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Abstract—We study a 32 x 32 silicon photonic path-independent
insertion loss switch used as a programmable multiport interferom-
eter, with a robustness to optical losses appropriate for many clas-
sical and quantum photonic applications since any route through
the interferometer has the same loss. Its operation stability was
investigated by monitoring the fidelity (closeness to the ideal case) of
single-photon quantum-walk experiments, where heralded single
photons with a 10-nm bandwidth centered at 1547 nm were used
as walkers in the interferometer. Fidelities of 0.98 and 0.97 were
observed for 4- and 8-step quantum walks, respectively. The exper-
iment took 21 hours to collect the data for the fidelity calculations.
Similar fidelities were confirmed using narrowband classical light
sources (200-kHz linewidth), for which a fidelity degradation as
small as 10~ 5/hour was achieved in the 45-hour free-running
operation. The experiments demonstrate that our optical circuit
has a wide range of potential applications to classical and quantum
photonic processors based on a multiport input—output interfer-
ence design.

Index Terms—Integrated optics, quantum circuit, quantum
optics, silicon photonics.

1. INTRODUCTION

ECENTLY, photonic integrated circuits (PICs) have been
R of crucial importance in photon-based quantum informa-
tion processing (QIP) applications as they offer the integration
of many optical components on a chip, allowing large-scale
realization of photon-based quantum experiments, which are
difficult to conduct in free space [1], [2]. Reconfigurable PICs
are especially useful as they can be adapted to many applications,
making them multi-purpose or universal platforms for quantum
photonic experiments [3]. Moreover, they also offer tolerances
to fabrication and/or environmental errors, which often arise
in complex systems, making them tolerant to complex and
large-scale experiments.

Previously, a universal linear chip for quantum experi-
ments was demonstrated using an array of reconfigurable
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Mach—Zehnder interferometers (MZIs) on a silica waveguide
platform [3]. Compared to bulk interferometric systems [4], on-
chip optical circuits with reconfigurable MZIs are very flexible
as they allow small granular settings of each MZI. Recently,
silicon (Si) photoics-based platforms have attracted interest be-
cause they offer much denser integration of optical components
than silica waveguide platforms due to the large refractive index
of Si [2], [5]. Therefore, the Si photonics platform is considered
to be suitable for lage-scale applications. However, there are two
points regarding the Si photonics platform that have not been ad-
dressed in previous experiments. One is waveguide dispersion,
which limits the possible operation bandwidth, making the use
of broadband photons generated through nonlinear optical effect
difficult. The second point is the temporal stability of configured
optical circuits on the platform, which is especially important
for quantum experiments that require long integration times. In
this paper, we address these issues using an actual Si photonics
large-scale circuit and single photons.

In this paper, we focus on the quantum walk (QW), which
is the quantum counterpart of the classical random walk. In a
one-dimensional classical random walk, a particle changes its
direction (left and right) randomly and the resulting probability
of finding the particle in a specified position exhibits a Gaussian
distribution. On the other hand, a quantum particle (or probabil-
ity amplitude) in a QW splits into two possible directions of equal
weight (in the case of a Hadamard walk), which interfere with
each other, resulting in a non-Gaussian probability distribution.
This fundamental difference makes possible many interesting
applications of a QW, such as platforms for quantum transport
simulations and tools for building efficient quantum computing
algorithms [5], [6], [7], [8], [9], [10].

Specifically, photonic circuits can implement a QW by us-
ing optical splitters and phase shifters. A QW implemented
with discrete splitters is called a discrete-time QW, and has
the advantage of allowing tuning of each splitter element. By
utilizing such discrete photonic QW circuits, researchers have
realized quantum transport simulations of phenomena such as
Anderson localization [1], [5], [9]. However, we consider that
there are still issues regarding the further scaling of photonic
circuits, because their bandwidth characteristics and long-time
stability were not clarified in previous studies. These charac-
teristics are clearly very important, as photons naturally have
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Fig. 1. Schematic structures of (a) MZI and (b) 32 x 32 path-independent in-
sertion loss (PILOSS) optical switch. PS = Phase shifter, MZI = Mach-Zehnder
interferometer.

broad spectra originating from nonlinear optical processes, and
long-term stability is necessary for many quantum experiments
that require long integration times to obtain sufficient photon
counts.

