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Abstract: A challenge in optical phased arrays (OPAs) is to

achieve single-lobe emission using densely spaced emitters

without incurring inter-waveguide optical crosstalk. Here,

we propose to heuristically optimize the amplitude and

phase of each grating antenna in an OPA to correct for

optical non-idealities, including fabrication variations and

inter-waveguide crosstalk. This method was applied to a

silicon photonic integrated circuit with 1 mm-long gratings

at 775 nm spacing for operation in a wavelength range of

1450–1650 nm. We achieved a wide two-dimensional beam-

steering range of 110◦ × 28◦, evaluated over a 127◦ × 47◦

field-of-view (FOV). Within this FOV, we measured an aver-

age sidelobe suppression of 8.2 dB and focused on average,

34.5 % of the emitted power into themain lobe.We achieved

a peak sidelobe suppression of 14.5 dB and 50 %of the power

concentrated in the main lobe. The approach is suitable for

applications that require alias-free out-of-plane emission.

Keywords: silicon photonics; optical phased array; pro-

grammable photonics; optimization; crosstalk

1 Introduction

Silicon photonics technology is enabling large-scale pro-

grammable optical circuits for applications in optical
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communications, sensing, and computing [1]–[3]. These pro-

grammable photonic integrated circuits (PICs) can perform

arbitrary linear operations on input vectors of light in real-

time using active control [4]. An integrated optical phased

array (OPA) is an example of an application-specific pro-

grammable PIC, designed to generate out-of-plane emis-

sion patterns, such as steerable beams. An OPA consists

of an array of coherent light emitters that form far-field

patterns through their collective interference [5]. To effec-

tively beamform with reduced sidelobes, the light emitters,

commonly implemented as long weak gratings, must be

spaced less than half a wavelength (𝜆∕2) apart. However,
this arrangement introduces a significant challenge: optical

crosstalk between adjacent emitters.

There are several strategies to mitigate such crosstalk.

One method is to design OPAs with non-uniform emitter

spacing. This redistributes power to higher-order grating

lobes, thus reducing side lobe intensities at the expense

of the power in the main lobe [6]–[8]. Another tech-

nique is to introduce phase mismatch between adjacent

waveguides. This has been applied to edge-emitting OPAs,

which have demonstrated 𝜆∕2 emitter spacing, but only

for one-dimensional (1D) beam steering [9]–[11]. For two-

dimensional (2D) beam steering, a larger spacing (1.5𝜆 to 3𝜆)

ismore practical [6]. Another approach is to insert subwave-

length structures, such as Si ribbons or 2D photonic crystals,

between waveguide grating antennas at a 𝜆∕2 pitch. How-
ever, the small feature sizes required are often incompati-

ble with standard fabrication processes, and the achieved

beam-steering ranges have been limited [12]–[14]. Recently,

a 𝜆∕2-pitch edge-emitting OPA with a slab grating emitter

achieved a 2D steering range of 140◦ × 13.5◦, maintaining a

high sidelobe suppression, but resulting in curved grating

lines [15].

In this work, we introduce an alternative approach to

compensate for the crosstalk in OPAs for 2D beam-steering.

Using an OPA with programmable amplitude and phase

control for each grating antenna element, we corrected for

nonidealities, such as the inter-waveguide crosstalk and

fabrication variation, using heuristic optimization to emit

a single lobe. The grating antennas were 1 mm long and
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spaced at a pitch of 775 nm, satisfying the criterion for min-

imal sidelobes at 𝜆 = 1550 nm, while maintaining a large

effective aperture length along the grating axis of the OPA.

We demonstrate a wide two-dimensional steering range of

110◦ × 28◦, assessed over a field of view (FOV) of 127◦ × 47◦.

Within this FOV we measured an average sidelobe suppres-

sion of 8.2 dBwith an average of 34.5 % of the emitted power

being focused into the main lobe. The circuit achieved a

peak sidelobe suppression level of 14.5 dB while maintain-

ing 50 % of the emitted power in the main lobe.

