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Abstract—Comprehensive tuning optimization of an integrated
optical ring resonator (ORR) based 1 x 4 optical beam forming
network (OBFN) for W-band millimeter wave (mmW) phased
arrays is reported. The OBFN chip is implemented using a
ultralow loss silicon nitride technology and a two stage binary
tree topology. The delay responses of a single- and multiORR
delay line were carefully measured, and the results agree well with
a lossless theoretical model. Tuning of an ORR was calibrated
and verification experiments were performed to verify the tuning
accuracy. A flattened delay response for a 3-ORR delay line was
achieved, demonstrating a bandwidth of 6 GHz and dynamic
tuning range of 209 ps, which corresponds to a phase shift of
33.4x for an 80-GHz signal. A larger bandwidth can be achieved
by reducing the dynamic tuning range. The result is promising for
high data rate mmW communications with beamforming.

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

I. INTRODUCTION

ILLIMETER wave (mmW) frequencies are attractive

for broadband point-to-point wireless communications
due to the large available bandwidth, compact antenna size, and
potential use in commercial 5G applications [1]. The W band,
ranging from 75 GHz to 110 GHz, is particularly suitable for
long-haul communications due to the relatively low atmospheric
attenuation of less than 1 dB/km in clear weather and 2 dB/km
in light rain. For comparison, a loss of greater than 20 dB/km is
observed for frequencies near 60 GHz [2]. Microwave Photonics
(MWP) is a frequency agile technology for microwave signal
generations over all RF bands. Particularly, in W band, MWP
is more promising for mmW generation at such high frequency
than traditional RF circuits due to the low loss of optical fiber
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and the immunity to electromagnetic interference [1], [3]. In
combination with true time delays (TTDs), which mitigate the
beam squint issue incurred by using phase shifters [4], MWP is
particularly suitable for beam forming for mmW phased array
antennas (PAA) with high bit rate communication. An 88 GHz
photonic based mmW beamsteering PAA was implemented us-
ing discrete TTD elements, and a data rate of 10 Gb/s with
+35° beamsteering angle was demonstrated [5]. Due to the
short wavelength nature of mmWs and the small size PAA, the
delay should be precisely controlled to obtain good beam qual-
ity, therefore high-performance TTD technologies are required.

The development of integrated photonics technology in the
last decade makes integrated MWP for optical beam form-
ing networks (OBFNs) more cost efficient, compact, and light
weight. Furthermore, it enables integration of optical signal pro-
cessing circuits [6]. Integrated optical delay lines are the key
elements for OBFNs, and thus far, two methods have been im-
plemented. The first is realized by switching between delay lines
with various lengths [7]. This method requires relatively simple
controls, but it only supports discrete delays and the delay reso-
lution is limited by the shortest delay line. The second method
uses all pass filters such as optical ring resonators (ORRs), and is
more powerful due to the small chip footprint and the ability to
continuously tune the delay. Recently, researchers have success-
fully demonstrated ORR-based OBFNs with different platforms
[8]-[12], and a delay of 0.63 ns with a bandwidth of 2 GHz tar-
geting Ku-band PAA was reported [13], [14]. ORRs could also
be combined with switchable delay lines to achieve high de-
lays while maintaining the continuously tuning ability [15]. For
ORR-based OBFNs, in order to achieve wide bandwidth TTDs
and mitigate fabrication variations, precise calibrations and tun-
ing should be applied to all the rings in the network. However,
to our best knowledge, no such work has been reported.

In this paper, we present a comprehensive tuning optimiza-
tion of an integrated ORR-based 1 x 4 OBFN for W-band
mmW generation and beamsteering targeting the up-conversion
approach described in [5], [16]. The OBFN was realized with
a two-stage binary-tree topology utilizing a low-loss silicon
nitride waveguide technology [17]. The group delay response of
ORR-based delay lines was carefully calibrated and optimized
using the theoretical model. An improved measurement setup
is also discussed to monitor the delay spectrum in real time for
tuning multiple ORR delay lines. For the remainder of the paper,
the operating principle and the chip design are described in
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Fig. 1. Schematic of an 1 x 4 ORR-based two-stage binary tree OBFN.
Section II. Section IV shows the experimental setup for the
group delay characterization and Section V provides and
discusses the experimental results. Conclusions are made in
Section VI.

