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Abstract—Three optical ring resonator (ORR)-based integrated
ultra-low-loss silicon nitride 1 X 4 optical beamforming networks
(OBFNs) for millimeter-wave (mmW) beamsteering are reported.
The group delay ripple of multi-ORR delay line was theoreti-
cally optimized and quantitatively studied by applying a genetic
algorithm. The optimized 3-ORR delay true time delay (TTD) re-
sponses were experimentally achieved with 208.7 ps and 172.4 ps
of delay tuning range for bandwidth of 6.3 GHz and 8.7 GHz, cor-
responding to a phase shift of 17.17 and 14.17 for 41 GHz mmW
signal. The TTD performance of the 3-ORR delay line was also ver-
ified by controlling the delay of 3 Gbps data stream. A 22° beam-
steering angle equivalent OBFN delay distribution was achieved
for 41 GHz half-wavelength dipole antenna array. Both the the-
oretical analysis and experiments exhibit that the topology with
one ring shared could balance the system complexity and TTD
bandwidth well. Using heterodyne up-conversion technology and
a single delay path, 41 GHz mmW signal with 3 Gbps OOK NRZ
data modulation was generated and delayed.

Index Terms—Microwave photonics, photonic integrated
circuits, true time delays, optical ring resonators, millimeter wave
communication, phased arrays.

1. INTRODUCTION

HE exponential mobile data usage growth is a major chal-

lenge for the current wireless communication network, and
monthly data usage is expected to explode from 90 petabytes to
3.6 exabytes [1]. The 5th generation (5G) of mobile networks,
which is assumed to deploy by 2020, will support enhanced
coverage and increased bandwidth [2], [3]. It is believed that
millimeter-wave (mmW) technology, with frequencies ranging
from 30 GHz to 300 GHz, is a promising and cost-effective
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candidate for 5G back-haul [4], [5]. For such high frequen-
cies, traditional electronic RF driving methods and mmW
signal propagation in coaxial cables are very inefficient [6].
Meanwhile, the highly directional nature of mmWs requires
broadband phased array beam steering techniques. The basic
electronic techniques using RF phase shifters causes undesirable
beam squint across different frequencies, which limits the band-
width. However, true time delay (TTD) avoids beam squint and
steers the entire signal spectrum by the same angle [7]. An ideal
alternate for the conventional electronic solutions is microwave
photonics (MWP), taking advantage of the ultra-low-loss optical
propagation and merging high-speed and high-responsivity uni-
traveling-carrier photodiodes. MWP is advantageous in terms of
changing the microwave frequencies and seamless integration
with fiber optic networks [8]. The large bandwidth makes it
suitable for realizing broadband optical TTDs [9], [10] and
offering broadband optical beamforming networks (OBFNG5).
Integrated photonics technology is an effective approach to
address concerns of cost, size, weight and power consumption
(CSWaP) of the devices [11], and is particularly advantageous
for the realization of tunable optical TTDs allowing for precise
path length control and feeding large scale phased array anten-
nas (PAAs). It is also possible to integrate the OBFN with other
optical components such as optical filtering [12], light sources,
detectors, and modulators. Many different low-loss waveguide
technologies have been proposed for the realization of integrated
optical delay lines, as shown in Table I. The silicon on insulator
(SOI) platform can realize waveguides in nano-scale that pro-
vides very compact footprint and high free spectral range [13].
However, the strong field confinement enhances loss induced
by the sidewall roughness [14], and leads to non-linear effects
which limit the maximum power [15]. Although the propaga-
tion loss can be reduced by using micron-scale waveguides, this
trades the compact footprint and needs careful design to mini-
mize higher-order mode excitation [16]. The indium phosphide
(InP) platform is greatly advantageous in monolithic integration
of active components such as lasers, detectors and modulators.
Instead of only using heaters to tune the optical phase, plasmonic
dispersion-based carrier injection tuning mechanisms are avail-
able in InP, which allows for high-speed low-power tunings.
However, the loss of InP waveguides is relatively high with
1 dB/cm in undoped regions and 2 dB/cm in active regions
[17]. Silicon nitride (SizN,) with silicon oxide (SiO5) cladding
provides ultra-low-loss waveguide and have demonstrated
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TABLE I
Low-L0SS WAVEGUIDE TECHNOLOGIES FOR TTD

Platform loss (dBl/cm) Tuning Mechanism Active Integration References
301 3 (nanowire) Thermo-Optic Hybrid on lasers, monolithic on modulators (13, [16]. [28]
0.35 (multimode) (metal or doped Si heaters) and Ge detectors ’ ’
InP 1(undoped)/2(doped)  Thermo-Optic, Plasmonic Dispersion Monolithic on all active components [34]
SigNy 0.1 Thermo-Optic Hybrid on all active components [23], [27], [29], [31]

propagation loss below 0.1 dB/cm. This platform can reduce the
overall optical loss while consuming approximately an order of
magnitude larger footprint than required for comparable struc-
tures in submicron SOI. These waveguides also demonstrate
very high optical power handling up to 1-Watt in [18], which
makes it possible to eliminate low noise amplifiers before an-
tennas when doing microwave generation.

