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A matrix-vector multiplication (MVM) optical signal processor based 

on mode division multiplexing (MDM) was proposed and demon- 
strated in the current work, which is composed of a mode multiplexer, 
a multimode beam splitter, a mode demultiplexer, a modulator ar- 
ray and combiners. In addition, the characteristics of MDM obviate 
the need for multiple wavelengths and therefore multiple laser light 
sources are unneeded, which greatly reduces the complexity and cost. 
A 4 × 4 MDM-MVM was realized on a standard silicon-on-insulator 
(SOI) platform. Combined with the off-chip light source and photode- 
tectors (PDs), 4-level modulation has been demonstrated, and each 

level of the output signal could represent 2 bits of information. 

Keywords: Photonic computing, Silicon photonics, Matrix vector multi- 
plier, Mode division multiplexing 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

INTRODUCTION 

With the proliferation of ultra-high-speed mobile networks and device
numbers connected to the Internet, people’s expectations for computing
performance have been increased by leaps and bounds. The processors
under the traditional von Neumann architecture are constrained by en-
ergy consumption and bandwidth, which leads to the inability to carry
the massive data processing demands. On the other hand, the emergence
of artificial intelligence, especially artificial neural networks, poses great
challenges to the slowing down of Moore’s Law. Endowed with the in-
herent characteristics of high speed, low energy consumption and parallel
processing, photonics is expected to achieve higher-performance infor-
mation processing and even solve the complex algorithm problems that
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cannot be solved by microelectronic processors cooperating with elec-
tronics 1 , 2 . It is worth noting that the training process of neural networks
heavily relies on massive matrix operations during the feed-forward and
backpropagation stages 3–5 , which determines the computation time and
energy consumption of many workloads. The optical matrix-vector mul-
tiplier (MVM) has the potential to greatly reduce the power consumption
of information transmission, increase the operating speed of the device, as
well as expand the information transmission capacity 6 , 7 . Therefore, MVM
is expected to be viable candidate for high-performance deep neural net-
work acceleration hardware. In addition, many discrete numerical opera-
tions are based on the matrix so that MVM can perform various related
operations, such as vector inner product operations, discrete Fourier oper-
ations 8 and convolution 9 . 

Initially, researchers implemented optical multipliers in free
space 10–12 . However, the traditional optical MVM adopts detachable com-
ponents, which is not conducive to the scaling and integration of the over-
all structure. The development of photonic integration technology has
made it possible to implement multipliers on-chip. The on-chip multipli-
ers can be divided into three types according to the principle and the re-
alization structure: wavelength division multiplexing (WDM) type, mul-
tiplane light conversion (MPLC) type, and Mach-Zehnder interferome-
ter (MZI) type 5 . In a WDM-MVM, wavelengths are used to differenti-
ate signals input in parallel. In addition to the initial 4 × 4 microring
multiplier demonstration 13 , multipliers that can implement negative mod-
ulation matrix loading 14–17 and non-volatile loading of modulation ele-
ments 18–21 have also been demonstrated. The MPLC-MVM can load the
matrix, which is decomposed into a series of prog rammable unitar y diago-
nal matrices and unitary diffraction matrices 22 . Tang et al. experimentally
demonstrated a ten-port single optical processor 23 . In the MZI-MVM,
it is also necessary to utilize the triangular 24 or rectangular decomposi-
tion algorithm 

25 to convert an ordinary matrix into the multiplication of
several unitary matrices and diagonal matrices 26 . MZI-MVMs are often
adopted to accelerate the optical neural networks (ONN) linear calcula-
tion part 27–30 . 

WDM-MVM usually requires multiple lasers to support multiple
wavelengths. Modulation element loading requires various algorithms in
MPLC-MVM and MZI-MVM. In order to reduce the cost and system
complexity, in the current work, an on-chip optical signal processor was
proposed to perform matrix-vector multiplication based on mode division
multiplexing (MDM), which consists of a mode multiplexer, a multimode
beam splitter, a mode demultiplexer, MZI modulators, and a power com-
biner. To the best of our knowledge, it is the first time that the MDM has
been introduced to realize MVMs. As a proof-of-concept, a 4 × 4 MDM-
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Fig. 1 | a, Schematic of the on-chip optical matrix-vector multiplier. The system can implement the matrix-vector multiplication of M · I = O , in which the matrix M is 

represented by the transmittances of the 4 × 4 MZI modulator matrix, the vector I is represented by the optical power of the 4 × 1 off-chip light source array, and the 

result vector O is represented by the optical powers detected by the 4 × 1 photodetector array (MUX: multiplexer). b, Image of the packaged chip. c, Microscope image 

of the fabricated device. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

MVM was demonstrated on silicon-on-insulator (SOI) platform with 4-
level modulation. 