II. OPERATING PRINCIPLE

Fig. 1 shows a schematic of the 1 x 4 two-stage binary
tree OBFN used in this work. The OBFN employs ORRs as
the basic delay elements in each of the paths. A single ORR
exhibits a bell-shaped group delay spectrum, with the peak
centered at the resonance frequency (f.) and minima at the
anti-resonant frequencies (f,,), as depicted in Fig. 2(a). Given
that ultra-low loss waveguides have been developed in the past
years [18], we may express the delay spectrum of a single ORR
analytically with a lossless ring waveguide assumption as [19]

k-1
—k —2/T—k-cos (277, - £ + ¢)

where « is the power coupling coefficient, ¢ is the phase offset
from the ring resonance, and t, is the round-trip propagation
delay, which is equal to the reciprocal of the free spectral range
(frsr). Given a specific dimension of an ORR, k determines
the shape of the curve, i.e., the bandwidth and the maximum
and minimum delays, whereas the phase shift, ¢, determines
the resonance frequency of the ORR. With increasing «,
as shown in Fig. 2(a), the maximum group delay at f, decreases
rapidly whereas the minimum group delay at f,, increases
gradually. The group delay spectrum therefore flattens with
increasing « and the bandwidth increases. When « becomes
equal to 1, the bandwidth becomes infinity, the delay response
becomes a flat line and is equal to the round trip delay of the
ring. An inherent trade-off exists between the delay bandwidth
and peak delay value.

The group delay and TTD bandwidth of a single ORR may be
limited. However, cascading multiple ORRs can provide wider
bandwidth and large group delay tuning if the coupling coeffi-
cient and phase shifter of each ORR are properly tuned, as illus-
trated in Fig. 2. The group delay of three cascaded rings is equal
to the sum of the individual ones. These attributes are desirable
for high-frequency wide-bandwidth communications. However,
based on our previous work[20], the flattened group delay re-
sponse exhibits delay ripple, or deviation from the desired delay
across frequency, which may distort the output microwave signal

T, (M) = 3 (D
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Fig. 2. (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.
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Fig. 3. Simulation demonstrating trade-offs between ripple, bandwidth, and
number of cascaded rings for delay line with 1-ORR, 3-ORR, 5-ORR, 3-ORR
sharing 1-ORR, and 3-ORR sharing 2-ORR. The FSR is 23 GHz and target
delay is 147.8 ps. The ripple is characterized as the maximum delay deviation
from the target delay over a given bandwidth.

and possibly lead to system operation failure. Inherent trade-offs
exist between bandwidth, ripple, delay, and number of cascaded
rings. The trades-offs for an ORR with FSR = 23 GHz and
target delay of 147.8 ps for 1-, 3- and 5-ORR delay lines are
shown in Fig. 3 where the ripple is defined as the maximum
delay deviation from the target delay over a given bandwidth.
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Fig. 5.

Close-up of layout of an ORR.

As shown, cascading more rings could improve the ripple and
bandwidth considerably. Moreover, the OBFN employs a two-
stage binary tree topology in which two adjacent delay paths
share delay elements within the first stage. This topology could
reduce the number of ORRs to be controlled at the cost of dete-
riorating the flatness of the group delay response. Fig. 3 shows
the ripple bandwidth trade-off of a two-stage binary tree topol-
ogy with 3-ORR delay line as well as a comparison to that of a
one-stage binary tree topology. As observed, having more rings
shared within a stage reduces the system complexity but at the
expense of larger ripple. For prototyping purposes, we chose a
3-ORR delay line two-stage binary tree topology with 2-ORR
sharing in the first stage. As will be shown, this minimizes
system complexity while maintaining acceptable ripple.

III. DEVICE DESIGN

The OBFN chip was realized for C-band operation and fab-
ricated with an ultra low-loss silicon nitride technology [17]
demonstrating low optical loss and an potential to handle high
optical power up to 120 mW without severe non-linear effect
occurs [21], which is ideal for high-power millimeter waves
emittion with a large signal-to-noise ratio. Fig. 4 shows the lay-
out of the chip that has an overall footprint of 8 x 32 mm?. The
chip has an ORR based two-stage binary tree 1 x 4 OBFN as
discussed earlier. The ORRs are designed to have a FSR of
22 GHz. They are connected to waveguides through a symmet-
ric Mach-Zehnder interferometer (MZI) based tunable coupler,
as illustrated in Fig. 5. A 2-mm long chromium heater is placed
on one arm of the MZI for tuning the coupling of light to the
ORR so that 0 ~ 1 of coupling coefficient can be achieved. A
2-mm heater is also placed on the race track of each ORR as a
phase shifter to tune the resonance frequency.

