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Broadband Operation of an InP
Optical Phased Array

M. Gagino™, M. B. J. van Rijn, E. A. J. M. Bente™, Member, IEEE,

M. K. Smit

Abstract— We demonstrate the broadband operation and beam
calibration over 70nm tuning range of an optical phased
array (OPA) fabricated in a generic InP photonic integration
platform, which enables multi-wavelength OPA operation. The
broadband performance was demonstrated on an 8-channel
OPA, whose calibration and phase modulator characterization
were executed through near-field and far-field measurements.
The architecture reported here is scalable, and the results are
promising for reducing the complexity of calibration and control
of large-scale OPAs for their use at multiple wavelengths, for
example, for spectral imaging or 2D beam steering through
dispersive gratings.

Index Terms—Beam steering, Indium Phosphide photonics,
LiDAR, optical phased array, photonic integrated circuits.

I. INTRODUCTION

PTICAL phased arrays (OPAs) have attracted significant

interest due to the beam shaping and steering capabilities
for use in remote sensing and free-space communications.
Because of their ability to form steerable beams in free
space without moving parts, solid state OPAs offer several
advantages compared to mechanical-based steering [1] and
MEMS-based scanners [2] such as scalability, scanning speed,
miniaturization, potential for cost reduction and reliability
[3]-[5]. Within the scope of LiDAR sensing applications,
the combination of OPA beam steering and the Frequency-
Modulated Continuous-Wave (FMCW) technique has gained
popularity to achieve a fully solid-state LiDAR system able
to detect simultaneously distance and speed [6]. Generic pho-
tonic integration platforms based on InP offer the possibility
to pursue such LiDAR chips by monolithically integrating
active and passive components which emit in the eye-safe
C-band. Moreover, voltage driven phase modulators allow
high speed and energy efficient beam steering, while the
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integration of semiconductor optical amplifiers (SOAs) for
extended detection range and on-chip tunable laser sources
is possible [7], [8].

OPAs are often operated in a broadband way in applica-
tions such as spectral imaging [9] and 2D beam steering for
LiDAR sensing. In particular, to achieve the latter, electrically-
controlled OPA-based 1D beam steering is used along-
side wavelength-dependent grating-based steering [3]. In this
approach, a wide-range tunable laser (typically 50-100nm) is
used, and its design and implementation were demonstrated
in generic photonic integrated circuit (PIC) platforms with
tuning ranges as high as 74nm [10]. However, the calibration
of phased arrays and their control are wavelength dependent,
and therefore having an OPA with wavelength insensitive
operation is beneficial to reduce the driving complexity and
to operate the OPA at multiple wavelengths. To this aim, the
OPA design should be such that the optical paths in the array
arms are balanced, while the wavelength dependence of its
building blocks should have a negligible effect on the OPA
performance.

In this letter we present the scalable design of a broadband
OPA based on an InP generic photonic integration platform,
which can be operated at any wavelength in a 70nm tuning
range, after calibration at the central wavelength. Furthermore,
we demonstrate the OPA calibration strategy, and the compre-
hensive characterization of the OPA phase modulators to accu-
rately predict the array behavior in the tuning range. Finally,
we demonstrate experimentally the broadband operation of the
OPA, and beam steering.

II. DESIGN OF THE OPA

An 8-channel OPA (Fig. 1) was designed in the Nazca
Design software with the goal of characterizing the broadband
operation while keeping the electrical control of the chip
simple and easy to test via wire-bonding assembly. The
chip was fabricated in the InP generic platform of SMART
Photonics on an n-doped substrate. The OPA comprises three
building blocks: a star coupler power splitter, 8 optically
identical array arms each containing an electro-optic phase
modulator (EOPM), and a densely spaced array of output
waveguides that emit light into free space via cleaved anti-
reflection coated facets. Two sets of wire-bonding pads were
designed for redundancy. The design choices for the OPA
building blocks are discussed below.

A. Star Coupler

The star coupler offers a compact and scalable solution to
split the power in several channels with limited footprint, low

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/
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Fig. 1. (a) Schematic of the 8-channel optical phased array and (b) micro-
scope picture of the fabricated chip. (c) Near-field image of the emitter
waveguides showing the intensity of the fundamental TE-modes (i.e., polar-
ized along the horizontal direction).

insertion losses, and small wavelength dependence. For the
OPA described in this work, we predicted analytically the star
coupler behavior by assuming a Gaussian mode profile of the
input waveguide and a Gaussian beam propagation towards the
array waveguides. We estimated a non-uniformity (i.e., power
variation between the inner channels and the outer channels)
of 2.7dB and an insertion loss of 2.3dB for the designed star
coupler which has a radius of 62.5um, 1.5um-wide deep-
etched waveguides, and 2.3 um array pitch. For 100nm tuning
range, the model predicts variations in non-uniformity and
insertion loss of 0.04dB and 0.01dB respectively.

