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DESIGN OF PHOTONIC INTEGRATED CIRCUITS
FOR ANALOG MATRIX TO VECTOR MULTIPLICATION

The article presents a novel and efficient architecture for a photonic integrated circuit (PIC) that performs matrix-
vector multiplication using light-based signal processing. This approach leverages the inherent parallelism and ultra-fast
propagation speed of photonic systems to execute mathematical operations with unprecedented speed and energy
efficiency. The proposed PIC design comprises three functional layers: an input layer, a computational layer, and an output
layer.

In the input layer, a predefined array of optical waveguides delivers the incoming optical signals representing the
vector to be multiplied. These signals propagate toward the second layer, where the computation occurs. The core
innovation lies in the computational layer, which features a matrix of optical apertures. Each aperture has a specific area
that is proportional to a corresponding coefficient in the matrix. As light passes through these apertures, its intensity is
modulated in a way that naturally implements analog multiplication. This physical encoding allows the optical signals to
be multiplied by matrix elements without the need for digital electronics or intermediate conversions.

The third layer contains a second set of optical waveguides that collect the modulated light and direct it to the
output, where the result of the matrix-vector multiplication is formed. This design allows real-time analog computations at
the speed of light, significantly outperforming conventional electronic processors in both speed and energy efficiency.

A key advantage of this system is its manufacturability. Unlike many photonic systems that require complex and
costly photolithographic techniques, this architecture can be fabricated using simpler, low-cost methods, making it
accessible for large-scale deployment and integration into current and future optical computing platforms.

The paper introduces a mathematical model and software tools for automatic layout generation, enabling rapid
prototyping and customization of the photonic circuits for different computational tasks. Use cases include the
implementation of Gaussian filters for signal processing, discrete cosine transforms for data compression, and Hopfield
neural networks for memory and pattern recognition tasks.

Moreover, the article provides a comprehensive analysis of the proposed design, evaluating its benefits such as
scalability, speed, and energy savings, alongside limitations like precision control and integration challenges. The
proposed architecture demonstrates strong potential for applications in neuromorphic computing, real-time data
processing, and future photonic Al accelerators.

Keywords: photonic integrated circuit, matrix to vector multiplication, automatic layout generation, signal
processing, optical waveguide, neural network.

ABJICIIOHOK IPUHA, BOPOBUIILKHI1 BOJIOINMHUP

HauionansHuii TexHiuHMi yHiBepeuTeT Ykpainu «KuiBcbkuil noniTexHiyHMii yHiBepeuTeT iMeHi Iropst CikopehKoro

IMPOEKTYBAHHSA ®OTOHHUX IHTEI'PAJIBHUX CXEM
JJI51 AHAJIOTI'OBOT'O MHOKEHHS MATPHUIII HA BEKTOP

YV cmammi 3anpononogano nogy koncmpyxyiio pomonnoi inmezpanvhoi cxemu 051 ORMUYHO20 MHOICEHHS MAMPUYL HA BEKIMOP.
La cxema micmumos mpu wapu: nepuwiull wap mMae 3a0aHUll Habip ONMUYHUX XEUeB00I8 OISl BXIOHUX ONMUYHUX CUSHANI8, Opy2ull wap
Micmums Mampuylo anepmyp y AKitl nIowi anepmyp nponopyitini Koegiyichmam mampuyi, mpemiti wiap mMac 3a0anuil Habip ONMUYHUX
X6UNeB800I8 O/ BUXIOHUX ONMUYHUX CUSHANIB. LI KOHCMPYKYIA 2apaHmye ananioe08e MHOMCEHHS 31 WBUOKICMIO C8Imid, d Yl (OMOHHY
IHMe2PANbHY CXeMy MOJICHA ueomogumu 6e3 00po2ozo nimoepagiunoeo obnadunanus. Ilpeocmasneno mamemamuynuii anapam Ons
asmomamuyHoi 2eHepayii mononozii cxemu, 020 3ACMOCYBAHHS NPU PO3POOKU (OMOHHUX THMESPATbHUX CXeM O/l 2aYCOBBCHKOL
@inempayii, 6UKOHAHHS KOCUHYCHO2O0 NEPemEOpeHHs MAa anapamuux peanizayii HeupoHuux mepeosic Xonginoa ma ananiz nepesae i
HeOONiKi6 3anpOnOHOBAHOI KOHCMPYKYIL.

