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of signals received by a respective input spatial mode of a plurality of input spatial modes of 

the photonic processor; perform a plurality of operations on the first plurality of optical 

signals, the plurality of operations implementing a matrix multiplication of the input vector 

by a matrix; and output a second plurality of optical signals representing an output vector, 

each of the second plurality of signals transmitted by a respective output spatial mode of a 

plurality of output spatial modes of the photonic processor. The photonic processing system 

may also include an optical receiver configured to detect the second plurality of optical 

signals and output an electrical digital representation of the output vector. The optical 

encoder can be configured to: encode an absolute value of a vector component of the input 

vector into an amplitude of a respective optical signal of the first plurality of optical signals; 

and encode a phase of the vector component of the input vector into a phase of the respective 

optical signal of the first plurality of optical signals.  

In some embodiments, a photonic processing system is provided.  The photonic 

processing system can include: an optical encoder configured to encode an input vector into a 

first plurality of optical signals; a photonic processor configured to: receive the first plurality 

of optical signals, each of the first plurality of signals received by a respective input spatial 

mode of a plurality of input spatial modes of the photonic processor; perform a plurality of 

operations on the first plurality of optical signals, the plurality of operations implementing a 

matrix multiplication of the input vector by a matrix; and output a second plurality of optical 

signals representing an output vector, each of the second plurality of signals transmitted by a 

respective output spatial mode of a plurality of output spatial modes of the photonic 

processor; and an optical receiver configured to detect the second plurality of optical signals 

and output an electrical digital representation of the output vector; wherein the matrix is a 

first matrix and the photonic processing device further comprises a controller configured to 

control the photonic processing device to perform multiplication of a second matrix by the 

first matrix by: (a) determining a plurality of input vectors from each column of the second 

matrix; (b) selecting an input vector from the plurality of input vectors; (c) encoding the 

selected input vector into the first plurality of optical signals using the optical encoder; (d) 

performing the plurality of operations on the first plurality of optical signals associated with 

the first input vector; (e) detecting the second plurality of optical signals associated with the 

selected input vector; (f) storing digital detection results based on the detected second 

plurality of optical signals; (g) repeating acts (b)-(f) for the other input vectors of the plurality 

of input vectors; and (h) digitally combine the digital detection results to determine a 

resulting matrix resulting from the multiplication of the second matrix by the first matrix. 
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In some embodiments, a method of optically performing matrix-vector multiplication 

is provided. The method may include: receiving a digital representation of an input vector; 

encoding, using an optical encoder, the input vector into a first plurality of optical signals; 

performing, using a processor, a singular value decomposition (SVD) of a matrix to 

determine a first, second, and third SVD matrix; controlling photonic processor comprising a 

plurality of variable beam splitters (VBS) to optically implement the first, second, and third 

SVD matrix; propagating the first plurality of optical signals through the photonic processor; 

detecting a second plurality of optical signals received from the photonic processor; and 

determining an output vector based on the detected second plurality of optical signals, 

wherein the output vector represents a result of the matrix-vector multiplication. Encoding 

the input vector can include: encoding an absolute value of a vector component of the input 

vector into an amplitude of a respective optical signal of the first plurality of optical signals; 

and encoding a phase of the vector component of the input vector into a phase of the 

respective optical signal of the first plurality of optical signals.  

In some embodiments, a method of optically performing matrix-vector multiplication 

is provided. The method can include: receiving a digital representation of an input vector; 

encoding, using an optical encoder, the input vector into a first plurality of optical signals; 

performing, using a processor, a singular value decomposition (SVD) of a matrix to 

determine a first, second, and third SVD matrix; controlling a photonic processor comprising 

a plurality of variable beam splitters (VBS) to optically implement the first, second, and third 

SVD matrix; propagating the first plurality of optical signals through the photonic processor; 

detecting a second plurality of optical signals received from the photonic processor; and 

determining an output vector based on the detected second plurality of optical signals, 

wherein the output vector represents a result of the matrix-vector multiplication; wherein the 

matrix-vector multiplication is one of a plurality of matrix-vector multiplications performed 

to perform matrix-matrix multiplication, wherein the matrix is a first matrix and the matrix-

matrix multiplication comprises multiplication of a second matrix by the first matrix by, the 

method further comprising: (a) determining a plurality of input vectors from each column of 

the second matrix; (b) selecting an input vector from the plurality of input vectors; (c) 

encoding the selected input vector into the first plurality of optical signals using the optical 

encoder; (d) performing the plurality of operations on the first plurality of optical signals 

associated with the first input vector; (e) detecting the second plurality of optical signals 

associated with the selected input vector; (f) storing digital detection results based on the 

detected second plurality of optical signals; (g) repeating acts (b)-(f) for the other input 
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vectors of the plurality of input vectors; and (h) digitally combine the digital detection results 

to determine a resulting matrix resulting from the multiplication of the second matrix by the 

first matrix. 

