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ABSTRACT

Systolic arrays have proven to be highly efficient for parallelized matrix-matrix multiplication (MMM), utilizing synchronized,

heartbeat-like data flows across an array of processing elements. While optical structures, such as waveguide crossbar arrays

and Mach-Zehnder interferometer-based meshes, serve as photonic equivalents to the systolic arrays, the disparity between the

two input matrices for multiplication—one using optical signals and the other with system-defined parameters—gives rise to a

bottleneck in modern machine-learning tasks, such as evaluating attention scores in large language models. Here, a photonic

systolic array that performs MMM entirely with optical signals is proposed, utilizing homodyne detection at each array cell.

Adjoint-based design of compact on-chip freeform optical modules enables precise control of light flow without bulky waveguide

coupling schemes. The operation of 4x4 and 2x2 photonic systolic arrays are numerically verified, achieving a theoretical
computation density of 4.4 PMACs/mm?/s. This design marks a significant step toward practical photonic computing hardware

for modern AI workloads.

1 | Introduction

With the recent rise of large language models [1-3] for generative
artificial intelligence, which rely on the attention mechanism
involving extensive matrix-matrix multiplication (MMM) oper-
ations [4], there has been an increasing demand for energy-
efficient and highly parallelized computing hardware. One
notable example is the systolic array (SA), which was originally
introduced in 1978 [5] and recently has been revisited for its
efficiency in MMM [6-11]. As implemented in Google’s ten-
sor processing units [6, 11], this architecture performs MMM
directly on a two-dimensional array of processing elements
(PEs), significantly reducing the need for memory access by
utilizing the heartbeat-like movement of input and/or output data
streams. Importantly, SAs can be classified into two types: weight-

stationary (WSSA) and output-stationary (OSSA) [8]. In WSSA,
MMM works similarly to a linear transformation, where a weight
matrix (W) is preloaded onto the array of PE while an input
matrix (X) is streamed in one direction, resulting in the output
matrix (Y = WX) streamed out to another direction, as shown in
Figure 1a. On the other hand, OSSA receives two input matrices
(A and B) and accumulates the multiplication result (C = ATB)
on the spot, as shown in Figure 1b.

Leveraging photon as an information carrier [12], significant
efforts have been devoted to the optical analogy of parallel
computing hardware to address the needs with extreme operation
speed and energy efficiency [13-22]. For instance, waveguide
crossbar arrays [23-28], unitary meshes based on Mach-Zehnder
interferometers (MZI) [29-34], and inverse-designed nanopho-
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FIGURE 1 | Conceptofphotonicsystolic array. (a) Weight-stationary type: input signals X are transformed to the output signals Y = WX by a system

parameters W. (b) Output-stationary type: two input signals (A and B) are multiplied on the array of multiply-accumulate (MAC) units, resulting in
the stationary output (C = ATB). The array is interconnected via vertical and horizontal waveguides, carrying amplitude-modulated optical pulses for
parallel MAC operations, respectively. (c) Each optical MAC unit consists of a waveguide crossing, two branches indexed by m and n, and a beam splitter

for homodyne detection. The waveguides and submodules are built from a Si slab structure with uniform thickness hy,g, embedded within a SiO, buried

oxide layer and cladding. Parameters: L = 3.50; hyg = 0.22; g = 0.3 [um].

tonic structures [35-37] can be regarded as WSSAs in the sense
that only one of two matrices is encoded as traveling optical
time signals. That is, the other matrix is not encoded optically,
but as near-field (resonant) coupling constants, electro-optic
modulation phases at the intersections, or complex material
distribution. However, this weight-stationary approach is not
ideal for certain machine-learning tasks; during training of deep
neural networks, weights need to be not only programmable but
also directly mappable to the corresponding site, unlike MZI
meshes which requires a prior nulling process [31]. Furthermore,
two multiplicands often need to be tuned dynamically, such as the
multiplication of query (Q = W,X) and key (K = WX) both as
a function of embeddings X in transformers [4]. In this context, a
photonic OSSA is particularly important, allowing for the general
MMM between two optical signals on an equal footing.

