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Abstract—Size, weight, and power constraints are significant
limiting factors to space-based computing performance. Optical
computing with wavelength-division multiplexing is a promising
approach for achieving low-energy computation in a small
low-weight package. Co-packaging electronics and photonics is
a critical pathway to this approach. Additionally, this new
paradigm of computing will require engineering advances in
subsystem circuits, namely the electro-optic modulator driver.
This work details the driver design and co-packaged integration
techniques, demonstrating state-of-the-art efficiencies for 4-level
pulse-amplitude modulation optical drivers with 56fJ/bit at
2Gb/s.

I. INTRODUCTION

ARIOUS space missions have begun to explore the

capabilities of artificial intelligence in space [1]. Space-
tested machine learning hardware includes only a handful
of processors including the Google Edge Tensor Processing
Unit (TPU), the Qualcomm Snapdragon 885, and the NVIDIA
H100 [2] [3]. Recent advances in space computing represent
large leaps forward with the launch of the Three-Body Com-
puting Constellation and the Starcloud [4]. However, neither
of those projects are adopting emerging technologies that
the research community is discovering. Computing speed and
energy usage for various processors are shown in Fig. 1 and
Fig. 2 indicating that optical computing has the potential to
provide comparable speed performance with a much lower
energy usage [5]. However, speed and energy usage metrics
are not yet standardized across the optical computing research
community; for example, the optical outlier in 2026 only
includes optical power [6]. This work evaluates how much
electrical energy is needed to support generalized optical com-
puting systems, identifies the electrical transmitter as a critical
pathway and presents potential improvements to electro-optic
transmitters that arise from the unique requirements of optical
computing.

Optical computing offers two fundamental advantages: (1)
optical mediums are operational over a bandwidth thousands
of times greater than electrical mediums and (2) optical
processing delay is limited only by propagation velocity, not
by the RC delay and transit times of conventional logic gates.
For this work we aim to enable rapid adoption. This leads
to a target system with digital inputs and outputs, which
requires electrical data converters, eliminating the gains of
optical processing delay. Thus, we focus on systems for ultra-
wideband single-shot computing of matrix multiplications, a
fundamental operation in modern Al neural networks [11].
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Fig. 1: Speed of commercial, space-tested, and optical research
processors. [5] [6] [7] [8] [9] [10]
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Fig. 2: Energy usage of commercial, space-tested, and optical re-
search processors. [5] [6] [7] [8] [9] [10]

This work builds towards achieving high-speed, low-energy
computation by (1) maximizing compute performance through
photonic computing architecture design, (2) reducing power
consumption by application-specific design of interface elec-
tronics, and (3) increasing the computational performance
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Fig. 3: Photonic tensor accelerator design concept illustrating co-packaged integration of electronics and photonics.

per unit of volume through photonic-electronic co-packaged
integration.

To decrease size, weight, power, and cost while improving
performance we will be leveraging co-packaging techniques
of photonic and electronic integrated circuits. The hardware
system concept for this work is shown in Fig. 3. This includes
an electronic chip and a photonic chip assembled within the
same package using chip-to-chip wirebonding. The photonic
chip is the compute core and the electronic chip provides an
interface to the larger system.

II. PHOTONIC MAC USING WDM

A generalized architecture of the photonic multiply and
accumulate (MAC) processor using wavelength division mul-
tiplexing (WDM) is presented here to establish the potential
speed and energy efficiency with the goal of integrating
it into a general-purpose machine learning application that
can be deployed in size constrained and power constrained
environments.

The primary goal of this subsystem is to maximize the
number of matrix multiplication operations per second and
minimize the energy consumed. An operation is defined here
as any multiplication or addition. For example, a single vector-
vector-multiplication (VVM) of two three-element vectors
would contain five total operations (three multiplications and
two additions), as follows for a weight matrix W and and an
input matrix U:

Uy
W-U:[wl w2 ws] U | = wi-U+we-us+ws-uz (1)
uz

Expanding this to matrix-vector multiplication (MVM) re-
sults in a total number of operations of (N + (N — 1)) - M
where W € RMXN 7 ¢ RN*1 If M = N, the number
of operations increases approximately as 2N2. To achieve a
speed of 10 peta-operations per second (POPS) with a fourth
generation high-bandwidth memory interface rate of 8GHz
requires N = 800.

In the proposed system, N input data elements are encoded
onto N unique optical wavelengths. The encoded signal is
split M times and routed through the weight matrix multiplier
then to a photodiode such that there is one photodiode for
each element of the output vector as shown in Fig. 4. In this
example the encoding is performed with microring modulators
(MRMs), which only resonate at the wavelength A,,.