The foregoing apparatus and method embodiments may be implemented with any 

suitable combination of aspects, features, and acts described above or in further detail below.  

These and other aspects, embodiments, and features of the present teachings can be more 

fully understood from the following description in conjunction with the accompanying 

drawings. 

 

BRIEF DESCRIPTION OF THE DRAWINGS 

Various aspects and embodiments of the application will be described with reference 

to the following figures. It should be appreciated that the figures are not necessarily drawn to 

scale.  Items appearing in multiple figures are indicated by the same reference number in all 

the figures in which they appear. 

FIG. 1-1 is a schematic diagram of a photonic processing system, in accordance with some 

non-limiting embodiments.  

FIG. 1-2 is a schematic diagram of an optical encoder, in accordance with some non-limiting 

embodiments.  
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CLAIMS 

What is claimed is: 

 

1. A photonic processing system comprising:  

an optical encoder configured to encode an input vector into a first plurality of optical 

signals;  

a photonic processor configured to:  

receive the first plurality of optical signals, each of the first plurality of signals 

received by a respective input spatial mode of a plurality of input spatial modes of the 

photonic processor;  

perform a plurality of operations on the first plurality of optical signals, the 

plurality of operations implementing a matrix multiplication of the input vector by a 

matrix; and  

output a second plurality of optical signals representing an output vector, each 

of the second plurality of signals transmitted by a respective output spatial mode of a 

plurality of output spatial modes of the photonic processor; and  

an optical receiver configured to detect the second plurality of optical signals and 

output an electrical digital representation of the output vector,  

wherein the optical encoder is configured to:  

encode an absolute value of a vector component of the input vector into an 

amplitude of a respective optical signal of the first plurality of optical signals; and  

encode a phase of the vector component of the input vector into a phase of the 

respective optical signal of the first plurality of optical signals. 

 

2. The photonic processing device of claim 1, wherein the optical receiver is configured to 

detect the second plurality of optical signals using phase sensitive detectors. 

 

3. The photonic processing device of claim 2, further comprising a light source configured to: 

provide first light to the optical encoder for use in encoding the first plurality of optical 

signals; and provide second light to the optical receiver for use as a local oscillator by the 

phase sensitive detectors, wherein: the local oscillator is phase coherent with each of the first 
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plurality of optical signals; and a first path length of the first plurality of optical signals from 

the light source to the optical receiver is substantially equal to a second path length of the 

local oscillator from the light source to the optical receiver. 

 

4. The photonic processing device of claim 1, wherein the matrix is an arbitrary unitary 

matrix. 

 

5. The photonic processing device of claim 1, further comprising: a plurality of frontends, 

wherein each of the plurality of frontends is associated with one input spatial mode of the 

plurality of input spatial modes of the photonic processor, wherein each of the plurality of 

frontends comprises: a plurality of optical encoders, each of the optical encoders configured 

to encode a respective component of an input vector into an optical signal, wherein each 

optical encoder is configured to output an optical signals of a wavelength different from 

wavelengths output by the other optical encoders; and an input wavelength division 

multiplexer (WDM) configured to receive each of the optical signals from each of the 

plurality of optical encoders in a separate spatial mode and output each of the optical signals 

in a single spatial mode connected to a respective input spatial mode of the plurality of input 

spatial modes of the photonic processor; and a plurality of backends, wherein each of the 

plurality of backends is associated with one output spatial mode of a plurality of output 

spatial modes of the photonic processor, wherein each of the plurality of backends comprises: 

an output wavelength division multiplexer (WDM) configured to receive optical signals of 

different wavelengths from a respective one of the plurality of output spatial modes of the 

photonic processor and output each of the optical signals of different wavelengths in a 

respective spatial mode of a plurality of output spatial modes of the WDM; and a plurality of 

optical receivers, each of the optical receivers configured to determine a respective 

component of an output vector by detecting a respective optical signal associated with a 

respective output spatial mode of the WDM. 

