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Abstract: As photonic linear computations are diverse and

easy to realize while photonic nonlinear computations are

relatively limited and difficult, we propose a novel way to

perform photonic nonlinear computations by linear opera-

tions in a high-dimensional space, which can achieve many

nonlinear functions different from existing optical meth-

ods. As a practical application, the arbitrary binary nonlin-

ear computations between two Boolean signals are demon-

strated to implement a programmable logic array. In the

experiment, by programming the high-dimensional pho-

tonic matrix multiplier, we execute fourteen different logic

operations with only one fixed nonlinear operation. Then

the combined logic functions of half-adder and comparator

are demonstrated at 10 Gbit/s. Comparedwith currentmeth-

ods, the proposed scheme simplifies the devices and the

nonlinear operations for programmable logic computing.

More importantly, nonlinear realization assisted by space

transformation offers a new solution for optical digital com-

puting and enriches the diversity of photonic nonlinear

computing.
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1 Introduction

With the rapid development of big data processing andnext-

generation communications, it is increasingly difficult for

conventional electronic hardware to fulfill the skyrocket-

ing demand of computing resources [1, 2]. As a promising

alternative to overcome this obstacle, photonic computing

has attracted much interest because of its low latency, high

frequency, and high parallelism [3, 4]. Among the photonic

computation schemes proposed to date, photonic linear

operations are quite plentiful and easy to implement by opti-

cal elements. Photonic matrix-vector multiplication (MVM),

as one of typical linear operations [5–7], can be imple-

mented by various optical elements such as Mach–Zehnder

interferometer (MZI) networks [8–10], plane light conver-

sion (PLC) devices [11–13], and microring resonator (MRR)

arrays [14–16]. The superiority of ample reconfigurabil-

ity has also been demonstrated by numerous researches

[17–20]. However, when it comes to nonlinear operations

like optical digital computing [21–23], the difficulty in the

implementation of accurate targeted nonlinear transform

increases dramatically, owing to the limited reconfigurabil-

ity and diversity of photonic nonlinear schemes. For most

digital computing researches, the programmable logic com-

puting is especially important because of its flexibility and

universality. The existing optical programmable logic array

schemes tend to require multiple nonlinear operations and

complicated devices [24–27]. As another way of thinking,

if the programming ability and diversity of photonic linear

computing canbeutilized to performoptical nonlinear com-

puting, then accurate implementation of targeted nonlin-

ear computations, such as Boolean logic operations, will be

greatly simplified.

In this paper, we present a photonic nonlinear imple-

mentation by linear operations in a high-dimensional (HD)

space. By utilizing just one unrestricted nonlinear conver-

sion to expand the spatial dimensions, an arbitrary photonic

binary nonlinear computation can be accurately executed

by performing HD linear photonic transformation. Using

Boolean logic as an example, we demonstrate arbitrary logic

computations between two binary signals. By programming
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the photonic MVM, fourteen logic operations of two-input

logic are demonstrated with only one fixed nonlinear oper-

ation. The combined logic functions of comparator and half-

adder are then implemented at 10 Gbit/s. Compared with

currentmethods, the introduction ofHDphotonicMVMsim-

plifies the devices and the nonlinear operations required to

perform programmable logic. Moreover, nonlinear realiza-

tion assisted by HD linear operations will further extend the

scope of photonic nonlinear computing.

2 Principle

By definition, a nonlinear operation in a linear space cannot

be completed directly through any combination of linear

operations in the original linear space. To realize specific

optical nonlinear functions, most traditional optical meth-

ods struggle to find suitable materials and design appro-

priate structures [28, 29]. It is quite difficult to match the

various targets in general, limited by the poor program-

ming ability and lack of diversity of the optical nonlinearity.