2 Operating principle

In the absence of optical crosstalk, the far-field emission pat-

tern of an OPA with identical antenna elements is modeled

as the product of the far-field emission of a single antenna

and the array factor, which represents the spatial arrange-

ment and relative phase of the antennas in the array [5]. This

model assumes that every antenna in the array emits an

identical pattern. However, this assumption becomes inac-

curate when there is significant coupling between elements

in the array [16]. In this situation, to express the total far-

field pattern, one can sum the average emission pattern of

an individual antenna, Sa(𝜃,𝜑) with the individual pattern

deviations, 𝜖n(𝜃,𝜑) [16]. In a 1D uniform linear OPA with N

emitters, this results in the modified equation,

F(𝜃,𝜑) = Sa(𝜃,𝜑)
∑

n

ane
− jnkd sin(𝜑)

+
∑

n

𝜖n(𝜃,𝜑)ane
− jnkd sin(𝜑), (1)

where 𝜃 and 𝜑 are the longitudinal and transverse angles

illustrated in Figure 1(a), k is the wavenumber, and d is the

uniform spacing between elements. 𝜃 and 𝜑 are defined

with respect to the Cartesian y− z and x − z planes, respec-

tively – sin(𝜃) ≈ x

z
and sin(𝜑) ≈ y

z
. an = |an| exp(−j𝜙n)

is the complex amplitude and phase of each antenna. The

first term of the equation gives the desired pattern, while

the second term is the error or deviation from the ideal.

It follows from Eq. (1) that for any given far-field angle,

[𝜃,𝜑], a set of complex coefficients, {an}, can be chosen

to minimize the error [16]. Implementing this concept as a

PIC necessitates a programmable circuit with independent

Figure 1: OPA circuit design. (a) Schematic of the OPA. (b) Annotated micrograph of the fabricated PIC: (i) array of variable optical attenuators (VOAs),

(ii) waveguide fan-in region, and (iii) emitter aperture. (c) Measured transmission of a VOA at 𝜆= 1550 nm as a function of the applied power.

(d) Measured far-field of an isolated grating antenna at 𝜆= 1450 nm.
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control of the amplitude and phase of each grating antenna.

We can choose the normalization to constrain |an| < 1. A

schematic of the OPA design is shown in 1(a). In the Supple-

mentary information, we include a brief numerical study,

which demonstrates the effectiveness of this method for

compensating crosstalk in 1 mm-long waveguide grating

arrays, showing results for beam-forming under different

array conditions.

3 Circuit design

3.1 Photonic design and fabrication

To experimentally validate the approach in Section 2, we

designed a 1 × 32-element OPAwith independent amplitude

and phase control of each grating antenna. This OPA archi-

tecture permitted 2D beam-steering through a combination

of wavelength and phase tuning. The PIC was fabricated

in the Advanced Micro Foundry silicon photonics general-

purpose fabrication process offered by CMC Microsystems

[17]. An annotated micrograph of the fabricated circuit is

shown in Figure 1(b).

At the input, light from a tunable laser was coupled into

the PIC through an edge coupler and distributed to 32 chan-

nels through a series of cascaded 1 × 2 multimode inter-

ferometer (MMI) splitters, forming a binary splitter tree.

The outputs of the MMI tree were modulated by an array

of 32 variable optical attenuators (VOAs) followed by an

array of 32 phase shifters. Both arrayswere thermo-optically

tuned via titanium nitride (TiN) heaters. Each TiN heater

was 300 μm long and 3.5 μmwide. The power for a 𝜋 phase

shift, P𝜋 , was 20 mW. We used thermo-optic tuning instead

of carrier-basedmodulators to reduce optical attenuation in

the OPA.

The VOAs were balanced 1 × 2 Mach–Zehnder interfer-

ometers (MZIs), wherein thermo-optic phase shifters were

integrated into both arms. Only one heater was electrically

connected for tuning, while the other was included to bal-

ance the loss to achieve a high extinction ratio. Only one out-

put of theMZIwas used, and the other outputwas tapered to

a 160 nm tip to radiate the additional power away. Measure-

ments of the VOA test structures, as depicted in Figure 1(c),

demonstrated that an extinction ratio of up to 25 dB could

be attained at 𝜆 = 1550 nm. The phase shifter array con-

sisted of waveguides that were laterally separated by 30 μm
and thermally isolated by 15 μm-wide deep trenches, which
served to minimize thermal crosstalk.

