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ABSTRACT

Integrated optical computing has the potential to enhance the computation abilities in terms of computing speed and power consumption
during the post-Moore’s law era. As one of the widely investigated approaches, electro-optic logic uses electro-optic switches as the building
blocks to achieve complex functions. In this paper, we propose and experimentally demonstrate a multioperand electro-optic logic gate that
contains multiple active regions in a single gate to further increase the versatility of gates. Thus, one gate can be controlled by several electri-
cal inputs simultaneously. The ability of multioperand logic gates is thoroughly explored. The detailed comparison shows that the proposed
gate can largely improve the circuit performance in terms of the area, latency, power, and insertion loss. We believe the multioperand logic
gate has the potential to contribute to a more compact and power-efficient integrated optical computing system.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5126517

Billions of transistors have powered the information-technology
revolution and driven our modern society for several decades.
According to Moore’s law, the number of transistors on a certain area
doubles every two years or so, which generally leads to the doubling of
the performance as well.' Unfortunately, it is approaching its end due
to the unavoidable physical limit.” This slowdown has forced a wide
range of research studies on fabrication technology, materials science,
computer architecture,” and optical computing, which includes quan-
tum computing,” optical neuromorphic computing, digital optical
computing,’ etc.

Directed logic is one of the most widely investigated architec-
tures, which utilizes an electronic-photonic hybrid approach to take
the full advantage of fast and low-loss propagation of light as well as
the maturity and controllability of electronics in an integrated system.”
It consists of a high-speed optical switch array, and the state of each
switch is well controlled by an electrical input logic signal. All the sig-
nals will be applied simultaneously, and therefore, the latency will not
accumulate.” With the development of directed logic, more and more
essential components and gates are explored and used, some of which
may not meet the strict requirements of directed logic but still have
most of the advantages. For example, an all-pass modulator does not
automatically generate its inverse at the output. Another example is

the one to be proposed and discussed in this paper. Therefore, we
adopt a more general terminology of electro-optic logic hereinafter to
eliminate the latent confusion.

The progress in the field of electro-optic logic can be divided into
at least three parts since it was proposed in 2007.” First, thanks to
advantages of electro-optic logic as opposed to transistors, researchers
have been trying to build up logic modules and circuits using funda-
mental logic gates such as microrings or microdisk modulators to
replace the traditional transistor-based counterparts.” * Many proof-
of-concept demonstrations are also carried out.”'""'* Second, as vari-
ous photonic components mature, researchers are able to design a
more complex circuit and consider at a higher level. For example, sim-
ilar to the electrical design automation (EDA), several works regarding
electrical-photonics design automation (EPDA) have been published,
dedicated to designing and optimizing an electro-optic circuit
automatically."””'® Third, it is obvious that the performance of the
electro-optic logic-based circuits highly relies on the characteristics of
the electro-optic logic gate. Any improvement in the modulators could
directly benefit the system in terms of dynamic power consumption,
propagation latency, and packing density. In addition, the advanced
fabrication technology has made the multisegment modulators
possible,"” and a theoretical investigation of the two-arm modulator in
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optical computing has shown its potential to dramatically improve the
circuit performance.”’

In this paper, we propose a multioperand logic gate (MOLG),
where a single gate can be controlled by several electrical signals with
different weights. Functions that can be generated by these types of
gates outnumber those from traditional gates. MOLGs also have the
advantages of a smaller footprint, lower power consumption, smaller
latency, and less loss. A thorough comparison is carried out, and an
experimental demonstration is also shown in the end as a proof-of-
concept.

Electro-optic logic computing significantly relies on the perfor-
mance of the modulators, and in many designs, microresonator mod-
ulators are adopted due to their compactness and low power
consumption. Traditional microresonator-based modulators normally
use the carrier dispersion effect in silicon platform to achieve high-
speed (over 50 Gbps) modulation with an ultralow power consump-
tion of few femtojoules/bit.”' > In addition, multisegment microring
modulators for high bandwidth-density optical interconnect have
been demonstrated.”” The introduction of multisegment modulators
into optical computing area may open up possibilities for computing
circuit design because of the different mechanism of function genera-
tion, which will be discussed hereinafter. Figure 1 shows the schematic
of resonator-based MOLGs, including a 1 x 1 gate and a 2 x 2 gate.
Each modulator consists of several active segments controlled by
independent signals. We mark the logic gate with n segments as
MOLG-n in the following, and Fig. 1 shows the case of an MOLG-4.
The dotted line with the position of k represents the operating wave-
length. The original spectrum of the resonator lies at A;, and it will
move rightward with electrical inputs.

