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1 Design of device

Figure S1a presents a schematic of the proposed device, including laser, pho-
todetectors, fiber array, and thin-film lithium niobate (TFLN) chip. The TFLN
chip includes 10 optical input/output (I/O) ports: 1 port is used for connecting
with the laser; 7 ports are used for connecting with the fiber array for mea-
suring the electro-optics (EO) bandwidth of modulators, and calibrating bias
voltages and delay time; 2 ports are used for coupling light form waveguide
onto the photodetectors through grating couplers. The wavelength emitted
from the laser is 1310 nm. The layout of the TFLN chip used for the fabrication
is shown in Fig. S1b.
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Fig. S1 The structure of the proposed device. a Schematic of the proposed device
including laser, photodetectors, and thin-film lithium niobate (TFLN) chip. PWB: pho-
tonic wire bonding; MMI: 3-dB multimode interference; MZM: Mach-Zehnnder modulator.
b Schematic of the TFLN chip.
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2 Performance of hybrid integrated laser

Figure S2 shows the transmission loss between a thin-film lithium niobate
edge coupler and a single-mode fiber through a photonic wire bond (PWB),
indicating a minimum insertion loss of 1.6 dB and a 1 dB bandwidth larger
than 110 nm.
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Fig. S2 The transmission loss between a thin-film lithium niobate edge coupler
and a single-mode fiber through a photonic wire bond (PWB). Inset: a micrograph
of PWB chip-to-fiber interconnect.
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Fig. S3 Performance of the hybrid integrated laser. a Schematic of the experimental
setup for characterizing the performance of the hybrid integrated laser. LDC: laser diode
controller; OSA: optical spectrum analyzer. b The measured laser spectrum when setting
the current applied to the laser at 30 mA. The side mode suppression ratio of the laser is
larger than 35 dB. c and d are the output optical powers of laser varying with time when
the sampling rates of a power meter are set at 1 sample per second and 106 samples per
second, respectively. The output power variation is less than 0.02 dB within 1000 seconds.
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Next, we characterized the performance of our hybrid integrated laser.
Figure S3 presents a schematic of the experimental setup. Our laser was driven
by a laser diode controller (LDC, LDC501 SRS), and measured by an opti-
cal spectrum analyzer (OSA, AQ6317B, ANDO) and a power meter (Agilent
N7744A). Here, we did not apply any electronic signal to our TFLN chip to
avoid the influence of additional noise on laser measurement, and thus opti-
cal output power received by OSA and power meter is low. Figure S3 shows a
laser spectrum when the drove current was set at 30 mA. Note that we also
set the drove current at 30 mA when we performed dot product, classifica-
tion, and clustering experiments. The side mode suppression ratio of our laser
is larger than 35 dB. Figures S3c and S3d show the variation of laser output
power with time. The power stability of our laser is less than 0.02 dB within
1000 seconds which is enough for us to perform dot product, classification, and
clustering experiments.

3 Design of electrical controlling circuit for
photoreceiver

Figure S4a presents a schematic of an electrical controlling circuit for our pho-
toreceiver. Two photodetectors, in a balanced detection scheme, connect with
an integrator and then connect with an analog-to-digital converter (ADC)
through a voltage follower. The ADC and integrator are controlled by a micro-
controller (MC). By controlling the switches (marked as S1 and S2) of the
integrator, the working status of the integrator can be changed:

(1) Closing S1 and opening S2, photogenerated electrons from PD1 and
PD2 can be accumulated in the capacitance of integrator;

(2) Simultaneously opening S1 and S2, the output voltage of the integrator,
i.e., the number of accumulated electrons, can be read by ADC and MC;

(3) Simultaneously closing S1 and S2, the accumulated electrons in the
capacitance of the integrator can be reset.

In a balanced detection scheme, when the optical power received by PD1 is
lower than that received by PD2, the output voltage variation of the integrator
is positive and, when it is higher than that received by PD2, the output voltage
variation of the integrator is negative.