After the VOA and phase shifter arrays, the pitch of

the waveguide outputs reduced from 30 μm to 775 nm

(approximately 𝜆∕2). To limit the inter-waveguide coupling,
the widths of the waveguides were varied periodically over

the last 500 μmof the fan-in section. The order ofwaveguide

widths ([500, 430, 360, 465, 395] nm)was designed so that the

maximum simulated coupling between adjacent channels

spaced 1 μmapart was−35 dB. The waveguide fan-in termi-
nated in an array of 4 μm-long tapers, which transitioned

into the emitter aperture.

An illustration of the waveguide grating antennas

within the emitter aperture is depicted in the inset of

Figure 1(b) (iii). The emitter aperture consisted of 1 mm-

long waveguide grating antennas with a grating period of

560 nm and a 35 nm corrugation width to create a low-

divergence beam along the 𝜃-axis. The pitch of the grating

antennas in the arraywas 775 nm, near the
𝜆

2
pitch criterion.

Themeasured far-field pattern of a single isolated grating at

a wavelength of 1450 nm is shown in Figure 1(d).

3.2 Control electronics

The fabricated PIC was wire-bonded to a printed circuit

board (PCB) and electrically controlled via a high-frequency

pulse width modulation (PWM) controller from a field-

programmable gate array (FPGA) (Diligent ZedBoard Zynq-

7000,Model 410-248). The PWMgeneratorwas implemented

using two separate frequency counters at 80 and 81 MHz,

producing a repetition rate of 1 MHz with an effective num-

ber of bits of 12.5, as described in [18]. PWM values were

assigned via USB to the FPGA board (2(a)). The PWM output

was then filtered through an operational amplifier filter

on a custom-designed driver board to generate the drive

signals for the TiN heaters. Figure 2(b) shows the packaged

OPA on the PCB mounted on a thermoelectric cooler (TEC)

with a heat sink. The TEC-controlled holder was held at a

constant temperature of 16 ◦C. Without temperature con-

trol, the thermal expansion of the PCB due to the heat gen-

erated by the PIC would misalign the chip relative to the

fiber input. The FPGA and infrared camera were connected

to a computer workstation with an Intel Xeon Gold 6428R

processor at 3 GHz and 768 GB of random access memory

for the optimization.

4 Experimental results

In practice, the values of 𝜖n(𝜃,𝜑) in Eq. (1) are not known

apriori. The total error is a combination of effects such

as fabrication variation and thermal crosstalk in addition

to optical coupling between the waveguide grating anten-

nas [19], [20]. Therefore, we chose an optimization-driven

approach to find the set of complex weights {an} that
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Figure 2: Experimental setup. (a) Schematic of the measurement setup. A rotating Fourier imaging system captures the far-field emission of the

packaged OPA chip. The imaging system consists mainly of an infrared camera and a 20× objective lens (NA= 0.4). The hardware specifications are

described in the main text. (b) Photograph of a packaged OPA. The PIC is wire-bonded to a printed circuit board with custom driver circuits.

minimized 𝜖n(𝜃,𝜑) for different far-field angles. Heuris-

tic optimization algorithms such as the genetic algorithm,

particle swarm optimization algorithm, and the gradient

descent algorithm are commonly used to calibrate for phase

errors in OPAs caused by fabrication variation [21]. To

search for solutions of {an} that would form single-lobe

beams, we used a combination of a multi-objective genetic

algorithm and a local generalized pattern search algorithm.

These algorithms were chosen because they were easy to

implement and have previously been applied to array opti-

mization [22]–[24].

Both algorithms required feedback on the deviation

of the OPA emission pattern from the desired far-field

beam pattern. To measure the far-field emission of the OPA,

we used the rotatable Fourier imaging system shown in

Figure 2(a). The Fourier imaging system had a 47◦ field-

of-view (FOV) in both the 𝜃 and 𝜑 axes. Two figures of

merit (FOM) were used to evaluate the far-field emission

in response to a configured {an}-the sidelobe suppression
(SLL) and the integrated power (IP) in a region of interest

surrounding the location of the desired beam [24].

