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Integrated photonic active beamforming can significantly reduce the size and cost of coherent imagers for LiDAR
and medical imaging applications. In current architectures, the complexity of photonic and electronic circuitry
linearly increases with the desired imaging resolution. We propose a novel photonic transceiver architecture based
on co-prime sampling techniques that breaks this trade-off and achieves the full (radiating-element-limited) field
of view (FOV) for a 2D aperture with a single-frequency laser. Using only order-of-N radiating elements, this
architecture achieves beamwidth and sidelobe level (SLL) performance equivalent to a transceiver with order-of-
N 2 elements with half-wavelength spacing. Furthermore, we incorporate a pulse amplitude modulation (PAM)
row–column drive methodology to reduce the number of required electrical drivers for this architecture from
order of N to order of

�����

N
p

. A silicon photonics implementation of this architecture using two 64-element aper-
tures, one for transmitting and one for receiving, requires only 34 PAM electrical drivers and achieves a transceiver
SLL of −11.3 dB with 1026 total resolvable spots, and 0.6° beamwidth within a 23° × 16.3° FOV. © 2022
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https://doi.org/10.1364/PRJ.437518

1. INTRODUCTION

Solid-state photonic platforms provide an integration pathway
for many photonics applications ranging from communications
and medical imaging [1] to inertia sensors [2] and LiDAR im-
agers [3–5]. In particular, integrated active beamformers, also
known as optical phased arrays (OPAs), implemented in silicon
photonic platforms have the potential to perform complex and
high-speed wavefront manipulation and processing on a single
mass-producible chip [4,6–8], and can outperform their bulk
optics and microelectromechanical systems (MEMS) counter-
parts [9,10]. This can lead to lens-free, miniaturized, and low-
cost coherent imaging systems with applications in LiDAR
scanners, robotics, bio-medical imaging, optical communica-
tion, and remote sensing. Early efforts in the past decade have
focused on demonstrating different architectures for chip-scale
photonic beamforming systems [8,11–13]. In these systems,
implementation complexity significantly increases from the
photonic front-end for wavefront manipulation and processing
to the back-end for electrical processing as the number of
resolvable spots scales. As the number of pixels increases,
the required number of photonic radiators, phase shifters,
and electrical interconnect nodes grows, and the overall power
consumption, form factor, and cost can become prohibitive.
For instance, to address the interconnect density challenge,

complex and costly electrical interconnect solutions such as
through-silicon via (TSV) [14], monolithic platforms [11],
or large-scale chip-to-chip interposers are investigated [15].
Alternatively, full wavefront control can be sacrificed with ar-
chitectures that can do only simple beamforming to reduce the
interconnect density challenges [11,16,17].

These scalability bottlenecks are the direct result of
OPA architectural choices. The most common solid-state 2D
steerable beamformers primarily utilize OPAs with 1D aper-
tures [6,7,11,17,18], as shown in Fig. 1(a). These OPAs rely
on long wavelength-sensitive grating-based radiators in con-
junction with a widely tunable integrated laser to steer the
beam in one direction by around 20° [6,17,19] and steer in
the perpendicular direction via phase tuning. These architec-
tures require a rapidly tunable laser, and typically require rapid
wavelength tuning over about 100 nm of wavelength (dictated
by beam scanning rates), resulting in high-complexity and
high-cost widely tunable laser sources. Furthermore, 1D OPAs
cannot perform additional complex wavefront processing along
the direction steered by the wavelength. Figure 1(b) shows the
laser wavelength tuning range required to achieve the desired
field of view (FOV) for several 1D OPA implementations.
An important performance metric is the complexity order of
the system, defined as the number of integrated components
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required compared to the number of resolvable spots. As a
baseline, 1D OPAs, which require N phase shifters and N ra-
diators for N resolvable spots, have a complexity of order N .

