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The soaring demand for computing resources has spurred great interest in photonic computing with higher speed and
larger computing capacity. Photonic logic gates are of crucial importance due to the fundamental role of Boolean logic
in modern digital computing systems. However, most photonic logic schemes struggle to exhibit the capability of mas-
sively parallel processing and flexible reconfiguration, owing to weak and fixed nonlinearity in optical elements. Here,
we propose a photonic logic tensor computing architecture for the first time and fabricate the photonic universal logic
tensor core (PULTC) with a parallel logic computing capacity beyond Tbit/s. Ten wavelength channels and four spatial
channels are designed in the PULTC, where the logic computing speed in each channel can reach 50 Gbit/s. After the
nonlinear mapping of microring modulators, arbitrary logic operations can be achieved by configuring the Mach—
Zehnder interferometer mesh. We further develop a photonic logic tensor card and demonstrate various functions
including cellular automata, image encryption and decryption, and image edge extraction. Our work offers an innova-
tive route for photonic universal logic computing with high-parallel capability and propels the practical applications of
photoniclogic computing. © 2025 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement
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1. INTRODUCTION

The prosperity of the artificial intelligence and communication
industry leads to a swift growth in the demand for computing
resources. However, electronic circuits are approaching physical

optical components, such as frequency-domain logic [10,11] and
multi-valued logic [12], offer new opportunities for compact,
ultra-fast, and ultra-low-energy integrated logic implementations.
However, the nonlinear requirement in logic operations makes it
difficult to demonstrate massively parallel processing and flexible
reconfiguration.

State-of-the-art photonic logic can be categorized into all-
optical (AO) and electronic-optical (EO) methods. Typically,

the AO methods exploit photonic nonlinear elements such as

limitations, challenging the continuation of Moore’s law [1-3].
Boolean logic gates, as the building blocks of modern digital com-
puting systems, require novel ways to break through the constraints
of traditional electronic hardware [4-7]. With the maturity of

fabrication technology, photonic integrated circuits have shown
immense application prospects in computing tasks because light
offers satisfactory benefits such as low latency, high parallelism,
and large bandwidth [8]. Over the past few decades, a variety of
photonic logic circuits have been demonstrated. Recent advances
have been proven to outperform the electronic counterpart in
both operating speed and power efficiency [9]. Additionally, some
highly innovative methods previously demonstrated by discrete

2334-2536/25/081252-09 Journal © 2025 Optica Publishing Group

photonic crystals [13,14], silicon microring resonators [15,106],
and plasmonic nanostructures [17,18] to execute logic operations,
where parallel and reconfigurable logic is difficult to implement,
restricted by weak and fixed optical nonlinearity. The EO meth-
ods leverage EO modulators to load electrical binary signals onto
optical carriers and design specific optical circuits to achieve logic
functions [19-23]. Despite the exemption of optical nonlinearity,
the fixed optical structures hinder the reconfigurability of logic
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operations. And the logic parallelism has been explored with a
limited number of multiplexed wavelength channels [9,24,25],
which cannot fundamentally expand the computing capacity.

High parallelism is an inherent key advantage of photonic com-
puting. Multiple dimensions of light, such as wavelength [26,27],
mode [28,29], and even ratio frequency [30], have been leveraged
to greatly expand the photonic linear computing capacity. User-
defined functions can be easily achieved by configuring relevant
thermal electrodes [31,32] or phase change materials [33,34] in the
linear networks. Limited by the nonlinear properties, it is still a big
challenge to take full advantage of photonic parallelism and flexible
reconfiguration capability in optical logic computing.

In this paper, we present a photonic logic tensor computing
architecture that enables parallel processing of logic functions for
the first time. By employing the EO nonlinearity of the microring
modulators (MRMEs), the electrical logic signals are nonlinearly
mapped into a higher-dimensional vector space. Then, arbitrary
logic operations can be directly achieved through a linear trans-
formation of the following Mach—Zehnder interferometer (MZI)
mesh. The narrow bandwidth of MRMs and the broad bandwidth
of the MZI mesh make it possible to multiplex massive wavelength
channels, thereby performing logic operations in parallel. We
fabricate the photonic universal logic tensor core (PULTC) with 10
independent wavelength channels and 4 independent spatial chan-
nels, where the EO bandwidth of MRMs is more than 50 GHz
and the wavelength transmission bandwidth of the MZI mesh
exceeds 80 nm. The total computing capacity exceeds Tbit/s per
core. Based on the PULTC, we developed a photonic logic tensor
card with peripheral component interconnect express (PCle)
and Ethernet interfaces for practical application scenarios. We
further execute various computing tasks such as cellular automata,
image encryption and decryption, and image edge extraction. The
PULTC fully leverages the advantages of optical parallelism and
programming ability, paving the way for large-capacity universal
photoniclogic computing.

