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An optical unitary converter (OUC) that can convert a set of N mutually orthogonal optical modes into
another set of arbitrary N orthogonal modes is expected to be a key device in diverse applications, includ-
ing optical communication, deep learning, and quantum computing. While various types of OUC have
been demonstrated on photonic integration platforms, the sensitivity against a slight deviation in waveg-
uide dimensions has been the crucial issue in scaling N. Here, we demonstrate that an OUC based on the
concept of multiplane light conversion (MPLC) shows outstanding robustness against waveguide devia-
tions. Moreover, it becomes more and more insensitive to fabrication errors as we increase N, which is in
clear contrast to the conventional OUC architecture, composed of 2 x 2 Mach-Zehnder interferometers.
The physical origin behind this unique robustness and scalability is studied by considering a general-
ized OUC configuration. As a result, we reveal that the number of coupled modes in each stage plays an
essential role in determining the sensitivity of the entire OUC. The maximal robustness is attained when
all-to-all-coupled interferometers are employed, which are naturally implemented in a MPLC-based OUC.
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I. INTRODUCTION

Reconfigurable unitary conversion in the optical domain
is a crucial operation in various photonic signal-processing
applications, in both classical and quantum systems. In
particular, a large-scale integrated optical unitary converter
(OUC) would be a key device in realizing low-power
all-optical multi-input-multi-output processors for mode-
multiplexed optical communication [1-3], optical acceler-
ators for deep learning [4—10], and linear optical circuits
for quantum computing [11-18]. For example, deep neu-
ral networks, which have been widely deployed to address
a variety of problems, are suffering from the requirement
for increasing amounts of computational power [10]. This
issue may be solved by optical accelerators composed
of OUCs, which enable linear matrix multiplication in
the optical domain with minimal power consumption and
latency [4]. While integrated OUCs have been experimen-
tally demonstrated at a relatively small scale [2,4,9,11-18],
larger-scale devices with more than 100 input modes are
required for practical applications. As the device size
increases, fabrication imperfections generally affect the
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overall performance. It is, therefore, essential to develop
scalable and robust integrated OUCs.

An integrated N x N OUC is conventionally con-
structed by cascading multiple stages of 2 x 2 OUCs in
a mesh configuration [19-21]. Each 2 x 2 OUC corre-
sponds to a Mach-Zehnder interferometer (MZI), which
comprises two 50:50 directional couplers (DCs) and two
phase shifters. By setting all N? phase shifters appropri-
ately, arbitrary N x N unitary operation can be obtained
in a reconfigurable manner [19,21]. In such MZI-based
OUCs, however, the accuracy of N x N unitary operation
depends sensitively on the deviations of waveguide dimen-
sions, especially when N is large [7,22—24]. This issue is
related to the fact that the optical interactions in the respec-
tive MZIs are inherently local. In other words, a2 x 2 MZI
allows coupling only between the two adjacent modes,
so that each stage of a MZI-based OUC is described by
an N x N band matrix, which becomes more and more
sparse as N increases. Due to this nonredundancy, each
band matrix needs to be in an ideal condition to enable
arbitrary N x N unitary transformation after N stages.
We should note that such property is rather a general
characteristic observed in other analog and quantum com-
puting systems as well, such as coherent Ising machines,
quantum annealers, and multiqubit processors [25-29],
where the dense connectivity among multiple nodes has a
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crucial impact on the performance of the entire system. To
cope with this issue of MZI-based OUC:s, it is proposed
to insert extra redundant phase shifters to ensure the nec-
essary full connectivity [22,23], at the cost of increased
complexity, footprint, and power consumption. Various
global optimization or local error correction techniques
may also be employed to compensate for the device imper-
fectness [5,23,30-33], which, however, requires the errors
to be within some acceptable range [23].

As a fundamentally different approach as compared with
a MZlI-based OUC, an OUC based on the multiplane light
conversion (MPLC) concept has been studied recently
[24,34-36]. Applications of MPLC-based OUC:s to spatial-
mode multiplexers [35,37,38] and multidimensional quan-
tum gates [39—41] have also been demonstrated success-
fully. In this scheme, arbitrary N x N unitary conversion
is obtained through cascaded stages of an N-dimensional
fixed dense unitary transformation (i.e., mode-mixing
layer) and a phase shifter array. MPLC-based OUCs have
been implemented successfully by free-space optics [35,
37—41] and on integrated photonic platforms [3,36,42—
44]. Due to the mode-mixing layer, which ensures all-to-
all coupling via an N x N dense matrix, a MPLC-based
OUC is expected to exhibit inherently different scalability
and robustness, compared with a conventional MZI-based
OucC.

