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BALANCED PHOTONIC ARCHITECTURES FOR MATRIX
COMPUTATIONS

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to and the benefit of U.S.
Provisional Application No. 63/199,286, filed on December 17, 2020; U.S.
Provisional Application No. 63/199,412, filed on December 23, 2020; and U.S.
Provisional Application No. 63/201,155, filed on April 15, 2021.

BACKGROUND

[0002] Photonic computing has emerged as a promising candidate for
sustaining computational advances as the growth in the computing performance
of conventional von Neumann architectures, previously characterized by
Moore’s and Koomey’s laws, has slowed down. Compared with electronic
computations, photonics offers the potential for speed increases and energy
savings; in fact, efforts to transfer computations from the electronic domain to
the optical (or, synonymously, photonic) domain are in no small part inspired by
the speed and energy benefits that photonics has already brought to the field of

telecommunications and data communications.

BRIEF DESCRIPTION OF THE DRAWINGS

[0003] Described herein are beneficial photonic architectures for matrix
multiplications, along with implementations of photonic components utilized in
and photonic-electronic computing systems incorporating such architectures.
Various example embodiments are described with reference to the
accompanying drawings.

[0004] FIG. 1A depicts an example photonic circuit for the scalar
multiplication of two two-component vectors, illustrating the principle of
photonic computation in accordance with various embodiments.

[0005] FIG. 1B depicts the example photonic circuit of FIG. 1A along
with associated electronics for signal conversion between the photonic and
electronic domains, illustrating the principle of data flow in accordance with

various embodiments.
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[0006] FIG. 2 depicts an example photonic circuit for the scalar
multiplication of two four-component vectors, illustrating a front-end optical
splitter and back-end optical combiner as used in accordance with various
embodiments.

[0007] FIG. 3 depicts an example crossbar photonic circuit for
multiplying a vector with a matrix, characterized by a two-dimensional (2D)
matrix layout in accordance with various embodiments.

[0008] FIG. 4A depicts an example crossbar photonic circuit having the
layout of the circuit of FIG. 3, augmented with dummy waveguide crossings for
power and/or delay balancing in accordance with various embodiments.

[0009] FIG. 4B depicts an example crossbar photonic circuit with
dummy waveguide crossings as shown in FIG. 4A for a 4x4 matrix.

[0010] FIG. 5 depicts an example crossbar photonic circuit for
multiplying a vector with a matrix, characterized by 2D matrix layout with a
reduced number of waveguide crossings, in accordance with various
embodiments.

[0011] FIG. 6A depicts an example crossbar photonic circuit having the
layout of the circuit of FIG. 5, augmented with dummy waveguide crossings for
power and/or delay balancing in accordance with various embodiments.

[0012] FIG. 6B depicts an example crossbar photonic circuit with
dummy waveguide crossings as shown in FIG. 6A for a 8<5 matrix.

[0013] FIGS. 7A-7C depict example photonic circuits for multiplying a
vector by a matrix, characterized by one-dimensional (1D) matrix layouts with
geometrically delay-matched optical paths in accordance with various
embodiments.

[0014] FIG. 7D illustrates sub-units of the photonic circuit of FIG. 7A, as
can be replicated to scale the circuit to larger vectors and matrices, in accordance
with various embodiments.

[0015] FIG. 8A depicts an example photonic circuit for multiplying a
vector by a matrix, characterized by a 2D matrix layout with geometrically
delay-matched optical paths in accordance with various embodiments.

[0016] FIG. 8B illustrates sub-units of the photonic circuit of FIG. 8A, as
can be replicated to scale the circuit to larger vectors and matrices, in accordance

with various embodiments.
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[0017] FIG. 9 depicts an example photonic circuit for multiplying two
matrices with each other, using wavelength-divisional multiplexing in
accordance with various embodiments.

[0018] FIG. 10 illustrates the implementation of an optical amplitude
modulator as an electro-absorption modulator (EAM), in accordance with
various embodiments.

[0019] FIG. 11 illustrates the implementation of an optical amplitude
modulator as an electro-optic ring modulator, in accordance with various
embodiments.

[0020] FIG. 12 illustrates the implementation of an optical amplitude
modulator as a Mach-Zehnder modulator including an electronically controlled
amplitude modulator device, in accordance with various embodiments.

[0021] FIG. 13 illustrates the implementation of an optical amplitude
modulator as a Mach-Zehnder modulator including an electronically controlled
phase modulator device, in accordance with various embodiments.

[0022] FIGS. 14A-14C illustrate various drivers as may be used with the
electronically driven optical amplitude modulators of FIGS. 10-13, in
accordance with various embodiments.

[0023] FIG. 15A illustrates the implementation of an optical amplitude
modulator as a Mach-Zehnder modulator with differentially driven optical
amplitude modulator devices, in accordance with various embodiments.

[0024] FIG. 15B depicts a cascade of two Mach-Zehnder modulators
with differentially driven optical amplitude modulator devices, as may used to
implement signed multiplication in accordance with various embodiments.
[0025] FIG. 16 shows example simulation result comparing the electro-
optical responses of a Mach-Zehnder modulator with differentially driven optical
amplitude modulator devices as shown in FIG. 15 and of a single-drive EAM as
shown in FIG. 10.

[0026] FIG. 17 illustrates the implementation of an optical amplitude
modulator as a Mach-Zehnder modulator with differentially driven optical phase
modulation devices, in accordance with various embodiments.

[0027] FIGS. 18A and 18B illustrate various differential drive schemes
as may be used with the Mach-Zehnder modulators of FIGS. 15 and 17, in

accordance with various embodiments.
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[0028] FIG. 19 conceptually illustrates the data flow, in an optical
amplitude modulator in accordance with various embodiments, from an analog
value to a drive voltage, and then from the drive voltage to the optical output
amplitude.

[0029] FIGS. 20A-20C show the transfer functions between analog value
and drive voltage, between drive voltage and optical amplitude, and between
analog value and optical amplitude, respectively, for the case where the mapping
between analog value and drive voltage is the inverse of the transfer function
between drive voltage and amplitude, and for comparison for the case of a linear
mapping between analog value and drive voltage, in accordance with various
embodiments.

[0030] FIG. 21 illustrates the implementation of an optical receiver as a
photodetector in a direct detection scheme, in accordance with various
embodiments.

[0031] FIGS. 22A and 22B illustrate the implementation of coherent
optical receivers, in accordance with various embodiments.

[0032] FIG. 23 is a flow chart of an example method for optically
performing scalar vector and matrix multiplications, in accordance with various
embodiments.

[0033] FIGA. 24A and 24B are schematic side and top views,
respectively, illustrating an example hybrid photonic-electronic computing

system in accordance with various embodiments.

DETAILED DESCRIPTION

[0034] Presented herein are coherent photonic circuit architectures for
performing multiply-accumulate (MAC) operations as occur in matrix
multiplications. In general, these architectures employ two stages of
electronically controlled optical modulator cells, each including an optical
amplitude modulator and/or an optical phase shifter, that sequentially encode the
components of one or more first vectors, herein also referred to as “input
vectors,” and one or more second vectors, herein also referred to as “weight
vectors,” onto the optical fields of coherent optical carrier signals, thereby
achieving the multiply operation between the vector components. The twice-

modulated light is thereafter coherently combined to accumulate the component
4
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products for each pair of vectors, and the resulting optical output signals, which
each represent a scalar product, or dot product, between two vectors, are
measured by optical receivers that convert the optical output signals into
electronic output signals.

[0035] With a single first vector and a single second vector, implemented
by the first and second stage of optical modulator cells, respectively, the
photonic circuit computes the scalar product, or dot product, between the two
vectors. With a single first vector and multiple second vectors, the latter
implemented by multiple respective sets of second-stage optical modulator cells,
the photonic circuit computes the product of the first vector and a matrix whose
rows or columns are the second vectors (depending on whether the matrix is
multiplied from the left or right of the vector); that product is itself a vector,
composed of the scalar products between the first vector and each of the second
vectors. With multiple first vectors (e.g., implemented by wavelength-division-
multiplexed optical modulator cells in the first stage) and multiple second
vectors, the photonic circuit computes the product of a first matrix composed of
the first vectors and a second matrix composed of the second vectors, which is
itself a matrix. Depending on the particular implementation of the optical
modulator cells, the photonic circuit can be configured, via the electronic drive
signals controlling the optical modulator cells, to implement any arbitrary
positive real-valued, signed real-valued, or complex-valued vectors and
matrices. Photonic computations of products between vectors and matrices as
disclosed herein may find application, e.g., in photonic-circuit implementations
of artificial neural networks, optical beamforming networks, or linear quantum
optical processors, among other applications.

[0036] In the described photonic circuits, coherent carrier light received
at a single optical input of the photonic circuit is split into multiple carrier
signals that travel along and are modulated in multiple optical paths before being
recombined into one or more optical output signals. To ensure the proper
coherent combination of the modulated optical signals flowing into each optical
output signal, the respective optical paths from the optical input to the optical
outputs are matched in their optical delays and balanced in optical power (or,
equivalently, optical losses). In the disclosed embodiments, power balancing

across the paths associated with each optical output is achieved with a front-end
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optical splitter configured to split the incoming carrier light evenly into the
optical carrier signals corresponding to the multiple vector components, meaning
that the optical carrier signals are all equal in optical power, and a back-end
optical combiner that recombines the (twice) modulated optical signals likewise
evenly, such that the relative contributions of the modulated optical signal to the
optical power in the combined signal are equal to the relative optical power of
the modulated optical signals prior to the recombination (e.g., in the case of
transparently operated optical modulators, the optical carrier signals are
recombined in equal power ratios). Such optical splitters and optical combiners
are herein also described as splitting or recombining light with “uniform power
coupling ratios.” In some embodiments, uniform power coupling ratios are
achieved with a symmetric cascade of two-way 3dB couplers arranged at
Junctions of a waveguide tree (herein also a binary “tree-coupler”), which allows
splitting light into or recombining light across N = 2™ optical signals in n
stages. In other embodiments, a single N-way coupler or multiple stages of
multi-way couplers that collective achieve an N-way split are used.

[0037] In various embodiments, the photonic circuit is further configured
to achieve power balancing across all optical output combiners and associated
optical outputs, and thus across all paths from the optical input to the optical
outputs, to achieve fidelity of the optical signals to the mathematical operation
they represent, e.g., to ensure that the optical signal amplitudes of the modulated
light in different paths properly reflect the magnitudes of the respective vector
components. With a front-end optical splitter and back-end optical combiners
characterized by uniform power coupling ratios, power balancing across the
different back-end optical combiners, corresponding to different second vectors,
generally involves splitting the modulated optical signals leaving the first stage
of optical modulator cells, where the input vector is imparted, evenly between
paths delivering the light to the different sets of second-stage optical modulator
cells. For this purpose, the waveguide structures that route light from the first-
stage optical modulator cell to the second-stage optical modulator cells are each
configured, in some embodiments, similarly to the front-end optical splitter, as a
tree coupler, e.g., with a symmetric cascade of 3dB couplers, or alternatively
another symmetric staged coupler or N-way coupler. In other embodiments, the
waveguide structures for routing light from the first stage to the second stage of

6
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optical modulator cells each include a main waveguide and, along that
waveguide, a series of optical couplers of generally non-uniform power coupling
ratios that sequentially couple power fractions of the first modulated signals out
of the waveguide for delivery to respective second optical modulator cells, with
power fractions sequentially increasing in proportions that achieve the desired
even power splitting between the different sets of second optical modulator cells.
[0038] In various embodiments, the optical paths between the optical
input and the optical outputs are matched in their optical delays not only over the
full length, but separately within the front-end optical splitter, the waveguide
structures between the first and second stages of optical modulator cells, and the
back-end optical combiners. That is, the photonic circuit features a common
optical delay along all optical paths from the optical input to any of the first
optical modulator cells (herein also “first paths”), a common optical delay along
all paths between a first optical modulator cell and a second optical modulator
cell (herein also “second paths™), and a common optical delay along all paths
between any of the second optical modulator cell and the respective optical
receiver (herein also “third paths”). Such segment-wise delay-matching, beyond
ensuring proper coherent combination, also facilitates the simultaneous, clocked
operation of the optical modulator cells in each of the two stages. For arbitrary
photonic circuit layouts, any optical propagation delay differences between paths
due to different geometric lengths can generally be compensated for by inserting
optical delay lines of suitable length in one or more of the paths. In some of the
embodiments disclosed here, propagation delay matching is instead achieved
with circuit layouts, and particularly waveguide layouts, in which all waveguides
within a set of delay-matched paths (e.g., the above-defined first paths, second
paths, and third paths) are of the same geometric length, herein also referred to
as “geometrically delay-matched.” In either case, to compensate for any delay
mismatch on a finer scale than what a delay line can accomplish (e.g., on the
order of a wavelength), the circuit may additionally include dedicated phase
shifters, or utilize phase shifters otherwise included in the circuit (e.g., as part of
the optical modulator cells) to perform the delay fine-tuning.

[0039] The various disclosed photonic circuit layouts generally include
waveguide crossings between the waveguide structures that route light from the

first stage to the second stage of optical modulator cells and the back-end optical
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combiners, or between different back-end optical combiners. Such waveguide
crossing can introduce passive optical losses and/or optical delays. To balance
optical losses, and thus optical output power, across all paths despite such lossy
waveguide crossings, the photonic circuit includes, in various embodiments,
“dummy waveguide crossings” to balance the sum of waveguide crossings and
dummy waveguide crossings across all paths. Similarly, in various
embodiments, “dummy phase shifters” are included to balance out, across paths,
losses and delays incurred by other phase shifters in the circuit. The dummy
waveguide crossings and phase shifters have no function other than to mirror the
losses and delays associated with their functional counterparts.

[0040] The foregoing non-exhaustive summary of various aspects of the
disclosed subject matter will become clearer from the following description of
example photonic circuit architectures and photonic circuit component
implementations. Throughout the accompanying drawings, photonic devices
such as optical amplitude modulators and phase shifters (e.g., as used in the
optical modulator cells), optical receivers, and optical couplers are each
consistently depicted using the same symbol, but it is to be understood that these
circuit components can generally be implemented in various ways. For example,
each amplitude modulator may be implemented as a single electronically driven
optical device such as, e.g., an EAM or ring modulator, or a compound device
such as Mach-Zehnder modulator including an amplitude or phase modulator in
one interferometer arm or a differentially driven pair of amplitude or phase
modulators. In some embodiments, the amplitude modulators impart only the
absolute value of a vector component, with the sign being encoded separately
(e.g., by a phase shifter that can be set to zero for plus or to  for minus); in
other embodiments, the amplitude modulators can be complex devices that
encode the signed values directly. An optical receiver may be implemented,
e.g., as a photodetector with a single input, or as a coherent receiver with
multiple photodetectors and multiple input ports. The 3dB couplers may be
implemented as 1x2 couplers (e.g., simple binary waveguide junctions), or
alternatively as 2x2 couplers such as 2x2 multi-mode interferometers (MMIs),
2x2 directional couplers, or even multi-stage 2x2 couplers. An optical phase
shifter may be implemented as an active tuning device such as a thermal phase
tuner or electro-optic phase tuner, or, in some cases, by a passive design such as

8
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a waveguide or metal stress that achieves a fixed phase shift. Beneficial
implementations of each device can be selected by a person of skill in the art
based on considerations involving, e.g., component size and spatial constraints,

accuracy, power requirements, optical losses, etc.

