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Based on the wavelength transparency of the Butler matrix (BM) beamforming network, we demonstrate a multi-
beam optical phased array (MOPA) with an emitting aperture composed of grating couplers at a 1.55 pm pitch for
wavelength-assisted two-dimensional beam-steering. The device is capable of simultaneous multi-beam operation
in a field of view (FOV) of 60° x 8° in the phased-array scanning axis and the wavelength-tuning scanning axis,
respectively. The typical beam divergence is about 4° on both axes. Using multiple linearly chirped lasers, multi-
beam frequency-modulated continuous wave (FMCW) ranging is realized with an average ranging error of 4 cm.

A C-shaped target is imaged for proof-of-concept 2D scanning and ranging.
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1. INTRODUCTION

With the vigorous development of photonic integrated circuits
(PICs) and solid-state LiDARSs, chip-scale optical phased arrays
(OPAs) have received increased attention [1—13] for their seam-
less yet inertia-free optical beam scanning. OPAs hold promise
for software-defined LiDARs where both beam scanning and
beam patterns can be reconfigured adaptively and digitally.
Meanwhile, with the real-time requirements in practical appli-
cations such as autonomous driving, multi-beam solutions have
been widely adopted. The introduction of parallel multi-beam
scanning divides the desired field of view (FOV) into multiple
sub-sectors, each covering a smaller solid angle. This multiplies
the sampling rate, enabling a higher refresh rate at the original
spatial resolution. Moreover, this technology is especially ben-
eficial for frequency-modulated continuous wave (FMCW)
ranging, where the repetition rate of the chirped signal limits
the point rate.

In recent years, a significant amount of effort [14—19] has
been devoted to enabling the multi-beam operation in chip-
scale OPAs—cither with multi-periods grating couplers [15],
sub-aperture methods [16,17], amplitude-phase cascade meth-
ods [18], iterative Fourier transforms method [19], or power
distribution networks [20]. Previously, we demonstrated a
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one-dimensional (1D) multi-beam OPA based on a 4 x4
Butdler matrix (BM) [21]. To further exploit the wavelength
transparency of the beamforming network, we implement an
emitting aperture composed of grating antennas with a
1.55 pm pitch for wavelength-assisted two-dimensional (2D)
beam-steering. Simultaneous multi-beam ranging of multiple
wavelengths is demonstrated through a shared aperture, realiz-
ing the imaging of the C-shaped target.

2. STRUCTURE DESIGN AND WAVELENGTH
TRANSPARENCY VALIDATION

A. Device Structure

Figure 1(a) shows the schematic of the BM-based multi-beam
OPA (MOPA) chip consisting of a 4 x 4 BM, a 4 x 16 power
distribution network, a 16-channel phase shifter, and a grating
array for emitting antennas. Figure 1(b) shows the structure of
the 4 x 4 BM, which contains four input ports based on grating
couplers, four 3 dB couplers based on 2 x 2 multi-mode inter-
ferometers (MMIs) interlinked with a waveguide crossing to
shuffle the outputs of the first stage, two phase shifters for active
phase alignment, and four output ports connecting to the fol-
lowing power distribution stages where the middle two outputs
are shuffled once more. When light is injected into one of the
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input ports, the optical power is distributed evenly among
the four output ports. Besides, inside the 4 x4 BM, when
the phase difference between the straight connection and the
crossed connection (¢, and ¢4) is 7/4, a linearly progressive
phase difference between the four output ports is obtained
when light is injected from each input port. Table I summa-
rizes the phase difference for these four input ports, which are
+x/4 from In; /Ing, and £37/4 from Inz/In,. We have de-
tailed the input-dependent phase response of the BM beam-
forming network in Ref. [21].

The following 4 x 16 power distribution network consists of
two stages of 1 x 2 MMI couplers from each output port of the
4 x 4 BM. It maintains the inter-channel phase difference deter-
mined by the 4 x4 BM through shuffling waveguide connec-
tions and phase adjustment of @3—¢g. As a result, four beams
are generated and pointed in different directions through a
shared aperture when light is launched into the four input ports.
The 16-channel phase shifter, followed by the power distribution
stage, introduces an additional phase differential to tilt the phase
front of the aperture, thereby rotating the four beams simulta-
neously. As shown in Fig. 1(a), there are 22 phase shifters in the
chip. All the phase shifters are based on the thermo-optic (TO)
effect. Finally, light is emitted by the grating-based antennas for
beamforming in free space. Four beams are generated in the far
field when light is injected from In; to Iny, referred to as beam1,
beam2, beam3, and beam4, respectively.