However, if we can embed the original linear space in a HD

space, then the targeted outputs can be achieved by linear

operations in the HD space. In other words, the linearity

obstacle in the original linear space can be overcome by

working in a HD space. As depicted in Figure 1(a), we pro-

pose to utilize some common optical nonlinear effects like

four-wavemixing (FWM) [30] or easily achievable nonlinear

transformations like Ge/Si hybrid structures [31, 32] to map

the initial signals (initial state) to a temporary (temp) state

in a HD space. Then various nonlinear operations in the

original space can be achieved by programming the linear

networks in the HD space, to transform the signals from the

temp state to the targeted state. For example, the targets

(Target 1 and Target 2 in Figure 1(a)) can now be easily

achieved by linear conversion only from the temp state.

To explain more clearly, Figure 1(b) shows an example

to illustrate the operation principle. The original space is a

two-dimensional (2D) plane. The two basis vectors (A1,A2) in

the 2D plane can only linearly synthesize the output vectors

(B1,B2) in the original plane. For arbitrary output vectors (C1,

C2) out of the plane, direct nonlinearmapping from the basis

vectors is quite difficult with current optical methods. Our

proposed scheme is firstly to generate the new basis vector

ofA3 by a nonlinear synthesis from the original basis vectors

(A1, A2) as

A3 = fNL
(
A1,A2

)
, (1)

where fNL
(
A1,A2

)
is a nonlinear function and the output

vector is linearly independent of the original basis vec-

tors. Then a three-dimensional (3D) space can be expressed

with the original basis vectors (A1, A2) plus the additional

basis vector (A3), and arbitrary output vectors (C1, C2) in

the 3D space can now be obtained by linear combination

of the basis vectors (A1, A2, A3). It is important to note

Figure 1: The principle of proposed photonic nonlinear computing. (a) Sketch map of nonlinear computing in the view of spatial dimension.

(b) Example of nonlinear computing in a two-dimensional space. (c) Practical application of our proposed concept in Boolean logic operations.
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that the nonlinear operation in Eq. (1) does not depend on

the output vectors (C1, C2). Eq. (1) is used only to generate

the basis vectors for the new space. In principle, an arbi-

trary optical nonlinear effect can be used for the nonlin-

ear synthesis as long as the resulting HD space contains

the targeted states. Also, space with other higher dimen-

sion can be created by multiple nonlinear syntheses. As a

result, arbitrary nonlinear mapping from the original space

to the new HD space can then be accomplished by linear

operations.

Figure 1(c) shows a practical application of our pro-

posed concept in Boolean logic operations. The output

results are nonlinearly related to the input signals for most

logic operations. Since there are two input signals but four

different input/output states for the two-input logic oper-

ations, two new basis vectors are needed to be created

from the original input signals (A, B), in order to construct

a four-dimensional (4D) space. Here, one of the two new

basis vectors is directly created with a constant continuous

wave (CW) input, given by [1 1 1 1], and the other one

can be created with an optical nonlinear effect between

Signal A and Signal B, such as the nonlinear mapping of

the superposed signal by optical four-wave mixing (FWM).

In this case, the initial input state with two input vectors

is mapped to a temp state with four independent vectors,

given by

I =
[
0 0 1 1

0 1 0 1

]
nonlinear mapping
←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←→ Item p =

⎡⎢⎢⎢⎢⎢⎣

0 0 1 1

f (0, 0) f (0, 1) f (1, 0) f (1, 1)

0 1 0 1

1 1 1 1

⎤⎥⎥⎥⎥⎥⎦
(2)

Here f (A,B) is the response function of nonlinearmate-

rial. The new matrix Itemp can span a 4D space, provided

that the matrix is with full rank, namely the given opera-

tion satisfying the nonlinear mapping condition of f (0, 0)+
f (1, 1) ≠ f (0, 1)+ f (1, 0). Hereafter, the arbitrary logic out-

puts can be achieved via linear transformation in the 4D

space. The linear transformation process performed by opti-

cal MVM is expressed as

O = TMVMItemp, (3)

where the Itemp andO represent the input and outputmatrix

of the optical MVM, respectively. The transmission matrix

TMVM of optical MVM is get by

TMVM = OI−1
temp

. (4)

Since Itemp is a full rank matrix, its inverse matrix of

I−1
temp

exists, meaning TMVM can be obtained according to

the targeted output matrix. The discussion above infers that

arbitrary nonlinear functions between two binary signals

can be implemented by using only one fixed nonlinear oper-

ation, which has the capacity of realizing two-input pro-

grammable logic.

