninred. . . . . . ... .. ... L oL
Synthesized transceiver pattern. . . . . . . ... ... ... ...
Co-Prime Design B tansmitter beamforming. . . . . . ... ... ..
Measured bandwidth of the thermo-optic phase shifter. . . . . . . ..
Design A diephoto. . . . . ... ... Lo
Design Bdiephoto. . . . .. ... ... ... .. . ..

Comparison of circular and annular ring diffraction patterns. (a) A
circular ring aperture of diameter D illuminated by a plane wave. (b)
An annular ring aperture of diameter D and infinitesimal slit width
illuminated by a plane wave. (c) Cross-section of the diffraction
patterns of the ring and the annular ring apertures for aperture radius
to wavelength ratio of two. The beamwidth of the annular ring is

slightly narrower than a circular aperture, but the slide-lobe levels

(SLL) are higher. . . . . . . . .. . ... . L

Circular array aperture with element placement on the polar grid.

Effect of annular ring discretization on the far-field array factor. 20 “ <
diameter ring is plotted for a continuous annular ring slit aperture,
discretized with 40 omni-directional radiators (1 6 “ < radially spaced
elements and Bessel approximation valid up to 58 ), and discretized
with 20 omni-directional radiators (3 1“< radially spaced elements
and Bessel approximation valid up to 23 ). As the number of elements

is reduced, the SLL increase and the Bessel approximation holds for

anarrower FOV. . . . . . . . . .. s

255-element annular ring OPA AF assuming isotroptic radiators. (a)
Full AF of the aperture for q = 0. (b) Close-up AF of the aperture
for g = 0. This aperture has a theoretical beamwidth of 0 2 with no

grating lobes with the highest SLL at 105dB.. . .. ... ... ..

255-element circular OPA AF including the radiator far-field pattern.
The grating coupler-based radiator limits the FOV of the aperture to
22 with the highest side-lobe level of 15 6 dB resulting in a total

of 12,100 resolvable spots using this aperture. . . . . . . .. ... ..

xiii

31
32



4.6

4.7

4.8
4.9

4.10

4.11

4.12

Circular OPA layout. 255-element aperture is controlled by four
blocks of 9 16 phase/amplitude modulators. Integrated PIN modu-
lator, as well as sniffers, help monitor the power coupled into the chip.
Low-loss on-chip delay light compensates for the path mismatch be-
tween different blocks of the aperture. Distributed PTAT sensors can

be used to track the on-chip thermal gradient. An SEM image of the

Xiv

255-element aperture, as well as the unit radiator, is shown on the right. 43

Block diagram for independent drive and control of the on-chip phase
and amplitude modulators. A tunable MZI power splitter can be used
to divert signal from one signal path to the other. 16 DACs, in
conjunction with a multiplexer and a high voltage amplifier, con-
struct each of the 100 PAM signals on the chip. Dummy heaters are
distributed in between the phase shifter to help with stabilizing the

on-chip thermal gradient. . . . . . . . . . ... ... ... ...

Circular OPA amplitude control block diagram. . . . . . . ... ...

Optimization progression after 450 iterations. The first 200 iterations
are random searches in the solution space looking for the potential

optimum points. Afterward, the most optimum point is verified, and

modified gradient descent algorithms find the optimum solution. . . .

Dynamic stability of circular OPA from one setting to another: Here,
the system setting is toggled between the initial unoptimized setting
(All DACs off) and optimized beam pattern for the direction ,,0 0”.
It takes 10 12 seconds for the thermal gradient to stabilize between

different settings. The optimizer is able to increase main beam power

by a minimum of 6 dB from the initial setting. . . . . . .. ... ...

2D beamforming demonstration: (a) Two-dimensional beam pattern
was measured for the optimized direction ,,0 0". (b) and (c) are
1D cross-sections of the beam pattern in \g and \y directions. The

measurement standard deviation shows high repeatability of the mea-

surement results. . . . . ... ... e e e e

1D beam pattern for several directions. (a) Integrated beamforming
in \¢ was demonstrated by optimizing the beam in two additional
directions, ,\¢ \y” =, 120”7 and ,\¢ \y" =, 34 0”in \g. (b)

Beamforming in \; was demonstrated by re-optimizing the beam in

N\ \W"=,022"direction. . . .. ... ... ...

46

48



4.13

4.14

5.1

5.2

5.3

54

5.5

5.6

5.7

5.8

59

5.10

5.11

5.12
6.1

6.2

6.3

XV

Beam efficiency, FWHM, SLL, and aperture area for different diam-
eters of annular-ring OPAs. . . . . . . . .. .. ... ... ... .. 49
Die-photo of the annular-ring OPA chip. . . . . . . .. .. ... ... 50
In this coherent imaging system, the target is illuminated using a
collimated beam, the returned signal is captured via a lens, and the
image is formed on the sensorarray. . . . . . . ... ... ... ... 52
Balanced homodyne detection rejects the un-mixed chirp signal. . . . 54
Balanced homodyne detection with 90 hybrid can reject random
phase fluctuations between the LO and signal paths. . . . . . .. .. 55
Suppression of the path mismatch phase fluctuation using 90 hybrid
structure and computing the sum squared term. . . . . . . . ... .. 56
1Q chip layout. (a) The layout of the IQ unit cell. (b) Layout of the
full chip with 8 8 IQ unit cells and adjustable LO distribution network. 57
Row-column thermal tuners. . . . . . .. .. .. ... ... ..... 58
Row-column readout architecture. . . . . . . .. ... ... ... .. 59
LO distribution network for undesired signal suppression from the
leakage of other IQ cellsintherow. . . . . . ... ... ... .... 60
The amplitude is modulated using FMCW waveform with 2GHz/ms
chirprate. . . . . . . . . . . . 61
Range data. Path length difference between the LO and illumination
was increased in linear increments of 600°“<<. . . . . . . .. ... .. 62
SEM images of 1Q imager’s building blocks. (a) Unit cell of tunable
amplitude coupler in the LO distribution network. (b) IQ unit cell.
(c) Hybrid 90 balanced coupler. . . . . . .. . ... ... ... ... 62
Die-photo of the 8 8 IQ coherent imaging chip. . . . . . . ... .. 63
(a) Die photograph of the fabricated chip. (b) Partial cross section of
the MZI structure demonstrating the capacitance between VDD and
GND. The spiral MZI allows for a push-pull operation of the phase
shifters. . . . . . . . L 65
(a) Measured DC response of the modulator. (b) Measured frequency
response of the modulator. . . . . . .. ... ... L 0oL 66
(a) 12.5Gbps eye diagram, (b) 20Gbps eye diagram. . . . . . . . . .. 66



7.1

7.2

7.3

8.1

8.2

9.1

9.2

9.3

(a) Die photograph of the 50°<-long amplitude modulator. (b)
Cross-section of the MZI structure depicting the doped regions as
well as the dimension of the modulator device. The poly-silicon
layer on silicon structure confines the optical mode in the PIN struc-
ture. (c) Electrical connectivity of the PIN diodes. Back-to-back

diodes allow the modulator to operate in a push-pull fashion. . . . . .

(a) Measured DC response of the modulator. (b) Measured frequency

response of the modulator. . . . . . ... ... Lo

(a) 900Mbps eye diagram without pre-emphasis. (b) 1.2SGbps eye

diagram with pre-emphasis. . . . ... ... o0

(a) Schematic of the proposed corrugated-base slow-light modulator,

modulator cross-section view, and schematic of corrugated waveg-

uide. (b) The die photo of the modulator. . . . . .. ... ... ...

(a) DC response of the corrugated waveguide modulator. (b) Char-
acterization setup. (c) AC response of the modulator. (d) Measured

extinction ratio of the modulator at 1.25GHz. (e) Eye diagram for

NRZ data transmission at 5Gbps. . . . . . . . ... ...