M weight rows

AD6-6 i

Photodiode

N input elements

Microring
Modulator

Fig. 4: Generalized photonic circuit for performing matrix-vector
multiplication. Each input element is encoded using microring mod-
ulators onto a unique optical wavelength. These optical signals are
split and multiplied by the corresponding rows of the weight matrix.
Photodiodes convert the optical signal to the electrical domain, and
in the process perform all of the addition operations at once.

High-speed digital-to-analog converters (DACs) are required
for each element of the input encoder which updates with
every cycle. Compute hardware is typically limited compared
to the size of the neural network layers and matrix dimension,
meaning high-speed DACs are also needed for each element
of the weight matrix. Similarly, a high-speed analog-to-digital
converter (ADC) is required for each output element. This
results in N(1 4 M) DACs and M ADCs.

A. Practical Photonics Challenges

Perhaps the greatest challenge in space-based photonics
is high-energy radiation. The material structures that make
photonic circuits are affected by radiation. High-energy radia-
tion causes imperfections in the device material which causes
attenuation and eventually loss of function. Surrounding these
circuits in centimeters of lead works, but is not ideal from
a weight perspective. Other mitigation techniques have been
proposed: predictive counter-design, post-radiation annealing,
higher doping concentrations, and thicker features [12].



The proposed system is highly generalized and does not
consider many of the practical considerations of photonics
design such as off-resonant loss, high frequency splitting
ratios, and resonance synchronization. These practical chal-
lenges have architectural solutions that could be implemented
today. However, the best performance will be achieved with
component advancements, which are expected in the near
future as photonic devices advance [13]. In this work, we will
continue to consider the photonic hardware accelerators at the
system level with an emphasis on the electronics required.

III. ELECTRONIC INTERFACE

The electronics interface contains many input drivers and
output photoreceivers. As the optical communications field
begins to adopt MRMs as the electro-optic modulator (EOM),
the driver is conventionally designed, not as a DAC, but
as a 1-bit digital buffer with an extended voltage swing.
The output photoreceiver generally contains a transimpedance
amplifier (TIA) followed by an ADC. If we consider the
power consumed by each circuit using state-of-the-art values,
as shown in Table I, we see that the receiver consumes a
significant amount of energy. However, there are many more
drivers. Thus, to optimize the system for efficiency requires
optimizing for driver efficiency. Additionally, the ADC has
been exhaustively researched for decades while drivers for
MRMs are a new area of research with many opportunities
for advancement.

TABLE I: Electronics Comparison for MVM

Component Example Circuit | Energy | Number Used

EOM Driver Nature "25 [14] 50 fI/bit N(1+ M)
Photoreceiver TIA JSSC 22 [15] 87.5 fI/bit M
Photoreceiver ADC JSSC 22 [16] 4.3 pJ/bit M

A. EOM Driver Circuit

To reduce power and minimize area, the circuit architecture
is designed to eliminate the need for power hungry mul-
tiplexing circuits and large impedance matching networks.
Operating at gigahertz frequencies eliminates the need for
parallel-to-serial time division multiplexing. Decreasing the
distance to the load to 1/10 of a wavelength or less effec-
tively eliminates reflections, removing the need for impedance
matching circuits.

Most low-energy optical transmitters are 1-bit with not-
return-to-zero (NRZ) encoding. As the number of amplitude
levels (N) increases, the work done to transition between
voltage levels is divided. A pulse amplitude modulation (PAM)
order of four is chosen for this design to balance the tradeoff
between higher EOM electrical efficiency and the efficiency
reduction in the driver due to the added circuitry. The proposed
circuit is the supply-multiplexing PAM-4 DAC shown in Fig.
5.

This circuit switches the output between ground and one
of three power supplies: V01, V10, and VDD. A logic circuit,
implemented with inverters and transmission gates, determines
which power supply is connected to the output given the
state of the inputs (LSB and MSB). All devices are intended
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Fig. 5: Supply-multiplexing PAM-4 DAC for driving high-impedance
photonic modulators.
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Fig. 6: Simulation results showing minimal shoot-through current and
open eyes at 10Gb/s.

to operate in the large signal regime. To ensure the devices
enter triode, transmission gates were implemented. Otherwise
transitions to or from levels 01’ and ’10’° exhibit large RC
time constants and limit operational speed.

Simulated performance reached 10Gb/s consuming 20fJ/bit
using a 250fF EOM, 10fF pad capacitance and 100pH pillar
inductance achieving the eye diagram shown in Fig. 6. Low-
power design techniques included a transistor size optimization
to minimize shoot through current also shown in Fig. 6.

