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A solid-state active beamformer based on the annular-ring diffraction pattern is demonstrated in an integrated
photonic platform. Such a circularly symmetric annular-ring aperture achieves a radiating element limited field
of view. Furthermore, it is demonstrated that a multi-annular-ring aperture with a fixed linear density of elements
maintains the beam efficiency for larger apertures while reducing the beamwidth and side-lobe level. A
255-element multi-annular-ring optical phased array with active beamforming is implemented in a standard
photonics process. A total of 510 phase and amplitude modulators enable beamforming and beam steering using
this aperture. A row–column drive methodology reduces the required electrical drivers by more than a factor
of 5. © 2022 Chinese Laser Press

https://doi.org/10.1364/PRJ.443061

1. INTRODUCTION

Integrated solid-state photonic beamformers (optical phased ar-
rays, or OPAs) have the potential to reduce the cost, size, and
implementation complexity of many photonic systems com-
pared to their bulk optics and micro-electromechanical systems
(MEMS) counterparts [1,2]. These solid-state beamformers
have been recently demonstrated for lidar [3,4], photonic beam
steering [5–7], medical imaging [8], and remote sensing [9]
applications. In particular, standard silicon photonics processes
can further reduce the cost and increase the yield and reliability
of such systems [6,10–12]. However, there are several chal-
lenges associated with the realization of large-scale, solid-state
beamformers.

Most integrated photonic dielectric waveguides and radia-
tors have a minimum size and spacing on the order of the wave-
length. Any 2D aperture constructed with uniformly spaced
radiators will require a large inter-element spacing to route
the signals to the inner elements of the array. This leads to mini-
mum pitch and spacing constraints that then lead to a reduced
field of view (FOV) and increased grating lobes as the size of the
array aperture increases. There are two categories of architec-
tures that have been used to overcome this problem. One
class of architectures uses a wavelength-sensitive 1D grid array
of radiating elements to steer the beam in one direction and
sweep the wavelength of the laser to steer the beam in the
perpendicular direction [10,11,13–15]. This method removes
the planar routing restriction at the cost of an increased laser
source and system complexity. Typically, a broadly tunable laser
source (around 100 nm of wavelength tunability) is required to

achieve a moderate FOV (around 20°) [10,14,16]. Such tun-
able lasers are more complex and hence more costly compared
to their single wavelength counterparts. Furthermore, such
OPAs cannot offer wavefront control in the steering direction
controlled by the wavelength.

Another class of architectures uses sparse array synthesis
techniques to construct a 2D grid array of radiating elements
that permit routing the signals of the inner elements of the array
[6]. Compared to their equal-sized aperture, half-wavelength
spacing counterparts, sparse arrays reduce the number of the
radiating elements and phase shifters required, thus reducing
array control complexity, power consumption, heat dissipation,
and system cost. Furthermore, such arrays can operate with a
fixed-wavelength laser source. These 2D grid OPAs have ad-
vantages over their 1D grid aperture counterparts since they
can offer full wavefront control with a fixed wavelength laser.
However, sparse placement of the elements reduces the array
gain and beam efficiency, which is also known as the “sparse
array curse.” This fact fundamentally limits the performance
of sparse arrays for power transfer applications, making them
more suitable for point-by-point imaging and sparse target de-
tection applications. Furthermore, most sparse array synthesis
techniques achieve target beam performance by the randomized
placement of elements in a 2D grid given the constraints on the
number of elements and planar signal routing. For example,
genetic algorithms have been used for sparse array synthesis
[6,17,18]. This optimization process is computationally expen-
sive for larger aperture sizes with an increased number of ele-
ments and there is no guarantee of arriving at the optimal
design.
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One method to reduce the complexity of finding optimum
sparse apertures is to take advantage of the basic properties of
circularly symmetric apertures. The ideal symmetric aperture is
circular, as shown in Fig. 1(a). The beam pattern of such an
aperture can be computed by taking the Fourier transform
of a circle:

jPcirc�θ�j � jF �circ�D��j �
J1
�
kD
2 sin θ

�
kD
2 sin θ

, (1)