2. RESULTS
A. Principle of PULTC

The novel photonic logic tensor computing architecture is shown
in Fig. 1(a), which can support parallel logic computing with
multiple input channels. Parallel electrical binary signals are first
input into the PULTC. Since two input binary signals will yield
four possible combinations, all the output logic signals lie in a four-
dimensional vector space. Therefore, it is not feasible to achieve
arbitrary logic output through directly running a linear transfor-
mation of input Signal A and Signal B. Here, the PULTC first
maps the input electrical signals in a two-dimensional vector space
to the output optical signals in a four-dimensional vector space by
generating two linearly independent signals, i.e., continuous wave
(CW) and Logic A B during the modulation process, where Logic
AB is a nonlinear mapping process. Arbitrary logic output can be
generated by programming the following optical linear network
[35,30]. Considering each MRM operates at a certain resonance
wavelength, multiple wavelength channels can be processed in
parallel by using MRMs. The following optical linear network will
execute the same logic functions for all input wavelength channels.
We can obtain the corresponding logic results by demultiplexing
the wavelength channels. In addition to the wavelength dimension,

the spatial dimension can also be utilized to simultaneously exe-
cute different logic operations for the same input signals. Parallel
processing in both the wavelength and spatial dimensions endows
the PULTC with immense computing capacity.

The inner structure of the PULTC is presented in Fig. 1(b),
which is composed of a nonlinear mapping region and a linear
transformation region. In the nonlinear mapping region, CW with
multiple wavelengths is first divided equally into two channels.
One channel remains CW, while the other is modulated by a series
of MRMs. Here, we regard MRMs as optical switches. When
the input electrical signal is Logic 0, the MRM is in the resonant
state, and the optical output is Logic 0. When the electrical signal
is Logic 1, the MRM is in the non-resonant state, and the optical
output is Logic 1. The narrow bandwidth of the resonant peak
allows each MRM to modulate one wavelength independently
without mutual interference. Thus, the parallel input of electrical
Signal A (A, Az, ..., A,) can be loaded into the corresponding
wavelength channels (A1, A2, ..., A,). The CW and Signal A are
then evenly split into two channels, respectively. Among them,
one channel of the CW and one channel of Signal A are directed
into the cascaded dual-waveguide MRMs. Figure 1(c) illustrates
the MRM’s modulation process of input electrical Signal B. With
the electrical signal applied to the MRM, the CW in the upper
waveguide is modulated into Signal B, and Signal 4 in the lower
waveguide undergoes the Logic AND operation with Signal B.
Only when both Signal A and Signal B are Logic 1, the optical
output of the lower waveguide is Logic 1. The other two channels
retain the initial input signals, which output CW and Signal 4,
respectively. The nonlinear mapping process can be written as

CwW
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where £ and I represent the input electrical signals and output
optical signals of the nonlinear mapping region, and Sz and S;
represent all the possible states of £ and /. The full rank of S;
indicates that the input two-dimensional vector plane is mapped
to a four-dimensional vector space, enabling the following part to
achieve arbitrary logic operations through a linear transformation.
Note that this nonlinear mapping method is not limited to two
input signals. It can also generate 2%V linearly independent vectors
for N-input binary signals, which is discussed in Supplement 1,
Section S1. Figure 1(d) shows the linear transformation region
composed of 72 columns of MZIs, where each column can perform
1 X 4 optical vector multiplication. To achieve this, one column
of MZIs needs to adjust both the amplitude ratios and phase
differences of the four input signals and then coherently combine
them. The amplitude ratios are controlled by the heaters on the
inner arms of MZIs, and the phase differences are controlled by the
heaters on the outer arms. For one MZI, the output of the lower
port can be expressed as

Odown = ¢ (¢' cos 0 Lyp — sin 0 Ijgun), )
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Fig. 1.

Operating principle of the PULTC. (a) A sketch map of photonic logic tensor computing. (b) The inner structure of the PULTC, including a

nonlinear mapping region and a linear transformation region. (c) The MRM’s modulation process of input Signal B. (d) A 4 X m linear transformation

matrix realized by the cross-bar MZI mesh. CW, continuous wave.

where ¢ represents the phase difference of the signals in the input-
side outer arms of the MZI (the phase shift in the lower arm is
assumed to be zero for simplicity), the phase difference of the sig-
nals in the inner arms is 26, and /., and Zgown represent the signals
fed into the upper and lower input ports of the MZI, respectively.
Therefore, the optical vector multiplication of one column of
MZIs is written as

o (1102103104401 +6,+05+64)
71 (#3Hpit0r+03+6)
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where ¢; and 6, are determined by the phase differences of the
input-side outer arms and inner arms in the 7th MZI. We can
sequentially derive the phase shift differences between the inner
and outer arms of each MZI from bottom to top of the target trans-
formation vector. Scaling up, the linear transformation process

implemented by 7 columns of MZs is expressed as

L L
n LI
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where 7; represents the 1 x 4 linear transformation vector of the
ith column in the MZI mesh, O represents the output optical logic
matrix, and each row of O represents the logic results (7; /) at the
ith output port. Considering that the optical signals 7 can contain

n wavelengths, the tensor transformation process can be given by
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where /; represents the output signal in the wavelength of 4 ; from
the nonlinear mapping region, and Oj; represents the logic out-
put from 7th columns of the MZI mesh at a wavelength of A ;. By
combining the spatial and wavelength dimensions, the PUTLC
can execute 72 X 7 logic operations simultaneously, significantly
enhancing the computing capacity by 7 X » times.