Here, we begin with a simple case where all the active regions are
identical. With electrical signals applied, we will observe the redshift or
blueshift of transmission spectra that are received at the through port
or the drop port. The displacement depends on the number of the
input logic 1 s. For instance, given that the spectrum of the original
state locates at 4;, the spectrum will move to A, with only one input
and move to A3 with two inputs and so on. Now when the operating

k
(@) i Iy,
= | ‘w
3 { |
£ U
Input Through =
A4 A4
Wavelength
( ) Drop (d)
a L7 \:@ i
a
Input Through

Wavelength

FIG. 1. Schematic of multioperand logic gates. (a) A four-operand 1 x 1 gate. With
different input combinations, the transmission spectrum will shift accordingly as
shown in (c). (b) A four-operand 2 x 2 gate. The spectra at the drop port with
different input combinations are shown in (d). The dotted line with the position of k
represents the operating wavelength. The original spectrum of the resonator lies at
A4, and it will move rightward with electrical inputs.
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FIG. 2. (a) A general MOLG with weighted inputs with the transmission spectrum at
the through port (b) and the drop port (c).

wavelength is set at 4,, the output will be switched on/off only when
only one input is applied. It is noted that different wavelengths lead to
different functions.

In this part, we will analyze a general case of the MOLG with
weighted segments, as shown in Fig. 2. The logic input applied to the
active segment i with the weight of w; is marked as x;. The weights can
be achieved by the different size of active regions, different driving vol-
tages, or other mechanisms. Assume an electrical signal to each seg-
ment will cause a redshift of the transmission spectrum, as shown in
Figs. 2(b) and 2(c), and the redshift will accumulate with multiple
inputs. When the operating wavelength is set at k, the output will
switch its state when the wavelength peak moves exactly to the posi-
tion of k and only a certain combination of the electrical inputs could
match this condition.

Table I shows a general truth table, which contains n columns for
n input variables and one column for the output. Each variable could
have two logic states, 0 and 1. Therefore, a complete truth table has 2"
rows that illustrate all the possible combinations of the inputs. Each
output y; also has two states, and any combination of y; along with 2"
input rows represents a logic function. Eventually, # variables could
generate 22" functions in total.

TABLE . Truth table.

Input
Output
No. X1 X s X; . X, y
1 X11 X12 X1 X1n Vi
2 X21 X2 cee Xoi e Xon V2
J Xj1 Xj2 Xji Xjn Y
2" Xony Xonp . Xonj . Xony Yo
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In row j in the truth table for a MOLG-n at the through port, we
have

n
Zwixji =k fory; =0,
o 1)
ZW,‘XJ',' ;é k fOI')/j =1,
=1

where the x; is the logic input and w; is a positive weight. k is the posi-
tion of the operating wavelength. It can also be written as a matrix for-
mat like

X11 o X wi 1—xn L

Xpn ot Xopn Wy 1 — yon tyn

where
ti=0 when y; =0,
T 3)
ti #0 when y; = 1.

The expression at the drop port can be obtained easily by switching y;
between 0 and 1. This matrix equation can be calculated by Matlab to
find out all the possible functions. The results are shown in Fig. 3.
Taking two-variable case as an example, we could have 10 functions at
the through port or the drop port and 16 functions in total when com-
bining two ports after removing the duplicate functions. If compared
with the number of 22", we know that the MOLG-1 and MOLG-2
could realize all the functions with one and two variables, respectively.
The values for more operands are also calculated, which, however, are
not able to catch up with the number of 22" since the latter increases
extremely fast. Given that field-programmable gate-arrays (FPGAs)
mainly consist of lookup tables with sizes in the range of 4-6 inputs,”*
we envision that small-size MOLGs (MOLG-2-MOLG-6) are going to
be the main contributors of a complex optical computing system.
Reconfiguration in computing means changing the operating func-
tion of a circuit on a chip by simply switching the states of certain com-
ponents. Reconfiguration in silicon photonics always uses integrated
heaters, which makes optical computing circuits more versatile. Figure 4
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FIG. 3. The number of functions vs the number of variables.
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FIG. 4. An example of reconfiguration of an MOLG. At a fixed operating wave-
length, a heater could move the spectrum and reconfigure the MOLG to generate
different functions.