Figure 3(a) shows beams formed after optimizing for

nine different angles in 𝜑 at a constant 𝜆 = 1450 nm. The

OPA emission before optimization is shown in the top inset

of Figure 3(b). Example training curves for the optimiza-

tion procedures, which are described in more detail in the

Appendix, are shown in Figure 3(c) and (d). The images in

Figure 3(a) were captured with the imaging system tilted

at different angles of 𝜑 and stitched together to measure

a wider FOV. Beam-steering was achievable up to 110◦ in

𝜑. For wide-angle characterization of the OPA, 𝜆 = 1450 nm

was selected because it resulted in near-normal emission

(𝜃 ≈ −6◦) so that the Fourier imaging system could rotate

along𝜑while remainingfixed at𝜃= 0◦. However, given that

small rotations of the imaging system in 𝜃 were inevitable,

the cross-sectional cuts in Figure 3(b) were taken along an

elliptical arc to account for rotations in 𝜃 as described

in [7].

Figure 3(e)–(h) plot the full-width at half-maximum

(FWHM) beam width, sidelobe level (SLL), percentage of

power in the main lobe, and total estimated VOA loss for

each of the optimized beam profiles. The FWHM beam

widths shown in Figure 3(e), which were approximately

3.6◦ between [𝜑min, 𝜑max] = [−30◦, 30◦], were limited by

the aperture size of the array. The SLL (Figure 3(f)) is a

ratio of the maximum intensity in the main lobe to the

maximum peak intensity outside the lobe in a 2D region

defined by [𝜃min, 𝜃max] = [−23.6◦, 23.6◦] and [𝜑min, 𝜑max] =
[−63.6◦, 63.6◦]. The power in the main lobe (Figure 3(g)) is

the ratio of the integrated pixel intensity in the direction of

the beam between the first nulls to the total pixel intensity

in the aforementioned 2D region. Finally, the total VOA loss

(Figure 3(h)) is the integrated intensity over all pixels in the

2D regionnormalized to themaximum total observed across

all beam solutions; effectively estimating VOA loss relative

to the highest power recorded within the FOV.

For all measurements, image enhancements from the

infrared camera (Sensors Unlimited Inc. SU640CSX) were

turned off to ensure that the pixel intensity scaled linearly

with the input power. The best-optimized solution had an

SLL of 14.5 dB andmore than 50% of the total power emitted

in themain lobe. The other optimized solutionswere limited

by the emission characteristics of a single grating antenna,

as depicted in Figure 1(d). For example, attempts to direct
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Figure 3: Measurement results for 9 steering angles. (a) Superimposed far-field images for different optimized angles in 𝜑-axis. Each beam is

normalized to its maximum intensity (b) Top: OPA emission before optimization. Bottom: Elliptical line cuts of the optimized solutions shown in (a).

(c) Figures of merit (FOM) at each iteration for forming a beam at 0◦ without prior knowledge of existing beam solutions. A multi-objective genetic

algorithm (GA) with a population size of 50 and a generalized pattern search algorithm (GPS) were used for the optimization. (d) FOM at each iteration

for forming a beam at 55◦ with the benefit of knowing the optimized values for a solution at 50◦. Only the pattern search algorithm was used for the

optimization. For the various optimized angles measured: (e) FWHM, (f) sidelobe levels (g) % beam power: power in the main beam as a percentage of

the total radiated power (h) total VOA loss: total radiated power normalized to the maximum observed radiated power across all measurements.

a beam at an angle of 𝜑 = −30◦ resulted in a low SLL of

less than 5 dB and a beam-forming efficiency under 20 %. At

this specific angle, the grating emits minimal power, which

prevents the formation of a high-quality beam. Further-

more, the grating does not emit substantial power at angles

>± 55◦, which sets the steering limits of the OPA.

Figure 4(a) shows the optimized beam profile for 𝜑 =
0◦ compared to the theoretical sinc2 diffraction pattern of

a uniformly illuminated rectangular aperture with 32 emit-

ters at a pitch of 775 nm. The two beam profiles show a

high degree of similarity, demonstrating successful control

over the crosstalk in the emitter aperture. In Figure 4(b), we

investigate the robustness of two of the optimized solutions

by switching between two sets of optimized coefficients,

{an}, for 𝜑 = 0◦ and 𝜑 = 12.5◦ fifteen times. These consec-

utive trials are plotted on the same figure and demonstrate

that the OPA can be programmed to repeatedly form a beam

at the same location with a precision of 0.15◦, the resolution

of the Fourier imaging system. The standard deviation of the

FWHM beam widths was 0.05◦. Finally, the near-field emis-

sion over the first 250 μm of the emitter aperture, depicted

in Figure 4(c), revealed a persistent near-Gaussian power

distribution along the grating axis. Adopting a Gaussian

distribution is an effective method for sidelobe suppression

in an OPA [25]. This similarity demonstrates crosstalk com-

pensation and also suggests that the optimization process

approached a near-optimal solution, in alignment with SLL

being a figure of merit.