Integrated tunable optical delay lines are the key elements
for optical beamforming networks (OBFNs). Thus far, several
schemes have been implemented. The first is based on highly
dispersive devices such as photonic crystal waveguides, which
modifies the group index and dispersion by carefully design-
ing a lattice structure as the waveguide cladding [19]-[22]. The
second is realized by switching between delay lines with vari-
ous lengths [16], [23]. This requires relatively simple control,
but only supports discrete delays and the delay resolution is
limited by the shortest delay line [6]. Another scheme uses all-
pass filters such as optical ring resonators (ORRs), and is more
powerful due to the small chip footprint and the ability to con-
tinuously tune the delay. However, the delay-bandwidth product
for a single ORR is fixed [24]-[26]. The product could be in-
creased by cascading multiple ORRs, which can be configurated
in coupled resonator optical waveguides (CROWs) [15], [27],
[28] or side-coupled integrated spaced sequence of resonators
(SCISSORs) [12], [13], [29], [30]. Although both CROW and
SCISSOR delay elements theoretically allow for larger spectral
bandwidth, SCISSOR delay elements shows more tolerance to
manufacturing variation than CROW delay elements [11], [13].
Recently, researchers have successfully demonstrated OBFNs
targeting Ku-band PAAs based on ORRs with SCISSOR struc-
ture [31]-[33].

In this work, based on multi-ORR SCISSOR structure and
ultra-low-loss silicon nitride platform, we present 3-ORR based
integrated 1 x 4 OBFNs with different sharing topologies tar-
geting mmWs, with theoretical and experimental optimization
of multi-ORR TTD. A mmW generation experiment was per-
formed as well. For the remainder of the paper, ORR de-
lay operating principles and the theoretically-optimized and
quantitatively-studied for multi-ORR delays are discussed in
Section II and III. Section IV discusses the device design and
the testing stage of the fabricated chip. The experiments and
results of multi-ORR TTD optimization and mmW generation
discussed in Section V.

II. ORR DELAY OPERATING PRINCIPLES

A single ORR exhibits a bell-shaped group delay response,
as depicted in Fig. 1(a), with the delay peak centered at the
resonance frequency (f;.), and delay minima at the anti-resonant
frequencies ( f,), Targeting the ultra-low loss platform, a simple
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Fig. 1. (a) Single ORR bell-shaped group delay spectra for different values
of k. (b) Three cascaded ORR flattened delay response. f; and f, refer to
resonance frequency and anti-resonance frequency; 7, refers to the round-trip
propagation delay of the ring.

analytic expression for group delay of a single-ring ORR is
given by
K- Ty

T e (o 1 0)

ey

where the free spectral range (frsg) and the round-trip propa-
gation time (7, ) are determined by the dimension of the ORR. ¢
and « are the phase offset from the ring resonance and the power
coupling coefficient, which determines the resonance frequency
of the ORR and the shape of the curve, respectively. Due to
the constant bandwidth-delay product, with increasing s, the
maximum group delay at f, decreases rapidly whereas the min-
imum group delay at f,, increases gradually, as shown in the
Fig. 1(a). The group delay spectrum flattens, the bandwidth
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Fig.2. Two-stage binary tree topologies for a I x 4 3-ORR-based OBFN with
(a) one ring shared and (b) two rings shared.

increases accordingly. An inherent trade-off exists between the
delay bandwidth and peak delay value.

Sufficient bandwidth and delays are both desired for wide
bandwidth large-scale PAA applications. However, these quan-
tities are constrained by the constant bandwidth-delay product
of a single ORR. Cascading multiple ORRs can increase the
product, and a flat group delay response with large bandwidth
and delays can be achieved simultaneously if the coupling co-
efficient and phase shifter of each ORR are properly tuned, as
illustrated in Fig. 1(b). The flattened group delay response, how-
ever, will yield delay ripple, or deviation from the desired delay
across frequency. This ripple may distort the output microwave
signal and possibly lead to system operation failure. The rip-
ple can be reduced by cascading more rings, but this increases
complexity of the photonic subsystem and the control.