On the other hand, 2D apertures, as shown in Fig. 1(c), can
operate with a low-cost single-wavelength laser. Moreover, 2D
OPAs can, in principle, surpass the beam steering limitation
imposed by a tunable laser’s finite wavelength-sweep range,
and fully phase-controlled 2D OPAs can generate arbitrary
wavefronts; however, they require a 2D grid of radiators and
corresponding phase shifters, and hence the system complexity
is of the order of N 2. In addition to this increased system com-
plexity, 2D apertures suffer from planar integrated photonic
routing limitations, resulting in a limited effective FOV [4].
In this scenario, routing photonics waveguides to inner ele-
ments of the array requires a large pitch between the individual
radiating elements. Furthermore, this pitch itself has to increase
with an increasing number of elements, resulting in very poor
scaling to large arrays. For planar photonics platforms with di-
electric waveguides and radiators, this pitch is greater than half
the wavelength. For arrays with larger than half-wavelength
element spacing, the angular spacing of the grating lobes is cal-
culated using

θGL � arcsin�λ∕d x�, (1)

where d x is the pitch of the radiating elements, and λ is the
wavelength [20]. This effectively limits the useful FOV of
the aperture to the angular spacing of two grating lobes in
an array.

While multi-layer photonics platforms [21] may alleviate
this problem to a limited degree, they do not come anywhere
close to solving it. Figure 1(d) shows the trade-off between the
number of radiators in an array and the effective grating-
lobe-limited FOV for different numbers of photonic routing
layers. For this plot, we assumed that the radiating elements
are 2 μm × 2 μm, the waveguide width is 500 nm, and the
minimum spacing between waveguides and radiators is
500 nm. The signal is routed from the four sides of the aperture
to the inner elements of the array. Moreover, multi-layer proc-
esses increase this routing density. For example, a photonics
process with two routing layers can route twice as many wave-
guides to the inner elements of the apertures. Afterwards, the
minimum achievable pitch given these constraints is calculated

for the different number of elements in the array, and Eq. (1) is
used to calculate the FOV of the apertures. In this calculation,
we assumed idealized loss-less bends and polarization-insensi-
tive radiators. Furthermore, we assumed that 500 nm spacing
would be sufficient to avoid electromagnetic coupling for very
larger apertures. All of these assumptions result in Fig. 1(d)
being an overestimation of apertures’ FOVs that can be realized
in practice. Nonetheless, the general trend in Fig. 1(d) holds.
One approach to ameliorate the 2D OPA routing constraint is
to design a non-uniform sparse array [22] that can suppress the
grating lobes. The randomized positions of OPA radiating el-
ements in a 2D grid can be optimized to achieve the desired
beamwidth and sidelobe level (SLL), and meet planar photonics
routing constraints. Alternatively, one can use other array
beamforming techniques such as vernier arrays [23] to relax
photonic routing limitations. However, the system complexity
order of a 2D-grid aperture remains a challenge.

This work addresses the 2D-grid aperture OPA system com-
plexity challenge using co-prime sampling techniques in uni-
form arrays with order-of-N system complexity instead of
order-of-N 2 complexity. We demonstrate this approach using
a novel transceiver OPA architecture with a 2D-grid aperture
that resolves the 2D routing constraints and simplifies imple-
mentation complexity. This transceiver architecture results in
an effective FOV primarily limited by the individual radiating
element pattern. It operates with a single-wavelength laser while
maintaining an order-of-N system complexity, similar to its
1D-grid OPA counterparts. This is achieved by co-designing
the transmitter and receiver apertures with co-prime radiating
element spacing, which leads to co-prime angular beam spacing
that overlaps only in a single direction. Furthermore, we incor-
porate a row–column driver configuration that further reduces
electronic drive circuitry complexity to the order of

ffiffiffiffiffi

N
p

. We
present the implementation of such a co-prime transceiver
OPA in a standard silicon photonics process achieving a full
(radiator-limited) FOV and 1026 resolvable spots. This 2D-
grid co-prime transceiver architecture with two 8 × 8 transmit-
ter and receiver apertures, a fixed-wavelength laser source, and
34 electrical pulse amplitude modulation (PAM) drivers,
achieves angular resolution similar to a 32-element 1D-grid
OPA with a tunable laser, or a 32 × 32-element 2D-grid OPA
with a fixed-wavelength laser.