High-bandwidth modulation. (a) Trends in high-bandwidth optical
modulation [100]. WDM, multi-level coherent modulation, and now
SDM have enabled exponential growth in fiber data capacity. (b)

Block diagram of factors important for complex high-density modu-

lation. . . . . . . e

Comparison of recent modulator trends. It is desirable to operate
below the 1dBV line while maintaining a low +¢1 to ensure small
footprint drive voltage product. It is important to note that PIN mod-
ulators, despite being close to the performance of SOH modulator,
have static power consumption. On the other hand, thin-film Lithium
Niobate (TF-LN) [108] requires e-beam lithography for fabrication
and hence is not suitable for large-scale CMOS-compatible platforms.

High-performance InP modulators cannot be co-integrated with sili-

con photonics devices in the same fabrication process [109]. . . . . .

Examples of SOH modulator topologies. (a) and (b) polymer is the

core of the propagation waveguide, (c) polymer is the clad above the

waveguide, and (d) polymer is in the slot of the polymer waveguide. .

Xvi

75

76



94

9.5

9.6

9.7

9.8

9.9

9.10

9.11

9.12

9.13
9.14

9.15

9.16

9.17

9.18

10.1
10.2

1D cross-section of slot waveguide mode confinement [121]. (a)
1D cross-section of relative refractive-indexes. (b) Even propagation
mode in the slot waveguide. (c) Odd propagation mode in the slot
waveguide. . . . .. L
2D electrical and optical mode solution for slot waveguide with slab
boundary conditions. (a) Refractive index profile of the slot modula-
tor, (b) optical field profile, and (c) electrical field profile in the slot
TEZION. . . . . . . o e e e e
Strip-to-slot mode adapter withslab. . . . . . . ... ... ... ...
Modified strip-to-rib-slot mode adapter. . . . . . .. ... ... ...
End-to-end insertion loss simulation for slot-mode modulators (z-
axis cross-section). (a) Electrical-field distribution in linear scale.
(b) Electric-field distribution in logarithmic scale. . . . . . . . .. ..
Resulting H-field (left) and E-field (right) after the strip-to-slot mode
adapter in the modulation region. . . . . . . . ... ... ... ...
Layout of high-speed traveling-wave SOH modulator. . . . . . . . ..
Cross-section of high-speed modulator. Oxide layer between the
DC bias electrode and RF ground electrode acts as a distributed
decoupling capacitor. . . . . . . ... .. ...
Layout of high-speed dual SSB modulator. Integated SSB modulators
allow for complex waveform modulation of the optical signal. A
series of thermal tuners as well as photodetectors allows for dynamic
calibration and modification of the generated complex waveforms. . .
SEM images of the traveling-wave slot waveguide modulator.
Die-photo of dual high-speed dual SSB SOH traveling-wave modu-
lators. . . . . .
Layout of four-element OPA with SOH phase modulators and inte-
grated phase control feedback. . . . . .. ... 0oL
128-element OPA with SOH phase and amplitude modulators and
integrated phase and amplitude control. . . . . . ... ... ... ..
128-element OPA row-column control. (a) Row-column program-
ming of the capacitive modulators. (b) Row-column readout of the
phase and amplitude detectors. . . . . . . . . ... ... ... ...
Die-photo of the 128-element SOH modulator OPA. . . . . . . . ..
Basic ring resonator and interferometric modulators. . . . . . . . ..

Drop port of single ring-resonator for different ¥ values. . . . . . . .

Xvii

77

85

89
90



10.3

10.4

10.5

10.6
10.7

10.8
10.9

10.10

10.11

10.12
10.13
10.14
10.15

10.16

xviii
Performance of RRM for various F values. Quality factor (a), inser-
tion loss (b), and group delay (c) increase with increased transmission
atthedropport.. . . . . . . . ... 91
Small signal modulation depth and bandwidth for single-ring res-
onator loss modulators for different quality factor values. . . . . . . . 92
RRM output intensity and phase variations for 4dB ER intensity
modulation. (a) Amplitude and (b) phase response of ring as a
function of the fraction of wavelength phase increase to the total
resonator round-trip in radians. (c) Sinusoidal input voltage. (d)
Ring phase modulation. (e) Modulated output intensity. . . . . . . . 93
Dual ring assisted MZI modulator. . . . . . . . ... ... ... ... 94
Ring assisted MZI. (a) Amplitude and (b) phase response of each
arm as a function of the fraction of wavelength phase increase to the
total resonator round-trip in radians. (c) Sinusoidal input voltage. (d)
Ring phase modulation. (e) Modulated intensity at the output of the
RAMZI. . . . 95
Differentially modulated cascaded-ring assisted MZI modulator. . . . 96
Cascaded ring resonators’ phase and intensity response as a function
of the number of rings. Increasing the number of rings beyond # = 5
results in more than 3dB insertionloss. . . . . . ... ... .. ... 96
Performance metrics for cascaded ring-assisted MZI for various num-
ber of rings. (a) Quality factor, (b) insertion loss, and (c) maximum
group delay increase for higher number of rings in the structure. . . . 97
Cascaded ring-assisted MZI modulator: (a) Amplitude and (b) phase
response of cascaded ring for N=3 and N=5 in each arm as a func-
tion of fraction of wavelength phase increase to the total resonator

round-trip in radians. (c) Sinusoidal input voltage. (d) Ring phase

modulation. (e) Output intensity variations. . . . . . . .. ... ... 98
Nested ring-assisted MZI modulator. . . . . . ... ... ...... 99
Port definition for ring resonator modulator. . . . . . .. .. ... .. 99
Port definition for ring resonator modulator. . . . . . . .. .. .. .. 100

Nested-ring resonators’ intensity and phase spectral response for dif-
ferent number of rings for maximally flat response. . . . . . . . . .. 101
Performance metrics for nested ring-assisted MZI for different num-

ber of rings for maximally flat response. . . . . . .. ... ... ... 102



xix
10.17 Nested ring-assisted MZI modulator. (a) Amplitude and (b) phase
response of nested ring for N=3 and N=6 in each arm as a function
of the fraction of wavelength phase increase to the total resonator
round-trip in radians. (c) Sinusoidal input voltage. (d) Ring phase

modulation. (e) Output intensity variations. . . . . . ... ... ... 103
10.18 Die photo of the nested ring-assisted MZI. . . . . . ... ... ... 104



XX

NOMENCLATURE

1D-OPA. OPA with elements in a 1D grid.

2D-OPA. OPA with element in a 2D grid.

AF.  Array Factor.

CRA-MZI. Cascaded Ring Assisted Mach-Zehnder Interferometer.
FOV. Field-of-View.

MZI. Mach-Zehnder Interferometer.

MZM. Mach-Zehnder Modulator.

NRA-MZI. Nested Assisted Mach-Zehnder Interferometer.
OPA. Optical Phased Array.

PAM. Pulse-Amplitude Modulation.

PTAT. Proportional to Absolute Temperature.

RA-MZI. Ring Assisted Mach-Zehnder Interferometer.

SiP.  Silicon Photonics.

SISCAP. Semiconductor-Insulator-Semiconductor Capacitor.
SOH. Silicon-Organic-Hybrid.

SSB. Single-Sideband.

TF-LN. Thin-Film Lithium-Niobate.

TO. Thermo-Optic.

TOF. Time-of-Flight.

TOPS. Thermo-Optic Phase Shifter.