Multi-ORR delay lines can form OBFNs with various topolo-
gies, which can provide different system complexities and delay
ripples. Fig. 2 shows two stage binary tree topologies fora 1 x 4
3-ORR-based OBEFN. The topology shown in Fig. 2(b) has two
rings shared in the common stage, which has the minimum
number of rings and delay response controls, whereas in the
Fig. 2(a), the topology increases the number of rings and con-
trols, and can has a more flattened delay response. Ultimately,
for ORR-based time delays, inherent tradeoffs exist between
bandwidth, ripple, delay, topology and complexity (number of
rings). A detailed quantitative analysis of these tradeoffs and
delay ripple optimizations will be discussed in Section III.

In the analysis, we neglect the loss of the ring waveguides
thereby assuming all of the optical power at all frequencies
will traverse the ORR without incurring loss. This is a good
approximation for an ultra-low-loss waveguide platform. An
ultra-low-loss waveguide is necessary for a ORR based OBFN.
In the under-coupling regime, superluminal and negative group
velocity phenomena [35] will be exhibited around the resonance
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frequency and consequently limit the maximum delay of the
ORR. A low waveguide loss will give a small critical coupling
(k) and thus a large achievable delay. Moreover, 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. This would impact the OBFN scalability. In
addition, a low waveguide loss could also improve the power
uniformity for an antenna array.

III. THEORETICAL OPTIMIZATION FOR MULTI-ORR DELAYS

To evaluate the inherent tradeoffs of multi-ORR based de-
lays, we utilized the lossless ORR delay model (1) and applied
a standard genetic algorithm to minimize the delay ripple. The
genetic algorithm is a global optimization algorithm for non-
linear problems. In this study, we normalized the group delay,
delay ripple and bandwidth to round trip delay 7; and ring free
spectrum range (FSR) to make the analysis applicable to generic
ORRs. The cost function, which also defines the normalized rip-
ple, was chosen as the maximum delay deviation from the target
value within the desired bandwidth, which can be expressed as

R(f) = max {Tg(f)T_TgU', f € desired bandwidth} 2)
Since a genetic algorithm has the probability of being trapped in
a local optimal solution, the algorithm was repeated more than
50 times to ensure a global optima.

Fig. 3(a) shows the relation between ripple and bandwidth
for various target group delays for a single 3-ORR delay line.
For the delay range of 7, > 37, (blue curves), the group delay
response is flattened with the resonance frequency of the three
bell-shaped group delay spectrum of the single-ORR delay ele-
ments, where the ripple is smaller for smaller target delay (larger
k). Inthe 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 «. The last region, 7, < 7, (black curves) only
two rings are utilized for flattening the group delay response,
hence the ripple is relatively large for large bandwidth and small
ripple. The ripple of 5-ORR element was also characterized and
the results are shown in Fig. 3(b). As expected, adding two more
rings improves the bandwidth significantly. For a dynamic tun-
ing range of 27; and ripple smaller than 0.01, a 5-ORR delay can
achieve a bandwidth up to 0.5, while for 3-ORR delay, the band-
width is 0.25, which corresponds to bandwidths of 11.5 GHz
and 5.75 GHz for ORRs with FSR = 23 GHz, respectively. Ta-
ble II shows a typical loop-up table for an optimized 3-ORR
delay line with a normalized TTD bandwidth of 0.275.

Although increasing the number of rings improves perfor-
mance, this also increases the system complexity considerably.
To limit the total number of rings, adjacent paths can be made
to share one or more rings. 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. We investigate this further by studying the
effect two topologies depicted in Fig. 2 on ripple minimization.
The relations between ripple, bandwidth, and target group de-
lays for a 3-ORR delay line with one shared ring and with two



8300410

o
-

p)

o
=)
©

o
=}
=)

o
o
B

e
o
o

Normalized ripple (ripple/r

0 1 1 1
01 0.2 0.3 0.4 0.5 0.6
Normalized Bandwidth (BW/FSR)

(a)

0.7

e
-

Normalized ripple (rlpple/rr)
o o
[=] [=]
(<] (<=}
o
(<]
o
Y
o 5
N
N
DS — o
" \bo
I I I SN

0.04} 28 /32
0.02
0 1 1 1 1
0.1 0.2 0.3 0.4 0.5 0.6 0.7
Normalized Bandwidth (BW/FSR)
(©

Fig. 3.
rings for various target delays.

