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Abstract—The optical-phased array (OPA) has gained special
interestin recent years as a high-speed and compact imaging device.
While large-scale OPAs have been demonstrated in single-pixel
imaging, the complexity of the driver circuit is becoming a crucial
problem as the number of phase shifters increases. Here, we inves-
tigate the phase shift requirement of OPA for single-pixel imaging
and demonstrate, for the first time, that full 27t phase shifts are
not mandatory to generate a set of illumination patterns with a
sufficient degree of randomness required to reconstruct the image.
Using a silicon photonic OPA chip with 128 carrier-depletion-based
phase shifters, we experimentally confirm this property by success-
fully retrieving an image under a maximum phase shift of only
~1.57 without affecting the quality of the image. Consequently,
the input voltage can be reduced significantly. Since the carrier-
depletion phase shifters generally require high driving voltages,
this finding paves the way to high-speed OPA-based imaging with
a minimum device requirement.

Index Terms—Optical imaging, optical phased array, photonic
integrated circuits, single-pixel imaging.

1. INTRODUCTION

INGLE-PIXEL imaging has gained growing attention re-
S cently [1]-[10] and has been successfully implemented
in numerous applications [9], including multi-spectral imag-
ing [10], [11], light-detection-and-ranging (LiDAR) [12]-[14],
ophthalmoscope [15], terahertz imaging [16], [17], three-
dimensional (3D) imaging [18]-[20], and flow cytometry [21].
By using pseudo-random speckle illumination patterns to image
the target, it provides several advantages compared with the
beam-scanning method, such as the reduced number of illu-
minations with the help of the compressed sensing algorithm
[22]-[24] and robustness against background noises. [25].
The pseudo-random illumination patterns constitute the key
factor in determining the performance of single-pixel imaging.
They have been commonly generated by using bulky spatial
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light modulators (SLMs) based on digital micromirror devices
(DMD) [11], [26] and liquid crystal on silicon (LCOS) [27].
Towards practical implementation of these systems, the authors
have proposed and demonstrated the use of a compact and
high-speed integrated optical phased array (OPA) in generating
the illumination patterns [28], [29]. In addition, significant en-
hancement in spatial resolution was demonstrated by attaching
a multimode fiber to the OPA chip [30], [31]. Large-scale OPAs
have been developed on various integrated photonic platforms
[32]-[34]. Owing to the recent advancement of silicon photonics
and III-V heterogeneous integration technologies, ultra-compact
single-chip OPA-based emitters with integrated laser sources
and optical amplifiers are also feasible [35]. In addition, various
techniques for monitoring and calibrating the optical field gen-
erated by an integrated OPA have been demonstrated to produce
high-quality illumination patterns in real time [36]—[38].

One of the remaining issues of integrated OPAs is the com-
plexity of the driver circuit. In particular, for the OPAs with
reverse-biased electro-optic phase shifters, which are desirable
for high-speed operation and low DC power consumption [32],
[39], the requirement of high driving voltage to achieve 27 phase
shift imposes a critical challenge when the number of phase
shifters increases in the ranges of few hundreds to thousands.
Therefore, it is important to alleviate the requirement of the
driving conditions to reduce the complexity and the cost of the
overall system.

In this paper, we investigate the phase shift requirement of
OPA for single-pixel imaging and demonstrate, for the first time,
that full 27 phase shifts are not mandatory to generate a set
of illumination patterns with a sufficient degree of randomness
required to reconstruct the image. Using a silicon photonic OPA
chip with 128 carrier-depletion-based phase shifters, we exper-
imentally confirm this property by retrieving an image under
a maximum phase shift of only ~1.57 without compromising
the peak signal-to-noise ratio (PSNR) of the image. From a
singular-value decomposition (SVD) analysis, we show that
these results can be explained by the general dependence of
the condition number of the illumination pattern matrix on the
applied phase shift.

II. SINGLE-PIXEL IMAGING SCHEME

Fig. 1 shows the schematic of the single-pixel imaging us-
ing an OPA [29]. Input light is split into M waveguides via
the cascaded stages of 1 x 2 multimode interference (MMI)
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Fig. 1. Schematic of the single-pixel imaging using an OPA. The OPA generates the pseudo-random illuminations patterns (I) to sample the target (O). The

transmitted power (S) is detected by the photodetector and finally the image (O) is reconstructed by the inverse reconstruction algorithm.

couplers. A random phase shift is applied at each waveguide,
so that a speckle intensity pattern is generated at the far field
of the chip output. By switching these electrical signals rapidly,
we can generate a sequence of illumination patterns I, which
is an N x P matrix representing the intensity at P pixels for N
different illumination patterns. As these patterns interact with the
target, the transmitted or reflected optical power is detected by
a single-pixel photodetector. The detected signal for respective
illumination patterns is described by an N x 1 vector S. Finally,
the image Ois computationally obtained by

O=1I"S, (1)

where I'" is the Moore-Penrose pseudo-inverse matrix of I.

