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SUMMARY Optical logic circuits based on integrated nanophotonics
attract significant interest due to their ultra-high-speed operation. However,
the power dissipation of conventional optical logic circuits is exponential to
the number of inputs of target logic functions. This paper proposes a synthe-
sis method reducing power dissipation to a polynomial order of the number
of inputs while exploiting the high-speed nature. Our method divides the
target logic function into multiple sub-functions with Optical-to-Electrical
(OE) converters. Each sub-function has a smaller number of inputs than that
of the original function, which enables to exponentially reduce the power
dissipated by an optical logic circuit representing the sub-function. The pro-
posed synthesis method can mitigate the OE converter delay overhead by
parallelizing sub-functions. We apply the proposed synthesis method to the
ISCAS’85 benchmark circuits. The power consumption of the conventional
circuits based on the BinaryDecisionDiagram (BDD) is at least three orders
of magnitude larger than that of the optical logic circuits synthesized by the
proposed method. The proposed method reduces the power consumption
to about 100mW. The delay of almost all the circuits synthesized by the
proposed method is kept less than four times the delay of the conventional
BDD-based circuit.
key words: binary decision diagram, logic circuit, optical circuit

1. Introduction

Today’s highly advanced information society would not be
realizable without LSI (Large Scale Integration) technolo-
gies and optical communication technologies. Although the
LSI technologies have made remarkable progress since their
emergence, the effective resistivities of local level wires in-
crease rapidly due to size effects at ultra-scaled dimensions
[2]. Post-layout analysis using predictive technology models
[3] shows that interconnect performance degradation may
dominate over the device speed improvement in a 22 nm
technology node and below. As a result, the reduction of
the total delay per gate saturates around 10 ps [2]. Optical
communication technologies also have been rapidly growing
over the past decades. With recent advances in nanophoton-
ics, the optical communication technologies have gradually
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Fig. 1 Optical logic circuit using directional couplers (DC).

migrated into ever-shorter distances and moved onto silicon
chips as on-chip optical interconnects [4]. More recently, in-
tegrated optical circuits using nanophotonic devices attract
significant interest due to its ultra-high-speed nature. The
delay of an optical gate based on a nanophotonic directional
coupler is on the order of a few hundreds of femtosecond [5],
which is more than 10 times faster than that of the CMOS
logic gates.

Many existing synthesis methods for the integrated op-
tical circuits use a directional coupler as a basic building
block. The directional coupler (DC in the following) has
one voltage-control input, two optical inputs and two optical
outputs. The optical routing from inputs to outputs is dig-
itally controlled by the voltage-control signal, as shown in
Fig. 1(a). Like the pass transistor logic, the Boolean logic
can be constructed by serially connecting the DCs. Once the
input voltage is given, the latency of the DC is determined
by only the speed of the light passing through the DC. In
the optical circuit for N-input AND operation, as shown in
Fig. 1(b), the latency is N picoseconds (1 ps delay per DC
in this paper). Note that the photodetector (PD) in Fig. 1(b)
receives the light from the laser diode (LD) if and only if all
the voltage-inputs are the ON state. Therefore the optical cir-
cuit in Fig. 1(b) operates as an N-input AND gate. In order
to implement general and larger-scale logic functions, auto-
mated design methods exploiting the ultra-high-speed nature
of the DC are proposed based on various schemes such as di-
rected logic (DL) [6], virtual gates [7] and Binary Decision
Diagram (BDD) [8]–[11]. However, optical logic circuits
synthesized by these methods suffer from power explosion.
This is because light signals from a laser source exponen-
tially attenuate as they propagate through optical devices. As
a result, the power dissipation of typical optical logic circuits
is exponential to the number of inputs of the target logic func-
tions, whichmay limit the scalability of optical logic circuits.
To address this issue, the design method for signal restora-
tion using Optical-to-Electrical (OE) converters is proposed
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[12]. Although this method largely reduces the signal power
attenuation, insertion of OE converters leads to an increase
of delay since the OE conversion delay is considerably larger
than the light propagation delay of DCs.

In this paper, we propose a synthesis method for power-
efficient and high-speed optical logic circuits based on the
signal restoration using OE converters. The proposed syn-
thesis method divides a target function to multiple sub-
functions. As a result, the proposed synthesis method en-
ables to reduce the power consumption to a polynomial order
of the number of inputs of the target logic function. More-
over, our method can mitigate the OE converter delay over-
head by parallelly excuting the sub-functions. The proposed
method thus exponentially reduces the power consumption
without sacrificing the high-speed property of light.

This paper is an extension of our previous work [1]. In
[1], we proposed a synthesis method for multi-stage BDD-
based optical logic circuits. In this paper, we add a design
method of BDD-based optical logic circuits for reducing
the power consumption to the synthesis flow proposed in
[1]. Moreover, we numerically demonstrate that our method
reduces the power consumption to a polynomial order of the
number of inputs of the target logic functions with practical
benchmark sets.

The rest of this paper is organized as follows. Section 2
presents related works and our contribution. Section 3 shows
a basic concept of a multi-stage BDD-based optical logic
circuit. The synthesis method for reducing the power con-
sumption considering the tradeoff between the delay and the
power consumption is also presented in Sect. 3. Section 4
shows the experimental results obtained using ISCAS’85
benchmark circuits. Section 5 concludes this paper.