B. Fabrication of the PULTC Chip

The PULTC chip is fabricated on a silicon-on-insulator (SOI)
platform with a 220 nm thick silicon and a 2 pm thick buried
oxide layer, as shown in Fig. 2(a). Ten carrier-depletion MRMs
are utilized to load Signal A and Signal B, respectively, supporting
a maximum of 10 parallel logic signals. The MRM compo-
nent is taken from a process design kit provided by the foundry
Chongging United Microelectronics Center. A zoomed-in image
of the MRM is shown in Fig. 2(b). The GSG pads serve as the
interface for high-speed electrical signals, and the heater pad is con-
nected to the heater on the MRM, which can adjust the position of
the resonance peak. To avoid thermal crosstalk, we add thermal iso-
lation trenches between adjacent MRMs. In Fig. 2(c), we measure
the free spectral range (FSR) of the MRM, which is about 13 nm,
allowing it to encompass 10 wavelengths within one FSR. We
design four columns of MZIs in the PULTC chip corresponding to
four parallel output ports. The phase tuning efficiency is measured
to be about 20 mW per 7w phase shift, as shown in Fig. 2(d).

C. Demonstration of PULTC’s Functions

We first select one output port in the PULTC to verify the feasibil-
ity of logic functions. The MZI mesh is configured to execute the
desired linear transformation according to the gradient descent
algorithm [31], which is described below:

1. Initialization: the voltages applied to all heaters V; are set ran-
domlywithin the range of 3-5 V.

2. Tuning each voltage: set V; to V; + AV temporarily. If the
cost function CH(V; + AV)> CF(V;), replace V; with
Vi+ AV else, set V; to V; — AV temporarily. If the cost
function CK(V; — AV) > CK(V;), replace V; with V; — AV
else, maintain the original V;.

3. Repeat Step 2 for all voltages one by one.

4. Repeat Steps 2 and 3 until the CF is converged or reaches the

target value.
The CF isdefined as
|0 . 0P|

=, (©6)
o= - | O]

where O% and O®? represent the vectors of the target logic and
the experimental result, || is to get the absolute value, and |||| is the
two-norm of the vector. All combinations of the two logic input
signals (00, 01, 10, and 11) are explored in each iteration. The
CF is the correlation between the target and experimental results,
ranging from 0 to 1. Figure 3(a) demonstrates the iteration proc-
ess of the PULTC from a random state to Logic XOR. As the CF
gradually approaches 1, the output vector gets closer to the target
logic. The PULTC can easily switch to another logic function.
By changing the target logic vector O%¥’, the output logic will be
updated from Logic XOR to Logic XNOR, as shown in Fig. 3(b).
Once the voltage settings for each logic operation are obtained, the
iteration process is no longer necessary. We can directly switch to
the desired logic function by applying the corresponding voltage
settings to the MZI mesh. Logic output waveforms of XOR and
XNOR in Fig. 3(c) reveal that the PULTC correctly performs logic
functions. The extinction ratio (ER) of logic waveforms exceeds
13 dB, while the ER of MRM’’s resonant peak is less than 10 dB.
This ER improvement indicates that the MZI mesh can enhance
the signal quality to some extent during the linear transformation
of input signals. We then measure the transmission spectrum of
the MZI mesh and calculate the spectral responses of four logic
functions in Figs. 3(d)-3(g), according to the theoretical input
of the MZI mesh in the PULTC (spectral responses of other logic
functions are provided in Supplement 1, Section S2). From 1520
to 1600 nm, all logic functions can reach an ER of around 10 dB.
This bandwidth is sufficient to support the parallel operation of
much more than 10 wavelengths. Figures 3(h)-3(j) depict the par-
allel output of different logic results from four spatial ports of the
PULTC under three different configurations. The ER of all logic
functions can exceed 13 dB, illustrating the excellent performance
of PULTC’s parallel processing in the spatial dimension.