where P is the radiation pattern, θ is the elevation angle, D is
the diameter of the circle, k is the wave number, and J1 is the
first-order Bessel function of the first kind. The beam intensity
cross-section of such an aperture is shown in Fig. 1(d), as is
described by the function J�x�∕x. Another circularly symmetric
aperture is the annular-ring aperture, which is shown in
Fig. 1(b), and can be modeled by blocking the center region
of a circular aperture. The far-field beam pattern for such an
aperture is given by the Fourier transform of the difference
of two circular apertures of diameters D and D − δ:

jPRing�θ�j � jF �circ�D� − circ�D − δ��j � J0

�
kD
2

sin θ

�
,

(2)
where δ is small and J0 is the zeroth-order Bessel function of the
first kind. The beam intensity of this cross-section is shown in
Fig. 1(d).

These beam patterns show that annular-ring apertures re-
duce the beamwidth at the cost of an increased side-lobe level
(SLL) compared to their circular counterparts that have an
aperture with a significantly larger area. More importantly,
annular-ring apertures do not produce grating lobes. This
annular-ring aperture can be realized in a planar photonics pro-
cess. We can physically implement an OPA capable of active
beam steering by placing radiating elements on this annular
ring at half-wavelength spacing, as shown in Fig. 1(c). This dis-
cretized annular-ring array pattern approximates to the pattern

of a continuous annular-ring aperture, which is shown in
Fig. 1(d), for a sufficiently large number of elements. It is pos-
sible to combine multiple such discretized annular rings to im-
prove the OPA beamwidth and SLL, as shown in Fig. 1(e). In
phased array theory, such multi-annular-ring apertures can be
categorized under circular-aperture arrays [19–24]. The theo-
retical performance of uniform and nonuniform circular arrays
and their application to an integrated OPA have been previ-
ously analyzed and discussed in Refs. [21,25]. Such symmetric
apertures are advantageous over their rectangular counterparts
since they exhibit minimal disturbance to the beamwidth and
SLL when scanned azimuthally over the entire plane [26].

In this paper, we demonstrate what we believe, to the best of
our knowledge, is the first implementation of such multi-
annular-ring OPAs in a silicon photonics process and analyze
the architectural advantages and the limitations of such OPAs.
In the next section, we analyze the beamforming characteristics
of such annular rings in the context of planar photonics plat-
forms. Afterward, we present a 255-element silicon photonics
implementation of such an annular-ring OPA transmitter with
full amplitude and phase control for individual radiators. This
OPA design can be modified to operate as a transceiver [27] or
as a heterodyne receiver by incorporating balanced detectors
[6]. We simplify the electrical drive interconnect complexity
of such an OPA by using a row–column drive that reduces
the total number of electrical interconnects from 510 nodes
to 100 nodes. Finally, we discuss the beamforming optimiza-
tion methodology of this large-scale OPA and demonstrate the
beamforming and beam-steering capability of this OPA.

2. ANALYSIS OF ANNULAR-RING APERTURES

The discretized multi-annular-ring aperture can be generalized
by creating M concentric rings, each with Nm isotropic radi-
ators equidistant in arc length, where m ∈ 1, 2,…,M , as
shown in Fig. 1(e). Using the expression for the far-field radi-
ation pattern or an array factor of a single annular-ring aperture

Fig. 1. Diffraction pattern of circularly symmetric apertures with diameter D � 2λ when illuminated by a plane wave. (a) Circular aperture.
(b) Annular-ring aperture. (c) Discretization of the annular ring with 25 points. G ≈ λ∕2 is the arc-length distance between two elements.
(d) Diffraction pattern cross-section of apertures in (a), (b), and (c). (e) Generalization of discretized multi-annular-ring apertures equivalent to
circular-grid phased arrays.
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from Ref. [19], we can write the generalized array factor for a
multi-annular-ring aperture as

jP�θ,ϕ, θ0,ϕ0�j

�
XM
m�1

XNm

n�1

Im,nejkrm�sin�θ� cos�ϕ−ϕm,n�−sin�θ0� cos�ϕ0−ϕm,n��, (3)

where Im,n is the E -field intensity for the particular element, rm
is the radius of the mth ring, ϕm,n � 2πn∕Nm is the angular
position of the nth element in the aperture, and �θ0,ϕ0� pair
describes the direction of the main beam. While amplitude
apodization will help with SLL reduction, we limit this analysis
to uniform excitation, Im,n � 1, in the broadside direction,
�θ0,ϕ0� � �0,0�, unless otherwise stated.
A. Approximation of Continuous Annular-Ring
Aperture
Using Eq. (3), we can compute the diffraction pattern of the
continuous annular-ring aperture in Fig. 1(b) by assuming
M � 1 and replacing the summation of the discrete points
by integration over the entire circumference:

jP�θ�j �
Z

2π

0

ejkr sin θ cos ϕndϕn � 2πJ0�kr sin θ�: (4)