B. Electro-Optic Phase Modulators

The EOPMs in our OPA design are deep-etched waveguides
with a bulk core material. They are operated in reverse bias and
have a baseline efficiency of 15°V ~!mm™! for TE polarized
light at 1550nm wavelength [7], [8]; a length of 2.5mm was
chosen to achieve V,, < 10V. The EOPMs have a near linear
phase-voltage relation, with a small quadratic component
[11], [12]. Their insertion loss is voltage and wavelength
dependent due to electro-absorption.

C. OPA Emitter

The emitter section used in this PIC is a periodic array of
1.5um-wide deep-etched waveguides with a pitch of Sum.
The pitch guarantees negligible optical crosstalk between
channels and provides a field of view (FoV, i.e., the range
of steering angles before the main beam and the grating beam
become indistinguishable) of 17.8° at 1550nm. Since we are
interested in a scalable design, all the waveguides in the
OPA are deep-etched because of their smaller bending radius
(100um) compared to shallow-etched waveguides (400um),
which minimizes the OPA footprint. Moreover, the strong
mode confinement of deep-etched waveguides minimizes opti-
cal crosstalk between them, which is helpful to achieve a
wide-FoV angular steering.
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Fig. 2. Schematic of the measurement setup. Two different lenses are used

to image the near-field (fy r = 500mm) and far-field (frr = 250mm).

For this OPA design, the simulated angular resolution is 2.1°
at 1550nm, the image resolution (number of resolvable spots
in the FoV) is 8, and the diffraction sidelobes suppression
ratio (SSR) is —15.4dB; within the FoV of the OPA, 76%
of power is expected to be confined within the full-width at
half maximum (FWHM) of the main beam. These results were
obtained through simulations of the mode and through far-field
propagation using Lumerical MODE and FDTD solvers.

III. OPA CHARACTERIZATION AND CALIBRATION
A. Characterization Setup

In order to characterize the fabricated device, the PIC was
wire-bonded to a PCB. The OPA characterization was carried
out with a free space setup, as depicted in Fig. 2. An infrared
microscope objective with a numerical aperture NA = 0.42 and
a focal length of 4 mm was used to collimate the light
emitted from the OPA. The near-field image of the emitter
was projected onto the infrared camera (Xenics Xeva 320,
30 um pixel size) through a lens with 500 mm focal length.
The far-field was imaged with a 250 mm focal length lens
which was placed in the same position. The near-field mag-
nification factor was M = 500mm/4mm = 125, giving
a resolution of 0.24um per pixel; the measured far-field
resolution was 0.46° per pixel. A NI ¢cDAQ 9264 voltage driver
provided the bias to the EOPMs, and light from a tunable
laser source (HP 8168A, tuning range 70nm) was coupled to
the PIC by means of a polarization-maintaining fiber (PMF)
which excited the TE fundamental mode.

B. OPA Characterization

We characterized the non-uniformity of the star coupler
building block by imaging the near-field of the OPA emitter
and measuring the relative optical intensity of the waveguide
modes (Fig. 1c). We derived a non-uniformity of 5dB. The
deviation from the design value is attributed to a measured
20% fabrication tolerance in the input waveguide width and
to the precision of the Gaussian approximation used in the
design of the star coupler.

We characterized the voltage and wavelength dependent loss
variations in the EOPMs by sweeping the reverse bias voltage
in each arm of the OPA from OV to 10V in steps of 0.2V, and
recording the peak intensity in the modes through near-field
imaging (Fig. 1c). We thus obtained the excess loss curves
shown in Fig. 3b (right axis) after fitting the measurement
results with a quadratic polynomial (EL(V) = 1 -1V +1V?)
which accounts for the decrease of loss for voltages lower
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Fig. 3. Calibration and characterization of OPA channel #1; all channels dis-
played a similar performance. (3a) Measured data (triangles) and fit function
(dashed lines) of the power ratio R. The minimum value of R is subtracted
from the data, which is then normalized with respect to the maximum value of
R to highlight the EOPMs voltage and wavelength dependence. (3b, left axis)
Phase response to reverse bias voltage in the EOPM: ¢ (V). The dashed lines
show the V5, voltage at each wavelength. (3b, right axis) Fit function of the
EOPM excess loss.

than ~5V due to carrier-depletion effects and its increase at
higher voltages due to field effects [11]. As Fig. 3b shows,
the measured excess loss of EOPMs in the designed OPA,
for the tuning and bias range of interest is below —2.25dB.
The measured propagation loss of deep-etched waveguides
is 1.6dB/cm.

C. OPA Calibration Method

Variations in waveguide dimensions due to fabrication tol-
erances are responsible for random phase variations along the
length of passive waveguides on the chip [13]. This results in a
non-uniform phase front at the edge of the chip in the absence
of phase control. We employed the modified Rotating Element
Electric Field Vector (mREV) method [14], [15] to calibrate
the OPA against the phase offsets in the arms. In the mREV
method each channel is independently calibrated by measuring
its interference pattern with the rest of the array in the far-field
at a given angle. The practical implementation of the method
consists in consecutively calibrating each arm by sweeping the
EOPM’s reverse bias voltage and measuring the power ratio
R between the main peak (within the FWHM) and the FoV:
R = Prwum/Prov. This voltage dependent quantity is an
indication of the quality of the beam during calibration and it
is maximum at the bias point for which the calibrated arm is
in phase with the rest of the array. Fig. 3a shows the measured
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power ratio R for one channel of the OPA at three different
wavelengths in the tuning range; the channel is calibrated for
voltages between 5V and 6V.