Photonic circuit architectures

[0041] FIG. 1A depicts an example photonic circuit 100 for the scalar
multiplication of two two-component vectors, illustrating the principle of
photonic computation in accordance with various embodiments. At the input,
coherent carrier light with input amplitude Ej, is split by a 3dB coupler 102
between two paths 104, 106. Each path 104, 106 includes a first amplitude
modulator 108 to encode the absolute value (i.e., magnitude) of a component of
the first vector, i.e., the, input vector [X]7 = [x,, x,], and a second amplitude
modulator 110 to encode the absolute value of a corresponding component of the
second vector, i.e., the weight vector [W]T = [wy, w,]. (The phrase
“corresponding components” herein references components of two vectors that
share a common index. For example, in path 104, the first amplitude modulator
108 encodes the magnitude of the first component w; of the input vector and the
second amplitude modulator 110 encodes the magnitude of the first component
w; of the weight vector.) In the depicted embodiment, each path 104, 106
further includes a phase shifter 112. The phase shifter 112 in each path may be
used to encode, by a phase shift of 0 or &, the combined sign of the respective
input and weight, which is positive if the input x; and weight w; (i = 1,2) are
either both positive or both negative, and is otherwise negative. Alternatively,
for complex-valued inputs x; and weights w;, the phase shifter 112 in each path
may be used to encode the combined complex phases ¢;. The modulated light
in the two paths 104, 106 is then combined at the output by another 3dB coupler
114. Photonic circuit 100 implements a two-way split and recombination of
light, and as such constitutes a Mach-Zehnder interferometer (MZI).

[0042] The combination of the modulated optical signals by coupler 114
results, at the output of the MZI, in the following optical output field (where the

factor ' is included to satisfy energy conservation):
1 . .
Eour = 5 (Il lwa e/ + g [w|e/#2) B
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If the phase shifters 112 are tuned such that ¢, — ¢, = 2mrm, where m is an

integer, the output field becomes:

Eoue =5 (eallWal + [l W) Ene/#) =3 (bl el + o lwaD) Efy
Note that, since only the relative phase shift ¢; — ¢, is relevant here, it is in
principle possible to omit one of the two phase shifters 112, retaining a phase
shifter in only one arm.

[0043] As can be seen, the photonic circuit 100 performs the operation
x,wy + x,w,, which is a MAC operation including two multiplications and one
addition. Since x; and w; are analog numbers, the computation is a photonic
analog computation. Photonic circuit 100, thus, constitutes a simple photonic
compute unit. For purposes of later generalization to multiple input and/or
weight vectors, the above MAC operation can also be written in matrix form:
%l )] = w1 = v,
where [X]7 is a one-dimensional input matrix (equivalent with the input vector),
[W] is a one-dimensional weight matrix (equivalent with the weight vector), and
[Y] is a zero-dimensional output matrix (corresponding to the scalar product of
the two vectors). (The term “matrix” is, in this context, used broadly to refer to
both two-dimensional and one-dimensional arrays of numbers, and even a “zero-
dimensional” array, which is an individual number.) Further, referring to a one-
dimensional array as a vector, and denoting a matrix computation operator as
‘@’ , the above MAC computation can be categorized as a 2x1 vector@vector
operation since it has two inputs and one output.
[0044] FIG. 1B depicts the example photonic circuit of FIG. 1A along
with associated electronics for signal conversion between the photonic and
electronic domains, illustrating the principle of data flow in accordance with
various embodiments. Each of the optical amplitude modulators 108, 110 and
phase shifters 112 is controlled by an electrical drive voltage (or, alternatively,
drive current) generated by a respective digital-to-analog converter (DAC)
and/or driver, collectively DAC/driver 120, from a corresponding digital input
signal 122 supplied to the DAC/driver 120. As optical signals pass through the
photonic circuit 100, they are modulated in accordance with these electrical
drive voltages, and thus in accordance with the input signals 122. At the output

of the photonic circuit 100, an optical receiver 124, such as, e.g., a
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photodetector, converts the optical output signal, whose optical field is the
coherent sum of the twice-modulated signals encoding the weighted sum of
inputs, into an electronic output signal 126, which, after optional amplification,
e.g., by a transimpedance amplifier (TIA) 128, is decoded by an analog-to-
digital converter (ADC) 130 into a digital output signal 132. In conjunction with
proper mapping in the electronics associated with the photonic devices (e.g.,
modulators and photodetectors), photonic circuit 100 enables performing analog
computations.

[0045] FIG. 2 depicts an example photonic circuit 200 for the scalar
multiplication of two four-component vectors, illustrating a front-end optical
splitter 210 and back-end optical combiner 220 as used in accordance with
various embodiments. To facilitate the 4x1 vector@vector operation, the front-
end optical splitter 210 is configured to split incoming coherent light evenly
between four paths 230, 232, 234, 236. Similarly to the two paths in photonic
circuit 100, each of the four paths 230, 232, 234, 236 in circuit 200 includes a
first amplitude modulator 108 to impart the magnitude of a respective
component of the input vector and a second amplitude modulator 110 to impart
the magnitude of a corresponding component of the weight vector onto the
optical signal, as well as a phase shifter 112 to encode the combined sign or
complex phase. The modulated light is coherently combined across all four
paths 230, 232, 234, 236 by the optical combiner 220.

[0046] Uniform power coupling ratios in the optical splitter 210 and the
optical combiner 220 are achieved, in this example, with a cascade of 3dB
couplers each splitting incoming light 50:50 between two outgoing branches or
combining light of two incoming branches in equal amounts into one outgoing
signal. (It is to be understood that, in any real-world implementation, a coupler
that is designed to provide 50:50 coupling may come with a slight imbalance,
such as 45:55 or 52:48; such a coupler will still be deemed to be and referred to
as a “3dB” coupler if the imbalance is within tolerable limits for the particular
application.) In the optical splitter 210, the incoming carrier light is split twice
successively in two cascaded stages of 3dB couplers 240, 242: the first coupler
240 splits the light between two paths, and a second coupler 242 in each path
splits the light again between two paths, for a total of optical carrier signals in

the four optical paths 230, 232, 234, 236. In the optical combiner, the four
11
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modulated signals are combined by two cascaded stages of 3dB couplers 254,
256: at the first stage, two couplers 254 combine light from two paths each, and
coupler 268 at the second stage further combines the combined light exiting the
first stage. The optical splitter 210, including the two stages of couplers 240,
242 along with the waveguides connecting them to each other and to the first
amplitude modulators 108, forms a symmetric binary waveguide tree, or
symmetric binary “tree coupler.” Similarly, the optical combiner, including the
two stages of couplers 254, 256 along with the waveguides connecting them to
each other and to the outputs of the phase shifters 112, forms a symmetric binary
inverse waveguide tree (the term “inverse” reflecting that, in the direction of
light propagation, the branches of the tree combine rather than branching out at
the nodes where the couplers are), or symmetric binary inverse tree coupler.
Note that, although depicted as distinct photonic components 240, 242, 254, 256,
the 3dB couplers may be implemented, in some embodiments, simply as Y-
junctions of the waveguide tree.

[0047] As will be readily appreciated by those of ordinary skill in the art,
the front-end optical splitter 210 and back-end optical combiner 220 can be
straightforwardly extended to vector multiplications for higher-dimensional
vectors (including more than four components) by adding further coupling stages
in the splitter 210 and combiner 220, or, put differently, adding further levels to
the respective waveguide trees. To achieve uniform power coupling, the
waveguides are symmetric in the sense that, in each stage, each of the branches
(as opposed to just a subset of the branches) bifurcates. Due to this symmetric
cascaded binary structure, the number of optical signals into which the carrier
light is split or that are recombined into one output, and thus the dimensionality
of the input and weight vectors, will generally be a power of two by design.
That is, with n stages of 3dB couplers, the light is split into 2™ optical signals
onto which a 2™-dimensional vector can be encoded. However, arbitrary
numbers of vector components can readily be implemented by driving the
optical amplitudes of any unwanted components to zero. (For example, tree-
component vectors can be multiplied using the circuit 200 with an amplitude in
the fourth branch 236 set to zero.)

[0048] Further, as noted above, the front-end optical splitter and back-
end optical combiners can also be implemented using m-way couplers, with

12
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m # 2 in one or more stages. For example, a three-way coupler in the first stage
can be combined with three two-way (3dB) couplers in the second stage for a
total of six optical signals. To achieve power balancing across the resulting
paths, given couplers that individually provide uniform power coupling ratios,
the type of coupler used within each stage is the same for all incoming branches
at this stage. Thus, the optical splitter and combiner still take the form of
symmetric (albeit generally not binary optical waveguide trees. Furthermore, in
some embodiments, the front-end optical splitter and back-end optical combiner
may be implemented with cascades of couplers of variable power coupling
ratios, allowing the power splits to be tunes as a parameter. Variable couplers
may be achieved, for instance, with Mach-Zehnder interferometers including
thermo-optically or electro-optically tunable phase shifters in one of their
interferometer arms.
[0049] Moving now from photonic circuits for vector@vector operations
to circuits for vector@matrix operations, various coherent, interferometric
circuit architectures that include multiple sets of second optical modulator cells
for encoding multiple second vectors, or weight vectors, that collectively
constitute a weight matrix will now be described. Multiplications of an input
vector with a weight matrix are commonly used, for example, to implement
artificial neural network layers.
[0050] FIG. 3 depicts an example crossbar photonic circuit 300 for
multiplying a vector with a matrix, characterized by a two-dimensional (2D)
matrix layout in accordance with various embodiments. In a crossbar layout, the
second optical modulator cells 302 are arranged in a rectangular array of N rows
and M columns, mirroring the rows and columns of the represented weight
matrix [W] itself. Herein, N corresponds to the dimensionality of the second
vectors, and M to the number of second vectors in the matrix. Thus, each set of
second optical modulator cells 302 collectively implementing one of the M
second vectors is arranged along one of the M columns, and each row includes
second optical modulator cells 302 of corresponding components (e.g., the first
row includes the first components) of all M second vectors. The first optical
modulator cells, which impart the N components of the input vector [X], are
arranged in an additional column 304 preceding the array of second optical
modulator cells. Note that, in this arrangement of vector components and second
13
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vectors along different dimensions, the designation of “rows” and “columns” is
arbitrary and could be switched.
[0051] In the depicted example, as in subsequently described figures,
each first optical modulator cell includes an optical amplitude modulator 108
5  that can impart a real-valued input vector component (or the magnitude of a
complex-valued input vector component), and each second optical modulator
cell 302 includes both an optical amplitude modulator 110 and an associated
phase shifter 112 that can collectively implement a complex-valued or signed
weight (where the complex phase or sign may implement the combined phases
10  or signs of the inputs and weights). However, in other embodiments, the first
optical modulator cells may likewise include phase shifters, allowing complex
phases or signs to be encoded separately for the inputs and weights. Conversely,
in some embodiments, the second optical modulator cells 302 may omit the
phase shifters, limiting the imparted weights to positive real values, or in certain
15 signed amplitude-modulator embodiments, to signed real values.
[0052] The column of first optical modulator cells, 304, receives its
optical carrier signals from a front-end optical splitter 306, which, as shown,
may be implemented by a symmetric binary optical waveguide tree including a
staged cascade of 3dB couplers, as described with respect to FIG. 2. The first
20 modulated optical signals output by the first optical modulator cells 304 are then
each routed by a horizontal waveguide 308 arranged along the respective row to
corresponding second optical modulator cells 302 of all M columns in the array.
A series of M — 1 optical couplers 310 in each horizontal waveguide 308
sequentially couple fractions of the modulated signal carried in the waveguide
25 308 into the second optical modulator cells with coupling ratios &2: t? (i =
1...(M — 1)), where £? and t? represent the proportions of optical power
coupled out of the waveguide 308 into the i-th column of second optical
modulator cells (which impart the weights) and transmitted along the waveguide
308, respectively. The optical couples 310 are herein also referred to as “weight
30 couplers.” Collectively, the horizontal waveguide 308, the weight couplers 310
along its path, and waveguide sections from the optical couplers to the inputs of
the second optical modulator cells form what is herein also called the
“waveguide structure routing the first modulated optical signals to the second

optical modulator cells.”
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[0053] In each column, the second modulated optical signals output by
the second optical modulator cells 302 are recombined across all rows
(corresponding to all vector components) by a respective back-end optical
combiner 312, which, as shown, may be implemented by a symmetric binary
inverse optical waveguide tree including a staged cascade of 3dB couplers, as
described with respect to FIG. 2. Optical receivers 124 at the outputs of the
back-end optical combiners 312, forming a separate row below the array,
measure the combined optical output signals, corresponding to the components
of output vector [Y]. In some embodiments, the optical receivers are
immediately preceded by optical attenuators or amplifier that can be set to
compensate for any power imbalance between the columns to restore the fidelity
of the photonic circuit.

[0054] As shown, the cascaded 3dB couplers may all be located, and the
second modulated optical signals may accordingly all be combined, at the
bottom of the array of optical modulator cells, after the second modulated optical
signals have been routed there from the outputs of the second optical modulator
cells 302 by vertical waveguides (forming part of the optical combiners 312) that
cross the horizontal waveguides 308 along which the first modulated signals
travel. Reflecting these waveguide crossings 314 (which may be implemented,
e.g., a cross state operating switches or common crossings), the depicted
configuration of second optical modulator cells, waveguide structures routing the
first modulated optical signals to the second optical modulator cells, and back-
end optical combiners is collectively herein also referred to as a photonic
crossbar.

[0055] The computation optically implemented by the photonic circuit
300 can, in matrix form (without loss of generality multiplying the matrix from

the right to match the circuit layout), be written as follows:

Wqq Wio . Wiy
Wa1 Wz .. Wiy

[¥1 X2 . Xn]| r S l=Dr Y2 o YM]
Wn1 Wy2 . Wpyy

For each column, the amplitude of light entering the receiver can be written as:
N

Vi = in Wij

i=0
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[0056] To balance column-wise power across all optical receivers 124,
the coupling ratios in the couplers along the horizontal waveguides may be

chosen such that the following relations hold:

(&(ELL)) #coll

= (6.6,(E13,)) #col2

= (it &(EL3)) #col3

= tity - ty—2ém—1(ELYY) #col(M — 1)
=tyty byt (ELM™1) #col(M)

Herein, EL,, is the excess loss associated with each of the weight couplers 310
(presumed to be the same for all couplers 310), that is, the in practice usually
inevitable loss going beyond any loss deliberately imposed to impart the weight
vector components. As the first modulated signal travel long the horizontal
waveguides 308, they go through on weight coupler from each column to the
next, such that the losses EL,, generally accumulate. Note, however, that the
number of weight couplers 310 encountered is the same along the paths to the
last and second-to-last columns. Further, since optical power is split by each
weight coupler 310 between two paths (towards a corresponding second optical
modulator cell or further along the horizontal waveguide 308), we know that

fiz + tjz = 1forall j = 1...M. From this relation, in conjunction with the above

power-balancing condition, we can derive, for the last two columns (#col(M —
1) and #col(M)):

52 — ¢2 _1
M-1 — *M—-1 — 2°
and then reverse-iterate to obtain:

52 _ slg‘*'lEL‘%V
j — 1£2 g2
I 1+ EL

forjin[1,M —2].

[0057] As noted above, when light passes through passive optical
components, such as couplers and waveguide crossings, energy is lost. If there
are different numbers of couplers or crossings along different optical paths, the
power at the optical receivers may be different as a result. Additionally, the
passive components may introduce optical delays. In order to improve the
accuracy of photonic computation, passive losses and delays can be balanced by
placing dummy components, such as dummy waveguide crossings, in proper

places. Note that the dummy crossings will generally not introduce crosstalk,
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but merely loss and delay to balance total losses and delays between the different
paths.