Fig. 1. Solid-state beam steering methods. (a) 1D-grid aperture beam steering with a tunable laser source. (b) FOV of 1D apertures as a function
of wavelength tuning range for prior art [6,7,15,17]. (c) 2D-grid aperture beam steering with a fixed-wavelength laser. (d) FOV of 2D-grid uniform
apertures as a function of the number elements in the array for a different number of photonics routing layers. 2D-grid co-prime transceiver OPAs
can operate in a radiating-element-limited FOV regime using a single frequency source.
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2. CO-PRIME OPTICAL BEAMFORMING

The presented photonic co-prime phased array utilizes co-
prime sampling [24,25] to synthesize a transceiver pattern with
no grating lobes (no aliasing) using 2D-grid transmitter and
receiver OPAs with larger than half-wavelength spacing. A
phased array transceiver with independent transmitter and
receiver apertures, co-located in close proximity to each other,
has an overall transceiver beam pattern given by the product of
the transmitter and receiver array factors:

PTRx�θ, θRx, θTx� � PRx�θ, θRx� · PTx�θ, θTx� · ρ�θ�, (2)

where θRX and θTX are beam steering directions for the two
arrays, and ρ is the reflection coefficient of the imaging target.
If the transmitter and receiver element spacings (dTX and dRX)
are defined to be co-prime integers within a constant factor of
each other, dTX � Pdx and dRX � Qdx , where P and Q are
co-prime integers, the transmitter radiates in several directions,
and the receiver receives from several directions; however, only
one of those received directions overlaps with one of the trans-
mitted directions. Furthermore, the transceiver array will have a
synthesized pattern with grating lobes equivalent to two uni-
form transmitter and receiver arrays with d x radiating element
pitch. If d x � λ∕2, then the synthesized transceiver will have
no grating lobes in the FOV. In other words, co-prime spacing
of the transmitter and receiver elements suppresses the grating
lobes and enables 2D beam steering over the full FOV limited
by the radiation pattern of individual elements.

Figure 2 shows an example of co-prime beamforming using
co-prime integers P � 3 and Q � 4. The transmitter array
contains N Tx � 4 elements with dTx � 3λ∕2 spacing, and
the receiver comprises N Rx � 3 elements with dRx � 4λ∕2.
While the transmitter and receiver arrays contain three and four
grating lobes, respectively [Fig. 2(a)], the synthesized trans-
ceiver pattern shown in Fig. 2(b) contains no grating lobes.

The transmitter and receiver beams can be steered to resolve
all the pixels within the FOV. Figure 2(f ) shows several trans-
mitter and receiver beam steering configurations. Combining
any of the transmitter and receiver beams directions will have
no grating lobes.

The number of transmitter and receiver elements can be in-
creased to N Tx � k1Q and N Rx � k2P with k1, k2 > 1 to re-
duce SLL. Figure 2(e) shows the relationship between SLL and
the common array size multiplication factor k � k1 � k2 for
the array in Fig. 2(c). It is clear that k � 2 is sufficient for the
co-prime transceiver OPA to surpass the SLL of uniform trans-
mitter OPA, and k � 6 is sufficient for the co-prime trans-
ceiver OPA SLL to reach those of a half-wavelength spacing
transceiver OPA.

The 2D-grid OPA in Fig. 2(c) with k � 1 has a beamwidth
of 6.3° and can resolve 748 points. This transceiver contains
Q2 � 16 transmitter radiators and P2 � 9 receiver radiators.
A half-wavelength spacing transmitter OPA with the same num-
ber of spots, as shown in Fig. 2(d), will require �PQ�2 �
144 radiators and phase shifters to achieve the same beamwidth
as the co-prime variant [Fig. 2(b)]. For a factor N
defined as N � PQ , co-prime OPAs with N elements achieve
beamwidth performance similar to uniform N 2-element OPAs
with half-wavelength element spacing. Hence, the system com-
plexity is reduced from the order of N 2 to the order of N .