Figure 1(c) shows the structure of the emitting aperture
adopted in this paper. It consists of 16 shallowly etched silicon

Table 1. Constant Phase Difference among the Outputs
with Respect to Each Input Port

Port In, In, In; Ing
Oug /4 3n/4 /2 r
Out, /2 0 5r/4 37 /4
Oury 37 /4 Sx/4 0 /2
Outy r /2 3n/4 /4
Phase difference (rad) /4 -3n/4 37/4 -n/4

gratings arranged at a pitch of 1.55 pm. The grating period is
0.63 pm, the etching depth is 70 nm, the duty cycle is 50%,
and the total size of the aperture is 0.024 mm x 0.032 mm in
the lateral (x) and longitudinal (y) directions. At an operating
wavelength of 1.55 pm, the simulated beam divergence char-
acterized w.r.t. the full width at half maximum (FWHM) of the
intensity distribution is 3.10° x 4.32° (A0, x ABy). Meanwhile,
the aliasing-free FOV in the phased-array scanning axis (x) is
+30°, the emitting angle of the grating antenna (y) is at 12° at
the 1550 nm wavelength, and the wavelength-scanning effi-
ciency is 0.13 deg/nm. Moreover, two silicon strips with a
width of 120 nm and an interval of 120 nm are inserted be-
tween two adjacent gratings [22,23] to suppress the crosstalk
between gratings.

B. Wavelength Transparency Validation

The wavelength transparency of conventional 1D OPAs has
been validated; thereby, 2D OPAs assisted by tunable laser
wavelength and grating arrays have been widely adopted. For
our BM-based MOPA chip, the input wavelength-dependent
phase response should hold over a large optical bandwidth, per-
mitting wavelength-assisted 2D scanning. Since the phased
array is wavelength transparent, it is important to demonstrate
that the BM is also wavelength transparent. Therefore, the
wavelength scanning in the optical band near the designed op-
erating wavelength will not affect the beam quality of the multi-
beam pattern. Since the 4 x 4 BM consists of MMIs, TO phase
shifters, and waveguide connections of equal optical path
lengths, we validate the dispersion characteristics of each com-
ponent shown in Fig. 1(b) and incorporate wavelength-related
phase shifts of the MMIs and TO phase shifters in a transmis-
sion matrix model to verify the wavelength transparency of the
entire device.

To begin with, we simulate the transmission characteristics
of the 2 x2 MMI with the three-dimensional (3D) finite-
difference time-domain (FDTD) method. The design is opti-
mized for power uniformity between the output ports and low
insertion loss according to the self-imaging theory [24,25],
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while the inter-port phase difference is analyzed emphatically.
More specifically, since the device is laterally symmetric, the
phase response of the upper port can be mirrored onto the
lower port. For either input port, the parallel output port
(ie., the bar port) leads the diagonal output port (i.e., the
cross port) with a wavelength-dependent phase shift. We verify
this phase shift in the optical band from 1500 to 1600 nm. As
shown in Fig. 2(a), the phase on the cross port lags behind that
of the bar port by about 0.57. The exact phase differences are
retrieved and modeled into the transmission matrix of the 2 x 2
MMIs. For example, we showcase phase differences at five
wavelengths in Table 2. Note that the power distribution
and the insertion loss are wavelength dependent for the afore-
mentioned power-splitting components. Though amplitude
variations do not undermine the condition for constructive in-
terference, they also contribute to the device’s beam quality,
namely, the side-lobe suppression ratio (SLSR). Therefore,
the transmission matrix also modeled the amplitude response
according to the complex transmission coefficients of both
MMIs. Here, we showcase an amplitude response of the
2 x2 MMI in Fig. 2(b) and Table 2.

We validate the 1 x 2 MMI in the device similarly. However,
the phase difference remains zero across the wavelength band
since both output ports are symmetric w.r.t. the input port. For
other passive components, such as waveguide crossings and in-
terconnecting waveguides, we compensate for the geometric
length and the number of crossings on each path to ensure
equal optical path length and insertion loss in our design.
Therefore, other passive components’ dispersions (wavelength-
dependent amplitude and phase responses) cancel out among
cach other and are omitted from the transmission matrix
model.