3 Results

We experimentally demonstrate the HDmapping and linear

transformation for logic operations by using a highly non-

linear fiber (HNLF) and an on-chip MRR array, respectively.

Figure 2 presents the experimental setup and details of the

MRR array chip. The electrical logic Signal A and Signal

B are loaded into the optical carriers at the wavelength

𝜆1 (1544 nm) and the wavelength 𝜆2 (1546 nm) respectively

by the intensity modulators (IM). Part of them is merged

together and incident into the HNLF after amplified by an

erbium doped fiber amplifier (EDFA). The idle light at the

wavelength 𝜆3 (1548 nm) will be generated by FWM only

when Signal A (𝜆1) and B (𝜆2) are input into the HNLF simul-

taneously, corresponding to both optical signals at high level

of 1. Therefore, the signal at 𝜆3 represents the results of

LogicAND operation of SignalA and Signal B [24]. The band-

pass filter (BPF) is to select the AND signal at 𝜆3, ensuring

the output light only contains the optical signal of Logic

AB. The following EDFA is to amplify the idle light to the

same intensity level of Signal A and Signal B. The nonlinear

operation is written by[
f (0, 0), f (0, 1), f (1, 0), f (1, 1)

]
= [0, 0, 0, 1], (5)

which satisfies the nonlinear mapping condition of

f (0, 0)+ f (1, 1) ≠ f (0, 1)+ f (1, 0). The continuous wave at

𝜆4 (1550 nm) is also incident into the MRR array, together

with the other three beams spanning a 4D space. Hence

the targeted logic can now be realized by the linear matrix

operation of the MRR array, which can be expressed as

O = TMVMItemp

=

⎡⎢⎢⎢⎢⎣
x11 x12 x13 x14
x21 x22 x23 x24
x31 x32 x33 x34
x41 x42 x43 x44

⎤⎥⎥⎥⎥⎦
⎡⎢⎢⎢⎢⎣
0 0 1 1

0 0 0 1

0 1 0 1

1 1 1 1

⎤⎥⎥⎥⎥⎦
, (6)

where the xij is the weight represented by MRR in ith row

and jth column of the MRR array as shown in Figure 2(a).

Figure 2(b) and (c) show the microscope image of the

MRR array and the packaged chip. The chip is fabricated

on a silicon-on-insulator (SOI) wafer with 220-nm-thick top

silicon and 2-μm-thick buried oxide layer. It should be men-
tioned that we intended to utilize the on-chip helix waveg-

uide to generate the idle light with FWM effect. However, it
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Figure 2: Experimental setup. (a) Schematic diagram of the experimental setup to realize logic computing. (b) Microscope image of the MRR array.

(c) Photograph of the packaged chip.

is experimentally difficult to select the generated idle light

by the following MRR filters because the extinction ratio

of the MRR is only about 10 dB. As an alternative, we use

an off-chip HNLF to execute the nonlinear operation. The

MRR filters originally serving as BPFs are now used to com-

bine the four signals at different wavelengths, thus acting

as a wavelength division multiplexer (WDM). The mixed

optical signals are injected to the MRR array to perform

linear transformation. The MRR array contains 16 add-drop

MRRs arranged in 4 rows and 4 columns. The radius of

MRRs is 10 μm and the adjacent MRRs are separated by a

spacing of 254 μm to reduce the thermal crosstalk. By tuning

the voltage applied to the surrounding metal electrode of

each MRR, the corresponding resonance peak is adjusted

to the specific position so that the targeted weight can be

performedby theMRR [14, 16].When the voltages of 16metal

electrodes are set properly, the MRR array will execute an

arbitrary 4 × 4 real weight matrix from −1 to 1. And the

results of matrix computations are then detected by the bal-

anced photodetectors, which can detect the optical power

from through and drop ports of MRR array simultaneously

and output the power difference of these two ports. (The

concrete matrix implementation of the MRR array can be

referred in Appendix)