Recently, we have demonstrated a 32 x 32 Si photonics-based
strictly non-blocking optical switch consisting of 1,024 MZIs
on a chip based on path-independent insertion loss (PILOSS)
topology, as shown in Figs. 1(a) and 1(b) [11], [12]. In the PI-
LOSS topology, all possible optical paths have the same insertion
loss (and length) from input to output. We also developed an
electric circuit board equipped with field programmable gate
arrays (FPGAs) to control 2,048 TO heaters on a chip, together
with electrical/optical packaging techniques. This allowed us
to characterize all 32 x 32 path transmissions, which was the
first realization of full-path operation of a 32 x 32 optical
switch [13].

The uniform insertion loss between paths exhibited by the
PILOSS topology is preferable for use in quantum interference
circuits such as those using QWs. Similar circuit designs with the
same number of optical components in each path can also be used
as a robust photonic unitary circuit, as shown in [14]. In this pa-
per, we utilize a 32 x 32 optical switch circuit as a reconfigurable
discrete-time QW circuit and experimentally demonstrate 1- to
8-step QWs with single photons generated through spontaneous
parametric down conversion (SPDC). From these results, we
experimentally verify both the bandwidth and long-time stability
of large-scale quantum photonic circuits. Previously, we have
preliminary reported the formation of QW circuits on the Si
photonics circuit [15]. However, theory about the phase error
trimming and the quantitative analyses has been lacked. In this
paper, we show the detailed operation principle, the trimming
methods of the device, and the details about the experimental
results with qualitative analyses of them.

When using only one ‘walker’ and only measuring the statisti-
cal distribution of photons, the results can also be understood by
‘classical’ interferograms, i.e., classical light such as coherent
light would reproduce the same results. In fact, some previous
demonstrations of optical quantum walks have used classical
light [5], [6]. In this paper, we use heralded single photons to
show the bandwidth and stability of the platform with actual
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Fig.2. Calculated transmission spectra for (a) cross, (b) 3-dB and (c) bar states
of an MZI.

quantum particles, and we do not focus on the properties of single
photons. Therefore, it is acceptable to use one ‘walker’ and
measure the distribution of photons. We note that to determine
the quantum properties of the photons, we could measure the
correlation of photons between different ports, and we intend to
address this in future work.

In Section II, we show the detailed structure of the device
and the method to construct QW circuits with the switch. In
Section III, we describe a method to trim phase errors originating
from fabrication errors. The results of single-photon QWs and
the temporal stability are shown in Section IV. In Section V, we
discuss scaling of the device. Finally, Section VI concludes the

paper.

II. DEVICE STRUCTURE

Fig. 1(a) shows the schematic structure of an MZI. The
MZI consists of two TO phase shifters between two 3-dB
couplers based on directional couplers. The two (upper and
lower) phase shifters can be controlled independently. The in-
tersection is based on a single-layer crossing of two adiabati-
cally expanded waveguides to reduce loss and crosstalk [16].
Fig. 1(b) shows the schematic structure of the 32 x 32 optical
switch. The 32 x 32 matrix of MZIs is connected by inter-
sections. Although the device has 64 optical modes, as shown
in this figure, this PILOSS topology accepts only 32 ports for
switching.

By adjusting the phase difference between the two phase
shifter arms in Fig. 1(a), an MZI can be used as a variable beam
splitter. Fig. 2 shows transmission spectra of three representative
MZI states. Fig. 2(a) shows spectra of a state called the cross
state, obtained when 1 — 2" and 2 — 1" in Fig. 1(a) are connected,
and the phase difference between the two phase shifters is zero.
The bandwidth for 20-dB suppression of the leakage is 25 nm
centered at 1550 nm. We calculated these spectra using the
finite element method (FEM) and coupled mode theory (CMT).
Fig. 2(b) shows spectra of a state called the 3-dB state, which
can be used as a beam splitter, when the phase difference is 7 /2.
The 0.1-dB deviation bandwidth is 42 nm. Finally, Fig. 2(c)
shows spectra of the bar state, in which 1 — 1/, 2 — 2 are
connected. The bandwidth for the bar state have been measured
in our previous publication [17]. From these results, we can
expect that an MZI can be used as a variable beam splitter with
a bandwidth of tens of nanometers.
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Fig.3. Schematicillustration of (a) 4- and (b) 8-step QW circuit configurations
for 32 x 32 PILOSS optical switch.