Figure 4(a) depicts the high-speed test platform for the PULTC,
where electrical Signal A and Signal B are applied to MRMs’ GSG
pads by microwave probes. To facilitate the control of the PULTC,
we conduct optoelectronic packaging on the chip. The fiber arrays
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Basic performance measurement of the PULTC. Iteration processes of the PULTC (a) from the random state to Logic XOR and (b) from Logic

XOR to Logic XNOR. (c) Waveforms of Logic XOR and Logic XNOR implemented by the PULTC at the speed of 1 kbit/s. (d)—(g) Spectral responses of
Logic AND, OR, XOR, and XNOR in the MZI mesh. (h)—(j) Parallel output of different logic results from four ports of the PULTC.

couple lightwaves into and out from the chip’s optical gratings.
Through wire bonding, the voltages of the heaters in MRMs and
MZlIs are applied by a multi-channel power source. We utilize a
thermo-electric cooler to sustain the environmental temperature
of the PUTLC. The measured EO bandwidth of the MRM in
Fig. 4(b) exceeds 50 GHz, demonstrating its satisfactory modu-
lation performance. By configuring the MZI mesh, we realize 14
different logic functions at the bit rate of 25 Gbit/s, which cover
all possible cases of two binary signals except for the outputs of
all zeros and all ones, as shown in Fig. 4(c). The 14 different logic
results are consistent with the theoretical calculations, indicating
the universality and reconfigurability of the PULTC. The output
signal’s quality degrades relative to low-speed scenarios, primarily
due to the reduced quality of the original electrical signals. At the
speed of 1 kbit/s, the electrical signal exhibits a nearly perfect square
wave, whereas at 25 Gbit/s, it approaches a sinusoidal waveform.
During the coherent combining of input signals, the long rise and
fall times have a pronounced impact on the output signals. This
issue can be further improved by using a better signal generator

with a higher bandwidth, which would restore the sharpness of the
input waveforms and improve ER performance at high speeds.
Further, we develop a photonic logic tensor card with PCle and
Ethernet interfaces for practical application scenarios. The pho-
tograph is presented in Fig. 5(a). We opt for a field-programmable
gate array (FPGA) as the control unit, equipped with high-speed
signal generators and receiver modules, which can support a
maximum rate of 2 Gbit/s for signal generation and 6 Gbit/s for
signal reception. The photodetectors (PDs) are integrated into
the card and acquire the output optical signals through the fiber
array. When performing multi-wavelength parallel computing, the
wavelength division multiplexer (WDM) is used to divide wave-
lengths before the integrated PDs (more details of the photonic
logic tensor card are provided in Supplement 1, Section S4). By
compiling the FPGA, we can control the photonic logic tensor
card to execute targeted tasks. Figure 5(b) depicts the evolution of
elementary cellular automata (ECA), which can generate complex
patterns through simple initial states [37]. The involved cells have
two possible states (live or dead), corresponding to binary logic
levels (Logic 1 or 0). According to ECA Rule 90, the next state of
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(c) Waveforms of input logic signals and 14 different logic operations at 25 Gbit/s. TEC, thermo-electric cooler.

the center cell is determined by the current states of the two cells
around it. Therefore, we treat the states of cells on the left and right
sidesaslogic Signal A and Signal B and feed them into the PULTC.
The output results are processed by the FPGA and stored for the
next iteration. After 64 iterations, the outcome of each iteration
will compose the Sierpinski triangle, which is a classical fractal [38].
The corresponding experimental results of the iteration process are
presented on the right side of Fig. 5(b). In some ECA models, the
center cell’s next state is affected by its current state. These can also
be implemented by utilizing two spatial channels of the PULTC.
One spatial channel is utilized to predict the state when the center
cell is dead, while the other channel predicts the state when the
center cell is live. The results of the two spatial channels can be
selected by the FPGA according to the real state of the center cell.

In Fig. 5(c), we utilize the photonic logic tensor card to imple-
ment parallel encryption and decryption. Two original images are
first flattened into sequence signals, serving as Signal A; and Signal
Aj. Accordingly, two encryption patterns are generated randomly
and flattened in the FPGA, which serve as Signal B, and Signal B,.
The FPGA controls the PUTLC to perform parallel Logic XOR
operations and acquires the computing results detected by the PD
array. In the encrypted images, we cannot obtain any information
about the original images, indicating successful encryption. To
decrypt original images, Logic XOR operations between decryp-
tion patterns and encrypted images are required. Only when the
decryption patterns are identical to the encryption patterns, the
original images can be recovered.

As shown in Fig. 5(d), we demonstrate the function of parallel
image edge extraction with three images corresponding to three
wavelength channels. For each channel, the original image is first
binarized and replicated into two copies. One of them is shifted
one pixel diagonally toward the bottom-right direction. The two
images are then flattened into sequence signals (Signal A; and
Signal B;). The above processes are completed in the FPGA. After

pre-processing the three original images, it will simultaneously
output sequence signals of the three channels to the PULTC, which
executes parallel Logic XOR operations. The optical computing
results are divided by the WDM into three wavelength channels
and detected by different PDs, respectively (more details are pro-
vided in Supplement 1, Section $4). On the right side of Fig. 5(d),
the experimental results are consistent with the simulated results,
indicating that the parallel edge extraction is accurately performed
by the photoniclogic tensor card.