TABLE II
TyPICAL LOOK-UP TABLE FOR OPTIMIZED 3-ORR DELAY LINE WITH A
NORMALIZED TTD BANDWIDTH OF 0.275

Normalized Delay K1 Ka/3 ¢2/ — P3(rad)
4.8 0.8154  0.7539 0.9249
4.2 0.8803  0.8261 1.0618
3.8 0.9269  0.8821 1.1806
3.4 0.9642  0.9359 1.3808
3.2 09792 0.9624 1.5590
2.6 0.9815 0.9490 2.8025
2.2 0.9752  0.8001 2.5066
1.8 0.9867  0.6588 2.7576
1.6 0.9891  0.4912 2.5032
0.6 0 0.6705 2.9489
0.2 0 0.3035 3.0273

Kk, and ¢, refer to the coupling coefficient and phase offset from the
resonance of ring, , as described in (1), ¢; is set to zero in the simulation.

shared rings are shown in Fig. 3(c) and (d), respectively. Com-
pared to the 3-ORR delay line with no shared rings [Fig. 3(a)],
we can conclude that sharing two rings has the least complexity
but likely limits the bandwidth, whereas sharing one ring for
two adjacent paths could reduce the number of rings without
significantly limiting the performance.
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IV. DEVICE DESIGN AND TESTING STAGE

Two topologies of ORR based 1 x 4 OBFN chips are shown
in Fig. 2. The chips have a footprint of 8 x 32 mm? and the
architecture is similar to that reported in [19]. The OBFN chips
were realized for C-band operation and fabricated with an ul-
tra low-loss silicon nitride waveguide technology demonstrat-
ing low optical loss less than 0.1 dB/cm [36]. The architecture
of the ring resonator is shown in Fig. 4(a). Symmetric Mach-
Zehnder interferometers (MZIs) are employed as the tunable
coupler from the bus waveguide to the ring. A chromium heater
is incorporated to thermally and continuously tune the coupling
coefficient over range of 0 to 1. Another chromium heater is
also designed on top of the ring waveguide to thermally tune
the ring resonant frequency. The ORRs are designed to have a
FSR of 22 GHz. An IR image of an operating ORR with small
k is shown in Fig. 4(a) showing strong scattering since very
high optical power is trapped in the ring. At both edges of the
chip, two waveguide arrays are included with a pitch of 127 ym
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.
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Fig. 4. (a) Sketch of the ORR-based delay element. (b) IR image of the
ORR under operation. The bright traces indicate the waveguides with light
propagation, whereas the dark traces indicate heaters and metal traces.

Tunable B,
» PC —>»{ LCA
Laser 300 MHz
A
Controller
P 50/50 |
Power Meter [« Splitter [ DUT

Fig. 5. Group delay response characterization setup. (PC: polarization con-
troller; LCA: lightwave component analyzer; DUT: device under test; EDFA:
erbium-doped fiber amplifier.)

The fabricated chip is mounted on a copper stage and the tem-
perature is stabilized with a thermoelectric cooler. Two standard
commercial fiber arrays are attached to the edge of the opti-
cal coupling. The metal leads of phase shifters on the chip are
routed to the long edges and connect with a customized 40-pin
DC probe. The OBFN, as shown in Fig. 2, has at least 16 phase
shifters that need to be controlled individually. Given such a
number of phase shifters and the scalability of the OBFN, we
developed a scalable, compact and programmable multi-channel
controller to provide full control to the chip. The fiber to chip
coupling loss was measured to be 5 dB/facet and the heater
tuning efficiency was measured to be 5.37 rad/W.

V. EXPERIMENTS AND DISCUSSION
A. Single-ORR Delay Calibration

The group delay response of the OBFN chip can be char-
acterized using a standard modulation phase shift method, as
shown in Fig. 5. A C-band laser is modulated by a lightwave
component analyzer (LCA) with a 300 MHz sinusoidal RF
signal. The light is coupled to the chip after amplification by
an erbium-doped fiber amplifier (EDFA), and then returned to
the LCA. By measuring the RF phase shift A¢ of the signal, the
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Fig. 7. Calibrated single ORR delay spectra for a given central wavelength
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group delay can be expressed as:

Ap(r)
27 fo

where 1 is the wavelength, A ¢ is the measured phase shift and f;
is the modulation frequency. In addition to the delay of OBFN
on the chip, the delays of the waveguides and fibers are also
included in the measurement, which are eliminated by fitting
the measured delay response with a lossless ring resonator delay
response model (1) with a constant delay term representing the
additional delays.