PRINCIPLE AND DESIGN 

Matrix-vector multiplication can be described by the following formulas: 

O = M · I = 
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M i j I j , (i = 1 , 2 , . . . , m ) (2)

where, I is an n-dimensional input vector; M is an m × n modulation ma-
trix; O is an m-dimensional result vector; I j , M ij , and O i are elements of I ,
M , O , respectively. The proposed architecture for performing the multipli-
cation of a 4 × 4 matrix M and a 4 × 1 vector I is shown in Fig. 1 a. Four
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incoherent fundamental mode (TE 0 ) light signals were input at the ports
I 1 –I 4 . The elements of vector I were sequentially loaded on these four sig-
nals, which can be achieved by modulating the signal intensity. Each input
vector element corresponds to a different mode (TE 0 –TE 3 ), combined to
the bus waveguide by the asymmetric directional coupler (ADC) based
mode multiplexer 31 , 32 . Later, a 1 × 4 multimode power beam splitter was
utilized to divide the light into four even parts, containing all the four
modes. Each part of the multimode signal was sequentially demultiplexed
into four TE 0 lights by the four-channel mode de-multiplexer. Then the
intensities of all 16 channels were modulated by the 4 × 4 modulator ar-
ray loaded with matrix M . All the 4 × 4 multiplication processes were
performed simultaneously. Finally, the four TE 0 signals of each channel
were output to the single-mode waveguide through the 4 × 1 beam com-
biner, realizing the addition operation. Four optical powers detected by the
off-chip PD array represent the elements of the result vector O . 

In the MDM-MVM, the mode multiplexer and demultiplexer are real-
ized by ADCs based on mode evolution, as shown in Fig. 2 a. The TE 0 light
is input at waveguide A. In the counter-tapered coupling region, a partic-
ular high-order mode is coupled into the bus waveguide B, while other
 , 100061 (2023) 2 of 8 
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Fig. 2 | a, Schematic of the mode converter based on ADC. b, Calculated effective indices of eigen-modes of 220 nm-thick SOI strip waveguide. c, Calculated conversion 

efficiencies and field distributions of the three designed ADCs. 

Table 1 | The parameters of the designed ADCs. (Unit: µm) . 

Wa 1 Wa 2 Wb 1 Wb 2 Lc 1 Lc 2 Lc 3 Wg 1 Wg 2 Wg 3 

TE 0 - > TE 1 0.30 0.18 0.38 0.62 20.0 30.0 5.0 1.20 0.20 0.50 
TE 0 - > TE 2 0.30 0.18 0.80 1.06 20.0 40.0 10.0 1.20 0.20 0.50 
TE 0 - > TE 3 0.30 0.18 1.20 1.40 20.0 50.0 15.0 1.20 0.20 0.90 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

lower-order modes are transmitted in waveguide B without interference. In
order to achieve high mode conversion efficiency, the counter-tapered cou-
pling region should be carefully designed following the phase-matching
condition. A 220 nm-thick strip waveguide was chosen to construct the
device. Under such a geometric structure, calculation of the effective in-
dices for different modes of the strip waveguides with different widths at
1.55 µm wavelength was conducted, as shown in Fig. 2 b. Assuming that
the multiplexer is to implement conversion coupling from the TE 0 mode
to the TE i mode. The width at the input of waveguide A (Wa 1 ) needs to
support the TE 0 mode, and the width at the output (Wa 2 ) is required to be
small enough so as to reduce the coupling of waveguide B to waveguide
A. The width at the input of waveguide B (Wb 1 ) must support the trans-
mission of the original modes (TE 0 –TE i-1 ). Wb 2 needs to be greater than
the minimum width corresponding to TE i , while at the same time smaller
than the minimum width for exciting TE i + 1 to avoid conversion of the TE 0

mode into a higher-order mode. Parameters such as lengths and gaps were
optimized with the adoption of the finite-difference time-domain (FDTD)
method. The optimized parameters of the three multiplexers are shown
in Table 1 . Fig. 2 c shows the calculated field distribution and the mode
conversion rate. 

