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Toward High-Speed and Energy-Efficient Computing: A
WDM-Based Scalable On-Chip Silicon Integrated Optical
Comparator

Chenghao Feng, Zhoufeng Ying, Zheng Zhao, Jiaqi Gu, David Z. Pan, and Ray T. Chen*

Integrated photonics has shown extraordinary potential in optical computing.
Various optical computing modules have been investigated, among which the
digital comparator is a significant element for any arithmetic logic unit. In this
study, an architecture of a wavelength-division-multiplexing-based
(WDM-based) electronic–photonic digital comparator is proposed, which can
perform high-bit comparisons for fixed-point or floating-point binary inputs. A
silicon photonics-based 2-bit comparator operating at 20 Gb s−1 at a 1.55 µm
wavelength is experimentally demonstrated. A detailed performance analysis
reveals that this architecture outperforms the current transistor-based
electronic comparators in terms of both computational speed and power
efficiency.

1. Introduction

The past decades have witnessed the stagnation of the clock rate
of electronic central processing units (CPUs) because of the over-
whelming heat dissipation, and the power consumption per bit of
modernmicroprocessors is almost close to saturation.[1,2] Conse-
quently, the continuation of Moore’s law has become problem-
atic. Integrated photonics has the potential to overcome these
limitations and replace transistor-based electrical circuits to pro-
cess information owing to the key features of light, which are low
latency and a high bandwidth. Using photons as the signal carrier
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provides us with a wavelength-division
multiplexing scheme that is exclusively
available for integrated photonics.[3,4]

Moreover, the current fabrication tech-
nologies allow photonic components and
transistors to be integrated on the same
chip, paving the way for inter- and intra-
chip communications [5,6] between elec-
tronic modules and photonic modules to
realize complex computing functions.[7,8]

Numerous concepts for realizing hard-
ware implementations for optical com-
puting have been proposed recently to en-
vision feasible approaches.[9–13]

Researchers have paid significant at-
tention to optical digital circuits for com-
puting because of the advantages of

digital computing such as high noise tolerance and energy effi-
ciency, which have been proven by decades of successful practical
experience of very-large-scale integration (VLSI). Abundant pas-
sive and active building blocks for digital optical computing and
interconnects on integrated photonic platforms have been exper-
imentally demonstrated and have been provided by foundries,
such as electro-optic (EO) switches and modulators.[14–17] Dig-
ital logic gates [18–21] and basic digital logic modules including
but not limited to adders,[22–24] comparators,[25] encoders,[12] and
decoders[26] have been investigated in previous studies. Further-
more, logic synthesis specified for photonic circuits has been pro-
posed for designing more complicated computing modules with
a high bit size.[27,28]

Although numerous optical digital computing modules have
been investigated, several unique features of photons have not
been completely utilized in photonic integrated circuit design.
For example, owing to the properties of bosons, photons with
different wavelengths and other properties can independently
propagate in the same space, which is promising for scaling
down the chip size and the number of active components in pho-
tonic chips.[27] Previous studies have revealed that the number
of EO logic gates can be reduced by using WDM to construct a
carry-select electronic–photonic full adder.[24] The idea of utiliz-
ing these unique features of photons for scaling and performance
optimization in photonic arithmetic unit designs is extended and
improved in this study, where multiple wavelengths can imple-
ment different logic functions to realize comparison, an essential
functional unit in modern microprocessors.
Furthermore, most proposed optical computing modules re-

quire the inputs to be unsigned, fixed-point numbers.[26,29] In

Laser Photonics Rev. 2021, 2000275 © 2021 Wiley-VCH GmbH2000275 (1 of 9)

http://www.lpr-journal.org
mailto:chenrt@austin.utexas.edu
https://doi.org/10.1002/lpor.202000275


www.advancedsciencenews.com www.lpr-journal.org

real scenarios, the formats of the inputs can be signed or un-
signed, fixed-point, or floating-point. The combinational logic cir-
cuits must be modified to obtain the correct computing results
accordingly. In this study, we present the first photonic version
of a digital comparator that can process signed or floating-point
binary inputs.
A digital comparator is a fundamental arithmetic component

