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Abstract

Integrated True Time Delays and Optical Beam Forming Networks for Wideband

Wireless Communications
by

Yuan Liu

Millimeter waves (mmW) ranging in frequency from 30 to 300 GH z provide a tremen-
dous amount of spectrum to meet the rapid growth of wireless data traffic demand. The
W-band (75 - 100 GH z) mmW frequencies are particularly attractive as they can support
links faster than 100 Gbps. Microwave photonics (MWP) is promising for mmW signal
generation due to the frequency-independent low optical loss. For mmW phased array
antennas (PAAs), wide bandwidth and low loss optical true time delays (TTDs) miti-
gate the beam squint issue and reduce power consumption in comparison to RF phase
shifters that require driver amplifiers. In combination with integrated photonics where
large scale and compact TTDs can be realized, integrated MWP is particularly suitable
for mmW PAA beamforming ultra-high-speed communications.

Among the various tunable integrated TTD implementations, switched delay lines
(SDLs) and optical ring resonators (ORRs) are particularly promising for large scale
optical beamforming networks (OBFNs) for PAAs. In this thesis, both SDL and ORR
based TTD devices have been investigated, with emphasis on the reduction of ripple
in the delay spectrum. A ripple-free SDL architecture was developed based on Mach-
Zehnder interferometer (MZI) optical switches, and a 1 x4 OBFN using 5-stage SDLs was
realized for linear PAAs. Ultra-low loss silicon nitride was used as an integrated photonics
technology platform. Six delay configurations with 0, 1.5, 3, 4.5, 6 and 7.5 ps path

delay incremental steps were demonstrated for the SDL-OBFN. The ORR based delay

X



lines were optimized to minimize the ripple in the delay response by applying a genetic
algorithm, which revealed a tradeoff between the ripple level, delay value, bandwidth
and total number of rings used. A 1 x 4 3-ORR (three rings in each path) based OBFN
was optimized. An ORR-OBFN architecture where one ORR is shared by two adjacent
paths was determined to reasonably balance the ripple level and system complexity. Two
3-ORR based 1 x 4 OBFNs with the architecture of sharing one and two ORRs were
realized on the silicon nitride platform as well. With optimized tuning, a single 3-ORR
delay line generated continuous tuning ranges of 209 ps and 172 ps for bandwidths of
6.3 GHz and 8.6 GHz, respectively. Delay responses with delay increment of 4.6 ps
for linear PAAs were generated by the two ORR-OBFNs, both of which demonstrated
that the OBFN with one ORR shared exhibits much more flattened delay spectrum as
expected. Based on the results, both the SDL-OBFN and ORR-OBFN are considered
extremely promising for directional beamforming with PAAs.

Integrated OBFN chips were packaged and used in experiments for mmW signal
generation and beamsteering. The ORR-OBFN was utilized for a 41 GHz mmW signal
generation experiment. The SDL-OBFN was utilized for a W-band signal beamsteering
experiment. Six beam angles from -51° to 31°, with at least 15 GHz TTD bandwidth
from 85 to 100 GHz, and an SNR of 35 dB were demonstrated. Also, a 94 GHz W-
band signal with 3 Gbps amplitude shift keying (ASK) data was generated and the
spectrum was measured. To the author’s best knowledge, this is the first report of W-
band beamsteering and data transmission using an integrated OBFN.

To further improve the scalability and reduce the power consumption and complexity
of the current PAA system, the ongoing work on OBFN-photodiode-antenna integration
has been considered. Also, a novel recirculating delay loop (RDL) based OBFN archi-
tecture was proposed. This re-uses a single TTD element for the signal delays in all

channels. Some of the required components for this RDL-OBFN have been realized.
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Chapter 1

Introduction

1.1 Motivation

Mobile data traffic is increasing dramatically in recent years. The global mobile data
traffic has been projected to reach 77.49 exabytes per month by 2022 [1], as depicted
in Fig. 1.1. Given that high spectral efficiency has already been achieved [2], to meet
this incredible projected increase in traffic demand, the carrier has to be pushed to high
frequency bands such as millimeter waves (mmWs), which have a tremendous amount
of spectrum to achieve very high communication rates. Currently, mmW frequencies at
Ka-band, V-band and even W-band for higher data rate [3] have been proposed for the
5th generation (5G) mobile cellular communication (expected in 2020). However, only
28 and 38 GHz are widely used in 5G solutions and deployments utilize all-electronic
technology [4, 5] that is mature and economically efficient. A higher frequency (e.g.
W-band) is needed for extremely high bit rate links. There remain many challenges for
all-electronics systems at such high frequencies such as bandwidth constraints, passband
non-uniformities, integration difficulties in electronic phased arrays and power consump-
tion issues for amplifier-driven phase shifters [6]. Microwave photonics (MWP) tech-
nology presents an alternative that can ease or eliminate some issues associated with

conventional all-electronic solutions due to properties of photonics such as large band-
1
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Figure 1.1: Global mobile data traffic from 2017 to 2022 (in exabytes per month) [1].

width, low propagation loss, immunity to electromagnetic interference and independence
of radio-wave frequencies [7]. Moreover, MWP can be seamlessly integrated with fiber

optic networks, which bridge optical and mmW communications.

Beamforming is inevitable in mmW communication systems to achieve a wideband
communication, especially for densely deployed mmW networks such as 5G [8]. This
capability will focus the beam in the desired direction, which increases the antenna gain
to overcome the relatively high atmospheric loss of mmWs, as well as reduces the signal
interference. In addition, the bandwidth limit of electronic components in conventional
all-electronic beamforming systems where phase shifters are employed, the beam squint
is a significant issue that limits the available bandwidth of the spectrum since the high
frequency of the baseband signal will deviate the desired direction and result in a high
attenuation. RF phase shifters which have high loss and require amplifiers are also power
consuming. Using true time delays (TTDs) could solve the beam squint issue but it is
very difficult to realize large bandwidth tunable T'TDs using electronics. MWP is advan-
tageous in terms of realizing broadband optical TTDs [9], which would transferred into

the delay of the mmW signal through optical/electrical (O/E) conversion. Photonics en-
2



Section 1.2 Millimeter Wave Frequencies

abled beamforming networks, so called optical beamforming networks (OBFNs), together
with optical TTDs, we can bridge fiber optical networks and wireless communications
[10] and achieve significant improvement in the data rate, and potentially the cost.
Integrated photonics technology is an effective approach to address concerns of MWP
systems in terms of cost, size, weight and power consumption (CSWaP) [6, 11]. Particu-
larly, for photonic-assisted beamforming, integrated MWP (IMWP) is advantageous for
the realization of tunable optical TTDs for precise optical path length control and scal-
able OBFNs, making it possible to feed large-scale TTD phased array antennas (PAAs).
Additionally, the emergence of high power lasers, ultra-low loss waveguides, ultra-high
speed modulators, and ultra-fast high responsivity detectors[12] provide new possibilities
for monolithically integrating mmW beamforming subsystems for wideband communica-

tions [13].

1.2 Millimeter Wave Frequencies

Millimeter waves refer to the band from 30 GHz to 300 GHz, which provides a huge
amount of bandwidth to meet mobile communication demands. However, in the early
days of satellite communications, high atmospheric and rain attenuation properties of
mmWs led this band to have been largely dismissed for long range communications [2].
The physics of atmospheric propagation has been studied and reveals several frequency
ranges with lower atmospheric attenuation [14, 15, 16], as shown in Fig. 1.2. The so-
called atmospheric windows of mmWs occur naturally at 30, 90, 140, and 220 GHz. To
be specific, atmospheric attenuation is approximately 0.06 dB/km and 0.08 dB/km at
28 GHz and 38 GHz, respectively, and is less than 0.5 dB/km at frequencies between
75 and 110 GHz (W-band). Within the atmospheric windows, the frequencies from 30

GHz to 40 GHz are widely used for commercial satellite and terrestrial communications,
3
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Figure 1.2: Average millimeter wave atmospheric absorption [14, 15, 16].

and will be used for 5G high speed channels; the frequency bands 75 GHz - 110GHz, 130
GHz - 150 GHz and 200GHz - 240 GHz (Terahertz) have not been allocated yet except
for frequencies near 90 GHz which has been exploited primarily for military communi-
cations. These bands show a great potential for extremely high data rate long distance
communications due to the wide bandwidths available, low atmospheric attenuation and

lower interference.

Generally, the molecular absorption peaks of 60, 119, 183, and 325 GHz are to be
avoided as they will limit transmission distances. One exception is 60 GHz, where there
has been considerable work on mmW propagation in this band [17, 18, 19, 20, 21, 22, 23,
24, 25, 26, 27]. The 60 GHz mmWs reach a maximum of 15 dB/km absorption at sea
level. This high level of attenuation severely limits link distances, making 60 GHz useful
for only short-distance transmission. The high atmospheric attenuation adds advantages
such as high-frequency reuse and secure communications because of the difficulty to
eavesdrop. Also for out-of-atmosphere communications, between satellites for example,

60 GHz excels as the oxygen absorption limitations disappear and essentially free space
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Figure 1.3: Link budget analysis of radio frequencies for high bit rate and long range
at sea level [28].

communication conditions exist. Another benefit of 60 GHz wireless versus other mmW
technologies is that, being at lower frequency, links can generally be realized at lower cost,
since the building blocks such as transceivers, power amplifiers, low noise amplifiers, and

mixers, are more readily available than at the higher mmW frequencies.

The W-band mmW is more popular recently and suitable for long haul high data
rate communication. As shown in the figure of merit in Fig. 1.3, given the atmospheric
attenuation, for 100 Gbps, 20% bandwidth usage and using 12”7 antennas, there is a
window in the W-band with optimal link budget, especially for longer distances such as
100 km. In addition to the low atmospheric attenuation, despite the relatively smaller
wavelength compared to other mmWs, the wavelength (~3 mm) is large compared to
most small particle airborne effects such as fog, mist, sand, and dust. For example, thick
fog has only 0.4 dB/km attenuation at 70/80 GHz [16, 29], yielding negligible impact on
typical link distances. Similar to all high-frequency radio propagation, rain attenuation

is a key factor that limits the practical link distance. Figure 1.4 shows the attenuation
5
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Figure 1.4: Rain attenuation at microwave and mmW frequencies [15, 30, 31].

at microwave and mmW frequencies in the presence of rain [15, 30, 31]. For most of
the united states (US), the maximum rainfall experienced is less than 100 mm/h for 5
mins/yr, yielding up to 30 dB/km attenuation in the W-band. For 99.9% of the time, the
rainfall is no more than 25 mm/h, yielding slightly greater than 10 dB/km attenuation.
Currently, commercial 70/80 GHz equipment can provide a 2.5 Gbps link over 2 miles
with 99.99% weather availability (50 mins of yearly outage) throughout most of the US
[32, 33]. In some drier places such as Las Vegas, the distance could extend as far as 5

miles with the same weather availability.

1.3 Integrated Microwave Photonics

MWP is a multidisciplinary research discipline that unites the domains of RF engi-
neering and optoelectronics. As depicted in Fig. 1.5, a basic MWP subsystem comprises of
three parts: E/O conversion, photonic signal processing, and optical-to-electrical (O/E)

signal conversion. The signal is imparted on an optical carrier through an E/O converter,
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Figure 1.5: Schematic of a MWP subsystem.

typically a Mach-Zehnder modulator (MZM), which allows the signal to be processed in
the optical domain using photonic signal processing components, such as optical filters.
Then a RF carrier is regenerated and the processed signal is transferred to a RF carrier
through an O/E converter (e.g. high speed photodiode (PD)), converting the signal from

the optical domain back to the electrical domain.

MWP deals with the generation, processing, and distribution of microwave and mmW
signals by optical means, leveraging the unique advantages of photonics including low
loss, high bandwidth, frequency independence, and immunity to electromagnetic inter-
ference [7, 11, 12, 34, 35]. These advantages enable more RF application scenarios such
as the remote location of antennas where conventional microwave cables would incur too
much loss, and extremly high bit rate communication. This field has been gaining interest
since the 1990s, when groundbreaking realizations demonstrated the potential of optical
links for the transmission of microwave signals [36, 37, 38], followed by extensive research
focused primarily on the generation of ultra-broadband signals [39, 40], frequency conver-
sion [41, 42], RF remoting over fiber [43], MWP filters [44, 45], photonics-enhanced radar
system [40, 46], and RF beam steering [40]. These processes reveal MWP as a promising
solution for the impending challenges in telecommunications and provide new possibilities

to approach the emerging information technology scenarios, such as 5G mobile commu-
7
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Figure 1.6: Integrated photonic-assisted beamforming subsystems.

nications, with capabilities beyond those of conventional electronic systems, in terms of
enhanced flexibility, scalability, and capacity [12, 35]. In particular, a photonic based
beamforming system could benefit from these advantages of MWP technology. Com-
bining with optical TTDs, a photonics beamformer could provide beam squint free and
frequency flexible beamforming performance.

Despite the tremendous potential of MWP, widespread use and application of this
technology are currently limited by system high cost, bulkiness, complexity, and power
consumption. The typical size, weight, and power consumption (SWaP) figures for com-
mercial MWP systems are approximately 0.04 — 0.2 m? (size), 1.5 — 10 kg (weight),
and 15 — 20 W (power consumption) [11], making them unsuitable for mass production
and widespread use as required by next generation and emerging applications such as
the Internet of Things (IoT) and mmW communications. Photonic integration has been
leveraged to reduce the CSWap of photonic systems. Better reliability, stability, scalabil-
ity and optical path length control could be achieved through photonic integration, which
are all desirable for TTD and OBFN technology that would be used for data encoding

and signal distribution for mmW communication systems. The potential of integration
8
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of all key MWP components is attracting many research interests in applications such as
photonic-assisted beamforming subsystems (depicted in Fig. 1.6). The loss of integrated
waveguides is an important consideration as the optical loss in MWP systems is trans-
lated quadratically into electrical loss in an RF circuit, which is the so called the square
law nature of photodetection. Many different low-loss waveguide technologies have been
proposed and utilized for IMWP including silicon on Isolator (SOI), silicon nitride (SizNy)
and indium phosphide (InP), as shown in Table 1.1. The SOI platform can realize nano-
scale waveguides that provide very compact footprint and large free spectral range [47]
that is very attractive in many applications [48, 49, 50, 51]. However, the strong field
confinement enhances loss induced by sidewall roughness [52], and leads to non-linear
effects that limit the maximum power [53]. Although the propagation loss can be re-
duced by using micron-scale waveguides, this trades the compact footprint and requires
careful design to minimize higher-order mode excitation [54]. The InP platform is highly
advantageous for monolithic integration of active components such as lasers, detectors
and modulators [55, 13]. Instead of only using heaters to tune the optical phase, plas-
monic dispersion-based carrier injection mechanisms are available in InP, which allows for
high-speed low-power tuning. However, the loss of InP waveguides is relatively high with
1 dB/em in undoped regions and 2 dB/cem in active regions [56]. Si3Ny waveguides have
demonstrated propagation loss below 0.1 dB/cm. This platform can reduce the overall
optical loss significantly and attracts many research interests [57, 58, 59], but at the cost
of consuming approximately an order of magnitude larger footprint than that required for
comparable structures in submicron SOI. These waveguides also demonstrate very high
optical power handling, up to 1 Watt in [60], which makes it possible to eliminate low
noise amplifiers before antennas when performing microwave generation [61, 62, 63]. Be-
sides optical loss, many efforts have been carried out for high performance active devices.

On InP, active devices could be realized including lasers, semiconductor optical amplifiers

9
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(SOAs), modulators and PDs. InP MZMs have demonstrated bandwidth larger than 67
GHz [64], and ultra-high speed InP uni-traveling carrier (UTC) PDs operating up to
terahertz applications have been reported [65, 66, 67]. As for SOI, except for lasers and
SOAs, modulators and PDs are available with bandwidth of > 50 GHz and >40 GHz,
respectively, as demonstrated in [68, 69]. Si3Ny is a pure dielectric material and does not
inherently support for active devices. However, recent work has demonstrated high speed
modulator with the integration of 2D materials such as graphene, or piezoelectric mate-
rials [12]. Beyond devices, many works have demonstrated the monolithic integration of
multiple key components of a MWP system including lasers, modulators, photodiodes and
patch antennas [70, 71]. The IMWP hybrid integration technology allows for integrating
SOI and SizN4 with InP, benefiting from both the low loss and CMOS compatibility of
silicon photonics and highly efficient active devices of InP [72, 55]. In addition to the
reduction of footprint and potential for monolithic integration, integrated photonics also
provides a high optical confinement leading to new technological tools for IMWP, such as
Kerr microresonator combs and on-chip stimulated Brillouin scattering [73, 74]. There-
fore, both conventional and emerging components are available for various applications

of IMWP technology.

1.4 Tunable Integrated Optical True Time Delays for

Optical Beamforming Networks

An OBFN is the key component for MWP beamforming systems. An OBFN dis-
tributes the RF signal and provides appropriate delays or phase shifts in the optical
domain for each antenna element (AE) in a PAA to generate the desired RF beam

shape. Compared to TTD based OBFN;, phase shifter (PS) based OBFN has an inherent
10
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Table 1.1: Low Loss Waveguide Technologies for Integrated Microwave Photonics.

Platform SOI SisNy InP

3 0.35
(nanowire)  (multimode)

loss (dB/cm) <0.1 1(undoped)/2(doped)

Tuning Thermo-Optic,
Mechanism Plasmonic Dispersion

Thermo-Optic,

Thermo-Optic Plasmonic Dispersion

Hybrid on lasers, Hybrid on all

Active monolithic on . Monolithic on all
. active .
Integration modulators and active components
components
Ge detectors
References [47, 54, 75] (76, 77, 78, 79] [80]

beam squint issue that could potentially limit the available communication bandwidth.
For this reason, using TTDs for OBFNs is more desirable for the high communication
bandwidth inherent to MWP technology. TTD-OBFN and PS-OBFN will be compared
and discussed in detail in chapter 3.

Realizing TTD-OBFN using traditional MWP bulk TTD components is difficult as
the optical path length for each AE is difficult to match. TTD based OBFNs are sen-
sitive to path length difference, especially for high frequency mmW signals where the
wavelength is only a few millimeters. Manufacturing optical connections with such a
tight tolerance is impractical. Moreover, most of the commercial TTD components are
mechanical based delay lines, which are bulky and unreliable for large scale PAAs. As
discussed earlier, integrated photonics can eliminate these issues and is suitable for the
application of OBFNs with integrated TTD lines.

Reconfigurability is desirable for OBFNs, which can be achieved using tunable inte-
grated T'TDs. Thus far, two primary approaches have been pursued to implement tunable

TTDs — one makes used of dispersive structures such as optical ring resonators (ORRs),
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gratings, Mach-Zehnder interferometers (MZIs) or photonic crystals. If the dispersion is
sufficiently small and the delay within the signal bandwidth is approximately the same,
the delay response can be considered as TTD, and the delay can be tuned by controlling
the optical wavelength. The other approach switches between optical paths of various
lengths using optical switches such as MZIs and arrayed waveguide gratings (AWGs).

Brief introduction to T'TD lines realized with these structures are provided next.

1.4.1 Dispersive Delay Lines

1.4.1.1 Optical Ring Resonators

An ORR can be described as an all-pass filter [81, 82]. If the loss of the waveguide
is neglected, all optical power can be transferred through the ORR but the phase of the
optical signal is altered, which will consequently change the group delay of the signal.
An ORR displays a periodic delay response, where the maximum delay occurs at the
resonance frequency, whereas the minimum delay occurs at the anti-resonance. The delay
response can be continuously tuned by either changing the wavelength, ORR resonance
frequency or coupling coefficient. Usually a single ORR can only provide limited delay or
TTD bandwidth, whereas multiple ORRs can be combined to mitigate this limit using
the so-called coupled resonator optical waveguide (CROW) structure [83, 79] or side-
coupled integrated spaced sequence of resonators (SCISSOR) structure [84, 85, 76], as
shown in Fig. 1.7(a). It has been shown that the SCISSOR can provide more stable
and repeatable delay performance [86]. More details about ORRs and SCIRRORs will

be discussed in Chapter 6.
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Figure 1.7: Tunable integrated TTD lines.
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1.4.1.2 Gratings

Gratings are another compact structure that can provide continuous tuning of group
delay. Two types of gratings are considered — reflective gratings and grating waveguides,
as depicted in Fig. 1.7(b). Reflective gratings are based on Bragg gratings, where the
grating period or grating effective index are chirped along the grating length so that
the effective length is dependent on wavelength, and consequently a broadband totally
reflective grating is achieved with a dispersive response. The chirp rate, chirp range,
grating length, and grating index contrast determine the reflective bandwidth and dis-
persion. For wide band communications, where large TTD is required, the dispersion of
the grating should be kept small. The chirped Bragg grating delay line was first used in
fiber optics and combined with an optical circulator [87]. In integrated photonics where
a circulator is not yet available, a structure with a 50/50 coupler and two chirped Bragg
gratings could be employed to achieve in-line integration of the delay line [88, 89]. Recent
research has shown a uniform Bragg with contra-directional coupler could also have a
similar delay response but eliminates the circulator requirement [90]. Unlike reflective
gratings, grating waveguide delay line structures use the transmission response of a grat-
ing. At the edge of a grating transmission stop band, a large dispersion regime exists,
which can be utilized to provide tunable delay. For a uniform grating, the monotonic
delay region is small and the dispersion is large. Fortunately this region can be extended
and the dispersion can be reduced by applying grating apodization techniques [91, 92].
For grating delay lines, the slope of the monotonic delay can be positive or negative. Two
gratings with opposite delay slope could be combined to generate a flat delay response
(so-called TTD) with very large bandwidth [89]. The tunability of this structure could be
achieved by blue/red-shift at the delay response of one or both of the oppositely chirped

gratings using heaters or carrier injection.
14
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1.4.1.3 Interferometers

Interferometers can generate a TTD response as well by splitting the optical signal
into multiple delay paths, and then combining and interfering to alter the optical phase
response. Figure 1.7(c) shows an asymmetric MZI based 2-tap interferometer delay struc-
ture that has been studied extensively [93, 94, 95]. This structure provides a periodic
delay response, which is determined by the delay difference of the two arms. The delay
can be tuned by changing the optical coupling ratio of the two arms. It should be noted
that unlike all-pass filters such as ORRs, MZIs have a stop band for the transmission
optical power. The delays near the stop band have a large loss and dispersion. Therefore,
the working regime of MZI delay structures should be in the pass band, where almost all
the optical power could pass through and provide a large TTD delay bandwidth. The

tunable delays would range between the delays of the two arms.

1.4.1.4 Photonic Crystals

Photonic crystal slow light waveguides are another dispersive structure that can pro-
vide tunable delay. By making a sub-wavelength periodic defective structure near the
waveguide core (shown in Fig. 1.7(d)), the group index could be engineered and the light
could be slowed down by a factor of 20 or more [96, 97, 98]. The group index could also
monotonously change with wavelength, which makes the delay line tunable. Unlike other
dispersive delay lines, photonic crystal waveguides are distributed delay structure, which
means the delay is proportional to the length of the waveguide. This feature will realize
a linear OBFN where a linear delay distribution of the outputs could be achieved by
simply designing the photonic crystal waveguide length in each path. However, photonic
crystal waveguides usually have high propagation loss, which limits the widespread use

of this structure.
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1.4.2 Switchable Delay Lines
1.4.2.1 Mach-Zehnder based Delay Lines

The SDL changes the delay by switching the optical signal between various physical
paths with different path length. Unlike dispersive delay lines, a SDL can provide a very
large TTD bandwidth, which is only limited by the bandwidth of the optical switches.
The total delay of the delay line is determined by the total path length, which simplifies
the design. Also, the delay is tuned by operating the optical switches, which could ease
delay tuning control and operation. On the other hand, the SDL could have a relatively
large the footprint, and can only provide discrete delay tuning.

SDLs include two different types — cascaded SDLs and parallel SDLs, as depicted
in Fig. 1.7(e) and (f), respectively. Cascaded SDLs have multiple stages of switchable
delays in series. A MZI based SDL is a cascaded SDL where a MZI is used as the optical
switch [99, 77, 100, 101]. At each stage, an optical delay can be tuned on or off, and
the total delay is the combination of the delay line of each stage. However, in reality, an
optical switch is imperfect and has a limited extinction ratio. This imperfection results
in some light in both arms (with different delays), and hence will interfere and distort the
delay response. Furthermore, this distortion will accumulate stage by stage, and transfer
to the output with a severe TTD distortion, which could deteriorate the OBFN system
performance. More details and a solution to eliminate the delay response distortion will

be discussed in Chapter 5.

1.4.2.2 Arrayed Waveguide Grating based Delay Lines

The AWG based delay line is a parallel SDL, where the AWG is the optical switch
that routes the light to different physical delay paths. Compared with the normal parallel

SDL shown in Fig. 1.7(f), instead of using an input 1 x N switch and an output N x 1
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switch, a N x N AWG can be re-used for both the input routing and output routing
[102, 103], and hence simplified the parallel SDL structure. Similar to cascaded SDLs,
the AWG based SDL also has the interference issue from channel crosstalk that could
distort the TTD response. Fortunately, the distortion is not severe as an AWG usually
has a small crosstalk (< -20dB) and the crosstalk is not sensitive to the environment
compared to a MZI switch. Moreover, since the switch is controlled by wavelength, the
tuning of an AWG based SDL is simpler than the cascaded MZ-SDL, which requires
control of the switches in each stage. However, because of the large footprint of AWGs,
the delay line may not be made as compact as the MZ-SDL, which significantly limits
the application of AWG-SDLs in large scale OBFNs.

1.4.3 Other True Time Delay Lines

In addition to the delay structures mentioned above, other structures were also ex-
plored by researchers, such as sub-wavelength waveguides [104] which modifies the filling
factor of the subwavelength period; this can change the group index and consequently
change the optical delay, as shown in Fig. 1.7(g). This approach is very compact and
scalable, but is difficult to make tunable, and the connection to the sub-wavelength
should be carefully designed to avoid mode matching loss. Moreover, the combination
of multiple delay structures can also extend the delay performance. For example, SDLs
and ORRs can be combined to achieve continuous group delay tuning from ORRs while
maintaining the wide bandwidth feature of SDLs [54, 105, 106]; the combination of grat-
ing waveguides and ORRs enhances the delay tunability and delay per footprint of ORR

only delay lines [107, 108].
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1.5 Dissertation Overview

1.5.1 State-Of-Art and Impact

SDLs and ORR based delay lines are two primarily used TTDs for large scale in-
tegrated OBFNs due to the relative high fabrication reliability and tunability. Many
works on these two structures have been reported. Among the reports for SDLs, the
latest achievement is a seven-stage binary switched delay line with 0 to 191.37 ps tuning
range and 1.42 ps tuning resolution [109]. However, to the author’s best knowledge,
no integrated OBFNs based on SDLs has ever been reported. Either, the work on the
ripple of SDL TTD spectra, which could affect beam quality of the PAA with wideband
communications, was keeping missing. As for ORR-OBFNs, researchers have success-
fully demonstrated ORR-based OBFNs with different platforms [47, 83, 84, 110, 78], and
a delay of 0.63 ns with a bandwidth of 2 GHz targeting Ku-band PAA was reported
[76, 111]. In order to achieve wide bandwidth TTDs for communications with higher
frequencies (e.g. W-band) and mitigate fabrication variations, precise calibrations and
tuning should be applied to all the rings in the OBFN. However, to our best knowledge,
no such work has been reported. Regarding beamsteering experiments with TTD based
integrated OBFNs, the 0° beam pattern measurement of a Ka-band signal from a 8 x 8
PAA with ORR-OBFN was reported, but the beam steering experiment in other angles
were not included. On the other hand, using discrete TTD elements, an 88 G'H z photonic
based mmW beamsteering PAA was implemented and a data rate of 10 Gb/s with £35°
beamsteering angle was demonstrated [40].

This thesis focuses on the study of integrated OBFNs based on SDLs and ORRs, as
well as the mmW generation and beamsteering experiment using these OBFNs. A ripple-
free SDL architecture is proposed and a 5-stage 1 x 4 SDL-OBFN for a linear W-band

PAA is realized, which demonstrates 1.5 ps finest delay tuning resolution and 6 delay
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distributions with tunable path delay increments ranging between 0 - 7.5 ps. 3-ORR
SCISSOR structure are employed as the TTD element for a 1 x 4 ORR-OBFN. With
many efforts put in calibration and tuning optimization of the ORRs, continuous tuning
ranges of 209 ps and 172 ps with a bandwidth of 6.3 GHz and 8.6 GHz are achieved,
respectively, for a single 3-ORR delay line. Delay responses with path delay increment
of 4.6 ps for linear PAAs are demonstrated by the ORR-OBFN. The SDL-OBFN is
employed for a W-band signal beamsteering experiment, which demonstrates beam-squint
free beamsteering with six beam angles from -51° to 31° from 85 to 100 GHz and a SNR
of 35 dB. Also, a 94 GHz W-band signal encoded with 3 Gbps ASK data was generated.
To the author’s best knowledge, this is the first report of W-band beamsteering and data

transmission using an integrated OBFN.