Figure S4b shows a photo of the fabricated electrical controlling circuit
board. The integrator and voltage follower are covered with a metal shield to
avoid the electromagnetic interference and decrease the noise. Our electrical
controlling circuit board is connected with computer through USB cable for
power supply and communication. Using USB bus converter chip (CH343), the
USB can be converted to serial port, and thus our electrical controlling circuit
can be controlled by a Python command.

Figure S4c shows a schematic of part of the electrical controlling cir-
cuit. The circuit includes an integrator (IVC102U), a voltage follower
(ADA4522ARMZ), a differential driver (AD8131), an ADC (AD7767), and a
microcontroller (STC8A8K64D4 LQFP44).
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Fig. S4 Design of electrical controlling circuit. a a schematic of an electrical control-
ling circuit for the proposed integrator. b A photo of the fabricated electrical controlling
circuit board. ADC: analog-to-digital converter; MC: microcontroller. c Layout of the elec-
trical controlling circuit without the power supply unit part.

4 Experiment

Figure S5a presents a schematic of the experimental setup for characterizing
the performance of our device. We used high-speed digital-to-analog converters
(DACs, Keysight, M8194A) to drive our modulators. Here, although we used
RF amplifiers (Inphi, IN3214SZ-S02G) to apply gain to the output power of the
high-speed DACs, in the future, our device can be directly driven by the high-
speed DACs using TFLN modulators which have a lower half-wave voltage
[1]. Two tunable phase shifters (SPECTRUM Microwave, MODEL OPS-0002)
were used to tune the delay time between two TFLN modulators. A computer
was used to connect to the high-speed DAC and the electrical controlling circuit
board of the integrator. In the future, the high-speed DACs and the integrator
can be monolithically integrated into a single chip to achieve a compact size.

We use Python, running on the CPU, to control all devices. As illustrated
in Fig. S5b of the revised supplementary materials, when a matrix-vector
multiplication operation is required, the CPU sends a ”Start to Integration”
command to the charge integrator. However, at this point, no charge is being
accumulated due to the balancing scheme. Subsequently, the CPU sends a
“Start to Encode” command to the DACs. Once all data is encoded, the CPU
sends an “End to Integration” command to the charge integrator. The inte-
grated circuit (IC) then returns the voltage of the charge integrator to the CPU
sequentially, enabling the retrieval of the matrix-vector multiplication result.
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Fig. S5 Experimental setup for characterizing the performance of our device.
a A schematic of the experimental setup used for dot product demonstration, classification,
and clustering. DAC: digital to analog converter. b Algorithm process flow chart.

4.1 System calibration

7 of the optical I/O ports of our TFLN chip connected with a fibre array
are used for measuring the EO bandwidth of modulators, and calibrating bias
voltages and delay time between two modulators. As shown in Fig. S5a, we
label the 7 ports from up to down as port 1, port 2,..., and port 7, respectively.

Bias voltages calibration and EO bandwidth measurement. Connect-
ing a high-power laser (Santec TSL550) with port 1 (or port 6) and connecting
a high-speed photodetector (Finisar, XPDV3120R) with port 7 (or port 4),
we can characterize the EO response of the fabricated modulator at a telecom
wavelength of 1310 nm using a vector network analyzer (Agilent N5227A). The
bias voltages also can be calibrated through the same connections but using a
low-speed photodetector instead of a high-speed one.

Calibration of delay time between two modulators. Connecting a
high-power laser (Santec TSL550) with port 1 and connecting an oscilloscope
with port 4, the two modulators were simultaneously driven by CMOS DAC.
Tuning the phase shifter based on the data displayed on the oscilloscope, we
can calibrate the delay time between two modulators to guarantee that the
input and weight sequences are aligned and thus each weight vector element
can be correctly multiplied by the corresponding element of the input vector.

4.2 Dot product operation

The bias points of two modulators were chosen to be set at the orthogonal
points. The steps of using our device to perform dot product:

(1) Simultaneously closing S1 and S2;
(2) Setting the integration time of the integrator, and then closing S1 and

opening S2;
(3) Sending two data sequences with a length of n to CMOS DACs, and

driving two modulators with a baud rate of fs;
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(4) Opening S1 and reading the output voltage of the integrator;
(5) Repeat step (1) for a new sequence.