 

6. The photonic processing device of claim 1, wherein the photonic processor comprises: a 

first array of interconnected variable beam splitters (VBSs) comprising a first plurality of 

optical inputs corresponding to the first plurality of input spatial modes and a first plurality of 
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optical outputs; a second array of interconnected VBSs comprising a second plurality of 

optical inputs and a second plurality of optical outputs corresponding to the plurality of 

output spatial modes; and a plurality of controllable optical elements, each of the plurality of 

these controllable optical elements coupling a single one of the first plurality of optical 

outputs of the first array to a respective single one of the second plurality of optical inputs of 

the second array. 

 

7. The photonic processing device of claim 6, further comprising a controller configured to: 

perform a singular value decomposition (SVD) of the matrix to determine a first, second, and 

third SVD matrix; control the first plurality of interconnected VBSs to implement the first 

SVD matrix; control the second plurality of interconnected VBSs to implement the second 

SVD matrix; and control the plurality of controllable optical elements to implement the third 

SVD matrix, wherein the third SVD matrix is a diagonal matrix. 

 

8. The photonic processing device of claim 7, wherein the controller further comprises at 

least one digital-to-analog converter (DAC) to adjust one or more parameters of the first 

plurality of interconnected VBSs and the second plurality of interconnected VBSs. 

 

9. The photonic processing device of claim 8, wherein: each of the VBSs of the first plurality 

of interconnected VBSs and each of the VBSs of the second plurality of interconnected VBSs 

is associated with a respective address; and the at least one DAC includes a single DAC that 

controls a plurality of the VBSs of the first and/or second plurality of interconnected VBSs 

using the addresses. 

 

10. A photonic processing system comprising:  

an optical encoder configured to encode an input vector into a first plurality of optical 

signals;  

a photonic processor configured to:  

receive the first plurality of optical signals, each of the first plurality of signals 

received by a respective input spatial mode of a plurality of input spatial modes of the 

photonic processor;  



126 
 

perform a plurality of operations on the first plurality of optical signals, the 

plurality of operations implementing a matrix multiplication of the input vector by a 

matrix; and  

output a second plurality of optical signals representing an output vector, each 

of the second plurality of signals transmitted by a respective output spatial mode of a 

plurality of output spatial modes of the photonic processor; and  

an optical receiver configured to detect the second plurality of optical signals and 

output an electrical digital representation of the output vector;  

wherein the matrix is a first matrix and the photonic processing device further 

comprises a controller configured to control the photonic processing device to perform 

multiplication of a second matrix by the first matrix by:  

(a) determining a plurality of input vectors from each column of the second 

matrix;  

(b) selecting an input vector from the plurality of input vectors;  

(c) encoding the selected input vector into the first plurality of optical signals 

using the optical encoder;  

(d) performing the plurality of operations on the first plurality of optical 

signals associated with the first input vector;  

(e) detecting the second plurality of optical signals associated with the selected 

input vector;  

(f) storing digital detection results based on the detected second plurality of 

optical signals;  

(g) repeating acts (b)-(f) for the other input vectors of the plurality of input 

vectors; and  

(h) digitally combine the digital detection results to determine a resulting 

matrix resulting from the multiplication of the second matrix by the first matrix. 

 

11. The photonic processing device of claim 1, wherein the optical receiver comprises a low-

pass filter configured to perform an analog summation of multiple subsequent signals 

associated with each output spatial mode of the plurality of output spatial modes of the 

photonic processor. 



127 
 

 

12. A method of optically performing matrix-vector multiplication, the method comprising:  

receiving a digital representation of an input vector;  

encoding, using an optical encoder, the input vector into a first plurality of optical 

signals;  

performing, using a processor, a singular value decomposition (SVD) of a matrix to 

determine a first, second, and third SVD matrix;  

controlling a photonic processor comprising a plurality of variable beam splitters 

(VBS) to optically implement the first, second, and third SVD matrix;  

propagating the first plurality of optical signals through the photonic processor;  

detecting a second plurality of optical signals received from the photonic processor; 

and  

determining an output vector based on the detected second plurality of optical signals, 

wherein the output vector represents a result of the matrix-vector multiplication,  

wherein encoding the input vector comprises:  

encoding an absolute value of a vector component of the input vector into an 

amplitude of a respective optical signal of the first plurality of optical signals; and  

encoding a phase of the vector component of the input vector into a phase of 

the respective optical signal of the first plurality of optical signals. 