In this paper, we reveal that a MPLC-based OUC with
multiport DCs has unique scalability and excellent robust-
ness against waveguide deviations without the need for
redundant phase shifters. Surprisingly, the error sensitivity
of the MPLC-based OUC drops rapidly at large N. This is
in clear contrast to the MZI-based OUC, having the same
number of phase shifters, which becomes more and more
sensitive as N increases. By considering generalized cir-
cuit configurations with various degrees of coupling, we
comprehensively evaluate the physical origin of the differ-
ence between the two schemes. As a result, we find that the
number of coupled modes at each mode-mixing layer plays
an essential role in determining the robustness of the entire
OUC; the maximal robustness is obtained when all-to-all-
coupled interferometers are employed, which are naturally
implemented in the MPLC-based OUC.

I1I. OPERATING PRINCIPLE

An OUC converts an N-dimensional vector a®, which
describes the complex amplitudes of N optical modes at
the input, into another N-dimensional vector a®"t at the
output. Here, a®" can be expressed as a®'t = Ua", where
Uisan N x N unitary matrix.

Figure 1(a) shows the typical architecture of the MZI-
based OUC [21]. It consists of 2 x 2 MZIs, each of which
comprises two 2 x 2 DCs and two tunable phase shifters
as shown in the inset of Fig. 1(a). The splitting ratio of
the DC needs to be 50:50. Since the number of MZIs is
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FIG. 1. Schematics of (a) N x N MZI-based OUC and (b)
N x N MPLC-based OUC with multiport DCs. The MZI-based
OUC is composed of a mesh of N(N — 1)/2 MZIs. Each MZI,
represented by a blue dot, consists of two series of 2 x 2 DC
and a phase shifter. The MPLC-based OUC, in contrast, consists
of N-port DCs and phase shifter arrays. Both 2 x 2 DC in the
MZI-based OUC and multiport DC in the MPLC-based OUC are
designed as a function of the waveguide width W, gap G, and
coupler length L.
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N(N — 1)/2 and N additional phase shifters are required at
the input stage, the total number of phase shifters is N2. By
tuning all N2 phase shifters, arbitrary U is obtained [21].

In contrast, Fig. 1(b) shows the architecture of the inte-
grated MPLC-based OUC with multiport DCs [36,45]. It
consists of NV stages of an N-port DC that functions as a
mode-mixing layer and an N-port phase shifter array that
can be controlled independently. The transfer matrix of the
entire circuit is written as

U= (I,(N)M(N)q,(N—l) . <I>(1)M(1)<I>(O), (1)

where M%) and ®) (j = 1,2,...,N)arethe N x N trans-
fer matrices of the multiport DC and the phase shifter array,
respectively, at the jth stage. ®Y) is a diagonal matrix,
expressed as

@) = diag[exp(ip”)]. 2)

Here, ¢V) = (qb}’), g), R ](\’,)), where d)%) is the phase
shift at the mth port of the jth stage. Note that we need
N phase shifters at the input stage (j = 0), while the other
stages require only N — 1 phase shifters. The total number
of phase shifters is, therefore, N + N(N — 1) = N2, which
is identical to that for the MZI-based OUC. As a unique
feature of the MPLC-based OUC in contrast to MZI-based
OUC, the mode-mixing layers MY’ neither need to be
identical in all stages nor need to be uniform among all
ports, but are only required to provide substantial cou-
pling among all modes [24,44,45]. We should also note

024071-2



SCALABLE AND ROBUST PHOTONIC...

PHYS. REV. APPLIED 17, 024071 (2022)

that Fig. 1(b) only shows s schematic to explain the circuit
architecture. In actual implementations [36,44], the waveg-
uides between the stages can be designed in S shapes to
avoid port-dependent propagation losses and wavelength
sensitivity.