in microprocessors, and it is also useful for image and signal
processing.[30] Different structures have been proposed to im-
prove the speed and power consumption of transistor-based elec-
tronic comparators, whereas the operating speed has been stag-
nated at up to 4 GHz.[31,32] Some studies have focused on design-
ing optical comparators based on all-optical devices; however, the
performance, as well as the bit size of their designs, is restricted
by the difficulties of large-scale integration (i.e., 64-bit and above)
of all-optical logic gates.[33,34] In the context of all-optical activa-
tion, strong pump light is required to trigger nonlinear effects,
leading to tremendous power dissipation, which defeats the pur-
pose. Direct-logic-based optical comparators have also been re-
ported in literature, which use add-drop microresonator modu-
lators as EO logic gates.[25,35] However, only designs of single-
bit comparators are presented, and their schemes cannot be ex-
tended to design comparators with higher bits, such as 64 or 128
bits, which are required in current computing and communica-
tion applications. A simple example is the IPV6 (Internet Pro-
tocol version 6).[36] Although the architecture of an N-bit optical
comparator is discussed in some studies,[26] the number of out-
put ports is considerably high, which can dramatically increase
the complexity if the comparison results are associated with other
computing modules. Finally, all optical comparators mentioned
above only support unsigned fixed-point comparisons. Thus, they
will fail to compare two signed binary inputs, and they cannot be
deployed in floating-point units.
In this study, we have devised a novel scheme to re-

alize an N-bit wavelength-division-multiplexing-based (WDM-
based) electronic–photonic digital comparator for high-speed and
energy-efficient computation. We begin with the theoretical pro-
jection and implementation of the basic structure of the WDM-
based electronic–photonic comparator (EPCMP), in which two
wavelengths are used to represent two logic functions. A 2-bit
EPCMP operating at 20 GHz was experimentally demonstrated.
We also proposed the general architecture of a scalable EPCMP
for fixed-point/floating-point binary number comparison, which
exploits the advantages of electronics and photonics such as par-
allel computing and WDM. A detailed performance analysis of
our EPCMP is provided, indicating that our architecture can run
at tens of gigahertz while consumingmuch less power than state-
of-the-art electronic comparators. Methods to optimize the per-
formance of the EPCMP and to scale down the circuit size are
also presented.

2. Architecture

A digital comparator compares and determines whether one bi-
nary number is greater, equal, or less than another. It has three
primary outputs A > B, A = B, A < B, (A = anan−1… a2a1, and
B = bnbn−1… b2b1), which can be determined using a subtractor
and an equality comparator.

Table 1. Logic truth table for a digital comparator.

C Z Result

0 1 A = B

0 0 A > B

1 0 A < B

The subtractor determines the larger of the two binary num-
bers by computing B − A − 1 = B + A. If there is a carry signal at
the output, A < B; otherwise, A ≥ B. A subtractor can be treated
as a special full adder, the expression of which can be summa-
rized as follows

Ck = (ak ⊗ bk) ⋅ Ck−1 + ak ⋅ bk = pk ⋅ Ck−1 + gk (1)

where C0 = 0, pk = ak ⊕ bk = ak ⊗ bk (propagate), and gk = ak ⋅
bk(generate). “⊗” denotes the XNOR operation (The output is 1
if the logics of ak and bk are the same; otherwise, the output is 0.),
whereas “⋅” denotes the ANDoperation in digital computing. The
final carry signal from the last bitC = Cn can be realized with any
adder architecture, which has been investigated and optimized
for the past decades. Figure 1a shows a schematic diagram of an
n-bit comparator based on an n-bit ripple carry adder.
The equality comparator determines if A = B, which can be

performed simply with XNOR gates and an all-ones detector
(AOD). The output Z for the equality comparator can be written
as follows

Z = (a1 ⊗ b1) ⋅ (a2 ⊗ b2) ⋅… (an ⊗ bn) = p1p2… pn (2)