3. DESIGN

A silicon photonics co-prime transceiver was designed and
implemented using the Advanced Micro Foundry’s (AMF’s)
standard photonics foundry to demonstrate co-prime beam-
forming capability. Figure 3(a) shows the block diagram of
the chip. Coupled power into the chip splits equally between
the transmitter block for illumination beamforming and the

Fig. 2. Co-prime beamforming example for P � 3, Q � 4. (a) Cross section of the co-prime transmitter and receiver far-field radiation patterns.
(b) Cross section of the transceiver co-prime beam showing no grating lobes and the equivalent half-wavelength spacing array far-field radiation
pattern. (c) Co-prime transmitter and receiver array elements on larger than half-wavelength spacing grid. (d) Half-wavelength spacing array with
beamwidth equivalent to the co-prime array. (e) Transceiver SLL as a function of array multiplication factor k. (f ) Co-prime array beam steering for
several directions and the resulting transceiver pattern for θRx � 0° and θTx � 0°.
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receiver array for receiver beamforming and heterodyne detec-
tion [4]. An 8 × 8 array of transmitter elements and an 8 × 8
array of receiver elements [Fig. 3(b)] with equal power distri-
bution are used. The equivalent uniform array pitch is
d x � 2λ, which results in a usable FOV of 30°. The co-prime
numbers are P � 3 and Q � 4. This results in a transmitter
array with 6λ � 9.2 μm element pitch (grating lobes at 9.55°)
and a receiver array with 8λ � 12.4 μm element pitch (grating
lobes at 7.18°) for an operational wavelength of 1550 nm. The
proposed co-prime apertures with P � 3, Q � 4, and 8 × 8
elements require the array multiplication factors to be
k1 � 2 and k2 � 2.67. This means the ideal SLL should be
better than −15 dB with 0.65° beamwidth.

A compact 2 μm × 5 μm radiating element was optimized
and implemented as the transmitting and receiving element
[Fig. 3(c)]. This compact radiator has a 3 dB far-field beam-
width of 23° × 16.3°, which becomes the FOV-limiting factor
in this design. The 1 dB spectral bandwidth of the radiator is
over 400 nm, making the radiators very robust to changes in
the operating wavelength. At the operating wavelength of
1550 nm, the peak radiation efficiency is at θy � 7.4°.

Both transmitter and receiver OPAs contain an 8 × 8 array
of phase modulators for complete relative phase control be-
tween radiator elements in each block. A cascade of Y-junctions
divides the power equally among 64 radiating elements. A com-
pact spiral thermo-optic phase shifter is designed for im-
proved modulation efficiency and reduced cross talk as shown
in Fig. 3(f ). This spiral thermo-optic phase shifter has been
previously characterized in Ref. [22] with 21.2 mW required
electrical power for 2π phase shift and 19 kHz electro-optic
modulation bandwidth. In addition, a series of dummy thermal
heaters is distributed across the thermo-optic phase shifters to
compensate for the temperature gradients on-chip. The phase
shifters are connected in a row–column grid [Fig. 3(e)], result-
ing in a total of 34 electrical connections.

These row and column nodes are driven in a row–column
fashion using time-domain demultiplexing [22]. Phase shifters
are programmed one column at a time using switching electri-
cal drivers. Seventeen PAM drivers continuously program the
thermo-optic phase shifters where each column is active for 1/8
of the cycle T and receives eight times the required power.
Therefore, the switching electrical drivers have a

ffiffiffi

8
p

increased
drive voltage requirement. Given the kilohertz-range band-
width of the modulators, cycling through the columns at mega-
hertz frequencies (T � 4 MHz) ensures that the phase shifters
receive constant electrical power. This row–column modulation
reduces system interconnect and drive complexity by allowing
2N � 1 drivers (�1 for the additional dummy heaters) to con-
trolN 2 thermo-optic phase shifters independently at the cost of
requiring electrical drivers with increased bandwidth and drive
voltage requirements. Independent control of the phase shifters
allows for calibration of random relative phase errors between
different phase shifters due to fabrication nonidealities, which
is more significant for larger systems. Such high-speed and
high-drive-voltage electrical drivers have been previously dem-
onstrated using CMOS electronics [22]. Therefore, PAM row–
column drivers can reduce the interconnect complexity from
order N to order

ffiffiffiffiffi

N
p

without sacrificing complex beamform-
ing capability.