1.5.2 Thesis Organization

This thesis is divided into eleven chapters. The first chapter has provided the in-
troduction to integrated microwave photonics, with a focus on OBFNs for mmW PAAs.
Optical TTDs are preferred for PAAs for wideband communications as it mitigates the
beam squint issue and reduces power consumption in comparison to RF phase shifters
that require driver amplifiers. An introduction to integrated TTD implementations is

also given in Chapter 1.

Chapter 2 discusses the system architecture of a photonic enabled mmW PAA beam-
steering system, which is divided into three stages: generation, distribution and emission.
The generation stage generate two optical tones, which are sent to the distribution stage
for splitting and delay. The optical signal are up-converted to RF signals with UTC-PDs,
and the outputs are emitted by an antenna array. The key components of each stage are

described in detail.
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Chapter 3 describes the beam forming theory of a PAA. The radiation pattern of a
PAA is mainly determined by the geometry of PAA. The beam pattern equation and
single main-lobe beam condition are derived. The beam squinting of a PAA is quantita-
tively studied, and the principle of beam-squint-free operation for a TTD based PAA is
discussed.

Chapter 4 provides an introduction to the ultra-low loss silicon nitride (SiN) waveg-
uide technology. Various waveguide structures are discussed for different requirements
including ultra-low loss, tight bending, polarization dependence, and high confinement.
The 400 nm SizNy technology is also being developed in-house and the waveguide loss
and some realized devices are also presented in this chapter.

Chapter 5 covers the optimization and design of SDLs and the corresponding OBFN.
A modified architecture of SDL is presented that eliminates ripple in the delay response
due to the imperfection of the 3-dB couplers in MZI switches. A 1 x 4 SDL-OBFN
for a linear PAA with the double stripe silicon nitride low-loss waveguide technology is
demonstrated in this chapter.

Chapter 6 covers the optimization and design of ORR based TTDs and the cor-
responding OBFNs. The response of an general ORR are quantitatively studied and a
SCIRROR structure is employed to increase the constant delay-bandwidth product of the
ORR. A genetic algorithm is applied to optimize the parameters of ORRs in the OBFN
and a look-up table is generated, which reveals inherent trade-offs between delay value,
ripple level, bandwidth and number of rings for ORR-OBFNs. Two 1 x 4 ORR-OBFN
with different topologies based on silicon nitride are demonstrated in this chapter.

Chapter 7 covers the highly scalable, high voltage and current output, multi-channel
controllers for controlling the large number of tuning elements in the OBFNs. Two
generations of controllers are demonstrated — a voltage source controller and a current

source controller. The designs of both of the two controllers are detailed in this chapter.
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Chapter 8 covers the experimental results of group delay response characterization of
the ORR and SDL based delay lines and OBFNs. The tuning of both ORR delay lines
and SDLs are optimized and the TTD responses of the 1 x4 SDL-OBFN and ORR-OBFN
are demonstrated as well.

Chapter 9 covers the experiments of mmW generation and beamsteering with data
transmission using the silicon nitride OBFNs. With the ORR-OBFN, a 41 GHz mmW
signal is generated, whereas with the SDL-OBFN, an experiment of W-band mmW signal
generation and beamsteering is demonstrated.

Chapter 10 discusses the challenges of applying current OBFNs for large scale PAA
applications. Some on-going and future work including the OBFN-PD-antenna integra-
tion and a novel recirculating delay loop (RDL) based OBFN architecture are presented
regarding the overcome of these challenges.

Finally, Chapter 11 provides a conclusion, as well as a personal perspective for a

realistic and compact optical TTD based PAA systems.
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Chapter 2

System Architecture Overview

High carrier frequency, and subsequently narrow beams are desirable for future mobile
communications in part to reduce signal interference and increase antenna gain. A PAA
is a flexible all-solid state beam steering approach, which allows for steering by adjusting
the relative phases or time delays of the elements instead of physically adjusting the
orientation of the antenna. Furthermore, power addition due to multiple antenna ele-
ments can make phased array techniques scalable to high power. Figure 2.1 illustrates a
schematic of a photonic-enabled PAA system, which comprises of three primary stages!.
The generation stage generates an optical signal that contains the frequency component
of the RF signal, where the transmitter data is encoded on that frequency component.
The optical signal is then duplicated into multiple paths. These signals are delayed or
phase shifted in the distribution stage to enable the desired beam steering angle. In
the emission stage, all the optical signals are up converted into RF signals in electrical
domain and feed an antenna array for RF signal emission. More details on this MWP

system are discussed in this chapter.

'In general terms of a microwave photonics system, the generation stage refers to the “Back-end”,
and the distribution and emission stage refer to the “Front-end”.
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Figure 2.1: Schematic of a photonic-enabled RF PAA transmitter.

2.1 Optical Signal Generation

The RF carrier signal generation is based on low pass filtering of the RF frequency
component encoded on the optical carrier. For efficiency considerations, the RF frequency
component in the optical signal spectrum should be optimized. Many approaches can
achieve this purpose such as using mode-locked laser pulse trains, quantum cascade lasers,
or photo-mixing [6]. Photo-mixing is one of the most popular approaches as it provides
a high power conversion efficiency and is easy to encode data; this approach will be

discussed in this section.

2.1.1 Two-Photon Mixing

Two-photon mixing generates RF signals by mixing two optical signals with a fre-
quency difference equal to the desired RF frequency. As will be discussed in Section 2.3,
the RF power through the photonics up-conversion is proportional to the optical power.

The interference of two optical signals can be mathematically described by (2.1).

P(t) = [Ey(f1,¢1) + Ea(fa, ¢2)] * conj.

= [Alej(2”f1t+¢1) + Agej(2”f2t+¢2)} % COnj.

= A% + A% —|— 2A1A2 COS (27TfRFt + Agb) (2].)
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Figure 2.2: Normalized optical power beat note at the photodiode.

where Ey (f1,¢1) and Es (f2, ¢o) are the optical waves, A; and Ay are the amplitude of
the two optical signals and are assumed to be real numbers, f; and f; are the optical
frequencies, ¢; and ¢, are the phases of the optical waves. frr = fo — f1, A¢ = ¢1 — ¢
are the frequency and phase of the RF signal, respectively. As can be seen from (2.1), all
of the optical power will be converted into the RF signal and a DC offset. The normalized
optical power beat note at the photodiode is shown in Fig.2.2. The conversion gain G is
described as
2A1 A,

_ 2 2.2
C= T A 22

where G = 1 when A; = A,, which implies that the conversion gain is maximized when
the amplitudes of the two optical tones are equal. It should be noted that, as the optical
power cannot be a negative number, G = 1 is the maximum conversion gain for a photonic
up-conversion process.

The data encoding of the RF signal for the photo-mixing approach can be achieved
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by encoding the data on one of the optical signals and using the other optical signal as

the local oscillator (LO). The up-converted RF signal can be described by (2.3).

P(t) = [g(t) . E1 (fl, qbl) + E2 (fg, ¢2)] * COle.
— [E(t)eﬂ”flt + eﬂ“f?t} * conj.
= |5(t)]” + 142 Re {3(t)e/*/rrt}

= 502 +1+2 Re{5(t)} cos (2mfrrt) — 2 - Im {3(t)} sin (27 frrt) (2.3)

where 5(t) is the baseband signal, provided that A; = A; = 1 and ¢; = ¢ in (2.1). This
equation implies that the baseband data signal modulated on the optical signal will be
transferred to a electrical baseband signal as well as the modulation of the RF carrier.
This feature could enable the RF front-end to be integrated directly into the optical
network, which could simplify RF systems. Even for coherent optical networks, where
complex optical modulation such as optical quadrature amplitude modulation (QAM) is
utilized, the baseband signal on the optical carrier can be transferred into the RF carrier

directly using this technique.

2.1.2 Harmonic Carrier Generation

The two-photo mixing generation process requires a photonic frequency synthesizer
to generate two highly correlated optical tones in order to generate a RF signal with low
phase noise. Many approaches can be employed for this purpose such as optical phase lock
loops, mode lock lasers, and optical harmonic generation of MZMs. Optical harmonic
generation of MZMs is attractive for its simple realization and excellent RF signal quality.
Figure 2.3 shows the basic schematic of optical harmonic generation using a MZM. A RF

synthesizer is used to modulate the optical signal by driving an external MZM, which
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Figure 2.3: Basic schematic of optical harmonic generation using a MZM.

generates the desired optical sidebands for two-photo mixing. With this approach, the
high signal quality of the RF synthesizer can be transferred to the optical signal, and the
common-mode noise between the interfering signals can be canceled. Because of these
reasons, a good RF signal quality can be maintained following the photonic up-conversion
process.

Electrically overdriven MZMs can be exploited to efficiently generate optical LO sig-
nals for frequency conversion . The generation of LO signals directly at fro or harmonic
signals at nfro can be obtained. By adjusting the bias point and RF drive power of
the low frequency reference signal at fro, efficient frequency multiplication to generate
mmW signals upon detection can be achieved. The time domain representation of the

optical intensity can be expressed as

P(#t) = tnP {1 + cos [ww] } (2.4)

s

where V(t) is the modulation driving amplitude of the reference RF signal, V} is the
modulator bias voltage, V. is the modulator half-wavelength voltage, 2F, is the incident
laser power and t,, is the insertions loss of the modulator, provided that the MZM is in
chirp-free operation (dual-drive or x-cut MZM). Using sinusoidal modulation applied to a

MZM to introduce the LO signal and the Jacobi-Anger expression, (2.4) can be rewritten
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as

P(t) = tnFP {1 + cos {VLO sin(wrot) + wa] }

Ve
E?T coS Vio msin(wrot) | — sin E’/T sin Vio 7 sin(wrot)
V. V. V. V.

™ ™ ™

. {1 + cos Kiw) Jo(m)
B il ) [anl(m) sin (%r)} sin [(2n — 1) wrof]
n i 2 {J%(m) cos <%w)] cos (anwt)} (2.5)

where wy o and Vo are the angular frequency and driving amplitude of the reference RF
signal, m = ‘%—WOW is the modulation index, and J, () is the first kind Bessel function of
order n. It implies that the a MZM with optimum drive power and bias can produce
either an efficient fundamental or a specified harmonic LO signal. Figure 2.4 shows the
calculated relative output power at the detector versus signal amplitude of the MZM
driving voltage for the 2nd to 10th harmonic with an optimum MZM bias. The reference
power level (0 dB) corresponds to the electrical output obtainable from the heterodyne
process described in (2.1) and (2.2) with the maximum modulation gain. A 4.5 dB optical
insertion loss is assumed for the LO modulator, and the input optical power remains the
same. For odd harmonics, the optimum modulator bias is the quadrature bias, where the
even harmonic terms in (2.5) are eliminated, maximizing the odd harmonics terms. Then,
a desired harmonic could be selected by setting the MZM modulation depth to maximize
the corresponding Bessel function as the coefficient of the harmonic term. Similarly, for
the even harmonics, the optimum bias point is the null or peak point, where the odd
harmonic terms in the equation are eliminated, and the MZM modulation depth selects

the desired harmonic. Table 2.1 summarizes the optimized signal amplitude of the MZM
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Table 2.1: Calculated related electrical output power at nfro using a MZM and
harmonic carrier generation with respective optimum modulator RF drive voltage
and bias conditions. Same assumptions are made as Fig. 2.4.

MZM Bias Quadrature Null/Peak
n= 1 3 ) 7 9 2 4 6 8 10
Vio/Vax 059 134 204 273 341 097 1.69 239 3.07 3.75

Rel. pwr. (dB) -13.7 -16.2 -17.5 -184 -19.1 -153 -17.0 -18.0 -18.8 -19.4

drive voltage and the corresponding relative power with an optimum bias to the 10th
harmonic order. The 2nd order harmonic has a relative electrical power loss of —15.3 dB,
in which the insertion loss of the MZM contributes 9 dB of electrical power loss as the
optical loss of 4.5 dB is doubly transferred to the electrical power due to the square-law
photo detection is used for photonic up-conversion. The optical loss of MZM is therefore
very critical for the photon up-conversion efficiency and needs to be optimized. Moreover,
from Table 2.1, the 10th order could be obtained at the cost of only 4.1 dB extra loss
compared to the 2nd harmonic, which implies that harmonic carrier generation is a very
efficient approach for generating high order frequencies such as extremely high frequency
(EHF) that are far beyond the MZM bandwidth limit; this also relieves the requirement
of the RF LO. In addition, it is evident in Fig.2.4 that for harmonics of order less than
5, there is >10 dB suppression ratio to other harmonics, whereas for 6th order or higher,
the suppression ratio is significantly reduced and other harmonics must be filtered. As
lower V; optical modulators and higher power optical detectors become available at high
frequencies, this frequency multiplication technique becomes more attractive due to the
reduced RF drive power requirements, higher output power levels, and higher mmW

frequencies attainable.
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Figure 2.4: Calculated relative output power at detectors versus MZM driving voltage
amplitude for 2nd to 10th harmonic with optimum MZM bias. The reference output
level (0 dB) corresponds to the electrical output obtainable from the heterodyne
process described in (2.1) and (2.2) with the maximum modulation gain. A 4.5 dB
optical insertion loss is assumed for the LO modulator, and the input optical power
remains the same. (a) shows odd harmonics with quadrature bias and (b) shows even
harmonics with null or peak bias.
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2.2 Optical Signal Distribution

For the beam steering system shown in Fig.2.1, the distribution stage includes theOBFN,
which is one of the key components for a PAA system. As will be discussed in Chapter 3,
the basic idea of a PAA for beam forming is the re-construction of multiple sub-sources
to form the wave-front of the beam in the desired direction. A OBFN is the component

that operates on each sub-source to generate the desired beam shape.

Figure 2.5 depicts the schematic diagram of the distribution stage with a OBFN. The
source signal is firstly split into multiple sub-signals. Two parameters can be changed for
each sub-signal — the phase and the amplitude. The relative phase difference of the sub-
signals mainly determines the beam direction, beam collimation and beam focusing, and
the amplitudes of the sub-signals will further control the beam shape including the beam
width, and beam sidelobes. The phase and amplitude could be controlled by employing
tunable phase shifters or T'TD lines, and tunable attenuators, respectively. TTD lines are
more preferable for phase tuning in order to eliminate the beam squint- issue [9] present

in conventional electrical PAAs. More details on PAAs will be discussed in Chapter 3.

The distribution of the sub-signals could be realized in the optical domain with mi-
crowave photonics technology; this is the so called OBFN. The splitter can be realized
with power splitters such as multi-mode interference (MMI) couplers, directional cou-
plers (DCs), or star-couplers. The RF signal can be modulated on multiple wavelengths
simultaneously and hence an AWG can be used as the power splitter. In each path,
optical phase shifts and TTDs can be applied to the optical signal, and can be trans-
ferred to the phase shift of the RF signal. Also, variable optical attenuators can change
the amplitude of the optical signal, which can be interpreted as RF signal attenuation

through the square law described in Section 2.3.

Integrated photonics technology offers unique advantages for the realization of OBFNs
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Figure 2.5: Diagram of the distribution stage. (PS: phase shifts; TTD: true time
delays; VA: variable attenuator.)

in comparison to the electronics counterpart. Compared to electronic realizations with
bulk components or monolithic microwave integrated circuits (MMICs), the footprint
of the beamformer can be reduced to a very small size with integrated OBFNs due to
the much shorter wavelength compared to the RF signal, and hence can be made more
compact, lightweight, and also scalable for feeding large scale PAAs. Because of the large
optical bandwidth and small footprint, the OBFN loss is low and the optical propagation
loss doesn’t change with the RF frequency, unlike the microstrip waveguides used in
MMICs where the propagation loss increases dramatically with frequency. The phase
shifters in integrated photonics, such as heaters and PN junctions, are almost frequency
independent. Particularly for heaters and PN junction phase shifters, very little optical
loss would be introduced in addition to the waveguide loss. Furthermore, as mentioned in
Section 1.4, integrated photonics offers tunable TTDs. In this way, the PAA bandwidth
can be extremely wide and the beam squint issue can be eliminated. There is no doubt

that integrated OBFNs offer unique advantages for PAAs.
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2.3 Optical-Electrical Conversion

Photonic signals are up-converted to RF for emission through photodetectors that
drive an antenna in the emission stage of Fig. 2.1. With a photodetector, the RF signal
is generated through the beating of the two optical tones from the generation stage.
Figure 2.6 shows a circuit schematic of a photodetector, which includes a reverse biased
photodiode and a high-pass filter that couples out the generated RF signal. Since the
photodiode has an output of current, a 50 €2 resistor is employed to convert the signal to

voltage and to match impedance. The output of a photodetector is given as
v(t) =2, - R, P(t) (2.6)

where P(t) is the incident optical power, R, is the responsivity of the photodiode and Z,
is the load impedance. (2.6) shows that the output signal is proportional to the optical
power incident on the photodiode. Substituting the optical power with (2.3) illustrates
the two photo-mixing with signal modulation, that also filters the low frequency terms.

The output signal is expressed as
v(t)=2-Z- R, - {Re{5(t)} cos (2m frpt) — Im{5(t)} sin (27 frpt)} (2.7)

where 5(¢) is the baseband signal and fgp is the frequency of the RF signal, which implies
that the signal modulated on the optical carrier in the optical domain will be converted

to the electrical domain with a RF carrier through the photonic generation process.

The carrier frequency of the RF signal through the photonic up-conversion process
is limited only by the bandwidth of the photodiode. Moreover, for simplified schemes
where the photodiode drives the antenna directly and eliminates the electrical RF am-

plifier, the radiative intensity of the RF signal is proportional to the output power of the
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Figure 2.6: Circuit schematic for a typical photodetector.

photodiode. Therefore, high-speed and high-saturation output power photodiodes are
desired for photonic generation. A UTC-PD and its derivatives have been shown to have
high bandwidth while delivering large output power. Therefore, among the various types
of long-wavelength photodiodes, these are strong candidates for both photonic-enabled
mmW and terahertz applications [112, 113, 114, 115, 116]. Figure 2.7 shows the band
diagram of a UTC-PD, which comprises of a thin p-type InGaAs light absorption layer
and an InP carrier collection layer. The light is absorbed in the absorption layer, gener-
ating electron-hole pairs. The generated minority carrier electrons in the quasi neutral
absorption layer diffuse into the depletion layer and drift to the n-contact layer; the
photo generated holes, the majority carriers in the absorption layer, respond according
to the relaxation time of the the dielectric with their collective motion. Therefore, unlike
conventional PIN photodiodes, where both electrons and holes are transported, only the
transportation of electrons will contribute to the response time for a UTC-PD. Due to
the relatively small electron effective mass, the electron velocity is typically an order of
magnitude higher than the hole velocity in the depletion layer [117, 118|. Therefore, the
elimination of drifting holes is an essential difference of a UTC-PD from the conventional
PIN PD, which makes a UTC-PD respond much faster. Moreover, a thin absorption layer

is desired for photodiodes to reduce the carrier transit time and hence improve operation
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Figure 2.7: Band diagram of a UTC-PD.

speed. The UTC-PD structure decouples the design of the absorption layer and depletion
layer, allowing for a very thin absorption layer without increasing the capacitance. By
comparison for a PIN PD.the capacitance increases significantly when the thickness of
the absorption layer is excessively reduced. In addition, the UTC-PD structure could

also benefits from velocity overshoot of electrons [117] in the depletion layer.

A UTC-PD could also support a high saturation current. For a high photo-carrier
excitation condition in a PD, where the carrier generation speed is larger than the speed
of the carriers being swept, the carriers will accumulate in the depletion layer. This
forms space charges that weaken the intensity of the electric field in the depletion region,
reducing the drift velocity of carriers, and finally leading to the output saturation of
the output current. As the electron velocity is an order of magnitude higher than that
for holes, UTC-PDs, in which space charges are due primarily to electron accumulation,
do not saturate until the current density reaches an order of magnitude higher than
that for PIN PDs. Moreover, the intensity of the electric field required for maintaining
high velocity is much smaller for electrons than that for holes. Thus, the bias voltage

of UTC-PDs could be much lower than conventional PIN PDs, thereby lowering power
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consumption, simplifying the peripheral components design, and improving the reliability.
Therefore, UTC-PDs are particularly suitable for high frequency mmW photonic-enabled

PAA systems.

2.4 Summary

This chapter discussed the system architecture of a photonics enabled PAA system.
The system comprises of three stages including the generation stage, distribution stage
and emission stage. The two-photo mixing method is preferred for the generation stage
for its high power conversion efficiency and ease of data encoding. And the two highly
correlated optical tones for up-conversion can be generated simply through high order
harmonics by modulating a single frequency laser signal with a MZM. The distribution
stage distributes and phase-shifts or delays optical signals instead of electrical signals
using OBFNs, which benefits from the low loss, wide bandwidth, TTDs, small footprint
and immunity to electromagnetic interference of optics, compared to the electrical coun-
terparts. The emission stage generates and emits the RF signal through up-conversion
process and an antenna array. UTC-PDs are preferred in this process due to the high
bandwidth and output power and planar antenna array can be used for integration. A
photonic-enabled PAA system is a lightweight, power efficient approach for EHF beam-

steering, and the entire system is potential for full integration.
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Phased Arrays and True Time
Delays

A PAA system is an attractive approach for realizing reconfigurable all-solid state RF
beam steering. Compared to other RF directional emission solutions such as Cassegrain
antennas, PAAs do not require any mechanical parts to achieve beam steering, and hence,
PAAs could be made very agile, compact and reliable, and the entire PAA system could
be fully integrated. The antenna aperture can be made very large resulting in a highly
directional beam and high antenna gain. Moreover, because of it comprises of many
antenna elements, a PAA system is also highly scalable and the transmit power is no
longer limited by a single antenna, but rather quadratically increases with the number of
antenna elements in the constructively interfered direction. Also, the antenna elements
can be grouped to emit beams in multiple directions simultaneously. These features
make PAAs superior to conventional mechanically scanning Cassegrain antennas and are

widely used in many applications such as radar detection and remote sensing.

PAAs also have been attracting interest in the communication field, especially for
scenarios of communication between moving objects such as satellites, airplanes, trains,
or next generation cellular communications. Use of conventional PAAs that utilize phase

shifters do, however, pose challenges. Unlike signal frequency applications like radar
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Figure 3.1: Schematic diagram of a 1-D PAA with phase shifters.

detection, communications require a certain amount of bandwidth. PAAs with phase
shifters exhibit beam squint for the communication signal, which limits the bandwidth
usage of the RF carrier. Using TTDs instead of phase shifters in a PAA provides a
solution for this issue for wideband communications. In this chapter, the operation

principle of PAAs and the superiority of applying TTDs in PAAs will be discussed.

3.1 Operation Principle of Phased Arrays

A PAA is based on the Huygens—Fresnel principle, in which the signal is split into
multiple sub-sources and the wavefront is reconstructed in the desired transmit direction.
The schematic diagram of a conventional PAA is shown in Fig. 3.1. The input signal
is split into N paths through a 1xN splitter. Each path employs a phase shifter that
can change the phase of the signal individually. Then the sub-signal is emitted again
through an antenna and forms the beam for the desired direction. The relation of the

beam emission angle and the phase of each sub-signal is given as follows

x; sin(6) — %((pz +m;-21) =0 (3.1)
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where 6 is the beam angle, x; and ¢; are the spatial position and signal phase of antenna
element ¢, ¢ is the speed of light, f is the signal frequency, and m; is an independent
integer for each antenna element. (3.1) ensures that all the sub-sources are constructively

interfered in the desired beam direction.

For 2-D beam steering PAA applications, planar antennas can be employed to make
a 2-D array [119, 120], as shown in Fig. 3.2, and (3.1) could be expanded as

z; sin(0) + y; sin(n) — ﬁ(% +m;-2m) =0 (3.2)

where z; and y; are the two dimensional spatial position of antenna element 7, # and 7 are
the angles with the x-axis for the beam angle projection in the zy-plane and zz-plane,

receptively. The following discussions will focus on 1-D PAAs. 2-D beam steering shares

>
&

Figure 3.2: Schematic diagram of a 2-D PAA.
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the same principle.

The simplest PAA is a linear PAA where the separation of the antenna elements is
constant. In this case, for a specific beam angle, the phase increment is constant and the

beam angle equation (3.1) can be rewritten as

Ap+m-2m)-c
2n fd

sin(f) = ( (3.3)
where Ay is the wrapped phase increment between adjacent antenna elements, and m
is the desired beam order, which will be discussed in Section 3.2. Note that usually the
antenna elements of a conventional PAA have different signal path lengths, therefore the
absolute phase may vary over several periods. A phase shifter typically has a limited
phase tuning range, but as long as the wrapped phase agrees with (3.3), the PAA will
generate the same beam angle. This feature can simplify the PAA design and is very

useful in large scale PAAs where the accumulated phase could be significant.

3.2 Beam Pattern of Linear Phased Arrays

3.2.1 Beam Pattern Equations

The beam pattern of a linear phased array comprises of two factors — the array factor
and the radiation pattern of a single antenna element. Figure 3.3 shows a schematic
diagram of a linear PAA where the antenna elements are separated by d. For a desired
angle, the optical amplitude is the superposition of the electromagnetic waves from all
of the elements, which has the same radiation pattern but a phase shift in the far field

because of the spatial offset. The optical far field pattern can be analytically expressed
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Figure 3.3: Schematic diagram of a linear PAA.

U(0) = nﬁleAE(e) exp {—] [27r— n Ago] }
— Uas(0) iexp {—j 0 [%dm(@) A } }
 A(D).Uap(0) - AF(0) (3.4)
and
AF(B) = S;ﬁg (3.5)
where
8- 27?% sinf — Ag (3.6)
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where 6 is the angle from the normal, d is the spacing of the antenna elements, \ is the
wavelength of the electromagnetic wave, A is the phase increment, U(0) is the far-field
amplitude of the electromagnetic waves, Uap(f) is the far-field amplitude pattern of a
single antenna element, A(f) is an additional phase shift, and AF () is the array factor
provided that all the antenna elements are identical and have the same radiation power.

The power radiation pattern of the PAA is then given by

PO) =U®0) - U®B)

= [Uar(0)’|AF(0)]” (3.7)

(3.4)-(3.7) imply that the radiation pattern of a linear PAA is determined by the single
antenna element radiation and the phased array design. Figure 3.4 shows a graphic
example for the pattern formation of a PAA where Fig. 3.4 (a)-(c) depicts the the
radiation pattern of a single antenna element, the array factor, and the final pattern
from the PAA, respectively. Actually, as shown in Fig. 3.4, the radiation pattern of a
single antenna element varies very slow with the angle as the element aperture is usually
smaller or comparable with the wavelength. The beam shape of the PAA is mostly

determined by the array factor AF(6), or the PAA design.

3.2.2 Array Factor

The beam characteristics of a PAA are mainly determined by the array factor, which
includes the beam power, beam width and beam side lobes. Figure 3.5 depicts the array
factor versus [ for a PAA with 4 elements. Multiple lobes are observed and the peaks

occur at the maxima of (3.5) when § =m 27, m =0,4+1,42,---, where m is the order
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Figure 3.4: Pattern formation of a linear PAA with 10 antenna elements, half wave-
length pitch and antenna aperture of one third of a wavelength. (a) The radiation
pattern of a single antenna element, (b) the pattern of the array factor for various
beam directions, and (c) the synthesized radiation pattern of the PAA.
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of the beam, and the peak power is given by

Ppae = lim  |AF(B)|? = N? (3.8)

B—m-2m

This implies that the peak power is quadratically proportional to the array size. There-
fore, if the output power of a signal antenna element is limited, a PAA could quadratically

increase the power in the desired direction by increasing the size of the PAA.

Among the multiple lobes shown in Fig. 3.5, only the mainlobe is useful; the sidelobes
are undesired as they will reduce the power in the main lobe and waste power in undesired
directions. In applications such as cellular communications, the side lobes could also cause
more signal interference; or applications where PAAs are receiving signals, the side lobes
will collect the signal from undesired directions, which will reduce the signal to noise

ratio.

The side lobes could be eliminated by controlling the pitch of the antenna elements.

(3.6) implies that given that sin(#) € [—1, 1], the value range of § is limited to

AB - Bma:c - ﬁmin - 477—% (39)

which means not all the maxima in Fig. 3.5 could exist. To ensure only one maxima
(main lobe) exists, AS must be less than or equal to 27, which will lead to the single
lobe condition

d<

A
— d
3 (310

i.e. the pitch of antenna elements should be no greater than half of the signal wavelength

to have a main-lobe-only beam pattern from a PAA.

The beam width of the PAA emission is also determined by the PAA geometry. As

illustrated in Fig. 3.5 and (3.4)-(3.7), there are several null points between the lobes.
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Figure 3.5: Array factor versus g for array size of 4.