After normalizing Eq. (4), the beam pattern is a Bessel function
of order zero, which is identical to the diffraction pattern cal-
culation for an annular ring in Eq. (2).

As shown in Fig. 1(d), placing discretized elements at dis-
tances up to half-wavelength spacing is equivalent to the con-
tinuous case with a Bessel function beam pattern for the entire
FOV. As a result, the beam pattern of this circularly symmetric
structure is independent of ϕ, which is desired for most
beamforming applications. This simplified Bessel form can

be used as a first-order approximation to analyze sufficiently
dense annular-ring arrays. If the distance (over the arc) between
the radiating elements increases to larger values, the integration
in Eq. (4) that leads to the Bessel function approximation no
longer holds for the entire FOV. This is depicted in Fig. 2(a).
Here, an annular-ring aperture with a 20 μm diameter and
1.55 μm wavelength is plotted for continuous/half-wavelength
case (81 elements), 40, and 20 radiating elements. For the case
of 40 radiating elements (1.6 μm arc length spacing), the Bessel
approximation is valid up to 58°. For the case of 20 radiating
elements (3.1 μm arc length spacing), the Bessel approximation
is valid for θ up to 23°. The range of angles for which the
Bessel form holds is approximately inversely proportional to
the sparsity factor [annular-ring element density of ρr � 2λ
will result in the Bessel approximation being valid up to
90° × �λ∕2�∕ρr � 22.5°]. Furthermore, as the density of the
elements along the arc (ρr ) decreases, the SLL increases further.
This makes the Bessel approximation inaccurate for sufficiently
sparse annular-ring apertures. Therefore, for the remainder of
this paper, the analysis of sparse annular-ring arrays (larger than
the half-wavelength spacing of radiators on the arc length) is
done using Eq. (3).

B. Annular-Ring Apertures with a Fixed Linear
Density
This multi-annular-ring aperture given by Eq. (3) is circularly
symmetric, and as a result, the placement of the radiating el-
ements can be optimized for desired performance parameters
with reduced computational complexity compared to their
rectangular grid sparse apertures counterpart. Such multi-
annular-ring apertures can be analyzed for any of the
beamforming parameters such as beamwidth, SLL, beam effi-
ciency (defined as the ratio of the optical power in the 3 dB

Fig. 2. (a) Effect of annular-ring discretization on the far-field array factor. A 20 μm diameter ring is plotted for a continuous annular-ring-slit
aperture (or half wavelength-spacing elements), discretized with 40 isotropic radiators and 20 isotropic radiators. (b) Beamwidth and 3 dB beam
efficiency trends as a function of phased array aperture diameter. (c) Minimum beamwidth as a function of 3 dB beam efficiency for linear density
multi-annular-ring OPAs at the planar routing limits for single-layer and two-layer photonics process. (d) SLL and effective aperture as a function of
aperture diameter.
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beamwidth of the main lobe and the total power delivered to
the aperture), and element count. In this work, we limit our
analysis of annular-ring apertures to apertures with fixed linear
density. In other words, we assume a constant elements per arc
length density (Nm � mN 1) and linearly increase the ring
radii (rm � mr1).