The structure of multimode waveguide crossing with an obliquely
embedded subwavelength grating (SWG) 33 ( Fig. 3 a) was employed as
the multimode power splitter. Due to the thin-film interference effect,
the SWG reflector can split the multimode incident beam into two equal
beams simultaneously. Since the effective refractive index of the SWG
can be adjusted by changing the duty cycle ( f swg ), the splitting ratio can be
adjusted arbitrarily with a large bandwidth. In consideration of the fabri-
cation feasibility, the SWG pitch �swg and SWG width w swg were chosen
to be 500 nm and 200 nm, respectively. According to the simulation, when
the multimode waveguide width was set as 15 µm, and the f swg as 0.4, a
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splitting ratio of about 50 : 50 was achieved. The uniformity of the split-
ting ratio of each mode and the crosstalk between modes are shown in
Fig. 3 b. In order to reduce the difficulty and complexity of the fabrication
process, the 1 × 4 beam splitter is realized with the adoption of three 50 :
50 beam splitters cascaded in a parallel structure ( Fig. 3 c). 

The modulator is realized with the MZI based on thermal tuning,
forming a modulation matrix to verify the feasibility of the MVM. The
electrode in the heating area is titanium nitride (TiN), the length of the
heating arm is about 300 µm, the resistance is about 1.8 k �, and the width
of the heating waveguide is 500 nm. The beam combiner is achieved by
a 4 × 1 MMI beam combiner. Assuming that the input power of each In-
put Port is equal, the power output from input port 1, port 2, port 3, and
port 4 to output port accounts for 23.69%, 24.48%, 24.48%, and 23.69%,
respectively. 

CHARACTERIZATION 

Fig. 1 b, c show the fabricated and wire bonded SOI photonic chip and the
microscope image of the MDM-MVM device, respectively. The input is
the TE 0 light, marked as I j -TE j-1 (j = 1, 2, 3, 4) according to the modes
multiplexed into the bus waveguide, and the modulation MZI array can
be marked as M ij in the same way. The corresponding output port is O i .
It should be noted that, in order to improve the compactness of the de-
vice and reduce the footprint, 90 ° corner bends are adopted to change the
transmission direction of the optical path 34 . 

The experimental setup for the device characterization is shown in
Fig. 4 . To avoid disturbing coherence of different input ports in MMI, an
amplified spontaneous emission source (ASE) was adopted as the light
source. The ASE was connected to a commercial-grade fiber optic split-
ter, which splits the original light into four parts as input vector. It is evi-
 , 100061 (2023) 3 of 8 
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Fig. 3 | a, Schematic of multimode beam splitter based on SWG, and the enlarged top view of the SWG transflector with some key parameters labeled. b, The calculated 

transmission spectra and mode crosstalk for the multimode power splitters of inputting TE 0 –TE 3 modes, with the calculated light propagation profiles. c, Schematic of 

the 1 × 4 parallel beam splitter. 

Fig. 4 | Experimental setup for the static and dynamic response characterization of the optical MDM-MVM . 
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Fig. 5 | a, Optical power of four modulators corresponding to the first row of M when a voltage is applied from 0 to 6.5 V. P max and P min represent the maximum and 

minimum values of the overlap between the dynamic ranges of these four modulators. b, Scatter plot for MAC accuracy measurement with an input vector. The inset is a 

residual error distribution histogram. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

dent that modulators can be connected after the beam splitter to load dif-
ferent input vectors. To generate the modulated signals, a multi-channel
direct-current power supply was utilized, which generates sixteen parallel
electrical drive signals. Each set of four signals represents the ith row of
the modulation matrix M and is applied in parallel to the MZI modulator
corresponding to O i . The light on the chip is emitted from the coupling
grating, which can be measured by an optical spectrum analyzer (OSA)
to evaluate the static spectral response of the MVM. The chip can also be
connected to PDs so as to convert the inner product optical power into an
electrical signal. 

In the modulation matrix section, analysis on the computational ac-
curacy of the MVM is a pivotal aspect. The factors affecting accuracy
originate from various aspects, some of which can be eliminated. For
instance, the imbalance in the splitting ratio between different ports of
the splitter can be addressed by setting different power detection thresh-
olds for each output port O i of the multiplier. Additionally, the losses
of the splitter and mode multiplexer for different modes, along with the
differences in the dynamic range of the MZIs, can lead to variations in
the optical power of the same level due to the different mode channels
through which the light passes. This can be compensated by normaliz-
ing the four MZIs corresponding to the same output port. This means
that each MZI’s modulation range is constrained within the overall min-
imum and maximum optical power ( P min and P max) for the four paths,
as depicted in Fig. 5 a. Within this modulation range, four random num-
bers were selected to form a modulation vector, which is later subjected
to multiplication and addition (MAC) with a fixed input vector. The mea-
sured results were compared against the expected analytically calculated
multiplication result. The results of 10,000 calculations were scaled to
the range [0, 1] and plotted together with the corresponding histogram
in Fig. 5 b, showing a standard deviation of 0.029. Based on the equation
bit depth = log 2 ( 1 / ( 3 σ ∗ 2 ) ) 20 , 35 , a modulation resolution of 2 bits can
be derived. 