III. SCALABILITY ANALYSIS

The robustness and scalability of the two OUC archi-
tectures presented in Fig. 1 are compared numerically.
As a test case of interest, we consider standard silicon
photonic circuits with a 220-nm-thick silicon-on-insulator
device layer. The waveguide width W and gap G at the
DC sections (see Fig. 1 for definitions) are set to 460 and
250 nm, respectively. The 2 x 2 DC length in Fig. 1(a) is
then fixed to 20 um, corresponding to the 50:50 splitting
length under this condition. In contrast, the coupling length
of the N-port DC in Fig. 1(b) is scaled as N x 10 um.
In both cases, we first derive the transfer matrix of a
single 2 x 2 DC or a multiport DC numerically by the
eigenmode expansion method (EME) [46], from which
the matrix M) is obtained. Then, the transfer matrix
of the entire circuit U is calculated by Eq. (1) for the
given phase shifter conditions. For simplicity, we assume
lossless waveguides and phase shifters, each driven
independently by an 8-bit digital-to-analog converter
(DAC).

First, the sensitivity of the OUC performance is inves-
tigated against variations in W and G. For each case, all
N? phase shifters are optimized to obtain the target uni-
tary matrix U’. Then, the deviation of the generated N x N
transfer matrix U from U’ is evaluated by calculating the
mean-square error (MSE) fysg, defined as

N
1
Suse = N Z \Uj; — Uy . 3)
ij

To ensure the reliability of the analysis, we generate 20
different Haar random N x N matrixes as the target uni-
tary matrix U’ and take the average of fisg in all cases of
U’. The G and W are changed in [150, 350] nm and [360,
560] nm with 10 nm step, respectively. In optimizing the
MZI-based OUC, we first obtain the 2 x 2 transfer matrix
of a single MZI for respective cases of W and G by the
EME-based simulation. Using the derived transfer matrix
of the 2 x 2 DC, the phase shifter values in each MZI
are determined sequentially in the same order as for the
decomposition method presented by Clements et al. [21].
For a MZI-based OUC with imperfect MZIs, we derive the
phase shifter values that best approximate the target unitary
matrix with a minimal fysg. For reference, we compare the
resultant performance of OUC with that obtained by the
simulated annealing algorithm and confirm that they are
consistent (see Appendix A for details of the optimization
procedure).

In optimizing the MPLC-based OUC, the simu-
lated annealing algorithm [47] is employed when N <
32, whereas the adaptive moment estimation (ADAM)
algorithm [48] is applied when N = 128 to derive the qua-
sioptimal conditions of phase shifters. (See Appendix B
for details.) Note that these general-purpose algorithms are
employed for the sake of simplicity in this work, but a
more efficient algorithm specific to MPLC-based OUCs
may be developed in future to accelerate the convergence.
Figure 2 shows fysg after optimizing all N? phase shifters
in both architectures with increasing N. In all cases, the
minimum fysg is limited to around —50 dB due to the
8-bit resolution of the DACs. (See Appendix C for the
effect of the DAC resolution on the OUC performance.)
For the case of the MZI-based OUC, fysg is suppressed
below —45 dB only within a limited range of W and G,
at which each 2 x 2 DC attains a precise 50:50 splitting
ratio. Moreover, this regime shrinks rapidly as we increase
N, meaning that arbitrary unitary conversion can no longer
be obtained even after global optimization of all N2 phase
shifters. This issue would severely limit the scalability of
this architecture. In contrast, for the case of the MPLC-
based OUC, Fig. 2 clearly shows that fysg is less sensitive
to W and G. More interestingly, this trend is enhanced as
N increases to 128, where fysg is nearly insensitive to W
and G.

For quantitative evaluation, the error sensitivities of
both OUC configurations are plotted in Fig. 3 as a func-
tion of N. Here, the error sensitivity is defined as the
largest increase in fuysg when G or W deviates by 10
nm from the optimum point in Fig. 2. Figure 3 clearly
indicates that MZI- and MPLC-based OUCs show con-
trary trends: the error sensitivity of the MZI-based OUC
increases monotonically with N and approaches 20 dB/(10
nm) at N = 128, whereas that of the MPLC-based OUC
converges to 0 as we increase N. Given that the state-
of-the-art silicon photonic waveguides inevitably have
nanometer-scale errors [49,50], this unique robustness of
the MPLC-based OUC architecture would provide a sig-
nificant advantage in constructing large-scale OUCs with
N > 100.