Despite its potential advantages, however, photonic OSSA has
been explored far less compared to WSSA. In Ref. [22], Ou et al.
experimentally demonstrated a MMM between wavelength- and
space-encoded signals (X, W,;), with the results temporally
accumulated: Y, ;. While this approach can be categorized as
OSSA in the sense that the output is obtained over time, there
remains a substantial disparity between encoding schemes of
the two input signals, making it difficult to treat them equally.
Another OSSA prototype has been suggested and experimentally
demonstrated in Refs. [38, 39], where both input signals are
spatially encoded and the output is directly captured by an
image sensor, resulting in a stationary and truly matrix-shaped
output. In this work, we advance this architecture by proposing
a small-footprint, freeform-designed, output-stationary, silicon-
on-insulator photonic systolic array (PSA) for real-valued MMM
between purely optical signals. By employing the adjoint state
method [34, 37, 40-44], we precisely target the amplitude and
phase-matching conditions necessary for even power distribution
and homodyne detection [14, 19]. This approach resolves the
remaining incoherency issues upon device scaling in the pre-
liminary studies [38, 39], while significantly reducing the device
footprint down to ten-micron scale per element by eliminating
the need for waveguide coupling schemes. As a result, we

achieve an exceptionally high computation density, theoretically
reaching 4.4 PMACs/mm?/s. As an example, we demonstrate the
temporal operation of vector outer product and matrix-matrix
multiplication using 4x4 and 2x2 PSAs, respectively, enabled by
GPU-accelerated finite-difference time-domain (FDTD) simula-
tion [45, 46].

2 | Results
2.1 | Operation Principle

Scalar multiplication and addition are the two main arithmetic
operations for MMM, which can be performed optically using
homodyne detection [14, 19, 39]. This involves a beam splitter (BS)
that interferes two monochromatic signals, ae™™®" and ibe™'*’, of
a 7r/2 phase difference. When these signals impinge into a 50:50
BS, the scattering relation can be expressed as:

(2) - % C i) (i) Q)

where a,b, and o,, are real-valued input amplitudes and the
complex output signals, respectively. The intensity difference
between the two output beams is written as A = |o0,]*> — |0,|* =
—2Re(a*b) = —2ab, effectively performing scalar multiplication
on the two input amplitudes up to a factor of -2. Furthermore,
if the amplitudes are slowly varying over time as a(t) and b(t),
we can approximate the received photon counts difference at two
detectors within a time range [¢,, .| as

t
24 "
AN = - =2

dta(t)b(t) @)
haw,

Ls

where A is the area of detectors. These arriving photons are con-
verted to electrons with quantum efficiency n and accumulated at
a capacitor, resulting in the charge (a|b), = nqAN,, as the real-
valued inner product between a and b along time. It is noted that
throughout the paper, units of intensity (continuous waves) and
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power (or, energy for amplitude-modulated pulses) can be used
interchangeably for the device output.

Now, our approach focuses on (1) designing a compact photonic
MAC unit and (2) implementing it in an array to combine
temporal inner products with spatial outer products [39], to
achieve MMM (Figure 1b). In this scheme, every single column
vector of input matrices (A and B) is encoded as a time signal
A,,(t) and B, (t) consisting of several optical pulses, where m
and n are array indices. Each element of the output matrix is
computed through the photonic MAC process.

The design of the MAC unit, illustrated in Figure 1c, includes four
key components: a waveguide crossing, two indexed (m and n)
branches, and a BS, all of which are free-form designed within
the black square area. In each (m, n) MAC unit, the input waves
from neighboring cells (m + 1, n) and (m, n + 1) first cross without
crosstalk. The waves then fork into a straight path (~1-k™') and a
right-angled path (~k~!) with the noted split ratio, where k = m, n.
The branched signals lastly encounter at the BS to return the inner
product of the two time signals. Notably, this configuration allows
the input signals to travel through waveguides distributing almost
the same portion of their energy for detection at each MAC unit.