In this work, for convenience, we consider a one-dimensional
(1ID) OPA as shown in Fig. 1, which generates 1D speckle
patterns in x direction. We should note that two-dimensional
(2D) imaging is possible by integrating grating couplers at the
output waveguides and sweeping the wavelength of the light to
steer the beam in another axis [35], [40].

III. EXPERIMENT

A. Silicon-Photonic OPA Chip With Carrier-Depletion Phase
Shifters

Fig. 2 shows the silicon-photonic OPA chip with 128 carrier-
depletion-based phase shifters used in this work. It was fabri-
cated on a silicon-on-insulator (SOI) wafer with a Si layer of
220 nm and a buried oxide (BOX) layer of 2 pm in thickness.
The waveguide width was set to 0.4 pm, whereas the output
waveguide pitch was set to d = 25 pm.

We employed 3-mm-long phase shifters with interdigitated
PN junctions with a pitch of 0.4 ;zm as shown in the inset of Fig. 2
[41]. By characterizing a test Mach-Zehnder interferometer
(MZI) fabricated on the same chip, we confirmed that the 27
phase shift was obtained at -11V and +2.3V under the reverse
and the forward biases, respectively.

The OPA chip was mounted on a chip carrier and all 128 phase
shifters were driven randomly within the range from O to ¢y ax.
Due to the limitation of the maximum voltage that could be
applied from our driver circuit, a combination of both the reverse

Electrodes

MMI couplers
)

128 output waveguides

ww f

Phase shifters

Al nSi PSi

W n+sSi W p+Si

Wsio,

Fig. 2. Microscopic image of the silicon photonic OPA chip with 128 phase
shifters used in the experiment. A zoomed image of the phase shifters and their
cross section are shown in the inset.

and forward biases was employed in this work. For example, to
achieve @, 4, of 1.467, we applied -4.0 V and +1.3 V to obtain
around 0.867 and 0.607 phase shifts respectively, resulting in
1.467 in total. Operating in either mode would not affect the
results of this study, however, it is to be noted that reverse-biased
electro-optic phase shifters are generally preferred for faster
operations and lower DC power consumption [32].

B. Experimental Setup

Fig. 3 shows the experimental setup of the single-pixel imag-
ing using OPA. The input continuous-wave light with a wave-
length of 1.55 pum was aligned to the transverse-electric (TE)
mode and coupled into the OPA chip using a lensed fiber. Then,
the light emitted from the chip was collected by the first lens
(f1) and sent through a 4f optical system (f2 and f3) so that the
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Fig. 3.
polarization controller, PD: photodetector.

far-field pattern (FFP) in the x direction was relayed to the target
plane. In contrast, a cylindrical lens (f;) was inserted to image
the near-field pattern (NFP) in the y direction at the target plane.
The focal length of each lens was chosen as described in Fig. 3,
so that the free-spectral range (FSR) of the FFP in the x direction
corresponded to 9.92 mm at the target. Two mirrors between the
lenses f» and fs were inserted for convenience to facilitate the
alignment by separating the system into two sections and align
each of them separately. The light transmitted through the target
was then focused by another 4f system and detected by a power
meter (Agilent 81525A, InGaAs detector with a diameter of 5
mm). For convenience, a beam splitter was inserted to monitor
the actual illumination pattern with an InGaAs infrared camera.
In practice, the illumination patterns could be recorded first,
followed by the actual single-pixel imaging procedure.

To compare the quality of the image under various conditions,
we inserted a 1D slit pattern as a target with a minimum feature
of 0.1 mm, corresponding to 90 features within one FSR. The
image was reconstructed by using 1000 illumination patterns (N
= 1000). For a quantitative evaluation, we use the peak signal-to-
noise ratio (PSNR) of the retrieved image [29], which is defined
as

max (O;)*

PSNR = 10log NISE

[dB]. )

Here, MSE is the mean squared error, defined as MSE =
+ > (0; - 0;)2,and O; (i = 1, ..., P) is the actual image.