The results shown in Figs. 2 and 3 imply that the accu-
racy of the MZI-based OUC depends sensitively on the
splitting ratio of each 2 x 2 DC, whereas the MPLC-based
OUC seems rather insensitive to the precise characteristics
of the multiport DC, especially when N increases. To ver-
ify this assumption, we derive fysg of the two schemes as a
function of k L, where « is the coupling coefficient between
adjacent waveguides at DCs and L is the coupling length.
The results are shown in Fig. 4. We can confirm that the
performance of the MZI-based OUC changes periodically
with xL: when kL = (2m 4 1)r/4 (m is an integer), the
2 x 2 DC has an ideal 50:50 splitting ratio and thus fysg
is suppressed, whereas fysg increases when kL = mm /2.
In contrast, fyisg of the MPLC-based OUC quickly drops
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FIG. 2. Calculated fysg of MZI-based OUC (upper row) and MPLC-based OUC (lower row) after tuning all phase shifters to
minimize the error. The results for N =4, 8, 16, 32, and 128 are plotted as a function of width / and gap G. For the case of the
MZI-based OUC, fysg is suppressed below —40 dB only within a limited range of # and G, and this range shrinks rapidly as N
increases. In contrast, the MPLC-based OUC exhibits smaller fysg in a broader range, and becomes more and more insensitive to W

and G as N increases.

as kL increases, and this behavior becomes more and more
robust as NV increases, in agreement with Fig. 3.

These results imply that the mode-mixing layers of the
MPLC-based OUC function effectively as long as they
offer sufficient coupling among all input modes, which
is consistent with previous works [24,44,45]. Since this
all-to-all coupling should be more easily achieved by trans-
mitting through a number of stages, we can understand that
the robustness of the MPLC-based OUC improves with
increasing N, as shown in Fig. 3.

IV. EFFECTS OF ALL-TO-ALL COUPLING ON
ERROR SENSITIVITY

From the above results and discussions, we assume that
the all-to-all coupling provided at the mixing layers of the
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FIG. 3. Error sensitivities (defined as the largest increase in
Jfumse when Wor G deviates by 10 nm) of MZI- and MPLC-based
OUCs versus N, derived at the optimal points in Fig. 2.

MPLC-based OUC plays an essential role in attaining the
unique scalability and excellent error tolerance. To investi-
gate this aspect in a comprehensive manner, we consider a
generalized OUC configuration as shown in Fig. 5(a). The
transfer matrix of this circuit is expressed as

N —1 1
U=T( )T(N )--~T(), (4)
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FIG. 4. fusk as a function of k L for the MZI-based OUC (blue)
and MPLC-based OUC (red) with N = 4, 8, and 16. For the MZI-
based OUC, fuse changes periodically with « L, corresponding
to the change in the splitting ratio of each 2 x 2 DC. In contrast,
fuse of the MPLC-based OUC quickly drops as « L increases, and
this behavior becomes more and more robust as N increases.
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FIG. 5. Generalized N-port OUC with different degrees of
coupling, represented by p and ¢. (a) Overall circuit configura-
tion and (b) each p x p or ¢ x ¢ mode-mixing block, realized
by a p- or g-port directional coupler, respectively. The MZI- and
MPLC-based OUCs correspond to the cases with (p,q) = (2, 1)
and (N, 0), respectively.

where T® is the transfer matrix of the ith layer and is
written as

@} - My, - @y - My (when iis odd),

TV = :
O] (z)
‘M - @)

©)

M(’) (when i is even).

Here, ®, (®;) describes each phase shifter stage, where
the phase shifters are installed only at the odd (even) ports
as shown in Fig. 5(a). On the other hand, M, and M, rep-
resent the mode-mixing stages. As shown in Fig. 5(a), M,
consists of an array of p x p multiport DCs, described in
Fig. 5(b). In contrast, My, consists of two blocks of ¢ x ¢
mode-mixing matrices at the top and the bottom channels
in Fig. 5(a), whereas other ports are connected to p X p
matrices. Note that p needs to be a submultiple of V. On
the other hand, g is either p /2 or 0.