With the modulation accuracy determined, the “level-voltage” lookup
table can be obtained for each MZI. Based on the interval of
(P max − P min ) / ( 2 2 −1) as the step size, each MZI is configured with
corresponding intensity levels and modulation voltages for each level. By
traversing all the modulation vectors, the overlap range of output signal
CHIP | VOL 2 | WINTER 2023 Ling, Q. et al. Chip 2
ranges for different result elements can be examined for validating the
MVM’s capability so as to support 4-levels modulation. This approach
guarantees the accuracy and consistency of the performance of MVM
across all the possible modulation combinations. The measurement results
demonstrate that the fabricated MVM can effectively support modulation
with the precision of 2 bits, which further confirms the above calculation.
This implies that there are totally ( 2 2 −1 ) ×4 + 1 = 13 possible elements
in the result vector. Fig. 6 illustrates the waveforms of the four drive sig-
nals, the responses of the dynamic characteristics of each modulator, and
the final result of the vector-vector multiplication. 

DISCUSSION 

In the characterization system mentioned above, factors that affect the
modulation bit resolution also arise from other connected devices, such
as the fluctuation of optical power from the light source, the accuracy of
voltage loading from the multi-channel voltage source, as well as the sta-
bility of the PD. In order to estimate the best bit resolution of the MVM,
the general model of finite precision analysis proposed by Li et al 35 can
be utilized, which is based on the assumption that the external devices are
ideal and focusing only on the SOI chip. In this case, the extinction ratio
(ER) of the modulator is a crucial factor. By inputting the I of 1010 to
the MVM and loading 0101 or 1111 signals on each row of the modu-
lation matrix (M i ), the ER of the MVM can be obtained, as is shown in
Fig. 7 , which varies with wavelength. The utilization of ASE results in
an effective ER of the multiplier, which is the average value within the
wavelength range of the light source. When employing a non-coherent
single-wavelength light source, the ER of the multiplier can be fixed at
a higher value specific to that wavelength, which can reach up to 15 dB.
Based on the formula 1 / ER < 0 . 5 / ( 2 bit depth − 1) derived from the model,
the MVM can support a precision of 4 bits. To further enhance the accu-
racy of MDM-MVM, certain components can be optimized within the
current structure. For instance, during testing, it was observed that the
power fluctuations resulting from thermal crosstalk between modulators
account for approximately 2.15% of the MZI’s dynamic range, making it
a main contributing factor to the overall deviation. In future work, thermo-
 , 100061 (2023) 5 of 8 
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Fig. 6 | Waveforms of the driving voltages and response of each modulator and MVM. Vector I is fixed. Voltages are applied to the MZI modulator array, representing 

the elements in the first row of matrix M . 

Fig. 7 | Transmission spectra obtained by loading different M i values with in- 
put vector I as 1010. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

electric cooler (TEC) can be implemented to reduce the thermal crosstalk.
The modulator can also be replaced, such as by using a GeSi waveguide
electro-absorption modulator 36 , 37 . The GeSi modulator can mitigate the
error caused by the heat conduction of a certain heater to the adjacent
heater. It can also effectively increase the modulation rate, thereby increas-
ing the calculation rate. 

To achieve larger-scale multiplication in this architecture, it is nec-
essary to evaluate the optical losses introduced by each system compo-
nent. Based on individual component characterization, the average loss of
the 4-mode multiplexer/demultiplexer is –0.44 dB, the 1 × 4 splitter is
–9.80 dB, and the 4 × 1 coupler is –6.26 dB. The MVM principle dic-
tates that the loss of the 1 × 4 splitter should be –6 dB, and the losses
of other components should be as close to 0 as possible. It is worth not-
ing that the discrepancy between the actual loss and the ideal loss for the
coupler is relatively large, which hinders the scalability of the multiplier.
It is the structure of the MMI that leads to the fact that only 1 / 2 port number

of light can enter the output port for each input port. To address the prob-
lem above, the approach of utilizing MDM and replacing the MMI with
a mode multiplexer can be adopted. This multiplexer combines the four
CHIP | VOL 2 | WINTER 2023 Ling, Q. et al. Chip 2
TE 0 signals into a multimode bus waveguide, enabling highly efficient
and low-loss beam combining. This approach could improve the signal-
to-noise ratio and reduce the power requirements of the light source. Fur-
thermore, edge couplers 38 , 39 are essential for extracting signals from the
chip. Alternatively, on-chip integration of a PD array 40 , 41 allows for direct
electrical signal output. In these two signal output schemes, the differ-
ence between the coupling efficiency or conversion efficiency of different
modes needs particular attention to ensure the accuracy of the results. 