YV ecmammi npedcmaeneno nogy ma egpexmusny apximexmypy gpomonnozo inmeepoganozo yuna (PI49), wo suxonye mmooicenns
mMampuyi Ha 6eKMop 3a 0ONOMO2010 onmuuHoi 06pobku cuenanig. Lleii nioxio uxopucmogye npupoory napanerbHicmby ma HAOGUCOKY
WBUOKICINb NOWUPEenHs cimaa, wob peanizyeamu mMamemamuyni onepayii 3 6e3npeyedenmHoro WeUoOKicnIo ma enepeoedexmusHicmio.
3anpononosana koncmpykyia @14 cknadaemvcs 3 mpoox QYHKYIOHATLHUX WAPIE. 6XIOH020, 0OUUCTIOBATLHO20 MA BUXIOHO2O.

Ha nepwiomy, 8xioHomy, wapi macue onmuyHUx Xeuieeooie nepedac 6XioHi ONMUYHI CUSHANU, SKI pEenpe3eHmyoms 6eKmop, o
muoxcumbes. Lli cuenanu naoxodsams 00 Opyeo2o wapy, Oe BUKOHYEMbCs OcHosHe obuucnenns. Kniouosa innosayis norseae
06YUCTIOBANLHOMY WAPI, WO Micmums mampuyio onmuynux anepmyp. Koowcna anepmypa mac niowy, nponopyitiny 6i0nogioHomy
Koeiyicumy mampuyi. 11i0 uac npoxooicenns ceimna uepes yi anepmypu 1020 iHMeHCUBHICMb MOOYTIOEMbCS, MUM CAMUM Peani3yioul
aHanoeoee muodcenHs. Taka ¢pizuuna peanizayis 00360J45€ YHUKHYMU HEOOXIOHOCMI Yu@posol eleKmpoHiKU YU RPOMINCHOSO
nepemeopenHs CueHais.

Tpemiii wap micmums Opyeuil HaAOIP ONMUYHUX XEULEB00I6, KL 30UPaAmb MOOYIbOBAHE CEIMILO MA NepPedaiomsp U020 00 8UX00Y,
e hopmyemb s pe3yiomam MHOMCEH S Mampuyi Ha 6ekmop. 3a80saKu yiti apximexmypi 064ucIeHHs 8i06Y8arOMbCsL 8 PeHCUMI PeabHO20
uacy Ha WEUOKOCMI CGIMId, 3HAYHO NepesepuLyiouy  MpaouyiliHi  eneKmpoHHi  Npoyecopu SK 3d WEUOKICmio, maxk i 3a
eHep20CnodHCUBAHHAM.
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OoHiero 3 KIIOUOBUX hepeeaz € mpocmoma eueomosnenns npucmpoio. Ha eiominy 6i0 6azamvox omounnux cucmem, sKi
nompebyioms cKkiaoHux i Oopozux gomonimozpadiunux npoyecis, 3anponoHo8aHA apximexkmypa modce Oymu peanizosama 3
BUKOPUCIAHHAM OOCHYNHUX, Hedopo2ux mexnonozii. Lle giokpusae uuisax 00 Macoso2o supoOHUYMEA Ma WUPOKO20 6NPOBAONCEHHS Y
cyyacui ti Maubymui oomorui 004UCTIOBATIbHI NAAMPOPMU.

YV cmammi npedcmasneno mamemamuumny mMooenb ma npoepamui 3acoou 05 ABMoMamuiHoi 2enepayii mononoeii, wo oae 3mozy
WBUOKO CMEOPI0GAMY NPOMOMUNY Ma A0anmy8amu cxemu 015 Pi3HUX OOYUCTIOBATLHUX 3a0ay. 3acmocy8anus OXONmoe nobyoosy
Gomonnux cxem O 2aycosux Qinempie, OUCKPEMHO20 KOCUHYC-NEPEMEOPeHHs. ma HeupoHHux mepesic Xonghinoa ona peanizayii
acoyiamugnoi nam’smi ma po3nizHaganHs o6pasis.