In Figure 5, we used a combination of wavelength and

phase tuning to achieve simultaneous steering in both the

𝜃 and 𝜑 directions. We traced an oblique line in the far

field, by repeating the optimization process at different

wavelengths and for different values of 𝜑. By varying the

wavelength from 1450 to 1600 nm, we demonstrated beam-

steering over 28◦ from−6◦ to−34◦ in the𝜃-axis. The average
beam divergence in 𝜃 (Figure 5) was 0.4◦. Beam-steering

in this dimension was not limited by the wavelength-

dependent losses of the components in the fabricated OPA,

but limited by the ability to rotate the imaging system along

𝜃 beyond−16◦. Measurements of test structure components
showed that the input wavelength of the designed OPA can

be tuned from 1450 to 1650 nm.
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Figure 4: Analysis of measurement results. (a) Comparison of beam formed at 0◦ with diffraction pattern of a uniformly illuminated rectangular

aperture. (b) Fifteen consecutive trials in which the OPA was alternately programmed using two sets of optimized coefficients, {an} for 𝜑= 0◦ and 𝜑=
12.5◦. (c) Left: Captured near-field emission of the OPA when the beam is steered to 0◦ in 𝜑. Right: Vertical line cuts of the top image after propagating

different distances along the grating axis. The line cuts show a persistent near-Gaussian power distribution.

Figure 5: Demonstration of 2D beam-steering. Top: Superimposed

far-field images for different optimized angles in 𝜑-axis and 𝜃-axis.

To steer in 𝜃, the wavelength is tuned from 1450 to 1600 nm.

Bottom: Line cuts in 𝜃 of the beams in the image above.

5 Discussion

A limitation of our heuristic optimization approach is the

long convergence time needed to find an optimal {an}
for beam-forming. For example, without prior knowledge

of an optimized {an}, in Figure 3(c) the genetic algorithm

required 110 iterations to converge to a solution with

approximately 50 FOM evaluations per iteration. This pro-

cedure lasted between 10 and 12 hours using the setup in

Figure 2 and described in 3.2. The optimization time can be

reduced to several hours when the target beam is located

within <5◦ of a pre-existing solution at the same wave-

length, and a local pattern search algorithm is used instead

of a global optimization algorithm, requiring fewer FOM

evaluations to converge as shown in Figure 3(d).

One evaluation of the FOM- fromassigning PWMvalues

on a PC to acquiring and analyzing a far-field image- took

a total of 3 s. This time duration was constrained by the

data transfer time between the FPGA and the PWM gener-

ator registers. The FPGA managed the transfer of incoming

USB data to the PWM generator registers via the Advanced

eXtensible Interface (AXI) bus, which allowed for updates of

the 64 TiN heaters through file writes from a PC. However,

data transfer through the AXI bus was performed sequen-

tially, which created amajor performance bottleneck. Using

AXI Direct Memory Acess (DMA) for parallel data trans-

fers would mitigate this bottleneck, enhancing the system’s

performance and its capability to efficiently scale with an

increased number of channels in the array.

The optimization algorithms also contributed to inef-

ficiencies in the total optimization time. Specifically, the

genetic algorithm often failed to find a global optimum,

as illustrated in Figure 3(c), whereas the pattern search
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Table 1: Comparison of various OPA architectures for wide-angle beam steering.