Chapter 1

INTRODUCTION

Today, the most basic of consumer electronics systems we use are so sophisticated
in design that they operate almost magically, where the average user has no percep-
tion of the system’s operation. These complex integrated systems stem from the
invention of the first working transistor in 1947 in Bell Labs, which itself came from
advancements in quantum mechanics in the early 20th century. Integrated elec-
tronics density has grown exponentially (Moore’s law) since the realization of the
integrated circuits in the 1960s. The world of electronics improved from a thousand
integrated components to billions in a matter of decades thanks to high reliabil-
ity, high operation speed, and low power consumption of CMOS silicon integrated
electronics. Nonetheless, the fundamental physical limitations such as power dissi-
pation and propagation speed of the signal across the chips have presented several
bottlenecks for the advancement of integrated circuits [1]. While the performance
of the integrated circuits continues to increase as a matter of smaller transistor size
or higher complexity of integration, the margin of improvement seems to get nar-
rower and narrower over time. A fundamentally different approach to integration
or incorporation of new materials and device fabrication techniques is required to

advance the field in the long term.

While one group of scientists and engineers worked on the interaction of electrons,
another group applied the knowledge of quantum mechanics to the generation and
manipulation of the photons and created the first working coherent photon source,
the laser, in 1960 [2]. This invention opened up another world of possibilities
to build systems for functions that were previously unavailable from conventional
light sources and electronics. The first optical communication link using fiber and
a laser source was deployed in 1975, and the speed and data-carrying capacity of
optical links have grown exponentially. These advancements were partially achieved
by utilizing the advances in electronics integration toward low-cost and reliable
photonics fabrication and integration, creating integrated photonic platforms. This
has resulted in an exponential improvement in the data-carrying capacity of optical
links similar to the exponential growth of electronics. This exponentially growing
performance in integrated photonics, when combined with the highly accessible and

low-cost electronics devices, has created a new demand, an exponentially growing
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internet traffic of about 60% [3], [4]. This rate of growth has surpassed the rate
of growth of the devices that enables it. Currently, the signal-carrying capacity
of a single fiber per wavelength is about 20%, and improvement in router blades
increase at a rate of 40% [3] which signifies the importance of innovation in data-

communication and telecommunication systems.

Parallel to the efforts in high-speed data communications, integrated photonic sys-
tems were also explored for integrated photonic beamforming. Early demonstration
of integrated photonic beamforming dates to 1972 [S5]-[7]. High-speed beamform-
ing and steering (18GHz) were first demonstrated in 2008 [8]. Large-scale optical
phased array in integrated silicon photonics first was demonstrated in [9]. Starting
2013, large-scale OPAs with more than 100 elements and coherent nano-photonics
imagers implemented in CMOS compatible silicon photonics foundries started to
show promise for solid-state high-performance OPAs with MHz and higher beam
steering and capability [10]-[12]. These solid-state OPAs can be used to replace me-
chanically steered, MEMS, and liquid crystal based beamforming and beam steering
solutions [13], [14].

Many other potential applications and use cases of integrated photonics (other than
high-speed fiber communications and beamforming) have been demonstrated. Inte-
grated photonics has been demonstrated in biological sample detection [15], motion
sensors such as integrated photonics gyroscopes [16], coherent imaging [11], pho-
tonics beamforming [17], lens-free incoherent imaging [18], [19], quantum key
distribution [20], and deep learning [21] applications. Compared to integrated elec-
tronics, integrated photonics is still in its early stages. The largest current WDM
systems for data communication or integrated photonic beamformers comprise of a
few thousand integrated components much simpler than their electronics counter-

parts.

In this thesis, systems and architectures that improve integrated photonic systems
beyond the current performance, density, and complexity limitations are explored.
Application areas such as LIDAR, remote sensing, and imaging applications are
examined, and architectures for large-scale, high-resolution, and high sensitivity
wave processing are proposed. Integrated coherent image-processing techniques
for high-sensitivity, high-resolution, and high dynamic range imaging are explored.
Finally, several architectures for improved high-speed signal modulations for high-

density and high-complexity photonics integration are proposed.



1.1 Contributions

Solutions for scalable, high-resolution, and low-power integrated photonics beam-
formers as a transmitter, receiver, or transceivers are explored. State of the art
integrated beamformers achieve large FOV beamforming at the expense of requir-
ing a stable and widely tunable laser, while OPAs with a low-cost single laser suffer
from a limited FOV. Moreover, interconnect density between integrated electronics
and photonics sub-systems limits the achievable integration density and complexity.

We proposed two integrated beamformers to address these issues.

First, we demonstrated a novel 2D transceiver with an electronically steered beam
that can operate with a fixed-wavelength, low-cost laser. This architecture sim-
plifies the system implementation and offers better scalability without sacrificing
beamwidth or the FOV. It has the same beamwidth as an #2 #?2 element array
beamformer with only # # radiators. The field-of-view (FOV) of this aperture is
limited by the radiating element and not the phased array architecture itself. Fur-
thermore, our proposed architecture addresses the interconnect density challenge
by requiring only 2# interconnects between the electrical driver and the photonic
sub-system to control # # radiators independently. This architecture resolves
3 more points than our previous demonstration [22] with the same number of
radiators and phase shifters. Second, we demonstrated another novel transmitter
beamformer architecture that operates at a single frequency and achieves 2D beam-
forming through electronic control. This architecture is inspired by the diffraction
pattern of the annular ring and offers low side-lobe levels. The system FOV is

limited by the radiating elements FOV and not the proposed array.

In addition, we explored coherent imaging systems for ranging, remote sensing,
and medical imaging application. Our proposed coherent imager eliminates several
limitations of our previous work [11]. The previous generation’s coherent imager
suffers from a low dynamic range and slow signal acquisition speed due to the
system’s random optical phase fluctuation. This system resolves those problems by
making the system output signal insensitive to optical path phase fluctuations and
suppresses undesired signals. Furthermore, similar to driver interconnect challenges
in integrated beamformers, this work had a similar limitation in terms of the scala-
bility of the aperture since the required electrical routing will increase inter-element
pitch and reduce the resolution of the resulting image. We proposed a novel readout
architecture that reduces the number of electrical interconnects for an # # pixel

imager from #? to 2#.
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For data communication applications, solutions for low insertion loss, low drive
voltage, and compact drivers are explored. Conventional integrated high-speed
silicon photonics modulators require a large drive voltage and have a large chip foot-
print. We present five designs that reduce the footprint needed for complex signal
integration. Three electro-optic modulators are proposed that reduced the footprint
of the integrated high-speed modulator. Another high-speed electro-optic modu-
lator is proposed based on silicon-organic-hybrid (SOH) modulators that decouple
loss and index modulation and are used for high-speed, high-performance system
design. A complex waveform modulator and two high-speed integrated OPAs of 4
elements and 128 elements are implemented. Finally, a multi-ring resonator archi-
tecture is proposed that reduces drive voltage requirements for high-speed amplitude

modulation in a small footprint.

1.2 Thesis Outline

In the following chapter, a brief overview of the integrated photonic platform is given.
Various components and sub-blocks available in the process crucial to understanding
the operation of the blocks and system in the subsequent chapters are introduced.

The prospects of this platform for high-density integration are examined.

Chapter 3 examines integrated photonics beamforming challenges and introduces
the co-prime photonics beamforming transceiver architecture. It analyzes the perfor-
mance limitation of existing solutions and how this architecture addresses them. A
silicon photonics implementation is designed and measured, demonstrating grating-
lobe-free beamforming. An improved version of this co-prime array is designed that
addresses some of the shortcomings of the previous system. Chapter 4 introduces
the annular ring OPA inspired by the diffraction pattern of a continuous annular ring
aperture. A silicon photonics implementation is designed and measured, demon-

strating 2D beamforming.

Chapter 5 investigates the challenges with current coherent imaging systems and
proposes an architecture to address several fundamental challenges. An expandable
aperture design is proposed, implemented, and tested. Coherent FMCW ranging is

demonstrated.