The final comparison result can then be determined using C
and Z, as shown in Table 1. The detailed meanings of all logic
signals are provided in Table S1 in the Supporting Information.
Figure 1b shows the general architecture of an EPCMP, where

the critical path of the comparator architecture is replaced by an
optical route because light has one to two orders of magnitude
less latency per gate than the transistors. Light beams with dif-
ferent wavelengths can pass through the same structure indepen-
dently to implement and convey C and Z, respectively. Thus, the
EO logic gates of the subtractor can be shared with the equality
comparator in the photonic network.
The photonic part of EPCMP is shown in Figure 1c, which

is called an optical comparator network (OCMPN) in this study.
An n-bit OCMPN comprises n directional couplers/splitters and
2n EO modulators. As shown in Figure 1d, two EO modulators
along with a 2-by-2 coupler or combiner compose one bit in the
OCMPN. In each bit, the optical carry signal of the previous bit
ck−1 is first modulated by a modulator controlled by the propa-
gating signal pk, whereas another light beam is modulated by
the generated signal gk. These two light beams have the same
wavelength and merge into the directional coupler to generate
the C signal of the current bit ck. Because light can propagate the
upper arm of the directional coupler/combiner only when ck−1
and pk are both logic 1s, the modulator controlled by pk functions
as an AND gate. Furthermore, the logical meanings of pk and
gk indicate that only one input port of the combiner/directional
coupler will have incoming signals because pk and gk cannot be
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Figure 1. Schematic diagram of an electronic–photonic comparator. a) Schematic diagram of a conventional electronic comparator based on the ripple-
carry full adder structure. b) General schematic diagram of the electronic–photonic comparator. The electronic critical path in (a) is replaced by optical
paths, and light beams with different wavelengths will transport signals from one bit to another. c) Schematic diagram of the photonic part of WDM-
based EPCMP. It consists of EO modulators and couplers/splitters. The green modulators are used for subtraction only, whereas yellow modulators are
shared by the subtractor and the equality comparator. Light beams with different wavelengths generate different logic results at the output ports. The
testing ports can be used for troubleshooting and wavelength alignment of the modulators. d) A diagram of one bit in the EPCMP. The logic function
of each optical component is also shown. Notably, a and b cannot be both logic 1s in the directional coupler. Thus, there will be no power variations of
the logic 1 signal at the output of the optical OR gate if the intensities of the optical input signals a and b are balanced.

logic 1s at the same time. Therefore, only one light beam propa-
gates the combiner/directional coupler when ck = 1, and the com-
biner/directional coupler functions as an OR gate. Thus, the two
modulators and combiner/coupler implement Equation (1). In
contrast, the light beam conveying the Z signal will only be mod-
ulated by the propagating signal pk, and the optical components
in each bit function as an AND gate.
In the EPCMP, coherent, continuous wave (CW) light beams

of different wavelengths 𝜆1 and 𝜆2 are injected into different in-
put ports of the photonic circuit: light beam 𝜆1 will pass through
the first input port only to implement the logic of the equality
comparator Z (Equation (2)), whereas light beam 𝜆2 will prop-
agate the rest of the input ports to implement the logic of sub-
tractor C (Equation (1)). The electrical signals are simultaneously
injected into the modulators within each clock cycle. The inten-
sity of lights at each input is determined by the coupling effi-
ciency/splitting ratio of the couplers/splitters, which can be ad-
justed to optimize the performance of the comparator and will
be discussed hereinafter. Light beams generating C and Z are
separated by a demultiplexer at the output and are converted to
electrical signals via photodetectors for further processing. Com-
pared with previous designs of N-bit comparators, fewer ports
are needed in an OCMPN, which can reduce the number of pho-

todetectors and electronic components while not increasing the
number of EO logic gates.[26]

3. Experimental Section

In this study, the practicality of EPCMP was experimentally
demonstrated on a silicon photonics platform with a 2-bit
EPCMP. The layout of the chip was drawn and verified using
Phoenix OptoDesigner, and the chip was fabricated using AIM
photonics with over 20 fabrication masks.
The 2-bit EPCMP comprises various passive or active com-

ponents available from the AIM process design kit (PDK). Four
high-speed microdisk modulators function as EO logic gates ow-
ing to their compact size and ultralow power consumption.[17]