For such apertures with linear density, the planar photonic
process parameters set the elements per arc length density as
well as the minimum aperture diameter limits. For silicon pho-
tonics processes, the waveguides are typically 500 nm wide with
a minimum pitch of 1 μm to reduce the electromagnetic cou-
pling between the adjacent waveguides. Radiating elements can
also be constructed at the size of the waveguides (500 nm). For
a fixed linear density, the design values r1 and N 1 set the
beam efficiency of the aperture. Assuming r1 � 40 μm and
N 1 � 20, we can plot the beamwidth, beam efficiency, SLL,
and effective aperture (total area of radiating elements) for dif-
ferent aperture sizes (values ofM ). Figure 2(b) shows that while
the half beamwidth decreases for larger and larger apertures, the
beam efficiency remains relatively constant. Since this aperture
maintains a fixed linear density, the array sparsity factor remains
the same, which explains the relatively constant value of the
main beam efficiency. In other words, maintaining the linear
density of the array ensures that as the array size increases
the power in the main beam remains constant relative to
the remaining power distributed among the side lobes.
Furthermore, increasing the array size results in the remaining
power distributing more evenly among the side lobes, reducing
the peak SLL. This is shown in Fig. 2(d), where the SLL de-
creases as the aperture size gets larger and the effective aperture
size also increases. Thus, multi-annular-ring apertures are good
candidates for sparse phased-array receiver applications where
the collection area and SLL are important performance metrics.
Moreover, these plots suggest that for a given fixed linear den-
sity �r1,N 1� pair the beam performance improves while the
beam efficiency remains constant until the planar routing lim-
itations limit the size of the aperture for the particular linear
density. This provides a design methodology for multi-
annular-ring apertures. We can proceed and calculate the larg-
est apertures that can be constructed using these linear density
annular-ring apertures. Assuming the waveguide and radiator
size and pitch limitations of silicon photonics platforms men-
tioned above and using the symmetric nature of these apertures,
multi-ring annular-ring apertures can be constructed starting
from the innermost ring. Note that the waveguide minimum
bend radius limitations are ignored in this analysis. The signal
from the inner rings of the aperture is radially routed outside
the aperture in all directions between the radiators on the outer-
most ring. The maximum aperture size is reached when the
total inter-element spacing of the radiators in the outermost
ring equals the total width and spacing required to route the
signals to the radiators inside the aperture. We can plot the
minimum achievable beamwidth, given the maximum aperture
size, for a given beam efficiency for single-layer and two-layer
photonic platforms, as shown in Fig. 2(c). Thus, a multi-
annular-ring OPA implemented in a single-layer photonic
platform with 0.9% beam efficiency (0.93° array beamwidth)
and 90° 3 dB-beamwidth radiators can resolve. The beam

efficiency is defined as the ratio of the optical power in the
3 dB beamwidth of the main lobe and the total power delivered
to the aperture. A two-layer photonic platform that is realized
with a multilayer photonic process such as in Ref. [28] can dou-
ble the number of signals routed for a given aperture size.
Alternatively, a two-layer photonic process, in which the radi-
ators are placed on the same photonic layer, allows the physical
realization of a larger aperture with the same linear density and
beam efficiency, which approximately doubles the number of
resolvable points to 18,595 in the far field.

Figure 2(c) demonstrates the general trade-off between
beam efficiency and minimum beamwidth, which is limited
by the “sparse array curse.”Nevertheless, the aperture efficiency
can be moderately improved by using various array-synthesis
techniques such as fine-tuning the position of the radiating
elements inside the aperture or incorporating amplitude
apodization. For example, a multi-annular-ring array with
�r1,N 1,M � � �10 μm, 20, 3� and 90° FOV radiators with
uniform amplitude excitation results in a 0.66° beamwidth
with 1.76% main beam efficiency. Introducing amplitude
apodization [exciting the radiators in the first, second, and third
annular rings with relative intensities of (1, 0.8, 0.6)] will
slightly improve the main beam efficiency to 1.91% while in-
creasing the beamwidth to 0.70°. A complete survey of various
array-synthesis techniques to improve the performance of
multi-annular-ring arrays is beyond the scope of this paper.

3. MULTI-ANNULAR-RING OPA
IMPLEMENTATION

To demonstrate the beamforming and beam-steering capability
of multi-annular-ring aperture OPAs, we implemented a five-
annular-ring aperture OPA system with active beamforming in
Advanced Micro Foundry’s (AMF) standard photonics process.
The die photo of this system is shown in Fig. 3. This OPA has a
400 μm diameter annular-ring aperture with 255 radiating
elements with complete phase and amplitude control. The
thermo-optic phase and amplitude modulators are distributed
into four blocks and electrically connected in a row–column
fashion to reduce the electrical interconnect density from order
N 2 to order N . Amplitude modulation is achieved via a 1:2N

tunable amplitude distribution network that can be calibrated
with only N � 1 integrated sniffer photodiodes. The design
details of these three sub-blocks are examined in the following
subsections.