Using this generalized model, various types of OUC
with different degrees of mode coupling can be analyzed
in a unified manner. For example, the MZI-based OUC
shown in Fig. 1(a) corresponds to a case with (p,q) =
(2, 1). By increasing p, we can increase the degree of cou-
pling at each stage. As an extreme case, a circuit equivalent
to the MPLC-based OUC in Fig. 1(b) is represented as
(»,q) = (N,0). Through the same procedure as Fig. 2,
fumse is obtained numerically as a function of W and G
to investigate the dependence of the error sensitivity on
@, 9.

Figure 6 shows fiy;sg of a 16 x 16 OUC with various
(»,q). [See Appendix E, which verifies that arbitrary uni-
tary conversion can indeed be obtained in all cases of (p, q)
with this generalized OUC configuration.] We can clearly
see that as p increases, fiyisg becomes more and more
insensitive against errors. In particular, in the extreme
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FIG. 6. fusg ofa 16 x 16 OUC (N = 16) with different (p, q)
as a function of width (W) and gap (G) of each DC. As
p increases, fusg becomes more and more insensitive to the
deviations.

case of (p,q) = (16,0), the MSE is kept below —40 dB
for all values of W and G. We, therefore, attribute the
unique robustness of the MPLC-based OUC to the all-to-
all coupling at each mode-mixing stage, which ensures the
necessary full connectivity of all modes.

V. CONCLUSION

We have investigated the scalability and error toler-
ance of different types of OUCs. Unlike the conventional
OUC architectures, composed of 2 x 2 MZIs, a MPLC-
based OUC with multiport DCs is demonstrated to show
superior robustness against waveguide deviations. More-
over, we find that it becomes more and more robust as
the port count N increases, which is in clear contrast to
the MZI-based OUC, whose sensitivity increases with N.
More specifically, at a scale of N = 128, the performance
of the MPLC-based OUC is demonstrated to be almost
independent of the waveguide width and the gap. This
robustness would provide a significant advantage in con-
structing a large-scale OUCs with N > 100, required for
practical applications.

From comprehensive analyses of generalized OUC con-
figurations, we reveal that the all-to-all coupling inside
each multiport DC in the MPLC-based OUC plays an
essential role in enhancing the robustness and provides
the crucial difference from the MZI-based OUC. More
specifically, the error sensitivity of the MZI-based OUC
originates from the localized interactions at MZIs, which
may result in a sparse N x N matrix at large N when they
deviate from ideal conditions. In contrast, the MPLC-based

024071-5



RYOTA TANOMURA et al.

PHYS. REV. APPLIED 17, 024071 (2022)

OUC naturally ensures the necessary full connectivity
among all modes without the need for redundant phase
shifters. The physical insight provided in this work should
be useful in building large-scale OUCs for diverse appli-
cations, such as optical communication, deep learning, and
quantum computing.
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APPENDIX A: OPTIMIZATION METHOD OF
MZI-BASED OUC

An ideal MZI-based OUC can be optimized determin-
istically following the decomposition algorithm [21]. Sim-
ilarly, for a MZI-based OUC with imperfect MZIs, if we
have complete information about the 2 x 2 transfer matrix
of each MZI, we can deterministically derive the condi-
tion that minimizes the error using the same procedure.
When the 2 x 2 DC deviates from the ideal condition, it
may not be possible to perfectly null each element in the
matrix during the decomposition as presented in Ref. [21].
In such a case, we can still determine the phase shifter val-
ues that make the target element to zero with a minimal
error. Following this procedure for all matrix elements, we
can derive the condition that best approximates the target
unitary matrix with a minimal fysg.

Figure 7(a) shows fysg of a 4 x 4 MZI-based OUC for
various values of waveguide width (W) and gap (G) when
the phase shifts are optimized using this method. For ref-
erence, Fig. 7(b) shows the results when we employ the
simulated annealing algorithm to heuristically optimize the
phase shifter conditions. We can confirm that both methods

(a) (b) Juse (dB)
-10
550 550
g
E500 500 -20
S
<450 450 -30
3
= 400 400 —40
150 200 250 300 350 150 200 250 300 350 ~50

Gap G (nm) Gap G (nm)

FIG. 7. fuse of a 4 x 4 MZI-based OUC as a function of W
and G when the phase shifters are tuned (a) deterministically
through the decomposition method and (b) heuristically by the
simulated annealing algorithm. There is no significant difference
in the OUC performance for the two cases, with the deterministic
method (a) providing a slightly better accuracy.

provide consistent results, with the former deterministic
method giving slightly better accuracy as expected.