Chapter 6 through 8 propose three electro-optic modulators that improve on-chip
footprint and drive voltage requirements of the high-speed modulators. In Chapter
9, current solutions for modulation in a silicon photonics platform are explored.

Silicon-organic-hybrid modulators are investigated, and integrated silicon photonics
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systems are designed using this modulator. Finally, in Chapter 10, a multi-stage
ring-assisted MZI amplitude modulator is designed and implemented in a silicon
photonics platform that reduces the drive voltage requirements for modulation in a

compact footprint.



Chapter 2

SILICON PHOTONICS INTEGRATION

This chapter gives a brief overview of silicon photonic integration. Current platforms
for silicon photonic integration are presented. The building blocks for photonic in-
tegration for signal processing and photonics wave manipulation are presented.
Several examples of high-density photonic systems for data-communications appli-
cations are investigated. Limitations of integrated photonics platforms in solid-state

beamforming are considered.

2.1 Silicon Photonics Platform

Large-scale photonics integration is a function of the performance of the available
photonics components and the accessibility of those devices to integrated electron-
ics that control and co-process the optical signal. Based on these two criteria,
three approaches to silicon photonics integration are presented. Dedicated photonic
processes [23] offer minimal electronic components. This photonic circuit needs
to be co-integrated and co-packaged with an external electronics chip for control
and sensing. This approach results in high-performing electronics and photonics
components and enhanced system performance, and many industrial applications
operate using this approach [24]. However, for high-speed applications, the para-
sitics of the interconnects limits the system performance. Furthermore, applications
that require a very large number of interconnects between the two systems become

impractical.

On the other hand, electronics SOI processes can be used to create integrated pho-
tonic waveguides and incorporate various photonics devices, including germanium
photodetectors [25]. These platforms are ideal for systems in which the photon-
ics circuit complexity is limited. While the integrated electronics perform ide-
ally and interconnect-density and parasitics limitations are removed, the photonics
components operate sub-optimally and typically with higher losses than dedicated
photonics platforms [26]. Recently developed, hybrid monolithic platforms with
high-performing electronics and photonics components can be used for complex
electro-optic system integration without suffering from interconnect density and
parasitics-related limitations [27], [28]. These monolithic solutions are more ex-

pensive than individual electronics or photonics processes since all components
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need to be co-fabricated, resulting in fabrication complexity. In addition, given the
large footprint of photonics devices compared to electronic, hybrid integrated sys-
tems are typically dominated by the integrated photonics components. Therefore,
the reduced interconnect parasitics and integration density must pose an operational

bottleneck for these monolithic solutions to make sense economically.

2.2 Silicon Photonic Devices

Currently, integrated photonics platforms offer a wide range of components that
allow for optical wave manipulation and linear signal processing. This includes
electro-optic modulation to modify the optical signal and photodetector that can be

used for optical power detection and can act as photonics mixers (Fig. 2.1).

5000 nro

(a) (b)

Figure 2.1: Silicon photonics platform. (a) Devices available for silicon photonics
integration. (b) Optical mode confinement in dielectric waveguides [17].
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Photonics Signal Routing, Distribution, and Chip-Coupling

Similar to optical fibers, an integrated photonic platform offers signal routing and
distribution by using dielectric waveguides, sandwiching a high refractive-index
core material inside a low refractive-index clad materials [29]. Given the maturity
of silicon photonics fabrication processes, photonics waveguide structure on one or
multiple layers can be fabricated reliably with low loss [30]. Currently, metallic
photonic waveguides have a very high propagation loss and have very limited ap-
plications [31]. Leaky guided-modes where the light is confined in the lower index

region have also be demonstrated for photonics modulation [31].

These dielectric waveguides can be used for signal routing across the chip between
different system sub-blocks. Signals can be divided using evanescent-based di-
rectional couplers, MMI interferometers, y-junctions, and adiabatic couplers [32].
Interfacing with a photonics chip via an optical fiber or free-space requires the elec-

tromagnetic design of mode couplers. Grating-based couples allow for an efficient
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chip to fiber coupling [33]. Tapered waveguides terminated at the side of the chip
[34] can be used to efficiently interface with lensed fiber. The larger the number
of photonics layers, the higher the coupling efficiency and the higher the system’s

tolerance to misalignment [35].

Photonics Signal Modulation and Detection

Photonics signals can be modulated electronically with integrated amplitude and
phase modulators. Amplitude modulation is achieved by increasing the absorption
in the integrated waveguide. Some of these modulators are very compact and can
operate in GHz frequencies [36]. The phase of the photonic wave can be modulated
in a variety of ways including with thermo-optic effect [37] and electro-optic effects.
Electro-optic effects can be broken down into two groups: those operating based
on plasma-dispersion effect [38] and those operating based on the Pockel’s effect
[39]. A complete overview of the advantages of disadvantages of various integrated

modulators is included in Chapter 9.

Photonic signal detection is achieved via integrated photodetectors. In silicon
photonic platforms with operation wavelength ranging from the O-band to C-band,
germanium is the material of choice. The type of the photodiode device determines

the sensitivity as well as the speed of these modulators [40], [41].

2.3 High-Density Photonics Integration

Silicon photonic devices mentioned in the previous section have been utilized for
high-complexity and high-density electro-optic system integration. Multi-channel
high-speed silicon photonics transceivers capable of modulating electrical signal on
several optical frequencies and receiving and processing high-speed signals at high
data-rates have been demonstrated [42]. The large-scale silicon-photonic switch ma-
trix with nanosecond-scale reconfiguration time-scale has also been explored [27] for
fiber-based router application. For photonics beamforming applications, complex
systems with thousands of photonics components [43], [44] have demonstrated one-
dimensional, electronically-controlled beamforming. Fully reconfigurable beam-
forming in two dimensions for complex free-space waveform generations has also
been demonstrated for a limited field-of-view [10], [45]. The challenge with achiev-
ing a large field-of-view beamforming is that it is required that the free-space-to-chip
couplers be closely packed at half-wavelength spacing. The dielectric nature of the
integrated photonics components prevents such arrangement of components, and

greater than half-wavelength spacing cannot be avoided. Novel integrated signal



processing approaches are required to overcome these limitations.
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Chapter 3

COHERENT OPTICAL TRANSCEIVER BASED ON CO-PRIME
SAMPLING

A solid-state, optical phased-array transceiver based on co-prime sampling tech-
niques is proposed. This architecture does not trade-off FOV with beamwidth due to
2D routing limitations, which is what impedes aperture scaling in uniformly spaced
transceivers. Furthermore, compared to standard _ 2 transceivers, which require
$,#2” elements to resolve N pixels in the far-fields with a given resolution, this
beamforming architecture can capture a coherent image with the same resolution and
pixel count with $,#” elements. In one SiP implementation, a co-prime transceiver
using an 8x8 transmitter OPA and an 8x8 receiver OPA has been designed and im-
plemented to demonstrate beamforming capability of this architecture. In another
implementation, a co-prime transceiver using an 8x8 transmitter OPA and an 8x16

receiver OPA has been designed and tested to demonstrate transceiver rangingl.