The beam width of the lobe is defined as the angular distance between the two closest

null points of a lobe, which can be given as (for the m-th order)

=27 -

=

d 2
= 27TX sinf,,, 1 — 27TX sind,, N

which can be re-written as

A

A = Ndcosb,,

(3.11)

where f,,, 1 are the B values of the two null points around the m-th lobe, Af,, is the
beam width, and 6,, is the beam angle. Equation 3.11 implies that the beam width is
only inversely proportional to Nd, i.e., the aperture of the PAA, but has no relation to
the number or properties of the antenna elements. The beam width also increases along
with the increase of beam angle. The 3-dB beam width can be calculated from a more

general equation, which can be expressed as follows:

A

- 27d cos 0
45

Af AB (3.12)
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Figure 3.6: Af and equivalent 3-dB beam width for 0° beam with half wavelength
antenna pitch.

where Af is numerically calculated for different array size and is shown in Fig. 3.6, which
also exhibits inversely proportional relations to the PAA aperture. The 3-dB beam width
for the 0° beam with half wavelength antenna element pitch are also shown in Fig. 3.6.

Note that (3.11)-(3.12) are valid only when the beam angle is not close to 90°.

The PAA geometry also determines the required phase increment of each antenna
element for beam steering. As mentioned above, the required phase increment Ay for
m-~th order lobe in a given angle can be derived from § = m - 2w, which leads to the
beam angle equation being consistent with (3.3). Practically, we usually design the PAA
to have only one lobe in the beam pattern with the single lobe condition (3.10). In this
case, we only have the O-th order beam, i.e., § = 0, which leads to the main lobe angle

equation as follows

sin(f) = — - = (3.13)



Section 3.2 Beam Pattern of Linear Phased Arrays

3.2.3 Antenna Element Patterns

The radiation pattern of an antenna element is another parameter that determines
the radiation pattern of a PAA, as described in (3.7) and Fig. 3.4. In theory, the array
factor of a PAA forms a uniform radiative intensity in all direction. The actual relative
radiative intensity of a PAA in a certain beam angle depends on the radiative ability
of a single antenna element in that direction. To achieve a large beamsteering range,
a uniform (or in-directional) beam pattern of a single antenna element is desired. Fig-
ure 3.7-3.9 depict three antenna element examples and the simulated radiation patterns
for 1-D PAAs — dipole antenna, patch antenna and sectoral antenna. Both these three
antenna elements have large beam width that can support large beamsteering range for
the corresponding PAAs. The dipole antenna is suitable for balanced photodetections
with push-pull configurations, whereas the patch antenna can be used with single drive of
photodetector. Both the dipole antenna and the patch antenna can be realized as planar
antennas that are easy for integration. The sectoral horn antenna flares in H-plane and

has directional radiation in E-plane. Therefore, it is very suitable for 1-D PAA with a

Dipole Antenna Element Directivity (dBi) @ 100.00 GHz
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Figure 3.7: Schematic of a 100 GH z dipole antenna and the simulated relation pattern
in the x-z plane.
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Figure 3.8: Schematic of a 100 GH z patch antenna and the simulated relation pattern

in the z-z plane.
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Figure 3.9: Schematic of a 100 GHz sectoral antenna and the simulated relation

pattern in the x-z plane.



Section 3.3 Beam Squint

discrete antenna array. All the three antennas have the strongest radiation in the normal

direction of the antenna aperture.

3.3 Beam Squint

Conventional PAAs, where electrical phase shifters are employed to realize phase
shift of the signal, work well for radar or sensing applications as only single frequency is
required in these scenarios. As for wideband communications where a large bandwidth is
desirable, phase shifters are not ideal for PAAs because they limit the carrier bandwidth
utilization. The beam angle equation (3.13) shows that the angle of the beam is not only
determined by the phase shift Ap, but is also related to the signal frequency. By taking

the first derivative of (3.13), one can obtain

Ay c df 1 c
dd=——"—- - —+—— - —-dA
2nfcos d f +27rfcos€ d v

df 1 ¢ dAyp

sl G amas

AT -c\ df
o (tan9+ dcos@) 7

(3.14)

where 6 is the angle of the beam and

dAy
AT = “3rdJ (3.15)

is the group delay of the signal due to path length difference. The first term of (3.14)
refers to the beam angle change due to the frequency offset, which is the so-called beam
squint. It implies that the beam squint becomes severe as the beam angle increases. The
array factor beam pattern plot that shows the beam squint for different frequency offset

is depicted in Fig. 3.11(a). The beam squint could lead to power attenuation of the high
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frequency components of the data signal and thereby limit the usable data bandwidth.
Based on (3.6), the 3-dB bandwidth due to the beam squint can be calculated by solving

the following equations

Afsap
2

d
Baap = QWE(fC + )sind, — Ag

d Afsip

C

d
=2n—f.sinf, — Ap + 27
c

=fB.+ 2WC—Z% sin 6,
c

_ T Afsap .
=37 sin 6, (3.16)

sin 6,

sin? & B3ap 1
AF(B))? = —2-""2 == 3.17
ARG = Fais =5 (3.17)

where f. is the carrier frequency, 6, is the beam angle of the carrier, 5. = 0 is required
for the angle beam, A fs;p is the 3-dB bandwidth, provided the pitch of the antenna
element is half of the wavelength d = A\/2. Figure 3.10 shows the 3-dB bandwidth due to
the beam squint for different array size and beam angles. The bandwidth shrinks as the
beam angle increases. The beam squintimpacts the bandwidth of large scale PAAs more,
which is expected as a large scale PAA yields a narrow beam, which is more sensitive to

beam angle changes.

Further, in conventional PAAs, especially for bulk implementations, only the optical
phase is tuned and the path length of each antenna element may not be equalized. The
second term of (3.14) refers to the beam angle change due to group delay difference of
the signal due to unequalized path length between two adjacent antenna elements. This
implies that a linear path length difference can introduce additional beam squint for all
beam angles even for a 0° beam. This can also distort the beam at the offset frequency
if there are random variations in the unequalized path length of each antenna element.

The additional beam squint also increases as the beam angle increases.
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Figure 3.10: The 3-dB bandwidth due to beam squint versus beam angles for different
array size with half wavelength antenna element pitch.

The beam squint and path length imbalance limits the signal bandwidth. For exam-
ple, for beam at 45° with beam squinting, 10% of frequency offset will lead to a 6° beam
directional deviation; for a 0° beam, a 0.1 ns linear delay difference could also result in a
6° beam squint even for 1 G H z frequency offset. Therefore, to achieve wideband commu-

nications, beam squint and path length matching should be considered when designing

PAAs.

3.4 Optical True Time Delay based Phased Arrays

Two additional requirements — signal path length matching and beam squint avoid-
ance — are included in PAA designs for wideband communications. Signal path length
matching is difficult and costly for PAA bulk implementations. However, for high fre-
quency carriers such as W-band mmW signals where the wavelength is small, signal path
length matching could be easily achieved with integration technology such as MMIC
[121]. As for beam squint avoidance, TTD technology should be employed for PAAs.

Upon further investigating (3.13), we find that the term 2£ is actually the time delay of

27 f
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Figure 3.11: Beam pattern of an 1 x 8 half-wavelength pitch array factor for different
frequency offset with path lengths matched. (a) Beam squint with phase shifters, and
(b) Beam-squint-free operation with TTDs.
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Figure 3.12: Schematic diagram of a TTD based 1-D PAA .
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the signal with respect to the adjacent signal channel. Since the signal phase velocity is
the same in vacuum for all frequencies, it is the delay increment of the signal that deter-

mines the beam angle. Therefore, (3.6), (3.13) and (3.14) can be re-written in terms of

delays as
d . c 2T, .
f=2r—sinf —2r—A7 = —(dsinf — cAr) (3.18)
A A A
c
sinf = Ar - 7 (3.19)
1 ¢ dAT
do = L. df = 2
cos d df f=0 (3.20)

where A7 is the signal delay increment with respect to the adjacent antenna element
provided the path lengths are matched. (3.19)-(3.20) implies that if we control the
group delay of the signal for each antenna element instead of only controlling the phase,
as depicted in Fig. 3.12, the beam for all frequencies will point in the same direction,
thereby eliminating the beam squint issue. Figure 3.11(b) plots the beam pattern of an
1 x 8 half wavelength pitch array factor for different frequency offset with TTDs, which
illustrates that compared to Fig. 3.11(a), all frequencies have the same beam orientation

and beam squint is eliminated.

Electrical delay lines are characteristic of very large propagation loss in CMOS pro-
cesses, especially for high frequency carriers [34, 11]. Electromagnetic interference also
should be considered in the beamforming network design. Thus, it is impractical to
realize large scale PAAs with electrical TTDs for mmW signals. Integrated optical de-
lay lines, which leverage the low propagation loss waveguides and very large bandwidth
compared to the RF signal frequency, are very suitable for TTD based beam forming

networks in PAAs.

The up-conversion process is required for a photonic-assisted PAAs, as discussed in

Section 2.1. The RF signal is generated through the beating of two optical signals with
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Figure 3.13: Up-conversion process for photonics assisted mmW signal generation.
(PD: photodiode.)

angular frequencies w; and ws separated by the RF frequency wrp. Figure 3.13 illustrates
a photonic-assisted mmW signal generation the up-conversion process. With optical delay

lines, when two optical tones are both delayed by the same amount, 7, then

P(t) = [e‘jwl(tJ’T) + e_m(t”)] * Conj.
=24 2cos[(w; —wa) - (t+7)]

=2+ 2cos |wrr - (t+7)] (3.21)

The term cos [wgr - (t + 7)] implies the resulting RF signal is true time delayed by 7.

However, if only one optical tone is delayed by 7, the other optical tone is not delayed,

and then we have

P(t) = [e 710+ 4 e73%20]  conj.
=24 2cos[(w1 —ws) - (t+T) — waT]

=24 2cos [wrr - (t +T) — waT] (3.22)

which implies that the resulting RF signal is not only delayed by 7, but also is shifted
in phase by ws7. This phase is very sensitive to 7 since the optical frequency is so high.
For example, for an optical frequency of 193 THz, a 7 of only 1.44e~'7 seconds results
in a 1° phase shift of the RF carrier. Therefore, for optical TTD based PAAs, the two

optical tones must be true time delayed by the same amount so that the optical delay
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line generates the equivalent RF signal delays.

3.5 Summary

This chapter discussed the operation principle of PAAs, which reveals that the radi-
ation pattern of a PAA is dominated by the array factor, whereas the radiation pattern
of a single antenna element determines the maximum radiative intensity in different
angles. For PAAs used in communication links, the traditional PAAs based on phase
shifters may limit the available bandwidth for the data signal due to beam squint. On
the contrast, TTD based PAA exhibits beam-squint-free beamsteering capability that
is desired for wideband communications. However, this requires very precise control of
signal delays. Therefore, integrated photonics technology is more suitable for realizing

TTD based OBFNs for PAAs.
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Chapter 4

Ultra-low Loss Silicon Nitride
Waveguide Technology

The loss of integrated waveguides is an important consideration for IMWP systems as
the optical loss is quadratically transferred to electrical loss in the RF circuit described
as the square-law nature of photodetection. As mentioned in chapter 1, among the
three widely used material systems for IMWP, the stoichiometric SisN, waveguides have
the lowest propagation loss compared to SOI material platform due to the relatively
low optical confinement. The lack of two-photon absorption in SiN waveguides make it
capable of handling much higher optical power that is desired in IMWP compared to
SOI waveguides. However, SiN waveguides can still maintain reasonable bending radius
for large integration density since the refractive index contrast is relatively high between
SiN core and the SiO, cladding. One main drawback of SiN integration platform is the
lack of active components such as optical gains, modulators and photodetectors. This
drawback can be overcomed by hybrid integrating active material platforms. To date,
several reports have demonstrated hybrid integration of SiN and InP and a coupling loss of
2 dB is reported [122, 123, 124]. SiN is a promising platform and compatible to CMOS
fabrication process. Many foundries, such as IME, Gent and LioniX have put much

effort in developing different waveguide technologies for applications including RF signal
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processing, data communications, biosensing, spectroscopy, quantum communication. In
this chapter, different SiN waveguide structures will be discussed. We are also developing
the low loss SiN waveguide technology in house, and the fabricated waveguides and

devices will be demonstrated in this chapter as well.

4.1 Silicon Nitride Waveguides Overview

The SiN layer is usually formed by using low-pressure chemical vapor deposition
(LPCVD). LPCVD is capable of batch processes and can result in very good uniformity
of layer thickness and refractive index, and the SiN layer can be deposited on both
sides of the substrate at the same time [125, 126]. However, due to the difference in
the thermal expansion coefficient between the deposited SizN, film and the Si substrate,
internal stress will accumulate along with the thickness of the deposited film and cracks
will occur if the thickness of the film beyond a critical value. The critical layer thickness
for SizNy layer is in the order of 300-400 nm [127].

Within the thickness limitation, several waveguide geometries are developed, as de-
scribed in Fig. 4.1. The single stripe geometry consists of a very thin SiN core (several tens
of nm), as shown in Fig. 4.1(a) , and is usually used to ultra-low loss waveguides[128, 129].
As low as 0.045 dB/m of loss was reported at 1580 nm in 20-m long waveguide spiral
delay lines with the bending radius in the order of 10 mm [130]. This low propagation
loss is achieved due to the low optical confinement in the thin Si3N, waveguide (40 nm),
which minimizes sidewall scattering. Most of the mode is guided in SiOy and therefore,
the layers of the buried oxide (BOX) and cladding are very thick. The top cladding is
formed by a flip-chip bonding a thermally grown SiO, film.

Despite the restriction of SigNy thickness, a thicker waveguide with higher optical con-

finement could be achieved by alternating oxide and nitride layers. The stress of SizNy
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Figure 4.1: SiN waveguide structure for (a) single stripe, (b) box-shell, (¢) symmetric

double stripe, (d) asymmetric double stripe, and (e) buried waveguide.
on Si is tensile, while that of SiOs films are compressive. Alternating stacks of oxide and
nitride could thereby exhibit reduced macroscopic stress, and consequently allows for
more SigNy incorporated in the waveguide. This technique leads to the waveguide struc-
tures of box-shell, symmetric double stripe, and asymmetric double stripe, as depicted
in Fig. 4.1(b)-(d), which is known as the TriPleX technology [129]. The box-shell struc-
ture usually have a square SiO, surrounded by a thin Si3Ny layer. The symmetric shape
significantly reduces the polarization dependence in the waveguide [79]. The box shell
is available in a low [79] and high [131] index contrast variant based on the thicknesses
ratio of the SizNy shell to the SiO, core, which have a propagation loss of 0.2 dB/em
and 0.06 dB/cm [132], and bending radius of 500 pm and 150 pm, respectively. Double
stripe waveguide structures are useful when large polarization birefringence is required.
The symmetric double stripe structure is typically applied in the scenario where tight

bending radius is required, and the attenuation and bending radius were reported less
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than 0.1 dB/em and down to 70 pm [133], respectively. The asymmetric double stripe
structure is highly suitable for combining both low and high contrast regions of the
mode on a single chip. The transition between the two contrast regions can be made
adiabatic by tapering the SiN layers, and the loss of the low and high modal confinement
waveguides on the same chip were demonstrated as 0.015 dB/em and 0.15 dB/cm [129],
respectively.

The buried waveguide geometry in Fig. 4.1(e) was developed for applications requiring
ultra-high confinement of the modal field in the core layer such as nonlinear optics [134].
Due to the thickness restrictions in stoichiometric LPCVD SigNy growth, a photonic
damascene process is applied for the fabrication of crack-free waveguides. Damascene
waveguides can as thick as 6.5 um and thereby can provide strong optical confinement
[127], which is suitable for highly compact and nonlinear optical applications such as
compact Kerr comb generation resonators [135]. A realized buried waveguide demon-
strated the optical propagation loss of 0.4 dB/cm at 1.55 um with a calculated minimum

bending radius of 12.5 um [136].

4.2 Silicon Nitride Waveguide for This Work

The OBFNs in this work requires only the fundamental transverse electric (TE) mode,
and the coupling from TE to transverse magnetic (TM) mode should be as low as pos-
sible. Thus, a waveguide structure with high large polarization birefringence is required.
Also, the bending radius should be in a reasonable range. Therefore, the high contrast
symmetric SigN, waveguide is a good option among the waveguide structures discussed
above.

The SiN OBFN chip is fabricated in foundry and the fabrication process is depicted

in Fig. 4.2. The process starts with the single crystal silicon wafer. The BOX is thermal
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grown on the silicon. The BOX layer thickness must be sufficient to minimize absorption
in the silicon substrate, which is dependent on the optical waveguide confinement. Ther-
mally oxidized silica remains one of the lowest loss oxide-based cladding materials due to
a low surface roughness from the original high-quality silicon substrate, and the absence
of hydrogen in the material and during the growth process. The SizN, waveguide core is
formed using LPCVD with a thickness of 170 nm, followed by SiO, waveguide core depo-
sition of 0.5 pum using tetraethoxysilane (TEOS) precursor LPCVD. Another 170 nm top
SizN, waveguide core is formed using the same LPCVD process to complete the high con-
trast symmetric waveguide core structure. Then the core layer is patterned and etched
to form the waveguides. The next step is the top cladding SiO, deposition. The top
cladding thickness should be sufficient to reduce the waveguide loss. However, similar
to SiN layers where the thickness is restricted due to the internal stress, the LPCVD
TEOS SiOs also has a thickness restriction around 1500 nm. To reach a sufficiently thick
cladding layer, a part of the SiO, is deposited using plasma-enhanced chemical vapor
deposition (PECVD) beyond the critical thickness.

For efficient thermal tuning, the heater is placed on top of the waveguides. To form
the heaters, a chromium/gold layer stack is first deposited to form the metal traces and
the resistant region through metal lift-off process. Then use another photo lithography
to exposure the heater resistant region and wet etch the gold, leaving only the thin

chromium film as the heater resistor.

4.3 In-House Silicon Nitride Technology Development

SiN fabrication process are also developed in house. In this platform, the thick single
stripe SizN, waveguide structure are employed. The SisNy layer is deposited by a single

LPCVD growth, and the thickness is close to the critical values. This thickness of the
61



Chapter 4

Ultra-low Loss Silicon Nitride Waveguide Technology

(a) Silicon substrate (b) Thermal oxidation silicon ) LPCVD SizNydeposition ) LPCVD TEOS SiO4 deposi-
substrate So:

(e) LPCVD Si3N, deposition (f) Lithography waveguide mask g) Dry etch waveguide ) Removal of photo resist

(i) PECVD SiO; deposition (j) Chemical mechanical planari- k) Lithography lead mask 1) Cr/Au deposition
sation

I
f

(m) Lift-off of the metal stack by (n) Lithography heater mask ) Wet etch Au ) Removal of the resist
resist removal

Figure 4.2: Process flow of the TriPlex™ waveguides with chromium heaters and gold/chromium leads [137].
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Si3sN, waveguide are suitable for general applications since it provides moderate optical
confinements with acceptable waveguide propagation loss, but the fabrication process is
much simpler than other waveguide structures, which could lower the cost per chip and
have higher yield. Many works have been reported for the 150 - 400 nm thick single stripe
waveguide platform demonstrating the waveguide loss ranging from 0.11 - 1.45 dB/em

[138].

Figure 4.3 presents the process flow of the in-house SizN, stripe waveguides. The
fabrication starts from the 380 nm thick LPCVD SizN, layer wafer grown on a 3 um
thick oxide wafer. To realize devices with small feature size, the PICs are patterned
with the 248 nm deep ultraviolet (DUV) ASML stepper which can provide resolution
below 200 nm. Then the waveguide is formed with dry etching. The top cladding is
deposited for 2 pm by PECVD and the chip is annealed at the temperature of 1050°.
Since most of the attenuation of the waveguide mainly origins from the sidewall roughness
of the waveguide and the density non-uniformity of the PECVD top cladding, the high
resolution DUV stepper and annealing could further alleviate the waveguide loss. The
simulation results of the single mode waveguide widths, effective indices n.s¢, group

indices n, and minimum bending radii R,,;, (0.01 dB/cm criterion) for 1310 nm and

(a) SiN substrate Lithography  waveguide (¢c) Dry etch waveguide
mask
mmm  Photo resist
mmmm  Silicon nitride
== Silicon oxide
Silicon

(d) Removal of photo resist (e) PECVD SiOs deposition

Figure 4.3: Process flow of the in-house SiN stripe waveguides.
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Figure 4.4: SEM picture of (a) the waveguide cross section, (b) directional coupler,
(c-d) grating coupler, and (e-f) star coupler of the AWG.
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Wavelength  Width e ™

Negf Ny Rmzn Negf Ny Rmzn

1310 nm 0.8 wm 1.65 2.04 23 pm 1.59 1.98 36 um
1550 nm 1.0 pm 1.62 199 32 pum 1.55 1.89 64 um

Table 4.1: The single mode waveguide width, effective index n.y ¢, group index n, and
minimum bending radius Ry, (0.01 dB/cm criterion) for 1310 nm and 1550 nm, and
TE and TM mode, respectively.

Figure 4.5: Microscope picture of the Archimedean spiral waveguide with 390 mm length.

1550 nm, and TE and TM mode are listed in Tab. 4.1. Figure 4.4 depicts the scanning
electron microscope (SEM) pictures of the waveguides and some devices on the chip. The
SEM of the waveguide cross section is shown in Fig. 4.4 (a). This picture a very smooth
etching of the Si3Ny waveguide with 1 pm width. Fig. 4.4 (b) presents the close-up of a
DC. Fig. 4.4 (c) and (d) illustrate the picture of 1550 nm grating coupler with 1.25 um
period and 0.46 filling factor; Fig. 4.4 (e) and (f) shows the star coupler and the tapered
input waveguide of an AWG.

The waveguide loss is characterized by sending optical signals into a very long waveg-
uide and measuring the back scattering using an optical backscatter reflectometry (OBR).
The long waveguide was spiraled in a 3 mm x 3 mm area with the total length of 0.39 m,
as illustrated in Fig. 4.5. The clock-wise spiral and counter-clock-wise spiral was con-

nected with a specifically designed adiabatic s-bend to reduce the loss in the joints due to
65



Ultra-low Loss Silicon Nitride Waveguide Technology Chapter 4

TE ™
0.25 " 0.22 — .

0.2+

S 0.2 E 0.18|
i) m

3 B0.16¢
(] 0

80.15 g0.14}
-l -l

0.12¢

10— : : 0.1— : :
1540 1560 1580 1600 1540 1560 1580 1600
Wavelength (nm) Wavelength (nm)

(a) (b)

Figure 4.6: Measured waveguide loss for (a) TE mode and (b) TM mode, respectively.

Figure 4.7: Microscope picture of the AWG.

the radius discontinuity. The measured waveguide loss is demonstrated in Fig. 4.6. For
both TE mode and TM mode, as the wavelength increases, the waveguide loss decreases
to the lowest measured value 0.11 dB/cm, and for 1550 nm optical signals, the waveguide
losses can still remain less than 0.2 dB/cm.

More complex devices such as arrayed waveguide gratings (AWG) are also realized
with the SiN platform, as depicted in Fig. 4.7. The AWG is designed to have 6 output
channels and 6 nm channel spacing. Figure 4.8 presents the measured output transmis-

sion spectra from all of the 6 channels. The channel spacing is measured as 6.3 nm,
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Figure 4.8: Measured transmission spectrum of the 6-channel AWG.

which has a little offset from the designed value. This probably because there is a small
difference between the simulated group index and the actual waveguide group index. The
non-uniformity of the output intensities is probably due to the non-uniform coupling be-
tween the waveguide facet and the fiber as the chip facets are formed by dicing and are
not polished. The extinction ratio is measured as 17 dB and can be improved due to the

low loss of the waveguide.

4.4 Summary

In this chapter, various SiN waveguide structures including the single stripe, box-
shell, symmetric and asymmetric double stripe and buried waveguide were briefly re-
viewed. The in-house low loss 380 -nm thick single stripe Si3N, waveguide technology
were also demonstrated with the measured waveguide loss as low as 0.11 dB/cm, and

< 0.2 dB/em at 1550 nm. A 1 x 6 AWG was realized demonstrating 6.3 nm channel
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spacing and 17 dB extinction ratio. SiN waveguides is suitable for IMWP due to low loss
and large integration density. Despite the lack of optical active components, this can be

complemented by hybrid integrating with high performance active InP devices.
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Chapter 5

Switched Delay Line based Optical
Beamforming Network

TTD is desirable for PAAs for wideband communications, especially for large beam
steering angles and high bandwidth utilization. As mentioned in Section 3.4, integration
technology is favorable for communication-oriented PAAs as the effective signal path
of each antenna element could be more precisely equalized. However, electrical delay
lines with CMOS processes have a very large propagation loss, which also increases
exponentially with RF frequency [34, 11]. In contrast, integrated photonics technology
is free from the electromagnetic-interference, and provides frequency independent low
propagation loss waveguides. Therefore, integrated optical TTD lines have great potential

for realizing TTD-based integrated OBFNs for PAAs.

TTD lines are the fundamental components for a OBFN. Section 1.4 summarized the
widely used schemes for implementing integrated tunable TTDs, which include ORRs,
chirped gratings, interferometers, photonic crystals, and cascaded /paralleled SDLs. Among
these structures, ORRs and SDLs are two popular implementations for OBFNs given the
considerations on complexity, unpredictable fabrication variations, and OBFN footprint.
ORRs are dispersive devices and can realize very compact OBFNs and continuous tun-

ing of delays. However, an ORR has a limited bandwidth and requires complex control.
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SDLs tune the delays by turning on/off optical paths with different path lengths using
optical switches. This mechanism naturally supports very wide bandwidth, but only
supports discrete delays. Also, the tuning resolution depends on the shortest delay path.
In practice, optical switches are non-ideal switches, which will intermix optical signals
with different delays and cause ripple in the delay response. In this chapter, a modified
SDL architecture eliminating the influence of the non-ideal switch imperfection will be
discussed. An OBFN realized with this SDL configuration was also demonstrated. The

OBFN was realized using the SiN technology. Chip design will also be discussed.

5.1 Switched Delay Line

SDLs can be realized in parallel mode and cascade mode. Parallel SDLs use an
individual delay path for each delay, which minimizes the switches involved in a signal
path, and hence minimizes the influence from non-ideal optical switches. However, this
redundancy of optical paths will result in a large footprint. Cascaded SDLs tune the
delay by changing the combination of the physical delay paths, and each delay path
can be re-used for different delays. Thus, cascaded SDLs can be made very compact.
However, since the optical signal passes through multiple switches, the influence of the
switch imperfection needs to be considered. Given the large scale of delay lines required
for an OBFN, a large footprint for the delay line will increase the OBFN chip cost and
potentially reduce reliability and yield. Therefore, cascaded SDLs are employed for the
OBFN pursued here.

5.1.1 Mach-Zehnder Switches

SDLs tune delays by switching “on” / “off” multiple delays with integrated optical

switches. A MZI is a simple structure that can be used as an integrated optical switch.
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Figure 5.1: Schematic diagram of a 2 x 2 balanced MZI switch.

Figure 5.1 depicts the schematic diagram of a 2 x 2 MZI switch, which comprises of
two 3-dB couplers and one phase shifter. The incident optical signal is split into two
paths, a phase difference between the paths is induced by the phase shifter, and the
signals are combined. The phase difference affects the interference result after the signal
re-combination and determines the state of the MZI switch. A balanced MZI scheme is

employed, which provides a large bandwidth and compact footprint.

The response of the MZI switch could be represented by transfer matrices given

Eoutl Einl Einl
= Tz —T,-T,-T, (5.1)

Eout2 E’in2 EinZ
where T}, is the transfer matrix of the MZI switch, T, is the transfer matrix of the 2 x 2
coupler, which can be realized using 2 x 2 DCs and 2 x 2 MMI couplers, for both of which
the transfer matrix is given by [139]

o | VIR VR (5.2)

—jvVE V1I—k
where k is the power coupling coefficient of the coupler, which implies that the two output

of the coupler has 90° phase difference. Tz, in (5.2) is the transfer matrix of the two
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arms of the MZI switch with the phase shifter, which can be given as

ed4e ()
Ty, = (5.3)
0 1

where Ay is the optical phase shift due to the tuning of phase shifter. Plugging (5.2)-(5.3)

into (5.1), the transfer matrix of a MZI switch can be rewritten as

Tyvz =T1.-T, T,

1—rk —jvEk &4 0 1—k —jvk
Ve VIR 0 1 VR VI—k

(1 —K)eI2% — & —j32+/K(1 — K) cos %ej%

= (5.4)

—j2+y/k(1 — K) Cos%ej% (1 — k) — keJA¥

For MZI as switches, there are two operation states — the cross-state and the bar-state.