2 × 2 50/50 directional couplers and Y branches were used to
split input light to different paths or combine light from differ-
ent input ports. Thermo-optic phase shifters and variable optical
attenuators were deployed along the paths of each port to main-
tain intensity and phase balance, which are not necessary for a
fine-tuned system in the future. High-speed photodetectors were
placed at the output of the structure for the next-stage compu-
tation. Electrical pads placed on top of the chip were designed
for thermal tuning and alignment of the microdisks, which were
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Figure 2. Optical micrographs. a) Optical micrograph of the fabricated 2-bit EPCMP, where the blue line is the path of 2-bit equality comparator, whereas
the red line is the path of the 2-bit subtractor. Propagate signals (p1, p2) are operated on blue modulators, and generate signals (g1, g2) are operated on
red modulators. b) Close-ups of some fundamental optical components such as Y branch, grating coupler, photodetector, phase shifter, add-drop filter
(demultiplexer), 2 × 2 directional coupler, attenuator, and microdisk modulator.

wire-bonded to a printed circuit board. Figure 2a shows a micro-
graph of the fabricated EPCMP, whereas close-ups of the compo-
nents are shown in Figure 2b.
The general testing procedure was as follows. First, the chip

was illuminated by CW light generated by a tunable laser, which
was coupled with the chip through grating couplers. Light beams
with different wavelengths were launched on different grating
couplers to implement different logic functions, as shown in Fig-
ure 1b. First, the resonant wavelengths of the modulators were
aligned via thermal tuning. Then, the phase shifters and atten-
uators were adjusted to balance the phase and intensity of each
arm. High-speed pseudorandom nonreturn-to-zero signals were
injected into EO modulators using GSG probes. Furthermore,
light beams conveying different results were separated by a fine-
tuned add-drop microdisk filter. Finally, the light was coupled by
grating couplers and connected to high-speed logic analyzers for
testing.
The output waveforms of C and Z at two different wavelengths

(≈1542 and 1567 nm) are shown in Figure 3. The operating wave-
lengths of the optical signals were chosen according to the trans-
mission spectra of the microdisk modulators. Both functions of
the subtractor and equality comparator were tested, and the rela-
tionship between the two binary inputsA(a2a1) and B(b2b1) could
be obtained. Results obtained at operating speeds of 10 Gb s−1

(Figure 3a) and 20Gb s−1 (Figure 3b) are shown,which are consis-
tent with the truth table of the 2-bit comparator using the thresh-
old detectors to read the logic of the output waveforms (see Table
S2 in the Supporting Information). Additional testing details are
provided in Note S1 in the Supporting Information.
Notably, the architecture was compatible with all modulators,

including, but not limited to, electro-absorptionmodulators,MZI
modulators, plasmonic modulators, and photonic crystal modu-
lators. The performance of the architecture can also be enhanced

with faster and smaller modulators, which will be discussed in
the following sections.

4. Discussion

4.1. Parallel Optical Comparator Architecture

Currently, large-bit-width computations are common in commer-
cial CPUs. For instance, 64-bit arithmetic units were put into ap-
plications decades ago.[37] To replace their electrical counterparts,
we must design optical arithmetic units that can operate on large
bit widths, such as 64 or 128. In our cases, the proposed optical
comparator can perform large-bit-width comparisons by simply
increasing the size of the photonic network. However, problems
such as large propagation loss may occur because too many opti-
cal logic gates are cascaded, which will be discussed hereinafter.
The latency of the EPCMP also accumulates as the bit number
increases. To reduce propagation loss as well as latency, we must
modify the design of the EPCMP.
Here, we suggest that an N-bit (N = m × n) comparator can

be decomposed into m sets of n-bit OCMPN and photodetector
arrays along with electrical circuits to further reduce the total la-
tency as well as the propagation loss in the photonic network
by parallel computing, which is a widely used design strategy
in VLSI. A sketch of an N-bit comparator illustrating the real-
ization of parallel computing is presented in Figure 4. First, N-
bit binary numbers A and B are divided into m parts, which are
operated on each n-bit OCMPN simultaneously. Each OCMPN
generates its outputs ci and zi and is received by high-speed
photodetector arrays. The final carry signal C and equality com-
parator output Z can then be obtained by electronic modules
after ci andzi are calculated, as depicted in Figure 4a. Because
all zi signals should be logic 1 when A = B from the previous
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Figure 3. Testing results. The operating speeds are a) 10 Gb s−1 and b) 20 Gb s−1. Both the original waveforms and the logic results of carry signal C
(≈1542 nm) and equality signal Z (≈1567 nm) are shown. The threshold lines to detect the logic of the original waveforms are marked using blue/red
dashed lines.

