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Optical phased arrays (OPAs) with phase-monitoring and
phase-control capabilities are necessary for robust and
accurate beamforming applications. This paper demon-
strates an on-chip integrated phase calibration system where
compact phase interrogator structures and readout pho-
todiodes are implemented within the OPA architecture.
This enables phase-error correction for high-fidelity beam-
steering with linear complexity calibration. A 32-channel
OPA with 2.5-µm pitch is fabricated in an Si–SiN photonic
stack. The readout is done with silicon photon-assisted tun-
neling detectors (PATDs) for sub-bandgap light detection
with no-process change. After the model-based calibra-
tion procedure, the beam emitted by the OPA exhibits a
sidelobe suppression ratio (SLSR) of −11 dB and a beam
divergence of 0.97°× 0.58° at 1.55-µm input wavelength.
Wavelength-dependent calibration and tuning are also per-
formed, allowing full 2D beam steering and arbitrary
pattern generation with a low complexity algorithm. © 2022
Optica Publishing Group

https://doi.org/10.1364/OL.467779

The development of optical phased array (OPA) devices based on
photonic integrated circuits (PICs) has seen a significant growth
driven by emerging applications such as free-space optical com-
munications (FSOC) and light detection and ranging (lidar) [1].
Silicon photonics allows dense integration using fabrication pro-
cesses from CMOS foundries. Since the early demonstration of
an OPA on a silicon-photonic platform [2], the number of chan-
nels has scaled up to thousands in recent demonstrations [3].
The beam quality generated by OPAs improves with increasing
aperture size and the number of elements. However, inherent
fabrication errors affect the performance of large-scale photonic
devices [4,5]. Small variations of the waveguide properties such
as width, thickness, material density, or roughness can lead to
phase-error accumulation for identical path routing in mm-scale
circuits. This is especially detrimental in OPA devices, where
all channels need to be in phase to operate properly. For exam-
ple, devices fabricated with silicon waveguide feeding networks
cannot be operated without phase error calibration. The typical
approach to calibrate an OPA is to measure the emitted beam at
the desired angle position in the far-field and maximize a fig-
ure of merit using hill-climbing, particle swarm optimization,
or gradient descent algorithms [6–8]. A dedicated optical setup

is needed to achieve the calibration, which would increase the
difficulty of performing re-calibration if the device is integrated
into a larger system. On-chip calibration approaches have been
proposed based on diffraction pattern imaging at the end of the
output emitting array, but these approaches still rely on an algo-
rithm that maximizes a figure of merit from the generated optical
signal [9,10].

In our previous work [11], we demonstrated a different
approach using phase interrogators (PIs) that can be tightly
integrated with the OPA architecture right before the emit-
ting aperture stage. The PI is a photonic structure that allows
retrieval of the phase error between two waveguides. A fraction
of the optical signal of each waveguide is combined to create an
interferometric signal that depends on the phase difference. By
monitoring this interferometric signal, the phase error of every
waveguide in the array can be extracted using a physical model
and a simple fit procedure. As an initial proof-of-concept, the
phase-interrogator interferometric signals were monitored by
external optical readouts in our previous devices [12]. In this
paper, we present the results of a calibrated OPA using pho-
todiode (PD) arrays for the signal readout, making this a truly
on-chip solution. The PD arrays rely on photon-assisted tunnel-
ing PDs (PATDs) where the silicon waveguide has an implanted
p-n junction and can detect a sub-bandgap wavelength under
a reverse bias [13,14]. This type of device has the advantages
of no-process change of the silicon photonics platform and no
additional growth of germanium, while offering sufficient per-
formance for calibration purposes. With this approach of using
on-chip phase-interrogators, the phase calibration only requires
low computational complexity, and can theoretically be executed
for live recalibration of the chip.

The OPA architecture is based on a uniform linear array
(ULA), as depicted in Fig. 1(b). It is implemented in a 200-mm
deep ultraviolet SiN/Si process stack [15]. The optical rout-
ing part is achieved using an SiN waveguide photonics layer to
ensure low loss propagation and low phase error [5]. The phase
shifter stage, phase interrogators, and the emitting aperture are
fabricated in the Si layer for efficient and compact optical cir-
cuits. The aperture consists of an array of leaky-wave antennas
(LWAs) formed by weak grating emitters. The grating emit-
ters are made of SiN scatterer boxes placed on top of the Si
waveguides [12]. It ensures low strength out-of-plane coupling
to form half-mm-long emitters. The LWA array pitch is 2.5 µm.
This pitch allows low optical cross talk while leaving sufficient
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Fig. 1. Details of the OPA: (a) picture of the packaged die where
the OPA circuit is boxed with the white dotted line; (b) schematic
representation of the 32-channel OPA circuit with integrated photo-
diodes for on-chip beam-steering calibration; (c) zoomed-in view of
the compact phase interrogators placed before the emitting aperture.