We configured each MZI in the 32 x 32 switch to construct 1-
to 8-step QW circuit configurations, as shown in Figs. 3(a) and
3(b), for a 4- and 8-step QW, respectively. As shown in Fig. 3(b),
the number of required output ports is 16 for an §-step quantum
walk. Therefore, we measured only these 16 output ports with
leaving the other ports unused. We input single photons from
input port 5, and the photons were guided to the input preparation
part to create a superposition state (1/v/2)(|U) + |L)). Here,
|U) and |L) represent single-photon states for the upper and
lower paths, respectively. Then, cascaded 3-dB beam splitters
were used to construct a QW circuit. Cross-state switches
between beam splitters were used to compensate for phase
fluctuations between paths caused by fabrication errors. The
detailed phase trimming method will be explained in Section III.
Bar-state switches were used to guide photons in the desired
direction.

III. PHASE TRIMMING METHOD

This section details the method used for phase trimming.
Fabrication errors in the widths of the Si waveguides cause phase
differences in the paths between beam splitters. To realize an
ideal QW circuit, the phase errors should be trimmed using the
method shown here.

The phase trimming method starts with the green part in
Fig. 4(a), which includes an interference loop with four ad-
justable phases ¢1, ¢, ¢3 and ¢4, which can be individually
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Fig.4. (a)—(c) Phase trimming steps for 4-step QW circuit. (d)—(e) Schematic
illustration of phase trimming of larger interference loops. (f) First and (g) second
target interference loops for 8-step QW.

set by tuning the four cross-state switches on the interference
loop so that both the upper and lower phase shifters [as shown
in Fig. 1(a)] of a switch have the same amount of phase shift.
This interference loop is the smallest that can be built in our
switch circuit. A continuous-wave (CW) light of 1550 nm is
used to observe constructive interference, which yields

1+ P2 = P3 + Py

In a similar manner, from Fig. 4(b) we obtain

¢5 + 6 = Q7 + @8

Next, we consider the interference loop in Fig. 4(c). We adjust
¢9 and ¢1o without changing ¢3 and ¢5 to satisfy the following
constructive interference condition,

@3+ Qg = ¢5 + P10

(mod 27). (1)

(mod 27). (2)

(mod 27). 3)
Therefore,

$1+ P2+ P9 =da+ 5+ P10 (mod 2m) 4)

and

3+ ¢ + Qg = @7 + P8 + P10

ensure constructive interference of the interference loops in
Figs. 4(d) and 4(e), respectively. The method is thereby com-
pleted. This is a simple trimming method in which each inter-
ferometer loop can be adjusted independently and separately. We
can extend this method to any /N-step QW circuit. For example,
building an 8-step QW circuit starts with interference loops on
the far right of the device (see the six interference loops marked

(mod 2m) 5)
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(a) Hlustration of experimental setup. A tunable 775-nm CW laser was used as a pump source to generate 1550-nm heralded single photons using SPDC.

The single photons were filtered by 10 nm and input into the QW circuit. (b) Micrographic image of 32 x 32 switch. (c) Photograph of the packaged switch chip

with a control circuit board.

in green in Fig. 4(f)). We monitor their interference signals one
by one. Then, we move one step to the left and check the next
five interference loops (marked in orange in Fig. 4(g)). Since
the total number of interference loops to be tested is given by
(N —1)(N —2)/2, building an N-step QW circuit requires
O(N?) interference measurements.

IV. RESULTS

Using the above method, we prepared QW circuits increasing
in size up to 8-step QW circuits using CW light centered at
1550 nm with 16-channel power monitors. In this section, we
show the results of the QW experiments using single photons.