For the bar-state, where the phase shift Ay = 0, the transfer matrix

1 -2k —j2v/ k(1 — k)

TMZ,cross = (55)
—j2¢/ k(1 — k) 1 -2k
whereas for the cross-state where Ay = m, the transfer matrix of a MZI switch is ex-

pressed as

-1 0
TMZ,bar = (56)
0 1

(5.5) and (5.6) imply that in bar-state, the MZI switch can perfectly pass the optical
signal if the phase shifter is accurately tuned, whereas in the cross-state, the response

of the MZI switch depends on k, as shown in Fig. 5.2(a). The perfect switch condition
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occurs exactly at k = 0.5 where the cross-state transfer matrix Thsz 055 can be simplified

as

TMZ,cross = _j (57)

and the cross-state extinction ratio decreases with the coupling coefficient deviation from
this condition. This could be explained as, for the cross port of the MZI switch, the two
interfered optical signals from two arms of the switch both go through a bar coupling
and a cross coupling of the coupler once, and hence, has the same amplitude and can be
completely canceled through deconstructive interference, which means the all the optical
power will be transferred to the bar-port due to the energy conservation. However, for
the bar port of the MZI switch, optical signals of the two arms experience unbalanced
couplings (twice of the bar coupling for one signal, and twice of the cross coupling for
the other), which cannot completely deconstructed if the bar coupling and cross coupling

are not equal, and thereby results in the reduction of the extinction ratio.

The phase response of a MZI is not important in switching application, but it need to
be considered in other applications where MZI is used as a tunable coupler. As indicated
in (5.4), the cross port responses of a MZI, given by Tz 12 and Tz 21, have a linear phase
repose versus the phase shift tuning Ay, whereas the bar port phase response, given by
Tarza1 and Thrz00, depends on k. Figure 5.2(b) gives the bar-port phase responses of
a MZI. It shows that for a MZI depicted as Fig. 5.1 where the phase shifter is placed
the on the upper arm, although the upper bar port (Thsz11) and lower bar port (T z22)
have the same power transmit response, the phase responses is different. For example,
when the coupler is a perfect 3-dB coupler (k = 0.5), the phase response is linear with
Ay and have a phase jumping of 7 at cross switching state. However, when the 3-dB
couplers are not perfect, presuming under coupled (k < 0.5), the phase response of the

upper bar-port (FEi,1 — Fuu1) will keep increasing with Ag, whereas the phase response
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of the lower bar-port (E;,2 — E,u2) will be confined and oscillate within a finite range.
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Figure 5.2: (a) Transmission response and (b) bar port phase response of an imperfect
MZI switch for various coupling ratio of the power splitters. (The solid curves refer
to the bar port, whereas the dash curves refer to the cross port.)
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Figure 5.3: Schematic diagram of a conventional n-stage SDL.

5.1.2 Conventional Switched Delay Line

SDL is a straight-forward scheme for integrated tunable delay lines. Figure 5.3 shows
the schematic diagram of a conventional n-stage SDL where n + 1 switches are used to
switch on or switch off n stages of delays individually. MZI are used as the optical switches
and physical waveguides with different lengths are used as the delay component. Usually,
the path length of each stage is doubled for every next stage, which forms a binary-coded
delay configuration and the delays of the SDL can be mathematically expressed with a

binary number representation given by

Ttot = (bnbn—l-ubl)Q - T (58)

where 7, is the total delay of the SDL, 7 is the delay of the shortest path, and b, is the
state of the n-th delay component where “1” refers to delay “on” and “0” refers to delay
“off”. (5.8) implies that the SDL can support 2" discrete delays ranging from 7 to 2",
where the delay tuning resolution is determined by the delay of the shortest path. This
architecture of SDL maximizes the delay tuning efficiency, which, however, requires ideal
switches. Actually, as discussed in Section 5.1.1, a real MZI switch device has limited
extinction ratio in cross-state, and hence a SDL will have optical signals intermixing

with different delays, which will cause distorted non-ideal TTD response. Figure 5.4
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illustrates the power transmission and delay responses versus normalized phase shift of
the delay loop ( linearly related to optical wavelength) for 1-stage and 3-stage SDLs for
the worst case with different coupling coefficients of the coupler. Ideally with perfect 3-dB
couplers, the response should be flat for both power transmissions and delays. However,
ripple, notches and spikes begin to appear due to the imperfection of the 3-dB coupler,
and the more deviation the coupler from 3-dB, the more severe the distortion is. These
distortions are undesirable since for communication applications, a flat response is desired
over the whole bandwidth. The distortions will cause large attenuations and additional
beam squint to some frequency components of the signal and thus deteriorate the signal
quality. Therefore, these distortions should be eliminated. As mentioned above, the
origin of the response distortion is from the limited extinction ratio of the MZI switches.
Some work was reported to put additional absorbers at the output of the switch to help
kill the undesired optical signal [106, 54]. However, this approach requires additional
controls and power consumption, and is only valid in active material systems such as
SOI and InP. However, for pure dielectric material such as SiN, other approaches should

be explored to eliminate the distortions.

The ripple of the delay response could be studied quantitatively using transfer ma-
trices. Figure 5.5 depicted the schematic diagram of a 1-stage SDL, which comprises of
two MZI switches and a delay loop for a delay of Ar. Using (5.4), the transfer matrix of
the SDL can be given by

Tpr = Tvz(Ae1) - Taetay - Truz(Ap2) (5.9)

There are two operation modes for this SDL — cross-bar mode and cross-cross mode. The
first operation mode has the first MZI switch in cross-state, and the second MZI switch

in bar-state, in which Ap; = 0 and Ag, = 7, and the optical signal outputs from the
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Figure 5.5: Schematic diagram of a 1-stage SDL. The green path refers to the cross-bar
operation, whereas the purple path refers to the cross-cross operation.

upper path, as depicted by the green path in Fig. 5.5. Plugging (5.5) and (5.6) into (5.9)

and transfer matrix the SDL in the corss-bar mode is given by

TDL,c—b = TMZ,cross : Tdelay : TMZ,bar

1—2k —j24/k(1 — k) e T () -1 0
o rd—r) 1-2k 0 1 0 1

—(1=2kK) - e —52,/K(1 — K)eI*T

= (5.10)

Jj2+/Kk(1 — k) 1 -2k

where w is the angular frequency of the optical signal, and 7 is the delay of the delay
loop in Fig. 5.5. Because the input is from the lower port, only Tpr .4 12 need to be
considered for the upper output. Therefore, the delay response of the SDL can be given
as

dZTprc—p12 d(—w - 7)

Ttot = — do R (5.11)

which implies that the delay of the SDL is independent of x and w, which means it will
yield a flat delay response. Moreover, (5.11) also implies that this SDL operation mode
can generate a flat transmission and delay response as long as only one of the input ports

has optical signal injection.
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The cross-cross operation mode has the both of the MZI switches in cross-state where
Ap; = Apy = 0, and the optical signal outputs from the lower path, as depicted by the
purple path in Fig. 5.5. Similarly, the transfer matrix of the SDL in the corss-cross mode

can be given by plugging (5.5) into (5.9)

Tprec—c = Trmzeross * Taclay = Tvz,eross
_ 1 -2k —32/k(1 — k) eI 0 1 -2k —j2\/k(1 — K)
—72\/k(1 — K) 1 -2k | 0 1 | —72/k(1 — K) 1 -2k
- —(1—2k)%- %7 —dr(l — k)  —jdy/K(1 — K)(1 — 2K) cos LTe ™5
—j4\/K(1 = K)(1 = 2K) cos e %" —(1—2k)2 —4r(l — k) - e 7
(5.12)

Because the input is from the lower port, the delay of the the SDL in cross-cross mode

is determined by Tpr .—s 22 and is given by

dLTprc—b22
A
sin(w - 7)
= —— |arctan —————
dw a— cos(w - T)

1
=7-|1-— (5.13)
9 _ 1—a?
a cos(w-T)—a?

1
i 1 (5.14)

where

Figure 5.6(a) plots a as a function of x,where a is zero for ideal 3-dB coupler and increases
to infinity as k goes to 0 or 1. The ripple in the delay response of the delay line depends
on the value of a, where the maximum delay is = and the minimum delay is . Figure

5.6(b) shows the normalized delay response of the SDL versus wrapped optical phase shift
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Figure 5.6: (a) Plot of a in (5.14). (b) The normalized delay response of the SDL
versus wrapped phase shift of the optical signal due to the delay loop with a = 0.2,
which shows the delay ripple in the delay response.

of the delay line, which depicts that the delay response oscillates with the amplitude of

2a
1—a?"

Based on the analysis above, it can be concluded that only the cross-cross mode of
a l-stage SDL will distort the delay response from a ideally flatted delay spectrum, but

the cross-bar mode gives a distortion free response.

5.1.3 Modified Ripple-Free Switched Delay Line

As explained above, from system point of view, the delay ripple appears when more
than 2 MZI switches are in cross-state in a SDL with non-ideal switches. Therefore, in
order to achieve a SDL with flat delay and power response, the number of MZI switches
in cross-state should be limited to 1. To meet this requirement, a modified ripple-free
SDL architecture is proposed and the schematic diagram is depicted in the bottom of
Fig. 5.7. Instead of using doubled delay paths in every next stage and having the optical
signal bounced up and down in each stage, the same delays are employed in all the stages

and having only one MZI switch in cross-state and all the other switches are in bar-state.
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In this case, the optical signal is injected from lower of the first switch and output from
upper port of the last switch, as illustrated in Fig. 5.7. The position of the switch in

cross-state determines the delay of the SDL, which can be intuitively given by
Tiot = (s —1) -7 (5.15)

where s is the position number of the switch that in cross-state. Similar transfer matrix

analysis is carried out to verify the ripple-free delay response, which can be given as

s—1 n—s
TSDL = (TMZ,bar ' Tdelay) ' TMZ,cross : Tdelay : (TMZ,bar : Tdelay) ' TMZ,ba’r
s—1

-1 0 e T () 1—2k —j2+/k(1 — k)
0 1 0 1 —j2v/ k(1 — k) 1 -2k

n—s

e T () -1 0 e T () -1 0
0 1 0 1 0 1 0 1

(—1)steswls=0rl ¢ (1 —2kK)e 7" —j2v/k(1 — K)
0 1 —72y/K(1 — K)e 9T 1—-2k
(_1)n—s+le—jw-[(n—s)7] 0

0 1

_1)(] — 2p)e—dwnT )59 rll = e —dw(s—D)r
NG REED (1) 2y/RT =) 516)

(—=1)"52¢/k(1 — K)e @ (n=stl)r 1—2K

where n is the number of stages and s is the position number of the MZI switch in cross-
state provided the delay in the lower paths in Fig. 5.7 is “0”. Tspr 12 of (5.16) represents

the optical signal input from the lower port and output from the upper port, which has
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Figure 5.7: Schematic diagram of the ripple-free modified SDL architecture (bottom).

a delay written as

Ttot,lower = (5 - 1)T (517)

(s — 1)1, which is consistent to the intuitive expression (5.15). Tspr12 represents the
optical signal input from the lower port and output from the upper port, which has a
delay written as

Ttot,upper — (n — s+ 1)7' (518)

(5.17) and (5.18) shows that the upper input and lower input have complementary delays
and ripple free delays that controlled by the position number of the MZI switch in cross-
state. Equation (5.16) also shows that both the transmission power and delay response
is independent of optical frequency, and the transmission power is independent of the
SDL configuration, which can provide a stable output power for all delays (if the loss of
the delay loop is neglected). Therefore, as long as no coherent optical signals injected
into both inputs at the same time, the SDL could generate a flat and ripple-free response
for both power transmission and delay response. Note that (5.16) is derived with the
condition s < n + 1, but it is valid for s =n + 1 as well.

Comparing to the conventional SDL, as mentioned above, the modified SDL archi-
tecture sacrifices the tunable flexibility and reduces the tuning range from 2"7 to nr.

However, this architecture can provide a much more ideal power transmission and TTD
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response given the imperfection of the 3-dB couplers in the MZI switches. For real de-
vices, the actual working environments may vary a lot, which thereby changes the actually
coupling coefficient of the 3-dB couplers. The modified SDL architecture is independent
of the coupling coefficient deviation of the couplers, and thus has more tolerance to the

working environment fluctuations.

5.2 Switched Delay Line based Optical Beamforming

Network

A OBFN for TTD mmW beamforming is used to distribute the signals including
evenly splitting the signals into multiple paths and provide appropriate delays to each
signal path. Based on the ripple-free modified SDL architecture mentioned above, a
1 x N SDL based OBFN could be designed as the schematic diagram depicted in Fig. 5.8
for a linear PAA. First, the optical signal is split into /N sub-signals through a 1 x N
splitter, and each sub-signal is delayed individually by a SDL. For a linear PAA, the
delay increment between the adjacent paths are constant and determines the beam angle
of the PAA, as implied by (3.19). Therefore, the delay loop (delay tuning resolution) in
each SDL is linear increased, as shown in Fig. 5.8, and the delay of n-th signal path is
given by

Tps = S(n— 1)1 (5.19)

where s is the position of the switch in cross-state. With this architecture, the switches
are grouped in columns and each column of the switches need the same control and are
switched in cross-state or bar-state simultaneously, and the delay increment of the two
adjacent optical signals is given by

Ty = ST (5.20)
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Figure 5.8: Schematic diagram of OBFN architecture with the ripple-free modified
SDLs for a linear PAA.

where s is also the position of switch-column in cross-stateand determines the beam
angle of the PAA. Benefiting from this arrangement of switches, it can simplify the metal
connections in the photonics chip and control circuit design, minimize the footprint, and
scale up very easily. Moreover, because of the linear delay configurations of the SDLs
in the OBFN architecture, the delay of signal path 1 does not need to be tuned and a
fixed delay path can be used as the reference path of a SDL, which further reduces the
control complexity of the OBFN. For each SDL, there is an inherent optical path delay in
addition to the designed delays due to physical geometry of the MZI switches. Therefore,
the “delay compensator 1”7, which is a fix delay loop, is added in path 1 to compensate
the inherent delays of the MZIs. In addition, because the delay increment A7 of the
SDLs can only increase positively, in order to perform both negative and positive angles
of beam steering, a delay compensator is added to each optical path to bias the “0” delay
increment OBFN configuration to a negative beam angle, and thus, a full-plane beam

steering is achieved.
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5.3 Chip Design

Based on the analysis above, a 1 x 4 modified ripple-free SDL based OBFN was
designed using ultra-low loss silicon nitride waveguide technology [100]. Figure 5.9 illus-
trates the layouts of a MZI switch. Two directional couplers are employed as the 2 x 2
3-dB couplers of the MZI. A 1-mm long chromium heater is put on top of the waveguide
to form a thermo-optical phase shifter, which is used to thermally control the MZI switch

to cross-state or bar-state.

The layout of the SDL is illustrated in Fig. 5.10(a). The delay loop is sandwiched
between the MZI switches, and is designed to have extra delays of 7 with respect to
the bottom path. Figure 5.10(b) depicts a image of one delay loop of a working SDL
captured by an IR camera from the top of the chip. The highlighted curves indicate the
scattering of the optical signals propagating in the waveguides. The MZI switches was
tuned in an intermediate state between the bar and cross so that the optical signal can
be routed into both the upper and lower path. Since the silicon nitride waveguide has
very low loss and the scattering is very weak. Therefore, an ultra-sensitive InGaAs IR

camera was used to capture this image.

The 1 x 4 SDL based OBFN is realized on a chip with a footprint of 8 mm x 32 mm,
as shown in Fig. 5.11, and the OBFN is placed at the bottom of the chip, as indicated in
the blue box in Fig. 5.12(b). Figure 5.12(a) describes the schematic of the 1 x 4 5-stage

SDL-OBFN, which includes 6 switch groups. Only one group of switch are in cross-state

Chromium heater

IN =— >—<\ >‘_'</ => OUT

3-dB Directional coupler 3-dB Directional coupler

Figure 5.9: Layout of the MZI Switch.
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Figure 5.10: (a) Layout of a 1-stage SDL. (b) IR image of the delay loop in a working
SDL. The highlighted curves indicate the optical signals propagating in the waveguides
and the dark bold lines are the metal traces.

whereas all other switch groups are in bar-state. The group number of switch group
in cross-state determines the OBFN delay configuration. The delay compensator is not
realized due to the chip footprint limit. Figure 5.12(b) shows the complete layout of
the chip, in which the 1 x 4 SDL-OBFN is located in the bottom of the chip indicated
by the blue box. The optical signal is input from the right of the chip and split into
4 paths using 2 stages of cascaded 3-dB directional couplers. The first path is a fixed
delay path and all the four paths are designed to have the same path delays for “0”-
delay configuration. The delay loop of each SDL stage is designed to have the integral
number of 1.5 ps of delay given the group index of the waveguide n, = 1.71 at 1550 nm.
With this design, 0, 1.5, 3, 4.5, 6 and 7.5 ps delay increments can be achieved at the
output of the OBFN, which is able to steer beams to —57°, —34°, —16°,0°, 16°and 34°
for a 94-G H z signal with half wavelength pitch antenna arrays, respectively. The delay

compensators after the SDLs (shown in Fig. 5.8) are not included in the layout. Instead,
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Figure 5.11: The picture of the fabricated silicon nitride chip with metal connections.

external delay compensators will be used after the OBEFN chip, which will be explained
in detail in Chapter 9. Note that since this OBFN is designed for TTD beamsteering,
all the path lengths of the sub-signals are precisely matched on the chip. This is one
of biggest benefits of using integrated photonics for TTD based OBFNs. The chip also

includes a 1 x 4 optical ring resonator based OBFN, which will be discussed in Chapter 6.

5.4 Summary

A modified ripple-free SDL based OBFN are discussed in this chapter. A SDL can
naturally provide extremely large TTD bandwidth, but only support discrete delays.
The MZI switches and the corresponding SDLs were theoretically analyzed using transfer
matrices. The analysis reveals that due to the imperfection of the 3-dB couplers in the
MZI. it can perfectly pass the optical signal in bar-state whereas in cross-state, the optical
signal cannot be completely routed to cross-port, which could lead to ripples in the delay
response of a SDL. The transfer matrix analysis also exhibits that to achieve a ripple-free
delay response, only one MZI is allowed in a SDL. Based on these conclusions, a ripple-
free SDL OBFN architecture is proposed, and a 5-stage 1 x 4 SDL-OBFN is designed

and realized using the ultra-low loss SiN waveguide technology.
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Switched Delay Line based Optical Beamforming Network

In —>

Jayds Nx|

Delay Compensator 1

()

> Outi

25« -

- === ET

Ss

SDL-OBFN

1

(b)

Figure 5.12: (a) Schematic of the 1 x 4 5-stage SDL based OBFN, and (b) the layout of the chip. The 1 x 4

SDL-OBFN is enclosed in the blue box.
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Chapter 6

Optical Ring Resonator based
Optical Beamforming Network

ORRs are promising as optical TTD devices for OBFNs in addition to SDLs discussed
in Chapter 5. Instead of switching optical signal between physical paths, an ORR delays
signal by generating a dispersive phase response. The equivalent path of the ORR delay
can be much larger than the physical loop lengths of the ORR. Therefore, an ORR based
delay line, and the realized OBFN, can be made very compact. Moreover, the delay
response of an ORR is determined by the resonance frequency and coupling coefficient.
Since the two parameters can be continuously tuned by optical phase shifters, continuous
tuning of delays could be achieved for ORR based delay lines. However, due to the
periodic response of resonators, a ORR has a limited delay-bandwidth product. The
product can be extended by cascading multiple ORRs, which is the so-called SCISSOR
(Side-coupled Integrated Spaced Sequence of Resonators) structure, but the resonance
frequencies and coupling coefficients of all ORRs need to be optimized. In this chapter,
the responses of a single ORR and multiple cascaded ORRs will be mathematically
explained, and the ORR based OBFN architecture will be discussed. The optimization
of the ORR parameters for ORR delays and OBFN using genetic algorithm will be

presented. Last, the chip design and layout of an integrated 1 x 4 OBFN using silicon
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nitride photonic technology will be illustrated.

6.1 Single Optical Ring Resonator Response

6.1.1 Transfer Function

An optical ring resonator (ORR) comprises of a optical feedback loop and a waveguide
coupled to the loop as the optical input and output. Figure 6.1 depicts the schematic of
a single waveguide coupled ORR where « is the power coupling coefficient between the
single waveguide and loop, and L, is round-trip length of the loop. To study the charac-
terization, the ring structure can be modeled as described in Fig. 6.2, where the coupler
waveguide-loop coupler is modeled as a 2 x 2 DC and the feedback loop is modeled as
an attenuator and a phase shifter of the optical signal [140]. Assuming that the coupling
of the DC is lossless, single unidirectional mode with single polarization is excited, and
no mode and polarization conversion existed in the waveguide. Given the transfer ma-
trix of the coupler shown in (5.2), the relation between optical signal amplitudes can be

described as
E, 1—kKk —jv/kK E;
H = WVE| ] B (6.1)
EOQ —j\/E vV 1 — K Ez

IN = = OUT

Figure 6.1: Schematic diagram of a ring structure.
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Figure 6.2: Model of a single waveguide coupled ORR.

Ei=a-eE, (6.2)

where « is the round trip amplitude gain (o > 1) or loss (a < 1) of the feedback loop,
6 = B - L, + ¢ is the round trip optical phase shift, § = 27/X - n.sy = w/c is the
propagation constant of the optical signal in the loop waveguide, A is the wavelength,
nesy is the effective index of the loop waveguide, w is the angular frequency of the optical
signal, ¢ is the speed of light in the loop waveguide, L, and ¢ is the circumference and
additional phase shift of the loop. Plugging (6.2) into (6.1) and normalizing to F;;, the

amplitude of outputs can be solved as

ot T e
 —a/T—k+e il
By = TIVE (6.4)
1—ayl—k-ei
—jyF-a
 —aI—k+e

where (6.3) is the transfer function for single waveguides coupled rings.
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6.1.2 Free Spectrum Range

(6.3) implies that an ORR has an periodic response due to the periodic factor e*/¢, in
which the response is repeated for every increment of 27 in . Hence, 6 can be rewritten
as

Op =2m -7+

where m is an non-negative integer and is the order of the resonance, ¢ is the wrapped

phase of #. Then we have

2 2m
0m+1 — Qm =2r = )\— . neff(/\mH) . LT - )\— . neff(/\m) . Lr (66)
m+1 m

In optical domain, since the round trip length L, is usually much larger than wavelength

A, thereby m is very large and A, ;1 is very close to A,,,. Therefore, (6.6) can be rewritten

as
0 /MNe
27r:27r~Lr-a< ){f> - AXpsr
0 (1 1 0n.
=2r-L,- {neffa (X) —+ XWH} . A)\FSR
2 - LT aneff
i.e.
)\2
A)\FSR = —n } L (67)
g T
where
on. on,
Ng = Neff — A Mef) =Neff +W Mef) (68)

oA Oow

where AXpgg is the period of the ORR response in frequency domain, which is termed

as the Free Spectrum Range (FSR), and n, is the group index of the loop waveguide.
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Based on (6.7), the FSR in terms of frequency is given by

Cc

A _
fFSR ng‘Lr

(6.9)

6.1.3 Power Transmission and Critical Coupling

(6.3) can lead to the transmission power P,; in the output waveguide given by

a? +1—k —2ay/1 — kcos(h)

Pol = |Eol|2 =
1+ a?(l — k) — 2ay/1 — Kk cos(0)

(6.10)

which implies that the transmission power also responds periodically. Note that for
loss-less waveguide where o« = 1, the transmission power is constantly equal to 1. The
ORR has a response of an all-pass filter where all the optical power will pass the ORR

regardless the frequency of the optical signal, only inducing non-uniform phase response.

At resonance conditions where the optical path length of the feedback loop is integral
number of wavelength, i.e. § = m - 2x, and optical signal is constructively interfered, the

transmission power at resonance is obtained

(o= vI=#)’
(1-avi—r)’

(6.11)

Pol,res =

The output power is less that one due to the loss of the loop waveguide. It can be
noticed that at the condition o = /1 — &, the output power of the ORR reaches zero,
which is the so called critical coupling. This is because the optical signal in the output
waveguide comprises light coupled from the ring loop and that from the input waveguide.
At resonance condition, the two parts of light has opposite phase. With critical coupling,
the two parts of light has the same amplitude, thereby the output light is eliminated due

to destructively interference. Figure 6.3 shows the transmission power at resonance as
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Figure 6.3: Transmission power of a single waveguide coupled ORR at resonance for

different round trip loop loss a.
a function of x for varied round trip loop loss. For under coupled condition (k < k)
where the optical signal from the input is larger than the coupled optical signal, the
light from input dominates the output and the transmission power decrease from 1 to 0
as k increase from 0 to critical coupling. Whereas for over coupled condition (k > k)
where the coupled optical signal is larger than the optical signal from the input, the
coupled light dominates the output and the transmission power increase from 0 to a? as
k increase from critical coupling to 1. At x = 0, all the light will pass the ring loop and
be transferred to the output directly, and the transmission power is 1, whereas at k = 1,
all the light will be coupled to the ring and coupled back to output waveguide after one

round trip, and the loss is the round trip loss, i.e., o?.

6.1.4 Group Delay
6.1.4.1 Group Delay Response

The group delay of a signal is defined as the negative first derivative of phase response

with respect to the signal angular frequency w, which, taking an ORR for an example,
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can be given by

dZE,  dZE, dY

= = — 12
! dw 6 dw (6.12)
where 0 = BL, + ¢ = L, - ness - w/co + ¢. To simplify the equation, we have
do d w
=~ _ (.. et
dw dw ( v Teff Co + ¢)
LT 8neff
L,
- ”io —7 (6.13)

where 7, = 1/Afpgr is the round trip delay of the feedback loop. Plugging into 6.12,

the normalized group delay can be obtained by
T dlEol

’7'0:—:

T do

(6.14)

Since the group index changes very slow compared to the FSR of the ORR, we can

rewrite 6 as

0=— 21 -Af + 8L, + ¢
Af

" Afrsr
Af

" Afrsr

+ BLy| ey + @

w=wo

+m- 2w+ (6.15)

w=wo

where wy is the closest resonant angular frequency near w when ¢ = 0, and Af =
(w — wp) /27 is the frequency offset from the resonance frequency wy/27. Substituting

with (6.15), the phase response of the ORR output E,; can be given by

sin(92) 1 aretan [ V1 — K -sin(Q)
ay/1 — Kk — cos(Q) a—+/1—k-cos(Q2)

95

ZE, = arctan (6.16)



Optical Ring Resonator based Optical Beamforming Network Chapter 6

«a=0.78, nc=0.39

™ T T
—k=0.30
—k=0.45
7_‘_/2 | I§=0-60 i
)
8 0
=
o
-/2 |
-7r ! ! ! ! ! ! ! !
-0.5 0 0.5
Normalized Frequency (Af/AfFSR)
(a)
a=0.78, K,c=0.39
25 - - - - - - -
—k=0.30
> 207 — k=0.45|]
g 15 | I’G:O-GO |
S 10}
2
G 5t
g, N
s
£ .5t
2
-10
-15 : : : : :
-0.5 0 0.5
Normalized Frequency (Af/AfFSR)

(b)

Figure 6.4: (a) The phase response and (b) corresponding delay of an ORR for various
coupling with a = 0.78.
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and then the corresponding normalized group delay of the ORR can be obtained by
plugging (6.16) into (6.12), i.e.

av/1 — keos(Q) — (1 — k) ay/1 — keos(Q) — 1

- + a? — 2a/1 — Kk cos(Q) 1+ a?(1 — k) — 2ay/1 — K cos(Q2) (6.17)
Lo Af
AAS Q) =2m F 7+ (6.18)

where ¢ describes additional phase shifts that affects the ORR resonance such as the

waveguide phase error and the thermal-induced phase shift.

Figure 6.4 describes the phase and delay responses of a single waveguide coupled ORR
for varied coupling coefficient with loop attenuation coefficient a = 0.78. As mentioned
above, under the under-coupled condition, the input signal dominates the output response
and the light coupled from the ring loop only slightly disturbs the phase of the input
light, and thus, the phase response is confined around zero. Therefore, the group delay of
the ORR, where the integral over one FSR is the phase transition of the input, which is
zero, will have negative group delay response at the resonance, as described by the blue
curves in Fig. 6.4(a) and (b). Oppositely, under the over-coupled condition, the output
response is dominated by the light coupled from the loop waveguide, which has a phase
response linearly increases with the optical frequency due to the loop delay. Therefore,
the phase response of the output is unconfined and only have positive group delays, as
depicted by the orange and yellow curves in Fig. 6.4. Figure 6.5 shows the normalized
group delays at resonance against x for various loop round trip attenuation coefficients,
in which the solid curves refer to the delays whereas the dash lines refer to the critical
coupling. It can be noticed that as the coupling increases, the resonant delays decreases
from 0 to negative infinity in under-coupled region, and from positive infinity to 1 in over-

coupled region. To achieve the same delay, a higher « is required for a higher waveguide
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Figure 6.5: Normalized group delays at resonance against x for various loop round
trip attenuation coefficients. The solid curves refer to the delays whereas the dash
lines refer to the critical coupling.

loss. As for loss-less waveguides, the critical coupling is zero and the ORR only works in

over-coupled condition.