[0058] FIG. 4A depicts an example crossbar photonic circuit 400 having
the layout of the circuit of FIG. 3, augmented with dummy waveguide crossings
for power and/or delay balancing in accordance with various embodiments.
Further, FIG. 4B depicts an example crossbar photonic circuit 401 with dummy
waveguide crossings as shown in FIG. 4A for a 4x4 matrix. Note that FIG. 4B
shows individual dummy waveguide crossings 402, each similar in type and thus
incurred loss and delay to any of the actual waveguide crossings 314 (except
that, in two places, a notation “6x” or “3x” is used to indicate that there are six
or three such dummy waveguide crossings, respectively), whereas FIG. 4A
shows placeholders 404 that each stand for one or more dummy waveguide
crossings.

[0059] As can be seen, the number of actual waveguide crossings 314
encountered by the modulated optical signals increases within each column from
top to bottom, and between columns from left to right. For example, in column
1 of photonic circuit 401, the vertical waveguide from the output of the optical
modulator cell 302 in the first row crosses three horizontal waveguides 308, the
vertical waveguide from the output of the optical modulator cell 302 in the
second row crosses two horizontal waveguides 308; the vertical waveguide from
the output of the optical modulator cell 302 in the third row crosses one
horizontal waveguide 308, and the vertical waveguide from the output of the
optical modulator cell 302 in the fourth and last row crosses no waveguide at all,
before reaching the cascaded 3dB couplers at the bottom. To balance waveguide
crossings across the paths in this column, therefore, one dummy crossing is
added to the vertical waveguide coming from the second row, two dummy
crossing are added to the vertical waveguide coming from the third row, and
three dummy crossings are added to the vertical waveguide coming from the
fourth row. Further, comparing actual waveguide crossings in the horizontal
waveguides 308 that route light from the first to the second optical modulator
cells, additional waveguide crossings are encountered from each column to the
next, increasing in number towards the bottom of the crossbar. Thus, between
the modulated optical signals arriving at the fourth column, for instance, the

signal traveling along the fourth row has encountered nine waveguide crossings,
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but the signal traveling along the first row has encountered none. Nine dummy
crossings 402 are therefore added to the first row. With the dummy waveguide
crossings 402 added in the horizontal waveguides 308 and the vertical paths of
the optical combiners 312, power is balanced across paths within each optical
combiner, but not yet across optical combiners. Additional dummy crossings
402 are therefore added at the outputs of the optical combiners 312, preceding
the optical receivers 124, which achieves sums of actual and dummy waveguide
crossings 314, 402 that are equal across all paths (with nine waveguide crossings
per path in the depicted example). In general, there is a high degree of flexibility
where along the waveguides between the first and second optical modulator cells
and the waveguides of the optical output combiners the dummy crossings 402
are placed. In various embodiments, dummy crossings 402 are spatially grouped
together where possible, which can simplify manufacturing.

[0060] The optical field amplitude of the optical output signal at each
column of a photonic circuit 400 with dummy waveguide crossings as shown in

FIG. 4A (and for N = M = 4 in FIG. 4B) can be calculated according to:
Eoue = ((ak)(§1)Ei) (E chlogz(zv)) ( EIM-1E LECN—l)(M—l))’

where a and k are the amplitude losses associated with the first optical
modulator cell (input modulator) and second optical modulator cell (weight
modulator), respectively, &; is the coupling ratio of the weight coupler in the first
column, and EL, EL,,, and EL, are excess losses of the 3dB coupler, weight
coupler, and waveguide crossing, respectively. The resulting insertion loss can

be written as:
IL = —20logy, ((ak{"’l) (L3 ™) (EL%‘lELECN_l)(M_l)»_

[0061] While circuits 300, 400, 401 all utilize front-end optical splitters
and back-end optical combiners constructed from cascades of 3dB couplers, the
described crossbar architecture can also be used, as will be readily appreciated
by those of ordinary skill in the art, in conjunction with other splitters and
combiners of uniform power coupling ratios, including, e.g., from a 1xN (or N
x1) coupler, or multiple stages of couplers at least one of which is not a 1x2
(2x1) coupler (collectively forming a tree coupler). The optical field amplitude

of the output signal for this more general case is given by:
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Eoue = (@) (§1)Ein) (ELerow) (LY ELE VM),
where E'L. 14, means the total loss of row-wise split and combine couplers. The

corresponding insertion loss is:
IL = —201log;, ((akfl)(E]_,C,mw)(EL{\A/I/—1EL§{N—1)(M—1)))

Further, the couplers in the front-end optical splitter and back-end optical
combiners, as well as in the weight couplers, may be variable couplers with
tunable power coupling ratios. The flexibility provide by variable couplers can
be beneficial, for example, for sparse matrix implementations or, more generally,
implementations of matrices that include one or more weights equal to zero.
With fixed coupling ratios of static optical couplers, such matrix
implementations would suffer potentially large excessive insertion losses, as the
fraction of the power directed to the zero weights would contribute zero power
to the optical output signals. With variable couplers, the coupling ratios could
be adjusted to instead evenly distribute the optical power of the incoming signal
among only the non-zero weights.

[0062] FIG. 5 depicts an example crossbar photonic circuit 500 for
multiplying a vector with a matrix, characterized by 2D matrix layout with a
reduced number of waveguide crossings, in accordance with various
embodiments. The circuit 500 differs from that of FIGS. 3-4B in the back-end
optical combiners 502, but is otherwise similar. Instead of first routing the
second modulated optical signals from the second optical modulator cells 302 to
the very bottom of the crossbar, circuit 500 recombines the second optical
signals in pairs across neighboring rows in between the respective horizontal
waveguides 308, preceding any waveguide crossings between the optical
combiners and the horizontal waveguides 308. At the next stage of 3dB couplers
of the optical combiner, the (partially) combined signals are then again
combined in neighboring pairs, resulting in (generally still partially) combined
signals each composed of four second optical modulated signals, and the process
continues until signals have been combined across all rows within the column.
In the second and each subsequent recombination stage, the modulated signal of
the pair that comes from the higher one of the two rows is routed vertically
across horizontal waveguides 308 to the lower row, and the two signals are

recombined before crossing the horizontal waveguide 308 associated with the
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lower row. In this manner, modulated signals are gradually aggregated towards
the bottom of the crossbar. Once the last row is reached, light from all paths in
each column has been combined. Beneficially, this layout reduces the number of
waveguide crossings 314, and the associated passive losses, in the photonic
circuit 500, as compared with the photonic circuit 300 of FIG. 3.

[0063] FIG. 6A depicts an example crossbar photonic circuit 600 having
the layout of the circuit of FIG. 5, augmented with dummy waveguide crossings
(indicated by placeholders 404 each representing one or more waveguide
crossings) for power and/or delay balancing in accordance with various
embodiments. Further, FIG. 6B depicts an example crossbar photonic circuit
601 with dummy waveguide crossings 402 (some having associated multipliers
of 2x, 4x, etc.) as shown in FIG. 6A for a 8x5 matrix. Dummy waveguide
crossings 402 are included in the horizontal waveguides 308 and in the optical
combiners 502 (including following the final recombination stage, preceding the
optical receivers 124), and may be grouped together where possible to simplify
manufacturing.

[0064] The optical field amplitude of the optical output signal at each
column of a photonic circuit 600 with dummy waveguide crossings as shown in

FIG. 6A (and for N = 8, M = 5 in FIG. 6B) can be calculated according to:

Egue = ((ak) (€ Egn) (ELE ™) (BLY ELL BT DMDO0)

>

where a and k are again the amplitude losses associated with the first optical
modulator cells (input modulators) and second optical modulator cells (weight
modulators), respectively, &; is the coupling ratio of the weight coupler in the
first column, and EL., EL,,, and EL, are excess losses of the 3dB coupler,
weight coupler, and waveguide crossing, respectively. The resulting insertion

loss can be written as:

IL = —201logy, ((akfl) (EL2002M) (Lt {0 DD ’1))).

The output field amplitude and insertion loss differ from those for the photonic
circuits of FIGS. 4A-4B in the loss terms associated with the waveguide
crossings.

[0065] For general embodiments, including cases where the front-end

optical splitter and back-end optical combiners are constructed from a 1xN (or
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1xN) coupler or multiple stages of couplers at least one of which is not a 1x2 (or
2x1) coupler, the optical field amplitude of the output signal and insertion loss
are given by:

E,y = ((ak)(f1)Ein) (ELc,row) (EL]“,”V_lELgogz(N)_l)(M_1)+(N_1)),

IL = —201logy, ((akfl) (ELc,row) (EL%_lEL;lOgZ(N)_l)(M_1)+(N_1))),

where E'L. ,,,, means the total loss of row-wise split and combine couplers.
Note that, while the type of front-end optical splitter will not affect the crossbar
layout, a different type of back-end optical combiner will entail some
adjustments to the waveguide routing. For example, at a stage with three-way
couplers, three (original second modulated or already partially combined) optical
signals would be routed to the same row and combined there. For a single-stage
optical combiner, all signals would be routed to the last row of the crossbar for
recombination in an Nx1 coupler.

[0066] Comparing the passive losses associated with the waveguide
crossing, E'L,, scaled with the number of rows and columns of the matrix,
between the two types of photonic crossbar circuits 400, 600 depicted in FIGS.
4A and 6A, respectively, herein also “crossbar type 17 and “crossbar type 2,” we
find:

for crossbar type 1 (photonic circuit 400): IL o< (N — 1)(M — 1)EL, 45, and
for crossbar type 2 (photonic circuit 600): IL o ((logz(N) -DM-1)+
(N = 1)ELygg,

where ELy 45 = —201og,0(ELy). For N = M, the formulae simplify to:
for crossbar type 1: IL~O(N?), and

for crossbar type 2: IL~0(log,(N)N). As can be seen, waveguide crossing
scale much slower in photonic circuits 600 of type 2 than in photonic circuits
400 of type 1; thus, type-2 circuits generally have lower insertion losses. For
example, for a 32x32 weight matrix, there are 961 waveguide crossing in a

crossbar of type 1, but only 160 in a crossbar of type 2.

[0067] In the photonic circuits described herein, coherent carrier light

coupled from a suitable light source to a single optical input a time delay from
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the light source to the first optical modulators cells, and that delay is desirably
matched across different paths so that the electronic drivers of all first optical
modulator cells can be synchronized. Similarly, the first modulated optical
signals exiting the first optical modulator cells experience a time delay from the
first optical modulator cells to the second optical modulator cells. These delays,
too, should are preferably matched between the various modulator pairs so that
the electronic drivers of all second optical modulator cells can likewise be
synchronized. If delay is not matched, the system can be made work by
introducing time differences in the driver synchronization to compensate for the
mismatch; this approach, however, comes at the cost of significant control
complexity.

[0068] In the above-described power-balanced photonic circuits, delay
matching across the different optical paths between the optical input and the
optical receivers can be achieved with optical delay lines (not shown in the
figures). The description now turns to alternative embodiments, in which the
optical paths are inherently delay-matched by virtue of equal geometric path
lengths, obviating the need for delay lines.

[0069] FIGS. 7A-7C depict example photonic circuits 700, 702, 704 for
multiplying a vector by a matrix, characterized by one-dimensional (1D) matrix
layouts with geometrically delay-matched optical paths in accordance with
various embodiments. The depicted example circuits are all configured for four-
component first and second vectors, but the design principles can be readily
extended to higher-dimensional vectors. In matrix notation, the circuits 700,
702, 704 accomplish the multiplication of a 4x4 weight matrix [W] (comprising
four weight vectors along the columns, if multiplied from the right) with a four-

T

component input vector [X]', resulting in a four-component output vector [Y]:

Wi1 Wi Wiz Wiy

Wo1 Wz W3 Wiy

[X1 X2 X3 X4 Way Way Wss Wiy =1 Y2 - Ym]

Wi Wiz Wiz Wyy
[0070] Each of the photonic circuits 700, 702, 704 includes a front-end
optical splitter 706 that splits the incoming carrier light between initially four
optical paths along which the resulting optical carrier signals are routed to four
first optical modulator cells to encode the inputs X, X, X3, x4 onto the four

optical carrier signals. As depicted, the first optical modulator cells may each be
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simply a first amplitude modulator 108, although in some embodiments, the first
optical amplitude modulator cells may also include a phase shifter. For
simplicity, reference is hereinafter made to first amplitude modulators 108, with
the understanding that the first amplitude modulators 108 can be substituted with
more general first optical modulator cells.

[0071] As shown, the front-end optical splitter may be implemented as a
tree coupler, e.g., a binary waveguide tree with a symmetric cascade of 3dB
couplers, but other single-stage or multiple-stage splitters providing uniform
power coupling ratios may also be used alternatively. The optical splitter 706 is
configured such that the paths from the common optical input at 708 to the first
amplitude modulators 108 (the “first paths”) are all of equal length, and as such
geometrically delay-matched. In the depicted circuit, such delay matching in the
front-end optical splitter 706 is achieved by the arrangement of the first amplitude
modulators along a single line in conjunction with a tree coupler that is
symmetric not only in terms of its couplers and coupling ratios, but also in terms
of its geometric layout.

[0072] In each path, the modulated light exiting the respective first
amplitude modulator 108 is further split four-ways to route the modulated light
from the first amplitude modulator 108 to four spatially grouped second optical
modulator cells, hereinafter also referred to as a group 710 of second optical
modulator cells, that collectively impart onto the modulated light corresponding
components of all four weight vectors (that is, components that correspond to one
another as well as to the component of the input vector encoded on the respective
path). For example, in the path where the first amplitude modulator encodes the
first component x; of the input vector, the group 710 of second optical modulator
cells 110 encodes the respective first components Wy, Wy, Wy3, Wy4 of the four
weight vectors. Each second optical modulator cell includes at least a second
amplitude modulator 110 and optionally a phase shifter 112. Since in the
depicted embodiment, for reasons that will become clear below, only every other
of the second amplitude modulators 110 has an associated phase shifter 112 (the
other ones having merely dummy phase shifters), reference is hereinafter made
simply to second amplitude modulators 110, and the phase shifters are deemed

part of the back-end optical combiners. It is to be understood, however, that the
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second amplitude modulators 110 can generally be substituted with second
optical modulator cells.

[0073] The second amplitude modulators 110 of all four groups 710 are
arranged, in circuits 700, 702, 704, along a single line (“linearly”), parallel to the
arrangement of the first amplitude modulators 108, which is herein also denoted
as the “first dimension.” The waveguide structures each routing an optical signal
between one of the first amplitude modulators 108 and the associated group of
second amplitude modulators 110 are configured as optical splitters with uniform
power coupling ratios, which, just like the front-end optical splitter 706, may take
the form of a tree coupler 712, e.g., a binary waveguide tree with 3dB couplers at
the junctions as shown, or some other single-stage or multiple-stage coupler.
Also like the front-end optical splitter 706, the waveguide layout of the tree
couplers 712 is highly symmetric and intrinsically ensures that the optical paths
from the first amplitude modulators 108 to the second amplitude modulators 110
of the respective group 710 (the “second paths”) are all of equal length, i.e.,
geometrically delay-matched. As a result of the spatial groupings of the second
amplitude modulators by the first modulated optical signals onto which they
impart weights, the tree couplers 712 can also be configured to avoid any
waveguide crossings, such as with waveguides downstream of the second
amplitude modulators. That is, the circuits 700, 702, 704 are free of any
waveguide crossings upstream of the second amplitude modulators.