3.1 Introduction

Integrated optical beamforming and image processing has many applications rang-
ing from point-to-point optical communications, 3D imaging, LIDAR for airborne
imaging and autonomous vehicles, compact, lens-free projection systems, lens-free
imagers, holographic recording, and projection. In conventional optical systems,
image processing and reconstruction is achieved using discrete optical elements
such as lenses, mirrors, and beamsplitters, and beamforming and scanning is done
using mechanical stages. This adds to the cost as well as the complexity of the
system. On the other hand, integrated photonic platforms allow for high-density
integration of photonic components resulting in a smaller size and increased sys-
tem complexity. The theoretical potential of optical beamforming was inspired by
its RF and microwave counterparts [46]-[48] and early demonstrations of optical
beamforming date back to the early 1960s-70s [1,2]. In fact, several integrated
photonic beamforming systems have been demonstrated [5]—[7]. On the other hand,
the emergence of CMOS-compatible silicon integrated photonics has allowed for
the realization of integrated photonic beamforming at lower costs with improved

yield using silicon-based dielectric waveguides and radiators [10], [12], [45]. Vari-

I This work was done in collaboration with Reza Fatemi.
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ous sub-systems for improving the performance of integrated optical beamformers
such as high-efficiency integrated modulators [43], [49], high-efficiency radiating
elements [50], [51], and integrated on-chip calibration [52] have been proposed.

The trend in SiP OPA integration for greater than one hundred radiating element is
to place radiating elements on a one-dimensional grid and beamforming in one di-
mension using integrated phase-shifters. Beamsteering in the orthogonal direction
is achieved using long and wavelength sensitive grating couplers [50] by sweeping
the wavelength of the laser. Very large arrays of 512 to 8192 radiating elements in
a one-dimensional array have been demonstrated in the past [43], [53], [54]. This
architecture is referred hereon as 1D-OPA, while architectures that have radiating
elements placed on a 2D grid are referred to hereon as 2D-OPA. 1D-OPA architec-
tures have several shortcomings. This architecture requires a widely tunable and low
linewidth laser, which adds to the cost and system complexity. The wavelength tun-
ability requirements for this type of phased array is 100nm or more [55]-[58]. At the
extreme case, a class of phased arrays requires only a tunable source for beamsteer-
ing called serpentine arrays [59], [60]. This architecture also requires over 100nm
of wavelength tunability for beamsteering. Radiation beam-angle is very sensitive
to the wavelength of the laser, and henceforth precise control of the laser wavelength
and linewidth is required to control the beam direction. In addition, multi-beam
operation using complex beamforming techniques and multi-wavelength operation
without increasing the number of required sources is not possible with this method.
This design choice primarily rises from the dielectric nature of the optical waveg-
uides as well as radiating elements in SiP OPAs. In this platform, the dimension of
the waveguides and radiating elements are in the order of the wavelength and require
sufficient spacing between these SiP devices to prevent undesired coupling between
individual signal lines via waveguide and between radiating elements. In a planar
photonic platform, a 2D-OPA requires a minimum spacing between radiating ele-
ments to allow for the signal to be routed to the radiators in the center of the radiator
array (Fig. 3.1). On the other hand, creating large-scale integrated beamformers
with a large field-of-view requires placing the elements at half-wavelength spac-
ing. The fabrication limitation of planar OPA and the dielectric nature of placing
the element at larger spacing reduced the usable field-of-view of the phased array.
Previously demonstrated silicon photonic 2D-OPAs have a very limited FOV [10],
[11], [45].

The trade-off between FOV and number of radiating elements for a typical scenario
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Figure 3.1: Routing optical signal to radiating elements in a 2D grid requires a larger
inter-element spacing. 5_ 2 element spacing results in less than 30 FOV.

of 2°<  2°< grating couplers, with 500=<-wide waveguides and 1“< spacing
between elements, is plotted in Fig. 3.2. If all waveguides are routed from a single
side to the apertures for a 10 10 OPA, the field-of-view will have an upper bound
of 2 3 . Even for an optimized routing where waveguides are routed through all 4
sides of the aperture, the FOV will have an upper bound of 6 2 . Furthermore, it
can be seen that FOV gain for multi-layer routing diminishes for a given number of
radiating elements. In the case of a two-layer photonics process with twice as many
antenna feed paths, the upper bound of the FOV is 8 7 . Henceforth, uniform array
beamforming architectures FOVs will be limited to less than 10 for a sufficiently

large number of elements.

Several methods are developed to address this issue in 2D-OPAs. For example, the
radiating element can be placed next to the phase and amplitude modulators for
that radiator as a unit cell several wavelengths in diameter [10], [45]. This method
trades the usable field-of-view of the integrated beamformer with the capacity for
large-scale integration. Prior arts using this architecture have a limited FOV of
a few degrees. Another challenge with these unit-cell-based OPAs is the power
consumption of the phase shifter and amplitude modulator. Only thermo-optic (TO)
modulators are sufficiently small enough to be integrated into the unit-cell, and static

power consumption is required to maintain the desired phase and amplitude. Thus,
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Figure 3.2: OPA FOV as a function of the number of elements in the array. A signal
distribution waveguide pitch of 1“< and radiating element size of 2°< 2“<'is
assumed. The FOV is severely limited once the total number of elements in the
array is above 50.

the power consumption of this architecture will scale with the aperture size, and
heat management will become an issue. Another method to address the FOV and
radiating element count trade-off is using sparse (thinned) arrays. This type of array
has been previously constructed in RF and microwave domains for the purpose of
reducing the number of required radiating elements and phase modulators. Thinned
arrays, minimum redundancy arrays, vernier arrays, MIMO arrays, and nested arrays
[46], [61]-[64] are a few examples of sparse architectures in RF, and some of these
have been proposed and/or demonstrated for optical integrated phased arrays [17],
[65]-[67]. The non-uniform element placement of the radiating elements in this
array architecture achieves a narrow beamwidth without reducing the field-of-view
with a fewer number of elements compared to the same number of uniformly spaced

radiators. The trade-off in this architecture is between the number of radiating ele-



14

ments and the radiation efficiency (total power in the main beam) which is known
as the array sparsity curse. Here, the projected power of the main beam is reduced
and spreads in undesired directions. It is only the case in uniform sampling that the
power of the main beam goes to equally spaced grating lobes, and the power in the
side-lobes (scattered in undesired directions) is minimized. In RF and microwave
beamforming, several architectures have been proposed to create a sparse array with
deterministic spacing between radiating elements such as minimum redundancy ar-
rays, MIMO arrays, nested arrays, vernier arrays, etc, all of which can be applied
to SiP OPAs. The design choice for an optical beamforming method should op-
timize the required number of radiating elements, achieve superior beamforming
performance, and address the planar routing constraints of the SiP platform. More
importantly, laser sources are the dominant source of power consumption in SiP in-
tegrated systems, and optical amplifiers are inefficient compared to their electronics
counterparts. As a result, power management is very critical. Therefore, beam-
forming methods that have efficient beamforming with uniformly spaced elements
and apodized amplitude that utilizes analog array gain are preferred. Also, complex

optical modulators with high insertion loss are less desirable.

Transceiver arrays utilizing co-prime beamforming techniques are one method that
satisfies all these requirements. Co-prime beamforming is achieved by placing
transmitter array elements in a uniform grid with an inter-element spacing 3y _ and
receiver element with uniform inter-element spacing of 3- _, where 3y _ and 3-_ are
co-prime with respect to each other. These uniform arrays only require basic phase
and amplitude control and offer array gain before amplification and hence have SNR
advantage. Half-wavelength spacing is not required between radiating elements,
and henceforth, 2D routing constraints are relaxed. Furthermore, mutual coupling
between the radiating elements is reduced [68]. Finally, the co-prime sampling
technique offers an optimum number of radiating elements for a given transmitter and
receiver inter-element spacing. It is shown that with $,#” beamforming elements,

it is possible to achieve $,#>”

resolvable points (PPV). This system allows multi-
beam operation for imaging by incorporating multiple receivers or a multi-beam
receiver. This system achieves a quadratically larger resolvable spot compared to its
radiators without sacrificing SNR and field-of-view. The background formulation
of co-prime sampling is explained in Section II, the design of two co-prime OPAs

are described in Section III, measurement in IV, and discussion in V.
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3.2 Background Formulation for Co-Prime Sampling

Co-prime sampling, which is a sparse signal processing method for beamforming,
was proposed in 2010. The concept is first explained from a sampling theory
perspective. A more detailed explanation including proofs and derivations can be
found in [69],[70].