A. Implemented Aperture
This multi-annular-ring OPA array factor was optimized based
on a 1 μm minimum pitch in the waveguide routing with
2 μm × 5 μm compact photonics radiators, as shown in
Fig. 4(c). Based on the analysis in Section 2.B, we incorporated
a five-annular-ring (M � 5) aperture with a linear density
(r1 � 40 μm and N 1 � 17). As a result, 17, 34, 51, 68,
and 85 radiators are placed on rings with radii, respectively, of
40 μm, 80 μm, 120 μm, 160 μm, and 200 μm, as shown in
Fig. 4(a). This multi-annular-ring aperture maintains the Bessel
form for a 2° FOV with a 0.2° theoretical beamwidth with no
grating lobes in the full FOV. The cross-section of the radiation
pattern for this OPA is shown in Fig. 4(b).
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The radiating element used in this aperture has a 3 dB far-
field beamwidth of 23° × 16.3° with a more than 50% peak
radiation efficiency at the optimum angle of 7.4° [29].
Furthermore, the 1 dB spectral bandwidth of the radiator is
more than 400 nm, which makes these radiators insensitive
to temperature and wavelength variations. As a result, the
FOV of this aperture is limited by the FOV of the radiating
element with a maximum SLL of −15.6 dB, as shown in
Fig. 4(b). Furthermore, the theoretical resolution of this
OPA is 115 × 81 � 9315 total points. The beam efficiency
of this aperture is 0.15%. This is lower than the 44% beam
efficiency of a uniform half-wavelength spacing array. This re-
duction in the main beam power efficiency compared to the

uniform half-wavelength spacing array is a measure of the spar-
sity of the aperture. In addition, the theoretical directivity for
the multi-annular-ring array (assuming isotropic radiators) and
the directivity of the individual radiators are 24 dB and 11 dB,
respectively. Based on the 3 dB loss of the radiator, approxi-
mately 3 dB combined loss of the splitters and waveguides,
and 35 dB directivity for the aperture, we estimate 39 dBm
EIRP (effective isotropic radiated power) for 10 dBm input
power into the array.

B. Row–Column Drive
The amplitude and phase modulators for the 255-element array
are divided into four blocks. Both amplitude and phase

Fig. 4. (a) Layout and signal distribution for a 255-element annular-ring aperture. (b) Full AF of the aperture for ϕ � 0, including the radiator’s
beam pattern. (c) Custom radiating element used in this OPA. (d) The far-field radiation pattern of the radiating element.

Fig. 3. Multi-annular-ring aperture OPA system. Die photo of the proposed design and SEM photo of the aperture. Phase and amplitude mod-
ulators are grouped into four blocks for symmetric layout.
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modulators incorporate a compact spiral thermo-optic phase
shifter design to reduce the device footprint and increase iso-
lation between radiating elements [29], as shown in Figs. 5(b)
and 5(c). The amplitude modulation is achieved by a cascade of
tunable optical couplers that split the light into 64 branches.
This tunable power splitter requires 63 tunable couplers. The
output of each tunable coupler passes through phase shifters
before reaching the radiating elements to adjust the relative
phase between elements. These 127 active components are
electrically connected in a row–column fashion, as shown in
Fig. 5(a). The tunable couplers are arranged in a 16 × 4 grid.
There are 64 phase shifters in each block. In addition, there are
16 distributed dummy thermal phase shifters placed among the
phase shifters to reduce the thermal gradient in the substrate.
These phase shifters and dummy heaters are arranged in a
16 × 5 grid. These phase and amplitude modulator grids are
connected as one unit in a 16 × 9 matrix resulting in
4 × �16� 9� � 100 drive nodes for the full OPA. Four out
of 16 rows of this 16 × 9 row-column drive matrix are shown
in Fig. 5(a).