Ref. 𝝀 (nm) # of

emitters

Steering

range (◦)

% Beam power Sidelobe

suppression [dB]

Beam

divergence (◦)

Mechanism

for wide-angle steering

[8] 1350–1630 128 140 × 19.4 3.7 %/−14.3 dBa 6.9 0.1 × 0.021 Aperiodic pitch

[28] 1475–1575 256 140 × 16 2.0 %/−17 dBb 6.0 0.051 × 0.016 Aperiodic pitch

[29] 1540–1630 64 120 × 13.9 11.0 %/−9.6 dBb 10.0b 2.72 × 0.052b Aperiodic pitch

[9] 1550 64 120 72.0 %/−1.42 dB 11.4 1.6 𝜆/2-pitch detuned waveguide

array

[30] 1550 16 160 Not reported 7.4 6.8 𝜆/2-pitch detuned waveguide

array

[15] 1480–1580 64 140 × 13.5 Highc 19 2.1 × 0.08b 𝜆/2-pitch detuned waveguide

array with slab grating

This work 1450–1600 32 110 × 28 34.5 %/−4.6 dB 8.2 3.6 × 0.4 𝜆/2-pitch uniform grating

array with amplitude/phase

control

aThe OPA insertion loss is not included. bEvaluated for 0◦ solution. cExact number not given.

algorithm typically showed a gradual progression towards

the optimal solution as seen in Figure 3(d). Both algorithms

required many iterations because they were iteratively

searching a high-dimensional space. For example, with 64

thermo-optic phase shifters, each with approximately 212.5

possible values, there were>10231 unique solutions of {an}.
Tightening the range of potential PWMvalues to the vicinity

of [0,V𝜋] for the VOAs and [0,V2𝜋] for the phase shifters

did not significantly reduce the search space. Transition-

ing to an algorithm that is more data-efficient, such as a

neural network-based algorithm could improve the over-

all system performance and offer better scalability as the

array size increases [21]. Furthermore, a deterministic or

semi-deterministic approach that uses models based on the

device physics would also be a more scalable solution to

correct hardware errors in the circuit compared to heuris-

tic optimization techniques [26]. With such an approach,

𝜖n(𝜃,𝜑), could be corrected for all angles simultaneously,

eliminating the requirement of a look-up table containing

{an} to program the OPA. We are currently investigating

alternative strategies that rectify crosstalk by determining

{an} by matrix multiplication to achieve the desired emis-

sion pattern. Overcoming phase ambiguity within the OPA

is critical.

Table 1 offers a comparison between the OPA circuit in

this work and state-of-the-art OPAs that have demonstrated

wide-angle beam-steering >100◦. In this work, the steer-

ing range and the number of resolvable points were con-

strained by the capabilities of the photonic devices within

the OPA. To broaden the steering range in the 𝜑-axis, the

waveguide grating antenna design can be optimized for a

wider FWHM in 𝜑 [8]. Furthermore, adopting an apodized

grating design would enable a more uniform emission

profile across the 𝜃-axis, thereby increasing the effec-

tive aperture length and consequently narrowing the

beamwidth in 𝜃. Increasing the aperture size along the 𝜑

axis can be achieved by incorporating a greater number of

emitting elements. Finally, by adding amplitude in addition

to phase control to each grating, we have doubled the num-

ber of heaters in the PIC compared to traditional implemen-

tations of OPAs. In the future, more efficient thermo-optic

phase shifter designs could be used to reduce the power

consumption of the circuit [27].

6 Conclusions

In summary, we have introduced a novel approach of using

programmable amplitudes and phases to overcome the

crosstalk in a 1D linear optical phased array with grating

emitters spaced at approximately
𝜆

2
pitch. The amplitudes

and phases were found by heuristic optimization using a

multi-objective genetic algorithm and a local generalized

pattern search. We experimentally demonstrated crosstalk

compensation in a 1 × 32-element OPA PIC with 1 mm-long

waveguide grating antennas enabling a large effective aper-

ture in the 𝜃-axis. A 2D steering range of 110◦ × 28◦ was

achieved respectively in the 𝜑 and 𝜃 directions, with an

average beam size of 3.6◦ × 0.4◦. Within this 2D steering

range, steerable beams were repeatedly programmable.

Improvements in the photonic circuit design (i.e., optimized

grating antenna design, number of emitters) can increase

the steering range and number of resolvable spots. More-

over, investigations into deterministic or semi-deterministic

methods of compensating for the crosstalk can improve the

scalability of the programmable PIC.
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A Optimization procedure

Without prior knowledge of an optimized {an}, to find an
initial solution at a given wavelength, we used a genetic

algorithm adopted from [24], which optimized the figure of

merit,

f (x) = max{ f1(x), f2(x)}, (2)

where f1(x) is the SLL and f2(x) is the integrated power

(IP) in a region of interest (ROI) surrounding the location

of a desired beam. In our work, x is a vector of 64 decision

variables representing the programmable amplitudes and

phases in the PIC. We evaluated SLL and IP using

SLL = max(I(𝜃,𝜑)){(𝜃,𝜑) ∈ ROI}
max(I(𝜃,𝜑)){(𝜃,𝜑) ∉ ROI} , (3a)