shows an example of a MOLG equipped with a heater to realize the
reconfiguration. It is a MOLG-2 with equal weights, and the electrical
input signals are a and b. At input states of (0, 0), (1, 0)/(0, 1), and
(1, 1), the transmission spectrum will locate at 4, 4,, and 43, respec-
tively. A heater is added on top of the gate. In most instances, the heater
will be fabricated on a different layer above the waveguide/device layers
so that no influence on the optical performance will be expected. The
operating wavelength k is chosen at /5. Originally, the function that the
MOLG-2 generates is y = ab. Thermal tuning causes the spectra to red-

shift, and finally, the function turns out to be y = a®b and y=a+b,
respectively. For a single MOLG, reconfiguration is also achievable by
changing the operating wavelength, as shown in the experiment below.
However, in a complex system with multiple gates cascaded, using a
heater allows for the individual tuning of each gate, which brings more
convenience.

MOLGs that squeeze multiple inputs into a single microresonator
are capable of generating various logic functions efficiently. In order to
quantify the enhancement in terms of the area, dynamic power con-
sumption, latency, and propagation loss, we compare the parameters
of several benchmark circuits designed using MOLG-1, MOLG-2, and
MOLG-4. The MOLG-1 can be regarded as the conventional logic
gate with only one active segment per gate. For simplicity, we assume
all the components are in silicon photonics platform, the size of the
MOLG-1 is 10 gm X 10 um, and the areas of MOLG-2 and MOLG-4
are twice and four times larger as that of MOLG-1. The power con-
sumption per active region with the unit length or area is constant,
marked as 10 f]/bit. The insertion loss for any kind of gates is 1 dB no
matter at the through port or at the drop port. Each combiner will
cause 3 dB insertion loss. All the other loss is ignored. For example, an
AND4 circuit consists of 4 MOLGs-1 in a row or 2 MOLGs-2 or 1
MOLG-4. Therefore, the entire insertion loss will be 4 dB, 2 dB, and 1
dB, respectively, due to the insertion loss from each MOLG. Only the
propagation delay is considered here, which is proportional to the
propagation length. The delay for light to travel through a 10 um
waveguide is around 0.15 ps. The passive splitters or combiners used
to connect gates have the width of 10 um since the radius of the loss-
less curve for a silicon waveguide is around 5 pum. Note that the
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calculation is an estimation and some bends and waveguides that will
not affect much the results are neglected.

We select four popular functions as benchmarks, AND4,
OR4, XOR4, and XOR-AND, which correspond to the functions of
y=a-b-c-dy=a+b+c+d, y=aDbDcDd, y=(aDDb)
-(c® d), respectively. From the results shown in Fig. 5, we can see that
the MOLG-2 and MOLG-4 provide a much smaller footprint, smaller
propagation latency, less dynamic power consumption, and less inser-
tion loss. One of the reasons is that MOLGs could manipulate the
weights to achieve a complicated function, while the traditional logic
gates have to use sophisticated passive circuits to connect each vari-
able/gate, which brings in lots of complexity and redundancy. Note
again that the number of functions that MOLGs can generate is calcu-
lated in Fig. 3, and some of the functions are not achievable.
For instance, the benchmark of XOR4 in Fig. 5 cannot be built by
MOLG-4. Note that the delay caused by resonators is not discussed
here, which will be determined by the resonator characteristics as well
as the output port. If we take this into consideration, the advantage of
MOLGs-4 over MOLGs-1 or MOLGs-2 on latency will be more obvi-
ous since it needs fewer gates.