K2

C. Results

Fig. 4(a) shows the experimentally retrieved images of the
target as we vary the maximum phase shift .. The quality
of the image improves monotonically with increasing ., as
expected. Surprisingly, however, we can confirm that a clear
image is obtained already at ¢, = 1.467 and its quality
is comparable to that at ¢, = 1.927. Similar trend is also
observed from the numerical results as shown in Fig. 4(b), where
we assume a detector noise level of -10 dB in simulation to
emulate the actual experimental case.

For quantitative comparison, Fig. 4(c) shows the PSNR of the
retrieved image as a function of ¢y,,. We can confirm an excel-
lent agreement between the experimental and numerical results.
Once again, we can see that the PSNR increases monotonically
with .« but converges to a maximal value at around @, =
1.57.
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Fig. 4. (a) Experimental and (b) numerical results of the reconstructed image
O(z) (blue) for various values of the maximum phase shift ¢max. The actual
target O () is plotted in black. (c) PSNR of the reconstructed image as a function
of Ymax for the experimental (red dots) and numerical (black solid curve) results.

IV. DISCUSSIONS

The results shown in Fig. 4 imply that 27 phase shifts at the
OPA are not necessarily required, and that ~1.57 phase shifts are
sufficient to generate the pseudo-random illumination patterns
required for the single-pixel imaging. To evaluate the degree of
randomness of the illumination patterns matrix, we employ the
condition number, which is defined as [42]-[44]

K (I) — Uma:v ;

Omin

3

where 0,4, and o,,,;, are the maximum and minimum singular
values of the matrix I, respectively. When the condition number
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Fig. 5. Condition number of the illumination patterns matrix as a function of
the maximum phase shift ¢, ax, oObtained numerically (black solid curve) and
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50

B
(=]

(7%
(=]

Average PSNR (dB)
o
S

S

-30 -25 -20 -15 -10 -5
Noise level (dB)

Fig. 6. Average PSNR for 10 random targets generated in simulation as a
function of the detector noise level for different values of the maximum phase
shifts Ymax-

is large, the matrix is ill-conditioned, or in other words, the
randomness of the illumination patterns is weak.

Fig. 5 shows the condition number of the illumination matrix
I, which is obtained both experimentally and numerically, as a
function of ¢,.x. While the condition number reduces as ©max
increases, we can see that it approaches the steady value for
©max > 7. This trend is consistent with Fig. 4 and reveals the
fact that a sufficient randomness of the illumination patterns can
be attained at a significantly smaller phase shift.

To confirm that these results are valid regardless of the de-
tector noise level, we also simulate the single-pixel imaging
performance at different noise levels. Fig. 6 shows the average
PSNR of the retrieved image for 10 different targets, each
generated randomly with the minimum feature corresponding
to the actual experimental case. The noise level is defined as

Noise level = 1010g< K ) [dB], 4)

Onoise
where 4 is the average power detected at the single-pixel pho-
todetector, and 0,,0;5¢ 1S the standard deviation of the detector
noise, which was assumed to be Gaussian.

From Fig. 6, we can observe that the dependence on the noise
level starts to converge when ¢,,x > 7 and becomes almost
identical at @ax > 1.57m. We can therefore conclude that the
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maximum phase shift of OPA can be reduced to around 1.57
without sacrificing the imaging quality. These results have a sig-
nificant impact particularly for an OPA with carrier-depletion-
based phase shifters, which generally suffer from large driving
voltage to induce 27 phase shifts.

V. CONCLUSION

We have demonstrated numerically and experimentally that
by using a silicon OPA with 128 carrier-depletion-based phase
shifters, clear imaging with 90 resolvable points was possible at
a maximum phase shift of only ~1.57. This trend was directly
linked to the condition number of the illumination matrix, which
indicates the randomness of the illumination patterns. It was
therefore revealed that full 27 phase shifts are not mandatory
to ensure the randomness of the illumination patterns required
for single-pixel imaging. As a result, we could taper off the
device requirement by reducing the applied voltages to the phase
shifters without affecting the quality of the retrieved image. Such
feature is in clear contrast to the beam-scanning method and is
particularly attractive for a carrier-depletion-based OPA, which
generally requires large voltages to attain 27 phase shifts. This
work would therefore pave the way to performing high-speed
OPA-based imaging with a minimum device requirement.
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