Aliasing-free reconstruction of a far-field radiation pattern from its spatial samples
is analogous to computing the auto-correlation of function from discrete samples.
Here the auto-correlation of a signal is calculated by co-prime sub-sampling of
the function at lower rates. The simplest way to sample the auto-correlation of
a continuous wide-sense stationary function G;,(” is to sample it uniformly at )
intervals resulting in G»=.. = G,,,=)” and compute the auto-correlation directly.
"
TG = <Gy .. =1 "7 GO 1. (3.1

<=0

Since the signal is WSS, it is shown in [69] that one can alternatively sample G;,,(”
twice at a lower rates of #) and ") and get G»=y.. = Gy,=;#)” and G»=p. =
G2,=2"")". If N and M are co-prime numbers with respect to each other, then the

correlation of the two samples ¢y, :” can be expressed in the difference form as

ToHn s = 0B»=HLG v L = et = o6»=.6 o= L (3.2)

where : = =1# =,"". [70] shows if N and M are co-prime, then there exists a set of
integers =1 and =; that can be used to compute all integers k. In the aforementioned
work, this is referred to as a di Lerknce co-array.

This concept can be extended to beamforming applications, as explained in Fig.
3.3 and Fig. 3.4. Assuming there are 12 discernible directions, the far-field can
be sampled using a transmitter array with element spacing of 3d and a receiver
array with element spacing of 4d. The transmitter array will have 4 grating lobes
sampling 4 out of 12 resolvable spots, and the receiver array will have 3 grating
lobes sampling 3 out of 12 resolvable spots, which will result in aliasing if they are
individually used to sample the far-field. However, as a transceiver, the pattern of
the transmitter and the receiver multiply, resulting in a single resolvable spot. The
phase of the transmitter and the receiver individually and with respect to each other

can be shifted to collect power from all 12 resolvable spots at the same time.
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Figure 3.3: Co-prime sampling in spatial domain and the equivalent spectral sam-

ples.
(DTO
O Transmitter
\ Beam
(DT?_ - Configurations
D13 '/
(DRO
Dr1 Receiver
\ Beam
(DRZ — Configurations
. (-DTRZ — Transceiver Beam resulting
> from CDTZ:(DRZ

Directions of Far-Field Beam (8)

Figure 3.4: Co-prime sampling.

A general formulation for an active transceiver-based phased-array beamforming is
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given by
y 6o\ V76 Yo' = s\ \g” e\ hye' dL\ (3.3)

where \ is the beam direction with respect to the normal, d is the complex reflectance

Abs(Array Factor) Abs(Array Factor)

TRX

Figure 3.5: Co-prime beam pattern multiplication.

of the target, and \y¢ and \-¢ are the transmitter and receiver active beamforming
directions, respectively. For systems where the transmitter or receiver has a single
receiving/transmitting element, the corresponding term in the equation above will
simplify to unity. Using co-prime numbers 3 and 5 and unit spacing of _ 2, the beam
pattern for such transmitter and receiver pairs and the resulting co-prime transceiver
array is visualized in Fig. 3.5. Array factor for individual phased arrays can be
written in the general case of a phased array in one-dimension with N elements
placed randomly across a line with variable amplitudes. The radiating pattern, also
known as array factor, can be formulated as
=# 1
A \g" = O 49%:3=wsin,\" sin,\g™” (3.4)
==0

Although a non-uniform set of amplitudes [71] as well as non-uniform spacing [65]
can improve the performance of a phased-Oarray, they are omitted in this analysis
for simplicity. All of the radiating elements are fed with a normalized constant
amplitude of 1 # and are placed uniformly at 3- = =3(. Therefore, the simplified
formula for the far-field radiating pattern amplitude, or array factor (AF), is given

by
49q 2,,# 1” 88:"#q 211

o 7 = 2 3.5

where
g = :3p,sin,\” sin,\3"" (3.6)
As mentioned earlier, in integrated 2D-OPAs 3y j _ 2 will result in grating lobes.

For inter-element spacing of 3p = ""_ 2 the direction of the main radiating lobe and

grating lobes, denoted by \-+, are located at the solutions of sin,\3” sin,\*" =
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2: ""where "" 2 : "" 2isaninteger [48]. : = 0is the location of the main
beam (\3 = \++) while : < 0 denote the grating lobes. If ** j 1, there is more than
a single solution to this equation, which results in grating lobes. For a transceiver
array with # elements with 3;; spacing and #,; elements with 3, spacing, the
array factors of the transmitter and receiver multiply and can be written in a form

similar to [3.3] as shown in Fig. 3.5.

4%:Gre Q" 2% 1" gg= sheope 2”7 B8=,#ei 2"

" ” e 3-7
Oac Clac T B8=, ug 2" B8=,,qcc 2" G7

In this scheme, the inter-element spacing between the transmitter elements 3z =
& __ 2 and the receiver elements 3y = %_ 2 are co-prime numbers with respect to
each other within a constant factorof 2 ( : 2/ % = : &). In this case, the
location of the main and grating lobes (assuming that both arrays are pointing in the
same direction \3 = \-g = \)¢) are at the solutions of the system of equations given
by (3.8) and (3.9).

sin,\3” sin,\=g" =21 & (3.8)

sin, \}”  sin,\vpg” =212 % (3.9)

Itis shown in [70] that the grating lobes of the two arrays only overlap in a single point
(\++¢g = \*+pg) for co-prime values of % and &. The larger the number of transmitter
and receiver array elements, the smaller the side-lobe levels. An important aspect
of using co-prime sampling for photonic beamforming is that increasing the co-
prime array size by choosing larger co-prime numbers P and Q results in even larger

inter-element spacing, which simplifies the routing even further.

3.3 Design

To demonstrate co-prime beamforming capability, two variants of SiP co-prime
transceivers were designed and implemented using AMF CMOS photonics foundry.
First, an 8x8 transmitter and an 8x8 receiver with equal power distribution between
transmitter and receiver elements are used to demonstrate co-prime beamforming
capability. Afterward, a larger 8x8 transmitter, in conjunction with an 8x16 receiver
with an integrated transmitter and receiver modulators and amplitude control for the
receiver aperture, is designed and implemented to enhance sensitivity for transceiver

operation and FMCW ranging.

Design A: 8x8 Transmitter/8x8 Receiver
The block diagram of the chip is shown in Fig. 3.6. The chip comprises a transmitter

OPA and a heterodyne receiver OPA with an inter-element spacing and radiating
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element count that satisfy co-prime beamforming conditions. 8 transmitter elements
with an inter-element spacing of 9 2 “< and 8 receiver elements with inter-element
spacing of 12 4 “< with operational wavelength of 1 55“< result in 6_ spacing for
the transmitter and 8_ spacing for the receiver. Hence, the patterns are co-prime
with respect to each other within a factor of 2. Therefore, grating-lobe free operation
FQOV for this transceiver will be 30 larger than the FOV of the individual apertures.
Light is coupled into the chip using a fiber grating coupler. A Y-junction splits the
input light equally into the transmitter beamforming block for target illumination

and as the reference signal for receiver beamforming and homodyne mixing.