space to fit the phase interrogator in between two waveguides.
The design of the phase interrogator device is shown in Fig. 1(c)
and it is thoroughly described in [12]. Based on these dimen-
sions, the ambiguous steering range is ±19.2° at λ = 1.55 µm
[16]. The OPA uses silicon thermo-optic phase shifters with
top tungsten heaters. These thermal phase-shifters have a meas-
ured efficiency of 30 mW/π. The fabricated device is shown in
Fig. 1(a). For the calibration readout, the PATD devices have a 1-
mm-long active section. The characteristics of the sub-bandgap
photodetectors are discussed in [14].

The principle of the phase calibration procedure is described
in the schematic shown in Fig. 2(a). Considering a given wave-
guide i of the array, the phase ϕi before the emitting aperture
is defined by the accumulated phase ϕerr, i and by an induced
phase change by the phase shifter which is dependent on the
applied electrical power Pi and the thermo-optic proportionality
constant ki as

ϕi = ϕerr,i + kiPi. (1)

When using a voltage source Vi to drive the phase shifter, the
applied electrical power can be decomposed using the electri-
cal resistance R(Vi) of the heating element into the following
expression:

Pi = R(Vi) × V2
i = [R0,i + αR,iV2

i ], (2)

where R0,i and αR,i are the parameters to model the nonlinear
behavior of the resistance due to self-heating. To extract the
phase difference ∆ϕi between two neighboring waveguides, a
fraction of the optical signals of the waveguides i and i+ 1 are
combined to create an optical interferometric signalIPI,i by the
phase-interrogator. This signal is dependent of the phase differ-
ence ∆ϕi between the two monitored waveguides, described by
the following equation:

IPI,i(Vi, Vi−1) = Ai + Bicos(∆ϕi(Vi, Vi−1)). (3)

From this signal, it is possible to calculate the induced phase shift
required to cancel the phase error difference. The parameters
of the thermal phase-shifters {ki, R0,i, αR0,i} are fully extracted,

Fig. 2. Principle of phase calibration: (a) diagram of the phase
interrogator architecture implemented in the OPA showing the
different components and parameters used to extract the phase
error; (b) example of measured IPI,i current signal with a PATD
while sweeping the applied voltage of the thermal phase-shifters Vi
and Vi+1.

thereby an arbitrary linear phase shift can be computed to enable
beam-steering or pattern generation.

The look-up table (LUT) used to obtain calibrated beam-
steering is populated by extracting the {∆ϕerr,i, ki, R0,i, αR,i}

parameters. The procedure is achieved in two steps. In the first
step, the current–voltage behavior of each thermal phase-shifter
is measured to determine the nonlinear dependence of the resis-
tor due to the self-heating effect, with the parameters R0,i and
αR,i. In the second step, the response of the phase interroga-
tor IPI,i is measured by reading-out the current signal of the
PATD. The photocurrent is acquired by a source measurement
unit (SMU, Keithley 2400) in combination with an electronic
switch to address the different PATDs of the array. The diode
is operated under a reverse bias of 1 V in the low-gain regime
but with lower dark current. The phase-shifters are driven by a
custom multi-channel voltage driver. The voltages Vi and Vi+1

applied on the phase-shifter pair associated with a PI is swept
sequentially. The change of the photocurrent due to the mod-
ulation of the interferometric optical signal IPI,i by the applied
voltage is recorded, as shown in Fig. 2(b). Once the data for all
the channels of the array are acquired, we fit the data to a model
to extract the phase error ϕerr,i and the characteristics of the phase
shifter ki based on Eqs. (1) and (3). The built LUT can generate
the voltages {Vn,ψs } needed for the phase-shifter array to cancel
ϕerr,i and get a calibrated beam spot at the desired steering angle
ψs. The algorithm is fitting the multiple datasets simultaneously
because the parameter for the phase shifter ki is dependent within
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Fig. 3. (a) Captured back focal plane image of the emitted
beam before calibration, after calibration for a 32-element OPA
at λ= 1550 nm, and for a set of applied linear phase shifts ∆Φ from
0 to π by π/4 steps. (b) Calibrated beam image cutline along the ψ
direction showing the normalized measured and theoretical beam
profile.

two PIs’ response signals. The calibration speed of the system
is mainly limited by the sequential interface acquisition of the
photocurrent signal which takes approximately 20 s per phase-
shifter sweep. The calibration time can be strongly reduced by
using a dedicated digital–analog interface with parallel acqui-
sition of the PI response of every second pair. With sufficient
parallel computing resources, live calibration of the system can
be enabled, as for a single calibration loop, and all the steerable
angles ψs can be generated from the LUT.