[0074] In each of the circuits 700, 702, 704, the outputs of second
amplitude modulators 110 are routed, and combined across groups 710, by binary
inverse tree couplers (constituting the back-end optical combiners, collectively
labeled 714), which are symmetric in terms of the couplers at their junction, but
do not exhibit the kind of geometric symmetry as, e.g., the depicted mirror-
symmetric front-end optical splitter 706. As between the circuits 700, 702, 704,
the order of the second amplitude modulators 110 within the linear arrangement,
the waveguide layout of the inverse tree couplers between the second amplitude
modulators 110 and the optical receivers 124, and the arrangement of the
receivers 124 themselves, differ.

[0075] With reference to FIG. 7A, in example circuit 700, the optical
receivers 124 are all arranged linearly, parallel to the arrangement of first

amplitude modulators 108 and the arrangement of second amplitude modulators
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110. Further, the optical receivers 124 are ordered by the output vector
component they measure in the same manner as the first amplitude modulators
108 and the respective groups 710 of second amplitude modulators 110; for
instance, as depicted, the modulators 108, 110 and receiver 124 associated with
the first vector component may be the top-most in the arrangement (referencing
the position within the figure), followed by those associated with the second
vector component, etc. Further, within each group 710, the second amplitude
modulators 110 are also arranged in the same order as the optical receivers 124
(and thus in the same order across all groups 710, corresponding to the same
sequence of the associated weight vectors whose components they encode). As a
result of this ordering, each inverse tree coupler combines light from second
amplitude modulators at positions within the groups (or spatial groupings) that
correspond to a position of the associated optical receiver 124 within the linear
arrangement of receivers 124.

[0076] For each of the weight vectors (second vectors), the modulated
outputs of the corresponding second amplitude modulators 110 are combined
across all groups 710 by an inverse tree coupler, in the depicted example a binary
inverse waveguide tree with 3dB couplers at its junctions. As can be seen in FIG.
7A, the individual inverse waveguide trees do not exhibit the same mirror
symmetry that characterizes the front-end splitter 706, but are nonetheless
configured such that the optical paths from the second optical modulator cells 110
to the first stage of couplers 720 and from the first stage of couplers 720 of the
tree coupler to the coupler 722 at the second stage are each equal in length (such
that the overall third optical paths from the second optical modulator cells to the
optical receivers 124 are also equal in length). Further, the inverse waveguide
trees all share a common layout, and are simply shifted along the first dimension.
[0077] As can also be seen, the inverse waveguide trees inevitably cross
at various points 730 (only some waveguide crossings being labeled in the figure
to avoid obfuscation), as a result of combining light across the multiple groups
710 of second amplitude modulators 110. To balance out any impact that these
waveguide crossings have on the optical delay or the optical power in the various
(third) paths, additional, dummy waveguide crossings 732 are included in the
waveguide trees such that the number of actual plus dummy waveguide crossings

730, 732 matches between all counterpart optical path segments. For instance, in
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the example of FIG. 7A, the optical path segments preceding the couplers 720 in
the first stage of the back-end optical combiners each have three waveguide
crossings 730, 732 in total. Similarly, the optical path segments between the first
and second stages of couplers 720, 722 each have three waveguide crossings 730,
732.

[0078] As a result of the binary waveguide trees that serve as back-end
optical couplers in the depicted circuit 700, it is possible to encode relative phase
shifts (or signs) between the second modulated optical signals combined for each
optical receiver 124 without having to include a phase shifter 112 alongside each
second amplitude modulator 110. Instead, as shown, the back-end optical
combiner may include, for each pair of optical signals to be combined at a given
stage, a single phase shifter 112 or 740 preceding the respective coupler to
encode the relative phase between the two signals. Thus, in the depicted circuit,
only every other of the second amplitude modulators 110 has a phase shifter
directly following it, preceding the first stage of couplers 720. Additional phase
shifters 742 are included between the first and second stages of couplers 720,
722 to encode the relative phase shift between the two partially combined signals
output in the first stage (or, in real-valued application, to control whether the
outputs of the first stage are added or subtracted). The phases shifters 112, 740
may additionally serve to correct for any phase mismatch between paths, which
cannot be completely eliminated by geometric delay-matching alone.

[0079] Placing phase shifters in the back-end optical combiners, one
phase shifter preceding each of the optical couplers 720, 722 in each stage, is
beneficial in that it reduces the total number of operative phase shifters needed,
as compared with using phase shifters in all second optical modulator cells, to
encode relative phase shifts between all signals. For example, photonic circuit
720 includes only twelve, rather than sixteen, operative phase shifters.

However, these phase shifters can cause excess optical delays or losses. To
balance losses and delays across all paths, dummy phase shifters 742 may
therefore be placed in the circuit. As shown, among a pair of optical paths to be
combined at any coupler 720, 722, one path may include an operative phase
shifter while the other path includes a dummy phase shifter. Since dummy phase

shifters need not be actively controlled, this configuration may still be beneficial
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over phase shifters in each second optical modulator cell, despite a greater total
number of operative and dummy phase shifters.

[0080] Turning now to FIG. 7B, in the photonic circuit 702, the layout
differs in that the optical receivers 124 are arranged linearly along a direction
(herein also the “second dimension”) that is perpendicular to the first dimension,
along which each of the first and second amplitude modulators 108, 110 are
arranged. Further, the order of second amplitude modulators 110 in terms of
their associated weight vectors and optical receivers 124 is no longer the same
across all groups of second amplitude modulators 110. Rather, the groups of
second amplitude modulators 110 fall into an upper half of groups 220 and a
lower half of groups 222, which mirror each other in the order of second
amplitude modulators within each group. For instance, as shown, in the upper
groups 220, the second amplitude modulators 110 are ordered, from top to
bottom (referencing relative positions within the drawing), by weight vectors
from the first vector to the fourth vector (e.g., for the set associated with the first
vector components, in the order of wy;, Wy,, Wy3, Wy4), while in the lower groups
220, the second amplitude modulators 110 are arranged in the reverse order, i.e.,
from top to bottom, by weight vectors from the fourth vector to the first vector
(e.g., for the set associated with the fourth vector components, w,y,

Wy3, Wao, Waq). As aresult of this ordering, each inverse tree coupler combines
light from second amplitude modulators at positions within the groups (or spatial
groupings) that mirror each other between the first half of groups 220 and the
second half of groups. This configuration, in turn, allows routing the waveguides
of the inverse tree coupler between the first and second stages of couplers 720,
722 in a “nested” manner, e.g., as shown, combining the modulated light
associated with the fourth to first weight vectors in a direction from the inside to
the outside of the layout. The nesting of waveguides avoids waveguide crossings
between the couplers 720, 722, leaving waveguide crossings (including dummy
crossings) only between the second amplitude modulators 110 and the first stage
of couplers 720 of the back-end optical combiners (714). The photonic circuit
702, like circuit 700 of FIG. 7A, may include operative and dummy phase shifters
preceding each coupler of the back-end combiners.

[0081] In the photonic circuit 704 of FIG. 7C, the optical receivers 124
are arranged, like in circuit 702 of FIG. 7B, along a second dimension,
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perpendicular to the direction along which each of the first and second amplitude
modulators 108, 110 are arranged. Further, the ordering of second amplitude
modulators 110 differs between the sets associated with the various vector
components. Specifically, the order of second amplitude modulators by weight
vectors alternates between adjacent groups (corresponding to spatial groupings),
such that the groups fall into two sets, groups 750 and groups 752, that mirror
each other in the order of second amplitude modulators 110 within each group.
For instance, the second amplitude modulators 110 associated with the first
vector components are ordered, from top to bottom (referencing relative
positions within the drawing), by w4, Wy, W;3, Wy4, Whereas the second
amplitude modulators 110 associated with the second vector components are
arranged in the reverse order, i.e., are ordered, from top to bottom, by w,,,

Wy3, Woy, Wo,. With this ordering, the waveguide routing from the second
amplitude modulators 110 to the first stage of couplers 720 in the back-end
optical combiners (714) can be nested for the pair of groups 750, 752 associated
with the first and second vector components and, separately, the pair of groups
750, 752 associated with the third and fourth vector components, eliminating
(actual) waveguide crossings between the waveguides of this first combiner
stage. Further, following the first stage of couplers 720, the waveguides to the
second stage of couplers 722 are parallel to each other, and thus do not cross each
other either. However, the layout includes waveguide crossings 760 (only some
being labeled) between the waveguides of the first stage of some inverse
waveguide trees and the waveguides of the second stage of other inverse
waveguide trees. Overall, following the addition of dummy waveguide crossings
762 to balance the layout, the number of waveguide crossings per third optical
path is three in this layout, just as in photonic circuit 702.

[0082] As can be seen in FIGS. 7A-7C, the overall layouts of the
example photonic circuits 700, 702, 704 contain structural sub-units that are
repeated across the circuit in identical or similar form, allowing the circuits to be
expanded to higher-dimensional vectors and greater numbers of vectors by
adding further copies.

[0083] FIG. 7D illustrates sub-units of the photonic circuit 700 of FIG.
7A, as can be replicated to scale the circuit to larger vectors and matrices, in
accordance with various embodiments. At a first level, each set of second
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amplitude modulators associated with a particular vector component and the
associated operative or dummy phase shifter, along with the waveguide tree that
provides modulated output light from the corresponding first amplitude
modulator 108 to the second amplitude modulators 110, can be considered a first
type of sub-unit 770. At a second level, two such sub-units, along with the
waveguide tree structures that combine light across the two sub-units 770 in the
first combiner stage, can be considered a second type of sub-unit 772. For four-
component vectors, as shown in FIG. 7A, the circuit would include two such
second-level sub-units 772; n sub-units 772 would serve to implement
multiplications of 2n-component vectors.

[0084] FIG. 8A depicts an example photonic circuit 800 for multiplying
a vector by a matrix, characterized by a 2D matrix layout with geometrically
delay-matched optical paths in accordance with various embodiments. The
example is, again, for four-component vectors, but the design principles can be
extended to higher-dimensional vectors. Like in circuits 700, 702, 704, the
front-end optical splitter at the input, the waveguide structures connecting the
first and second amplitude modulators 108, 110, and the back-end optical
combiners are implemented topologically by binary tree couplers and binary
inverse tree couplers (which could be replaced by other single-stage or multiple-
stage splitters and combiners as long as they provide uniform power coupling
ratios), but the geometric layout differs substantially from the above
embodiments.

[0085] In photonic circuit 800, the first amplitude modulators 108 for
encoding the inputs and the optical receivers 124 measuring the optical outputs
are each aligned along a first dimension (as shown, vertically, so as to form a
column), but the second amplitude modulators 110 for encoding the weights are
arranged in a two-dimensional array defined along the first dimension and a
second (as shown, horizontal) dimension perpendicular to the first. More
specifically, as in the crossbar layouts of FIGS. 3-6B, the four groups associated
with the four vector components are spread out along the first dimension (as
shown, vertically), as in the circuit layouts of FIGS. 7A-7C, but within each
group, the four second amplitude modulators 110 are arranged in rows along the
second dimension (horizontally), aligned across groups to form four sets of

second amplitude modulators 110 arranged along columns, each corresponding
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to one of the weight vectors. Put differently, the array arrangement of the
second amplitude modulators reflects the arrangements of weights in the weight
matrix [W] in the operation [X]T[W] = [Y].

[0086] The 3dB couplers of the binary waveguide trees that connect each
first amplitude modulator 108 to its respective group of second amplitude
modulators 110 are arranged, in the first (vertical) dimension, above or below
the respective row of second amplitude modulators, and in the second
(horizontal) dimension, symmetrically between the second and third columns of
amplitude modulators associated with the second and third weight vectors. In
the inverse waveguide trees of the back-end optical combiners, the modulated
light outputs of pairs of second amplitude modulators in each column are
combined by a first stage of 3dB couplers 720 placed vertically mid-way
between the respective rows, and the combined output is routed to the second
stage of 3dB couplers 722, which are arranged along the first dimension directly
preceding the optical receivers 124. In the depicted waveguide layout, each third
path includes three actual or dummy waveguide crossings 730, 732 preceding
each of the two coupler stages. Further, the photonic circuit 800 may include
operative and dummy phase shifters 112, 740, 742 preceding each coupler 720,
722 of the back-end optical combiners.

[0087] FIG. 8B illustrates sub-units of the photonic circuit of FIG. 8A, as
can be replicated to scale the circuit to larger vectors and matrices, in accordance
with various embodiments. At the first level, two rows of second amplitude
modulators 110, along with the preceding waveguide tree that splits modulated
light received from the corresponding first amplitude modulators 108 between
the different columns, and further along with the first stage of the combiner,
constitutes sub-unit 850. While four columns of weights, corresponding to four
second (weight) vectors associated with four outputs y,~y,, are explicitly shown,
the sub-unit 850 can be straightforwardly expanded to incorporate additional
columns of weights for additional outputs, as symbolically indicated by dots. At
the second level, two such sub-units 850, along with the waveguide tree
structures that combines light across the two sub-units 870 in the second
combiner stage, form sub-unit 852. For four-component vectors, as shown in
FIG. 8A, the circuit would include only one such second-level sub-units 852.
The photonic circuit 800 architecture can be expanded to higher-dimensional
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vectors by adding further sub-units 850, corresponding to pairs of additional
rows of second amplitude modulators for additional weights, along with
additional pairs of first amplitude modulators and additional stages of couplers
in the output combiner. To expand the photonic circuit 800 to a greater number
of second (weight) vectors, additional columns may be added to the matrix
arrangement of second amplitude modulators, along with additional stages of
couplers in the splitters between the first and second amplitude modulators,
within each sub-unit 850. Dummy waveguide crossings may be added at both
the first and the second level as needed to balance the layout. Note that the
depicted symbols for dummy waveguide crossings each stand for one or more
dummy waveguide crossings.

[0088] The photonic circuits of FIGS. 3-8B all achieve the multiplication
of a vector with a matrix. The computation can be extended to matrix@matrix
multiplications by using wavelength division multiplexing (WDM) to impart
multiple input vectors simultaneously onto the optical carrier signals and retrieve
multiple respective output vectors at the optical receivers.

[0089] FIG. 9 depicts an example photonic circuit 900 for multiplying
two matrices with each other, using wavelength-divisional multiplexing in
accordance with various embodiments. The specific depicted circuit layout
follows that of photonic circuit 800 of FIG. 8A, but it will evident to those of
ordinary skill in the art that the modifications relative to circuit 800 can be
equally applied to any of the other circuit layouts. In photonic circuit 900,
multiple first (input) vectors are encoded onto multiple respective wavelengths,
and multiplied in parallel with the weight matrix to produce multiple respective
output vectors. The depicted example illustrates a (4 X 4) X (4 X 4)
matrix@matrix operation (with four four-component input vectors and four four-

component output vectors):

X11 X12  X13 X14][W11 Wiz Wiz Wiy Y11 V12 Y13z Yia
X21 X2p X3 Xp4(|Wa1 Wop Waz Woul| |V, Y2z V23 Yoa
X31 X3z X33 X34||W31 W3z W3z Wszy Y31 Y32 Y3z Ysaf
Xa41 X42 X43 Xaa|[Wa1 Wip Wiz Wy Va1 Ya2 Vaz Va4

It will be readily appreciated that additional input vectors at further wavelengths
can be added.
[0090] The photonic circuit 900 includes modifications, relative to

circuit 800, at the level of the first amplitude modulators 108 and the optical
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receivers 124. Specifically, the first amplitude modulators associated with the
different components of the input vector are each replaced by a first optical
modulator cell 902 that includes multiple (in the example, four) first amplitude
modulators 108 associated with the respective component of all (four) input
vectors, bracketed between a demultiplexer 904 and a multiplexer 906. The
optical receivers (e.g., photodetectors) 124 associated with the various weight
vectors are each replaced by an optical receiver cell 908 that includes a
demultiplexer 910 followed by multiple receivers 124 (e.g., multiple
photodetectors) associated with the respective multiple input vectors. These
substitutions of the first amplitude modulators 108 and receivers 124 can be
made similarly in any of the circuits 300, 400, 401, 500, 600, 601, 700, 702, 704
to extend those circuits to matrix@matrix operations with wavelength division
multiplexing.