IP =
∬
ROI

I(𝜃,𝜑) d𝜎

∬ I(𝜃,𝜑) d𝜎
. (3b)

Here, ROI denotes the specified region of interest sur-

rounding the desired beam, and I(𝜃,𝜑) is the measured

far-field intensity at the angles [𝜃,𝜑]. For the implementa-

tion of the genetic algorithm, we set the population size to

50. After applying the genetic algorithm, we optimized the

solution again locally using the generalized pattern search

(GPS) algorithm, which is described in [22].

After generating an initial beam, because steering

should be continuous, we anticipated that {an} for addi-

tional beams near the first solution could be solved using

local instead of global optimization. Therefore, subsequent

solutions of {an} for different target beams located within
<5◦ of the preexisting solutions in𝜑were found using only

the pattern search algorithm. Unlike genetic algorithms,

where new values are generated without a direct link to

previous ones, pattern search maintains a consistent tra-

jectory in the parameter space. In using GPS to find a new

solution we set the objective function as f2(x) and then

optimized a second time with f1(x) as the objective function

if necessary.

References

[1] N. C. Harris, et al., “Linear programmable nanophotonic

processors,” Optica, vol. 5, no. 12, p. 1623, 2018..

[2] D. A. B. Miller, “Perfect optics with imperfect components,” Optica,

vol. 2, no. 8, p. 747, 2015..

[3] Y. Shen, et al., “Deep learning with coherent nanophotonic

circuits,” Nat. Photonics, vol. 11, no. 7, pp. 441−446, 2017..
[4] W. Bogaerts, et al., “Programmable photonic circuits,” Nature,

vol. 586, no. 7828, pp. 207−216, 2020..
[5] M. J. R. Heck, “Highly integrated optical phased arrays: photonic

integrated circuits for optical beam shaping and beam steering,”

Nanophotonics, vol. 6, no. 1, pp. 93−107, 2016..
[6] T. Komljenovic, R. Helkey, L. Coldren, and J. E. Bowers, “Sparse

aperiodic arrays for optical beam forming and LIDAR,” Opt.

Express, vol. 25, no. 3, p. 2511, 2017..

[7] D. N. Hutchison, et al., “High-resolution aliasing-free optical beam

steering,” Optica, vol. 3, no. 8, p. 887, 2016..

[8] Y. Li, et al., “Wide-steering-angle high-resolution optical phased

array,” Photonics Res., vol. 9, no. 12, p. 2511, 2021..

[9] C. T. Phare, M. C. Shin, J. Sharma, S. Ahasan, H. Krishnaswamy, and

M. Lipson, “Silicon optical phased array with grating lobe-free

beam formation over 180 degree field of view,” in Conference on

Lasers and Electro-Optics, 2018.

[10] M. R. Kossey, C. Rizk, and A. C. Foster, “End-fire silicon optical

phased array with half-wavelength spacing,” APL Photonics, vol. 3,

no. 1, p. 011301, 2017..

[11] L.-M. Leng, Y. Shao, P.-Y. Zhao, G.-F. Tao, S.-N. Zhu, and W. Jiang,

“Waveguide superlattice-based optical phased array,” Phys. Rev.

Appl., vol. 15, no. 1, p. 014019, 2021..

[12] A. Khavasi, L. Chrostowski, Z. Lu, and R. Bojko, “Significant

crosstalk reduction using all-dielectric CMOS-compatible

metamaterials,” IEEE Photonics Technol. Lett., vol. 28, no. 24,

pp. 2787−2790, 2016..
[13] D. Kwong, et al., “Corrugated waveguide-based optical phased

array with crosstalk suppression,” IEEE Photonics Technol. Lett.,

vol. 26, no. 10, pp. 991−994, 2014..
[14] L. Wang, et al., “Design of a low-crosstalk half-wavelength pitch

nano-structured silicon waveguide array,” Opt. Lett., vol. 44, no. 13,

p. 3266, 2019..