3. DISCUSSION

The proposed PULTC supports parallel logic computing in both
the wavelength and spatial dimensions, whose computing capacity
Cisgiven by

C=m-n-s, 7)

where m and 7 represent the numbers of multiplexed spatial and
wavelength channels, respectively, and s is the operating speed of
MRMs. The current PULTC chip has 10 wavelength channels
and 4 spatial channels, with the MRM’s speed up to 50 Gbit/s
(experimental operation at 25 Gbit/s), resulting in a maximum
computing capacity of 2 Tbit/s. This can be further enhanced
by introducing more wavelength channels. To avoid the band-
width limitation imposed by the MRM’s ESR, we can first cascade
multiple MRMs within each FSR, then use wavelength division
multiplexers to combine them into the MZI mesh (more details
are provided in Supplement 1, Section S5). It is also feasible to
use FSR elimination methods of the MRM [39] or an FSR-free
structure such as the nanobeam modulator [40]. In this case, the
multiplexed wavelength channels depend on the bandwidth of the
MZI mesh. The total bandwidth within the wavelength range of
1520—1600 nm can be calculated by
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where A1 =1520 nm and A, = 1600 nm. Provided that the
bandwidth can be fully leveraged, the total computing capacity

can reach 40 Tbit/s after multiplying by the wavelength and spatial
dimensions. We can further improve the bandwidth by using ultra-
broadband power splitters in the MZI mesh [41]. Optimization in

both modulators and the MZI mesh will activate more computing
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Table 1. Performance Comparison of the PULTC with Electronic and State-of-the-Art Photonic Logic Gates

Method Function Frequency Computing Capacity Computing Density Power Consumption

Electronic CMOS logic gate [48] - ~GHz ~Gbit/s (signal gate) 1000 Tbit/s/mm** 0.1-1 f]/bit @GHz
(10-100 f]/bit @10 GHz)

Electronic—optical logic gate [9] Fixed 20 GHz 40 Gbit/s 20 Gbit/s/mm’ 3.9 ﬂ/bitb

Frequency-domain logic gate [10] Fixed 640 GHz 640 Gbit/s = 1 f]/bit (without

modulation)
Photonic logic tensor core Reconfigurable 25 GHz 1 Tbit/s, currently 200 Gbit/s/mm?* 1.5 f]/bit

(40 Tbit/s, potentially)

“The area of a logic gate is assumed to be 1 pm* according to the NAND gate [51].

’Calculated by the dynamic power consumption.
“This method is realized by the discrete optical components.

capacity. To the best of our knowledge, the largest computing
capacity in existing optical gates is 640 Gbit/s [10], which is real-
ized by discrete and bulky optical components and cannot support
reconfigurability. The joint utilization of wavelength and spatial
dimensions allows the PULTC to harness optical parallelism,
significantly advancing computing capacity.

The proposed PULTC fully exploits the optical advantages of
high energy efficiency and operating speed in both signal modu-
lation and linear transformation. In the PULTC, the MRMs
are utilized to load electrical signals while performing nonlinear
mapping. Benefiting from the well-developed silicon-integrated
photonics, the MRM’s power consumption per operation can
be reduced to the femtojoule or even sub-femtojoule level with
a maximum speed of 128 Gbit/s [42,43]. Once the electrical
signals are loaded in light, the linear transformation of the MZI
mesh is enough to obtain the desired logic functions, which can
be regarded as a passive process. Diverse applications such as opti-
cal neural networks [44,45] and signal processing [46,47] have
demonstrated the advantages of the MZI mesh in energy efficiency
and operating speed. The power consumption per bit is estimated
to be 0.32 pJ in the current form of the PULTC, where the thermal
power in the MZI mesh accounts for the majority. Assuming the
phase change materials are employed to replace heaters, the power
consumption per bit can be reduced to 1.515 f]. By comparison,
current complementary metal oxide semiconductor (CMOS) gates
dissipate 0.1-1 {]/bit, while the operating frequency is limited to a
few GHz [48]. As mentioned in the previous research, power con-
sumption in CMOS gates will rise with an increase in frequency
[9,49]. If the operating frequency is increased to tens of GHz, the
power consumption per bit may rise to 10-100 f]. Although elec-
tronic circuits currently offer higher computational density due to
the high integration level of transistors, the proposed PULTC has
the potential to outperform them in operating speed and energy
efficiency (detailed power analysis is provided in Supplement 1,
Section S6). A performance comparison of the PULTC with elec-
tronic and state-of-the-art photonic logic gates is presented in
Table 1. The PULTC realizes reconfigurable logic functions and
greatly enhances the computing capacity while maintaining low
power consumption.

In summary, we devise a photonic logic tensor computing
architecture to realize parallel logic computing for the first time.
The PULTC is fabricated to support 10 wavelength channels
and 4 spatial channels. The logic computing speed in one single
channel can reach 50 Gbit/s, enabling the total parallel computing
capacity of the PULTC beyond Tbit/s per core. After optimization,
the computing capacity can reach 40 Tbit/s. We further develop

the photonic logic tensor card with PCle and Ethernet inter-
faces. Based on it, various functions including cellular automata,
image encryption and decryption, and image edge extraction are
realized. The proposed PULTC opens a new avenue for large-
capacity, high-speed, and high-efficiency universal photonic logic
computing.