2.2 | Adjoint-Based Submodule Design

As mentioned, the primary goals of the inverse design in this
scheme are compactness, equal power distribution, and pre-
cise phase matching for interference-based operation. In sharp
contrast to the conventional approach relying on waveguide near-
field coupling, we utilize adjoint method for the inverse design, by
which we can directly assign the necessary specifications for the
submodules (e.g., amplitude and phase of the S-parameter) while
significantly reducing the design footprint [21].

We assume the TM,,, mode at the frequency f, = 193.4 THz of the
rectangular waveguide as a carrier mode, which is injected from
the bottom port of each submodule (black arrows, Figure 2a).
Then, S-parameters for the same mode are measured at the
top (S;3, yellow arrows) and right-side (S,;, teal arrows) ports
for comparison with target values. For the target phase of the
S-parameters, we set all output phases to converge to KegLyor,
where kg and L, are the effective wave number through
waveguides and the physical port distance, respectively, with the
only exception for a 7/2 phase shift at the right-side port of the
BS. See Figure Sl for the effective index and mode profile of the
waveguide structure.

For the target amplitude of the S-parameters, ideal values would
be |S,;|*> = 0 for the crossing, 0.5 for the BS, and n~! for the n-
th branch to ensure uniform energy distribution across the array,
with |S;5]% = 1 — |S,;|%. However, due to practical limitations on
achieving zero insertion loss for broadband operation, known as
the Bode-Fano limit [47], a bit of margin for the insertion loss is
incorporated into the optimizations as a = |S;5]? + [Sy;]*> $ 1, in
a loss-compensated fan-out design approach [38]. Based on this
approach, the practical target amplitudes for branch submodules
are slightly adjusted from their ideal values, as depicted by dashed
horizontal lines in Figure 2b. See Note S1 for the details of
loss compensation.

By specifying the target amplitude and phase for the S-
parameters, the gradient-descent optimization for each submod-
ule is available, as shown in Figure 2 (see Note S2 and Figures S2
and S3 for detailed simulation descriptions). The submodule
structures and the corresponding wave profiles are shown in
Figure 2a. Importantly, the output phase at ports 1 and 2 (yellow
and teal arrows) are all matched, except for the 7z/2 phase shift at
port 2 of the BS. Figure 2b illustrates the frequency response of the
designed structures, showing good agreement between the target
transmission levels (dashed lines) and the actual transmission
(solid lines). Notably, these transmission spectra provide a rough
estimation for operation bandwidth around 0.01f;,, which will be
analyzed in the next section. It is also noted that, although we
did not explicitly evaluate the sensitivity of the optical responses
to fabrication errors during the optimization process, such as
erosion or dilation of material boundaries, Figure S4 shows the
robustness of our designed structures against such variations.

2.3 | Time-Domain Analysis

The key demonstration of this work is the operation of PSA,
which relies on the time-domain streaming of data through
optical pulses along waveguides and their exact synchronization.
To assess device performance, it is essential to evaluate how
different pulse widths affect the operation, thereby determining
the maximum achievable bandwidth. We therefore test the (2,2)-
MAC unit as an example, consisting of one crossing, two branches
with n = m = 2, and one BS, as shown in Figure 3a (see
detailed simulation setup in Figure S5). In this configuration,
approximately half of the input power is expected to be passed
to subsequent units, while the other half is detected as:

RS ENC R
0, \/5 i1 \/5 a

similar to Equation (1) except for the transposed inputs after
passing through the branches and the factor of 1/ \/5 leading to
the power difference AP = |o;|? — |0,|*> ~ ab. We define the max-
imum power as AP,,, = AP(a = 1,b = 1), as shown in Figure 3b,
which is used for the normalization of the detected power to

guarantee that the device output for the input (1,1) corresponds
to one.