This PAM-4 driver circuit was designed into a 1x4 array
and fabricated in 28nm CMOS as shown in the die photo,
Fig. 7. Each driver has an active area of 0.0012mm? including
the 2.5pF bias tee capacitor. Energy efficiency and open eye
diagrams were measured over single channel data rates of
500Mb/s to 3Gb/s and a supply voltage range of 0.75V to
0.9V. Results are summarized in Table II.

To test this driver standalone, a test structure was designed
in which the output signal is observed using an off-chip high-
impedance buffer to allow the use of 50{2 measurement

Fig. 7: 28nm CMOS die photo showing 1x4 array of supply-
multiplexing PAM-4 DAC test structures.



TABLE II: Transmitter Comparison
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Fig. 9: Measured 2Gb/s eye diagram illustrating the sampling window

and histogram data (in red) used for statistical analysis of BER.

Work This Work JSSC °25 [17] | Nature ’25 [14] | RFIC "25 [18]
DAC Topology Supply Mux 4xVDD Driver | 2xVDD Driver Distributed
Technology 28nm CMOS 45nm CLO 28nm CMOS 180nm SiGe
Modulation PAM-4 NRZ NRZ PAM-4
Speed/Ch 3Gb/s (10Gb/s)" 32Gb/s 10Gb/s 224Gbl/s
TX Area 0.0012mm” 0.002mm? * 0.0018mm? 2mm?
Speed Density 2.5Tb/s/mm* 13.25Tb/s/mm? | 5.3Tb/s/mm? | 0.112Tb/s/mm?
Energy 56£J/bit (34£1/bit)" 328fJ/bit 50£fJ/bit 3620f)/bit
Load 800fF 11fF 198fF 5092
‘ Simulated performance using an EOM load capacitance of 250fF
_ Area includes MRM
" When normalized to a 200fF load.
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Fig. 8: Measured eye diagrams for data rates ranging from 500Mb/s
to 3Gb/s.

equipment. One channel is driven from two off-chip sources
and the other three channels are driven by six separate on-chip
PRBS15 generators.

Measured eye diagrams are shown in Fig. 8. This device
works for supply voltages down to VDD = 0.75V, indicating a
potential use with future MRMs which are designed to reduce
the RF voltage swing for lower dynamic power consumption.
As supply voltage is varied, VOl and V10 are always 1/3
and 2/3 of VDD, respectively. At 2Gb/s, the minimum energy
consumption over supply voltage is measured at 56fJ/bit. Eye
diagrams for various supply voltages are shown in Fig. 10
demonstrating open eyes down to 0.75V. The high-impedance
observation buffer (OPA859) used in measurement has a large-
signal cutoff frequency around 400MHz and a single-ended
input capacitance of 800fF limiting the speed and efficiency.
This results in an attenuated output signal around 600mV,,.

For a fair comparison of driver energy consumption across
various load capacitances, the theoretical energy required to
charge the capacitor is evaluated. The average energy added
to the modulator capacitor when transmitting random PAM
data is derived here as eq.2, where Cgoas is the capacitance
of the EOM and N is the number of amplitude levels.

1 | Ntz o i\ 2 v j2
m:fC L pp N p
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Fig. 10: Measured eye diagrams at 2Gb/s as supply voltage is varied
from VDD = 0.75V to VDD = 0.9V.

Approximated bit error rate (BER) is determined using a
statistical noise analysis assuming a gaussian distribution. Fig.
9 shows a 2Gb/s eye diagram capture and the histogram for an
example sampling window used for BER approximation. The
sampling window is chosen at the peak of the eye opening
to remove receiver clock jitter from the evaluation of the
driver. The measured data within each amplitude section is
fit to a gaussian distribution and the probability of an error is
determined as the likelihood of a sample crossing the decision
threshold placed at the mean between peaks.

B. Co-packaging

This driver was co-packaged with a tunable microring
resonator using chip-to-chip wirebonding as shown in Fig.
11. The microring array transmission coefficient was measured
across wavelength and control voltage. Initial results show a
thermal resonance tuning range of >1.25nm as shown in the
Fig. 11 inset. Due to a low microring bandwidth of 10Hz, no
data throughput tests were performed.

IV. CONCLUSION

An optical computing architecture for accelerating matrix
multiplication has been presented enabling high-speed, low-
energy, space-based artificial intelligence processors. A digital-
in digital-out optical computing paradigm is described which
allows for rapid adoption of analog WDM optical computing.
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Fig. 11: Chip-to-chip wirebonding integration of electrical driver
and a 1x4 array of microring resonators. (Inset) Microring resonator
tuning range.

The electronic interface is identified as a critical path towards
low-energy operation. Thus, a low-energy PAM-4 EOM driver
circuit is presented, demonstrating the most efficient PAM-4
optical driver to date at 56fJ/bit. Co-packaged integration is
demonstrated using chip-to-chip wirebonding.
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