4. MATERIALS AND METHODS
A. Performance Characterization Details of the PULTC

The performance characterization experiment can be divided into
low-speed (1 kbit/s) and high-speed scenarios (25 Gbit/s). Heaters
in MRMs and the MZI mesh are driven by a multi-channel power
source, which is composed of analog-to-digital converters (ADCs),
digital-to-analog converters (DACs), and an FPGA chip for total
control. The DACs can generate the required output voltages
(ranging from 0-10 V) for each channel, while the ADCs are used
to sample the output voltages converted from optical results by the
PD array. In the low-speed scenario, we directly use the DAC:s to
generate logic signals. In the high-speed scenario, we utilize two
channels of a bit pattern generator (SHF 12104A) to generate
different electrical signals (Signal A and Signal B) at 25 Gbit/s,
which are applied with reverse bias through bias tees. The signals
are then loaded to GSG pads of MRMs via microwave probes
(GGB). The optical logic results are acquired by a photodetector
(Finisar XPDV) and then recorded by an oscilloscope (Tektronix
DSA72004B).

Funding. National Key Research and Development Program of China
(2022YFB2804201); National Natural Science Foundation of China (62425504,
U21A20511, 62275088, 62075075); Knowledge Innovation Program of
‘Wuhan-Basic Research (2023010201010049).

Acknowledgment. The work was supported by the Fundamental Research
Funds for the Central Universities.

HZ and WZ conceived the idea. WZ and BW designed the chip. WZ, BW, and
WG performed the experiments. WZ, YZ, WW, and NC developed the photonic
logic tensor card. HZ, JD, WZ, and BW discussed and analyzed the data. WZ pre-
pared the manuscript. HZ, JD, WH, TH, LC, WD, DH, QW, and XX revised the
paper, and XZ supervised the project. All authors contributed to the writing of the
manuscript.

Disclosures. Theauthors declare that they have no competing interests.

Data availability. The datasets used and/or analyzed in the current study are
available from the corresponding author upon reasonable request.

Supplemental document. See Supplement 1 for supporting content.


https://doi.org/10.6084/m9.figshare.29458952
https://doi.org/10.6084/m9.figshare.29458952

Research Article

REFERENCES

1.
2.

3.

4.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

M. Lundstrom, “Moore’s law forever?” Science 299, 210-211 (2003).

I. L. Markov, “Limits on fundamental limits to computation,” Nature 512,
147-154 (2014).

M. M. Waldrop, “The chips are down for Moore’s law,” Nat. News 530,
144 (2016).

H. Chen, X. Xue, C. Liu, et al., “Logic gates based on neuristors made
from two-dimensional materials,” Nat. Electron. 4, 399-404 (2021).

. H. Lv, N. Xie, M. Li, et al., “DNA-based programmable gate arrays for

general-purpose DNA computing,” Nature 622, 292-300 (2023).

. H. Li, F. Chen, H. Jia, et al., “All-optical temporal logic gates in localized

exciton polaritons,” Nat. Photonics 18, 864-869 (2024).

. T.He, H. Ma, Z. Wang, et al., “On-chip optoelectronic logic gates operat-

ing in the telecom band,” Nat. Photonics 18, 60-67 (2024).

. S. Ning, H. Zhu, C. Feng, et al., “Photonic-electronic integrated circuits

for high-performance computing and Al accelerators,” J. Light. Technol.
42, 7834-7859 (2024).

. Z.Ying, C. Feng, Z. Zhao, et al., “Electronic-photonic arithmetic logic

unit for high-speed computing,” Nat. Commun. 11, 2154 (2020).

R. Maram, H. Jvan, D. Kong, et al., “Frequency-domain ultrafast passive
logic: NOT and XNOR gates,” Nat. Commun. 11, 5839 (2020).

S. Kaushal, A. Aadhi, A. Roberge, et al., “All-fibre phase filters with
1-GHz resolution for high-speed passive optical logic processing,” Nat.
Commun. 14, 1808 (2023).

S. Kaushal, A. Aadhi, A. Roberge, et al., “Optics-enabled highly scal-
able inverter for multi-valued logic,” Laser Photonics Rev. 18, 2301046
(2024).

Z. Mohebbi, N. Nozhat, and F. Emami, “High contrast all-optical logic
gates based on 2D nonlinear photonic crystal,” Opt. Commun. 355,
130-136 (2015).

H. Sharifi and M. Maleknejad, “Multi-functional all-optical photonic
crystal logic gate using nonlinear directional coupler,” Opt. Quantum
Electron. 53, 673 (2021).

Q. Xu and M. Lipson, “All-optical logic based on silicon micro-ring res-
onators,” Opt. Express 15, 924-929 (2007).

M. Xiong, L. Lei, Y. Ding, et al., “All-optical 10 Gb/s AND logic gate
in a silicon microring resonator,” Opt. Express 21, 25772-25779
(2013).

X. Yang, X. Hu, H. Yang, et al., “Ultracompact all-optical logic gates
based on nonlinear plasmonic nanocavities,” Nanophotonics 6,
365-376 (2017).