To achieve independent control of all phase and amplitude
modulators, each of these four blocks is programmed by a time-
domain demultiplexing technique that uses the thermal
memory of these phase shifters. In this scheme, the modulators
are programmed in continuous cycles. Each programming
cycle, T , is divided into 16 time slots. During each time slot
(T∕16), only one row of the phase shifter matrix is pro-
grammed using nine pulse-amplitude modulation (PAM) driv-
ers that deliver the desired thermal power to elements in the
active row and keep the remaining rows of the modulators
in the off state. Each of the nine PAM drivers switches between
16 different values for each programming cycle, which allows
144 different values to be independently programmed in the
16 × 9 matrix. This is achieved by including a series diode with
a resistive heater to prevent the flow of current through the
turned-off columns of the array by keeping the diode in reverse
bias. The series diode has a footprint of 200 μm2 and adds 10%
to the total area of the phase or amplitude modulator. Since
these thermal phase shifters have a bandwidth on the order

of several kHz, having a programming period T in the
MHz range ensures that all phase shifters maintain their tem-
perature or programmed phase value. This row–column drive
methodology reduces the required number of electrical inter-
connect nodes for an N ×M � 16 × 9 array from 144 nodes
to N �M � 25 nodes.

This row–column drive methodology trades the number of
required drivers and system complexity with an increased re-
quirement on driver bandwidth, output voltage swing, and
drive signal complexity. Scaling the total number of phase
and amplitude modulators by a factor of N 2 (doubling both
rows and columns) increases the bandwidth requirement by
a factor of N and increases the drive voltage requirement by
a factor of

ffiffiffiffiffi
N

p
. For example, if a PAM drive with 2 MHz

bandwidth and 10 V output voltage swing is sufficient for a
16 × 9 array, increasing the number of phase and amplitude
modulators by a factor of N � 100 to 14,400 increases the
PAM bandwidth requirement to 20 MHz, which is available
in modern electronic processes. Furthermore, the drive voltage
requirement increases by a factor of

ffiffiffiffiffi
10

p
to 31 V, which can be

realized using stacked-transistor driver topologies [29].

C. Amplitude Modulation with Simplified On-Chip
Calibration
Amplitude modulation for the 255 elements in this design is
achieved by cascading 8 one to two tunable optical couplers
[Fig. 6(a)]. This design is advantageous over the conventional
approach of dedicating one amplitude attenuator per signal
path [27] because, for different amplitude configurations,
the power is redistributed between different paths, and the total
power delivered to the aperture remains constant. This distri-
bution method can be used to deliver equal power to all ele-
ments or to achieve amplitude apodization for reduced SLL.
Each output of these amplitude modulators has a 1% power
splitter and a compact sniffer photodetector for on-chip calibra-
tion. The output of these photodiodes can be used to perform a
one-time calibration to correct for fabrication mismatches in
the tunable amplitude coupler and determine the drive voltage
requirement for the amplitude modulators.

Fig. 5. Row–column drive scheme for amplitude and phase modulators. (a) Four out of 16 rows from the 16 × 9 row–column block. The elements
in each row are programmed by forward-biasing the elements in that row while keeping all the other rows in reverse bias. Each row is active for T ∕16
of the programming cycle and programs all 16 elements in each row. (b) Implemented phase modulator using a compact spiral thermo-optic
modulator. (c) Implemented amplitude modulator based on a tunable MZI splitter using a compact spiral modulator.
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It can be noted that this calibration requires 2N − 1 sniffer
diodes and 2N − 1 sensing nodes for a 1:2N splitter array.
However, since this calibration needs to be performed only
once, it is possible to reduce the number of required sensing
nodes to N � 1 by combining the output current of detectors
in each stage and using a sequential calibration methodology.
This methodology is described using the 1:8 splitter in
Fig. 6(b). The output of the first sensing stage (PD1) can
be used to calibrate the tunable coupler (AM0) in the first split-
ting stage. Afterward, AM0 is configured so that all power is
delivered to AM11. As a result, the combined output of the
second sensing stage (PD2) corresponds only to the top branch
(AM11). This sensing output can be used to calibrate AM11.
Iterating this process for all the remaining amplitude modula-
tors allows full calibration of this 1:8 splitter using only four
sensing nodes. For the 255-element array, only nine sensing
nodes are required, which significantly reduces the sensing
interconnect complexity.