discussions, zi will be the inputs of an AOD to obtain the final
output of the equality comparator Z. In contrast, the output of
the subtractor C will be obtained via a multiplexer with all ci and
zi signals as inputs. For simplicity, we define Ci :1/Zi :1 as the com-
parison results if we only compare the first i*n bits of A and B.
If Ci :1 = 1, (ai*nai*n−1…a2a1) < (bi*nbi*n−1…b2b1), whereas if Zi :1
= 1, (ai*nai*n−1…a2a1) = (bi*nbi*n−1…b2b1). When i =m, Cm :1/Zm :1
is the final C/Z signal in the proposed architecture. The relation-
ship between these values can be summarized as follows

Ci:1 = Ci−1:1 ⋅ zi + ci (3)

Z = z1z2… zm (4)

C = Cm:1 (5)

where C0= 0. (More details regarding the symbols used in this
section are provided in Note S4 in the Supporting Information,
and detailed design strategies and circuit diagrams are shown in
Note S6 in the Supporting Information.)
In our proposed architecture, a comparison of signed inputs or

floating-point inputs is also supported. The generated signals of
the most significant bit (MSB) can be modified g64 = a64 ⋅ b64 to
enable signed/floating-point comparison. Note that carry signal
C has different logical representations according to the signs of
the input numbers, but this issue can be solved with some sim-
ple control circuits. Furthermore, with additional electrical con-

trol circuits, our EPCMP is compatible with binary inputs with
different number representations (see Note S5 in the Supporting
Information).
Surprisingly, an additional OCMPN can realize the functions

of the AOD and the multiplexer when zi and ci are the electrical
input signals because Equations (3) and (4) have exactly the same
form as Equations (1) and (2). The hybrid electronic–photonic
MUX/AODmodule is shown in Figure 4b, whereas the OCMPN
is shown in Figure 4c.
Here, we believe that the OCMPN-based electronic–photonic

MUX/AOD outperforms the conventional electrical MUX/AOD
in terms of latency and power consumption. First, we reduce the
number of logic gates to realize the functions of MUX and AOD
using a two-wavelength-based WDM, which also leads to lower
power consumption. Second, the speed of the EPCMP is further
improved because C and Z can be calculated in sub-picoseconds
after ci and zi signals are applied on the OCMPN. The only prob-
lem is that an additional OE–EO conversion is required, which
may reduce the entire latency of the N-bit comparator. However,
the conversion speed and efficiency of the OE–EO conversion
have been dramatically improved in recent studies.[38] Further-
more, OE–EO conversion can be avoided if the EO logic gates in
the OCMPN are replaced by all optic logic gates.
Finally, C and Z were processed to obtain the relationship be-

tween A and B. The entire architecture, including electronic and
photonic modules, can be fabricated on a single chip using mod-
ern fabrication technology.[7]
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Figure 4. Schematic diagram of the parallel EPCMP architecture. It consists of a (p,g) generation unit (PGU),m sets of n-bit OCMPNs, an array of high-
speed photodetectors (PDs) along with an electronic multiplexer, and an AOD shown in (a) or an OCMPN shown in (b). The p and g signals at MSB
(the m*nth bit) is bolded, and they will be altered to handle different input formats. c) Schematic diagram of an m-bit OCMPN (m = 4) to implement
functions of multiplexers and AODs using WDM. Ci :1/Zi :1 are group C/Z signals (i is an integer, i ≤ m).