To expand the calculation dimension of MDM-MVM, one approach
is to continue increasing the number of the multiplexed modes. It has
been reported that 11-mode MDM has been achieved 42 . This suggests
that, with minimal changes to the existing architecture, the number of
multiplexable modes can be increased by adding ADCs for each mode,
increasing the number of parallel layers in the splitter’s SWG, increasing
the number of MZIs, and utilizing an 8 × 1 MMI for an 8-channel multi-
plier. However, as this method exhibits a clear upper limit to the increase
in dimensionality, another approach that can be taken into consideration is
to integrate WDM into the architecture. Except the wavelength-sensitive
beam combiners, the other components mentioned above are broadband
devices that can be directly used in combination with WDM devices.
This allows each input element to be characterized by the intensity
of light at a specific wavelength and particular mode. The loading of
modulation matrix elements can be achieved by either adding wavelength
demultiplexer in front of the existing modulator array or replacing the
array with a wavelength-selective modulator array 16 , 43 . In the MDM &
WDM-MVM architecture, one of the primary limiting factors has become
the losses. Assuming that the multiplier scale is 2 n , based on the power of
the light source used and the current measured losses of the components,
it can be estimated that the output optical power of the system can
be expressed as: P output = P ASE ± Los s off−chip splitter ± Los s grating × 2 ±
Los s mode MUX & deMUX ± Los s multimode splitter ± Los s MZI ± Los s MMI =
19 − 3 n − 5 . 87 × 2 − 0 . 44 − 4 . 90 n − 0 . 73 − 3 . 13 n . In order to ensure
that elements 0 to 1 are distinguishable, the ER of the MZI also needs to
be considered in P output . Based on the minimum detectable power of the
PD, it can be deduced that the maximum value of n is 6, which means the
current achievable upper limit for the dimensionality is 64. 

Compared with other MVM optical signal processors, the MDM-
MVM in the current work is endowed with the advantage of having less
stringent requirements on the light source. It does not necessitate multi-
ple lasers or microcombs to support multiple wavelengths. Additionally,
 , 100061 (2023) 6 of 8 
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Table 2 | Comparison of different photonic matrix multiplier . 

Structures Dimension Resolution Matrix loading Light source 
Our work MDM-MVM 4 2-bit One-one ASE 

Ref. 13 WDM-MVM 4 Binary One-one Four tunable lasers 
Ref. 28 MZI-MVM 4 8-bit Algorithm-aided Laser 
Ref. 36 WDM-MVM 2 5.1-bit One-one Two DFB lasers 
Ref. 30 MZI-MVM 6 Supplied by 16-bit current Algorithm-aided Coherent laser 
Ref. 20 WDM-MVM 16 5-bit One-one Optical frequency comb 
Ref. 17 WDM-MVM 4 9-bit One-one DFB pumped microcomb 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

MDM-MVM possesses a direct execution capability, which eliminates the
requirement of intricate algorithms, owing to the one-to-one mapping rela-
tionship between modes and matrix elements. The independence between
different channels also makes it easier to analyze and subsequently im-
prove crosstalk and losses in the system. The specific comparisons are
presented in Table 2 . 

CONCLUSIONS 

In the current work, a novel matrix-vector multiplier based on mode divi-
sion multiplexing was introduced and demonstrated. The core components
of the processor include a mode multiplexer, a multimode beam splitter,
a mode demultiplexer, a modulator array, and combiners. Efficient 4-level
modulation was achieved with the adoption of an off-chip light source and
PDs, with each level of the output signal encoding 2 bits of valuable infor-
mation. The utilization of MDM obviated the necessity for multiple laser
light sources and reduced both the system complexity and overall cost.
Lasers and detectors can be further integrated on the same chip, resulting
in a fully integrated on-chip optical matrix-vector multiplier. 

METHODS 

The proposed MDM-MVM was fabricated on an SOI platform with a 220-
nm-thick top silicon layer and a 2- µm-thick buried silicon dioxide layer.
248-nm DUV photolithography defines the patterns and inductively cou-
pled plasma reactive ion etching (ICP-RIE) was employed to form the sili-
con waveguides. Subsequently, a 1- µm thick silica thin film was deposited
as the upper cladding. After the deposition, 100-nm thick strip TiN mi-
cro heaters were fabricated on top of the heating arm waveguide. Finally,
aluminum was deposited and etched to form the metal wires and pads. 
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