A. Single-Photon Quantum Walk

Fig. 5(a) shows the setup used for the single-photon QW
experiment. We input a 775 nm CW laser beam via a fiber-optic
polarization controller (FPC1) to a periodically poled lithium
niobate (PPLN) waveguide to generate 1550 nm photon pairs
through an SPDC process. The two photons are split using a
50:50 splitter and filtered using band-pass filters (BPFs) having
center wavelengths of 1547 nm and 1553 nm, respectively,
with a 3-dB bandwidth of 10 nm. If the device bandwidth is
narrow (< 10 nm), the BPF widths should also be set to be
narrow, significantly increasing the integration time. Achieving
a broad device bandwidth is thus very important for shortening
the integration time for the experiments.

After the BPF, the single photons are input to the 32 x 32
device. An optical micrograph of the device is shown in Fig. 5(b).
The chip used was a flip-chip bonded to a ceramic interposer and
inserted into an LGA socket, as shown in [11]. The heaters on
the chip are controlled using pulse width modulation electrical
signals from a control circuit board, as shown in Fig. 5(c).
Because the chip was designed only for a transverse-electric
(TE) mode, we used a fiber polarization controller (FPC2 in
Fig. 5(a)) to adjust the input polarization.

The photons output from each output port (2 to 32') of the
switch are guided to avalanche photodiode (APD) A. The idler
photons are guided to APD B, and the difference between the
click timings of the two APD channels is measured using a

start-stop timer. The APDs are gated by a 4-MHz repetition
frequency with a gate width of 2.5 ns. Our PILOSS switch has a
fiber-to-fiber loss of approximately 10 dB. We set the integration
time at 600 sec to suppress fluctuations in photon counting and
secure enough counts at each output port. For example, a single-
photon count of 1,545 was obtained when input 1 and output 32
were connected as a single-pass transmission line.

We measured the output photon distribution from 1- to 8-step
QWs using single photons. The results for the 4- and 8-step QW'
are plotted in Figs. 6(a) and 6(b), respectively, in which the blue
bars show the measured single photon distributions and the or-
ange bars show the theoretical (ideal-case) photon distributions.
These figures show that clear non-Gaussian photon distributions
were observed as expected theoretically. The measured fidelity
of the 3- to 8-step QWs using single photons are plotted as open
red points in Fig. 6(c), where the fidelity is defined as follows [5],

F=> \/pit, (6)

where p; and g; correspond to the measured and theoretical pho-
ton distributions for output port ¢, respectively. The results for the
1- and 2-step QWs are not shown because these configurations
do not include interference parts. The measured fidelity was
>0.97 for the 8-step QW, showing the formation of precise
interference. For reference, we inject coherent light from a
tunable CW laser (200-kHz linewidth) and measure the fidelity
for each QW setup by varying the center wavelengths, shown
by the blue, orange and green points in Fig. 6(c). These results
show a degradation of fidelity due to dispersion of the MZIs,
i.e., single photons have lower fidelity values due to their broad
bandwidth (~10 nm) compared to the CW laser (200 kHz), and
are more sensitive to the dispersion of the device. The effect of
bandwidth on the MZIs will be discussed in Section V.

B. Temporal Stability Measurement

Another important requirement of Si photonic circuits for
large-scale quantum photonic experiments is temporal stability.
To investigate this experimentally, we configured the device for
an 8-step QW and continued taking measurements for 45 hours
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Measured (blue) and theoretically calculated (orange) photon distributions for (a) 4-step QW and (b) 8-step QW. (c¢) Calculated fidelity for photon

distributions measured with single photons (red) and coherent light (blue, orange, green). (d) Measured fidelity for 8-step QW as function of time up to 45 hours

with coherent light input.

and calculated the fidelity. For this experiment, we used coherent
CW light. The results are plotted as the gray points Fig. 6(d) and
a linear fit to the points is plotted as the blue dashed line. The
degradation rate for the fidelity was very low at —1.50 x 10~°
per hour, indicating that the 8-step QW circuit is stable for tens or
hundreds of hours. In this particular case, we directly observed
the long stability for more than 45 hours with this free-run test.
We note that the time required to collect all the data including 2-
to 8-step quantum walks was 21 hours. The breakdown of this
time is given as follows. For each step, we monitored 16 output
ports one by one for single-photon detection. The integration
time was 600 sec/port x 16 port x 7 plus. Another 2 hours
were required if we sum up all intervals used to change steps.
Therefore, it totals 21 hours. We also note that the measurement
could be greatly sped up, by a factor of 16, using 16 APDs to
measure the relevant output ports simultaneously.