For a mmW beamforming system, the RF signal power is proportional to the square
of the input light intensity and is more sensitive to the optical loss. Currently, very low
loss waveguides in integrated photonics can be achieved, which will lead to a low critical
coupling. For example, the loss of the silicon nitride waveguide can be achieved as low as
0.2 dB/em and the corresponding critical coupling is 0.05. Therefore, the over-coupled
ORR delay response is mostly used [133, 85, 100]. In this case, a simplified loss-less

model of an ORR delay response can obtained by assuming o = 1 in (6.17) as

n(4f.¢) = 3 (6.19)

K
— K —2y/1— Kkcos(Q)

This thesis will focus on the study of TTD delays based on integrated ultra-low loss
waveguide technology. Therefore, delay responses of over-coupled ORRs will be explored

using the loss-less ORR delay response model described in (6.19).
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Figure 6.6: The delay loss per round trip delay 7, of under-coupled and over-coupled
single-ORRs over one FSR. (The solid curves refer to the relative loss, the blue and
orange dash curves refer to the normalized delays. The black dash line refers to round
trip loss, which is also the equivalent physical straight waveguide delay line.)

6.1.4.2 Delay Loss

The loss of a delay device is characterized by the loss per unit delay. The loss of an
ORR is studied by comparing the loss of the ORR and the loss of a physical straight
waveguide path with the same delay and waveguide loss coefficient, based on the result of
single ORR power transmission response and delay response in (6.10) and (6.17), respec-
tively. Figure 6.6 shows the delay loss per round trip delay 7, of an single-ORR (solid
curves) comparing to round trip loss a (black dash lines), which is also the equivalent
physical straight waveguide delay line for under-coupled and over-coupled conditions over
one FSR. Unlike physical path delays, the relation of loss and delay of an ORR is not
linear. Under both under-coupled and over-coupled conditions, the delay around the res-
onance frequency has lower loss than physical delay paths, whereas around anti-resonance
frequencies, the delay-loss ratio is almost the same as physical delay paths. Beyond this
region, the delays have larger loss than physical delay paths .

Figure 6.7 illustrates the delay loss per round trip delay 7, at resonance frequency for
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Figure 6.7: The delay loss per round trip delay 7, at resonance frequency for various

round-trip attenuations. (The black dash lines refer to to round trip loss, which is

also the equivalent physical straight waveguide delay line.)
various round-trip attenuations. All the resonant delay loss is less than the equivalent
physical waveguide delay lines. Either the larger loss of the waveguide or the higher
delays would lead to a more efficient delay-loss ratio. Moreover, as noticed, for round-
trip attenuation a@ < 0.9 (o < 1 dB) within 5 times the round-trip delay, or av < 0.95
(v < 0.5 dB) within 10 times the round-trip delay, the loss per unit delay is very close
to flat, which means in these regions, the delay-loss relation can be treated as physical

waveguide delay lines.

6.1.4.3 Delay-Bandwidth Tradeoff

The loss-less ORR delay response model described in (6.19) will be used to illustrate
the delay-bandwidth trade-off. A loss-less single ORR only works in over-coupled mode,
which exhibits a bell-shaped group delay spectrum, with the peak centered at the reso-
nance frequency and minima at the anti-resonant frequencies, as depicted in Fig. 6.4(b)
and inset of Fig. 6.8. Figure 6.8 also describes the group delay and bandwidth as a func-

tion of coupling coefficient for over-coupled single ORR. Here, the bandwidth is defined
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Figure 6.8: Group delay and bandwidth as a function of coupling coefficient for over--
coupled single ORR with typical delay spectrum inset. The bandwidth is defined at
the frequency where delays fall down by 0.1, 0.5 and 1 times of 7, (one round-trip
ORR delay).

as the frequency range where delays fall down by 0.1, 0.5 and 1 times of 7,. , respectively.
As shown by the blue and orange curves in Fig. 6.8, with increasing x, the maximum
group delay at resonance frequency decreases rapidly whereas the minimum group delay
at anti-resonance frequency increases gradually. The group delay spectrum therefore
flattens with increasing x and the bandwidth increases, depicted by the green, purple
and yellow curves, respectively. When s becomes equal to 1, all the light will be cou-
pled to the ring and coupled back to output waveguide after one round trip, thereby
the bandwidth becomes infinity and the delay response becomes a flat line that equals
to the round trip delay of the ring. Therefore, a trade-off between resonant delays and
bandwidth is exhibited, as depicted in Fig. 6.8. This can be explained as that the integral
group delay of the ORR over a FSR is the phase transition, which is a constant, i.e., 27.
This is an inherent delay-bandwidth trade-off for ORR delays. Since this thesis focus on
communication applications, which requires a large bandwidth, the delay should be low

for a single ORR due to this delay-bandwidth trade-off, which leads to a high x. Multiple
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Figure 6.9: Schematic diagram of a SCISSOR based delay line.

ORRs can be used to break the single ORR delay-bandwidth limit to achieve both large

delays and wide bandwidth, which will be discussed in Section 6.2.

6.2 Side-coupled Integrated Spaced Sequence of Res-

onators based Delay Line

6.2.1 SCISSOR Structure

Sufficient bandwidth and delays are both desired for wide bandwidth communications
for large-scale PAAs. However, as mentioned above, a higher peak delay at resonance will
have a sharper delay response. The bandwidth and delays are constrained by the constant
bandwidth-delay product of a single ORR. One approach that can break this constrain
is using SCISSOR structure [141, 84|, as illustrated in Fig. 6.9. A SCISSOR based delay
line comprises of multiple identical rings cascaded in series in a straight waveguide. Each
ring can change the coupling coefficient £ and phase shift ¢ individually. Based on the
transfer function of a single ORR (6.3), the transfer function of a N-stage SCIRROR

delay line can be described by

N N
H(Q) = H Eor; = H | Eop il €Y (6.20)
i=1 i=1
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which leads to the amplitude, power transmission, phase and group delay of the N-stage

SCISSOR delay line given by

|H(Q)| = li | Eo1,i(€))] (6.21)
[H(Q)” = ﬁpol,i(Q) (6.22)
T(Q) =) Wi(Q) (6.23)
7(Q) =) n(Q) (6.24)

where (2 is defined in (6.18). (6.23) implies that the total phase transition of a SCISSOR
delay line over one FSR is linearly increasing with the number of ORRs cascaded in the
delay line. The increased phase transition breaks the inherent delay-bandwidth trade-off
in a single-waveguide coupled ORR, which makes it possible to achieve large bandwidth

and delay simultaneously.

6.2.2 Delay Optimization and Bandwidth Trade-off

The group delay response of a SCISSOR delay line is the sum of each ring’s delay
response, as described by (6.24). Despite that a SCISSOR delay line extends the inherent
delay-bandwidth trade-off of a single ORR, the coupling coefficient (x) and resonance fre-
quency (tuned by ¢) of each ORR should be properly tuned to achieve a flattened TTD
response with wide bandwidth and larger dynamic tuning range. Figure 6.10 illustrates
an optimized 3-stage SCISSOR delay line response where the 3-ORR yields a larger delay
and a much wider TTD bandwidth than a single ORR. As it can be noticed, the flat-
tened group delay response, however, may still yield delay ripple, or deviation from the

desired delay across frequency. This ripple may lead to a beam squint for different signal
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Figure 6.10: Optimized group delay response for a 3-ORR delay line. The dashed
curves denote the group delay responses of each individual ring, whereas the solid
curve denotes the total group delay response.

frequency components and distort the output microwave signal, which possibly results in
a system operation failure. The ripple can be improved by cascading more rings, but this
would increase the complexity of both the photonic subsystem and the controls. Ulti-
mately, for ORR-based time delays, inherent tradeoffs exist between bandwidth, ripple,
delay, and complexity (number of rings) [142, 143]. A detailed quantitative understand-
ing of these tradeoffs is extremely valuable for designing wide bandwidth ORR-based
OBFNs.

The lossless ORR delay model in (6.19) is utilized to evaluate the inherent tradeoffs
of multi-ORR based delays. In this study, we normalized the group delay, delay ripple
and bandwidth to round trip delay 7. and the F'SR to make the analysis applicable to
generic ORRs. For a N-ORR delay line, N pairs of (k, ¢) or 2N parameters in total need
to be optimized. However, as noticed in Fig. 6.10, the delay responses of the delay line
are symmetric with respect to the resonance frequency, which implies the ORRs in the
one side shares the same x and complementary ¢. Therefore, the degree of freedom of a

N-ORR delay line can actually be reduced from 2N to N parameters, which simplifies
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the optimization.

A standard genetic algorithm can be applied to minimize the delay ripple. The
genetic algorithm is a global optimization algorithm for nonlinear problems. It is based
on natural selection, which is the driving force of biological evolution. The genetic
algorithm repeatedly modifies a population of individual solutions. At each step, the
genetic algorithm selects individuals based on selection rules from the current population
to be parents, which will be used to produce the children for the next generation. Over
successive generations, the population will evolve toward an optimal solution.

The cost function is the selection rule that determines the evolution direction of the
population. In our case for the optimization, the cost function, which also defines the
normalized ripple, was chosen as the maximum delay deviation from the target value

within the desired bandwidth, which is described in Fig. 6.10 and by

(Af) — |

R(f) = max{ i , Af € desired bandwidth} (6.25)

T

Since a genetic algorithm has the probability of being trapped in a local optimal solution,

the algorithm should repeat multiple times to ensure a global optima.

3-Stage SCIRROR Delay Response

Fig. 6.11(a) shows the group delay spectra for varied target group delays for a 3-ORR
structure. Three parameters in total are optimized, which includeskq for the coupling
of the central ORR, k_1; and ¢_; or —¢; for the coupling coefficient and resonance
frequency of the two side ORRs. The optimization was repeated more than 50 times to
get a global optima.

Table 6.1 lists the optimized parameters and the corresponding ripple for various

target delays of a 3-ORR delay line. The group delay is reported as the ratio 7/7,. and
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Figure 6.11: Ripple optimized group delay spectrum of a (a) 3-ORR and (b) 5-ORR
delay line and for various target group delays with bandwidth of 0.325.
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Figure 6.12: Optimized ripple and bandwidth relation for a (a) 3-ORR delay line and
(b) 5-ORR delay line for various target delays.
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Table 6.1: Optimized ripple and parameters of a 3-stage SCIRROR delay line with
bandwidth of 0.325 for various target delays. The bandwidth and ripple are normalized
to the round-trip delay 7,, and ¢¢ = 0.

Target Ripple K_1, K1 O_1, —P1 Ko
5.0 0.12744 0.75457 0.85371 0.82005
4.8 0.088694  0.77732 0.88645 0.8412
4.6 0.060199  0.80219 0.91718 0.86586
4.4 0.039724  0.82088 0.97232 0.8791
4.2 0.025271  0.84369 1.0244 0.89794
4.0 0.015356  0.86487 1.0906 0.91435
3.8 0.0088787 0.88932 1.1627 0.93276
3.6 0.0048053 0.90913 1.2681 0.946
3.4 0.0024043 0.94284 1.3514 0.96978
3.2 0 0.96203 1.5622 0.97883
3.0 0 0.98025 1.9557 0.987
2.8 0.0063329 0.97914 2.6563 0.98613
2.6 0.009075  0.9564 3.1104 0.98372
2.4 0.011253  0.88246 2.5343 0.9776
2.2 0.012029  0.83906 2.7132 0.98153
2.0 0 1 1.8116 0
1.8 0.0072138  0.68992 3.0181 0.98934
1.6 0.0055448 0.571 3.019 0.99305
1.4 0.0033722  0.32397 2.3424 0.99373
1.2 0.002028  0.19251 2.485 0.99851
1.0 0 0 0.92647 1
0.8 0.092554  0.77728 2.6869 0
0.6 0.073853  0.62547 2.3993 0
0.4 0.051499  0.53246 3.0966 0
0.2 0.026563  0.31339 3.1268 0
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the ripple for each curve is reported as the maximum deviation from the target delay
within a normalized bandwidth (Af/FSR) of 0.325. Figure 6.11(a) plots some of the
optimized 3-ORR delay responses with target delays ranging from 0 - 57,.. As shown, for
the delay range of 7 > 37, (blue curves), the group delay response is flattened with the
resonant delay response of the three bell-shaped group delay spectrum of the single-ORR
delay elements, where the ripple is smaller for smaller target delay (larger ). In the
range 7, < 7, < 37, (red and green curves), the group delay response is flattened by
the delay curves of two rings at the anti-resonance and the delay at the resonance of the
other ring with large k. The last region, 7 < 7,. (black curves) utilizes only two rings for
flattening the group delay response, hence the normalized ripple value is relatively large
for large bandwidths. Figure 6.12(a) shows the corresponding relation between ripple and
bandwidth for various target group delays for the 3-ORR structure. The target delays,
ripple and bandwidth are normalized to apply to general ORRs. These numbers can be

adapted to a specific ring geometry with its round-trip delay.

5-Stage SCIRROR Delay Response

The same technique was applied to 5-ORR delay lines. Similar as the the 3-ORR delay
line, Table 6.2 lists the optimized parameters and the corresponding normalized ripple
for various target delays of a 5-ORR delay line over the same bandwidth. The optimized
delay responses for target delays ranging from 0 - 67, is depicted in Fig. 6.11(b), and the
ripple-bandwidth-delay trade-off relations of a 5-ORR delay line are shown in Fig.6.12(b).
As expected, adding two more rings improves the ripple, bandwidth or delay tuning range
significantly. For example, for a dynamic tuning range of 27, and ripple smaller than 0.01,
a b-ORR delay can achieve a normalized bandwidth up to 0.5, while for 3-ORR delay, the
bandwidth is 0.25, which corresponds to bandwidths of 11.5 GH z and 5.75 GH z for ORRs

with FSR = 23 GH z, respectively. Although increasing the number of rings improves
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Table 6.2: Optimized ripple and parameters of a 5-stage SCIRROR delay line with
bandwidth of 0.325 for various target delays. The bandwidth and ripple are normalized
to the round-trip delay 7,, and ¢¢ = 0.

Target  Ripple K_g,Ka  G_2,—Q2  K_1,K1 O_1,—P1 Ko
6.0 0.049034 0.96024 0.87723 0.855H58 1.3474 0.91675

5.8 0.027397  0.8709 1.4078 0.97808 0.41145  0.96255
2.6 0.022935  0.92155 1.5867 0.94461 1.1549 0.92896
5.4 0.0062729 0.96644 0.83976  0.91329 1.7438 0.97081
5.2 0.0094414 0.96897 1.6135 0.98303 1.6019 0.96862
5.0 0 1 0.44688 1 0.061105 1

4.8 0.0087177 0.83149 2.3884 0.93729 1.065 0.95036
4.6 0.0076879  0.93652 1.1829 0.84738 2.9755 0.95065
4.4 0.0089257  0.76099 2.6545 0.95076 1.1341 0.96395
4.2 0.0092833 0.95378 1.229 0.72272 2.9575 0.96491
4.0 0 1 1.0414 1 0.045085 0

3.8 0.00454 0.95791 1.2797 0.44339 2.5592 0.97087
3.6 0.0045933 0.37212 2.8262 0.95632 1.4522 0.96723
3.4 0.0035329 0.3384 3.0454 0.98826 1.4818 0.99146
3.2 0.0012786 0.97848 1.6458 0.098845  2.5584 0.98598

3.0 0 1 2.8366 0 3.0131 1
2.8 0.046503  0.98117 3.1291 0 2.3122 0.98419
2.6 0.016379  0.97471 0.9727 0.43657 2.8888 0
2.4 0.009672  0.967 1.0396 0.18755 2.6696 0
2.2 0.00462 0.0048377 3.1248 0.84154 3.0841 0.97785
2.0 0 1 0.90427 0 0.25562 0

1.8 0.084379  0.0018846 2.5143 0.66834 3.1362 0.98579
1.6 0.061271  0.017377  3.1021 0.53104 2.9286 0.99012
1.4 0.037636  0.3654 3.1048 0.052284  2.9984 0.99506
1.2 0.016842  0.18827 3.0177 0.035232  2.9842 0.99854

1.0 0 0 1.0155 0 1.0239 1
0.8 0.2 0.7526 2.8962 0.0096188 2.9717 0
0.6 0.23225 0.0040416 3.0577 0.64767 3.1306 0
0.4 0.15815 0 2.2463 0.49548 3.1414 0
0.2 0.080629 0 2.8629 0.28642 3.1407 0
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the SCIRROR T'TD performance, this also increases the system complexity considerably.
For a 5-ORR delays, 10 individual parameters need to be precisely controlled, whereas
only 6 individual parameter controls are required for a 3-ORR delay. This saves 40% of
controls comparing to a 5-ORR delay line, which could be a large difference for OBFNs

where multiple delay lines are employed.

6.3 Optical Ring Resonator based Optical Beamform-

ing Network

Although increasing the number of rings improves performance, this also increases
the system complexity considerably. Three stage SCIRROR delay lines can provide large
bandwidth and high TTDs for mmW communications while maintaining low control com-
plexity. However, as mentioned above, a single 3-ORR delay line requires 6 individual
parameter controls, and 24 individual controls are required for a 1 x 4 OBFN if the
3-ORR delay lines are simply repeated for each OBEFN path, as depicted in Fig. 6.13(a).
This is still requires complex control circuits, control algorithms and high power con-
sumption. Efforts can be put on OBFN topologies to maintain the TTD performance

while simplifying the system complexity by reducing the number of rings.

To limit the total number of rings, binary-tree topologies are employed, which makes
one or more rings shared by adjacent paths. Assuming a linear PAA is fed by the OBFN, a
N-stage binary tree topology would have 2V antenna elements. This topology divides the
signal distribution process into N stages and each stage splits the signal into two paths
and provides the relative delays of 7/2" provided n is the stage index number and 7 is
the relative delays required between the first antenna element and last antenna element

of the PAA. 7 can be either a positive number or negative number, which indicates
111



Optical Ring Resonator based Optical Beamforming Network

Chapter 6

Path 4

Path 3

Path 2

Path 1

Path 4

Path 3

Input =

Path 2

Path 1

Path 4

Path 3

Path 2

Path 1

Figure 6.13: Different topologies for 1 x 4 3-ORR-based OBFNs with (a) no ring

shared, (b) 1 ring shared and (c) 2 rings shared.
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to positive beam angle and negative beam angle. After each stage, the number of the
outputs is doubled, each output of the stage will feed into the next stage and repeat the
delay procedure until the number of outputs meet the size of PAA. Figure 6.13 (b) and
(c) shows the schematic diagrams for two stage binary tree topologies for a two stage
binary tree 1 x 4 3-ORR based OBFN with one ring and two rings shared in the first
stage, respectively.

Using binary tree topology can reduce the number of ORRs in a OBFN. However,
sharing of rings impacts the ability to minimize ripple since the delay response of each
path has to compromise with its neighbor path to achieve a joint ripple minimization.
Intuitively, the more ring shared, the weaker ability of the ORRs in flattening the delay
response. Thus, the topology shown in Fig. 6.13(c) has two rings shared in the common
stage, which has the minimum number of rings and delay response controls, whereas in
the Fig. 6.13(b), the topology increases the number of rings and controls, and can has a
more flattened delay response.

The relation between bandwidth, ripple and delay are further studied for the two
OBFN topologies using the same T'TD optimization techniques mentioned in Section 6.2.2.
Two path are simulated in the same time due to the coupling of two adjacent paths. For
the topology shown in Fig. 6.13(b), one ring is shared by two adjacent paths in the first
stage with 5 parameters that need to be optimized, whereas for the topology shown in
Fig. 6.13(c), two rings are shared by two adjacent paths in the first stage and 4 param-
eters are needed to be optimized. The relations between ripple, bandwidth, and target
group delays for a 2-stage binary-tree topology based 3-ORR OBFN with one shared ring
and with two shared rings are shown in Fig. 6.14 (a) and (b), respectively. Compared
to the topology with no shared rings shown in Fig. 6.13(a), where the ripple, bandwidth
and delay relation is the same as that of a 3-ORR delay line shown in Fig. 6.12(a),

we can conclude that sharing two rings has the least complexity but likely limits the
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Figure 6.14: Optimized ripple and bandwidth relation for a (a) 3-ORR with one shared
ring topology and (b) 3-ORR with two shared rings topology for various target delays.
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Table 6.3: Optimized ripple and parameters of a 1-ring shared 1 x 4 3-ORR based
OBFN with bandwidth of 0.275 for various target delays, provided ¢1 = 0. Two paths
are optimized simultaneously with 0.1 relative delay difference. The bandwidth, ripple
and delays are normalized to the round-trip delay 7,.

Target Ripple K2, K3 P2, —¢3 K4, K5 Pa, —P5 K1
5.05/4.95 0.14693 0.75469 0.83177 0.75918  0.86287 0.82559
4.85/4.75 0.10227 0.77639 0.86425 0.78254  0.89779 0.84554
4.65/4.55 0.073904  0.80097 0.89324 0.80813  0.92816 0.86897
4.45/4.35 0.047242  0.81573 0.96094 0.81748  1.0028 0.87469
4.25/4.15 0.031619  0.84136 1.0004 0.84464  1.0495 0.89791
4.05/3.95 0.020523  0.86603 1.0522 0.86954  1.1098 0.91821
3.85/3.75 0.013543  0.88985 1.1194 0.89449  1.1889 0.93576
3.65/3.55 0.0074592 0.9257 1.1228 0.93281  1.2083 0.96788
3.45/3.35 0.0046032 0.92723 1.3594 0.93084  1.4641 0.95797
3.25/3.15 0.0060561 0.87248 1.5647 0.85829  1.6227 0.93176
3.05/2.95 0.0025052 0.99613 2.0114 0.99574  2.6188 0.99358
2.85/2.75 0.012689  0.8835 1.9222 0.84925 1.9184 0.95322
2.65/2.55 0.010098  0.9615 3.041 0.9354 2.644 0.98213
2.45/2.35 0.01935 0.80226 2.1524 0.70823  1.9616 0.95837
2.25/2.15 0.012518  0.83921 2.5364 0.82396  2.8409 0.98066
2.05/1.95 0.014509  0.68157 2.2407 0.6239 2.2478 0.97514
1.85/1.75 0.0095958 0.63323 2.4796 0.50744  2.1935 0.98194
1.65/1.55 0.011221  0.48392 2.2678 0.41486  2.3686 0.98789
1.45/1.35 0.0073419 0.42796 3.0198 0.19766  1.9066 0.99325
1.25/1.15 0.0057057 0.23287 2.8239 0.073122 2.4256 0.99687

1.05/0.95 0.05 0 0.16665 0 0.88075 1
0.85/0.75 0.095703  0.74293 2.2704 0.76889  2.9269 0
0.65/0.55 0.084912  0.7204 3.0683 0.59049  2.3951 0
0.45/0.35 0.064499  0.57518 3.0384 0.46494  2.6923 0
0.25/0.15 0.032967  0.37558 3.1123 0.22737  2.5748 0
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Figure 6.15: Ripple optimized group delay spectrum of a (a) 3-ORR with one shared
ring topology and (b) 3-ORR with two shared rings topology and for various target
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Table 6.4: Optimized ripple and parameters of a 1-ring shared 1 x 4 3-ORR based
OBFN with bandwidth of 0.275 for various target delays, provided ¢3 = ¢4 = 0. Two
paths are optimized simultaneously with 0.1 relative delay difference. The bandwidth,
ripple and delays are normalized to the round-trip delay 7.

Target Ripple K1, K2 ¢1, — P2 K3 K4

5.05/4.95 0.17527 0.74598  0.87259 0.79768  0.82287
4.85/4.75 0.13535 0.77266  0.89486 0.8245 0.85088
4.65/4.55 0.10583 0.79777  0.92604 0.84825  0.87396
4.45/4.35 0.084454 0.82611  0.95274 0.87543  0.90007
4.25/4.15 0.069419 0.85577  0.97634 0.90405  0.927
4.05/3.95 0.059408 0.88638  0.9867 0.93511 0.95522
3.85/3.75 0.051957 0.91004  1.0416 0.9526 0.97004
3.65/3.55 0.044929 0.93652 1.0333 0.97921 0.9909
3.45/3.35 0.032125 0.95634  1.1932 0.9818 0.99261
3.25/3.15 0.021393 0.97782  1.3501 0.99048  0.99788
3.05/2.95 0.021205 0.99922  2.0687 0.99716 1
2.85/2.75 0.028138 0.97045  2.4337 0.97679  0.98909
2.65/2.55 0.031743 0.95311  2.8651 0.97669  0.989
2.45/2.35 0.032713 0.88711 2.5752 0.9713 0.98495
2.25/2.15 0.035074 0.85592  2.9366 0.97718  0.98937
2.05/1.95 0.030215 0.71386  2.455 0.9736 0.98671
1.85/1.75 0.027256 0.63046  2.5364 0.97992  0.99132
1.65/1.55 0.024637 0.44993  2.2995 0.9823 0.99294
1.45/1.35 0.02162 0.32291  2.3283 0.98935  0.99729
1.25/1.15 0.018593 0.10394  1.8959 0.99348  0.99921
1.05/0.95 0.05 0 0.47521 1 1
0.85/0.75 0.14161 0.79673  3.1246
0.65/0.55 0.13136 0.68681  3.0865
0.45/0.35 0.10142 0.5323 3.1079

0 0
0 0
0 0
0.25/0.15 0.076633 0.31306  3.0896 0 0
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bandwidth, whereas sharing one ring for two adjacent paths could reduce the number of
rings without significantly limiting the performance.

To be specific, Table 6.3 and 6.4 lists the optimized parameters and the corresponding
ripple for varied target delays of 1-ring shared topology and 2-ring shared topology,
respectively. Since two paths are jointly simulated, the optimization targets 0.1 delay
difference between the two paths for various delays for the normalized bandwidth of 0.275.
Figure 6.15 (a) and (b) plots the delay spectra based on the parameters listed in Table 6.3
and 6.4. Comparing the two figures, the delay response of 1-ring shared OBFN topology
(Fig. 6.15(a)) has more evenly distributed and ideal TTD delay responses. Especially for
delays less than 7, where the delay response is formed by delays at the anti-resonance of
two rings and the third ring is turned off (x = 0), the 2-ring shared OBFN topology loses
the capability in making delay difference between two adjacent paths as the ring in the
second stage must be set as “off”. Therefore, 1-ring shared topology is reasonable for a 3-

ORR OBFN in terms of balancing the system complexity and OBFN T'TD performance.

6.4 Chip Design

6.4.1 Optical Ring Resonator Implementation

The ORR is the key component for a ORR based OBFN. Figure 6.16(a) shows the
design of the of an ORR. Based on the analysis in the above sections, the coupling and
resonance frequency both need to be controlled. For this reason, a 2 x 2 balanced MZI
is employed as a tunable ring coupler, and the upper two ports are connected as the
feedback loop of a ring resonator. A heater is placed on the feedback loop as a thermo-
optical phase shifter to tune the resonance of the ORR. Another heater is placed on one

arm of the MZI coupler to achieve tunable coupling ranging 0 ~ 1. Figure 6.16(b) shows
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/Microheaters

<IN

Figure 6.16: (a) Layout of a single ORR. (b) IR image of a working ORR on a real chip.
The highlighted curves indicate the optical signals propagating in the waveguides and
the dark bold lines are the metal traces.

the IR image of a working ORR on a real chip captured by an IR camera from the top, in
which the highlighted curves indicate the optical signals propagating in the waveguides

and the dark bold lines refer to the metal traces.

The ORR in the IR image shows strong scattering since the coupling of the ORR
is small and very high optical power is trapped in the ring. Based on the analysis of
MZIs in Chapter 5, tuning one arm of a MZI does not only change the coupling, but
also introduces additional phase shifts, which will shift the resonance frequency of the
ORR. Figure 6.17 shows the simulated normalized delay of a same structure as depicted
in Fig. 6.16(a) by only tuning of MZI coupler. As shown, the coupling and resonance
are related due to the MZI coupler. Therefore, in order to precisely control the ORR
resonance and coupling to optimized the delay response of a multi-ORR-OBFN;, this
coupler induced resonance shift need to be compensated by tuning the heater on the

feedback loop.
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Figure 6.17: Delay response of an ORR with a MZI coupler for different coupling,
where ¢ refers to phase shift of one arm of the MZI coupler.