 

13. The method of claim 12, wherein the detecting of the second plurality of optical signals is 

performed using phase-sensitive detectors. 

 

14. The method of claim 13, further comprising: providing first light, from a light source, to 

the optical encoder for encoding the first plurality of optical signals; and providing second 

light, from the light source, to the phase-sensitive detectors, wherein the second light is used 

as a local oscillator by the phase-sensitive detectors. 

 

15. The method of claim 14, wherein: the local oscillator is phase coherent with each of the 

first plurality of optical signals; and a first path length of the first plurality of optical signals 
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from the light source to the phase-sensitive detectors is substantially equal to a second path 

length of the local oscillator from the light source to the phase-sensitive detectors. 

 

16. The method of claim 12, wherein the matrix is an arbitrary unitary matrix. 

 

17. The method of claim 12, further comprising performing multiple matrix-vector 

multiplications simultaneously using wavelength division multiplexing. 

 

18. The method of claim 17, wherein: the input vector is one of a plurality of input vectors: 

the method further comprises encoding each of the plurality of input vectors into a respective 

one of a first plurality of optical signal of a particular wavelength, wherein each wavelength 

associated with each one of the first plurality of optical signals is different from the other 

wavelengths of the other ones of the first plurality of optical signals. 

 

19. The method of claim 12, wherein the photonic processor comprises: a first array of 

interconnected variable beam splitters (VBSs) comprising a first plurality of optical inputs 

corresponding to the first plurality of input spatial modes and a first plurality of optical 

outputs; a second array of interconnected VBSs comprising a second plurality of optical 

inputs and a second plurality of optical outputs corresponding to the plurality of output spatial 

modes; and a plurality of controllable optical elements, each of the plurality of these 

controllable optical elements coupling a single one of the first plurality of optical outputs of 

the first array to a respective single one of the second plurality of optical inputs of the second 

array. 

 

20. The method of claim 19, wherein: the first plurality of interconnected VBSs implements 

the first SVD matrix; the second plurality of interconnected VBSs implements the second 

SVD matrix; and the plurality of controllable optical elements implements the third SVD 

matrix, wherein the third SVD matrix is a diagonal matrix. 

 

21. The method of claim 19, wherein: each of the VBSs of the first plurality of interconnected 

VBSs and each of the VBSs of the second plurality of interconnected VBSs is associated with 
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a respective address; and the VBSs of the first and/or second plurality are controlled by at 

least one digital to analog converter (DAC) that controls a plurality of the VBSs using the 

addresses. 

 

22. A method of optically performing matrix-vector multiplication, the method comprising:  

receiving a digital representation of an input vector;  

encoding, using an optical encoder, the input vector into a first plurality of optical 

signals;  

performing, using a processor, a singular value decomposition (SVD) of a matrix to 

determine a first, second, and third SVD matrix;  

controlling a photonic processor comprising a plurality of variable beam splitters 

(VBS) to optically implement the first, second, and third SVD matrix;  

propagating the first plurality of optical signals through the photonic processor;  

detecting a second plurality of optical signals received from the photonic processor; 

and  

determining an output vector based on the detected second plurality of optical signals, 

wherein the output vector represents a result of the matrix-vector multiplication;  

wherein the matrix-vector multiplication is one of a plurality of matrix-vector 

multiplications performed to perform matrix-matrix multiplication, wherein the matrix is a 

first matrix and the matrix-matrix multiplication comprises multiplication of a second matrix 

by the first matrix by, the method further comprising:  

(a) determining a plurality of input vectors from each column of the second 

matrix;  

(b) selecting an input vector from the plurality of input vectors;  

(c) encoding the selected input vector into the first plurality of optical signals 

using the optical encoder;  

(d) performing the plurality of operations on the first plurality of optical 

signals associated with the first input vector;  

(e) detecting the second plurality of optical signals associated with the selected 

input vector;  
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(f) storing digital detection results based on the detected second plurality of 

optical signals;  

(g) repeating acts (b)-(f) for the other input vectors of the plurality of input 

vectors; and  

(h) digitally combine the digital detection results to determine a resulting 

matrix resulting from the multiplication of the second matrix by the first matrix. 