There are two 8x8 phase modulator blocks corresponding to the transmitter and
receiver OPAs. A Y-junction tree splitter divides the power equally among 64 radi-
ating elements. 64 thermo-optic phase shifters in the path of each radiating element
adjust the relative phase between the radiating element for electronic beamform-
ing. The phase shifters are driven in a row-column fashion with only 16 electrical
connections for 64 phase shifters. Therefore, only 2# electrical connections are
required for # # phase shifters. The phase adjusted light radiating through 64
nano-photonic radiators, and a beam is formed in the far-field distance of the trans-
mitter array. The beam reflects off the target and is collected by 64 nano-photonic
radiators identical to the transmitter ones. The receiver array is configured as a ho-
modyne receiver with LO path phase-shifting. The receiver array’s relative phases
are adjusting by tuning the phase shifters placed in the LO reference path rather
than the signal path to improve receiver SNR. Similar to the transmitter path phase
shifters, the receiver phase shifters are also placed in a row-column matrix format
requiring only 16 electrical connections for 64 phase shifters. The received and
LO signals are mixed using 50 50 directional couplers and balanced detectors. The
output signal of each balanced detector is shown in (3.10). Beamforming signal
gain is achieved by adding all the output currents of the 64 balanced detectors. The

output of the array as a function of ,\ q” is shown in (3.11).

0= Trgthon2>8, O’ (3.10)
88 5 D
>pe2nen\ Q7 = T Yrgpe%-6e92>B, Qg =647 %igs%oaesco; g (3.11)
B 9=1

The design of the thermo-optic phase shifter and electrical drive circuitry, the
radiating element, co-prime transmitter and receiver beamforming performance,

and on-chip control units are detailed in the next 4 sub-sections.
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Figure 3.6: Block diagram of design A: Integrated phase shifters adjust the phase of
the transmitter and receiver OPAs independently. The return signal is mixed using
balanced heterodyne detectors on-chip. The relative phase of the received and LO
signals are adjusted in the reference path to improve receiver sensitivity. FMCW
amplitude chirp for ranging is applied externally.

Compact Spiral Thermo-Optic Phase Shifter

After an equal split of the transmitter power into 64 paths, the optical phase is
adjusted using an 8x8 array of thermo-optics (TO) phase shifters (TOPS). The TO
phase shifter unit is a co-spiral silicon resistive slab-heater and a silicon waveguide
of 350“< (Fig. 3.7). An oxide trench encloses individual phase shifters, which
helps with the thermal isolation. The resistive slab-heater comprises of four resistors
in parallel, which improves modulator design fidelity toward process variations and
failures. Thermal modulation simulation of the phase shifter shows that for 20mW
power delivered via the resistive heater and good substrate thermal contact, there is

minimal cross-talk between the elements.

All phase-shifters in one row and all phase shifters in one column share a common
electrical connection resulting in a total of 8 row signals and 8 column signals for the
transmitter and the same for the receiver (Fig. 3.8). A series of dummy heaters were
included in the row-column heater matrix to balance the heat gradient across the chip,
increasing the electrical connections from 8 rows to 9 rows. The row-column are
driven via pulse amplitude modulation (PAM) drivers, which program one column

of thermal phase shifters at a time (Fig. 3.9). The thermal modulators have a
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Figure 3.7: Compact spiral thermo-optic phase shifter (left). An oxide trench
surrounds the radiators and reduces the cross-talk between adjacent phase-shifters.
Thermal simulation of the cross-talk between the elements (right).

time-constant in the order of 10ms. The row-column driver circuit continuously
re-programs the TO phase-shifter columns at MHz frequencies. This allows all
TO phase shifters to maintain a particular phase value on average. This scheme
allows for independent control of all phase shifters in the matrix of NxN TOPS with
only 2N+1 (+1 for the dummy heaters in the matrix) electrical connections. This

significantly reduces the interconnect between the driver circuitry and the photonic

chip.
Row 1 Row 2 Rowr 8
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Figure 3.8: Electrical routing of the thermo-optic phase shifters. Phase shifters are
placed in a row-column fashion which allows programming 64 phase shifters with
16 drive nodes.
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Figure 3.9: PAM programming of the thermo-optic phase shifter matrix. Each of
the M columns draws current 1 *" fraction of the cycle.

Co-Prime Radiating Element

A compact 2°<  5°< radiating element was optimized and implemented as the
transmitter and receiving element (Fig. 3.10). This compact radiator has a 3 dB
beamwidth of 22 with over 50% peak radiation efficiency at 1 47 “ < of wavelength.
The 1 dB spectral bandwidth of the radiator was over 400 nm, making the radiators
very robust to operation wavelength. The compact size of the radiating elements
allows for the inter-element spacing of 9 2“< for the 8 8 radiating array in the
transmitter OPA and 12 4 “ < for the receiver OPA. This dense integration required
the radiating element to be placed in close proximity to the waveguides routing
signals. This would result in the electromagnetic coupling between the radiating
element and the adjacent routing waveguides that would disturb the radiation pattern
(Fig. 3.10). The distribution waveguides are included in the design and optimization

of the radiating element to account for their effect.

Co-Prime Beamforming Performance

The transmitter and receiver inter-element spacing, as well as the beam pattern of
the radiators, results in the co-prime beamforming capability of this architecture in a
30 field-of-view. Per formulation of 3.7 and the size of the radiating element, here
3y- =92°<and, 3-_ =12 4°< are chosen with 8 8 elements, making #)_ =8

and #-_ = 8 (2 more than minimum required value of 6). The beamforming
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Figure 3.10: Far-field radiation efficiency and beamwidth of the radiating element.

Transmitter

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
0 Receiver
—Rx
-10
-20
-30
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
0 Transceiver
T
— TRX
=10 |
-20

-0.2 0 0.2 0.4 0.6 0.8 1
Beam Direction (sin(8))

-0.6

-1 -0.8 -0.4

Figure 3.11: Design A OPA array factor for the transmitter, receiver, and the
synthesized transceiver. While transmitter and receiver have 9 55 and 7 18 FOV,
respectively, the transceiver can operate over a 30 FOV without any grating lobes
and side-lobe levels below 15 dB.
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Figure 3.12: Design A OPA array factor including radiating element pattern. This
results in a radiator-limited FOV of 22 .

performance assuming omni-directional elements is shown in Fig. 3.11. Finally,
the combined effect of the transmitter and receiver along with the radiation pattern
of the radiating element are considered, which showed a beamwidth of 0 64 with
a FOV of 22 as shown in Fig. 3.12 and 3.13 which can theoretically resolve 1156
spots in the far-field with only 128 elements.

Co-Prime System Control

In addition to the dummy heater elements to remove temperature gradients across the
phase shifter arrays, PTAT sensors are placed to monitor the relative temperature
across the chip. Furthermore, sniffers were placed at the input of the system to
monitor and calibrate for power fluctuations due to changes in laser intensity in
power fluctuations in coupling to the chip. Moreover, a deep trench was included
between the transmitter and receiver arrays to reduce the coupling of stray light

between the transmitter and the receiver array.
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Figure 3.13: 2D radiation pattern of the transmitter and receiver and e ective
transceiver array.

Design B: 8x8 Transmitter/8x16 Receiver with Integrated Amplitude Modula-

tors

The second iteration of the co-prime transceiver incorporates additional features to
improve transceiver target detection sensitivity. A block diagram of the design is
shown in Fig. 3.14.