4.3 Experiment of classification task

The test accuracy as a function of the effective resolution used in the matrix-
vector multiplication operations is shown in Fig. S6a. These simulation results
demonstrate that the training process is robust to noise and low-precision
computations. Therefore, although our processor only has a resolution of 6.04
bits, it is sufficient for training. The validation accuracy during training, using
both our processor and a CPU (for comparison), is depicted in Fig. S6b. This
demonstrates that the “hardware-in-the-loop” training approach can achieve
a convergence speed comparable to that of training solely on the CPU.

a b

Pure CPU 

Hardware-in-the-loop training  

Fig. S6 a Validation accuracy on the MNIST dataset as a function of the effective res-
olution. b The convergence over epoch for both “hardware-in-the-loop” training and pure
central processing unit (CPU).

4.4 Experimental setup for clustering task

Here, we show how to perform the dot product operation between two vectors
with ranges from -1 to 1. As discussed earlier, it is straightforward to achieve
a range of -1 to 1 for the vector modulated by the second modulator. However,
the vector modulated by the first modulator can only achieve a range of 0 to
1. To address this, we need to inject light with a wavelength of λ2 into the
second modulator through the optical port 6, as shown in Fig. S7. We defined
the voltages applied to the two modulators are V1 and V2, respectively. The
electrical field intensity of light injected into the first modulator is set at E0,λ1

with a wavelength λ1, and thus the output electrical field intensity of the first
modulator can be given by,

E1,λ1 = E0,λ1 cos(
V1π

2Vπ(λ1)
+

θ1
2
), (S1)

, where Vπ(λ1) is half-wave voltage of the modulator at wavelength λ1. θ1 is
the bias phase difference of the first modulator. The output electrical field
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intensities of the second modulator, E3 and E4, can be given by,

E3 = jE1,λ1
sin(

V2π

2Vπ(λ1)
+

θ2
2
) + E2,λ2

cos(
V2π

2Vπ(λ2)
+

θ2
2
), (S2)

E4 = E1,λ1 cos(
V2π

2Vπ(λ1)
+

θ2
2
) + jE2,λ2 sin(

V2π

2Vπ(λ2)
+

θ2
2
), (S3)

, where Vπ(λ2) is half-wave voltage of the modulator at wavelength λ2. θ2 is
the bias phase difference of the first modulator. Because λ1 and λ2 are close,
Vπ(λ2) = Vπ(λ1) = Vπ,0 [2]. We can obtain that,

| E3 |2 − | E4 |2= (− | E1,λ1 |2 + | E2,λ2 |2) cos( V2π

Vπ,0
+ θ2). (S4)

We set | E2,λ2
|2= |E0,λ1

|2)
2 . Combining Eq. S1 and Eq. S4, we can obtained

that,

| E3 |2 − | E4 |2= −| E0,λ1 |2

2
cos(

V1π

Vπ(λ1)
+ θ1) cos(

V2π

Vπ,0
+ θ2). (S5)

If the bias points of two modulators are set at the orthogonal points, we can
obtain that,

| E3 |2 − | E4 |2= −| E0,λ1
|2

2
sin(

V1π

Vπ,0
) sin(

V2π

Vπ,0
). (S6)

According to Eq. S6, this method allows us to perform the dot product oper-
ation between two vectors whose ranges are from -1 to 1, as opposed to one
vector ranging from 0 to 1 and the other vector ranging from -1 to 1.
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Fig. S7 Experimental setup for performing clustering task.
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Table S1 Comparison of different modulator technologies employed in our
proposed photonic processor which includes two modulators.