6.4.2 True Time Delay Bandwidth Extension

The OBFN chips were realized for C-band operation and fabricated with an ultra low-
loss silicon nitride waveguide technology. Given the the group index of the waveguide
ng = 1.71 at 1550 nm and the optical path length of the MZI coupler, the FSR of the ORR
was designed to be 22 GHz. As discussed in Chapter 3, for TTD based beam steering
with photonic up-conversion process, the two optical tones must be delayed by the same
amount of time, which requires a very wide TTD bandwidth for mmW signals. This may
be acceptable by SDLs, which naturally provide very wide bandwidth. As for ORRs, the
required bandwidth may leads to a very small ring radius that may not be fabricable for
low confinement waveguides like silicon nitride. However, although the continuous TTD
bandwidth of a ORR based delay line is limited, it provides periodic delay response over
a very large wavelength range. If the two optical tones are precisely aligned to different
orders of the resonance of the ORR with the same delay, the equivalent TTD bandwidth
can be extended. And then, the bandwidth requirement of TTD is reduced to the data

signal bandwidth instead of the carrier frequency, as described in Fig. 6.18. In our case,
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Group Delay

Wavelength

Figure 6.18: Schematic diagram of the TTD bandwidth extension with the periodic
delay response of ORRs.

the FSR of the ORRs is 22 GH z, which can be used for mmW frequencies that is integral
number of FSR such as 44 GHz, 66 GHz, 8 GHz and 110 GH .

6.4.3 Chip Layout

Two versions of integrated ultra low-loss silicon nitride chips were designed for ORR
based OBFNs, which include the 1 x 4 ORR-OBFN with 1-ring shared and 2-ring shared
2-stage binary-tree topologies, as depicted in Fig. 6.19 (a) and (b), respectively. Both
of the chips have a footprint of 8 x 32 mm? and the waveguide is demonstrated with
low optical loss less than 0.5 dB/cm. The yellow lines in Fig. 6.19 indicate the metal
traces and pads for electrical connections of heaters. Figure 6.19 (a) and (b) shows the
mask layout of the two chips, respectively, and the ORR-OBFNs are enclosed in the blue
boxes. The optical signal inputs from the right of the chip and coupled out at the left
side. At both edges of the chips, taper arrays are included with a pitch of 127 um so
that the chip can be pigtailed to a standard commercial fiber array for optical input and
output. These waveguides are tapered to match the mode size of the fiber array in order
to improve the coupling efficiency. For a T'TD based beamsteering, the path length from

the outputs of each OBFN to the chip edge couplers are equalized. In addition to the
121



Optical Ring Resonator based Optical Beamforming Network Chapter 6

"'"I’L‘U]DS\‘L“'J’]L[L%Q_

(b)

Figure 6.19: The picture of the fabricated silicon nitride chip with metal connections
for (a) layout 1 and (b) layout 2 with a footprint of 8 mm x 32 mm.

OBFNs, layout 1 also includes the 1 x 4 SDL-OBFN mentioned in Chapter 5 and layout
2 also includes flattened bandpass filters for signal processing taking advantage of the
ultra-low loss of the SiN waveguide in optical domain. MZI and ORR test structures are

also included in both of the chips.

6.5 Summary

ORR based delay lines and OBFNs were discussed in this chapter. The response of
an ORR is theoretically analyzed, which exhibits that an ORR can generate continuously
tunable group delay responses beyond the physical dimension of the ORR. Despite that
bandwidth-delay product of a single ORR is constant, this limit can be overcomed by
employing a SCISSOR structure, but the resonant frequency and coupling coefficient of
each ORR should be optimized to achieve a TTD delay response with large bandwidth.
A genetic algorithm was applied to optimize these parameters, which exhibits trade-
offs between the delay value, bandwidth, delay ripple and the total number of ORRs.
For OBFNs, ORRs can be shared by neighbor paths to reduce the system complexity.
The optimization also shows that for 3-ORR based 1 x 4 OBFNs, sharing one ORR by
two adjacent paths has acceptable ripple in the delay responses and maintains moderate
system complexity, whereas sharing two ORRs by two adjacent paths yields the largest
ripple in the delay responses but has the most simplified system complexity. Based on

the analysis, two 1 x 4 OBFNs were designed and realized with the two ORR-OBFN
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architectures using the low loss SiN platform. Look-up tables were generated in the
optimization as the tuning reference of the chip, and this table can be applied to general

ORRs as well.
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Chapter 7

Scalable Multi-channel Controller

Previous chapters have demonstrated 1 x4 OBFNs based on SDLs and ORRs. To achieve
programmable delay distributions for these OBFNs for beamsteering, a large number of
phase shifters in the OBFNs need to be precisely controlled. To be specific, the 1 x 4
3-ORR based OBFN has up to 20 phase shifters need to controlled, and number of phase
shifters for the 5-stage 1 x 4 SDL based OBFN is 18. For a larger scale OBFN or better
tuning resolution, the number of phase shifters will be even larger. Moreover, the OBFN
is implemented using SiN technology and thermo-optical effect for phase shifting. The
thermo-optical coefficient of SiN is low, which requires up to 500 mW of heat dissipation
for a 27 phase shift. The heater for thermo-optical tuning is made of chromium thin film,
which has a resistance of ~ 700 2. Thus, a voltage of 19 wolts is required for the heater
to achieve the 27 phase shift. Considered the specifications above, it is difficult to find
a compact commercial solution to meet the power and voltage requirement with such
large number of channels. Therefore, we decided to make a controller specifically for the
OBFNs. In this chapter, two generations of the OBFN controller will be discussed. The
first generation is a multi-channel programmable high power voltage controller, and the
second generation is a multi-channel programmable high power current controller. Both
of the two controller designs are modularized and are highly scalable. The number of

channel can be changed simply by adding or removing driving modules connecting to the
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central controller. A control software will also be developed and demonstrated in this

chapter.

7.1 First Generation Multi-channel Voltage Controller

The first generation controller is a multi-channel programmable voltage controller.
Since chromium thin film resistors are used as heaters, applying a voltage controller
is equivalent to a current controller according to Ohm’s law. As mentioned above, to
achieve a complete OBFN tuning, the required heat dissipation power for the phase
shifter should be greater than 500 mW. Given load of the controller is around 700 €2,
the output voltage and current should be greater than 19 V and 27 mA, respectively.
Therefore, with some redundancy, the specifications of the voltage controller are chosen

with maximum 30 V' of voltage output and 30 mA of current output.

Figure 7.1 shows the schematic circuit for the voltage driver unit (DU). As a pro-
grammable voltage controller, the output of a digital-to-analog converter (DAC) serves
as the input of DU. Actually, most of the multi-channel commercial DACs have a voltage
output up to 5 V. Given this reason, an non-inverting operational amplifier (op-amp)
topology is employed with gain of 6, which requires the ratio of resistance R2 to R1 to be
5. To achieve a precise voltage output, resistors of 25 k€2 and 5 k) with high precision
were chosen for R1 and R2. Since the op-amp used in the circuit has limited output
current, the output of the op-amp is followed by a high-power NPN bipolar-junction-
transistor (BJT) to boost the output power of the DU. The circuit for the DU in Fig. 7.1
is a power linear regulator circuit. Comparing to other kinds of power regulators, this
circuit has very high precision, but also associates with a high power consumption. Most

of the power is consumed by the BJT as heat and the power consumption can be given
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Input: 0 —5V ut oN2222
Ri
5K
M
Load
= T
' I
! I
I 7K |
R2
25K :_ | B3
M\
Figure 7.1: Schematic diagram of the voltage driver unit.
by
Vi V2
P, =V,=-V) — <= 7.1
par = (Vi — V1) R S IR, (7.1)

where V, is the voltage of the supply power, V;, is the DU output voltage, and R is the
load resistance. The maximum power consumption is achieved when V;, = V, /2. Using
the typical numbers for Ry, = 700 Q and V, = 32 V', the maximum heat dissipated power
in the BJT is 366 mW . Therefore, given the large number of channels, the cooling of the

boards should be considered for reliable operation of the controller.

Figure 7.2 depicts the system architecture of the voltage controller. The voltage
controller has a modularized design. Each driver module communicates to a central
micro-control unit (MCU) using the Inter-integrated Circuit (I?C) serial protocol. The
central MCU is the bridge between the computer and the driver modules, which accepts
the commands from a computer through a USB protocol and interprets and forwards it

to the driver modules to output the right voltage from the desired channel. Each driver
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Figure 7.2: System architecture of the voltage controller. (DU: Driver Unit; MCU:
Micro-controller Unit.)
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Figure 7.3: Picture of the voltage controller with 4 driver modules (64 channels).

module includes 16 DUs driven by two Octal-Channel DACs (MAX5824). The DAC has
a 10-bit resolution, which corresponds to 7 mV tuning resolution of the controller. A
ultra-precise 5 V' voltage reference is employed as the external reference for the DACs
to precisely output 0 - 5 V signals for the DUs. There are two pins in the DAC for
encoding address. Each pin can accept three states (Vpp, GND and FLOAT'), which is
programmed using a tri-state switch, and thereby up to 9 DACs can be connected to the
same data bus. In our case, only 4 boards and 64 channels can be supported if the DACs
are directly connected to the central MCU. For further scalability, another MCU can be
employed in the driver module as the communication interface to the central MCU, as
shown in Fig. 7.2. In this case, up to 127 driver modules can be supported, in which the
number of channels could be limited by other issues such as limited power supply and
system heat dissipation. Figure 7.3 illustrates a picture of the voltage controller with 4
driver modules (64 channels). The driver module boards were designed to be stacked and
connected with a rectangular connector, and no wire connections are needed to assemble

the modules. With this design, it would be easy to scale the voltage controller by simply
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Figure 7.4: Comparison of measured output from a channel of the voltage controller
with expected output value.

stacking or removing boards from the controller. Figure 7.4 demonstrates the output
characterization of the controller and compared with the expected values. As shown,
the controller output the expected voltage from 0 - 30 V' except for hardly notable lower
slope. This may be due to the slightly lower R2 to R1 resistance ratio. However, since
silicon nitride has a low thermo-optical coefficient, this difference would not impact on

the actual OBFN tuning.

7.2 Second Generation Multi-channel Current Con-

troller

In theory, a voltage source and a current source based controller are equivalent for
a metal thin film heater in the OBFN chip. However, parasitic resistance is inevitable
in the electrical connections between the controller and the heaters. With a voltage
controller, this parasitic resistance may reduce the actual voltage on the heaters and

hence make the calibrated parameters dependent on the entire electrical path and the
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Figure 7.5: Schematic diagram of the current driver unit.

specific controller that used. Using a current source based controller can eliminate this
issue as the current going through a heater does not related to the serial resistance in
the circuit loop. Based on this consideration, a second generation multi-channel current

controller was developed.

The schematic circuit of the current DU is depicted in Fig. 7.5. The circuit is based
on a Howland current pump topology [144]. Two balanced arms (R9/R8 = R11/R10)
are employed as the negative feedback and positive feedback of an op-amp, which sample
the signal from each node of a shunt resistor R12, respectively. This configuration can
linearly relate the voltage potential difference over R12 with the input voltage difference,

which thereby determines the output current going through the load regardless the load
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Micro-controller Unit.)
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impedance. The output current can be given as follows

_RIl V4+-V-
~ RI0 R12

I (7.2)

where ratio of R11/R10 is the circuit gain. The positive feedback is connected to the
output through a voltage follower, which takes advantage of the high input impedance
of the op-amp so that the current drawn from the output for the feedback is minimized,
thereby increasing the output accuracy. BJTs are used to boost the output current as
the output current of the op-amp is limited. Since the DU was designed with a bipolar
operation, which can both output and sink currents, a complementary BJT structure is
employed as the current booster. In output mode, the current will go through LED1 and
the amplified by the NPN transistor, while in sink mode, the current go through LED2
and is sunk by PNP transistor. The lightened LED indicates the operation mode of the
DU. Most of the current of the DU is provided/suck by the transistor, and only a little
portion go through the LEDs and op-amp. Therefore, no protection circuit is required

for the LEDs.

The system architecture of the current controller is similar to the voltage controller
architecture, as illustrated in Fig. 7.6. The DACs are replaced by a AD5675R,, which also
has 8 channels and I*C interface but 16-bit resolution. AD5675R also includes a high
precision 2.5 V' internal reference that allows the external reference to be eliminated. The
address of the DACs is hard encoded so that we can get rid of the “Address Encoder” in
Fig. 7.2. Instead of direct communications, the DAC communicates with central control
module through an on-board MCU. The outputs of the driver module are routed to a
16 x 1 multiplexer, and connected to a analog-to-digital converter (ADC), which measures
the voltage and current of the channel outputs by switching multiplexer periodically. In

addition to the specifications of the voltage controller, the maximum output for 2nd
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generation current controller is extended to 250 mA and 30 V for unipolar operation,
or £125 mA and £15 V for bipolar operation. The DAC has an output of 0 ~ 5 V.
Therefore, the circuit gain of the driver module is chosen to be 1, and the shunt resistor
R12 of the driver module is chosen to be 20 €2. The V+ port of the driver module is
connected to the output of a DAC, and the V- port is connected to GND or the 2.5 V
internal reference of the DAC for unipolar or bipolar operations, respectively. Moreover,
filters were also designed to eliminate the noise from the power supply.

Figure 7.7 shows the pictures of the fabricated circuit boards. The modules are
connected to a base board using PCI-E connectors and a base board can support 4 driver
modules or 64 channel outputs. As shown in Fig. 7.7(d), the board are deliberately
designed to isolate the power supply for digital circuits and analog circuits to avoid the
noise caused by the digital circuits transferred to the outputs of the controller. The analog
circuits such as op-amps, DACs and BJTs are powered through two BNC connectors, and
the digital circuits is powered by the computer through the USB port. The extend ports
on the base board are designed to cascade more boards to scale the number of channels.
Up to 127 driver modules can be cascades in theory, which is able to provide sufficient

number of channels on demand.

7.3 Control Software

The control software is one of the indispensable parts of the OBFN control system.
A well designed, fully functional and easy to use control software will make the tuning
of the OBFNs more efficient and can achieve complex tunings. Here, control softwares
are specifically designed for each version of the OBFN chips.

Figure 7.8 presents the snapshot of the graphic user interface (GUI) of the control

software. It is developed in C++ and with Qt [145] framework. A schematic diagram
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Figure 7.8: The graphic user interface of the control software.

of the chip layout is drawn in the GUI showing the locations of the heaters. Spin boxes
are placed by the heaters to control the voltage or current going through the heater by
rolling the mouse wheel. The control software are specifically designed for the OBFN and
the spin boxes are mapped to the channels of the controller accordingly depending on
the electrical connections. The communication between the controller and the software
is through USB. However, since the controller has a simple communication protocol,
the controller is simulated as a USB based virtual serial port to simplify the software
development work and the communication is implemented with standard serial libraries.
As it can be noticed at the top-left of Fig. 7.8, the software provides a “save” and “load”
feature, which can save the tuned parameters into a file, and load it in the next time.
These feature is very usefully as the tuning of a OBFN need several days of time. Also,
the calibrated parameters of the OBFN can be saved and the states can be restored later

for further system experiments. Despites that the software is customized for a specific
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chip design and controller, it is very easy to adapt to another chip designs by simply

redrawing the chip layout schematic and relocating the positions of the spin boxes.

7.4 Summary

In this chapter, two generations of compact controllers are demonstrated for the SiN
OBFNs chips. The controller are specifically designed to meet the requirement of high
power and large number of channels as the SiN has a low thermo-optical coefficient and a
large number of TTD elements that needs to be tuned in the OBFN. A control software
was designed for communicating with the controllers. The calibrated OBFN states can

be saved and restored, which makes the use of OBFNs easy, efficient and repeatable.
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Chapter 8

Delay Response Characterization

In previous chapters, the designs of tunable integrated TTD structures and the corre-
sponding OBFNs have been discussed and analyzed. Two versions of chips were designed
and taped out with LioniX using the ultra-low loss silicon nitride TripleX technology
[122], which include two 1 x 4 3-ORR based OBFNs with different topology and one
1 x 4 5-stage SDL based OBFN. The chip pictures and layouts are shown in Fig. 5.12,
Fig. 6.19 and Fig. 6.20. This chapter will demonstrate the delay characterizations of
the OBFNs. The characterization experimental setup will be discussed including the
chip testbed and group delay measurement system. Both the ORR delay lines, SDLs
and the corresponding OBFNs were optimized, and the resulting TTD responses will be

presented in this chapter.

8.1 Experimental Setup

8.1.1 Chip Testbed

The testbed for the OBFN chip characterization is shown in Fig. 8.1. The chip was
mounted on a copper stage with silver epoxy (H20E) to ensure good thermal conductive

for the chip. The whole piece is put on top of a thermoelectric cooler (TEC) to stabilize
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Copper base TEC

Figure 8.1: Testbed for the OBEFN chip with fiber-array I/O and a customized 40-pin
probe. On the right depicts a close-up picture of the chip injecting a red visible laser
light.

the chip temperature. Light is coupled in and out from the edges of the chip with
two pigtailed standard commercial fiber arrays with a pitch of 127 um, as depicted in
Fig. 8.1. A 40-pin probe was used to contact the pads on the the chips and connect to

the multi-channel controller demonstrated in Chapter 7.

8.1.2 Group Delay Measurement System

A modulation phase shift method was used to measure the group delay response as
shown in Fig. 8.2. A tunable laser (Yenista, TUNICS T100S-HP) emitting in the C-band
was coupled to a Lightwave Component Analyzer (LCA) (Hewlett-Packard, HP8703A).
The LCA modulates the intensity with a constant 200 M H z sinusoidal signal. The light
was then amplified by an erbium-doped fiber amplifier (EDFA) (IPG Photonics, EAR-
2K-C) and coupled to the device and then split with a 50/50 fiber coupler. One output of
the coupler was input to a power meter for monitoring, and the other output was coupled
back to the LCA for measurement of the group delay. The the output power level of the

EDFA was adjusted in order to maximize the accuracy of the measurement of the LCA.
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Figure 8.2: Group delay measurement setup. (LCA: lightwave component analyzer;
DUT: device under test; EDFA: erbium-doped fiber amplifier.)

The LCA measures the phase shift of the modulated RF signal, which can be converted
to the group delay by
~ A¢rr(N)

=5 (8.1)

where \ is the wavelength, A¢rpr is the measured phase shift of the RF signal and
frr is the RF modulation frequency. Absolute measurement of the ORR group delay
is not possible using this method due to the additional delay from external fibers and
waveguides on the chip. However, these extra delays can be accounted for by fitting the
measured delay spectrum using the model in (6.19) plus a extra constant delay term,

which represents the additional path delays of the optical connections.

Tuning TTD devices requires a fast measurement of the group delay spectrum. This
can be achieved by synchronizing the light source and the LCA by a controller. The
controller is realized on PC and coded with Python, which starts the laser wavelength
sweeping and then trigger the LCA for signal amplitude and phase measurement acqui-
sition. A speed of 1.6 s per sweep over 0.5 nm is finally achieved, enabling real-time
tuning of TTD devices in the OBFN. The controller also retrieves the measured data

from the LCA after every sweep, and calculates the power transmission and group delay,
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Figure 8.3: Software interface for group delay response real-time monitoring. The
blue lines refer to the measured raw data, the green lines refer to the smoothed curve
of the raw data and the red curves refer to the optimized theoretical delay response.

and plots the results in real-time. Figure 8.3 shows the software GUI displaying the
power transmit spectrum and group delays spectrum. The first figure on the top shows
the power transmission, and middle and bottom three figures show the group delays with
different scales. The blue lines refer to the measured raw data and the green lines refer
to the smoothed curve. The red curves refer to the optimized theoretical delay response
of ORRs discussed in chapter 6, which makes it easier to realtimely tune the to align the

actual delays with the optimized response.

8.2 Heater Characterization

Since heaters are employed as the phase shifters in the SiN chip, the behavior of the
heater need to be characterized. The heater was characterized by measuring a balanced

MZI with 2-mm heaters on the each of the two arms, as described in Fig. 8.4(a). The
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output power of the MZI was recorded as the current of the lower heater sweeps from
0 ~ 50 mA. Given that the chromium heater can be treated as a thin metal film
resistor, and the change of refractive index is proportional to the power dissipation of the
heater, the phase shift of the heater is proportional to the current square. As discussed
in Chapter 5, the output power of a MZI has a sine square relation with phase shifts.

Therefore, we can model the relation between the MZI output power and current as

P=a-sin*(b-L-I*+c¢c)+d (8.2)

where P is the output power of the MZI, I is the current of the heater, L is the length
of the heater, a, b, ¢ and d are parameters that need to fitted using the measured data.
Figure 8.4(b) shows the behavior of a MZI where the dots refers to the measured data
whereas the blue line refers to the fitted curve. The fitting gives value of the parameters

listed as

a=169x107°W
b=0.58 x 10737 mm™' - mA>
¢ = —0.185m

d=9.08x10"8 W

The tuning efficiency of the heater can be given by 2b/R, which is 5.37 rad/W. The
extinction ratio of the MZI can be calculated as —10logio(d/a) = 22.7 dB, and the

coupling coefficient of the 3-dB coupler of the MZI can be extracted as k = 0.46 using
(5.4).
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Figure 8.4: (a) Characterized MZI with 2-mm heaters. (b) The output power from

the MZI versus the current square of the heater.

8.3 ORR-OBFN Delay Response and Tuning Opti-

mization

8.3.1 Single-ORR Delay Calibration

The delay response of the an single ORR is characterized using the group delay

measurement system described in Fig. 8.2 [78]. As discussed in Chapter 6, a single ORR,

exhibits a bell-shape delay response. Based on the experimental setup, the group delay

response of a single ORR for different MZI coupler current levels over two FSRs were

measured and shown in Fig. 8.5. The measured data (denoted by the crosses) is fit using

the model in (6.19) (denoted by the solid curves) to extract the tuning parameters (x

and ¢) and the FSR of the ring, as well as to eliminate external optical path delays. The
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Figure 8.5: Measured delay spectra and the corresponding fits for single ORR at
various current levels. The crosses denote the measured delays, whereas the solid
curves denote the fits that use the model in (6.19).

excellent fit indicates the accuracy of the lossless model for the ORRs. Increasing the
current increases the coupling coefficient while flattening the bell-shape delay spectrum,
as expected, which demonstrates the inherent trade-off between the delay bandwidth and
peak delay value. The FSR of the ORR was extracted to be 23.1 GH z, which is close to
the designed FSR.

A notable shift of delay spectrum is observed in Fig. 8.5 while tuning the coupler
in addition to the change of the delay curve shape. This is because, as discussed in
Section 5.1.1 and Section 6.4.1, tuning the MZI coupler will not only change the coupling
coefficient of the ORR, but also induce a phase chirp, which can be interpreted as a shift
in the delay spectrum. This shift of the delay response and the change of coupling are
consistent with the simulations in Fig. 6.17.

The group delay response of multi-ORRs can be optimized to have very wide band-
width to overcome the beam squint in PAAs for wideband communications. In Sec-
tion 6.2.2, the inherent trade-offs between bandwidth, ripple, and delay for ORR-based

TTDs was studied using a genetic algorithm, and look-up tables of coupling coefficient
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Figure 8.6: Measured delay responses of a single ORR for various tuning currents for
(a) and (c) phase shifter, and (b) and (d) MZI coupler. (a) and (b) shows the delay
spectra versus current, and (c) and (d) shows delay response versus current square.

and phase offset for the minimized ripple were built. Careful calibrations of a single ORR
should be performed in order to precisely control the rings, to use the look-up table and

to compensate MZI induced delay spectrum shift mentioned above.

Figure 8.6 shows the measured group delay spectra for a single ORR for varied phase
tuning currents and coupling tuning currents. The parameters (x and ¢) are extracted
by fitting the datum utilizing the lossless model described in (6.19) and the results are

plotted in Fig. 8.7. Figure 8.6 (a) and (c) depicts the measured delay responses of a single
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Figure 8.7: Parameters (crosses) extracted from measured delay spectra, and their
corresponding curve fits (solid lines) as a function of current squared. (a) Phase shift
of the ORR phase shifter. (b) Coupling coefficient (blue) and phase shift (red) of the
ORR MZI coupler.

ORR for various tuning current of the phase shifters, whereas Fig. 8.6 (b) and (d) shows
the delay responses for various tuning current of the MZI coupler. Figure 8.6 (a) and (b)
describe the change of the delay spectra versus tuning current, whereas Fig. 8.6 (¢) and
(d) focus on the change of the delay peaks versus the tuning current square. As depicted
in Fig. 8.6(c), since the change of refractive index is proportional to the power dissipated
in the heaters, the phase shift induced by the ORR phase shifter is proportional to the
square of the current. Figure 8.7(a) shows the extracted phase shift versus the current

square of the ORR phase shifter.

Ideally, the ring coupling coefficient is determined by the cross power transmission of
the MZI coupler and has a cosinusoidal squared relation with respect to the square of
current, and the MZI induced phase shift should have a linear relation, as described in
(5.4) provided k = 0.5. However, as indicated in Fig. 8.7(b), the coupling coefficient does
not reach 1, neither the phase shift is perfectly linear with the current squared, which is

due to the imperfections of the 3-d B couplers of the MZI. Taking the coupling coefficient
147



Delay Response Characterization Chapter 8

0.5 1
09r s
0.4} x
A 0.8 :
5 5& X
50-3 g 0.7 L X
8 2 0.6 >
20.2 39 .
] = .
1] 0.5+ .
0.1 §
0.4 « Expected « ||
% > = Measured x
0 B2 L= - el 0.3 : : : : : :
1550.1 03 04 05 06 07 08 0.9
Wavelength (nm) Target <

(a) (b)

Figure 8.8: Verification of calibration. (a) Measured delay spectra for a given central
wavelength and various coupling coefficients using the calibration table. (b) Compar-
ison between expected and measured coupling coefficients.

of couplers as a fitting parameter, the model was able to fit the data well as shown in
Fig. 8.7(b) and the coupling coefficient x was extracted as 0.6. A look-up table between

the tuning currents and ring parameters was then built for tuning the ORR after the

calibrations.

Verification was performed to test the accuracy of the ORR tuning look-up table.
The group delay spectra for various coupling coefficients with a given resonant frequency
were measured, as indicated in Fig. 8.8(a). Comparing to Fig. 8.5 where the ORR is not
calibrated, the measurement indicates that the phase shift induced by the MZI coupler
is fully compensated and the resonant frequencies of all the delay spectra are aligned as
desired. Fig. 8.8(b) compares the target coupling coefficient with the measured coupling
coefficient extracted utilizing the fitting method. In spite of a small offset, this figure
shows a strong consistency between the measured and expected coupling coefficient.
Therefore, it can be concluded that the verification demonstrates an accurate calibration

and controllability for tuning the group delay of the ORR.
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Table 8.1: A typical look-up Table for a 23 GHz FSR 3-ORR delay line.
Delay (ps) Ripple (ps) K1 Ky and K3 ¢ or —¢3 (rad)

208.7 1.30 0.8154  0.7539 0.9249
182.6 0.48 0.8803  0.8261 1.0618
165.2 0.15 0.9269  0.8821 1.1806
147.8 0.05 0.9642  0.9359 1.3808
139.1 0.01 09792  0.9624 1.5590
113.0 0.25 0.9815  0.9490 2.8025
95.7 0.33 0.9752  0.8001 2.5066
78.3 0.19 0.9867  0.6588 2.7576
69.6 0.20 0.9891  0.4912 2.5032
26.1 2.32 0 0.6705 2.9489
8.7 0.82 0 0.3035 3.0273

k. and ¢, refer to the coupling coefficient and phase offset from the resonance of ring,,
as described in (6.19); ¢ is set to zero in the simulation.
Ripple defines as the maximum deviation from the desired delay across the bandwidth.

8.3.2 Multi-ORR Delay Optimization

8.3.2.1 3-ORR Delays

Due to the fabrication variation, the initial statuses of the rings on the chip are
not exactly the same. Fig. 8.9 shows the initial group delay response of a 3-ORR delay
line with identical rings, which exhibits the delay spectrum of each ring with random
phase-shifts and coupling-coefficients. After applying the calibration method to every
ORR in the OBFN, the resonance frequency and coupling coefficient of each ORR could
be individually and precisely controlled [85]. Table 8.1 is the optimized loop-up table
of a 3-ORR delay line adapted to ORRs with 23 GHz FSR, based on Chapter 6. Each
ORR in the delay line needs to be tuned to the corresponding state in the loop-up
table to achieve the target TTD response. However, the OBFN exhibited a thermal
crosstalk among different ORRs that reduces the tuning accuracy when attempting to

simultaneously tune all the ORRs in a delay path. Therefore, in addition to using the
149



Delay Response Characterization Chapter 8

0.8

0.6

Group delay (ns)

0

1550 1550.1 1550.2 1550.3 1550.4
Wavelength (nm)

Figure 8.9: The initial group delay spectrum for a 3-ORR delay line without tuning.
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Figure 8.10: (a) Measured group delay spectra with 6.3 GHz TTD bandwidth (the
points denote raw measured delays, whereas the solid curves denote theory) and (b) the

corresponding normalized power transmission spectra for 3-ORR delay line with optimized
tuning.
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simulation data set from Table 8.1 to directly set the ORR state for flattened delay
responses, the ORRs are manually and precisely tuned to compensate the offset induced
by the thermal cross talk using the simulated delay response as a reference. Fig. 8.10(a)
shows the simulated delay responses (solid curves) and measured delay responses (points)
for a 3-ORR delay line. Comparing with Fig. 8.9, it shows that the delay spectra can
be precisely controlled, and the measured results agree well with simulation results. A
flattened group delay response of a 3-ORR delay line with a bandwidth of 6.3 GHz
and a dynamic tuning range of 209 ps was achieved with the delay response ripple less
than 1.3 ps, which corresponds to a phase shift of 37.57 for an 90-G H z signal. For half
wavelength pitch antenna arrays at this frequency, this delay tuning range could feed a
large scale PAA up to 1 x 38 1-D or 19 x 19 2-D array for a half-plane beamsteering.
A larger scale of the PAA is available if a smaller beamsteering angle is desired. The
normalized power transmission spectra of the 3-ORR delay line is shown in Fig. 8.10(b),

which indicates that the delay line loss is less than 3.5 dB and the loss variation within

0.25

Group Delay (ns)

P

1550.8 1550.82 1550.84 1550.86 1550.88 1550.9
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Figure 8.11: Ripple optimized group delay spectra for 3-ORR delay line with TTD band-
width of 8.6 GHz. The dots refer to the measured delays, whereas the solid curves refer
to the simulation result.
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the TTD bandwidth of each delay configuration is less than 1 dB. The total power
consumption of heaters for the 3-ORR line with this tuning range varies from 1.25 W to
257 W.