Room temperature changes are one of the sources of fidelity
fluctuations observed in the graph. Because the device is de-
signed for TE polarization alone, TM photons (or coherent
light) are randomly scattered at the output ports. Although we
adjust input photons to be TE-polarized, temperature change
in fibers induces unwanted rotation of polarization, resulting
in the observed fluctuations. This effect could be avoided by
integrating on-chip polarizers. In the demonstrated experiments,
no temperature stabilization systems were installed because
of simple free-running operation. Therefore, we believe that
fidelity fluctuations could also be mitigated by using temperature
stabilization systems.

We note that desirable fidelity or phase error tolerance is
very application specific. In general, the importance of fidelity
measurement grows as we increase the number of photons (or
‘walkers’ for advanced QW experiments). For two photons, it
can be connected to the quality of quantum entanglement [18].

V. DISCUSSION

In this section, we discuss increasing the port count. With
the current design of the 32 x 32 switch chip, the maximum
possible number of steps is eight because the top and bottom
MZIs have different waveguide lengths than the inner MZIs.
However, this can be easily adjusted by the chip design up to a
maximum possible number of QW steps of 16 with a 32 x 32
switch chip.

However, when increasing the number of steps, we need to
consider the accumulation of splitting-ratio deviation of the
MZIs due to the wavelength dependency, as shown in Fig. 2,
which reduces the device bandwidth. We calculated the fidelity
spectra for QW step numbers of 8, 16 and 32 in Fig. 7(a) consid-
ering the splitting-ratio deviation and wavelength dependency
of the phase shifters. We used both FEM and CMT for the
calculations. In Fig. 7(a), complex shapes of the spectra were
observed due to interference between the paths, especially for
N =16 and N = 32. Specifically, asymmetric spectra arise
from the wavelength dependency of the phase at the phase
shifters. The results in Fig. 7(a) show the expected fidelity
when a single-frequency CW laser beam is input to the sys-
tem. To calculate the expected fidelity when broad bandwidth
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(approximately 10 nm) single photons are input to the system, we
calculated the convolution of Fig. 7(a) and the 10-nm bandwidth
filter spectrum used in the experiments. The results are shown in
Fig. 7(b), and indicate the expected single-photon QW fidelity
with steps varying from 8 to 32. The figure shows that the fidelity
decreases with increasing number of steps due to accumulation
of splitting ratio deviation and the wavelength dependency of the
phase shifters, as experimentally observed (see open red points
in Fig. 6(c)). However, the theoretical fidelity for the 32-step QW
is still high and SPDC single photons with 10-nm bandwidth are
feasible for the large-scale implementation of quantum circuits.

Increasing the bandwidth of the device would be very impor-
tant to improve fidelity values for heralded single photons. This
can be achieved by, for example, using adiabatic waveguide cou-
plers to make the 50:50 couplers broadband for each MZI [19].

Regarding the insertion loss of the photonic circuit, we can
expect a further reduction in fiber-to-chip coupling loss by using
technologies such as ultra high-A PLC connectors [12]. The
on-chip loss can also be reduced by using a small form-factor
design [20].

We achieved highly accurate inter-chip reproducibility. The
ArF immersion lithography yields small phase errors in each
MZI, enabling small trimming power of ~1.5 mW per MZI [12].
Moreover, we fabricate tens of chips at the same time from
a single 300-mm wafer. Therefore, not only ‘as-fabricated’
characteristics are similar, but also unwanted errors are similar.
The latter could be easily trimmed because of their uniformity
across the wafer. We consider that these points positively work
for reproducibility.

VI. CONCLUSION

In this paper, we demonstrated the broad bandwidth and
time-stable characteristics of a large-scale Si photonics circuit,
namely a 32 x 32 PILOSS switch. We observed very high
(>0.97) fidelity even with single photons with a bandwidth of
approximately 10 nm. We also measured the long-term stability
of an 8-step QW for more than 45 hours using coherent light.
These results are encouraging for the use of large-scale Si
photonic circuits in complex quantum photonics experiments
including not only QWs, but also Boson sampling and quantum
phenomena.
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