4.2. Computational Speed

The proposed EPCMP utilizes light to process information in the
critical path in sub-picoseconds, which is one or two orders of
magnitude faster than electrical gates. The propagation delay of
electrical gates is determined by the charging/discharging time
of transistors andmetal wires for interconnects.[30] Moreover, the
fan-out and loads reduce the speed of the electrical gates. In con-
trast, the delay of optical gates in our EPCMP is caused by the
propagation time of light in the optical path, and it will not be
affected by the fan-out or loads. Thus, the computing speed of
EPCMP is much higher than that of electronic comparators. The
time latency of an N-bit (N = m × n) parallel prefix comparator
includes the EO time constant of the modulator 𝜏eo, the latency
of the electrical signal 𝜏g, the latency of each optical OR gate 𝜏o,
the optoelectronic transition time for PDs 𝜏oe, and the electrical
delay in the AOD as well as the MUX within one stage 𝜏e . The
total latency can then be expressed as follows

𝜏 = 𝜏c + n × 𝜏o + log2m × 𝜏e (6)

where 𝜏c = 𝜏eo + 𝜏g + 𝜏oe is a constant, and log2m is the number
of stages required for anMUX and all-ones detector, which can be
realized by tree structures. We assume that 𝜏gand 𝜏efor electronic
gates are both 7 ps in state-of-the-art 7 nm technology,[39] 𝜏eo and
𝜏oe for EO/OE conversion are 10 ps,

[40,41] and 𝜏o is 0.3 ps.
[42] The

results presented in Figure 5 indicate that a 64-bit EO compara-
tor can operate at over 20 Gb s−1 and can proceed faster because
of improvements in the active and passive components in the ar-
chitecture. As a comparison, the operating speed of an electronic
comparator can reach ≈4 Gb s−1 because the operating speed is
limited by the maximum clock rate of transistors.[32,43]

The latency and efficiency of OE–EO conversion dominate the
total latency of the architecture, as shown in Figure 4b, where the
electronic multiplexers and all-ones detectors are replaced by an
OCMPN. The total latency can be written as follows

𝜏 = 𝜏c + (n +m) × 𝜏o + 𝜏eo + 𝜏oe (7)

where an additional OE/EO conversion is required. Figure 4b will
outperform the architecture shown in Figure 4a once the latency
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Figure 5. Performance analysis. a) The entire delay of the EPCMP with respect to the bit sizeN; the delay of EPCMP with different n-bit OCMPNs is also
shown. b) The propagation loss of a 64-bit EPCMP with respect to the coupling coefficient of each directional coupler; the optimized coupling coefficient
for different bit size n is shown. c) The power consumption of a 64-bit EPCMP (m = 8, n = 8, coupling coefficient = 0.8) in terms of the operating speed
and the performance of the electrical counterparts are also shown for comparison.

𝜏eo/𝜏oecan be further reduced by comparing Equations (6) and
(7)[38,44] (see Note S7 in the Supporting Information).

4.3. Loss

Light experiences loss while propagating through the optical
route because of splitters, insertion loss of EO modulators, and
waveguides, which accumulate in the optical critical path as the
bit number increases. Although on-chip amplifiers are available
on some platforms (InP) and can be grown on a silicon photon-
ics platform,[45] they consume considerable power to boost the
signal.
The loss of an EPCMP can be optimized by changing

the coupling efficiency/splitting ratio of the directional cou-
pler/combiner, as shown in Figure 5b. Because there is only one
output port, one must optimize the loss among all possible op-
tical paths that will propagate the output port, among which the
critical path is the lossiest part for it to propagate all couplers and
EOmodulators. Our calculation shows that the optical loss can be
optimized to below 30 dB in a 64-bit comparator, which indicates
that our comparator can implement large-bit-size comparisons
without amplifiers (see Note S8 in the Supporting Information).

4.4. Energy Efficiency

Energy has constrained the design of electronic computing de-
vices because the power consumption of a transistor-based circuit

has a positive correlation with f3 (f is the clock frequency).[37] In
comparison, optical circuits only consume energy proportional
to f,[17] and various energy-efficient components have been in-
vestigated; for example, the microdisk modulator in experimen-
tal demonstration achieves approximately 1 fJ per bit. A detailed
evaluation of the energy efficiency of OCMPNs has been per-
formed in previous studies, which have revealed that the power
consumption of optical adders can be one to two orders ofmagni-
tude smaller than that of their electrical counterparts.[24] The con-
clusion is also general to comparators, which are OCMPN-based
structures. Moreover, a two-wavelength-basedWDM is utilized to
optimize the complexity of photonic circuits, which allows us to
minimize the number of active components in the EPCMP. The
following equation can be used to estimate the power consump-
tion of the EPCMP