A larger bandwidth can be achieved by reducing the dynamic tuning range. A delay
response for a bandwidth of 8.6 GH z, shown in Fig. 8.11(b), was also achieved using the
same ORR tuning technique. As expected, the ripple at high delay is more noticeable,
and the dynamic tuning range falls to 172.4 ps and phase shift of 317 with inperceptible
ripple, which conforms the analysis of tradeoffs between the bandwidth, delay and ripple

in the multi-ORR delay line in Section 6.2.2.

8.3.2.2 OBFN Delays

In addition to a single delay line, the delay response of complete OBFNs are tuned
and characterized. As mentioned in Chapter 6, two 1 x 4 OBFNs with different ring
sharing topologies are realized. Using the same optimization technique for single delay

lines, Fig. 8.12 (a) and (b) show the optimized delay response of all the four paths of the
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Figure 8.12: Ripple optimized group delay spectra for 3-ORR delay line with (a) one
shared ring and (b) two shared rings at the TTD bandwidth of 6.3 GHz. The dots
denote the measured delays, whereas the solid curves denote the simulation result.
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Tunable
Laser AWG
N L 0B osc
‘ E/O Mod. PD

Figure 8.13: Data transmission test setup for single 3-ORR true time delay lines.
(OSC: oscilloscope; Mod.: modulator; AWG: arbitrary waveform generator; VOA:
variable optical attenuator; PD: photodiode.)

OBFN for the topologies of with one shared ring (Fig. 6.13 (b)) and two shared rings (Fig.
6.13 (b)) with a TTD bandwidth of 6.3 GH z, respectively. Each path was tuned to have
a linear delay distribution with delay increments ~ 4.5 ps, which is equivalent to a 51°
of beamsteering angle for a 90 GH z half-wavelength pitch antenna array. As shown, the
measured data, denoted by the dots, has relatively large variation around the simulation
delay response. This is because the the measurement system has a resolution of ~ 10 ps,
which beyonds the delay difference. Actually, the OBFN tuning resolution is better than
resolution of the delay measurement technique. Comparing with Fig. 8.12 (a) and (b), we
can see that the topology sharing two rings ((Fig. 6.13 (c)) yields a ripple around 1.5 ps,
whereas the topology sharing one ring ((Fig. 6.13 (b)) provides a inperceptible ripple.
Therefore, for a 3-ORR based OBFN, the topology sharing one ring in the common path
can provide high quality TTD response while maintaining a moderate system complexity,

which is promising for wideband applications.

8.3.2.3 Data Transmission Delay Experiment

Systematic tests of the 3-ORR delay line using the setup in Fig. 8.13 was performed
to evaluate the 3-ORR delay overall performance [146, 147]. An external cavity laser
(ECL) is modulated with a 3 Gbps OOK NRZ data signal by a Mach-Zehnder modulator

(MZM) driven by an arbitrary waveform generator (AWG), and then sent into a OBFN
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Figure 8.14: Comparison of eye diagrams for 3 Gbps OOK data transmitted through
3-ORR delay line with (a) no tuning and (b) optimized to 155.2 ps.

chip, which is optimized to various TTDs with the bandwidth of 8.6 GH z. The output of
the chip was amplified by an EDFA and then attenuated by a variable optical attenuator.
The signal then is detected by a photodiode and monitored by an oscilloscope to acquire
the eye-diagrams. Figure 8.14 compares the eye diagrams for the 3 Gbps data transmitted
through 3-ORR delay line for no tuning and tuned to 155.2 ps. As depicted in Fig. 8.9,
the delay line does not initially form a T'TD delay response without tuning of the ORRs
due to the fabrication variation. The signal is distorted and may become an issue when
the bit rate is increased, as illustrated in Fig. 8.14(a). As a comparison, when optimized
to a TTD of 155 ps , no noticeable distortion to the signal was observed and the signal
quality is preserved, as depicted in Fig. 8.14(b). Both eyes were measured at the optical
power of —15 dBm. Figure 8.15 shows the eye diagram after the 3-ORR tunable TTD line
over the delay range of 0 —209 ps, in which open and clear eyes are preserved. The optical
power at the photodiode was measured to be 3.5 dBm, and the delay of the transmitted
signal can be continuously tuned up to 209 ps, as shown in Fig. 8.11. In the desired
working range (0 — 172.4 ps), no signal deterioration was observed, whereas for higher
delays, small signal distortion was observed due to the increasing ripple (dispersion) in

the delay response. This test confirms the accurate control and continuous tunability for
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Figure 8.15: Tunable 3-ORR true time delay line test with 3 Gbps OOK NRZ modu-
lation for tuning range of 0 to 209 ps.
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the optimized 3-ORR delay line.

8.4 SDL-OBFN Delay Response

The experimental setup for SDL delay response calibration is described in Fig. 8.16.
Similar to the the characterization of ORR based delay lines and the corresponding
OBFNs, a group delay measurement system is also employed to calibrate and tune the
MZI switches in the SDL-OBFN. However, as indicated by the OBFN schematic in
Fig. 5.12(a), since up to 5 delay stages are cascaded in the each SDL, 6 analogical MZI
switches need to be tuned simultaneously to the “on” or “off” state precisely. Otherwise,
based on the analysis in Chapter 5, the optical signal with different delays will intermix
with each other, which will cause delay ripple in the delay response. And the delay ripple
is severe as the number of stages increase. It is different to tune the 6 MZI switches at
the same time to achieve designed delay response by just monitoring the delay spectrum
from the group delay measurement system. Additionally, the longest loop delay is 4.5 ps
in the SDLs. The path delay of the delay loop is smaller than the delay measurement
resolution (~ 10 ps), which makes the tuning the SDL even more difficult. Tuning the
MZI switches individually is the best tuning strategy for the SDLs. However, no tap
signal is reserved in each delay stage due to the limited chip footprint, as indicated by
the OBFN layout in Fig. 5.12(b). Alternatively, an IR camera is placed on top of the
chip to monitor the optical intensity in the waveguide by observing the photon scattering.
As the chip is fabricated using ultra-low loss silicon nitride technology, the scattering is
very weak. Therefore, a very sensitive HAMAMATSU InGaAs infrared (IR) camera is
employed with a IR 50 x /0.42 lens (Mitutoyo, NIR). Figure 8.18(a) and (b) illustrate the
IR images of the same delay stage of the SDL-OBFN captured by the IR camera for the

“on” and “off” state of the delay loop, respectively. The high-lighted lines refer to the
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InGaAs IR
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Group Delay \
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Optical Fiber

Optical Fiber

SDL-OBFN Chip

Figure 8.16: SDL-OBFN chip calibration setup.

waveguide with light propagating, and the dark and bold areas refer to the metal traces
on top of the chip. As shown, the scattering of the light can be observed very clearly,

which could reduce the tuning complexity of the SDLs and OBFN.

The tuning of the SDL is described by the flowchart enclosed in the dash box in
Fig. 8.17, which comprises two tuning steps — the coarse tuning and the fine tuning. The
coarse tuning is achieved with the assistant of the IR camera. Firstly, the field view of
the IR camera was positioned to the delay loop right after the first MZI switch that to
be tuned. Then the MZI was slowly tuned until the scattering strength in the designed
waveguide is visually maximized. It may not reliable for human eyes staring at the IR
image to recognize the maxima intensity, especially when the MZI is tuned close to the
“cross” or “bar” state where the changes is very small with the tuning that can hardly
be observed. Instead, we can focus on the scattering of the two output waveguides of
the coupler after the delay path, and then sweep the laser waveguide very fast. Since
the two unequalized delay waveguides and the coupler form a unbalance MZI, if the

switch is not 100% routing the optical signal, the optical power transmission spectrum
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Select a delay configuration]

Select a SDL and move the
camera to right position

Coarsely tune all MZIs in the SDL ]

Y

SDL Calibrication

:

successively through the IR Images
according to delay configuration

Finely tune all MZIs in the SDL successively
and monitor the delay spectrum. Repeat until
achieve a flattened delay response

No

All SDLs are tuned?

All thermal crosstalk
compensated?

Save tuning
parameter data

All delay
configurations
calibrated?

Figure 8.17: The tuning flowchart for SDL-OBFN calibration. The steps enclosed in
the dash box are for single SDL calibration.
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Figure 8.18: IR images of the same delay stage of the SDL-OBFN captured by the
IR camera demonstrating (a) the “on” state and (b) the “off” state of the delay loop.
(The high-lighted lines refer to the waveguide with light propagating, and the dark
and bold areas refer to the metal traces on top of the chip).

in the output of the coupler is not constant, which can be interpreted as blinks in the
IR image in time-domain when sweeping the laser wavelength. A blink is much easier
to be observed by human eyes and can help to achieve more accurate tuning of the MZI
switches of the SDL using IR camera. Note that, this technique works only for bar-
state MZI switches in which optical signals can be ensured totally routed, based on the
analysis in Chapter 5. As for cross-state MZI switches, the tuning has less requirement
since this SDL architecture allows imperfect switching of optical signal in cross-state

without deteriorating the TTD quality.

The MZIs in the SDL were finely tuned after the coarse tuning with IR cameras.
The delay spectrum is monitored in real-time over a large range of wavelength using
the group delay measurement system. The MZIs were slowly and successively tuned one
after another starting for the first stage to flatten the delay spectrum as much as possible.
This fine tuning may be repeated several times until the most flattened delay spectrum
is achieved. Figure 8.19 depicts the measured TTD response of the four 5-stage SDLs in
the 1 x 4 SDL-OBFN with a TTD bandwidth of around 8 nm. For each SDL, the delay

for all the delay units are bypassed (conf. 1) is considered as the reference (zero delay).
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Figure 8.19: The measured TTD responses supported by the four 5-stage SDLs in
the SDL-OBFN with the loop delay of (a) 0 ps, (b)1.5 ps, (¢) 3 ps and (d) 4.5 ps,
respectively. Each SDL can support 6 delays.

As described by the schematic in Fig. 5.12(a), Path 1 in the OBFN is a pure waveguide
that generates the reference delay. The delay of this path is not changed for different
configurations, and thus, the measured delay response of path 1 in Fig. 8.19(a) is always
zero. As for path 2 to path 4, the delay unit for each SDL is designed to delay by 1.5 ps,
3 ps and 4.5 ps, respectively. Therefore, in Fig. 8.19 (b) - (d), each SDL increases by

corresponding amount of delay from conf. 1 to 6, and this delay increments are consistent
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Figure 8.20: Test of tunable SDL with 10 Gbps OOK NRZ modulation for 6 delays
ranging from 0 to 22.5 ps.
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with the design. Note that due to the the resolution of the delay measurement system,
the measured delay spectrum was smoothed with a 0.15 nm average window. Moreover,
similar as the 3-ORR delay lines, the overall delay performance of a SDL is systemically
tested by sending through a data signal using the same experimental setup described in
Fig. 8.13. Since a SDL can support a very large TTD bandwidth, and has a relatively
small overall delay range, a 10 Gbps NRZ OOK data signal, instead of 3 Gbps for 3-ORR
delays, are sent to the SDL (path 4). The optical at the photodiode was measured as
—6.5 dBm. Figure 8.20 shows the eye-diagrams of the data signals after passing through
the SDL. The eyes illustrate that the signal is delayed by the SDL as expected from 0 to

22.5 ps, and no impact to the signal quality is observed for different delays.

The tuning of the entire OBFN is more complex that a single SDL calibration, and
the tuning flowchart is illustrated in Fig. 8.17. Firstly, a delay configuration is picked to
determine, which group of switches (S7..55) need to be tuned to cross-state. Then use
the same tuning steps of a single SDL calibration to coarsely and finely tune each of the
SDLs in the OBFN successively one after another. Since a large volume of heaters are
involved in the OBFN (18 heaters in total), a large amount of heat transfers through the
chip. These heat flow will affect the thermal tuning of other phase shifters nearby, i.e.,
the thermal crosstalk. The thermal crosstalk is usually small since the MZI switches are
designed with large separation, but can still affect the tuning accuracy. To compensate
this thermal crosstalk, the steps of tuning all the SDLs in the OBFN are repeated for
several iterations until all the paths output delays with flatten delay spectrum, as de-
scribed in Fig. 8.17. Figure 8.21 shows the calibrated delay response of the OBFN for
6 delay configurations, respectively. The delay for each SDL is referenced to the SDL
delay for all the delay units are bypassed (conf. 1). As shown, the delays are distributed
evenly with the delay increment between two adjacent path of 0, 1.5, 3, 4.5, 6, and 7.5 ps,

respectively, which is consistent with the design of the SDL-OBFN for feeding a linear
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Figure 8.21: The delay responses of the 1 x 4 SDL-OBFN with 6 configurations for
linear PAAs.
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PAA. Similarly, the measured delay spectrum data was averaged over 0.15 nm to smooth

the delay response to reduce the impact of the limit of the delay measurement resolution.

8.5 Summary

The delay responses of the SDLs, ORR delay lines and their corresponding OBFNs
realized on SiN were characterized in this chapter. A phase shift method was applied
to measure the delay spectra of the delay lines in real-time, and the in-house made
multi-channel controller and control software were used to drive the heaters on the chips.
For single delay lines, the 3-ORR delay line demonstrated a TTD delay response with
a continuously tunable range pf 209 ps and 172 ps over a bandwidth of 6.3 GHz and
8.6 GH z, respectively, which also conforms the tradeoffs between delay value, ripple level
and bandwidth for multi-ORR delay lines discussed in Chapter 6. Whereas the three 5-
stage SDLs demonstrated 6 discrete delays equally distributed in the range of 7.5, 15
and 22.5 ps, respectively, with a TTD bandwidth over 8 nm. NRZ OOK modulated
optical signals were sent through both the ORR delay lines and SDLs, and the shift of
eyes in the eye diagrams verifies that all the delay lines delay the signal as expected. As
for OBFNs, the ORR-OBFNs were optimized to generate a linear delay response with
an delay increment of 4.6 ps, whereas the SDL-OBFN was tuned to generated 6 linear
delay responses with delay increments of 0, 1.5, 3, 4.5, 6, 7.5 ps, respectively. Both the
ORR-OBFNs and SDL-OBFNs shows great potential for feeding linear PAAs. However,
the ORR based OBFNs exhibit the capability of continuous beam angle support but
limited bandwidth and complex controls, whereas the SDL based OBFNs can support
extremely large bandwidth and simplified controls but can only support discrete beam

angles.
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Chapter 9

Millimeter Wave Signal Generation
and Beam Steering

In previous chapters, two generations of integrated 1 x 4 OBFNs chips for mmW beam
steering based on ORRs and SDLs were demonstrated. Tuning optimizations were ap-
plied to both of two OBFNs for TTD response, and the delay responses were character-
ized with sophisticated measurement and control systems. Beyond that, in this chap-
ter, mmW signal generation experiments will be presented demonstrating 41 GHz with
ORR-OBFNs and W-band signal with SDL-OBFNs, respectively. With the SDL-OBFN,
TTD based beam steering experiments will be demonstrated, which, to the author’s best
knowledge, is the first TTD based W-band mmW signal beam steering experiment with
integrated OBFNs.

9.1 Chip Packaging

Since the system for mmW generation and beam steering is complex, the OBFN chips
were packaged to increase the OBFN chip reliability and reduce the environmental im-
pacts such as vibration and air turbulence. The picture of the packaged chip is depicted
in Fig. 9.1(a). As shown, several components were packaged including a thermoelectric

cooler (TEC), a thermistor, fiber arrays and high density electrical connection cables.
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Figure 9.1: (a) Actual picture and (b) assembling diagram of the packaged chip.
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Figure 9.2: Close-up picture of the metal traces, connector-to-carrier soldering and
chip-to-carrier wirebonding.

An aluminum nitride (AIN) ceramic board was designed and fabricated in house as a
intermediate carrier. AIN ceramic is a very good thermal conductive dielectric material,
which is very suitable as a carrier for a chip with thermal tuning. Metal layer with
compositions of Ti(80 nm)/Pt(80 nm)/Au(800 nm) is deposited on the carrier, and pat-
terned with pads and traces to route the metal connections on the chip to two 40 pin
high density flexible flat cable (FFC) connectors. The chip is bonded to the carrier using
a Norland one part adhesive. Norland, although not thermally conductive, gives a very
thin bond line that is flat and is very stable. Then the 80 pads on the chip were wire-
bonded to the carrier. Two 40-pin surface mount FFC connectors with 0.5 mm pitch are
soldered directly on the carrier using reflow soldering technique and connect to a second
stage intermediate board. Figure 9.2 shows the close-up picture of the metal pattern,
wirebonding, and soldered connection on the AIN carrier. A thermistor is also mounted

on the AIN carrier for sensing the temperature of the chip.

Figure 9.2 describes the detailed assembling diagram for the chip packaging. After

the procedures mentioned above, the AIN carrier is then attached to a precisely machined
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shim. Two fiber arrays are automatically aligned to the edges of the chip using a closed
loop 6-axis piezoelectric station, and then the fiber arrays are bonded to the shim with
3408UV epoxy. The 3408UC epoxy gives very good mechanical stability. It is a thick
adhesive and the component to be bonded is slightly pressed into the epoxy to assure it
attaches the carrier and compensates the gaps. The shim is made of Kovar. Kovar is not
a very good thermal conductor, but has a much better coefficient of thermal expansion,
so you will not lose fiber alignment when the temperature changed by the TEC and
the chip. The shim was then mounted into a aluminum base with a TEC in between,
and then secured by a glass lid. Finally, the I/Os of the packaged chip end up with
multiple single mode fiber FC connectors for optical connections, two 40-pin FFC cables
for electrical currents. The two FFC cables are connected to intermediate PCBs, which
can configurate the connections between the OBFN controller and the chip with jumper

cables.

9.2 41 GHz mmW signal Generation

A system test was performed for mmW generation through frequency up-conversion
heterodyne process with one path of the OBFN[40, 148, 149]. The schematic of the
experimental setup is depicted in Fig. 9.3. A coherent laser light is modulated by driving a
null biased MZM modulator (EO Space 50 GH z 3-d B bandwidth) using a local oscillator

41GHz
— _J_ _._L 41GHz
| —

N || E =) 1A 50/50 : L
N, m | E/O modulator = -OBFN (>

/1\ >§< =< PD

Tunable f5=20.5GHz M

Laser

Figure 9.3: mmW generation and delay experiment test setup. (ESA: electrical spec-
trum analyzer; OSA: optical spectrum analyzer; DE/MUX: de/multiplexer.)
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(LO) with half the mmW carrier frequency, which suppresses the central optical carrier
but generates two dominant optical sidebands spaced by the mmW carrier frequency. A
standard wavelength division multiplexing (WDM) with 50 G H z channel grids separates
the two sidebands. One sideband is modulated by a quadrature biased MZM driven
by an arbitrary waveform generator (AWG) and serves as the data tone, and the other
sideband serves as the reference tone for the heterodyne process. The two optical tones
are combined by another identical WDM and both tones are coupled to the integrated
OBFN chip. The signal is split into four paths and appropriately delayed by the OBFN
depending on the desired beamsteering angle. The output signal of one path is then
amplified by an erbium doped fiber amplifier (EDFA). After properly attenuation by the
variable optical analyzer (VOA), the two optical sidebands heterodyne at a high speed
photodiode to generate the mmW signal with data encoded. Since the polarization of the
two optical tones must be aligned to maximize the efficiency in the heterodyne process,
polarization maintaining fibers are employed for all the optical connections, which makes

the system simple and robust.

The laser wavelength, center wavelength of the delay line and the channel wavelengths
of the WDMs need to be matched in the system. The wavelength of the laser is set to the
middle between two WDM channels at 1551.10 nm. One path of the OBFN chip is used
and optimized to have a delay of 157 ps and bandwidth of 8.6 GH z centered at the central
wavelength of the data sideband. The preliminary test was done at mmW frequency of
41 GHz, where the LO is set to 20.5 GHz. The output signal from the OBFN chip is
tapped and monitored by an optical spectrum analyzer, which shows the two dominated
sidebands centered at 1550.94 nm and 1551.27 nm, respectively. Figure 9.4 shows optical
spectrum for one path of the chip outputs after amplified by EDFA and the transmission
responses of the WDM. The laser wavelength is suppressed with the null-bias modulation

and two dominate +1 st order sidebands are separated by 41 GH z.
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51 (ALTO)

Figure 9.4: Optical spectrum for one path of the chip outputs after amplified by EDFA
and the transmission responses of the WDM. The yellow line denotes the optical
spectrum, whereas the green, pink, blue and orange line denote the transmission
spectrum of different channels of the WDM .

The AWG generates a 3 Gbps OOK NRZ signal, and optical power before the photo-
diode is attenuated to 5 dBm. Figure 9.5 provides the generated 41 GHz mmW signal
spectrum with the data band, which is measured by an high speed electrical spectrum
analyzer. The available data rate of the system is determined by the TTD bandwidth of
the delay line. In our case, the bandwidth of the delay line is 8.6 GH z, which can sup-
port a much higher data rate by employing more advanced data modulation formats. In
addition, the mmW frequency generated by the up-conversion process is widely tunable
and can go up to double of the LO and the modulator bandwidth. In this experiment,
the 41 G H z was chosen because the ESA can only measure signal up to 46 G H z without
using any mixer. Given the data bandwidth, 41 GHz is the highest carrier frequency
can be used with the experiment. Also, since 50 GHz WDMs are employed, the 41 GHz
can be fitted into the WDM channel grids. Moreover, as discussed in Chapter 6, the
ORR-OBFN has a periodic response with F'SR = 22 GHz, which can support signal

frequencies with integral numbers of F'SR such as 44 GHz. For a 41 GH z signal, given
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Figure 9.5: Normalized electrical spectrum at the photodiode with 3 Gbps OOK NRZ
modulation.

that the reference optical tone has a very narrow linewidth and thereby does not require
much bandwidth, we can focus on the alignment of data tone to the center of the OBFN

TTD response. The reference tone can still lie in the bandwidth of the TTD response.

9.3 W-band mmW Signal Beam Steering

W-band mmW signal experiment was also carried out in this work [63, 150, 151]. In
addition to the signal generation, a beam steering experiment of the mmW signal with the
integrated OBFN chip was also demonstrated. Similar to the 41 GH z signal generation
experiment above, the W-band signal was also generated using a frequency up-conversion
heterodyne process. The schematic of the system is depicted in Fig. 9.6(a) and a picture
of the experiment setup of the photonic generation stage is given in Fig. 9.6(b). The
laser light is modulated by driving a null biased modulator with a local oscillator at half

of the mmW frequency f,..,w /2, which suppresses the laser optical carrier but generates
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Figure 9.6: (a) Schematic diagram of mmW generation and beam steering experimental setup. (ESA: electrical
spectrum analyzer; OSA: optical spectrum analyzer; DE/MUX: de/multiplexer.) (b)-(e) Pictures of the photonic
generation and data encoding stage, packaged OBFN, four fiber path length compensator, and four photodiodes and
1 x 4 antenna array, respectively.
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Figure 9.7: Optical spectrum for after the multiplexer in Fig.9.6(a) with 47 GHz of
local oscillator.

two dominant 1-st order optical sidebands spaced by the mmW frequency f,..w. Since
a chirp free modulation is required for the up-conversion process, an x-cut EOSpace
50 GHz MZM is used in the experiment. A WDM is employed as a demultiplexer to
separate the two sidebands. Since the WDM has a 50 GHz channel grid, the narrow
linewidth external cavity laser is set to 1551.745 nm to match the second channel of the
WDM and the two sidebands will be routed to the 1-st and 3-rd channel, respectively.
One sideband serves as the data tone, and is encoded data using a EOSpace 20 Gbps
modulator, whereas the other sideband serves as the reference tone. The two optical
tones are combined by a multiplexer, which is a WDM with the same specifications as
the demultiplexing WDM but used reciprocally. The optical path length for the data
tone and reference tone should be matched as much as possible between the two WDMs
to achieve high correlation and thereby minimized the noise transferred to the RF signal.
Figure 9.7 indicates the optical spectrum of the combined two optical signals separated
by 94 GHz, in which 47 GH z was used for the local oscillator for driving the MZM.

The signal is amplified by an EDFA and then coupled to the integrated OBEFN chip
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Figure 9.8: The eyes diagrams for the output each channel of the OBFN system with
10 Gbps OOK NRZ data modulation. The offset of the eye representing the delay of

the corresponding OBFN system channel.
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(Fig. 9.6(c)). The 1 x 4 SDL-OBFN is chosen as the OBFN for the W-band beam
steering experiment as the SDL-OBFN can support much larger TTD bandwidth than
the frequency of the W-band signal, which simplifies the tuning of OBFN, comparing
to ORR-OBFNs where the optical sidebands, OBFN optimized delay central frequency,
RF carrier frequency, and WDM channel grids all should be precisely aligned. Also, due
to the large continuous bandwidth of the SDL-OBFN, the mmW carrier frequency is
very agile whereas the available mmW carrier frequencies supported by the ORR-OBFN
is more or less fixed. Given these reasons, to demonstrate a successful beam steering
system with large capacity, the SDL-OBFN is a better option despites that only discrete

beam angles are supported.

The OBFN splits the signal into four paths and has 6 delay configurations for 6
beamsteering angles, respectively, as discussed in Chapter 5. The outputs of the OBFN
are coupled to 4 optical fibers and sent to four photodiodes for mmW generation. For
W-band signals where the wavelength is very short (3 mm in vacuum), it is very difficult
to match the length of all the four fibers in sub-mm accuracy. Therefore, a tunable TTD
delay line up to 600 ps tuning range is employed for each path, which can compensate up
to around 10 ¢m optical connection mismatches. A picture of the four TTD compensators
are shown in Fig. 9.6(d). The tunable delay lines were tuned by connecting the four
detectors directly to an oscilloscope. The reference path between the mux/demux is
disconnected and data tone is modulated with a 10 Gbps OOK NRZ signal. The reference
channel (output 1 in Fig. 5.12) is set as the trigger of the oscilloscope acquisition. Since
the horizontal offset of the eye diagrams displayed in the oscilloscope represents the signal
delays, if the Conf. 4 is chosen as the 0° beam angle, the eye diagram of each channel
should be aligned. Figure 9.8 (a) - (f) illustrate the alignments of eye diagrams for Conf.

1 to Conf. 6, respectively. As shown, different linear delay configurations are achieved,
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Figure 9.9: The Soiresponse of the four photodiodes.

which represent different beam angles.

Figure 9.6 (d) gives a picture of the emission stage. Four 110 GHz photodiodes
(Finisar XPDV4121R-WF-FA) are employed for W-band signal up-conversion. Ideally,
for a linear PAA, the emission power of each antenna element should be the same, which
requires the same frequency response for all the photodiodes. In this experiment, four
photodiodes were picked with matched responses, and the S5; responses of the four
photodiodes are described in Fig. 9.9. As shown, the frequency response are matched
and the 3-d B bandwidth exceeds 107 GHz. The antenna is a 1 x 4 sectoral horn antenna
array with 1.6 mm pitch and 0.9 mm x 11.2 mm unit dimension, which is designed to
be a half wavelength pitch for 94 GHz signal. The antenna is also path equalized for
94 GHz signal. Due to waveguide orientation mismatch, the photodiodes connect to
the antenna array through a 90° W1 connector to WR10 waveguide adapter and a 90°
WR10 waveguide twister. The assembled photodiodes and antenna array are fixed on a

motorized rotator to measure the beam pattern, as shown in Fig. 9.6(e).