At both edges of the chip, two waveguide 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 also tapered to match the mode size of

\
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Layout of the OBEN chip with footprint of 8 x 32 mm? comprising a 1 x 4 OBFN, fiber array compatible edge couplers, and other test structures.
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Fig. 6. (a) Group delay measurement setup. (LCA: lightwave component
analyzer; DUT: device under test; EDFA: erbium-doped fiber amplifier),
(b) Testbed for the OBEN chip with fiber-array I/O and a customized 40-pin
probe.

the fiber array in order to improve the coupling efficiency. In
addition, some MZI and high order optical sideband filters test
structures are included on the chip. All of the heater leads are
routed to metal pads at the edges of the chip so that a 40-pin
probe can be used to connect current sources to the heaters.

IV. EXPERIMENTAL SETUP

The test setup for the OBFN chip characterization is shown
in Fig. 6. The chip was mounted on a copper stage with thermal
conductive compound and the temperature is stabilized by a
thermoelectric cooler. Light is coupled to and from the chip with
two standard commercial fiber arrays as shown in Fig. 6(b). A
40-pin probe was used to contact the pads at the edge of the
chip. A custom breakout box was utilized so that source meters
could tune heaters using standard connectors.

A modulation phase shift method was used to measure
the group delay response as shown in Fig. 6(a). A tunable
laser (Yenista, TUNICS T100S-HP) emitting in the C-band
was coupled to a Lightwave Component Analyzer (LCA)
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Fig. 7. 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 (1).

(Hewlett-Packard, HP8703A). The LCA modulates the inten-
sity with a constant 200 MHz 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 EDFA was used to adjust the power level of the light
input to the LCA in order to maximize the accuracy of the mea-
surement. The LCA measures the phase shift of the modulated
signal due to the delay in the external optical path. The group
delay in terms of the phase shift can be expressed as follows:

Agp(A)
27 fo

where A is the wavelength, A¢ is the measured phase shift
and fj is the modulation frequency. Moreover, tuning ORRs
requires a fast measurement of the group delay spectrum.
This is achieved by synchronizing the light source and LCA
with a controller. Consequently, a speed of 1.6 s per sweep
over 0.5 nm is achieved, enabling real-time tuning of ORRs.
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 provided by (1) plus a constant delay term,
which represents the additional delays.

T (A) = 2)

V. RESULTS AND DISCUSSION

The coupling coefficient of each ORR can be varied from O to
1 by tuning the current of the corresponding MZI coupler. The
delay response of a delay line can be measured by sweeping
the laser wavelength. Fig. 7 shows the group delay response
of a single ORR for different current levels over two FSRs.
The measured data is fit using the model in (1) to extract the
tuning parameters (k and ¢) and FSR, as well as to eliminate
additional delays. The 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. This demonstrates the inherent trade-off

4957

TABLE I
A TYPICAL LOOK-UP TABLE FOR A 23 GHz FSR 3-ORR DELAY LINE

Delay (ps)  Ripple (ps) K1 ko and K3 ¢2 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 0.9792 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

ke and ¢4 refer to the coupling coefficient and phase offset from the
resonance of ring,, as described in (1); ¢1 is set to zero in the simulation.

Ripple defines as the maximum deviation from the desired delay across the
bandwidth.

between the delay bandwidth and peak delay value. The FSR of
the ORR was measured to be 23.1 GHz, which is close to the
designed FSR.

A notable shift of delay spectrum is observed while tuning
the coupler. This shift originates from the phase shift of light
through the MZI coupler. The transmission of the MZI coupler
was studied utilizing transfer matrix techniques given by

T T
T— |: 11 12] 3)
Ty Tx
T =1 —k)e ™ —« “)
Al/f — (M_}rl)
Ti, = Thy =2/k(1 — k) cos Te A %)
Ty =(1—«x)— ke AV (6)

where « is the coupling coefficient of directional coupler in the
MZI, and Ay is the phase difference between two MZI arms,
which is proportional to the square of heater current. (3)—(6)
indicate that tuning the MZI will not only change the coupling
coefficient of the ORR, but also induce a phase shift as a function
of tuning current, which can be interpreted as a shift in the delay
spectrum.

The group delay response formed by cascading multiple
ORRs should be optimized as flat as possible to overcome
beam squint, which is an important issue for wideband com-
munications. To be specific, an 1 ps delay ripple could induce
a 30° phase deviation in the wavefront of an 80 GHz signal. In
our previous work, we studied the inherent trade-offs between
bandwidth, ripple, and delay for ORR-based time delays using
a standard genetic algorithm. The genetic algorithm is a global
optimization algorithm for nonlinear problems. Meanwhile, we
built a look-up table of coupling coefficient and phase offset
to minimize the ripple as well [20]. A typical look-up table
for a 23 GHz FSR 3-ORR delay line is shown in Table I.
Careful calibration of a single ORR was performed in order to
precisely control the rings using the look-up table. Fig. 8 shows
the measured group delay spectra for a single ORR under
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Fig. 8. Measured delay spectra of a single ORR for various tuning currents
for (a) phase shifter and (b) MZI coupler.