After the calibration procedure, the emitting beam properties
of the OPA are characterized using a back-focal plane setup. The
beam is captured with a 20× magnification microscope objec-
tive and a numerical aperture of 0.40, and then projected on an
infrared camera with a 2f lens system. Figure 3(a) shows the cap-
tured beam before and after the calibration. After applying the
voltage set {Vn,ψs=0} calculated from the LUT, the beam quality is
significantly improved from a random pattern to a well-defined
beam-spot as the phase errors due to light propagation are cor-
rected. The input laser wavelength is 1550 nm. For a 32-channel
OPA with a 0.48-mm-long aperture, the theoretical full width at
half maximum (FWHM) beam divergence is 0.98°× 0.29°. We
measured an FWHM of 0.97°× 0.58° for the δΨ and δθ axes,
respectively. The measured value δψ is in good agreement with
the theoretical one, while the δθ is larger than the predicted one.
The LWA design is based on SiN grating scatterers where fill-
factor variation and thickness variation along the LWA length

can occur and give an error on the emitting angle, leading to
broader beam divergence. Figure 3(b) shows a cutline in the
transversal direction along the ψ axis. Since the camera used to
capture the far-field has a limited dynamic range, we applied the
method proposed by [17] to determine accurately the sidelobe
suppression ratio (SLSR). The optical input power of the laser
is increased until the signal intensity of the sidelobe reaches that
of the mainlobe before the saturation. Thus, the optical power
difference between those two input levels determines the SLSR.
At λ= 1550 nm, we estimated the SLSR to be −11 dB, showing
a good fidelity beam (−13.3 dB theoretical for the uniform lin-
ear array). The small error can be explained by residual phase
errors not completely corrected. We also experienced some volt-
age drop on the phase shifters due to variation of the resistance
in the common ground path. This leads to a small difference
from the operating voltage set point of the phase shifters. This
issue can be solved by controlling the phase shifters with current
driving, or by improving the design of the ground connection of
the heaters. Figure 3(a) shows beam steering by phase control
along the transverse axis ψ by applying a linear phase shift ∆ϕ
between each channel of the OPA. Any beam position in the
unambiguous steering range can be generated using the single
calibration LUT and updating the phase shifters voltage array
{Vn,ψs }.

Full 2D beam steering is achieved with wavelength tuning. In
that case, the calibration procedure is repeated in steps of 10 nm
for wavelengths between 1500 nm and 1560 nm. Above 1560
nm, the responsivity of the PDs starts to decrease. However,
the phase errors have a linear dependency with the wavelength,
and the LUT can be populated for longer wavelengths by linear
extrapolation of the ki and ϕerr,i parameters, as shown in Figs. 4(a)
and 4(b). By a combination of laser wavelength tuning from 1520
nm to 1580 nm and applying a linear phase shift generated by
the LUT, we were able to produce a logo in a composite image,

Fig. 4. Full 2D beam steering: (a) and (b) linear wavelength
dependence of the calibration parameters ki and ϕerr,i, respectively,
obtained by one of the PIs; (c) composite image of the 2D beam
steering obtained by a combination of laser wavelength tuning from
1520 nm to 1580 nm and applied linear phase shift. The solid white
circle indicates the maximum measurable angle of the setup.
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as shown in Fig. 4(c). The beams are generated on a rectangular
grid, with setpoints calculated from the multi-wavelength LUT,
and subsequently captured by the imaging system.

We demonstrated a 32-channel OPA with on-chip calibration
using phase interrogators and sub-bandgap photon-assisted tun-
neling diodes operating near 1550 nm. The OPA is based on
a dual layer SiN/Si photonics stack with silicon-only photodi-
odes for calibration readout. The calibrated beam spot exhibits a
FWHM beam divergence of 0.97°× 0.58° with a sidelobe sup-
pression ratio of −11 dB. Full 2D beam-steering is achieved
by the combination of wavelength tuning using few calibra-
tion points over the wavelength sweeping range. The calibration
is shown to be valid for wavelengths beyond the sensitivity
of the PDs. As the properties of the phase shifters are com-
pletely extracted during the calibration procedure, the algorithm
enables random-access steering and pattern generation based on
the LUT calculation with low-computation power. Phase cali-
bration in OPAs is critical to ensure accurate operation, and this
paper shows an attractive method to achieve on-chip calibration
and continuous monitoring of the phase errors. The proposed
approach relies on a simple model that allows fast calibration
and leverages the need for an external setup to perform the
optimization of the emitted beam. This OPA architecture with
on-demand on-chip calibration can be used to achieve reliable
performance levels in PICs designed for applications such as
FSOC or lidar.
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