Figure 9.10 (a) describes the schematic diagram of the receiver. A RF signal fro is
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Figure 9.10: (a) The schematic diagram and (b) a picture of the receiver.

given as the local oscillator of a 3rd harmonic mixer, which triples the RF signal f;o.
Then the tripled signal is get amplified as the local oscillator for another mixer. The W-
band signal is received by a horn antenna as the input of the second mixer. Therefore, the
W-band signal then can be down-converted to an intermediate frequency f,mw —3 X fLo
and measured by an ESA. In the case of 94 GHz signal, a 31 GHz local oscillator is
used and hence the signal is down-converted to an intermediate frequency of 1 GHz. A

picture of the W-band signal receiver is given in Fig. 9.10(b).

The radiation pattern of the PAA azimuth plane is measured by rotating the antenna
instead of rotating the receiver. As depicted in Fig. 9.6(e), the assembled photodiodes
and antenna array are fixed on a breadboard on a motorized rotator where the aperture
of the antenna is aligned to the rotating axis of the rotating stage. The receiver is fixed
11 em from the antenna. This measurement scheme is equivalent to rotating the receiver,
and it takes the advantage of the flexibility of photonic-assisted PAA where the antenna
head can be remoted and connected with low loss optical fibers. In other words, with

photonic-assisted PAAs, complex equipments such as the baseband unit, local oscillators
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Figure 9.11: Measured W-band signal spectrum at 94 GHz.

and OBFNs that need well-controlled environment can be centralized, and the emitting
antenna head could be kilometers apart, which makes the PAA system more flexible
and less cost. Figure 9.11 shows the measured signal spectrum at 94 GHz. The 3-dB
linewidth of the signal is measured less than 1 kH z and the signal-to-noise ratio (SNR) is
35 dB at 94 GHz. The signal linewidth would be improved if the optical paths between

the MUX and DEMUX were balanced shown in Fig. 9.3(a).

Figure 9.12 shows the measured and theoretical radiation patterns of the 94-GHz
signal in azimuth plane with multiple OBFN chip configurations for beam angles of -51°,
-33°, -16°, -2°, 14° and 31°, respectively. Although it is a sectoral horn antenna array, as
discussed in Chapter 3, the beam pattern is mostly determined by the pitch and aperture
size of the array rather than the radiation pattern of a single antenna element. Therefore,
a uniform rectangular radiation source is assumed for each antenna element, i.e., a one
dimensional 1 x 4 array with 1.6 mm pitch and 0.9 mm single element width is assumed
for modeling the antenna array. The red dash curves refer to the theoretical beam pattern

whereas the blue solid curves refer to the measured data. The measured data agrees with
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Figure 9.12: 94-GHz azimuth plane beam pattern for beam angle of -51°, -33°, -16°,
-2°,14°, and 31°, respectively. (Blue curves refer to the measured data whereas the
red curves refer to the theoretical beam pattern).
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Figure 9.13: Normalized measured azimuth plane beam pattern for W-band signal
from 85 GHz to 100 GH z for each beam angle.
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Modulation Format Bits per Symbol Bit Rate

ASK 1 15 Gbps
QPSK 2 30 Gbps
16-QAM 4 60 Gbps
32-QAM 5 75 Gbps
64-QAM 6 90 Gbps

Table 9.1: Bit rate supported by 15 GHz bandwidth for different modulation formats.

the theory well, except for some distortions in the side-lobes. This could be due to the
slightly mismatched optical length and slight variations in the output intensity of each
channel, which could be relieved if the photodiode and antenna array were integrated.
The the 3-dB beam width is measured as 28°, and a narrower beam width can be achieved
for a larger array size. Only the PAA radiation pattern in the azimuth plane is measured

since the 1-D antenna array only affect the radiation pattern in azimuth plane.

By changing the LO frequency, the beam patterns for signal frequency from 85 GH z
to 100 GH z were measured, and the normalized result is shown in Fig. 9.13. Excellent
beam quality was maintained and no beam squint was observed over 15 GH z, which is
as expected for TTD based OBFNs. The beam width and attenuation of the mainlobes
at large beam angles, and the sidelobes are varied with the frequency. These variations
are expected as well because the wavelength to array dimension ratio changed with fre-
quency. Table 9.1 indicates the bit rate supported by the 15 G H z bandwidth for different
modulation format and up to 90 Gbps could be supported with 64-QAM advanced mod-
ulation. A preliminary 3 Gbps data transmission experiment was also performed. The
W-band signal encoded with data was down-converted to a intermediate frequency of
5 GHz by the receiver, and an oscilloscope (80 GS/s) was employed to acquire the data.

The signal spectrum of the 3 Gbps ACK data with 5 GHz is depicted in Fig. 9.14. A
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Figure 9.14: Signal spectrum of 3 Gbps ASK data with intermediate frequency of 5 GH z.

completed high bit-rate data transmission experiment will be performed in future work.
9.4 Summary

Experiments for mmW signal generation and beamsteering using the integrated OBFN
chips were demonstrated in the chapter. The chip was packaged with TEC and opti-
cal/electrical I/Os, and the OBFNs were calibrated before the system test. With the
ORR-OBFN, a single delay path was employed for generating a 41 GHz mmW signal.
The signal was encoded with a 3 Gbps ASK modulated data and the signal spectrum
was measured. The SDL-OBFN was employed for a W-band signal beam steering exper-
iment. By setting the Conf. 4 of the OBFN for the 0° beam through tuning the TTD
compensators, the system experiment demonstrated a beam squint free beam steering
for 6 beam angles from -51° to 31° with at least 15 GHz TTD bandwidth from 85 to
100 GHz and a SNR of 35 dB. A 3 Gbps ASK data was also encoded on a 94 GHz
signal. The received signal was then down-converted to 5 GH z by the receiver and the
signal spectrum was measured. Future work will carry out completed high bit rate data

transmission experiments through this link.
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Ongoing and Future Works

This thesis has demonstrated two types of integrated TTD based OBFNs for mmW
signals — ORR based OBFN and SDL based OBFN. Both of them were realized with
ultra-low loss waveguide technology and generated desired delay distributions with large
TTD bandwidth. However, these OBFNs may have potential issues for feeding very large
scale PAAs. Some of the issues may include:

First, the system scalability should be enhanced. Since the signal delay for each
antenna element should be precisely controlled and predicted for a TTD based PAA, for
discrete photodiodes and antenna array, T'T'D compensators are inevitable to compensate
the optical path difference, which significantly limits the system scalability.

Second, the delay calibration need to be simplified and the power consumption needs
to be optimized. For the previously demonstrated architectures where the signal is split
into multiple path and get individually delayed, a large number of tuning elements need
to be precisely controlled and the control of these elements are more or less coupled, which
makes the calibration of the OBFN very complex, especially for large scale OBFNs. In
addition, such large number of tuning elements consumes a large amount of power, and
this power is dissipated and cannot be converted to the signal power.

To address the potential issues listed above, some ongoing and future works for

OBFNs will be discussed in this chapter, which includes a package-level system inte-
183



Ongoing and Future Works Chapter 10

gration of the OBFN, PDs and antenna array where the signal path length is more
controllable, and a new OBFN architecture that enhances the scalability and power effi-

ciency, and simplifies the calibration complexity.

10.1 System Integration

As discussed in Chapter 9, all the signal path length of a PAA need to be matched.
However, with discrete photodiodes and antenna array, it is very hard to make the fiber
connections with length variation less than 1 mm. And this fiber length variation may
cause significant phase difference for mmW signal frequencies up to W-band. Therefore,
TTD compensators are inevitable to compensate the signal path length difference of the
optical fiber connections. However, the use of bulk TTD compensators will significantly
increase the footprint, cost, calibration complexity of the system, and thereby limited the
system scalability. Moreover, for W-band mmW signals, the antenna aperture is much
smaller compared to the footprint of a packaged PD due to should signal wavelength
in millimeter scale and the half-wavelength pitch requirement of a linear single-main-
lobe antenna array is difficult to achieve. As a result, extra design work is required
to taper from a pitch that fit the RF waveguide connectors and packaged PD to the
desired aperture with matched waveguide lengths. The design complexity and cost keep
increasing as the scaling of the PAA. Therefore, to enhance the system scalability, a
straightforward solution is using a package-level, or even chip-level, system integration
of the OBFN, PDs and antenna array, where the unpackaged bare device dies have much
small footprints and signal path lengths are much shorter and predictable.

Figure 10.1 depicts the design and mask layout of a 1 x 4 ORR based OBFN us-
ing SOI technology. Instead of using SiN ultra-low loss technology, SOI platform can

provide active devices such as phase modulators up to 30 GHz, CMOS compatible ger-
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Figure 10.1: Mask layout of the single ORR based OBFN integrated with Si-Ge PDs.

manium (Ge) PDs with bandwidth up to 70 GHz, and very efficient thermo-optical
phase shifter as low as 2.5 mW /7. These features are desirable for photonics assisted
PAA subsystem integration. As discussed in Chapter 6, despite that multi-ORR delay
line can generate large delays, the calibration of a multi-ORR delay line is very complex.
The anti-resonance of a single ORR can generate a large TTD bandwidth and continuous
delay tuning, however, the delay value is only limited within 0 to the round trip delay
7. Therefore, ORRs can be designed to achieve a £90°beamsteering by increasing the
length of feedback loop but at the cost of the TTD bandwidth. For proof of concept
demonstration and to simplify the system, the OBFN employs a single ORR as the TTD
element for each path of the OBFN and use the delays at the anti-resonance point. Based
on (3.19), in order to achieve £90°beamsteering for a 1 x N OBFN for half-wavelength

pitch antenna, the FSR of ORR should satisfy the following condition

(10.1)

where f is the carrier frequency of the RF signal. Also, according to the discussion in
Chapter 6, in order to apply the extended bandwidth of the ORR delay lines, the carrier
frequency of the RF signal f should be integral number of the ORR FSR. Considered

this requirement, the F'SR of the ORR can take discrete values f /i where i is an integral
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Figure 10.2: Planar 1 x 4 half-wavelength pitch antenna array.

that greater than (IV —1)/2. Therefore, for the 1 x 4 OBFN design in Fig 10.1 where the
target RF signal frequency is 60 GH z, which is limited by the 70 GHz PD bandwidth,
the F'SR was chosen as 30 GHz.

In addition to the integrated OBFN with PDs, planar antenna array should be de-
signed for integration. A 1x4 60 GHz antenna can be designed in the future, as shown in
Fig. 10.2. Two dummy antenna elements are added to the edges of the antenna to ensure
each antenna has the same boundary condition and thereby the same beam radiation
pattern. Because of the high single frequency, high quality substrate such as Ro5880
(e, = 2) should be employed to realize the antenna array. Also, the impedance of the
PD-antenna connection and antenna element should be carefully designed.

Figure 10.3 depicts the package-level integration schemes of the OBFN-PD chip and
antenna array. As shown in Fig. 10.3(a), the chip and antenna array are closely mounted
on a intermediate carrier, and the PDs and the antenna array are connected using wire-
bondings. Metal pads the OBFN-PD chip are wirebonded to the metal pads on the
carrier as well for external electrical connection. This integration scheme is simply, how-
ever, it may not work well for signal frequency higher than 60 GHz such as W-band

due to the large inductance of the bonding wire. An alternative solution is using flip-
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Figure 10.3: Schematic diagram of OBFN-PD-antenna integration with (a) wirebond-
ing and (b) flip-chip bonding.
chip bonding technique, as shown in Fig. 10.3(b), where the inductance of the metal
wire on the carrier is smaller and more predictable. Since thermal tuning is employed in
the OBFN design, using the flip-chip bonding technique requires a deliberate design for

thermal stabilization.

10.2 Recirculating Optical Beamforming Network

Both of the two OBFN architectures demonstrated in previous chapters — SDL-OBFN
and ORR-OBFN - employ the same distribution scheme, which splits the signal into
multiple paths and delay the signal in each path individually and accordingly. This
scheme is simple to realized, but it requires individual tuning of TTD elements in each
path. It should work well for a small PAA. As the PAA scale up, however, the required
delay tuning range and the number of TTD elements keep increasing significantly, which

makes it dramatically difficult to tuning all the TTD elements of the OBFN. Moreover,
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the total power budget of the OBFN will increase with TTD element numbers. Partic-
ularly, for SIN waveguides where thermo-optical effect is used for tuning TTD elements,
a single thermo-optical phase shifter consumes 200 mW for a = phase shift [85]. It will
be a very large power consumption for a large scale OBFN. And this power is purely
dissipated as heat without any energy contribution to the signal power. For a linear
PAA where the delay between two adjacent antenna element is constant, a novel signal
delay and distribution scheme is proposed to address both the control complexity and
power consumption issues and have very high scalability and flexibility while keeping
reasonable footprint, which is the recirculating delay loop (RDL). Similar re-circulating
loop has been demonstrated just for high quality optical frequency comb generation

[152, 153, 154], but no work for delays or integration ever reported.

10.2.1 Recirculating Delay Loop

Figure 10.4 depicts the schematic diagram of a RDL. The optical is injected to the
RDL through a coupler. The input optical signal is split into two parts. One part is
transferred to the output of the RDL as the 0 order output signal, and the other part is
coupled to the loop. In the loop, the signal is frequency shifted by fsis through a single
sideband suppressed carrier (SSB-SC) modulation. Then the optical signal with shifted
frequency is amplified and delayed, and injected to the loop coupler. Part of the signal
is coupled to the output of the RDL, and the rest of the signal is coupled back to the
loop for re-circulating. This process keeps repeating until the filter in the loop terminates
the re-circulating process, and an optical signal comb will be generated. Each comb line
is a duplication of the previous comb line signal except the optical carrier frequency is
shifted and delayed by an additional loop path. Therefore, as illustrated in Fig. 10.4,

there is a constant delay between two adjacent comb lines of the output and the delay
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Figure 10.4: Schematic diagram of a RDL. (SSB-SC: single sideband suppressed car-
rier; OA: optical amplifier.)

can be tuned through the tunable TTD element embedded in the loop. The comb lines
are encoded with the same data signal and can be routed to individual paths to feed a
PAA. A RDL was simulated using Lumerical INTERCONNECT the simulation results
are shown in Fig. 10.5 and 10.6. In the simulation, a single frequency optical signal is
injected into the RDL and modulated with a OOK PRBS data pattern. The RDL output
then goes through a optical demultiplexer to split the comb lines into individual paths.
The blue color in Fig. 10.5 refers to the optical spectrum of the RDL output. As shown,
a optical frequency comb with a 40 G H z spacing is generated by the RDL. Other colors
other than blue in Fig. 10.5 refer to the output of each channel through the wavelength
demultiplexer. Figure 10.6 presents the simulated data pattern from each channel output
after the RDL output signal is demultiplexed. The data pattern is shifted for the same
amount of time compared to the previous channel, which implies that the signals are

distributed and delayed as expected.

InP semiconductor material system is preferred for monolithic integration of a RDL
since the high electron mobility and direct bandgap of InP can provide high power semi-
conductor optical amplifier and high speed modulators [139] that are desired by the RDL.

Although lack of optical amplifiers, SOI material system is another option for implement-
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Figure 10.5: Simulated optical spectrum of RDL. The blue color refers to the optical
spectrum of the RDL output. Other colors refer to the output of each channel through
the wavelength demultiplexer.
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Figure 10.6: Simulation result of the data pattern from each channel output.
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Figure 10.7: Mask layout of the RDL with SOI.

ing RDL because it can also provide high speed modulators, and the fabrication process
has been well developed. Also, large number of SOI foundries are available around the
world. The optical amplifier can be added to the SOI chip to complete the RDL by
integrating InP SOAs using hybrid integration technologies [155, 124, 123, 156, 157, 158,
49, 159]. Figure 10.7 depicts the design and mask layout for of the RDL with SOI. All
necessary components are included in the design except for the optical amplifier. A ORR
is employed as the tunable TTD element, and another ORR is designed as the loop ter-
mination filter to terminate the re-circulating process and limit the number of frequency
combs. A tunable symmetric MZI is used as the loop coupler, and fiber couplers are
designed for optical signal input/output as well as InP SOA integration. The single side-
band modulator is the most important component of the RDL and is also included in the
design. The single sideband modulator employs a dual paralleled MZI scheme, and the
modulation is achieved by combining a cosinusoidal signal with its Hilbert transformation

to generate an analytic signal [160], i.e.,

AP cos(wapifit) + JAS sin(wpipit) = Al @ Tsnisdt (10.2)

where w is the angular frequency of the optical signal, and wgp; ¢ = 27 fspipe is the angular

frequency of the driving RF cosinusoidal signal, which is also the frequency that need to
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be shifted. Since the the ORR based TTD element has a periodic delay response, to get
desired signal delay distribution, the shifting RF frequency the FSR of the ORR should

be matched.

10.2.2 Recirculating Optical Beamforming Network Architec-

ture

As described in Chapter 2, a photonic-enabled RF PAA transmitter comprises of three
stages — the generation stage, distribution stage and emission stage. Figure 10.8 depicts a
complete PAA architecture employing an OBFN based on a RDL. The generation stage
generates two highly correlated optical tones in which one tone is encoded with data
serving as the data tone, and the other tone is a single frequency tone serving as the
beating reference. The two tones are both sent to the RDL for delay and distribution
since, as discussed in Chapter 3, the two optical tones for beating should have the same
amount of time delay for TTD based PAAs. The RDL then will output two series
of frequency combs originating from the data tone and the reference tone. The two
series of combs are then re-arranged into corresponding channels to feed each of antenna
elements by elaborately designed filters. As discussed above, the signal in each channel is
additionally delayed by the round trip delay of the RDL, which can only be positive. And
the resulting beam can only be steered in positive angles. Moreover, in addition to the
delay by the TTD element, the optical connections in the loop contribute extra delays.
Therefore, fixed delay offsets are included for each output channel of the RDL-OBFN
to compensate the extra delays induced by the optical connections and to achieve beam
steering in both negative and positive angles. The RDL, re-arrangement filters and delay
offsets together form the RDL based OBFN.

The parameters of the RDL-OBFN should be carefully designed. Since two optical
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tones spaced by the RF signal frequency are injected into the RDL, which generates two
series of frequency combs with the same comb line spacing, the frequency of the desired
RF signal frr and the shifting frequency fsipe should be chosen to avoid frequency
aliasing between the two combs. Given the bandwidth requirement of the data tone, the

two combs should be aligned to the middles of the comb lines, i.e.,

1

frr = fsnipe(M + 5) (10.3)

where M is a non-negative integer. Also, for a linear PAA, the round trip delay of each
comb line should be the same and corresponding data comb line and reference comb line
should exactly experience the same delay. Therefore, a broadband TTD element should

be used such as SDLs. Or a periodic TTD device with the FSR

FSRyrp = / gf t (10.4)

The re-arrangement filter can be implemented using a interleaver and a 2 x N arrayed
waveguide grating (AWG). As illustrated in Fig. 10.8, the interleaver separates the two

combs, which requires the FSR of the interleaver
FSR, = fshift (105)

After separated, the comb lines are mapped to the corresponding channel accordingly
through the AWG. Since the data tone and corresponding reference tone should be
mapped into the same channel for beating in the PD, the two inputs of the AWG should
be designed to have frequency shift of frr in the transmission spectra. And the channel
spacing of the AWG should match the shifting frequency fsp;5:. The delay offsets in each

channel compensate the extra delays of the optical connections in the RDL and also en-
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able the negative angle beamsteering. Therefore, the delay offsets should have the delays

given by
1
2frr

= (N—1)(r+ ) (10.6)

where N is the number of channels, ¢ = 1,2, ..., N is the channel number, 7; is the delay
offset of the ¢-th channel, and 7 is the round trip delay of the RDL. Based on the analysis
above, Fig. 10.8 actually depicts an example for a 100 G H z signal linear PAA with M = 2
in (10.3). Figure 10.9 presents the microscope picture of a fabricated SIN AWG for use
in the RDL-OBFN. The AWG is designed to have 3 inputs with 50 GH z spacing, and
24 outputs with 40 GHz channel spacing. Input 1 and input 3 have 100 GH z spacing,
which can be used for the RDL-OBFN in Fig. 10.8. The design of AWG beyonds the
scope of this thesis and will not be covered. More details can be found in [161, 139].
Figure 10.10 illustrates the measured results of the fabricated AWG. Since the device is
partially damaged, only Input 1-2 and Output 1-16 were measured. The results show
39 GH~z of output channel spacing and 50 GH z offset of transmission spectra between
Input 1 and 2, which is consistent with the design. And it is believed that Input 1 and
Input 3 will have 100 GHz offset in the transmission spectra. Future works on RDL
based OBFN will be focusing on improving the AWG and realizing a high speed SSB

modulator, and realizing other filters of the RDL.

RDL-OBFNs and ORR~/SDL-OBFNs have different distribution and delay strategies.
The RDL-OBFN delays the signal first and then distribute the signal, while the ORR-
/SDL-OBFN distributes the signal first and delays the signal later. Table 10.1 compares
OBFNs with the two different strategies in terms of the control complexity, scalability,
power efficiency and fabrication tolerance. First, for ORR-/SDL-OBFNs where the signal
is split into multiple paths, the delays of each path are individually controlled and the

delay required for TTD element is the absolute delay value, which could be accumulated
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Figure 10.9: Microscope picture of 3x24 AWG for RDL based OBFN.
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Figure 10.10: Transmission spectra of the first 16 output channels of the AWG with
input 1 and input 2, respectively.
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RDL OBFN ORR/SDL OBFN

At least one T'TD element
per path, large TTD
tuning range required

Increase system footprint

and complexity

Control Control only one TTD
Complexity element for any array scale

Scalability Very cheap to scale up

Energy converted to signal

Power efficiency
power

Energy dissipated as heat

Need identical devices over
a large area, high
fabrication uniformity
requirement

All elements in the loop are
reused, more fabrication
tolerance

Fabrication
tolerance

Table 10.1: Comparison of RDL-OBFN with ORR-/SDL-OBFN.

to a very large value and hence the TTD element could be complex. Whereas for a RDL-
OBFN, since the optical signal keeps re-circulating and passing through the same TTD
element in the RDL, the relative delay between two adjacent channels are determined by
the TTD element in the loop, and thus only one TTD element need to be controlled. And
the required delay of the TTD element is the relative delay between the channels, which
is small and less than 1/2frp. Therefore, comparing with ORR-/SDL-OBFN, the RDL-
OBFN has less control complexity, especially for large scale PAAs. Second, for ORR-
/SDL-OBFNs, the number of TTD elements increases as the OBFN scales up, which
increase the system footprint and complexity. However, to scale up a RDL-OBFN, we
only need to increase the bandwidth of the termination loop filter and increase the channel
number of the wavelength demultiplexer, presuming the SOA can provide sufficient gains.
The cost for scalability for a RDL-OBFN is much cheaper than ORR/SDL based OBFNs.
Third, when tuning a ORR-/SDL-OBFN, a large number of TTD elements need to be
tuned, which consumes a large amount of power. This power is dissipated as heat and
have no contribution to the signal power. On contrast, the RDL-OBFN only need to

tune one TTD element. Most of the power would be consumed by the SOA where the
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energy is converted directly to the signal power, which is more energy efficient compared
to ORR-/SDL-OBFNs. Last, since the signal is distributed first and then delayed, a
large number of TTD element will be distributed over a large chip area and thereby
these TTD elements need delicate fabrication process to ensure all the TTD elements
work as designed, which requires a good high fabrication uniformity. Nevertheless, for a
RDL-OBFN, all elements in the loop are reused and placed within a small area, which
thereby alleviates the requirement for fabrication. Therefore, based on the comparison,
RDL based OBFNs are more ideal for large scale linear PAAs compared to the ORR or
SDL based OBFN.

10.3 Summary

This chapter discussed the on-going and future works on integrated photonics for
photonics enabled PAAs. These works, including the subsystem integration and a new
OBFN architecture, focus on addressing the potential issues in scalability, control com-
plexity, power consumption that exists in the SDL-/ORR-OBFNs and PAA systems.
For the system integration, an 1 x 4 OBFN with integrated PDs was tapered out on
SOI, and the designing of a 1 x 4 planar antenna array was planned. These two chips
can be mounted on an intermediate carrier and connected with wirebonding to achieve
the OBFN-PD-antenna integration. The RDL-OBFN is a novel architecture that delays
the signals of all paths by re-circulating the signal in a single loop. Only a single T'TD
element is employed in the RDL-OBFN, which improves the scalability, power efficiency
and controllability, compared to the OBFNs demonstrated in previous chapters. Despite
that a SSB modulator is required in a RDL-OBFN; it is very achievable by today’s tech-
nology [162, 163]. Therefore, RDL-OBFN is promising for achieving compact, highly

scalable and low power large scale photonic-enabled TTD based linear PAAs.
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Conclusions

A PAA is a flexible all-solid state approach for directional beamforming to compensate
the atmospheric attenuation of mmWs (30-300 GHz). Instead of using phase shifters in
PAAs, using TTDs can mitigate the beam squint that limits the usage of the spectrum,
and thereby is an ideal solution for wideband communication with PAAs, as discussed in
Chapter 3. IMWP technology is fairly suitable for TTD based PAAs as it can precisely
control the path delays and realize compact, wide bandwidth and low-loss tunable TTD
devices for OBFNs. Among various tunable integrated TTD implementations, SDLs and
ORRs are particularly promising for large scale OBFNs. Both the SDLs and ORR based
TTD lines were well investigated in this thesis theoretically and experimentally regarding
the generation of high quality TTDs.

A modified architecture of SDL to achieve ripple-free operation based on MZI optical
switches was developed in Chapter 5. A 1 x 4 OBFN using 5-stage ripple-free SDLs was
realized for linear PAAs using ultra-low loss SiN technology. Six delay configurations
with 0, 1.5, 3, 4.5, 6 and 7.5 ps path delay incremental steps and a bandwidth over
8 nm were demonstrated. The ORR based delay line optimization was discussed in
Chapter 6. A tradeoff between the ripple level, delay value, bandwidth and the total
number of rings were revealed by the optimization. The optimization of a 1 x 4 3-ORR

based OBFN exhibited that the ORR-OBFN architecture, where one ORR is shared
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by two adjacent paths, well balanced the ripple level and system complexity. Two 3-
ORR based 1 x 4 OBFNs with the architecture of sharing one and two ORRs were
realized on SiN platform. With optimized tuning, a single 3-ORR delay line generated
continuous TTD tuning ranges of 209 ps and 172 ps for bandwidth of 6.3 GHz and
8.6 GHz, respectively. The two ORR-OBFNs both generated delay responses for linear
PAAs with 4.6 ps between adjacent paths and the OBFN with one ORR shared exhibits
much more flattened delay spectrum as expected. Based on the investigation, SDLs
shows extremely large TTD bandwidth and simplified controls but only discrete delay
tunability, whereas ORRs shows continuous delay tunability, relatively small bandwidth
and complex controls. The FSR of an ORR should be specifically designed with the
desired mmW frequency to match the desired TTD bandwidth. Both the SDL-OBFN
and ORR-OBFN are considered extremely promising for directional beamforming with
PAAs.

The integrated OBFN chips were packaged and used in experiments for mmW signal
generation and beamsteering. With a single delay path of the ORR-OBFN, a 41 GHz
mmW signal was generated and the spectrum of the signal with 3 Gbps ASK modulated
data was measured. The SDL-OBFN was employed for a W-band signal beamsteering
experiment, and 6 beam angles from -51° to 31° with 15 GHz TTD bandwidth from 85
to 100 GHz and a SNR of 35 dB were demonstrated. Also, a 94 GHz W-band signal
with 3 Gbps ASK data was generated and the spectrum was measured. The bandwidth
and SNR demonstrates great potential for high-data-rate transmission beyond 100 Gbps.
To the author’s best knowledge, this is the first report of W-band beamsteering and data
transmission using an integrated OBFN.

To further improve the scalability and reduce the power consumption and complexity
of the current PAA system, the integrated OBFN, PDs and antenna array should be

integrated for a large scale TTD based PAA due to its sensitivity to the relative path
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lengths and the relative large footprint of the discrete components compared to the signal
wavelength. Moreover, the ORR-OBFN and SDL-OBFN involve many tuning elements.
The control complexity and power consumption could be a problem for a large-scale
OBFN. To address the potential issues above, some of the ongoing work on OBFN-
PD-antenna integration was described in Chapter 10. Also, a novel RDL based OBFN
architecture was proposed, which re-uses a single TTD element for the signal delays in
all channels. Some of the required components for this RDL-OBFN have been realized
and demonstrated in Chapter 10.

The work in this thesis serves as an prove of concept of applying IMWP technol-
ogy to realize TTD based PAAs for EHF high-bit-rate communications. In the author’s
opinion, despite that only the OBFN of a PAA system is integrated in the work, other
components including PDs, antenna array, multiplexer and demultiplexer, modulators
and laser are possible to be integrated with today’s technology. Therefore, future contri-
butions are needed in full-/sub-system integration and deliberate electrical circuit design
for a realistic compact photonic-enabled TTD based PAAs system. Novel OBFN archi-
tecture having high scalability, low power consumption and simplified controls such as

RDL-OBEFN should be considered as well.
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