In this OPA system implementation, the power is coupled
into the aperture using a lensed grating coupler. An integrated
PIN modulator isolates the coupled light from the scattered
reflected light from the substrate. Integrated proportional-to-
absolute temperature (PTAT) sensors can be used to measure
the substrate temperature gradient across the chip. The optical
path-length mismatch between radiating elements is compen-
sated for by incorporating additional delay lines in the chip.
The entire system has a 2.2 mm × 2.2 mm area.

4. MEASUREMENT RESULT

The amplitude and phase modulator unit cell with the compact
spiral phase shifters was characterized in Ref. [29]. These mod-
ulators have a 19 kHz electro-optical bandwidth and require
21.2 mW for a 2π phase shift for the complete beamforming
capability as well as the ability to correct for fabrication mis-
matches. The low 3 dB thermo-optical bandwidth (<100 kHz)
of these thermal modulators is consistent with other such mod-
ulators reported in literature [30,31]. The power requirement
for complete 2π control of the phase shifters means that the
worst-case power consumption of these optical modulators will
be 8.1 W. Therefore, thermal phase shifters are a potential

bottleneck in the scalability of OPAs. For the beamforming
optimization of the annular-ring-aperture OPA, 36 PAM driv-
ers with 10 bits of resolution and 64 row-enable switches with a
10 V maximum swing and 10 ns rise and fall time were used.
The row–column drive circuits operate at a 1.56 MHz repeti-
tion rate, which is sufficiently larger than the thermal time-con-
stant of the spiral modulators. Since all metal traces were
designed based on the maximum expected current densities,
no degradation in performances or failures in the interconnects
or active devices were observed during the measurements.

The far-field radiation pattern of the OPA was captured us-
ing a custom optical far-field radiation measurement setup.
This apparatus moves a compact InGaAs photodetector along
the arc at a fixed distance with respect to the OPA chip and
captures the far-field pattern point by point. The 1.55 μm light
coupled into the chip is modulated at 1.1 MHz by the inte-
grated on-chip PIN modulator. Therefore, the modulated op-
tical power radiated from the aperture can be distinguished
from the scattered light at the input grating coupler (due to
fiber-to-chip coupling inefficiencies). Note that the on-chip
PIN modulation frequency can be set to any value as long
as it is within the electrical bandwidth limitations of the far-
field measurement setup. This transmitter path modulation
is compatible with time-domain encoding schemes such as
FMCW and receiver architectures such as heterodyne receivers
[6]. Furthermore, no interference between this transmitter path
modulation and the drivers and phase shifters in the row–
column drive scheme was observed during far-field beam opti-
mization and characterization measurements. The far-field
radiation power was filtered and quantized using a spectrum
analyzer with 10 Hz resolution bandwidth. The collected
power was normalized with respect to the power coupled into
the chip to remove any changes in power due to the slight var-
iations in the position of the input fiber during the mea-
surement.

All of the phase and amplitude modulators in the array were
optimized concurrently using the 36 PAM drivers. These PAM
drivers switch between 16 different values with 10-bit resolu-
tion for the 16 different rows. During each iteration of beam
optimization, the algorithm must optimize all the phase and
amplitude modulators in each of the four 16 × 9 blocks.

Fig. 6. Tunable amplitude modulation with calibration feedback. (a) Unit tunable power splitter with 1% sniffer output for control. (b) 1:8
tunable power splitter with reduced sensing interconnect complexity.
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The large number of driver settings (576 drivers with 10-bit
resolution) creates a large search space to find the optimized
beam. Furthermore, due to fabrication mismatches, the initial
phase setting of the aperture is random. Therefore, the beam
pattern P�θ,ϕ, θ0,ϕ0� and the required phase shift values for
beam optimization ϕn,m, as shown in Eq. (3), result in a non-
convex search space that creates a challenge to find optimum
beam patterns. To address this problem, we first performed a
randomized optimization and recorded the broadside beam
power value. During each optimization step, a new random
set of 576 values is programmed in the phase and amplitude
modulators, and the main beam power is measured. After
200 iterations, the randomized search found a PAM setting
with 3–4 dB increased signal power in the main beam.
Afterward, a modified gradient search continues to optimize
the main beam power from the best randomly-optimized beam.
In this step, the gradient search gradually increases or decreases
each of the 576 programmed values to optimize the main beam
power. After 250 iterations, the gradient descent improves the
beam by approximately 2 dB. The optimization progression is
shown in Fig. 7(a).