To validate the wavelength dependency of the TO phase

shifter, we perform a 2D parametric sweep over the operating

Table 2. Phase Difference between the Two Outputs
and Power Splitting Ratio of the 2 x 2 MMI

Wavelength (nm) 1510 1530 1550 1570 1590
Power splitting ratio Cross 0.426 0.447 0.456 0.455 0.442

Bar 0.427 0.439 0.452 0.458 0.453
Phase difference (rad) 1.601 1.605 1.576 1.555 1.535

wavelength (1) and the heating power (AP) based on the re-
fractive indices of the silicon and silica at the corresponding
wavelengths and temperatures [26]. By solving effective indices
(ne) of the waveguide based on the aforementioned refractive
indices, the corresponding phase shifts (A¢) in a phase shifter
of length (L) are therefore derived as

Aneﬁ = nefT(AP’ /1)’ (1)

Ap = ky x Angg x L, (2)

where ky = 27/2 is the wavenumber. By retrieving the effec-
tive indices at a different wavelength, Eqs. (1) and (2) can be
employed to validate the wavelength transparency at a fixed
heating power (AP). The result of the 2D parametric sweep
is represented in Fig. 3. It is worth noting that within the si-
mulated C-band, the phase shift is highly dependent on the
heating power while the deviation in phase shift is below 0.427.

For practical evaluation of the entire device, we introduced
randomly generated phase errors to individual waveguide con-
nections following a normal distribution. The distribution is
centered at 0 rad with a standard deviation of 7 rad. We sim-
ulate the phase alignment of the device at 1550 nm to generate
the look-up table of TO phase shifters. Therefore, each phase
shifter is designated with heating power according to the beam-
forming condition at the central wavelength. By incorporating
the wavelength dependency analysis of all components men-
tioned above in the transmission matrix model, the wavelength
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Fig. 3. Phase response of the TO phase shifter w.r.t. heating power
and operating wavelength.
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Fig. 4. Results of wavelength transparency simulation when the laser wavelength of the OPA is adjusted sequentially from 1.5 to 1.6 pm in
0.01 pm steps. (a) Distribution of simulated peak directions, (b) FWHM, and (c) SLSR of each beam of the multi-beam OPA, with pink, red, black,

and blue points representing beams from In;, In,, Ins, and Ing in simulation. (d) Far-field intensity distribution of the multi-beam pattern after

beamforming at the central operating wavelength of 1.55 pm.

transparency of the entire device is validated in the form of
multi-beam patterns and their beam quality, as shown in
Fig. 4. The far-field interference pattern of the elements is ob-
tained based on the Fraunhofer diffraction equation for iso-
tropic point sources. The emitting angle in the lateral/
phased-array-scanning direction (0,), the SLSR, and the beam
divergence measured in FWHM are characterized for beam
quality. Note that the lobe pattern for In,/beam?2 is aliased
at £30°, corresponding to the 1.55 pm element pitch of
the emitting aperture. The SLSR is measured for the -30° lobe
w.r.t. its nearest side lobe. Based on the simulated results, it is
evident that the multi-beam OPA maintains a precise beam
direction and beam divergence from 1500 to 1600 nm with
nearly identical behavior compared to the standard wave-
length-assisted OPAs. Additionally, based on the SLSR, the de-
vice has a 3 dB optical bandwidth of ~100 nm, which is
dominated by the standard deviation value of the phase error
distribution. In conclusion, the wavelength transparency will
hold for a practical device with small processing errors.
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Fig. 5.

3. EXPERIMENTAL VERIFICATION

The MOPA chip [27] was fabricated on an 8-inch SOI wafer
with a 220-nm-thick silicon layer and a 3-pm-thick buried ox-
ide layer. The chip footprint is 3.5 mm x 2.1 mm. The chip
was first wire-bonded to a printed circuit board (PCB).
Then, a 45° polished fiber array (FA) was aligned to the four
input grating couplers of the chip and fixed by UV-curable ad-
hesive. Figure 5 shows the microscope image of the packaged
chip. We used four distributed feedback (DFB) lasers to launch
light into the input ports, and a multi-channel voltage source
was used to drive the phase shifters of the MOPA chip.