The receiver array is configured as a heterodyne receiver
with local oscillator (LO) path phase-shifting for improved
receiver signal-to-noise ratio (SNR) [4]. The electrical output
of all balanced detectors is combined on-chip to benefit from
the array gain factor and boost SNR in the output signal prior
to off-chip amplification and detection. The entire design is
2.5 mm × 1.4 mm as shown in Fig. 3(d).

4. MEASUREMENTS

A photonic far-field pattern measurement setup was con-
structed for the transceiver. The setup has a far-field transceiver

Fig. 3. Co-prime transceiver system architecture. (a) Block diagram of the co-prime transceiver. (b) Transmitter and receiver aperture imple-
mentations. (c) Compact radiator design. (d) Die photo of the fabricated chip. (e) Row–column drive phase modulator (PM) array. (f ) Compact
spiral thermal phase shifter.
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probe that can move along the hemisphere (θx and θy) with the
co-prime OPA transceiver chip placed at the center of the
hemisphere as shown in Fig. 4. The transceiver probe always
points toward the center of the sphere at a constant 5 cm dis-
tance. This probe is constructed by placing a cleaved-fiber ad-
jacent to an InGaAs photodetector die as shown in Fig. 4. The
center-to-center distance of the photodiode’s active area and the
fiber core is less than 250 μm. However, the ideal transmitter
and receiver beamwidth (0.6°) results in a 520 μm spot size,
which is larger than the transceiver probe. As a result, in all
transmitter and receiver measurements, the transmitter and
receiver main beams overlap. This setup has an external lithium
niobate (LiNbO3) amplitude modulator (AM) for transmitter
measurement followed by a pair of external single-sideband
(SSB) LiNbO3 modulators for receiver characterization.
Furthermore, this setup allows for independent transmitter

and receiver characterization with high sensitivity and angular
precision.

The transmitter beam pattern is measured by scanning the
far-field radiated power from the chip (modulated at 1.2 MHz)
in θx and θy directions. Far-field radiated power was collected
by the InGaAs photodetector in the transceiver probe. The
transmitter beam pattern was optimized for several points dem-
onstrating 2D beam steering capability in both directions. The
optimization corrects for the random path phase mismatches
due to fabrication imperfections. Figure 5(a) demonstrates four
examples of 2D beam patterns measured in four directions with
clear grating lobes visible at around 9.5° spacing in both direc-
tions as expected. The cross sections of these beam patterns in
θx and θy directions are shown in Figs. 5(b) and 5(c). Due to
the limited scan range of our setup, we were unable to capture
the full radiated power from the transmitter. The measured

Fig. 4. Co-prime transceiver measurement setup. The far-field transceiver probe always points toward the center of rotation where the transceiver
chip is located. The far-field probe consists of an InGaAs photodiode for transmitter characterization and a cleaved fiber illuminating the chip with
the output of SSB 1 (input laser shifted by 10 MHz) for heterodyne receiver measurements.