In Figures 3c and 3d, we verify that the (2,2)-MAC unit performs
scalar multiplication accurately for both finite-width Gaussian
pulses (a,ib)exp[—(t/T)*/2 — i2x fot] with full width at half
maximum (FWHM) Ty ~ 0.14 ps (Figure 3c) and continuous
waves for T — oo (Figure 3d). The colormap displays the normal-
ized device output AP(a,b)/AP,,,,, which matches the ground
truth (= ab) represented by dashed contours.

However, due to the non-flat spectral responses shown in
Figure 2b, reducing the pulse width T leads to performance
degradation. To quantify this, we use Gaussian input pulses
with different FWHMs from 0.274 ps to 0.014 ps, corresponding
to pulse widths in frequency domain from f,;qp, = 7T)™ =
f0/200 to f,/10, respectively. Figure 3e shows that as the input
pulse (top panel) narrows in time [Trwyy = 0.274 ps (1) to
0.014 ps (4)], the output pulses at the through port (center
panel) and detection ports (bottom panel) become increasingly
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FIGURE 2 | Submodule designs. (a) Inverse design results from adjoint optimization: crossing, beam splitter, and branches for n =1, 2, 3 and 4 (from
left to right). Black contours and red dashed boxes represent the Si/SiO, boundary and the square design region with a side length of 3.5 um, respectively.
The colormap illustrates the wave flow, Re(H,), with TM, mode excitation at the bottom port (black arrows, f = f,). (b) Transmission spectra of the
structures shown in (a) for two output ports (yellow and teal arrows). Horizontal lines mark the target transmission values at the carrier frequency f,
=193.4 THz.

d Continuous wave

a Output b Max. output AP~ €
s

grhroush <. AP~ ab s
S S
% 1

1.0

e
3}

Input, b (Arb.U.)
Output (Arb.U.)

-1.0 / 0 ’
Inputs -10 -05 00 05 1.0 210 -05 00 05 1.0
Input, a (Arb.U.) Input, a (Arb.U.)

e 1 f 100

e Incident

>

g 05 5 5
< S 0.95 ©
o 4 = i)
QL i J 8 =
o 2 [ 8 3 o
0 0.4 [Through a 4
c © Q
§02F _— B 0.90 2
[0} 0 ———=r=n== [=)
S 0 Detector 1__ ©

o i

0.4 [Detector2_ e 0.85
-0.05 000 005 010 015 020 025 ' 005 010 0.15 020 025
t (ps) Incident pulse width, Tewnm (pS)

FIGURE 3 | Time-domain operation of the (2,2)-MAC unit. (a,b) Illustration of the (2,2)-MAC unit and the corresponding wave propagation for
input combinations (a, b) = (1,0) (a) and (1,1) (b) at frequency f = f;. (c,d) Scalar multiplication results for —1 < a,b < 1 using a finite-width pulse (c)
and continuous wave (f = f, d). (e) Evolution of Gaussian pulses from the input (top) to the through (middle) and two detection ports (bottom), with
various incident pulse widths (1-4). (f) Measure of signal deformation as a function of the incident pulse width: overlap coefficient between two detection
signals (black line) and the dispersion factor through the MAC unit (blue line), as illustrated by inset diagrams.

dispersed, modifying both their heights and shapes. For instance, discrepancy between the two output pulses at different detection
a dispersion factor, defined as the ratio of the FWHM at the ports. To evaluate the synchronization between the two detected
through port to the incident FWHM (i.e., Trwm ™™/ Trwim)- powers, p; ,(t) = |o,,(t)|?, for the input (a, b) = (1,0), we define
increases rapidly when the incident FWHM drops below 0.14 ps, the overlap as:

as shown by the blue curve in Figure 3f. This dispersion primarily

arises from the crossing and branch submodules. Additionally, Overlap( ) / min[p,(¢), p,(t)]dt @
) . . . . . . ver ap p . p E

the BS’s dispersion, illustrated in Figure 2b, contributes to the 1 P2 [ / p(Ddt f D, (Dd1]?
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As shown in Figure 3f, the overlap between the two output
ports rapidly decreases below one as the pulse width narrows,
indicating that the device cannot ensure precise homodyne
detection due to the unsynchronized signals. Based on these
studies, it is safe to conclude that sufficiently long optical pulses
can robustly perform scalar multiplication and inner product
without suffering from signal degradation throughout the system.