Figure 3(a–d) depict the experimental output spectra of

nonlinear mapping by FWM in different input states. One

can see that the idle light at 1548 nm carries the Signal AB

and is logic 0 as long as either Signal A or Signal B is at 0,

which corresponds to the above-mentioned nonlinear syn-

thesis. Figure 3(e) shows the output waveforms depending

on the time-varying input signals, confirming the logic AND

operation of Signal A and Signal B. Here, the input Signal

A and Signal B are modulated by IMs at 1 kbit/s. The three

signals and the continuous wave are mixed by the MRR-

basedWDM and input into the MRR array to perform linear

transformation.

By tuning the transmission matrix of the MRR array,

arbitrary logic operations can be realized. As shown in

Figure 4, fourteen output logic results of two-input logic,

except for the outputs of all zeros and all ones, are
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Figure 3: Experimental results of nonlinear synthesis. (a–d) Spectra of nonlinear mapping by FWM for different input states. (e) Output signals of

nonlinear synthesis for different input states generated by HNLF.

Figure 4: Experimental results for fourteen different logic operations.
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experimentally demonstrated. Benefited from the reconfig-

urability and fine-tuning characteristics of the optical MVM,

these logic operations are accurately realized via tuning the

linear transmissionmatrix of the opticalMVM, and only one

fixed nonlinear conversion is required.

Considering the given MRR array has multiple out-

put ports, combined logic functions can be realized by

outputting logic results at different ports simultaneously.

Here, we control the MRR array to execute some advanced

functions, such as half-adder and comparator. Figure 5(a)

and (b) present the structure diagrams, respectively. And

the truth table of these logic functions is shown in

Table 1.

Figure 5(c) shows the input optical Signal A and Sig-

nal B, the signal of the idle light, and the output logic

results of half-adder at 10 Gbit/s. Thenwe change thematrix

represented by the MRR array to perform the function of

comparator. Figure 5(d) depicts the experimental results.

The output waveforms of both half-adder and comparator

are performed correctly according to the input waveforms

and the truth table. Note that here we just verify the MRR

Table 1: Truth table of the half-adder and the comparator.

Half-adder Comparator

A B A⊕ B

(Sum)

AB

(Carry)

A B State AB AB A⊙B

0 0 0 0 0 0 A= B 0 0 1

0 1 1 0 0 1 A< B 0 1 0

1 0 1 0 1 0 A> B 1 0 0

1 1 0 1 1 1 A= B 0 0 1

array’s capacity of parallel outputs. Other functions like

2–4 decoder and 1–2 data distributor can also be realized

via tuning the MRR array to an appropriate transmission

matrix.

4 Discussion

Here, the MRR-MVM and FWM effect are used to demon-

strate principle of photonic nonlinear computations. Note

that the proposed realization of logic computation is not

Figure 5: Experimental results for combined logic functions. The structure diagrams of (a) half-adder and (b) comparator. (c) Waveforms of input

optical Signal A and Signal B, the idle light generated by HNLF, and the half-adder. (d) Waveforms of input Signal A and Signal B, and the comparator.
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confined to the optical devices used in this work. There

is no need to search for suitable nonlinear materials or

design specific structures to fit the corresponding logic oper-

ations. As long as the four input states are set appropri-

ately according to the nonlinear mapping condition, other

nonlinear schemes are also available, such as graphene/Si

waveguide [33], germanium silicon hybrid coupler [32] and

cavity-loaded Mach–Zehnder interferometer [34]. The on-

chip nonlinear methods make the coherent computing pos-

sible. In this case, we can utilize MZI networks to perform

linear transformation with a larger bandwidth to support

higher computation speed.