N. Nozhat and N. Granpayeh, “All-optical logic gates based on nonlinear
plasmonic ring resonators,” Appl. Opt. 54, 7944-7948 (2015).

J. Hardy and J. Shamir, “Optics inspired logic architecture,” Opt.
Express 15, 150-165 (2007).

L. Zhang, R. Ji, L. Jia, et al., “Demonstration of directed XOR/XNOR
logic gates using two cascaded microring resonators,” Opt. Lett. 35,
1620-1622 (2010).

Z. Liu, X. Wu, H. Xiao, et al., “On-chip optical parity checker using silicon
photonic integrated circuits,” Nanophotonics 7, 1939-1948 (2018).
Z.Ying, Z. Wang, Z. Zhao, et al., “Silicon microdisk-based full adders for
optical computing,” Opt. Lett. 43, 983-986 (2018).

C. Qiu, H. Xiao, L. Wang, et al., “Recent advances in integrated optical
directed logic operations for high performance optical computing: a
review,” Front. Optoelectron. 15, 1 (2022).

C. Feng, Z. Ying, Z. Zhao, et al., “Toward high-speed and energy-
efficient computing: a WDM-based scalable on-chip silicon integrated
optical comparator,” Laser Photonics Rev. 15, 2000275 (2021).

C. Feng, Z. Ying, Z. Zhao, et al., “Wavelength-division-multiplexing
(WDM)-based integrated electronic—-photonic switching network (EPSN)
for high-speed data processing and transportation: high-speed optical
switching network,” Nanophotonics 9, 4579-4588 (2020).

J. Feldmann, N. Youngblood, M. Karpov, et al., “Parallel convolutional
processing using an integrated photonic tensor core,” Nature 589,
52-58 (2021).

27

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

Vol. 12, No. 8 / August 2025 / Optica 1260

. B. Dong, F. Brickerhoff-Pliickelmann, L. Meyer, et al., “Partial coher-

ence enhances parallelized photonic computing,” Nature 632, 55-62

(2024).

Q. Ling, P. Dong, Y. Chu, et al., “On-chip optical matrix-vector multiplier

based on mode division multiplexing,” Chip 2, 100061 (2023).

R. Yin, H. Xiao, Y. Jiang, et al., “Integrated WDM-compatible optical

mode division multiplexing neural network accelerator,” Optica 10,

1709-1718 (2023).

B. Dong, S. Aggarwal, W. Zhou, et al., “Higher-dimensional processing

using a photonic tensor core with continuous-time data,” Nat. Photonics

17,1080-1088 (2023).

H. Zhou, Y. Zhao, X. Wang, et al., “Self-configuring and reconfigurable

silicon photonic signal processor,” ACS Photonics 7, 792-799 (2020).

J. Cheng, C. Huang, J. Zhang, et al., “Multimodal deep learning using

on-chip diffractive optics with in situ training capability,” Nat. Commun.

15,6189 (2024).

M. Wei, J. Li, Z. Chen, et al., “Electrically programmable phase-change

photonic memory for optical neural networks with nanoseconds in situ

training capability,” Adv. Photonics 5, 046004 (2023).

F. Briickerhoff-Pliickelmann, |. Bente, M. Becker, et al., “Event-driven

adaptive optical neural network,” Sci. Adv. 9, eadi9127 (2023).

W. Zhang, W. Gu, J. Cheng, et al., “Performing photonic nonlinear

computations by linear operations in a high-dimensional space,”

Nanophotonics 12, 3189-3197 (2023).

W. Zhang, B. Wu, J. Li, et al., “Photonic nonlinear synthesis by vector-

spatial dimension expansion,” J. Light. Technol. 42, 7888-7893 (2024).

S. Wolfram, “Universality and complexity in cellular automata,” Physica

D10, 1-35(1984).

B. B. Mandelbrot and J. A. Wheeler, “The fractal geometry of nature,”

Am. J. Phys. 51, 286-287 (1983).

N. Eid, R. Boeck, H. Jayatilleka, et al., “FSR-free silicon-on-insulator

microring resonator based filter with bent contra-directional couplers,”

Opt. Express 24, 29009-29021 (2016).

J. Hendrickson, R. Soref, J. Sweet, et al.,, “Ultrasensitive silicon

photonic-crystal nanobeam electro-optical modulator: design and

simulation,” Opt. Express 22, 3271-3283 (2014).

A. Najjar Amiri, A. D. Vit, K. Gorgulu, et al., “Deep photonic network

platform enabling arbitrary and broadband optical functionality,” Nat.

Commun. 15, 1432 (2024).

E. Timurdogan, C. M. Sorace-Agaskar, J. Sun, et al., “An ultralow power

athermal silicon modulator,” Nat. Commun. 5, 4008 (2014).

M. Sakib, P. Liao, C. Ma, et al., “A high-speed micro-ring modulator for

next generation energy-efficient optical networks beyond 100 Gbaud,”

in CLEO: Science and Innovations. SF1C.3 (Optica Publishing Group,

2021).