We used a Fourier imaging system calibrated for far-field
imaging to capture the far-field pattern from the 2D
MOPA. Based on the feedback from the camera, the voltage
applied to the TO phase shifter is optimized for the phase align-
ment of the device. Figure 6 shows the experimental setup. The
far-field calibration shows that the maximum effective FOV is
about 60°. For the phase alignment of the MOPA chip, we
employed an optimization algorithm combining a sequential

(a) Microscope image of the chip after packaging. (b) Picture of the packaged chip, including the PCB and the FA.
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Schematic diagram of the multi-beam imaging system.

quadratic programming (SQP) algorithm and a golden-selec-
tion search algorithm to optimize the voltage applied to the
phase shifter automatically. Figure 7(a) shows the single beam
steering with a step of 5° in the £20° range along the phase
scanning direction when the input is from In;. The
FWHM beam divergence angle is 3.2° x 3.91°, consistent with
the simulation results.

The voltages applied to the BM phase shifters for multi-
beam operation were obtained as detailed in Ref. [21]. With
all four lasers turned on, a multi-beam pattern spanning an an-
gular range of 44° was observed. Figures 7(b)-7(d) show the
lateral steering of the multi-beam pattern. Note that due to
the vignette effect at the edges of the FOV, the optical intensity

Normalized Intensity

Rl beam?2 beam 1

0, (degree)
o
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Fig. 7.

0, (degree)

measured by the far-field imaging system is relatively weak at
large angles. Moreover, due to the one-wavelength antenna
pitch, as the main lobe moves out of the FOV, its aliased lobe
moves in from the other edge. In the other dimension, when
the laser wavelength was scanned from 1520 to 1570 nm, the
multi-beam pattern shifted vertically from -5° to 3°, as shown
in Fig. 7(e). Note that due to the wavelength tuning interval
being relatively small, the ordinate is enlarged to show the po-
sition of each beam better, resulting in slightly blurred results in
Fig. 7(e). Additionally, due to the large beam divergence as well
as the optical aberration of the far-field imaging system, aliasing
grating lobes at -30° and +30° can be partially observed in the
measurable FOV simultaneously.

A detailed wavelength dependency analysis is conducted
from 1520 to 1570 nm with a step size of 10 nm.
Figure 8 presents the beam quality characterization results.
It can be seen that the BM-based MOPA possesses wavelength
transparency over an optical band from 1520 to 1570 nm.
More specifically, the phase relationship between each channel
does not change significantly when the wavelength is tuned
within this optical band, and the imaging quality of the beam
is not affected. Note that due to the FOV limit of the far-field
imaging system, especially the optical aberration to the edges,
we have demonstrated the wavelength transparency only
within the above optical band. Another limitation for the
wavelength transparency range originates from the sidewall
roughness of the waveguide structure, causing accumulating
random variations of effective refractive index along the wave-
guide interconnect. This, in turn, results in inter-channel op-
tical path variations both inside the Butler matrix and the
power distribution network despite strict geometry equality
enforced on the design. Therefore, the optimal beam quality
can only be achieved for a specific beam at a specific wave-
length, limiting the transparent window and the multi-beam
consistency.
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. 1570 nm

W 1550 um

‘ ]
1520 nm

beam 1

0, (degree)

30 20 10 0 10 20 30
0, (degree)

beam 1

» - -

0, (degree)

beamd beamd

0 10 20 30 30 20 10 0 10 20 30
0, (degree)

(a) Normalized far-field intensity distributions in the phase scanning direction of beam1. (b)—(d) Measured multi-beam far-field patterns

when beam1 is steered at (b) -5° (c) 0° and (d) 5° at the input wavelength of 1550 nm. (e) Measured multi-beam patterns with the input

wavelengths at 1520 nm, 1550 nm, and 1570 nm.
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As a proof of concept, we performed parallel detection and gain. The linearly chirped laser signals are launched into ports
ranging utilizing two linearly frequency chirped lasers simultane- In; and Injz of the calibrated MOPA chip, illuminating targets
ously launched into the MOPA. As shown in Fig. 9, the exper- at different angles, whose reflections are then collected with co-
imental configuration [28,29] consists of a two-channel arbitrary herent receivers based on avalanche photodetectors (APDs)
waveform generator (AWG) to drive two DFB lasers, two (Thorlabs APD430C) and free-space components, including
erbium-doped fiber amplifiers (EDFAs) to amplify the laser out- caged beam splitters. Note that thanks to the wavelength trans-
put power, two 9:1 power splitters to distribute optical power parency of the device, we can use different wavelengths for differ-
between the detection and reference paths, and corresponding ent input ports at the same time with negligible deterioration
polarization and attenuation controllers to optimize the coherent to the beam quality. Additionally, since the APD also acts as