[0091] Returning, in more detail, to the circuit 900, coherent light—
including components at multiple wavelengths—received at the optical input is,
like before, routed with a front-end optical splitter, e.g., as shown, in the form of
a binary waveguide tree, to the various optical modulator cells 902, each of
which corresponds to one of the components of the input vectors (e.g., the first
cell corresponds to the first components X1, X21, X371, X471 ). In each cell 902, the
demultiplexer 904 separates out the various wavelengths, and light at each
wavelength is separately modulated by respective first amplitude modulators 108
to impart the applicable component of the different input vectors. The
multiplexer 906 then recombines the modulated light, such that the second
amplitude modulators 110 encode the weights onto all wavelengths
simultaneously. Following the second amplitude modulators 110, back-end
optical combiners implemented by inverse waveguide trees each recombines the
modulated light over an associated set of second amplitude modulators (arranged
along a column) and routes the combined light to a respective receiver cell 908.
The light reaching each receiver cell 908 encodes the scalar products between an
associated weight vector and each of the input vectors at the multiple
wavelengths. The demultiplexer 910 of the receiver cell 908 separates out the
wavelength components, allowing the optical signals each representing a scalar
product between one of the input vector and the weight vector associated with

the cell 908 to be measured by an individual receiver 124.
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[0092] The various described coherent, interferometric photonic circuit
architectures provide multiple benefits for photonic computations. Using
suitable optical modulator cells, e.g., including both amplitude and phase
shifters, these coherent photonic circuits can implement any real- or complex-
valued vectors and matrices. Further, in various embodiments, all parameters for
the realization of any real-valued or complex-valued matrix can be set in a single
step. By contrast, various prior photonic architectures for matrix operations that
rely on singular value decomposition (SVD) and photonic implementations of
the resulting unitary matrices (e.g., architectures employing cascaded stages of
2x2 MZIs as disclosed by Reck et al. in “Experimental realization of any
discrete unitary operator,” Phys. Rev. Lett. 73, 58-61 (1994), and by Clements et
al. in “Optimal design for universal multiport interferometers,” Optica 3, 1460-
1465 (2016)) require N-1 steps to set the parameters for the photonic
implementation of an N-dimensional matrix.

[0093] Also, unlike the SVD-based circuits, the disclosed photonic
circuit architectures allow, in various embodiments, for 100% fidelity of the
optical computation to the underlying mathematical operation that it implements.
In general, when analog vector and matrix computations are performed in real-
world photonic circuitry, non-ideal circuit components, such as lossy photonic
devices, result in a performance degradation and a discrepancy between the
actually implemented values of the vector and matrix elements and the nominal
values. In various embodiments, however, such discrepancies can be
compensated for in the controllable circuit components, e.g., by adjusting the
optical amplitudes of signals in the optical modulators, or in the event of
unbalanced losses along the paths leading to different optical receivers, by
adding circuit components that amplify or attenuate the optical output signals to
cure the imbalance; in this manner, to the extent fidelity degradation is loss-
induced, the fidelity can in principle be fully restored.

[0094] Further, insertion losses in various of the disclosed photonic
circuit architectures scale linearly with the loss of individual nodes, rather than
exponentially as is the case for SVD-based counterparts. The disclosed photonic
circuits, thus, have the potential to outperform SVD-based architectures,
especially when dimensions increase. The comparatively low insertion losses

entail significant fabrication versatility in the selection of dimensions and
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technologies of the active devices (such as modulators), which is beneficial for
adapting the general circuit layouts to specific practical applications. Moreover,
in various embodiments, the photonic circuits are loss-balanced, which may
allow for highly loss-resistive behavior

[0095] Some of the above-described photonic circuits provide additional
or different benefits. For example, in the photonic circuit architectures described
with reference to FIGS. 3-8B, the optical paths are inherently, by virtue of the
geometric layouts, delay-matched, so that the optical modulator drivers and
associated digital-to-analog converters (DACs) can be synchronized. Further,
the proposed geometrically delay-matched layouts can achieve low latency
between the first optical modulator cells encoding the inputs and the second
optical modulator cells encoding the weights. Embodiments where front-end
optical splitter and back-end optical combiner use only 50:50 optical couplers
may be beneficial in that these coupler are broad-band and compact and the
50:50 splitting ratio, as compared with other splitting ratios, simplifies design,
fabrication, and maintenance. Also, in some embodiments, the overall circuit
layouts are composed of multiple structurally identical sub-units that can be
grouped and copied over for high re-use, which reduces manufacturing cost and

complexity.

Photonic circuit components

[0096] The above-described photonic circuits include photonic circuit
components such as amplitude modulators, phase shifters, and optical receivers
that can be implemented in various ways, depending, for example, on size and
performance requirements as well as on the particular application (e.g., whether
the imparted weights are unsigned or signed). Optical receivers may be
implemented by individual photodetectors, or as coherent receivers including
multiple photodetectors. The phase shifters (e.g., 112) may be electro-optic or
thermo-optic phase shifters that modulate the refractive index within a
waveguide carrying the signal by application of an electrical voltage or heat,
respectively. In the case of a thermo-optic phase shifter, heat is usually applied
by one or more Ohmic heating filaments; thus, thermo-optic phase shifters, like
electro-optic phase shifters, can be controlled via electronic signals. The

amplitude modulators may likewise be implemented by electro-optic or thermo-
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optic components, such as, e.g., EAMs (e.g., germanium silicon EAMs), optical
resonant modulators (e.g. optical ring modulators), or Quantum-Confined Stark
Effect (QCSE) EAMs. Since EAMs affect the refractive index as well as the
absorption properties of the waveguide, it is also possible to implement phase
shifters with EAMs, e.g., three EAMs in series to impart the desired phase shift
while mutually canceling out incidental amplitude modulations caused by each
individual EAM. The electronically controllable phase shifters and amplitude
modulators may be used as such, or used as part of more complex (e.g.,
interferometric) modulator structures, optionally using differential drive
schemes. Further, in some embodiments, the function of the amplitude
modulators (and/or phase shifters), in particular those for imparting the weights,
may be provided by non-volatile optical memory implemented by optical phase-
change materials (O-PCMs). O-PCMs, such as various chalcogenide alloys
(e.g., germanium-antimony-tellurium (GST) alloys), can undergo gradual
changes between their crystalline and amorphous phases, and can be set, by
controlled application of heat, to any physical phase along a continuum of
phases between crystalline and amorphous. The different physical phases have
different associated electrical and/or optical properties. Thus, O-PCMs, e.g.,
when disposed as thin films on top of a waveguide, can effect a change in the
optical properties, such as refractive index and absorption, of the waveguide
itself (e.g., by virtue of the overlap of the evanescent field of any guided mode
with the O-PCM film). Beneficially, O-PCM-based optical memory is non-
volatile, yet rewritable. Using O-PCMs, fixed optical amplitude modulations
and/or fixed phase shifts can be stored directly in the circuit, without any need
for electronic drive signals. Specific implementations of optical amplitude
modulators and the associated drivers, as well as of optical receivers, are
illustrated in the following with reference to FIGS. 10-22B.

[0097] FIG. 10 illustrates the implementation of an optical amplitude
modulator (e.g., 108, 110) as an EAM 1000, in accordance with various
embodiments. In a silicon photonics platform, an EAM may be realized, e.g., in
a Si-Ge structure. Alternatively, the EAM may also be implemented in I1I-V
material, either in a pure III-V material platform or a hybrid silicon/III-V

photonics platform. FIG. 10 shows, along with a symbolic amplitude modulator
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representation on the left, a schematic representation of an EAM 1000 along
with its electro-optical response 1002 under a drive voltage.

[0098] FIG. 11 illustrates the implementation of an optical amplitude
modulator (e.g., 108, 110) as an electro-optic ring modulator 1100, in
accordance with various embodiments. The ring modulator 1100 is formed of an
optical ring resonator 1102 coupled to a waveguide 1104. The refractive index
of the ring resonator 1102 is controllable via an applied electrical drive voltage,
which allows shifting the resonance of the ring. FIG. 11 also shows the electro-
optical response 1106 of the ring modulator.

[0099] Both the EAM 1000 and the optical ring modulator 1102 are
driven by a variable electrical drive voltage composed of a peak-to-peak swing
voltage (V) superposed onto a direct current (DC) bias voltage (Vp¢). The bias
voltage may be set such that, over the range of voltage values between the
extrema of the swing voltage, the optical amplitude varies monotonically with
the drive voltage.

[0100] FIG. 12 illustrates the implementation of an optical amplitude
modulator as a Mach-Zehnder modulator 1200 including an electronically
controlled amplitude modulator (AM) device 1202, in accordance with various
embodiments. This configuration allows the optical amplitude swing to reach
zero at one end of the swing voltage V,,, which can be desirable in some
applications. To achieve the complete extinction of the optical amplitude, the
amplitude modulator device 1202, which may be, e.g., an EAM or optical ring
modulator as described with reference to FIGS. 10 and 11, is placed into one
interferometer arm of an MZI 1204. The optical electro-optical response 1206
of the Mach-Zehnder modulator depends on the coupling ratio of the split and
combine couplers of the MZI 1204. Accordingly, by properly setting the
coupling ratio of split and combine couplers of the MZI 1204, the output optical
amplitude at the output of the MZI 1302 can be brought to zero at one end of the
voltage swing, as illustrated. In some embodiments, a phase shifter (PS) 1208 is
used in the MZI to properly control the phase.

[0101] FIG. 13 illustrates the implementation of an optical amplitude
modulator as a Mach-Zehnder modulator 1300 including an electronically
controlled phase modulator (PM) device 1302, in accordance with various

embodiments. The phase modulator device 1302, which is included in one arm
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of an MZI 1304, may be any electronically controllable phase shifter (e.g., a
thermo-optic or electro-optic phase shifter) The PM device 1302 is controlled
by an electrical drive voltage V =V, + Vp¢, which results in a voltage-
dependent phase @pp (V). In some embodiments, the MZI 1302 also includes an
additional phase shifter (PS) 1306 to apply a static phase ¢ps. When the MZI
couplers are ideal 3dB couplers, the electro-optical response 1308 of the Mach-

Zehnder modulator 1300 is:
Eyue = %Ein(ej“’” + eJorm(V)y,
When the MZI couplers are not ideal 3dB couplers, the above equation no longer
holds, but a proportionality relationship remains:
Eyue Ein(eﬂpps + ej(pPM(V))
In some scenarios, one may set @ ps = mm + g, where m is an integer. This

setting is generally known as the quadrature bias point. In some scenarios, one
may set @ps = 2mm + m, where m is an integer. This setting is generally known
as the null bias point.

[0102] FIGS. 14A-14C illustrate various drivers 1400, 1402, 1404 as
may be used with the electronically driven optical amplitude modulators 1000,
1100, 1200, 1300 of FIGS. 10-13, in accordance with various embodiments.
Each driver 1400, 1402, 1404 may include a DAC 1406, or a DAC followed by
an amplifier to further increase V,,. FIG. 14A shows a single-end driver 1400,
where one of the driver output ports is pinned to ground (G). FIG. 14B shows a
differential driver 1402, where both output ports (S+ and S-) generate voltage
swings, which are differential to each other. In some scenarios, as shown in
FIG. 14C, an extra pin may be used to add DC bias to the modulator 1404.
[0103] FIG. 15 illustrates the implementation of an optical amplitude
modulator as a Mach-Zehnder modulator 1500 with differentially driven optical
AM devices 1502, in accordance with various embodiments. The differentially
driven optical AM devices 1502 are placed in the two arms of an MZI 1504.
Such a modulator is herein referred to as an AM-MZM, or if the optical AM
device is an EAM, as an EAM-MZM. As shown, the AM-MZM 1500 may also
include a phase shifter 1506 in the MZI 1504 to propetly control the phase. The
linearity of the electro-optical response 1508 of the AM-MZM may be better
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than that of the electro-optical response 1002 of an individual AM device 1000.
The response 1508 for the AM-MZM can be expressed as:

Eou =3 Em(@e(VO)+ ay(Vy)e #7s),
where a; and ay, are the amplitude responses in the top and bottom arm of the
MZI 1504, respectively; V; and V), are the differential drive voltages V, = Vs, +
Vpc and Vy, = Vs_ + Vp. applied to the AM devices 1502; and @pg is a static
phase shift imparted by the phase shifter 1506. In one scenario, assuming,
without loss of generality, that Vs, and Vs_ are purely AC signals, Vs, = —Vs_,

and setting @ ps = 2mm + m, where m is an integer, the optical amplitude at the

AM-MZM becomes:

Eour = 5 Ein(ae (Vo) =ap(Vy)).
[0104] As can be seen from this equation, as well as from the electro-
optical response curve 1508, the optical amplitude E,,; can become negative.
The AM-MZM 1500 is, thus, suitable to realize signed multiplication. To
elaborate: With EAMs used as the optical AM devices, one can assume that
Ayax = @(0) and apyy = a(Vipay ). The optical modulation amplitude (OMA)
ofthe EAM is Ao = apgx — ayn. Accordingly, the amplitude range of the
EAM-MZM is [—Aa, Ax]. This range, evidently, contains both positive and
negative amplitudes. For a signed 8-bit number, one can map, for instance,
—128to —Aa and 127 to Aa.
[0105] FIG. 15B depicts a cascade of two Mach-Zehnder modulators
1520, 1522 with differentially driven optical amplitude modulator devices, as
may be used to implement signed multiplication in accordance with various
embodiments. The first AM-MZM may impart a signed input x and the second
AM-MZMs 1522 may impart a signed weight w, resulting at the output of the
cascade in a signed product x - w encoded onto the optical signal. To preserve
the sign feature when converting the optical signal into an electronic signal,
rather than measuring the light with a single photodetector, an optical receiver
1524 with balanced photodetectors, implementing a coherent detection scheme
(as described below with reference to FIGS. 22A and 22B), may be used at the
output of the second AM-MZM 1522. The output current of the receiver is

proportional to the product of: x and w:
IPD X (xp - xn) (Wp - Wn)
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where subscripts p and n indicate a differential pair. The range of this operation
is Range(Ipp) « [—Aa?, Aa?] if the modulators and DAC (driver) are identical
in design.
[0106] FIG. 16 shows example simulation result comparing the electro-
optical responses of an EAM-MZM 1500 with differentially driven optical AM
devices 1502 and of a single-drive EAM 1000 as shown in FIG. 10. One can see
that the optical field amplitude E,.r of the EAM-MZM 1500 is much more linear
with drive voltage than the single-drive EAM 1000. A linear relationship
between input voltage and output amplitude may be desirable for analog
computation. A differential drive of two amplitude modulators helps to improve
the output linearity of an MZM, compared to that of a single-drive amplitude
modulator.
[0107] FIG. 17 illustrates the implementation of an optical amplitude
modulator as a Mach-Zehnder modulator 1700 with differentially driven optical
PM devices 1702, in accordance with various embodiments. Such a modulator
1700 is herein referred to as a PM-MZM. The PM-MZM 1700 includes the two
PM devices 1702 in the two arms of an MZI 1704, and further includes a phase
shifter 1706 in the MZI 1704. The electro-optical response 1708 of the PM-
MZM can be expressed as:
Eyur = % Ejp(eUPe) 4 oUorn) giepsy,
where ¢, and ¢, are the phase responses in the top and bottom arm of the MZI
1704, respectively; V; and Vj, are the differential drive voltages V; = Vs, + Vp¢
and V, = Vs_ + Vpc applied to the PM devices 1702; and @p is a static phase
shift imparted by the phase shifter 1706. In some scenarios, one may set @pg =

T . . .
mm + > where m is an integer. In some scenarios, one may set @ps = 2mm +

7, where m is an integer. The MZM structure helps to translate phase
modulation into amplitude modulation. The differential drive on two PM
devices 1702 in the MZM helps to improve the output linearity of the MZM,
compared to that of a single-drive PM in an MZM.