Kpim mozo, nooano rpynmoenuil ananiz nepesae 3anponoHo8anoi KOHCMpYKyii, maKux Ak macumabosanicms, weuoKoois ma
eHepeo30epediCentsl, A MAKONC 002080PEHO MONCIUGL OOMEINICEHHs, 30KpeMd MOYHICMb MOOVIAYIL ma IHmeepayiuHi SUKIUKU.
Apximexmypa 0eMOHCMPYE 8UCOKUL ROMEHYIAN OISl 3ACMOCYBAHHS 8 HEUPOMOPPHUX 0OYUCTIEHHAX, 0OPODYI OAHUX Y PeaNbHOMY Yaci ma
CMBOPEHHT HOMOHHUX NPUCKOPIOBAUTE WUNTYYHO20 THIMENEKMY.

Kniouosi cnosa: pomonna inmezpanvha cxema, MHOJCEHHA MAMPUYI HA BEKMOD, ABMOMAMUYHA 2eHepayis Makema, 06pooka
CUSHAY, ONMUYHULL X6UNESIO, HeUPOHHA Mepedca.
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Introduction

Photonic integrated circuits (PIC) are considered promising devices for telecommunications, signal and
image processing, mathematical calculations, hardware implementation of neural networks, deep learning, etc
[1]. Matrix to vector multiplication (MVM) remains one of the important operation in these fields of PIC
applications. The principal advantage of PICs in comparison with “electronic” integrated circuits is the
possibility to perform signal manipulations with s speed of light [1, 2]. That is why PICs are considered as
novel accelerators of photonic neural networks or as optical tensor processors [3]. Quantum effects on photonic
chips can be also used to perform quantum calculations [4, 5]. Programmable photonic PIC can be built using
structures with 2 x 2 blocks, or “analog gates”—the crystal-embedded equivalent of free-space optical splitters
based on Mach-Zehnder interferometers (MZIs) [4]. In most cases PICs are implemented by three optical
techniques. The first one is based on micro ring resonators (MRRs) as wavelength filters [6 - 8]. Generally,
MVM is performed using matrix of MRRs where each MRR act as a selective filter of a definite wavelength
[9]. The entire architecture is based on wavelength division multiplexing and a reconfigurable MRRA, which
forms a complete 4x4 matrix transmission network. Each MRR can be controlled using a miniature electric
heater — temperature variation allows changing MRR spectral transmittance. PICs with MRR for MVM are
presented in [10-12]. The alternative PICs uses matrix of MZI for MVM [11-15]. Such PICs based on phase
shifting in MZIs to change their transmittance. By application of this technique, PICs can perform positive
real value matrix calculation, optical routing, and even optical neural network realization. There are known
PICs with a matrix of miniature optical components that can change their transmittance under electrical current
[16]. The interesting solution for analog MVM is enLight256 that is able to perform analog MVM with a speed
using a 256 x 256 matrix and vector of 256 elements [17,18]. This PIC has a three-layer structure with an
expensive spatial light modulator that sufficiently limited its market perspectives. Summarizing said above, it
has point out that sophisticated MVM PICs design and expensive technology necessary for their production
still remain the principal limitation of wide application of such PICs.

Goal and tasks

The goal is to identify the design procedure for the economical analog PIC for MVM that can be
manufactured in the Ukraine without exploitation of expensive equipment likes optical, laser or electron beam
lithography. This PIC must be applicable for signal processing, image processing, neural network realizations,
automatization and fast mathematical calculations. The following tasks must be solved to reach the goal:
identification of PIC structure, creation the mathematical description of PIC layout and development of the
algorithms for automatic PIC layout generation.