Y. Shen, N. C. Harris, S. Skirlo, et al., “Deep learning with coherent

nanophotonic circuits,” Nat. Photonics 11, 441-446 (2017).

H. Zhang, M. Gu, X. D. Jiang, et al., “An optical neural chip for imple-

menting complex-valued neural network,” Nat. Commun. 12, 457

(2021).

K. Lu, Z. Chen, H. Chen, et al., “Empowering high-dimensional opti-

cal fiber communications with integrated photonic processors,” Nat.

Commun. 15, 3515 (2024).

W. Zhang, X. Jiang, W. Gu, et al., “On-chip photonic spatial-temporal

descrambler,” Chip 2, 100043 (2023).

R. S. Tucker and K. Hinton, “Energy consumption and energy density in

optical and electronic signal processing,” IEEE Photonics J. 3, 821-833

(2011).

S. K. Mathew, M. A. Anders, B. Bloechel, et al., “A 4-GHz 300-mW 64-bit

integer execution ALU with dual supply voltages in 90-nm CMOS,” IEEE

J. Solid-State Circ. 40, 44-51 (2005).

https://www.flaticon.com.

. L. Wen, L. Nan, J. Zhang, et al., “65 nm sub-threshold logic standard cell
library using quasi-Schmitt-trigger design scheme and inverse narrow
width effect aware sizing,” IET Circ. Devices Syst. 14, 303-310 (2020).


https://doi.org/10.1126/science.1079567
https://doi.org/10.1038/nature13570
https://doi.org/10.1038/530144a
https://doi.org/10.1038/s41928-021-00591-z
https://doi.org/10.1038/s41586-023-06484-9
https://doi.org/10.1038/s41566-024-01483-2
https://doi.org/10.1038/s41566-023-01309-7
https://doi.org/10.1109/JLT.2024.3427716
https://doi.org/10.1038/s41467-020-16057-3
https://doi.org/10.1038/s41467-020-19544-9
https://doi.org/10.1038/s41467-023-37472-2
https://doi.org/10.1038/s41467-023-37472-2
https://doi.org/10.1038/s41467-023-37472-2
https://doi.org/10.1002/lpor.202301046
https://doi.org/10.1016/j.optcom.2015.06.023
https://doi.org/10.1007/s11082-021-03335-7
https://doi.org/10.1007/s11082-021-03335-7
https://doi.org/10.1007/s11082-021-03335-7
https://doi.org/10.1364/OE.15.000924
https://doi.org/10.1364/OE.21.025772
https://doi.org/10.1515/nanoph-2016-0118
https://doi.org/10.1364/AO.54.007944
https://doi.org/10.1364/OE.15.000150
https://doi.org/10.1364/OE.15.000150
https://doi.org/10.1364/OE.15.000150
https://doi.org/10.1364/OL.35.001620
https://doi.org/10.1515/nanoph-2018-0140
https://doi.org/10.1364/OL.43.000983
https://doi.org/10.1007/s12200-022-00001-y
https://doi.org/10.1002/lpor.202000275
https://doi.org/10.1515/nanoph-2020-0356
https://doi.org/10.1038/s41586-020-03070-1
https://doi.org/10.1038/s41586-024-07590-y
https://doi.org/10.1016/j.chip.2023.100061
https://doi.org/10.1364/OPTICA.500523
https://doi.org/10.1038/s41566-023-01313-x
https://doi.org/10.1021/acsphotonics.9b01673
https://doi.org/10.1038/s41467-024-50677-3
https://doi.org/10.1117/1.AP.5.4.046004
https://doi.org/10.1126/sciadv.adi9127
https://doi.org/10.1515/nanoph-2023-0234
https://doi.org/10.1109/JLT.2024.3443918
https://doi.org/10.1016/0167-2789(84)90245-8
https://doi.org/10.1016/0167-2789(84)90245-8
https://doi.org/10.1016/0167-2789(84)90245-8
https://doi.org/10.1119/1.13295
https://doi.org/10.1364/OE.24.029009
https://doi.org/10.1364/OE.22.003271
https://doi.org/10.1038/s41467-024-45846-3
https://doi.org/10.1038/s41467-024-45846-3
https://doi.org/10.1038/s41467-024-45846-3
https://doi.org/10.1038/ncomms5008
https://doi.org/10.1038/nphoton.2017.93
https://doi.org/10.1038/s41467-020-20719-7
https://doi.org/10.1038/s41467-024-47907-z
https://doi.org/10.1038/s41467-024-47907-z
https://doi.org/10.1038/s41467-024-47907-z
https://doi.org/10.1016/j.chip.2023.100043
https://doi.org/10.1109/JPHOT.2011.2166254
https://doi.org/10.1109/JSSC.2004.838019
https://doi.org/10.1109/JSSC.2004.838019
https://doi.org/10.1109/JSSC.2004.838019
https://www.flaticon.com
https://doi.org/10.1049/iet-cds.2019.0028