[0108] FIGS. 18A and 18B illustrate various differential drive schemes
as may be used with the Mach-Zehnder modulators 1500, 1700 of FIGS. 15 and

17, in accordance with various embodiments. FIG. 18A shows a driver in a fully
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differential scheme, while FIG. 18B shows the driver in a push-pull scheme. In
some scenarios, a DC bias (Vp.) may be used.
[0109] FIG. 19 conceptually illustrates the data flow, in an optical
amplitude modulator in accordance with various embodiments, from an analog
value (4) to a drive voltage (V), and then from the drive voltage (V) to the
optical output amplitude (0). The mapping relationship can be written as:
0(4) = h(V) = h(f(4)).
In some scenarios, it is desirable to have a linear mapping between O and 4, O =
kA + b, where k and b are constant coefficients. In some embodiments, the
electro-optical response of the amplitude modulator is linear in drive voltage:
h(V) = k,V + b,. In this case, a linear mapping between Vand 4, V = f(4) =
k3A + bs, gives a linear mapping between O and A:
0(A4) = ky(k3A+b3) + by = kyks A+ (kybs + by) .
In some embodiments, the electro-optical response of the amplitude modulator is
nonlinear in drive voltage. In this case, a liner mapping between O and 4 can be
achieved with a driver, DAC, or DAC plus driver, that produces the inverse of
the amplitude modulator’s response. With f(4) = h™(k'A + b"), we have:
0(4) =h(V)=h(h*(k'A+b))=k'A+D".
[0110] FIGS. 20A-20C show the transfer functions between analog value
(A) and drive voltage (V), between drive voltage (V) and optical amplitude (0),
and between analog value (4) and optical amplitude (0), respectively, for the
case where the mapping between analog value (4) and drive voltage (V) is the
inverse of the transfer function between drive voltage and amplitude (0) (solid
lines in FIGS. 20A and 20C), and for comparison for the case of a linear
mapping between analog value (4) and drive voltage (V) (dashed lines in FIGS.
20A and 20C), in accordance with various embodiments. As can be seen, the
nonlinear mapping between analog value (4) and optical amplitude (O) that
results from a nonlinear electro-optical response of the amplitude modulator
(FIG. 20B) becomes linear after the inverse transfer function has been
implemented between analog value (4) and drive voltage (V).
[0111] FIG. 21 illustrates the implementation of an optical receiver 124
as a photodetector 2100 in a direct detection scheme, in accordance with various

embodiments. Denoting the responsivity of the photodetector 2100 with n A/W,
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the photodetector 2100 converts the optical signal into an electrical current
according to:
Ipp =Nk = N(EoutEoue) = 77|Eout|2»
Ipp =1 |2 Wjixi|2

5  In this embodiment, the detected photocurrent Ipp is proportional to the intensity

of the optical signal, i.e., the square of the optical amplitude, |Eqqy:|?.

[0112] FIGS. 22A and 22B illustrate the implementation of coherent

optical receivers 2200, 2202, in accordance with various embodiments. In

coherent detection schemes, the optical output signal (Ey;,, which corresponds to

ig>

10  E,y.)is mixed with a local oscillator signal (E; ). In some embodiments, the
optical output signal E;4 and local-oscillator signal E;o come from the same
laser; such a detection scheme is called homodyne detection. In other
embodiments, the optical output signal Eg;; and local-oscillator signal E;o come
from two different lasers; such a detection scheme is called heterodyne

15  detection. To generate the mixed optical signals, an optical mixer 2204 is used

in each of the coherent optical receivers 2200, 2202. In some embodiments, a

phase modulator 2212 may be used before the 2x2 optical mixer 2204,

[0113] The transfer function of a 2x2 optical mixer 2204 is:
S [1 J
vz j 1)

20  The mixed optical signals at the top and bottom outputs of the mixer 2204 are:
Evop = 75 (Ero — jEsig), and

1 .
Epor = E(ELO +]Esig)~

The mixed optical signals are measured by two respective photodetectors 2206,

25  resulting in the following photocurrents for the top and bottom branches:

* n
IPD,top = nEtopEtop = E(EI?O + Eszig + Tl)’ and

Ipppot = NEpotEpor = g(EEO +Eqg —Th),
where
Ty = jELoEgg + JELo) Esig = 2Re(JELoEgg).
30 The difference between the top and bottom photocurrents is:
Ipp,top = Ipp,por = 2NRe(JELoEgig).
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As can be seen, the detected difference photocurrent is proportional to Es;g,
which is E,,;. The photodetectors 2206 may be followed by an amplification
stage 2208, 2210, for example, by a transimpedance amplifier (TIA). In the
coherent optical receiver 2200 shown in FIG. 2A, the difference between the top
and bottom photocurrents is realized in the photodetector pair before
amplification. In the coherent optical receiver 2202 shown in FIG. 2B, the
photocurrent difference between the two photodetectors 2206 is realized in the
amplification stage, e.g., by a differential TIA 2210. Compared to direct

detection, coherent detection offers better sensitivity so that the receiver system

as a whole may operate at lower input power.

Photonic computation method

[0114] FIG. 23 is a flow chart of an example method 2300 for optically
performing scalar vector and matrix multiplications, in accordance with various
embodiments. In this method 2300, coherent light is split evenly, with uniform
power coupling ratios, into a plurality of optical carrier signals of uniform
optical power (2302), which are then routed to a plurality of first optical
modulator cells (2304). In some embodiments, the optical paths from the optical
input to the plurality of first optical modulator cells are geometrically delay-
matched. Each first optical modulator cell is associated with a corresponding
component of one or more first vectors (e.g., using WDM schemes to impart
vector components of multiple first vectors), and used to modulate the
corresponding optical carrier signal in accordance with that vector component
(2306). The resulting first modulated optical signals are then routed from the
first optical modulator cells to corresponding second optical modulators cells, in
some embodiments along second geometrically delay-matched optical paths
(2308). The second optical modulator cells include one or more sets of second
optical modular cells associated with one more respective second vectors
(multiple second vectors collectively forming a matrix), and the second optical
modulator cells within each set are used to modulate the first modulated optical
signals in accordance with corresponding components of the associated second
vector (2310) to generate second modulated optical signals. In the case of
multiple second vectors, the first modulated optical signals, as they are being
routed from the first to the second optical modulator cells, are evenly split
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between the different sets of second optical modulators associated with the
respective second vectors. For each of the one or more second vectors, the
associated second modulated (or twice modulated) optical signals are combined
evenly, with uniform power coupling ratios, across all vector components of the
second vector into an associated optical output signal (2312). The one or more
optical output signals are then converted, by optical receivers, into electronic
output signals each representative of a scalar product between a first vector and
one of the second vectors (2314). In some embodiments, the paths from the
outputs of the second optical modulator cells to the optical receivers are all

geometrically delay-matched.

Photonic-electronic computing system

[0115] To form a functioning computing system, the photonic circuits
described above are used in conjunction with electronic circuitry that provides
the control signals for drivers associated with, e.g., optical amplitude modulators
and phase shifters of the optical modulator cells, and that processes the optical
receiver (e.g., photodetector) outputs. For example, the disclosed photonic
circuits may be used to implement artificial neural networks, the neuron weights
in each network layer being implemented by the second optical modulator cells,
which take the first modulated optical signals as the neuron inputs. The optical
receiver outputs, which correspond to the neuron outputs of the neural network
layer, may be processed to compute the neuron inputs for the next layer in the
neural network. In some embodiments, such next layer is implemented as a
separate photonic circuit. In other embodiments, multiple layers of the neural
network are implemented successively in multiple computational cycles using a
single photonic circuit by applying, during each cycle, the neuron inputs and
neuron weights of the respective network layer, as may be stored in memory of
the electronic circuitry, to the optical amplitude modulators and phase shifters.
The electronic circuitry may also provide neural network functions (e.g.,
implementing non-linear activation layers, pooling layers, etc.) and perform pre-
processing and post-processing operations on the input to and output generated
by the neural network. In general, the electronic circuitry may be analog

circuitry, or mixed-signal (analog-digital) circuitry including ADCs and DACs
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to convert between the analog and digital domains. One benefit of digital
circuitry is its ability to support mixed-precision operations.

[0116] FIGS. 24A and 24B are schematic side and top views,
respectively, illustrating an example hybrid photonic-electronic computing
system 2400 in accordance with various embodiments. As shown in FIG. 24A,
the system 2400 includes a photonic integrated circuit (PIC) 2402, e.g.,
implemented in silicon, that includes one or more of the above-described
photonic circuits (e.g., 300, 400, 401, 500, 600, 601, 700, 702, 704, 800, 900) for
performing vector and matrix multiplications (e.g., implementing linear neural
network layers), and an electronic integrated circuit (EIC) 2404 that interfaces
with and complements the function of the PIC 2402. The EIC 2404 may include
analog and/or digital circuitry, and may be hardwired and application-specific
(e.g., an application-specific integrated circuit (ASIC)) or programmable (e.g., a
field-programmable gate array FPGA). The system 2400 may further include a
light engine 2406 with one or more lasers, such as, without limitation,
distributed feedback (DFB) lasers or other laser diodes implemented, e.g., in II1-
V compound semiconductor materials, to generate coherent carrier light.
Multiple lasers emitting at the same wavelength may be used to generate light
for multiple photonic circuits at one or more wavelengths. Alternatively or
additionally, the light engine 06 may include multiple lasers emitting at different
wavelengths, as well as a wavelength multiplexer, e.g., implemented as an
arrayed waveguide grating, to combine the different wavelengths into a single,
multiplexed optical carrier signal.

[0117] The PIC 2402, EIC 2404, and light engine 2406 may interface
with each other via an optical interposer 2408, which integrates them into a chip-
scale package. The interposer 2408 may, for instance, include electrical
connections between the photodetectors on the PIC 2402 and the associated
processing circuitry in the EIC 2404, where the analog electronic output signals
of the photodetectors are processed, as well as between the modulators (that is,
amplitude modulators and phase shifters) in the PIC 2402 and the associated
driver circuitry in the EIC 2404. Additionally, the interposer 2408 may include
electrical connections between the EIC 2404 and the light engine 2406, e.g., to
allow the EIC 2404 to control and monitor operation of the light engine 2406.

The power consumption of the electronic interface between the PIC 2402 and the
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EIC 2404 is, in some embodiments, less than 3 pJ (picojoules) per bit of data
converted between the optical domain and the digital electronic domain.

[0118] The interposer 2408 may further facilitate optical communication
between the light engine 2406 and the PIC 2402 via waveguiding structures in
the interposer 2408 that couple the (e.g., multiplexed) laser outputs into
waveguides (e.g., a carrier-light waveguide leading up to the optical splitter of a
photonic crossbar) in the PIC 2406. Coupling may be achieved, e.g., using an
edge coupler, an inverted taper coupler, or a grating coupler in the PIC 2402
and/or interposer 2408. In the depicted embodiment, the PIC 2402 and EIC
2404 are flip-chip-bonded to the optical interposer 2408 next to each other. It is,
however, also possible to bond the EIC 2404 directly to the PIC, which can
provide the benefit of significantly reduced electrical connections from the EIC
2404 to the electro-optic devices within the PIC 2402.

[0119] FIG. 24B provides, in a schematic block-style top view, more
detail about the components of the EIC 2404 in accordance with an example
embodiment. The depicted EIC 2404 is a mixed-signal circuit, including ADCs
and DACs to convert electronic signals between the analog and digital domains.
The ADCs are provided at the outputs of TTAs that amplify the electronic output
signal received from the photodetectors of the PIC 1402. In neural-network
application, the electronic output signals constitute the activations generated by
the linear network layer; TIAs and ADCs are collectively labeled 2410. The
DAC:s are provided at the inputs of drivers that provide the drive signals for the
optical modulators of the PIC 2402; drivers and DACs are collectively labeled
2412.

[0120] In various neural-network applications, drive signals are applied
at least to the first optical modulator cells in the photonic circuit to provide the
neuron inputs in electronic form to the optical linear neural network layer. The
drivers of the input signals may operate at high frequency, e.g., at 50 GHz to
apply a new neuron input to a given modulator every 20 ps. In some
embodiments, drive signals are further applied to the second optical modulator
cells, which impart the neuron weights, typically at a much lower rate or quasi-
statically. The weights may be updated once a large number of different sets of
inputs have been processed, e.g., every one hundred clock cycles of the input for

an interference application, to implement another neural network layer. In this
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manner, a single photonic circuit (e.g., a single crossbar) can sequentially
implement multiple neural network layers. For instance, the neuron outputs of
one layer, as encoded in the optical output signals of the photonic circuit, may be
processed, after conversion into the electronic domain, to compute neuron inputs
for the next layer, which are then fed back into the same photonic circuit, now
operated based on a new set of neuron weights. Alternatively, the processed
neuron outputs from one photonic circuit may be provided as neuron inputs to
another physical photonic circuit implemented on the PIC 2402. Optionally, the
processed outputs of the second photonic circuit, or of any additional photonic
circuit, may eventually be fed back into the first photonic circuit. It is also
possible for a photonic circuit to implement a recurrent neural network layer, in
which case the applied neuron weights remain the same as the neuron output of
the recurrent layer is fed back into the layer as input.

[0121] With renewed reference to FIG. 24B, the EIC 2404 may further
include on-chip memory 2414, e.g., static random access memory (SRAM) or
other embedded non-volatile memory, such as magnetoresistive RAM (MRAM),
resistive RAM (ReRAM), NOR flash memory, phase-change memory (PCM),
etc. The memory 2414 may store, for example, the weights to be applied to the
modulators in the weighting cells, and/or intermediate data, such as (neuron)
inputs to a computational (neural network) layer as computed from the outputs
of the preceding layer. Weights may, alternatively, be stored directly in the PIC
2402, e.g., using O-PCM.