[15] Y. Liu and H. Hu, “Silicon optical phased array with a 180-degree

field of view for 2D optical beam steering,” Optica, vol. 9, no. 8,

p. 903, 2022..

[16] H. Steyskal and J. S. Herd, “Mutual coupling compensation in small

array antennas,” IEEE Trans. Antennas Propag., vol. 38, no. 12,

pp. 1971−1975, 1990..
[17] CMC Microsystems, AMF Silicon Photonics General-Purpose

Fabrication Process, CMC Microsystems [Online]. Available at:

https://www.cmc.ca/amf-silicon-photonics-general-purpose/

Accessed: Nov. 17, 2023.

[18] H. Matsuura, et al., “Accelerating switching speed of thermo-optic

MZI silicon-photonic switches with ‘turbo pulse’ in PWM control,”

https://www.cmc.ca/amf-silicon-photonics-general-purpose/


A. Sharma et al.: Optimization of a programmable 𝛌/2-pitch OPA — 2249

in 2017 Optical Fiber Communications Conference and Exhibition (OFC),

2017, pp. 1−3.
[19] Z. Zhang, M. Notaros, Z. Gao, U. Chakraborty, J. Notaros, and D. S.

Boning, “Impact of process variations on splitter-tree-based

integrated optical phased arrays,” Opt. Express, vol. 31, no. 8,

p. 12912, 2023..

[20] B. V. Gurses, R. Fatemi, A. Khachaturian, and A. Hajimiri,

“Large-scale crosstalk-corrected thermo-optic phase shifter arrays

in silicon photonics,” IEEE J. Sel. Top. Quantum Electron., vol. 28,

no. 6, pp. 1−9, 2022..
[21] L. Leng, et al., “Phase calibration for integrated optical phased

arrays using artificial neural network with resolved phase

ambiguity,” Photonics Res., vol. 10, no. 2, pp. 347−356, 2022..
[22] S. Ebadi, K. Forouraghi, and S. A. Sattarzadeh, “Optimum low

sidelobe level phased array antenna design using pattern search

algorithms,” in 2005 IEEE Antennas and Propagation Society

International Symposium, 2015, pp. 770−773.
[23] S. Ebadi and K. Forooraghi, “Pattern scanning in low sidelobe

phased array antennas using pattern search algorithms,” in 2007

European Radar Conference, 2007, pp. 347−349.
[24] Q. Liu, et al., “Silicon optical phased array side lobe suppression

based on an improved genetic algorithm,” in 2020 Asia

Communications and Photonics Conference (ACP) and International

Conference on Information Photonics and Optical Communications

(IPOC), 2020, pp. 1−3.

[25] H. Qiu, Y. Liu, X. Meng, X. Guan, Y. Ding, and H. Hu, “Bidirectional

high sidelobe suppression silicon optical phased array,” Photonics

Res., vol. 11, no. 4, p. 659, 2023..

[26] S. Bandyopadhyay, R. Hamerly, and D. Englund, “Hardware error

correction for programmable photonics,” Optica, vol. 8, no. 10,

p. 1247, 2021..

[27] H. Qiu, et al., “Energy-efficient thermo-optic silicon phase shifter

with well-balanced overall performance,” Opt. Lett., vol. 45, no. 17,

p. 4806, 2020..

[28] W. Xu, et al., “Fully integrated solid-state LiDAR transmitter on a

multi-layer silicon-nitride-on-silicon photonic platform,” J.

Lightwave Technol., vol. 41, no. 3, pp. 832−840, 2023..
[29] M. Ye, et al., “Large steering range and low-loss integrated optical

phased array with SiN-Si dual-layer non-uniform antenna,” Opt.

Express, vol. 31, no. 26, p. 44564, 2023..

[30] Y. Kim, H. Yoon, J.-B. You, M. Kim, and H.-H. Park, “Wide-angle

beam-steering using an optical phased array with

non-uniform-width waveguide radiators,” Photonics, vol. 7, no. 3,

p. 56, 2020..

Supplementary Material: This article contains supplementary material

(https://doi.org/10.1515/nanoph-2023-0819).

https://doi.org/10.1515/nanoph-2023-0819

	1 Introduction
	2 Operating principle
	3 Circuit design
	3.1 Photonic design and fabrication
	3.2 Control electronics

	4 Experimental results
	5 Discussion
	6 Conclusions
	A


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