The transmitter comprised of & 8 array of radiating elements that were placed
with inter-element pitch of3)gg = 11'< and 3)gy = 8'<, with a compact
2'<  5'< radiators with peak e ciency of ove50% at \c-\{ = 10 9 °.
This resulted in a transmitter FOV &f$+ o $+ £ = 122 22 ° and beamwidth
of \Gzz —\H3 ° = 1049 —114 °. The receiver comprised & 16 radiating el-
ements that were placed a8g = 28'< and3gH = 21'< spacing, with peak
e ciency of 50% at \c-\{ = 10 -9 °. This resulted in a transmitter FOV of
1$+ o $+ P =122 22 °and beamwidth 0f\Gzz —\H3 © = 1017 —0+46 °. As

a consequence, the co-prime transceiver had a system FO\$-bfg- $+ P =
122 22 ° and beamwidth of\Gzz —\Hg3 © = 1016 —049 °, which resulted in a
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Figure 3.14: Block diagram of the second design. The number of radiators in the
receiver is increased to 8x16 to improve the transceiver SNR. Integrated on-chip PIN
modulators improve on-chip signal isolation and place strong LO chirp signal and
the transceiver mixed-signal at di erent frequencies. Integrated tunable couplers in
the receiver allow for apodized amplitude distribution, which further improves the
receiver beam e ciency.

total of 137 44 = 6028resolvable spots and highest SLL oi6 dBin the aper-

ture FOV. Array beam pattern cross-section is shown in Fig. 3.15, and 2D beam
patterns for the transmitter, receiver, and transceiver are shown in Fig. 3.16. The
e ective aperture of the receiver grating element wWas 2, which, in conjunction

with double the number of receiver elements compared to the rst design, has 4
times more power collection capability. The design also included a tunable coupler
to optimize the power distribution between the transmitter and receiver array. The
nonlinearity of the silicon waveguides as well as total heat dissipation capacity of
the silicon photonics platforms limits the total input power into the transcéweg

This power needs to be shared between the transmitter array for illumination and
the receiver array for LO path beamforming and homodyne detection. However, the
LO path receiver's power can be limited to making shot noise the dominant noise
source in the receiver, and the rest of the power can be diverted to the transmitter to
improve system SNR. Hence, (3.12) and (3.13) need to be optimized based on the
detector dark current as well as receiver chain noise sensitivity.



27

Yo-& N, %s (3.12)

(# =U 2%c12@",* Soa., 445 %s ° (3.13)

Figure 3.15: Radiation pattern cross-section for the transmitter and receiver and
e ective transceiver array including the e ect of the grating couplers.

Integrated transmitter and receiver PIN modulators are implemented in the trans-
mitter and receiver paths to allow for heterodyne detection of the target and isolation
of the stray light that impinges on the receiver detector array from the laser coupling
node to the OPA chip. A series of tunable directional couplers are set as a cascade
of adjustable amplitude controls for the receiver array to allow for improved beam-
forming with nonuniform amplitudes for di erent columns. Cascaded amplitude
modulator architecture conserves the total energy distributed between the di erent
branches compared to a dedicated amplitude modulator per path, which radiates a
fraction of the input power to achieve amplitude control. Furthermore, the cascade
amplitude modulator architecture is less susceptible to fabrication imperfections.
These cascaded amplitude modulators were put in conjunction with the receiver
OPA phase shifters in a row-column fashion, as shown in Fig. 3.17.

A series of sni er diodes are included in the cascaded amplitude modulator structure
to calibrate and correct fabrication mismatches and chip-to-chip variations. In
addition to dummy heaters to improve heat gradientin the receiver array, independent
heaters were included to further improve the control of the temperature gradient on
the chip using integrated PTAT sensors. The phase-shifter design was enhanced
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Figure 3.16: 2D radiation pattern of the transmitter, receiver, and e ective
transceiver array.

with a distributed diode structure to improve heat distribution in each phase shifter.
The block diagram of the second chip is shown in Fig. 3.14.

3.4 Measurement Result

A photonic far- eld pattern measurement setup using ber for illuminating the
receiver and a photodetector for collecting the transmitter pattern is constructed.
This setup allows for independent transmitter and receiver optimization with high
sensitivity. Transmitter beam pattern is measured by scanning the far- eld radiated
power from the chip (modulated at MHz frequency) @and\ ydirections. Far- eld
radiated power was collected by an InGaAs photodetector, ampli ed, Itered (10Hz
bandwidth Iter), and digitized. The transmitter beam pattern was optimized for
several points demonstrating 2D beamsteering capability in both directions. Fig.
3.18 (a-d) demonstrates four beam patterns with clear grating lobes visible at around
9¢5 spacing at both directions as expected. Perspective view of the beam pattern
for the direction*\ - \\f = *0-1° is shown in Fig. 3.18 (e).
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Figure 3.17: Electrical programming nodes of the row-column phase shifters and
shi er detectors for the cascaded amplitude modulator block. Control nodes for
the amplitude modulators are wired as an additional column in the receiver phase
shifter matrix. Integrated diodes in the phase shifter matrix prevent the reverse
ow of current in the adjacent columns. Sni er diodes before and after the tunable
amplitude modulators can be used to calibrate the tunable amplitude modulator
network.

Figure 3.18: Co-prime transmitter beamforming and steering. Grating lobes are
spaced 9.55consistent with9s2'< spacing of radiating elements. (a-d) Heat
map for beamforming optimized for four directions. (e) Perspective view of the
Normalized Optical Power for (b).
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Subsequently, the receiver array is characterized by illuminating the receiver aper-
ture using a ber modulated at 10MHz while the reference LO for the receiver
is modulated with 11.5MHz. The power collected by the aperture and LO power
was mixed in an on-chip balanced mixer and the resulting signal was ampli ed,
Itered (10HZz), and digitized. To remove the random phase uctuations between
the LO path and the illumination ber path, The RF frequencies were modulated
as carrier frequency o sets using external SSB modulators. This setup is used to
optimize the receiver beam in several directions. Four such patterns are shown in
Fig. 3.19 (a)-(d). The grating lobes were visibl&€ in both directions, consistent
with the design of the OPA. Perspective view of the beam pattern for the direction
N\ e\ =10-1°is shown in Fig. 3.19 (e).

Figure 3.19: Co-prime receiver beamforming and steering. Grating lobes are spaced
7.2 consistent withl2«4 < spacing of radiating elements. (a-d) Heat map for
beamforming optimized for four directions. (e) Perspective view of the Normalized
Optical Power for (c).

Finally, the full system was characterized by concurrent transceiver beamforming.
Fig. 3.20 (blue curves) shows a 1D scan of the formed transmitter and receiver
beam overll6 FOV with the expected grating lobes. Programming the two phased
arrays simultaneously showed that the thermal cross-talk between the two patterns
causes less tha5 dB in main beam power of the transmitter and receiver with a
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worst case 05 dBincreased side-lobe level for the transmitter array. The combined
synthesized pattern for the transceiver array is calculated from the beam patterns
and shown in Fig. 3.21. For the full scan rangd 6f, the highest side-lobe level is

at 122 dBwith a transceiver beamwidth 686 .

Figure 3.20: Overlap plot of the transmitter and receiver patterns. Beam patterns
captured when the optimized settings are loaded separately are shown in blue. Beam
patterns captured when both setting are loaded concurrently are shown in red.

Figure 3.21: Synthesized transceiver pattern.

For Design B, the transmitter's far- eld pattern was measured similarly using a
rectangular grid scan of the modulated transmitter pattern (Fig. 3.22). The AC
performance of the TO phase shifter is measured and shows around 1kHz bandwidth
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for the chip (Fig. 3.23). The die photo of the rst chip is shown in Fig. 3.24, and
the die photo of the second design is shown in Fig. 3.25.

Figure 3.22: Co-Prime Design B tansmitter beamforming.

Figure 3.23: Measured bandwidth of the thermo-optic phase shifter.

3.5 Discussion

An important design note in the implementation of the integrated photonics co-

prime array is the spacing of the transmitter and receiver arrays, which should be
minimized. Projection of the grating lobes for the transmitter and the receiver

aperture on the targets get larger as they get closer to the end- re projection region.
This could result in an undesired overlap between the transmitter and receiver