[0122] The EIC 2404 may be configured to perform various operations
that cannot, or not as efficiently, be implemented in the photonic circuit,
including, in particular, non-multiply-accumulate (non-MAC) operations. The
EIC 2404 may, for example, apply an analog or digital non-linear activation
function to the optically generated linear neuron outputs, although certain
activation functions can also be implemented all-optically in the PIC 2402. As
another example, the EIC 2404 may include a single instruction, multiple data
(SIMD) processor 2416 that can efficiently perform pooling operations, e.g., in
between photonically implemented convolutional layers of a neural network. In
some embodiments, it is also beneficial to implement a fully-connected neural
network layer electronically in the EIC 2404. For example, in a photonic-

electronic neuromorphic computing system 2400 configured for image-
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recognition applications using a RESNET50 model, the PIC 2402 may
implement the convolutional neural network layers, whereas the EIC 2404 may
handle the pooling layers and fully-connected layers of the model at higher bit
precision than would be achievable with the PIC 2402.

[0123] Apart from certain neural network operations, the EIC 2404 may
also perform pre- and post-processing of the neural network (or other
computational) model and or its input and output. In some embodiments, a
neural network model (or other model represented by a matrix) is rendered
sparse by converting inessential network parameters (or matrix elements) to
zero, without compromising accuracy. In addition, sparse input data may be pre-
processed for more efficient storage in the on-chip memory 2414. Image input
data may be pre-processed to suppress undesired distortions or enhance relevant
features, e.g., using Gaussian, wavelet, average, or median filters, fuzzy
histogram hyperbolization, bias correction, or any of a variety of other
techniques known in the field of image processing to generate better input
features to the neural network. In some embodiments, the EIC 2404 includes a
graphic processing unit (GPU) for performing certain (e.g., image-processing)
operations. Processing digital signals, beneficially, supports mixed-precision
computations and can achieve higher bit precision (e.g., any combination of
FP64, FP32, FP16, bfloat16, INT8, INTS8 sparse, and INT4 operations) than
photonic operations. In various embodiments, the PIC 2402 can perform 4-bit or
8-bit operations (or mixed-precision operations combining 4-bit and 8-bit
precision).

[0124] In various embodiments, the computing system 2400 implements
a trained neural network model with pre-computed neuron weights (e.g., as
stored in the on-chip memory 2414 or in O-PCM directly in the PIC 2402) for a
particular inference application. The machine-learning algorithm (e.g.,
backpropagation of errors with gradient descent) to determine the neuron
weights may be implemented and executed, for example, using conventional
computing hardware (e.g., a general-purpose processor or GPU). Alternatively,
the neural network model may be trained in situ using the neuromorphic
computing system 2400, e.g., with neuron inputs processed optically by the PIC
2402 in the forward propagation phase, and adjustments to the weights based on

the neuron outputs being computed electronically, either directly by the EIC
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2404 (which, for this purpose, would be configured to implement the back-
propagation phase of the algorithm) or by an additional computing device in
communication with the EIC 2404,

[0125] The computing system 2400 may, of course, be used in many
applications other than neural-network implementations. Further, the described
computing system 2400 is only one nonlimiting way of integrating photonic
circuits as described herein with electronic circuitry, and other integration

approaches may occur to those of ordinary skill in the art.

[0126] The following numbered examples provide illustrative
embodiments.
[0127] Example 1 is a photonic circuit comprising: a front-end optical

splitter configured to split carrier light with uniform power coupling ratios into a
plurality of optical carrier signals; a plurality of first optical modulator cells
configured to modulate the plurality of optical carrier signals in accordance with
components of a first vector to generate a plurality of first modulated optical
signals; multiple sets of second optical modulator cells, each set associated with
a corresponding one of multiple second vectors and comprising a plurality of
second optical modulator cells configured to modulate the plurality of first
modulated optical signals in accordance with components of that second vector
to generate a plurality of second modulated optical signals associated with that
second vector; a plurality of waveguide structures each configured to route a
corresponding one of the plurality of first modulated optical signals to
corresponding second optical modulator cells of the multiple sets of second
optical modulator cells; and multiple back-end optical combiners each associated
with a corresponding one of the multiple second vectors and the associated set of
second optical modulator cells and configured to coherently combine the
plurality of second modulated optical signals associated with that second vector
with uniform power coupling ratios into an optical output signal that represents a
scalar product between the first vector and the second vector.

[0128] Example 2 is the photonic circuit of example 1, wherein the front-
end splitter comprises a symmetric cascade of 3dB couplers.

[0129] Example 3 the photonic circuit of example 1 or example 2,
wherein the multiple back-end optical combiners each comprise a symmetric

cascade of 3dB couplers.
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[0130] Example 4 is the photonic circuit of any of examples 1-3, wherein
the multiple back-end optical combiners and the plurality of waveguide
structures configured to route the first modulated optical signals to the second
optical modulator cells form waveguide crossings, the photonic circuit further
comprising dummy waveguide crossings in the back-end optical combiners,
wherein for each of the sets of second optical modulator cells, the waveguide
crossings and the dummy waveguide crossings are balanced in sum across all
paths from the plurality of second optical modulator cells of the set to an output
of the associated back-end optical combiner.

[0131] Example 5 is the photonic circuit of example 4, further
comprising dummy waveguide crossings in the waveguide structures configured
to route the first modulated optical signals to the second optical modulator cells,
wherein the waveguide crossings and the dummy waveguide crossings are
further balanced in sum across all back-end optical combiners.

[0132] Example 6 is the photonic circuit of example 4 or example 5,
wherein the dummy waveguide crossings are spatially clustered.

[0133] Example 7 is the photonic circuit of any of examples 1-6, wherein
each of the plurality of waveguide structures comprises, arranged along a
waveguide, a series of optical couplers that sequentially couple power fractions
of the corresponding first modulated optical signal to the corresponding second
optical modulator cells of the multiple sets of second optical modulator cells.
[0134] Example 8 is the photonic circuit of example 7, wherein power
coupling ratios of the series of optical couplers are configured to balance optical
input power across all sets of second optical modulator cells.

[0135] Example 9 is the photonic circuit of example 7 or example 8,
wherein the second optical modulator cells of the plurality of sets are arranged in
a rectangular array of rows and columns, the waveguides of the waveguide
structures configured to route the first modulated optical signals to the second
optical modulator cells being arranged along the rows, and the second optical
modulator cells of each set being arranged along a corresponding one of the
columns.

[0136] Example 10 is the photonic circuit of example 9, wherein the
multiple back-end optical combiners are each configured to coherently combine

the plurality of second modulated optical signals at a bottom of the
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corresponding column, following all waveguide crossings of the back-end
optical combiners with the waveguide structures configured to route the first
modulated optical signals.

[0137] Example 11 is the photonic circuit of example 9, wherein the
multiple back-end optical combiners are each configured to combine pairs of the
second modulated optical signals in between the corresponding waveguides of
the waveguide structures configured to route the first modulated optical signals,
preceding waveguide crossings of the back-end optical combiner with the
waveguide structures.

[0138] Example 12 is the photonic circuit of any of examples 1-11,
wherein the second optical modulator cells comprise optical amplitude
modulators collectively configurable to implement any positive real-valued
matrix.

[0139] Example 13 is the photonic circuit of any of example 12, wherein
the second optical modulator cells further comprise optical phase modulators
collectively configurable, in conjunction with the optical amplitude modulators,
to implement any real-valued or complex-valued matrix.

[0140] Example 14 is the photonic circuit of any of examples 1-13,
wherein total active insertion losses at outputs of the multiple back-end optical
combiners scale linearly with a size of the first and second vectors.

[0141] Example 15 is the photonic circuit of any of examples 1-14,
further comprising, at outputs of the multiple back-end optical combiners,
optical amplifiers or attenuators collectively configurable to restore a fidelity of
the photonic circuits to 100%.

[0142] Example 16 is the photonic circuit of any of examples 1-15,
further comprising, at outputs of the multiple back-end optical combiners,
multiple respective optical receivers configured to convert the optical output
signals into respective electronic output signals.

[0143] Example 17 is the photonic circuit of example 16, wherein: the
first optical modulator cells are wavelength-division-multiplexed optical
modulator cells configured to modulate light at multiple wavelengths in
accordance with multiple first vectors; and the multiple receivers are
wavelength-division-multiplexed receivers each configured to generate multiple

electronic output signals, the multiple electronic output signals representative of
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scalar products of the multiple first vectors with the second vector associated
with the receiver.

[0144] Example 18 is the photonic circuit of example 17, wherein: the
wavelength-division-multiplexed first optical modulator cells each comprise
multiple first modulators corresponding to the multiple first vectors, bracketed
between a demultiplexer and a multiplexer; and the wavelength-division-
multiplexed receivers each comprise a demultiplexer followed by multiple
receivers to measure electronic output signals representing respective products
with the multiple first vectors.

[0145] Example 19 is the photonic circuit of any of examples 1-3 or 12-
18, further comprising, at outputs of the multiple back-end optical combiners,
multiple respective optical receivers configured to convert the optical output
signals into respective electronic output signals, wherein: the front-end optical
splitter is configured to route the plurality of optical carrier signals from an
optical input to the first optical modulator cells along first geometrically delay-
matched optical paths; the plurality of waveguide structures are configured to
route the first modulated optical signals from the first optical modulator cells to
the second optical modulator cells along second geometrically delay-matched
optical paths; and the multiple back-end optical combiners are configured to
route the second modulated optical signals to the receivers along third
geometrically delay-matched optical paths.

[0146] Example 20 is the photonic circuit of example 19, wherein the
plurality of waveguide structures are configured as symmetric optical waveguide
trees with couplers of uniform power coupling ratios at their junctions.

[0147] Example 21 is the photonic circuit of example 20, wherein: the
first optical modulator cells are arranged linearly along a first dimension; and the
second optical modulators cells of all sets of second optical modulators cells are
arranged linearly along the first dimension, parallel to the first optical modulator
cells, ordered based on their associated first modulated optical signals to form
spatial groupings each associated with one of the first modulated optical signals.
[0148] Example 22 is the photonic circuit of example 21, wherein: the
multiple optical receivers are arranged linearly along the first dimension, parallel
to the first optical modulator cells and the second optical modulator cells of all

sets of second optical modulator cells; and the second optical modulator cells
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within each grouping are arranged in a same order as the multiple optical
receivers with which they are associated, such that each of the back-end optical
combiners combines light from second optical modulator cells at positions
within each of the groupings that correspond to a position of the associated
optical receiver within the linearly arranged multiple optical receivers.

[0149] Example 23 is the photonic circuit of example 21, wherein: the
multiple optical receivers are arranged linearly along a second dimension that is
perpendicular to the first dimension; and the second optical modulator cells
within each of a first half of the groupings along the first dimension are arranged
in a same order as the multiple optical receivers with which they are associated
and the second optical modulator cells within each of a second half of the
groupings along the first dimension are arranged in a reverse order to the
multiple optical receivers with which they are associated, such that each of the
multiple back-end optical combiners combines light from second optical
modulator cells at positions within the groupings that mirror each other between
the first half and the second half.

[0150] Example 24 is the photonic circuit of example 21, wherein: the
multiple optical receivers are arranged linearly along a second dimension that is
perpendicular to the first dimension; and the second optical modulator cells are
arranged within the groupings alternatingly in a same order as or in a reverse
order to the multiple optical receivers with which they are associated, such that
each of the multiple back-end optical combiners combines light from second
optical modulator cells at positions within the groupings that mirror each other
between adjacent groupings along the first dimension.

[0151] Example 25 is the photonic circuit of example 20, wherein: the
first optical modulator cells are arranged linearly along a first dimension; the
second optical modulator cells within each of the sets are arranged linearly along
the first dimension, parallel to the first optical modulator cells; and the sets of
second optical modulator cells are arranged linearly along a second dimension
that is perpendicular to the first dimension.

[0152] Example 26 is the photonic circuit of any of examples 1-25,
further comprising, at outputs of the multiple back-end optical combiners,

multiple respective optical receivers configured to convert the optical output
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signals into respective electronic output signals, wherein the optical receivers
each comprise a photodetector.

[0153] Example 27 is the photonic circuit of any of examples 1-25,
further comprising, at outputs of the multiple back-end optical combiners,
multiple respective optical receivers configured to convert the optical output
signals into respective electronic output signals, wherein the optical receivers
comprise one or more coherent receivers each including an optical mixer
configured to mix the respective optical output signal with a local oscillator
signal, a pair of photodetectors to measure intensities of optical outputs of the
optical mixer, and an optical amplifier to combine electronic outputs of the pair
of photodetectors.

[0154] Example 28 is the photonic circuit of any of examples 1-27,
wherein each of the back-end optical combiners comprises a cascade of 3dB
couplers formed at junctions of an inverse optical waveguide tree, and preceding
each of the junctions, a phase shifter in each waveguide of a pair of waveguides
combined at the junction.

[0155] Example 29 is the photonic circuit of example 28, wherein, in
each pair of waveguides combined at one of the junctions, the phase shifter in
one of the waveguides is controlled and the phase shifter in the other one of the
waveguides is a dummy phase shifter.

[0156] Example 30 is the photonic circuit of any of examples 1-29,
wherein the first and second optical modulator cells each comprise an optical
amplitude modulator.

[0157] Example 31 is the photonic circuit of example 30, wherein the
optical amplitude modulators comprise electronically driven optical devices
whose output optical amplitude depends monotonically on a voltage value of a
variable drive-signal voltage over a range of voltage values.

[0158] Example 32 is the photonic circuit of example 31, wherein the
electronically driven optical devices comprise at least one of electro-absorption
modulators or electro-optic ring modulators.

[0159] Example 33 is the photonic circuit of example 31 or example 32,
wherein at least one of the optical amplitude modulators further comprises a
Mach-Zehnder interferometer including one of the electronically driven optical

devices in one of its interferometer arms, wherein coupling ratios of split and
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combine couplers of the Mach-Zehnder interferometer are configured such that
an optical amplitude at an output of the Mach-Zehnder interferometer is zero at
one end of the range of voltage values of the drive-signal voltage.

[0160] Example 34 is the photonic circuit of example 31, wherein at least
one of the optical amplitude modulators further comprises a Mach-Zehnder
interferometer including in its two interferometer arms two respective devices of
the electronically driven optical devices, wherein the two optical devices are
driven differentially.

[0161] Example 35 is the photonic circuit of example 30, wherein at least
one of the optical amplitude modulators comprises a Mach-Zehnder
interferometer including an electronically driven optical phase shifter in one of
its interferometer arms, wherein over a range of voltage values of a variable
drive-signal voltage applied to the optical phase shifter, an optical amplitude at
an output of the Mach-Zehnder interferometer depends monotonically on a
voltage value of the variable drive-signal voltage.

[0162] Example 36 is the photonic circuit of example 30, wherein at least
one of the optical amplitude modulators comprises a Mach-Zehnder
interferometer including in its two interferometer arms two respective
electronically driven optical phase shifters, wherein the two optical phase
shifters are driven differentially, and wherein over a range of voltage values of a
variable differential drive-signal voltage applied to the optical phase shifters, an
optical amplitude at an output of the Mach-Zehnder interferometer depends
monotonically on a voltage value of the variable differential drive-signal

voltage.

[0163] Example 37 is the photonic circuit of example 30, wherein the
optical amplitude modulators are electronically driven by a drive signal voltage
created from an analog input, and wherein a transfer function mapping the
analog input to the drive signal voltage is configured based on a transfer function
from the drive signal voltage to an output optical amplitude of the optical
amplitude modulator such that an overall transfer function from the analog input
to the output optical amplitude is substantially linear.