Furthermore, it is possible to extract the voltage and wave-
length dependent phase relation of the EOPMs by fitting the
measured power ratio R with Eq. 1, which describes the
interference of light from one channel, being modulated in
phase and amplitude, with the radiation from the array.

Ryt (V) = ag + a} + (a2La)? + 2a1a2 Lacos(p(V)) (1)

In Eq. 1, ap is the background signal recorded by the camera,
ap is the amplitude level caused by the arms with a fixed
voltage, a; is the amplitude of the arm being calibrated, which
is corrected by an amplitude term L,(V) for the EOPM’s
excess loss. The phase ¢(V) = ¢o+p1V + ¢ V? is described
by three parameters: ¢¢ is the phase offset of the OPA arm,
¢1 1is the linear phase efficiency of the EOPMs, and ¢» is
the phase quadratic term. We extracted the EOPMs phase-
voltage relation shown in Fig. 3b (left axis) by fitting the
power ratio measurement of Fig. 3a with Eq. 1. From the fit,
we obtained the EOPMs V5, periods which are between 5.5V
and 6.1V in the 70nm tuning range, giving a 2z efficiency of
1.14rad/V—1.03rad/V. The measured efficiency is higher than
the expected baseline of 15°V ~!mm™! and we attribute this
difference to a biasing of the waveguides connected to the
phase modulators, which leads to an increase of the effective
modulator length.

IV. BROADBAND FAR-FIELD RESPONSE

In order to define the quality of the beam after calibration,
we analyzed the OPA far-field camera image and we com-
pared it to the simulation results of an array with identical
emitter parameters. Fig. 4a shows the measured 1D horizontal
cross section of the far-field image at 1550nm wavelength.
The measurement fits well with the model predictions: we
measured an angular resolution (FWHM) of 2.48° giving
an image resolution of 7 points, and a SSR of —12.8dB.
70% of the power available in the FoV region (i.e., shaded
area in Fig. 4a) is in the main beam’s FWHM. The broadband
behavior of the OPA was characterized by measuring the same
properties across the tuning range (Fig. 4b), while only using
the calibration dataset obtained at 1515nm. The measurement
results show that the beam power level is stable across 70nm
tuning range with 69%=3.5% of the power located in the main
beam and a sidelobe suppression of —11.7dB+1.8dB. Further,
we measured an angular resolution of 2.48°40.3°. Small
fluctuations of the parameters are attributed to non-idealities
of the measurement setup, such as imperfect alignment, stray
light from the chip substrate and limited camera resolution.
The EOPM quadratic phase term wavelength dependence also
contributes to the beam deterioration. In each channel, its
effect is limited to < 0.5rad variations in the (0, V,,) bias
range.

Finally, to demonstrate the applicability of the calibration
results for beam steering and their accuracy, we swept the
beam within the OPA field of view at the 1515nm central
wavelength (Fig. 5). No degradation of the beam properties
is observed during steering: the measured angular resolution,
power ratio R, and SSR are 2.37°£0.07°, 68%=+2.3%, and
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—12.3dB+0.7dB, respectively. The OPA modulators were
controlled with voltages lower than V,,, giving negligible
excess loss (<0.2dB). Beam steering at wavelengths within
the 70nm range showed a similar behavior.

V. CONCLUSION

We demonstrated a broadband 8-channel optical phased
array in an InP generic photonic integration platform. The
star coupler for power splitting, and the balanced optical
paths ensure that a 70nm tuning range around the 1515nm
central wavelength can be achieved with stable power in the
main beam and negligible variations of the far-field properties.
Our measurements showed in fact that the power within the
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FWHM of the main beam is 69% of the total power in
the FoV, with +3.5% variations in the wavelength range.
Furthermore, we measured an SSR of —11.7dB+1.8dB, and
an angular resolution of 2.48°40.3°, resulting in 7 resolvable
spots across the tuning range. The measurement results are
compliant with the simulations results, with some variations
due to non-idealities in the measurement setup.

By using a mREV calibration method, we showed that a
complete characterization of the OPA can be done through
measurements of the near-field and far-field. The phase-voltage
relation in the EOPMs can be extracted with accuracy, result-
ing in negligible variations of the beam far-field properties
during angular steering, while the voltage-dependent excess
loss is negligible in the bias and tuning range of interest.

The broadband performance is promising for reducing com-
plexity of calibration and control of 2D beam steering based on
wavelength tuning and dispersive gratings. Future directions of
our OPA research may include adding a grating for 2D beam
steering, integrating SOAs for power boosting and amplitude
control in the arms, and scaling up the number of channels.
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