2.4 | Vector Outer Product

We now extend the concept toward an array of the MAC units
based on the previous time-domain analysis, enabling spatial
parallelization of a MMM as shown in Figure 1b. In sharp
contrast to the single MAC operation, however, the way of
arranging practical detectors within each of elements becomes a
problem, since they cannot be simply regarded as in-plane ports
in practical setting. Among several options such as integrated
on-chip detectors using InGaN/GaN nanowires [48] or graphene
sheets [49], we utilize grating couplers [42] to extract optical
energy out to z-direction in free space, so that we can acquire 2D
planar images over the chip, as experimentally demonstrated in
Ref. [39]. Thus, we additionally inverse design a grating coupler
in a similar manner to the submodules, obtaining a freeform
layout of the same module size (L) that efficiently converts the
waveguide mode into a Gaussian beam of beam waist of L/2
along the z-direction. Detailed schematic and the training result
is shown in Supplementary Figures S6 and S7.

Figure 4 demonstrates the outer product A ® B (i.e.,a MMM only
with a single temporal element) using 4x4 array of MAC units. In
detail, two grating couplers are attached to the two output ports
of the BS at each element, as marked by red boxes in Figure 4a.
Then, a single pulse of amplitude A,, and iB,, is injected through
each waveguide from bottom and left side, respectively. Those
optical signals are processed at the array of MAC units as shown in
Figure 4a, and the output signals are emitted through the grating
couplers, which are then recorded by CMOS sensor placed over
the chip as illustrated in Figure 4b. Green and purple dashed
boxes indicate the location of the pair of detectors for each MAC
unit, having the strong vertical photon flux through them. See
Figure S8 for the simulation setup.

While Figure 4a,b only visualizes the f = f; component of the
device operation, indeed the optical pulses with finite pulse
widths should be injected in such a way that A,, and B,, encounter
right at the (m, n)-MAC unit, maximizing the computation
accuracy and efficiency. Figure 4c shows the time delay of
pulses to ensure this operation. A, and B, are initially injected
simultaneously, which are followed by m, n = 3, 2, and 1, with
certain delays corresponding to the traveling time for an optical
pulse between two adjacent units. Those input powers are equally
distributed over the array and processed, and then output pulses
are emitted from the grating couplers turn by turn from the lower
left unit (m + n = 8) at t = t; to upper rightone (m+ n=2) att =
L.

Figures 4d-4g display the outer product results. For
the same input signals A =[0.42,-0.5,0.65,—0.5] and
B = [0.76,-0.27,0.65, —0.73] as optical pulses with the FWHM
of 0.274 ps as shown in Figure 4c, we obtain the received energy

PS,;B, at detectors C and D per each (m, n)-MAC unit, respectively,
and calculate the raw output by AP, .(A,B)=PS, —Pp, as
a function of input A and B. The ground truth result and the
raw output are compared by Figure 4d,e, respectively, where the
raw output is represented in units of normalization constant:
P.x = max,,, AP, .(e,,e,) and e; is a one-hot vector with
index i. In this way, we define the multiplication output “1” as
a maximum physical energy (power) difference achievable over
the array with corresponding pulse injections.