Since a symmetric MZI coupler is used for the ring resonator,
it will induce a variable phase shift for light passing the MZI
coupler, which can be interpreted as a shift in the ring delay
response as we tune the coupling coefficient. This phase shift
can be studied utilizing transfer matrix techniques given by

79(A) = (€)

T; T;
ro [T T @
To1 T
T =1 —k)e 72 —k Q)
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of 6.3 GHz, and (b) no ring shared at the bandwidth of 8.6 GHz. The dots denote the measured delays, whereas the solid curves denote the simulation result.

Tyy = Toy = 2¢/k(1 — k) cos %eﬁ'({fﬂrﬂ ©)
Ty = (1 — k) — ke 12" -

where « is the coupling coefficient of directional coupler in
the MZI, and A is the phase difference between two MZI
arms, which is proportional to the square of heater current. By
sweeping the heater current of the coupler, and fit the data using
(1), (5), (6), the relation between the coupling, phase shift of
the MZI coupler and tuning current can be given by Fig. 6. The
FSR of the ORR was measured to be 23.1 GHz, which is close
to the designed FSR. Using this relation, we can compensate
the undesired phase shift and set the resonance frequency of
the ORR accurately. A verification test showing group delay
spectra for various coupling coefficients with a given resonant
frequency is given in Fig. 6, which demonstrates an accurate
calibration and controllability for tuning the group delay of a
single ORR.

B. Multi-ORR Delay Optimization

For OBFNs targeting mmW, a high-quality TTD response is
required to avoid beam squint, which is one of the dominant

issue limiting the high bit rate data transmission. Multi-ORRs
can provide a large delay-bandwidth product yielding a large
delay and bandwidth simultaneously, but this requires a opti-
mized tuning of coupling and resonance of each ORR in the
OBFN. We first optimized the coupling coefficients and reso-
nance frequencies of all the rings in the multi-ORR delay line
using the optimization result in Section III, and then generated
the theoretical delay response as a reference to tune the rings.
A realtime delay response measurement system was developed
to help with this tuning. After applying the calibration to every
ORR in the OBFN, the resonance frequency and coupling coef-
ficient of each ORR was set based on the individual optimization
result. However, the OBFN exhibited a thermal crosstalk that
reduces the tuning accuracy when attempting to simultaneously
tune all the ORRs in a delay path. Therefore, in addition to using
the optimized data set, we manually tuned the ORRs to compen-
sate the offset induced by the thermal cross talk. Fig. 8(a) shows
the optimized delay response of a single 3-ORR delay line and
demonstrates a bandwidth of 6.3 GHz. The ripple is more evi-
dent at higher delays. Without any noticeable ripple, a dynamic
tuning range of 208.7 ps was achieved, which corresponds to a
phase shift of 17.17 for a 41 GHz W-band signal. According to
our previous work, the delay line has a maximum loss of 3.3 dB
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Fig. 9. 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.)

for the delay of 208.7 ps [37]. A delay response for a bandwidth
of 8.6 GHz, shown in Fig. 8(b), was also achieved. However,
the ripple at high delay is more noticeable, and the dynamic
tuning range falls to 172.4 ps and phase shift of 14.17, which
exhibits the tradeoffs between the bandwidth, delay and ripple
for a multi-ORR delay line as discussed in Section III.

Fig. 8(c) and (d) show the optimized delay response of all
the four paths of the OBFN for the topologies of with one
shared ring and two shared rings with a TTD bandwidth of
6.3 GHz, as shown in in Fig. 2(a) and (b), respectively. Each
path was tuned to have ~4.6 ps more delay than its previous path,
which is equivalent to a 22° of beamsteering angle for a 41 GHz
half-wavelength dipole antenna array. Comparing Fig. 8(c) and
(d), we can see that the topology sharing two rings [Fig. 2(b)]
yields a ripple around 1.5 ps, whereas the topology sharing one
ring [Fig. 2(a)] provides a inperceptible ripple. Therefore, for
a 3-ORR based OBFN, the topology sharing one ring in the
common path can maintain a small ripple in the delay response
while maintaining a moderate system complexity, which is a
promising path for wideband applications.