Methods

The proposed PIC for MVM has three layers structure [19]. The first layer directs optical signals to the
aperture matrix. Input optical signals are propagated through a set of optical waveguides and each optical signal
enters the second layer. The second layer contains the aperture mask that realizes MVM of input optical signals
and the matrix of weight coefficients. The aperture mask contains apertures in a non-transparent film. Aperture
diameters proportional to weight coefficients. The result of MVM accumulated by the third layer with a set of
optical waveguides for the output optical signals. To ensure maximal possible uniformity of brightness along
the waveguides of the first layer, these waveguides are illuminated from both sides (Fig.1). To ensure capturing
the output optical signals and the waveguides of the third layers have detectors of optical radiation on both
sides as well (Fig. 1). To ensure integration and averaging of optical radiation via multiple diffusive reflections
all optical waveguides have the shape of a parallelepiped made of transparent plastics and, their side idle faces
have diffused reflective surfaces.

Generally, the input signals and the weight coefficients can be positive and negative. That is why the
proposed PIC should guarantee MVM considering the signs of input signals and the weight coefficients. The
following PIC topology can realize such MVM.
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Fig.1 Topology of the proposed PIC

At the beginning the input data has to be specified: number of input optical signals Ny, number of output
optical signals Nx, the matrix of the weight coefficients Myy, kx and limitations to the linear dimensions of the
PIC working area Xw,Yw. The topology of the proposed PIC has the separate waveguides for positive and
negative values of input and output optical signals. In the case of MVM with 2 x 2 matrix the waveguides for
input optical signals are u; and uz, and the waveguides for output optical signals output channels are v; i v»

(Fig. 1).

To perform formation of optical signals from both sides of the waveguides and capture output optical
signals from both sides of the waveguide the economical electrical schemes can be applied (Fig. 2, 3). The
scheme with Schmitt triggers forms binary output electrical signals that are necessary for hardware realization
of optical neural networks (Fig. 2). The scheme with differential amplifiers helps to realize fast analog MVM

using positive and negative values (Fig.3).
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Fig.2 PIC for realization of the optical neural network
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Fig. 3 PIC for realization of fast analog MVM
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Let us go to mathematical description of PIC layout. This layout contains a two-dimensional structure
of cells for positive and negative components of each input and output signal (Fig. 4). The first and the third
layers have the set of the optical waveguides that connect these cells in the perpendicular direction (Fig. 2).
The second layer has the matrix of circular apertures of different diameters. At the beginning it has to calculate
the coordinates of the centers of these cells:

X = Ax - (05 +ky — 1) @)
CYix = Ay - (05 +ky — 1)

where ky, kx — the indexes of the input optical waveguide in the first layer and the number of the output
optical waveguide in the third layer - kx=/0... Ny— 1], ky=[0... Ny— 1], respectively; Ny, Nx— the number
of the input optical waveguide in the first layer and the number of the output optical waveguide in the third
layer, respectively; Ax, Ay — the spatial periods of the cells along coordinate axes X and Y, respectively: Ax =
Xw/Nx, Ay = Yw/Ny; Xw, Yw — the dimensions of the PIC working area along axes X and Y respectively; cxi,
cyry — the coordinates of the center of cell (kx, ky), respectively.

V1 V2 V3 va
+V1 V1 + B +V3 -V3 +V4 -va X

U1

-u1

uz2

-uz

u3

-U3

Y

Fig.4 Coordinate system of PIC layers

Each cell has two inputs: the first is for positive input values and the second is for negative ones (Fig.
4, 5). It has also two outputs: the first is for positive output values and the second is for negative ones. To
realize analog multiplication two similar apertures for each cell are necessary. These two apertures link the
positive and negative input signals with positive and negative output signals depending on the sign of the
weight coefficient. The coordinates of aperture centers are linked to the cell centers (1):
ax1y = CXpx + 0.25  Spy e " Ax Ay Ly = CYiy — 0.25 * Spy o = Ay 2)
X2y = CXgx — 0.25 * Spy e " AX AY2p = CYiy + 0.25* Spy) or - Ay
Where, ax /i, ayliy , ax2i, ay2i, — the coordinates of the center of two apertures (ky, ky) located in one
cell, respectively; si, 1 — the value that specifies the sign of the weight coefficient My i : if Miy e > 0 then
Skyke = 1 otherwise sg, e = -1.