Ptotal = 𝛼(PPGU + NmdPmd) + NOCMPN
Pmin

𝜂ILOCMPN
(8)

where 𝛼 is the activating coefficient of the EPCMP, PPGU is the
power to propagate and generate signals, Nmd is the total num-
ber of EOmodulators in the EPCMP, Pmd is the power consump-
tion of each modulator, NOCMPN is the number of OCMPNs for
constructing the N-bit EPCMP, Pmin is the minimum detectable
power of the photodetector, 𝜂 is the wall-plug efficiency of the
laser, and ILOCMPN is the propagation loss of the entire OCMPN.
For each bit, the power consumption of the modulators and the
logic gates to drive the modulators is approximately 6CmdV

2f (the
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details to obtain this value are provided inNote S9 and Table S6 in
the Supporting Information), where Cmd is the capacitance of the
modulator, andV is the operating voltage. Figure 5c shows a com-
parison between our EPCMP and a purely electrical 64-bit com-
parator based on 45 and 7 nm technology nodes in terms of power
consumption.We first used a commercial SynopsysDesignCom-
piler (version 2017) to simulate the performance of the electri-
cal comparator based on a 45 nm technology node (gscl45nm).
Then, the performance of the decoder in the 7 nm technology
node was calculated using scaling equations.More details regard-
ing the evaluation of the power consumption of the EPCMP are
provided in Note S9 in the Supporting Information.
Figure 5c reveals that when operating at tens of Gb s−1, the

power consumption of the EPCMP can be approximately two or-
ders of magnitude better than its electrical counterpart. For in-
stance, the EPCMP consumes 82 times less power than its electri-
cal counterparts when it is operated at 20 Gb s−1. The advantages
of using the EPCMP for processing information will be expanded
when it operates on a larger bit number because electrical cir-
cuits will suffer from more severe interconnection issues when
the number of transistors increases.

5. Outlook

As discussed, the proposed N-bit EPCMP outperforms its elec-
trical counterparts in terms of speed and energy efficiency. The
performance metrics of the EPCMP can be further improved in
several directions. The improvement strategies are also valid for
other direct-logic-based computing modules.
First, the performance and footprint of EPCMP can be en-

hanced by using better passive and active components in the ar-
chitecture. For example, shorter splitters and smaller EO modu-
lators with dimensions of a few square micrometers will reduce
the length of the optical path as well as the total optical propaga-
tion latency.[16,46,47] Modulators consuming sub-femtojoules per
bit have also been experimentally demonstrated recently. [16]

Second, we believe that a faster conversion speed between
electrical and optical signals will lead to a lower latency of the
EPCMP. Equation (7) and Figure 5 show that 𝜏eoand 𝜏eo con-
tribute a constant time delay, which limits the computing speed
of an EPCMP, especially for low-bit computation. With faster
EO/OE conversion techniques, more electrical components can
be replaced by optical circuits, andmore complicated optical com-
puting modules can be designed.
Finally, more design techniques specified for optical circuits

can be explored, which will optimize the performance of the op-
tical computing module at the architectural level. For instance,
more wavelengths formultiplexing techniques can be introduced
in optical circuit design, which can further reduce the number
of required EO logic gates. There are also some novel building
blocks, such as multioperand logic gates, where multiple inputs
can be injected into a single EOmodulator to realize various logic
functions.[48] We believe that the size and the latency can be fur-
ther reduced if they are used as basic building blocks.

6. Conclusion

We present a novel electronic–photonic digital comparator with
an experimental demonstration at 20 Gb s−1. A two-wavelength-

based WDM (1542 and 1567 nm in experiments) was used to re-
duce the number of modulators, scale down the size, and reduce
the power consumption of the architecture. Using EO and opti-
cal logic gates, high-speed computation was achieved with lower
power consumption in a compact architecture. The performance
of our architecture can be further improved by developingmodu-
lators, photodetectors, and OE–EO conversion techniques. More
advanced architectures are expected to be designed if more ad-
vanced optical interconnects, EO, or all-optical logic gates are in-
vestigated.
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