C. Data Transmission Delay Experiment

A systematic test of the 3-ORR delay line using the setup
in Fig. 9 was performed to evaluate the 3-ORR delay overall
performance. An external cavity laser (ECL) is modulated with
a 3 Gbps OOK NRZ data signal by a Mach-Zehnder modula-
tor (MZM) driven by an arbitrary waveform generator (AWG),
and then sent into a OBFN chip optimized to various delays
with the bandwidth of 8.6 GHz. The output of the chip was
amplified by an EDFA, and detected and monitored by a photo-
diode and an oscilloscope. Fig. 10 shows the eye-diagram after
the 3-ORR tunable true time delay line over the delay range of
0-209 ps, where open and clear eyes are preserved. The delay of
the transmitted signal can be continuously tuned up to 209 ps,
which is consistent with the delay response characterizations
shown in Fig. 8(a). In the desired working range (0-172.4 ps),
no signal deterioration was observed, whereas for higher de-
lays, 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 the optimized
3-ORR delay line. The power consumption varies depending on
the delays or the ring tuning parameters. Within the delay tuning
range in this measurement, the total power consumption for the
3-ORR line varies from 1.25 W to 2.57 W, which is relatively
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Fig. 10. Tunable 3-ORR true time delay line test with 3 Gbps OOK NRZ
modulation for tuning range of 0 to 209 ps.

high since the silicon nitride platform has a low thermo-optical
coefficient.

D. Millimeter Wave Generation and Distribution

A system test was performed for mmW generation through
simultaneous frequency up-conversion heterodyne process with
one path of the OBFN [38]. The schematic of the experimen-
tal setup is as depicted in Fig. 11(b). The coherent laser light
is modulated by driving a null biased MZM modulator with
a local oscillator (LO) of half the mmW carrier frequency,
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Fig. 12.  (a) Normalized optical spectrum for one path of the chip outputs.
(b) Normalized electrical spectrum at the photodiode with 3 Gbps OOK NRZ
modulation.

which suppresses the central optical carrier but generates two
dominant optical sidebands spaced by the mmW carrier fre-
quency. A standard wavelength division multiplexing (WDM)
with 50 GHz channel grids separates the two sidebands. One
sideband is modulated by a quadrature biased MZM driven by
an 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 OBEN chip. The signal is split into
four paths and appropriately delayed depending on the desired
beamsteering angle. The output signal of one path is then am-
plified by an EDFA. After properly attenuation, the two optical
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mmW generation and delay experiment test setup. (ESA: electrical spectrum analyzer; OSA: optical spectrum analyzer; DE/MUX: de/multiplexer.)

sidebands heterodyne at a high speed photodiode to generate the
data signal with mmW carrier. Polarization maintaining fibers
are employed for all the optical connections, making 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 GHz centered at the central wavelength of
the data sideband. The preliminary test was done at mmW fre-
quency of 41 GHz, where the LO should be 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,
as depicted in Fig. 12(a). The AWG generates a 3 Gbps OOK
NRZ signal, and optical power before the photodiode is 5 dBm.
Fig. 12(b) provides the generated 41 GHz mmW signal spec-
trum with the data band, which is measured by an high speed
electrical spectrum analyzer. The available data rate of the sys-
tem is determined by the TTD bandwidth of the delay line. In
our case, the bandwidth of the delay line is 8.6 GHz which can
support a much higher data rate by employing more advanced
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.

VI. CONCLUSION

In this work, we reported 3-ORR SCISSOR structure based
integrated 1 x 4 OBFNs with different sharing topologies tar-
geting ammW PAA. The OBEN chip are fabricated on ultra-low
loss silicon nitride platform. The group delay ripple of multi-
ORR delay lines were theoretically optimized and quantitatively
studied by applying a genetic algorithm, showing the tradeoffs
among bandwidth, delay, ripple and different topologies. The
optimized 3-ORR delay responses was experimentally achieved,
which exhibits 208.7 ps and 172.4 ps of dynamic tuning range
for TTD bandwidth of 6.3 GHz and 8.7 GHz, which corresponds
to a phase shift of 17.17 and 14.17 for a 41 GHz mmW signal,
respectively. The TTD performance of the 3-ORR delay line
was also verified by control the delay of a 3 Gbps data stream.
The optimized output of OBFN was achieved with 4.6 ps delay
difference from its neighboring paths, which is equivalent to a
22° of beamsteering angle for a 41 GHz half-wavelength dipole
antenna array. Both the theoretical analysis and experiment
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exhibit that the topology with one ring shared could balance
the system complexity and bandwidth well. A 41 GHz mmW
signal was generated as well with 3 Gbps OOK NRZ data mod-
ulation and the frequency can be easily tuned to other bands
such as W-band mmW.
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