Figure 6 shows the different circuit designs of the function of
XOR-AND. A similar reconfigurable design has already been proposed
in reference,”” which uses 4 logic gates (12 resonators). Here, we draw
three types of optical computing circuits using MOLGs-1, MOLGs-2,
and MOLGs-4, respectively. The first design uses conventional gates
and is generated automatically by the binary decision diagram (BDD)
algorithm."® Redundancy can also be observed due to the special char-
acteristics of the electro-optic logic. The second design utilizes equally
weighted MOLG-2, and two cascaded gates will be enough for this tar-
get function so that the simpler connection could contribute to a better
performance. The last one adopts the MOLG-4 with the weight ratio of
2:2:1:1, and one such kind of gate is all that we need to build the entire
circuit, leading to an ultracompact design. The required number of
MOLGs-4 is only 16.6% of the required number of MOLGs-1. Further,
MOLGs can also be added to the gate library of an AIG-based algo-
rithm for more advanced automated logic synthesis."”

Figure 7(a) shows the micrograph of a fabricated MOLG-4 on a
silicon-on-insulator (SOI) platform with a 220-nm-thick top silicon

. Area Latency

200 P ps

i 2100 2100 1, | WMo
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1 MOLG2 =MOLG-2

1500 uMOLG4
= MOLG4 1200 0.8

1000

04
500 | 400400400 400 400 400400

AND4 OR4 XOR4 XOR-AND AND4 ORa XOR4 XOR-AND
1J/bit Power
100 1 9B Loss
= MOLG-1 MOLG-1 12 12

= MOLG-2 70 = MOLG-2

= MOLG4 = MOLG4

40 40 40

AND4 OR4 XOR4

XOR-AND AND4 OR4 XOR4

XOR-AND

FIG. 5. Comparison in terms of area, latency, power, and loss.
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FIG. 6. Circuits design based on (a) MOLGs-1, (b) and (c) MOLGs-2, and (d) and
(e) MOLGs-4.

layer. The waveguide is 450 nm in width, and a microring with the
radius of 10 um is adopted here as an example. The quality factor of
the microring is 2 x 10*. A 1.5 um-thick isolation layer of SiO, is
deposited on top of the silicon waveguide. Four identical gold micro-
heaters are fabricated along the microring. As a proof-of-concept, we
applied synchronized nonreturn-to-zero (NRZ) electrical signals (a, b)
into two of these microheaters. An amplified spontaneous emission
(ASE) source and an optical spectrum analyzer (OSA) were first used
to measure the transmission spectra at different input combinations
(0,0), (0, 1)/(1, 0), and (1, 1), as shown in Fig. 7(b). Then, we switched
to a tunable laser source and finetuned the wavelength to 4,, 4, and
A3 in sequence. The light was coupled into and out of the chip through
grating couplers and finally was received by a photodetector that was
connected to an oscilloscope. Figure 7(c) presents the reconfiguration
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FIG. 7. (a) Micrograph of the fabricated device. (b) The spectra of the MOLG with
different input combinations. (c) The testing results at different operating wave-
lengths. (d) The truth table.
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results at three wavelengths with the operating frequency of 1 kbps.
The functions realized here are consistent with the truth table in Fig.
7(d) as well as the one in Fig. 4. Note that the output levels for (0, 0)
and (1, 1) are slightly different at 4,, which is because the operating
wavelength deviates from expectation. Specifically, it is slightly larger
than /4, in this case. The reconfiguration is achieved by tuning the
operating wavelength, and it should be noted that reconfiguration is
also achievable by applying an electrical signal to another microheater.

In conclusion, we have proposed and experimentally demon-
strated a multioperand logic gate that could be controlled by multiple
logic inputs simultaneously. A thorough calculation is carried out to
explore its potential in function generation, and the results show that
MOLGs outperform a conventional single-operand logic gate in terms
of area, power consumption, latency, and insertion loss. This paves the
way for future ultracompact and power-efficient integrated optical
computing systems.

The authors acknowledge support from the Multidisciplinary
University Research Initiative (MURI) program through the Air
Force Office of Scientific Research (AFOSR) (Grant No. FA 9550-
17-1-0071), monitored by Dr. Gernot S. Pomrenke.
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