[0164] Example 38 is a method comprising: receiving coherent light at
an optical input; splitting the coherent light with uniform power coupling ratios

into a plurality of optical carrier signals; routing the optical carrier signals to a
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plurality of first optical modulator cells; using the first optical modulator cells to
modulate the optical carrier signals in accordance with components of a first
vector to generate a plurality of first modulated optical signals; splitting each of
the first modulated optical signals with uniform power coupling ratios between
multiple sets of second optical modulator cells associated with multiple
respective second vectors; routing each of the first modulated optical signals to
second optical modulator cells, within the multiple sets, that are associated with
components of the second vectors corresponding to the component of the first
vector associated with the first modulated optical signal; using the second optical
modulator cells of each set to modulate the first modulated optical signals in
accordance with corresponding components of the second vector associated with
the set to generate second modulated optical signals; coherently combining the
second modulated optical signals associated with each of the second vectors with
equal power coupling ratios into an optical output signal associated with the
second vector and routing; and converting the optical output signals associated
with the multiple second vectors into respective electronic output signals.

[0165] Example 39 is the method of example 38, wherein: the optical
carrier signals are routed to the first optical modulator cells along first
geometrically delay-matched optical paths; the first modulated optical signals
are routed to the second optical modulator cells along second geometrically
delay-matched optical paths; and the second modulated optical signals are routed
to optical receivers that convert the optical output signals into electronic output
signals along third geometrically delay-matched optical paths.

[0166] Example 40 is the method of example 38 or example 39, wherein:
each of the first optical modulator cells is used to demultiplex the optical carrier
signal into optical carrier signals at multiple wavelengths, modulate the optical
carrier signals at the multiple wavelengths with multiple corresponding first
amplitude modulators in accordance with multiple first vectors, and multiplex
the modulated optical carrier signals at the multiple wavelengths into the first
modulated optical signal; and converting the optical output signals associated
with the multiple second vectors into respective electronic output signals
comprises demultiplexing the optical output signals into optical output signals at
the multiple wavelengths, and converting the optical output signals at the

multiple wavelengths separately into electronic output signals.
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[0167] The method of any of examples 38-40, further comprising
balancing optical losses across optical paths from the optical input to optical
receivers that convert the optical output signals into electronic output signals.
[0168] Although the inventive subject matter has been described with

5 reference to specific example embodiments, it will be evident that various
modifications and changes may be made to these embodiments without
departing from the broader scope of the inventive subject matter. Accordingly,
the specification and drawings are to be regarded in an illustrative rather than a

restrictive sense.
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CLAIMS

What is claimed is:

1. A photonic circuit comprising:

a front-end optical splitter configured to split carrier light with uniform
power coupling ratios into a plurality of optical carrier signals;

a plurality of first optical modulator cells configured to modulate the
plurality of optical carrier signals in accordance with components of a first
vector to generate a plurality of first modulated optical signals;

multiple sets of second optical modulator cells, each set associated with a
corresponding one of multiple second vectors and comprising a plurality of
second optical modulator cells configured to modulate the plurality of first
modulated optical signals in accordance with components of that second vector
to generate a plurality of second modulated optical signals associated with that
second vector;

a plurality of waveguide structures each configured to route a
corresponding one of the plurality of first modulated optical signals to
corresponding second optical modulator cells of the multiple sets of second
optical modulator cells; and

multiple back-end optical combiners each associated with a
corresponding one of the multiple second vectors and the associated set of
second optical modulator cells and configured to coherently combine the
plurality of second modulated optical signals associated with that second vector
with uniform power coupling ratios into an optical output signal that represents a

scalar product between the first vector and the second vector.

2. The photonic circuit of claim 1, wherein the front-end splitter comprises

a symmetric cascade of 3dB couplers.

3. The photonic circuit of claim 1, wherein each of the multiple back-end

optical combiners each comprise a symmetric cascade of 3dB couplers.
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4. The photonic circuit of claim 1, wherein the multiple back-end optical
combiners and the plurality of waveguide structures configured to route the first
modulated optical signals to the second optical modulator cells form waveguide
crossings, the photonic circuit further comprising dummy waveguide crossings
in the back-end optical combiners, wherein for each of the sets of second optical
modulator cells, the waveguide crossings and the dummy waveguide crossings
are balanced in sum across all paths from the plurality of second optical
modulator cells of the set to an output of the associated back-end optical

combiner.

S. The photonic circuit of claim 4, further comprising dummy waveguide
crossings in the waveguide structures configured to route the first modulated
optical signals to the second optical modulator cells, wherein the waveguide
crossings and the dummy waveguide crossings are further balanced in sum

across all back-end optical combiners.

6. The photonic circuit of claim 4, wherein the dummy waveguide crossings

are spatially clustered.

7. The photonic circuit of claim 1, wherein each of the plurality of
waveguide structures comprises, arranged along a waveguide, a series of optical
couplers that sequentially couple power fractions of the corresponding first
modulated optical signal to the corresponding second optical modulator cells of

the multiple sets of second optical modulator cells.

8. The photonic circuit of claim 7, wherein power coupling ratios of the
series of optical couplers are configured to balance optical input power across all

sets of second optical modulator cells.

9. The photonic circuit of claim 7, wherein the second optical modulator
cells of the plurality of sets are arranged in a rectangular array of rows and
columns, the waveguides of the waveguide structures configured to route the

first modulated optical signals to the second optical modulator cells being
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arranged along the rows, and the second optical modulator cells of each set being

arranged along a corresponding one of the columns.

10. The photonic circuit of claim 9, wherein the multiple back-end optical
combiners are each configured to coherently combine the plurality of second
modulated optical signals at a bottom of the corresponding column, following all
waveguide crossings of the back-end optical combiners with the waveguide

structures configured to route the first modulated optical signals.

11.  The photonic circuit of claim 9, wherein the multiple back-end optical
combiners are each configured to combine pairs of the second modulated optical
signals in between the corresponding waveguides of the waveguide structures
configured to route the first modulated optical signals, preceding waveguide

crossings of the back-end optical combiner with the waveguide structures.

12.  The photonic circuit of claim 1, wherein the second optical modulator
cells comprise optical amplitude modulators collectively configurable to

implement any positive real-valued matrix.

13.  The photonic circuit of claim 12, wherein the second optical modulator
cells further comprise optical phase modulators collectively configurable, in
conjunction with the optical amplitude modulators, to implement any real-valued

or complex-valued matrix.

14.  The photonic circuit of claim 1, wherein total active insertion losses at
outputs of the multiple back-end optical combiners scale linearly with a size of

the first and second vectors.

15.  The photonic circuit of claim 1, further comprising, at outputs of the
multiple back-end optical combiners, optical amplifiers or attenuators

collectively configurable to restore a fidelity of the photonic circuits to 100%.

16.  The photonic circuit of claim 1, further comprising, at outputs of the

multiple back-end optical combiners, multiple respective optical receivers
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configured to convert the optical output signals into respective electronic output

signals.

17. The photonic circuit of claim 16, wherein:

the first optical modulator cells are wavelength-division-multiplexed
optical modulator cells configured to modulate light at multiple wavelengths in
accordance with multiple first vectors; and

the multiple receivers are wavelength-division-multiplexed receivers
each configured to generate multiple electronic output signals, the multiple
electronic output signals representative of scalar products of the multiple first

vectors with the second vector associated with the receiver.

18. The photonic circuit of claim 17, wherein:

the wavelength-division-multiplexed first optical modulator cells each
comprise multiple first modulators corresponding to the multiple first vectors,
bracketed between a demultiplexer and a multiplexer; and

the wavelength-division-multiplexed receivers each comprise a
demultiplexer followed by multiple receivers to measure electronic output

signals representing respective products with the multiple first vectors.

19. The photonic circuit of claim 16, wherein:

the front-end optical splitter is configured to route the plurality of optical
carrier signals from an optical input to the first optical modulator cells along first
geometrically delay-matched optical paths;

the plurality of waveguide structures are configured to route the first
modulated optical signals from the first optical modulator cells to the second
optical modulator cells along second geometrically delay-matched optical paths;
and

the multiple back-end optical combiners are configured to route the
second modulated optical signals to the receivers along third geometrically

delay-matched optical paths.
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20.  The photonic circuit of claim 19, wherein the plurality of waveguide
structures are configured as symmetric optical waveguide trees with couplers of

uniform power coupling ratios at their junctions.

21.  The photonic circuit of claim 20, wherein:

the first optical modulator cells are arranged linearly along a first
dimension; and

the second optical modulators cells of all sets of second optical
modulators cells are arranged linearly along the first dimension, parallel to the
first optical modulator cells, ordered based on their associated first modulated
optical signals to form spatial groupings each associated with one of the first

modulated optical signals.

22.  The photonic circuit of claim 21, wherein:

the multiple optical receivers are arranged linearly along the first
dimension, parallel to the first optical modulator cells and the second optical
modulator cells of all sets of second optical modulator cells; and

the second optical modulator cells within each grouping are arranged in a
same order as the multiple optical receivers with which they are associated, such
that each of the back-end optical combiners combines light from second optical
modulator cells at positions within each of the groupings that correspond to a
position of the associated optical receiver within the linearly arranged multiple

optical receivers.

23.  The photonic circuit of claim 21, wherein:

the multiple optical receivers are arranged linearly along a second
dimension that is perpendicular to the first dimension; and

the second optical modulator cells within each of a first half of the
groupings along the first dimension are arranged in a same order as the multiple
optical receivers with which they are associated and the second optical
modulator cells within each of a second half of the groupings along the first
dimension are arranged in a reverse order to the multiple optical receivers with
which they are associated, such that each of the multiple back-end optical

combiners combines light from second optical modulator cells at positions
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within the groupings that mirror each other between the first half and the second

half.

24. The photonic circuit of claim 21, wherein:

the multiple optical receivers are arranged linearly along a second
dimension that is perpendicular to the first dimension; and

the second optical modulator cells are arranged within the groupings
alternatingly in a same order as or in a reverse order to the multiple optical
receivers with which they are associated, such that each of the multiple back-
end optical combiners combines light from second optical modulator cells at
positions within the groupings that mirror each other between adjacent groupings

along the first dimension.

25.  The photonic circuit of claim 20, wherein:

the first optical modulator cells are arranged linearly along a first
dimension;

the second optical modulator cells within each of the sets are arranged
linearly along the first dimension, parallel to the first optical modulator cells;
and

the sets of second optical modulator cells are arranged linearly along a

second dimension that is perpendicular to the first dimension.

26.  The photonic circuit of claim 16, wherein the optical receivers each

comprise a photodetector.

27. The photonic circuit of claim 16, wherein the optical receivers comprise
one or more coherent receivers each including an optical mixer configured to
mix the respective optical output signal with a local oscillator signal, a pair of
photodetectors to measure intensities of optical outputs of the optical mixer, and

an optical amplifier to combine electronic outputs of the pair of photodetectors.

28.  The photonic circuit of claim 1, wherein each of the back-end optical

combiners comprises a cascade of 3dB couplers formed at junctions of an
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inverse optical waveguide tree, and preceding each of the junctions, a phase

shifter in each waveguide of a pair of waveguides combined at the junction.

29. The photonic circuit of claim 28, wherein, in each pair of waveguides
combined at one of the junctions, the phase shifter in one of the waveguides is
controlled and the phase shifter in the other one of the waveguides is a dummy

phase shifter.

30.  The photonic circuit of claim 1, wherein the first and second optical

modulator cells each comprise an optical amplitude modulator.

31.  The photonic circuit of claim 30, wherein the optical amplitude
modulators comprise electronically driven optical devices whose output optical
amplitude depends monotonically on a voltage value of a variable drive-signal

voltage over a range of voltage values.

32. The photonic circuit of claim 31, wherein the electronically driven
optical devices comprise at least one of electro-absorption modulators or electro-

optic ring modulators.

33.  The photonic circuit of claim 31, wherein at least one of the optical
amplitude modulators further comprises a Mach-Zehnder interferometer
including one of the electronically driven optical devices in one of its
interferometer arms, wherein coupling ratios of split and combine couplers of the
Mach-Zehnder interferometer are configured such that an optical amplitude at an
output of the Mach-Zehnder interferometer is zero at one end of the range of

voltage values of the drive-signal voltage.

34.  The photonic circuit of claim 31, wherein at least one of the optical
amplitude modulators further comprises a Mach-Zehnder interferometer
including in its two interferometer arms two respective devices of the
electronically driven optical devices, wherein the two optical devices are driven

differentially.
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35.  The photonic circuit of claim 30, wherein at least one of the optical
amplitude modulators comprises a Mach-Zehnder interferometer including an
electronically driven optical phase shifter in one of its interferometer arms,
wherein over a range of voltage values of a variable drive-signal voltage applied
to the optical phase shifter, an optical amplitude at an output of the Mach-
Zehnder interferometer depends monotonically on a voltage value of the variable

drive-signal voltage.

36.  The photonic circuit of claim 30, wherein at least one of the optical
amplitude modulators comprises a Mach-Zehnder interferometer including in its
two interferometer arms two respective electronically driven optical phase
shifters, wherein the two optical phase shifters are driven differentially, and
wherein over a range of voltage values of a variable differential drive-signal
voltage applied to the optical phase shifters, an optical amplitude at an output of
the Mach-Zehnder interferometer depends monotonically on a voltage value of

the variable differential drive-signal voltage.

37.  The photonic circuit of claim 30, wherein the optical amplitude
modulators are electronically driven by a drive signal voltage created from an
analog input, and wherein a transfer function mapping the analog input to the
drive signal voltage is configured based on a transfer function from the drive
signal voltage to an output optical amplitude of the optical amplitude modulator
such that an overall transfer function from the analog input to the output optical

amplitude is substantially linear.

38. A method comprising:

receiving coherent light at an optical input;

splitting the coherent light with uniform power coupling ratios into a
plurality of optical carrier signals;

routing the optical carrier signals to a plurality of first optical modulator
cells;

using the first optical modulator cells to modulate the optical carrier
signals in accordance with components of a first vector to generate a plurality of

first modulated optical signals;
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splitting each of the first modulated optical signals with uniform power
coupling ratios between multiple sets of second optical modulator cells
associated with multiple respective second vectors;

routing each of the first modulated optical signals to second optical
modulator cells, within the multiple sets, that are associated with components of
the second vectors corresponding to the component of the first vector associated
with the first modulated optical signal;

using the second optical modulator cells of each set to modulate the first
modulated optical signals in accordance with corresponding components of the
second vector associated with the set to generate second modulated optical
signals;

coherently combining the second modulated optical signals associated
with each of the second vectors with equal power coupling ratios into an optical
output signal associated with the second vector and routing; and

converting the optical output signals associated with the multiple second

vectors into respective electronic output signals.

39. The method of claim 38, wherein:

the optical carrier signals are routed to the first optical modulator cells
along first geometrically delay-matched optical paths;

the first modulated optical signals are routed to the second optical
modulator cells along second geometrically delay-matched optical paths; and

the second modulated optical signals are routed to optical receivers that
convert the optical output signals into electronic output signals along third

geometrically delay-matched optical paths.

40. The method of claim 38, wherein:

each of the first optical modulator cells is used to demultiplex the optical
carrier signal into optical carrier signals at multiple wavelengths, modulate the
optical carrier signals at the multiple wavelengths with multiple corresponding
first amplitude modulators in accordance with multiple first vectors, and
multiplex the modulated optical carrier signals at the multiple wavelengths into

the first modulated optical signal; and
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converting the optical output signals associated with the multiple second
vectors into respective electronic output signals comprises demultiplexing the
optical output signals into optical output signals at the multiple wavelengths, and
converting the optical output signals at the multiple wavelengths separately into

electronic output signals.
41.  The method of claim 38, further comprising balancing optical losses

across optical paths from the optical input to optical receivers that convert the

optical output signals into electronic output signals.
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