Fig. 5. Co-prime transmitter beamforming and steering using an InGaAs photodetector as the far-field probe. Grating lobes are spaced 9.55°
consistent with 9.2 μm spacing of radiating elements. (a) 2D optimized beam pattern for four directions. (b) Cross section of θy plane. (c) Cross
section of θx plane.
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value of the SLL is affected by the non-convex search space of
the transmitter beam optimization. This optimization utilizes a
combination of randomized search and gradient search algo-
rithms. The optimization changes the phase setting of the
64 phase shifters such that power in the broad-side direction
is maximized. While we typically observe more than 6 dB im-
provement in broad-side beam power compared to the off-state
of the OPA, sometimes the optimization falls short in sup-
pressing the SLL to theoretical values. This is an artifact of
the measurement apparatus and the optimization process
and not a fundamental limitation of the proposed design.
On-chip phase calibration schemes such as in Ref. [26] can
be used to improve the SLL further.

Subsequently, the receiver array is characterized by illumi-
nating the receiver aperture using the cleaved fiber in the trans-
ceiver probe. To remove the random phase fluctuations
between the illumination and LO paths [4], the input light
was externally modulated using two SSB modulators (SSB 1
and SSB 2 in Fig. 4) at 10 MHz and 11.5 MHz, respectively.
The mixed downconverted signal at 1.5 MHz was amplified
off-chip for processing. This setup is used to optimize the
receiver beam in several directions including correcting for
the random relative phase mismatches due to fabrication im-
perfections. Four such patterns are shown in Fig. 6(a). The gra-
ting lobes are visible at 7.2° in both directions, consistent with
the design of the OPA. Cross-sectional view of these beam pat-
terns for several directions are shown in Figs. 6(b) and 6(c).
Similar to the transmitter characterization, the receiver SLL
is negatively impacted by the non-convex optimization search
space. In addition, heterodyne receiver measurements are more
susceptible to noise. This is not a fundamental limitation of the
proposed co-prime transceiver, and more complex receiver
architectures such as in-phase and quadrature (IQ) receivers

[27] can better suppress the undesired noise fluctuation in
the received signal.

Demonstrating the 2D beam steering capability of the trans-
mitter and the receiver array ensures that the main beam of the
two apertures can be co-aligned in the same direction for all
points in the 2D FOV. For a given resolvable spot (pixel),
the transmitter and receiver array can be simultaneously co-
aligned at that point, and the co-prime nature of the transceiver
will limit in the receiver aperture to collect signal from that
particular direction and suppress all signals from the grating
lobes of the transmitter. To demonstrate co-prime grating-lobe
suppression capability of the transceiver, the full system was
characterized with concurrently active transmitter and receiver
arrays. Blue patterns in Fig. 7(a) show a 1Dmeasurement of the
formed transmitter and receiver beam over a 16° range, display-
ing the expected grating lobes. Programming the two phased
arrays simultaneously [orange patterns in Fig. 7(a)] showed that
the thermal cross talk between the two patterns causes less than
0.5 dB disturbance in the main beam power of the transmitter
and receiver with a worst case of 5 dB increased SLL for the
transmitter array.

The combined synthesized pattern for the transceiver array
is calculated by multiplication of the transmitter and receiver
beam patterns, using Eq. (2), to synthesize the transceiver beam
shown in Fig. 7(b). Due to the small size of our proof-of-
concept transceiver, the receiver collection area is not sufficient
for accurate ranging measurement compared to Refs. [28–30]
with significantly larger receiver collection areas. Nonetheless,
for the full scan range of 16°, the highest SLL is at −11.3 dB
with a transceiver beamwidth of 0.6°, which is in close agree-
ment with simulations and demonstrates the co-prime grating-
lobe-free beamforming capability of our proposed design.

Fig. 6. Co-prime receiver beamforming and steering using a cleaved fiber for illuminating the chip with the output of SSB 1 (input laser offset by
10 MHz) and output of SSB 2 (input laser offset by 11.5 MHz) as reference signal. Grating lobes are spaced 7.2° consistent with 12.4 μm spacing of
radiating elements. (a) 2D optimized beam pattern for four directions. (b) Cross section of θy plane. (c) Cross section of θx plane.
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5. DISCUSSION

The proof-of-concept implementation presented here demon-
strated the realization of a co-prime transceiver architecture,
achieving 1026 resolvable spots using only 128 radiating
elements with only 34 electrical drivers. The advantage of this
architecture is more significant for larger arrays. For example, a
co-prime pair of P � 5 and Q � 6, with d x � 2λ and
k1 � k2 � 7, will result in over 49,000 resolvable spots within
the FOV of the radiator with only 2989 total radiators and
phase shifter pairs requiring a total of 154 electrical drivers.
This is more than an order of magnitude of reduction in
the complexity of the photonics front-end and more than
two orders of magnitude reduction in the number of intercon-
nects and electrical drivers.