APPENDIX B: OPTIMIZATION METHOD OF
MPLC-BASED OUC

For a given target matrix, we derive the optimal con-
dition of all N? phase shifters to minimize fysg defined
in Eq. 3. When N < 32, we employ the simulated anneal-
ing algorithm [47] to find such a condition. The optimal
condition typically converges after approximately 170N
iterations. Using a standard multicore CPU (Core™ i9-
10920X) and 64 GB RAM, it takes around 20 min to
reach convergence for N = 32. When N = 128, on the
other hand, we use the ADAM algorithm [48] to reduce the
computation time. In this algorithm, the phase shifter val-
ues are updated based on the gradient of fiysg, so that we
can reach convergence more efficiently (at around 18 000
iterations) compared with the simulated annealing method.
Besides, the phase shifter values are updated one by one in
the simulated annealing algorithm, while all phase shifters
are updated at once in the ADAM algorithm.

APPENDIX C: EFFECT OF DAC RESOLUTION ON
OUC PERFORMANCE

In our numerical simulations, we assume 8-bit DACs
in driving the phase shifters to emulate a realistic situa-
tion. The resolution of DACs sets the upper limit of the
OUC performance for both cases of MZI- and MPLC-
based OUCs. Figure 8 shows the simulated performance
of a 16 x 16 OUC as a function of the DAC resolution,
where we assume W = 460 nm, G = 250 nm, and other
conditions that are assumed in the main text. We can see
that fymsg of both types of OUC reduces as the number of

fuse (dB)

=80T

—100

2 4 6 8 10 12 14
DAC resolution (bit)

FIG. 8. fusg of 16 x 16 MZI- and MPLC-based OUCs with
different DAC resolutions. The performance of the OUCs
reduces in the same way for both schemes.
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bits of DAC increases. Moreover, we can confirm that the
performance of the MPLC-based OUC is comparable with
that of the MZI-based OUC in all cases of DAC resolution
simulated in Fig. 8.

APPENDIX D: FIDELITY OF MZI- AND
MPLC-BASED OUCs

In the analyses in the main text, we use fysg for compar-
ing the OUC performance. As an another evaluation factor,
the fidelity of the matrix is also used in the literature, which
is defined as [21]

tr(UTU")

VNtr(UTU)

When the obtained matrix U is equal to the target matrix
U, F is 1. In Fig. 9, we plot F of MZI- and MPLC-
based OUCs calculated as a function of «L of each DC.
We determine « by setting G and W to 250 and 440 nm,
respectively, and calculate F as a function of x L by vary-
ing L in increments of 1 um. For each L, 20 matrices
that are Haar random are tested and their average values
are shown in Fig. 9. Similar to Fig. 4, the fidelity of the
MZI-based OUC oscillates periodically depending on the
splitting ratio of 2 x 2 DCs. On the other hand, the fidelity
becomes more and more robust as N increases for the case
of the MPLC-based OUC.

F(U,U) = ‘ (D1)
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FIG. 9. Fidelity of MZI- and MPLC-based OUCs defined by

Eq. (D1) as a function of « L. Similar to fyisg (Fig. 4), the fidelity
of the MZI-based OUC changes periodically with x L, while that
of the MPLC-based OUC converges to a unity as kL increases.

0 . .
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FIG. 10. fuse of 16x16 OUCs with (p,q) =

2,1),(4,2),(8,4), and (16, 0) after programming to 100
different Haar-random unitary matrices.

APPENDIX E: ARBITRARINESS OF THE
GENERALIZED OUC

To examine that the generalized OUC introduced in
Fig. 4 can produce nearly arbitrary unitary matrices, we
plot in Fig. 10 the MSE (fusg) of a 16 x 16 OUC after it
is tuned to 100 randomly generated unitary matrices. We
assume W = 460 nm, G = 250 nm, and all other param-
eters that are used in the main text. We can see that all
100 unitary conversions are realized accurately with fyvsg
below —45 dB for all cases of (p, q).
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