M i,k >0 Miy, kx <0

+V iy =V ) +W i -V kx .
Wk WV kx
Fig.5 PIC cell that performs analog multiplication

The area of each pair of apertures is proportional to the corresponding weight coefficient. It has to
normalize aperture dimensions relatively the maximal possible weight coefficient value and the maximal
possible aperture area [20]. It is also necessary to consider the losses in the input and output waveguides:

Cky,kx = Wlky W2y Mky,kx 3)
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where Cp, . — the matrix of weight coefficients after corrections of the losses of optical radiation in

input and output optical waveguides;
Wi, W2, — the coefficients for correction of the losses of optical radiation in input and output
waveguides, respectively. These losses can be approximated by exponential functions [20]:

Wlky — - 1 — - 1 - — 1+b+exp (k)
Y(‘ka) 2b+(1—b)-(exp(—k- Y‘f/y)+exp(—k(1— Yvkvy)> 2b+(1—b)-(exp(—k-%)+exp<—k-(1—%))
1+b+exp(—k)
Wzkx — ) 1 — _ 1 _ — 1+b+exp (—k)
v (%) 2b+(1—b)-(exp(—k- y"fv")+exp<—k-(1— X{:j‘))) 2b+(1—b)-<exp(—k-a;":‘)+exp(—k-(l—%)))

1+b+exp(—k)
Ly(y) — the losses coefficient of optical flux in the input waveguide as the function of aperture center
x. The experimental research confirmed that this distribution can be described using exponential functions [20]:
2b+(1—b)-(exp(—k-%)+exp<—k(1—%)>
LY(y = 1+b+exp(—k)
Lx(x) — the losses coefficient of optical flux in the output waveguide as the function of aperture center y .

)
X(x) - 1+b+exp (k)

k, b — the coefficients that depends on waveguide material and design, they can be measured
experimentally [20].
Now it is possible to calculate the dimensions of each aperture in the second layer. The following
assumptions help to simplify the PIC layout:
e all apertures have the shape of an ellipse;
the maximal aperture dimensions along axis’s X and Y (sx, sy) are equal to width of the corresponding
input and output waveguides: sx < 0.5: Ax and sy < 0.5-Ay;
o the area of the apertures is proportional to the matrix of weight coefficients after corrections Ciy i (3).

~ Firstlayer Third layer

— Wlthtl'anUt layer with : with output
op 'C"_ﬂd aperture optical

—— waveguides matrix ; waveguides

As a result, the aperture dimensions can be calculated using the following expressions:

Fig 6. Layout of three-layer PIC for analog MVM

_ _ Akykx  SX
aSYky kx = 2 €Xky kx = 2- T ; (4)
sy
ASXky,kx = 2 €YVkykx = 2 Ckykx E
Crey jex | |C
_ _ y,kx _ ky,kx
Aky,kx =T €Xgykx " €Ykykx — C “Amax = C ' (T[ TSX - S)’)
max max

where asXicky, aSVicky , €Xinky, €Vinky — the dimensions and the semi axis’s of the aperture in the cell
(kx, ky) along axis’s X and Y, respectively; Aii — the area of the aperture in the cell (kx, ky) along axis’s X
and Y that is proportional to the weight coefficient Cixy ; Amar, Cimax — the maximal values of the aperture area
and the absolute value of the weight coefficient Cjyix — Aax = - X * 8y, Cpar = max (| Cp ke | ) respectively.

The presented mathematical apparatus (1)-(4) allows calculation of geometrical parameters of PIC for
MVM and automatic generation the PIC layout for any given matrix of weight coefficients. There has been
developed special software that makes all operations necessary for generation of the PIC layout in raster and
vector formats (Fig. 6).
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Table 1
PIC design for Gaussian filtration.
Ne Filter impulse response Parameter, ¢
1 Gaussian function 1.0
2 1.5
3 2.0
4 2.5
5 3.0
6 First derivative of 1.0
7 Gaussian function 1.5
8 2.0
9 2.5
10 3.0
11 Second derivative of 1.0
12 Gaussian function 1.5
13 2.0
14 2.5
15 3.0
Table 2

Four sEmbols 4 x 8 used for calculation of the coefficients of Hopfield neural network

N fII IIII

Results

The proposed technique (1)-(4) is used for automatic generation of three PIC layouts. The first design
is PIC that performs Gaussian filtration of input optical signals coming from 19 input optical waveguides. This
PIC produces output signals of 15 linear filters at the same time for one input signal (Table 1, Pic. 7a).