Technology
SiGe

EAM [3]
InP

MZM [4]
Si

MZM [5]
Si

MRM [6]
TFLN

MZM [7]
Modulation speed

(Gbaud/s)a
50 100 56 32.5 260

Length (mm) 0.61 4 4 0.02 10
Insertion loss
(dB/cm)b

57 1.5 3 3 0.2

Compute density
(GOPS/mm2)

810 250 140 16250 260

Modulation loss? N/A Yes Yes Yes No
Two negative number

multiplication?
No No No No Yes

TDM&WDM? c No No No No Yes

a. Modulation speed has been demonstrated;
b. Waveguide propagation loss;
c. Whether this technology can be used to build the architecture shown in Fig. 6 of the
main manuscript.
N/A indicates no available data.

Table S2 Energy of our proposed photonic processor which includes two TFLN
modulators.

Components Energy budget
Energy efficiency
(32.5 Gbaud)

Energy efficiency
(60 Gbaud)

Laser driver [8] 15 mW 230 fJ/OP 125 fJ/OP
DAC

(7nm FinFET) [9]
35 fJ/conv-step 35 fJ/OP 29 fJ/OP

Bias controller 17 mW 523 fJ/OP 56 fJ/OP a

Integrator [10] 44 µW 0.67 fJ/OP 0.37 fJ/OP
ADC (1 GHz) [10] 2.55 mW 39 fJ/OP 2.17 fJ/OP

Total N/A 828 fJ/OP 213 fJ/OP

a. Heating efficiency can be improved up to 3 times higher than the presented structure
[11].
N/A indicates no available data

5 Compared with other technology

Table S1 compares various modulator technologies—SiGe electro-absorption
modulator (EAM), InP Mach-Zehnder modulator (MZM), Si MZM, Si micror-
ing modulator (MRM)—for our proposed processor architecture. Specifically,
Table S1 compares factors like the compute density and insertion loss, among
others. Notably, the photonic processor based on TFLN MZM stands out as
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Table S3 Energy of our proposed photonic processor which includes 64 + 64
TFLN modulators with a computation speed of 491 TOPS.

Components Energy budget Number
Energy efficiency

(60 Gbaud)
Pump laser 1 W 1 2.04 fJ/OP

DAC
(7nm FinFET) [9]

35 fJ/conv-step 64 + 64 0.59 fJ/OP

Bias controller 5.6 mW 64 + 64 1.46 fJ/OP a

Integrator [10] 44 µW 64× 64 0.37 fJ/OP
CMOS comparator [12] 244.19 µW 64× 64 2.04 fJ/OP

CMOS switch [13] 122 nW 64× 64 0.001 fJ/OP
Total N/A N/A 6.5 fJ/OP

a. Heating efficiency can be improved up to 3 times higher than the presented
structure [11].
N/A indicates no available data.

Table S4 Comparison of various optical computing architectures, both
on-chip and in free space.

Sources
Energy

efficiencya
Total

neurona
Tunable
neuron

Network
scale

This workb 153 TOPS/W 802,816 802,816 51 million
Feldmann et al. [14] 0.50 TOPS/W 64 64 29,186
Ashtiani et al. [15] 2.9 TOPS/W 67 67 67
Shen et al. [16] N/A 213 213 1065
Zhou et al. [17] 0.71 TOPS/W 490,000 490,000 1.7 million
Xu et al. [18] N/A N/A 867 867
NVIDIA H100

PCIe [19]
0.71 TOPS/W N/A N/A N/A

a. By theoretical calculations.
b. Based on our proposed photonic processor which includes 64+64 TFLN mod-
ulators.
N/A indicates no available data.

the only one capable of multiplying with two negative numbers and is fully
compatible with hybrid TDM and WDM architectures.

6 Energy consumption

In theory, for a computation speed of 120 GOPS, our device can achieve an
energy efficiency of 213 fJ/OP (see Table S2), including the laser driver, DAC,
bias voltage controller, op-amp integrator, and ADC. Moreover, as shown in
Table 3, the proposed scalable photonic tensor core, which includes 64 + 64



11

TFLN modulators, can achieve an energy efficiency of 6.5 fJ/OP with a com-
putational speed of 491 TOPS (i.e., 153 TOPS/W). We also compare our
proposed solution with some other optical processors in Table S4.
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