Multi-channel voltage source Computer

e
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Tunable pg/l controller

AWG Laser |

ﬂ Lens «<{J) Collimator
3 APD /
Splitter ? ‘ 0sc

Fig. 9. Schematic diagram of FMCW ranging system. EDFA: erbium-doped fiber amplifier; AWG: arbitrary waveform generator; OSC: oscillo-
scope; APD: avalanche photodetector.
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a low-pass filter, using chirped signals centered around different scanning from different laser sources is not synchronized,
operating wavelengths will reject mutual interference between i.e., there is no frequency overlap between the chirped signals,
the echo signals. In practice, as long as the wavelength-assisted simultaneous multi-beam operation can be achieved.
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Fig. 12. (a) Picture of the C-shaped target object. (b) Superimposed far-field beam patterns for the scanned beams used for target illumination.
(c) Point cloud of the C-shaped target object in the Descartes coordinate system.
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To achieve the high linearity required for FMCW ranging,
we optimized the DFB driving signal with pre-distortion algo-
rithms, including non-uniform sampling and adaptive linear up-
date, as detailed in our previous work [30]. The achieved
linearity is 99.7%, and the chirped bandwidth is about
38.8 GHz. To validate the FMCW ranging of the entire setup,
we change the length of the optical fibers in the reference path
after free-space alignment of the MOPA transmitter (TX) and
coherent receivers (RXs). For example, when beam1 emitting
angle is 7.44° at the 1550 nm wavelength, the optical path
differences between the free-space detection path and the refer-
ence path are 11.51 m, 13.74 m, 15.32 m, and 16.91 m.
Meanwhile, the corresponding power spectral density of the beat
signals is recorded and shown in Fig. 10(a). Figure 10(b) is a
linear regression of the measured range versus the optical path
difference and shows the ranging deviation at a single angle.

Similarly, to validate simultaneous FMCW ranging, two
beams (beaml and beam3) are launched through the chip
under two operational states. Namely, the MOPA chip is driven
with two look-up tables (LUTs) for beamforming at two sets of
directions, with beam1 aiming at 7.44° and 4.79° and beam3
aiming at -7.83° and -9.68°, respectively. Therefore, four sets
of ranging are conducted for mirrors as target objects at differ-
ent distances. Note that, for this experiment, the mirrors are
relocated each time in free space rather than adjusting the
length of the reference path. Figures 11(a) and 11(b) show
the power spectral density of the reflected signal from beam1
and beam3 when the emitting angles are 7.44° and -7.83°, re-
spectively. Multi-beam emission and ranging through the same
OPA aperture are achieved without additional penalties such as
mutual interference. The ranging accuracy w.r.t. the actual
range of the four emitting angles is gathered in Fig. 11(c),
and the average ranging error is 4 cm. Figure 11(d) represents
the fitting diagram of the measured distance and the actual dis-
tance at four different emitting angles and five distances for
each angle, which can well demonstrate its overall accu-
racy level.

Finally, we conduct 2D scanning of beam1 and beam3 to
image a C-shaped target adapted from a mirror in Fig. 12(a).
The target is tilted slightly to demonstrate the ranging capabil-
ity of the device. In Fig. 12(b), the scanned beams are super-
imposed in a frame, showing a 3 x 4 grid of 12 points. The two
columns of points on the left are emitted by beam1 and the rest
by beam3. In the phased-array scanning axis, each point is
spaced at about 8°. The DFB laser wavelengths for each row
from the top to the bottom are 1570 nm, 1550 nm, and
1530 nm. We show the point cloud of the C-shaped target
object in Fig. 12(c).

4. CONCLUSION

We have demonstrated the wavelength transparency of the
BM-based MOPA with an emitting aperture composed of gra-
ting couplers for wavelength-assisted 2D beam-steering. The
MOPA can achieve both beamforming and 2D beam-steering
for multiple beams. We also demonstrated parallel multi-beam
FMCW ranging with high accuracy for multi-targets without
mutual interference. We believe that the demonstration above
validates the simultaneous beamforming and beam-steering of

) O Vol. 12, No. 5 / May 2024 / Photonics Research 919
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multiple beams through a shared grating aperture, which can
reduce the system’s complexity and improve the sampling rate
of solid-state LiDAR systems. To further scale up our device,
the number of crossings required will reach a level close to the
number of channels. This can be alleviated by replacing the
waveguide crossings with overpass crossings developed on
the multi-layered SizsNy-on-Si platform [31].
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