For a given pair of co-prime numbers, the array multiplica-
tion factors (k1, k2) can be increased to reduce the SLL and the
beamwidth until planar routing limitations are reached for the
transmitter and receiver apertures. The beamwidth can be im-
proved beyond this limit using a larger pair of co-prime
numbers.

We can also compare the effect of scaling the aperture size
on the system SNR for uniform half-wavelength spacing and
equivalent co-prime arrays. For uniform half-wavelength spac-
ing apertures, increasing the transmitter and receiver aperture
sizes translates to an increase in SNR. For uniform excitation of
the radiators, the transmitter efficiency (defined as the ratio of
the power in the 3 dB beamwidth of the main lobe and the total
power radiated from the aperture) approaches 44% or
−3.56 dB for large apertures, while increasing the receiver aper-
ture size by a constant factor,N , increases the SNR by the same
factor, N . In contrast, co-prime transceiver apertures experi-
ence a reduced SNR benefiting from increased aperture sizes.
This is due to the fact that larger co-prime numbers result in
larger transmitter inter-element spacing and an increased num-
ber of grating lobes. As a result, a larger fraction of the trans-
mitter power is lost in the grating lobes, which reduces the
transmitter gain and partially offsets the gain from the increased
receiver collection area. For example, the proposed design in
this paper (P � 3, Q � 4, k1 � 2, k2 � 2.67) with

64 receiver elements has three transmitter grating lobes within
the FOV of the radiating element. For a given setting, the co-
prime receiver aperture collects light from one of the three gra-
ting lobes transmitted by the transmitter aperture. Therefore,
the proposed co-prime transceiver experiences an additional
4.77 dB aperture loss compared to the case with half-wave-
length spacing elements with uniform excitation. The power
lost in the grating lobes of the transmitter, in addition to
the transmitter efficiency of a uniform array (−3.56 dB), results
in the theoretical main-beam power to the input power effi-
ciency of the proposed co-prime aperture to be −8.33 dB.
After accounting for coupling inefficiencies and on-chip losses,
the peak power collected by the InGaAs photodiode in the far-
field transceiver probe demonstrates around 2 dB of additional
loss compared to the expected theoretical value of 8.33 dB,
which shows a good agreement between the analysis and the
measurement result. Increasing the aperture size based on
the example in this section (P � 5, Q � 6, k1 � k2 � 7) will
result in 1225 receiver elements. However, the larger co-prime
transmitter aperture has 12 grating lobes or 10.78 dB additional
transmitter loss. It is clear that increasing the receiver area gain
by a factor of 19.1 or 12.8 dB is accompanied by an increased
transmitter loss of 6.01 dB, which offsets some of the SNR
advantages of the larger co-prime apertures. This can be con-
sidered as the scaling limit of the co-prime transceiver.

It is worth noting that the chip area is dominated by the
phase modulator, as shown in Fig. 3(d). Even if half-wavelength
spacing of radiators were possible, the chip area for an
equivalent half-wavelength spacing OPA would be an order of
magnitude larger than that of the co-prime array. These charac-
teristics make the co-prime transceiver architecture a very prom-
ising candidate for silicon photonics beamforming and coherent
imaging applications due to the lower complexity, while achiev-
ing high resolution, low cost, and low power consumption.
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Fig. 7. Overlap plot of the transmitter and receiver patterns. (a) Beam patterns captured when the optimized settings are loaded separately (blue)
and when both settings are loaded concurrently (orange). (b) Synthesized transceiver pattern.
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