To verify the dynamic beamforming stability and repeatabil-
ity of this OPA, we switched between the setting with all PAM
drivers off and the optimum PAM setting for the broadside and

recorded the dynamic changes in the normalized main beam
power (with respect to the power coupled into the chip) as
a function of time. The dynamic stability of the PAM drive
is shown in Fig. 7(b). It takes 2 s to program the 576 values
into the 32 PAM drivers. The thermal gradient variations on
the chip settle in approximately 8 s, which is the limiting factor
for the total optimization time per beam direction. This ther-
mal settling time is a function of the particular measurement
setup and can be reduced by improving the substrate heat sink.
The PAM drivers are able to consistently program the phase
and amplitude modulators through the row–column drive
scheme with less than 0.4 dB ripple in the peak power.

Afterward, we measured the optimized beam pattern using
the aforementioned optical far-field measurement setup. The
InGaAs photodetector was rotated along the arc in �θx , θy� di-
rections at a 5 cm distance. A 2D scan of the optimized beam
pattern for the broadside direction �θx , θy� � �0°, 0°� in
Fig. 8(a) shows no grating lobes in the measurement FOV of
�10°, 10°� limited by the measurement setup. This measure-
ment was repeated three times and the cross-sectional views
of the normalized broadside beam pattern with standard
deviation for θy � 0° and θx � 0° are shown in Figs. 8(b)
and 8(c), respectively. Due to fabrication mismatches, which
create a random initial state for the phase shifter, the thermal

Fig. 7. (a) Beam power optimization progression after 450 iterations. (b) Dynamic stability and repeatability of the annular-ring OPA. The PAM
drivers can maintain the optimized setting with less than 0.4 dB variations.

Fig. 8. 2D beamforming demonstration. (a) 2D beam pattern was measured for the optimized direction (0°, 0°). (b) 1D cross-sections of the
beam pattern in θx (ϕ � 0° plane). (c) 1D cross-sections of the beam pattern in θy (ϕ � 90° plane).
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crosstalk between modulators, and the large search space, the
optimization method fails to reduce the SLL to the expected
values from simulation. Nevertheless, the optimization method
used here was able to reduce the SLL for the beam in the broad-
side direction �θx , θy� � �0°, 0°� to −4 dB, which is sufficient
to demonstrate beamforming. Finally, we demonstrated the
beam-steering capability of this annular-ring aperture by opti-
mizing the beam in several other directions. This was done by
re-optimizing all the phase and amplitude modulators in the
array using the aforementioned beam optimization methodol-
ogy. The InGaAs detector was positioned at �θx , θy� �
�−1.2°, 0°� and �θx , θy� � �−3.4°, 0°� to demonstrate beam
steering in θx direction. It was also positioned at �θx , θy� �
�0°, 2.2°� to demonstrate beam steering in θy direction. The
cross-sectional views of these steered beams are shown in Fig. 9.

5. CONCLUSION

In this work, we analyzed the advantages and design trade-offs
of fixed linear density multi-annular-ring-aperture OPAs. Such
OPAs reduce the sparse array design complexity due to their
symmetric nature and permit signal distribution in a planar
photonics process. Furthermore, the linear density of the ele-
ments in the OPA maintains a constant power efficiency for
larger apertures, reducing the beamwidth and the SLL. In a
standard photonics process, we implemented an annular-ring

aperture with 255 radiating elements and 510 phase and am-
plitude modulators. The performance of the proposed 2D
aperture multi-annular-ring OPA is compared to other recent
2D aperture OPAs in Table 1. The proposed design uses a
row–column drive, which reduces the electrical interconnect
complexity from N 2 to 2N . Furthermore, we measured the
row–column drive programming reliability to be better than
0.4 dB. Finally, we measured the far-field radiation pattern
of the aperture for several directions, demonstrating the beam-
forming and beam-steering capability for this aperture.
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