While this simple normalization already shows a quite good
accuracy, quantified by the mean absolute error (MAE) of
0.017 with respect to the ground truth table, the element-
wise differential normalization by AP, ,(e,,e,) provides a more
accurate output as displayed in Figure 4f, with reduced MAE =
0.0097 (see Figure S9 for the normalization powers). This can
be realized by a tailored filter between the waveguide and the
detection planes or the slight adjustment of the detection time
windows. Lastly, the multiplication result AP(e,, e;) normalized
by AP, .(e,,, e,) is shown in Figure 4g, showcasing the fair errors
in relation to the “multiplication by 0,” despite the spread of
the error signals along the waveguides due to the reflections
from submodules. In addition, we also evaluate the average error
of the device with a set of 10* input samples, resulting in the
reduction of MAE from 0.0212 to 0.0185, for simple and differ-
ential normalization techniques as described in the above (see
Figure S10 for details).

2.5 | Matrix—Matrix Multiplication

Building upon the vector outer product operation, we extend the
concept to realize a full MMM using a 2x2 PSA. While the outer
product scheme verifies the fundamental spatial operation of the
array, performing MMM requires precise spatiotemporal coordi-
nation among multiple pulse trains, which represent the columns
of the input matrices. In particular, the pulse propagation time
across a single MAC unit must match the propagation delay
between adjacent trains within the array, ensuring two pulses
encounter at the exact locations for MAC operations. In detail,
the field injection at each input port (A,, and B,) is modulated
with Gaussian pulse trains as:

K
o 1 /ity —m) \ 2
(1) = 200N A, exp [—5 <—[ o O m)> ] ©)

T
k=1

K 2
b, (t) = e i27fot Z iB, €Xp [—% (—tildehy(Mki")) ] (6)

T
k=1

where fo, T = Tpwiu/(2log2) and f4,, denote the center fre-
quency, pulse width, and pulse interval, respectively, and M, N,

and K represent the dimension of matrices A € R®™ and B €
RK XN .

Figure 5 illustrates the full-wave simulation of the 2x2 PSA
performing MMM between two matrices A, B € R¥*? (K = 10).
Similar to the previous section, the PSA receives signals from four
ports, two from the bottom and two from the left, each carrying
column-wise information of A and B. Figure 5a visualizes the
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FIGURE 4 | Full-wave simulation of a vector outer product using 4x4 PSA. (a,b) Example single-frequency field distribution along the device with

the input ports (A4, and B, with blue and yellow arrows, a) and the corresponding power emission through the output ports at the detection plane

(Cyu,n and Dy, , with green and purple boxes, b). Black and red boxes represent the four submodules of the MAC unit and additional grating couplers,

respectively. The lattice period of the array is 12.7 um. (¢) Input and output pulse envelops encoded with different heights for the squared signal amplitude.

tmin (Ig < b7 <... < ) indicate the pulse arrival time at each port C, D,, ,. (d-g) Outer product results: ground truth values for given inputs in (a) (d),

output raw data in units of a power constant P, defined in the main text (e), and element-wise normalized output for error correction (f); and the

element-wise normalized output for inputs A = [0,1,0,0] and B = [0, 0, 1, 0] (g).

main signal paths (solid arrows) that define the intended data
flow from input to designated output ports. Notably, minor
leakage signals (dashed arrows) originate from the imperfection
with numerical errors and are also likely expected in practical
implementation. Nevertheless, their impact on other detectors
outside the main path is negligible. This is because their propaga-
tion direction is opposite to the designed directionality of branch
modules, preventing them from entering into grating couplers.
The lattice period here is 25.4 um, which is twice that used in the
previous 4x4 PSA.

Figure 5b,c shows the temporal encoding of the input matrices
as amplitude-modulated pulse trains based on Equations (5)
and (6), where each matrix element is represented by the
pulse amplitude proportional to the square root of the corre-
sponding power envelope height. The resulting output pulse
trains, detected at arrays C (green) and D (purple) and shown
in Figure 5d, exhibit areas under envelope whose differences
correspond to the computed matrix elements of output matrix,
up to normalization factors. Physically, this process is realized
by accumulating the photogenerated electrons over time at
each detection area. Finally, Figure 5e compares the ground-
truth result and the simulated device output for (ATB) € R??,
confirming that the PSA actually performs optical matrix-matrix
multiplication through distributed pulse interactions in space and

time. See Note S3 for the analysis on device output error with
respect to numerical precisions.