The second PIC design is for a cosine-transform, which is used in JPEG compression (Fig. 7, b). This
PIC has 16 input signals, and it can calculate 16 coefficients of cosine-transform in the same time.

The third PIC design is for hardware realization of Hopfield networks (Fig. 7¢). Its aperture mask
contains the coefficients of Hopfield network that is prepared for recognition of four symbols 0, 1, 2 and 3 that
are represented using 4 x 8 matrix of binary values (Table 2). All the PIC designs can be scaled to the given
dimensions (Xw, Yw) and the given number of input and output waveguides (Nx, Ny).

o
=

Fig 7. Three PIC designs: a) PIC for Gaussian filtration; b) PIC for cosine-transform, ¢) PIC for Hopfield network

Discussion
The proposed PIC design has the following advantages:
e [t performs very fast analog MVM that is limited only be switching input signals and reading out the output
ones;
Potentially it can do MVM on multiple wavelengths in one PIC;
Its optical part is not sensitive to high frequency electromagnetic signal and fields;
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e The principal advantage is the economical design — only set of plastic waveguides, one non-transparent
film with apertures, plastic housing and a set of light emitted diodes and photodiodes are necessary for
serial manufacture of these PICs, no expensive equipment (laser, optical, e-beam lithography) necessary
for mass production (Fig. 8) [21];

e The design procedure (1)-(4) can be easy automatized by the computer aid design software that generate
all layouts for given requirements.

The disadvantages of the PIC design for analog optical MVM include:

e Fixed second layer with aperture matrix that make impossible changing the weight coefficients during the
PIC operation, on the contrary in the PICs with MZI or MRR matrixes these coefficients can be changed in
any time using electrical signals;

e PIC dimensions are of cm range. It is a result of economical technological process based on plastic
waveguide cutting and polishing and aperture matrix made from aluminum foil by laser graving [21];

e The dimensions of PICs are proportional to the number of input and output signals. Assembling the PICs
when the number of waveguides exceeds 30 becomes complicated and the dimensions of such PIC may
overcome 15 cm that is not convenient for embedded system. Also, in long optical waveguides variance of
optical properties decreases accuracy of analog optical MVM. That is why the reasonable number of input
and output signals is in the range from 8 to 32.

e The principal disadvantage is the sufficient errors due to analog MVM. This error is caused by variations
of light emitted diodes and photodiodes characteristics, variations of waveguide optical characteristics,
multiple crosstalk (radiation exchange) between input and output waveguides and other factors. These
errors can be partly compensated but, in any case, the total error remains in a range of 5 — 10 %. Application
of binary aperture masks when the weight coefficients are equal to -1 or 1 can minimize the total due to
usage of apertures with maximal possible area.

Fig 8. Assembled (on the left) and disassembled (on the right) prototype of three-layer MVM PIC

Conclusion

The proposed design procedure makes possible automatic layout generation for the economical three-
layer PIC for analog optical MVM. This procedure allows calculation of geometry of waveguides and aperture
matrix that guarantees multiplication of the input signal to the given matrix of weight coefficients. The
procedure is based on the mathematical model which helps to calculate dimensions and coordinates of the
apertures necessary for multiplication of positive and negative values. PIC layout is generated in raster and
vector formats that can be used by laser cutting and laser graving tools. Manufacture of the proposed PIC does
not require expensive equipment like electron, laser or optical lithography of micrometer scale.

These PICs have perspectives in fast hardware realization of neural networks with small number of
neurons (up to 16 - 32), fast signal processing and fast analog MVM with small number of inputs (up to 16 -
32).

The proposed PICs are useful in optical education because their design, manufacture, testing and
evaluation improve student knowledge of mathematics and physics, software development skills, material
processing skills, electronic measurement skills and, as a result, it stimulates interest to optical engineering and
photonics, including perspectives of photonic artificial intelligence [19].
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