It should bementioned that the proposedmethod is not

limited to 2-bit input. We give the nonlinear demonstration

of 3-bit input scenario and then expand it toN-bit. The three

input signals can be defined as A, B, and C, and we use the

logic AND as the nonlinear operation to create new spatial

bases. The five additional bases can be given by AB, AC, BC,

ABC, and the CW input, expressed as:

Iinput =
⎡⎢⎢⎣
0 0 0 0 1 1 1 1

0 0 1 1 0 0 1 1

0 1 0 1 0 1 0 1

⎤⎥⎥⎦
nonlinear

mapping

←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←←→Itemp

=

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

A: 0 0 0 0 1 1 1 1

B: 0 0 1 1 0 0 1 1

C: 0 1 0 1 0 1 0 1

AB: 0 0 0 0 0 0 1 1

AC: 0 0 0 0 0 1 0 1

BC: 0 0 0 1 0 0 0 1

ABC: 0 0 0 0 0 0 0 1

CW : 1 1 1 1 1 1 1 1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (7)

where the eight bases are linearly independent apparently,

which means the Itemp is a full rank matrix, and thus 3-bit

input arbitrary NFs can be realized. For N-bit input, we can

select two, three, four, . . . , N of them to perform logic AND

operations, whose results are linearly independent. And the

number of bases Nb is given as:

Nb =
N∑
i=2

Ci
N
+ N + 1 = 2N , (8)

where
N∑
i=2

Ci
N
is the number of bases created by logic AND

operations, N is the number of input signals, and the addi-

tional basis is the CW . All of these bases are linearly inde-

pendent and will construct a 2N -dimendional space, which

is capable of performing any nonlinear operations of N-bit

input with the following linear transformation.

5 Conclusions

In conclusion, we propose a novel method to perform pho-

tonic nonlinear computations by linear operations in a HD

space and apply the principle to realize all-optical pro-

grammable logic array. By employing an MRR array to exe-

cute the MVM, the programmable logic operations are real-

ized with only one fixed nonlinear operation using HNLF.

Fourteen two-input logic operations have been demon-

strated at 1 kbit/s. We also realize the combined logic func-

tions of half-adder and comparator at a high speed of

10 Gbit/s. Compared with current methods, the proposed

scheme simplifies the devices and the nonlinear operations

required to perform programmable logic. And the model

is extended to N input binary signals. The application of

the proposed scheme is not confined to Boolean logic; it

can also support arbitrary nonlinear functions between N

binary signals. The implementation of nonlinear operation

by introduction of linear transformation offers more possi-

bility for optical nonlinear realization and extends the use

of existing photonic nonlinearity.
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Appendix

Matrix implementation of the MRR array

To get the targeted matrix of the MRR array, we first tune

the voltages of MRR electrodes to make MRRs resonate at

the corresponding input wavelengths (the weight xij = −1)
shown in Figure S1(a). For each MRR, we reduce the voltage

of the MRR electrode so that the MRR is out of resonance
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Thr.
Drop

(a) (b) (c)

Thr.
Drop

Figure S1: Matrix implementation of the MRR array. (a) The spectrum of the MRR array when each MRR resonates at the corresponding input

wavelength. (b) The normalized optical power of the through port and drop port of a certain MRR. (c) The normalized optical power after difference

calculation.

(xij = 1), then increase the voltage at the step of 1 mV, apply-

ing at least 400 voltage steps to theMRR electrodes (different

from the specific MRR, if the resonance voltage is less than

3 V, more voltage steps are required to cover the weight xij
from−1 to 1), andmeasure the output power of the through
port and drop port. Figure S1(b) and (c) depict the relation

between voltage and transmission of the MRR, according to

which we can tune the MRR to perform targeted weight by

loading the corresponding voltage to theMRR electrode. The

matrix performed by the MRR array has about 5-bit tuning

accuracy,which is sufficient for the logic binary output. Note

that the maximum power of through port is usually higher

than drop port. For this case, an optical attenuator can be

added following the through port to balance the maximum

power. After all electrodes are properly adjusted, the desired

matrix can be implemented by the MRR array.
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