3 | Discussion

We have demonstrated the single-pulse operation of a MAC
unit, its extension to 4x4 array for vector outer product and
2x2 array for MMM, respectively. It is noted that our system is
linear time-invariant without time-varying components, in terms
of the relationship between input and output fields. This property
enables a straightforward generalization to indefinite length of
pulse trains for the computation of inner products between time
signals and matrix-matrix multiplications between two spatio-
temporally encoded signals. Consequently, we achieved a single
MAC operation within an area of (25.4 um)? at a data rate of £4,, ™"
= 2.87 THz, given that pulse trains can be streamed every fyejay
without overlap, as depicted in Figure 5c. This corresponds to a
theoretical computation density of 4.4 PMACs/mm?/s.

It is noted that the THz-scale rate is limited by the current
operation speed of imaging devices and electro-optic modulators,
typically constrained to the MHz to a few tens of GHz range.
From a practical view point regarding pulse generation, a lowered
modulation speed of 100 GHz would reduce the computation
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FIGURE 5 | Full-wave simulation of a matrix-matrix multiplication using 2x2 PSA. (a) Magnetic field intensity for single-frequency injection at

each of ports A;, A, (from bottom side), B, and B, (from left side). Solid and dashed arrows indicate the designed signal path and undesired signal
leakage, respectively. The lattice period of the array is 25.4 um. (b) Example matrices A and B € R1%%2 to be processed. (c) Input pulse trains represented
by power envelopes. Each column of matrices is encoded as pulse amplitudes with a width Tgyy = 0.137 ps and interval £gelay = 0.35 ps. (d) Output pulse

trains emitted through detector arrays C and D (green and purple regions in a). The difference in the integrated areas of the two envelopes corresponds

to each element of device output matrix. (e) ground truth (top) and simulated device output (bottom) results for matrix product ATB € R>2,

density to about 155 TMACs/mm?/s. On the detection and
imaging side, however, the speed is not a strict limitation
because detection occurs once every pulse train accumulated
over time. Therefore, with sufficiently long pulse trains, the
device remains suitable and can benefit from reduced photon
shot noise and other device-level imperfections (Figure 4f).
This implies the particular advantage of the device in data
processing involving very large arrays or matrices, which will
further benefit from future innovations in optical modulation
technologies.

We also anticipate that the computation density could be
further enhanced through wavelength-division multiplexing
(WDM) [22, 50]. In our context, wavelength division can
be employed to perform batch computation of multiple
MMM operations in parallel, using pulse trains with distinct
center frequencies. Implementing such an approach would
require sufficiently long pulse widths in time domain to
ensure the narrow spectral bandwidth, avoiding overlap in
frequency domain.

In summary, we employed the adjoint method to inverse-design
the submodules (waveguide crossings, branches, and beam
splitters) in a free-form shape, arranging them to constitute
the photonic systolic array. The adjoint method allowed for
precise targeting of both the amplitudes and phases of the

scattering parameters while minimizing the device footprint,
which is a key factor for ensuring accurate operation and high
computation density. By using finite-difference time-domain
simulations, we demonstrated single-unit operation in the
time domain and its extension to spatial arrays, achieving
matrix-matrix multiplication. Our design enables multiplication
between two purely optical signals, in contrast to many existing
photonic matrix-matrix or matrix-vector multipliers that operate
between an optical signal and electronic modulation such as
MZI modulator. Consequently, our approach will significantly
advance the energy-efficient machine learning acceleration,
benefiting not only inference but also training, especially
when dealing with models involving extremely large data
sizes.
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