different phase tuning currents and coupling tuning currents.
The parameters (k and ¢) are extracted by fitting the data
utilizing the model in (1) and plotted in Fig. 9. Since the change
of refractive index is proportional to the power dissipated in the
heaters, the phase shift induced by the ORR phase shifter should
be proportional to the square of the current. Fig. 9(a) shows
the measured response of the ORR phase shifter. The extracted
tuning efficiency is of 5.3 rad/W. Ideally, the ring coupling
coefficient is determined by the cross transmission (77,) of
the MZI coupler and has a cosinusoidal squared relation with
respect to the square of current, and the MZI induced phase shift
given by the argument of 77 should have a linear relation. How-
ever, as indicated in Fig. 9(b), the coupling coefficient does not
reach 1 and the phase shift is not perfectly linear with the current
squared, which can attribute to the imperfections of the 50/50
couplers of the MZI. Taking the coupling coefficient of couplers
into account, the model was able to fit the data well as shown
and the coupling coefficient x was extracted as 0.6. A look-up
table 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 cou-
pling coefficients with a given resonant frequency were mea-
sured, as shown in Fig. 10(a). The measurement indicates that
the phase shift induced by the MZI coupler is fully compen-
sated and the resonant frequencies of all the delay spectra are
aligned. Fig. 10(b) compares the target coupling coefficient with
the measured coupling coefficient extracted utilizing the same
fitting method. In spite of a small offset, this figure shows a
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strong consistency between the measured and expected coupling
coefficient. The verification demonstrates an accurate calibra-
tion and controllability for tuning the group delay of the ORR.

Due to the fabrication variation, the initial statuses of the rings
on the chip are not exactly the same. Fig. 11 shows the initial
group delay response of multi-ORR delay line with three iden-
tical rings, which exhibits the delay spectrum of each ring with
various phase-shifts and coupling-coefficients. After applying
the calibration method to every ORR in the OBEN, the reso-
nance frequency and coupling coefficient of each ORR could
be individually and precisely tuned. However, the OBFN ex-
hibited 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 simulation data set from
Table I to directly set the ORR state for flattened delay responses,
we used the simulated delay response as a reference and manu-
ally precisely tuned the ORRs to compensate the offset induced
by the thermal cross talk. Fig. 12(a) shows the simulated delay
responses (solid curves) and measured delay responses (points)
for a 3-ORR delay line. Comparing with Fig. 11, we show
that we are able to precisely control the delay spectra and that
measured results agree well with simulation results. A flattened
group delay response of a 3-ORR delay line with a bandwidth
of > 6 GHz and a dynamic tuning range of 209 ps was achieved
with the delay response ripple less than 1.3 ps, which corre-
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Fig. 11.
tuning.

The initial group delay spectrum for a 3-ORR delay line without

sponds to a phase shift of 33.47 for an 80-GHz signal. For half
wavelength dipole antenna arrays at this frequency, this delay
tuning range could feed a large scale PAA up to 1 x 33 1-D or
16 x 16 2-D array for a 180° of beamsteering angle. A larger
scale of the PAA is available if a smaller beamsteering angle is
required. The normalized power transmission spectra of the 3-
ORR delay line is shown in Fig. 12(b), which indicates that the
delay line loss is less than 3.5 dB and the loss variation within
6.7 GHz 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 2.57 W. A larger band-
width can be achieve by reducing dynamic tuning range.
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Fig. 12. (a) Measured group delay spectra (the points denote raw measured
delays, whereas the solid curves denote theory) and (b) normalized power spectra
for 3-ORR delay line with optimized tuning.

VI. CONCLUSION

In this paper, we report a comprehensive tuning optimization
of an integrated 1 x 4 OBFN for W-band mmW generation and
beam steering based on ORR delay elements. The group delays
of a single- and multi-ORR delay line in the OBFN were mea-
sured. The experimental results agree with theoretical models
very well and the lossless model is shown to be accurate. The
tuning of single ORRs was carefully calibrated and a verifica-
tion experiment was performed to verify the accuracy of the
calibration. A flattened delay response of a 3-ORR delay line
was achieved with a bandwidth of 6 GHz and a dynamic tuning
range of 209 ps, which is promising for mmW beam forming
with high data rate transmission. This delay line can be readily
extended to applications in other RF frequencies. In future work,
beam steering and data transmission experiments at W band will
be performed to evaluate the OBFN circuit at various data rates.
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