2. Related Work

This paper uses a DC as a basic building block. There are
two ways to connect DCs: serial-connection and cascade-
connection. In the serial-connction, once the input voltages
are given, the latency is determined by the speed of the
light passing through the serially connected DCs. In the
cascade-connection, on the other hand, the OE conversion
based on a PD is required in order to control the direction
of the light passing through the DCs. The OE conversion
delay is much larger than the light propagation time in the
serial-connection. For example, the serial connection de-
lay of the DC presented in [13] is 1 ps per DC, while the
OE conversion delay is 25 ps [14]. In order to exploit the
light speed, conventional design methods thus mainly use
the serial-connection. However, one of the biggest issues
in the serial-connection is a large insertion loss of the final
output since the attenuation of the final output signal power
is exponential to the number of DCs connected in series. If
the intensity of the output optical signal is not sufficiently
large, the signal detection time may increase and the circuit
may result in failure of detection due to noise. This issue
can be mitigated by inserting cascade-connection. Cascade-
connection largely reduces the signal power attenuation since

Fig. 2 Serial-connection and cascade-connection.

Fig. 3 Single-stage optical logic circuit.

it repeats the light signal as shown in Fig. 2 [15].
Let us define an optical logic circuit consisting of

serial-connection only as a single-stage optical logic circuit.
Single-stage optical logic circuits have a high-speed charac-
teristic but have a power-consuming characteristic. Optical
logic circuits based on BDD or DL are single-stage opti-
cal logic circuits. Figure 3(a) shows the BDD representing
f = (¬a ∧ b) ∨ (a ∧ ¬b). f operates as an exclusive-or
(XOR) function. Figure 3(b) shows the circuit based on the
BDD shown in Fig. 3(a). In BDD-based designs [8]–[11],
we consider a root and leaves as an optical output and optical
sources, respectively. If the i-th terminal node value is 1, a
light is given as the optical source of the circuit. In the opti-
cal implementation of BDD, we use a DC as the BDD node.
The electrical inputs of the logic function are fed into DCs
corresponding to the BDD nodes in order to control the di-
rection of the lights. Although the speed of the BDD-based
circuit is very fast as it is determined by the speed of the light
passing through serially connected DCs, the power dissipa-
tion is exponential to the number of inputs (1 dB per DC in
this paper). The strategy of the node elimination based on
BDD reduction rules can effectively reduce the number of
DCs. However, it is hard to avoid the explosion of the power
consumption [10].

The cascade-connection can reduce the power dissipa-
tion of the laser source. In the best case, the latency can
also be improved [15]. Let us define an optical circuit which
has cascade-connection on its critical path as a multi-stage
optical logic circuit. Figure 4 shows the multi-stage optical
logic circuit for 16-input AND operation. In a single-stage
optical logic circuit, the number of DCs connected in series
is 16. On the other hand, in the circuit shown in Fig. 4, the
number of DCs connected in series is 4, which exponentially
reduces the power consumption. The power dissipated by a
laser source in the single-stage optical logic circuit is 355 µW
while the total power dissipated by the five laser sources in
the multi-stage optical logic circuit is 97.7 µW. Note that the
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Fig. 4 Multi-stage optical logic circuit (16-input AND operation).

minimum detectable optical power at PDs is assumed to be
10 µW in this example. Moreover, since the OE conversion
delay can be mitigated by parallel execution of sub-circuits,
in the best case, delay of a multi-stage optical logic circuit
is also reduced compared to that of a single-stage optical
logic circuit [15]. Synthesis methods for the optimization of
multi-stage optical logic circuits are proposed in [15]. In this
paper, “multi-stage optimization” is defined as the optimiza-
tion of multi-stage optical logic circuits. However, the target
logics of the synthesis method proposed by [15] are limited
to simple logic functions such as AND, OR, and XOR.

To solve this problem, this paper proposes a synthesis
method of optical logic circuits for general and complex
functions. Our contributions are summarized below.

• This paper proposes a synthesis method for multi-stage
optical logic circuits for any logic functions. Our syn-
thesis method reduces the power consumption of opti-
cal logic circuits from an exponential order of n to a
polynomial order of n, where n is the number of in-
puts of the target logic function. The proposed method
also reduces the delay in the best case compared to the
single-stage optical logic circuits.

• Experimental results obtained using the ISCAS’85
benchmark circuits show our method exponentially re-
duces the power consumption of all benchmark circuits.
For example, in the circuit for c6288 (16×16 mltiplier),
the power consumption is reduced by seven orders of
magnitude. Our synthesis enables to design optical
logic circuits with an acceptable power consumption
for practical use, even if the target function has a large
number of inputs. Moreover, in some benchmark cir-
cuits, the delay is also reduced. In the worst case, how-
ever, the delay is increased by one order of magnitude.
Finally, we numerically demonstrate that our method
reduces the power consumption to a polynomial order
of the number of inputs of the target logic function with
a c7552 benchmark circuit.

3. BDD-Based Multi-Stage Optical Circuit

3.1 Concept

The concept of a BDD-based multi-stage optical logic cir-

Fig. 5 Concept of BDD-based multi-stage optical logic circuit.

Fig. 6 Example of division of AIG.

cuit is shown in Fig. 5. Figure 5(a) shows a BDD-based
single-stage optical logic circuit. The circuit corresponds
to the function f with 16 inputs. In the BDD-based multi-
stage optical logic circuit, as shown in Fig. 5(b), the original
16-input BDD is divided into multiple 4-input BDDs in or-
der to avoid an explosion of the power consumption since
the power dissipation of optical circuits is exponential to
the number of inputs. In each sub-circuit corresponding to
the sub-functions f1, f2, f3, f4 and f5, four DCs are seri-
ally connected. The attenuation in the power of the light
signals is largely reduced compared to a BDD-based single-
stage optical logic circuit. The optical output signals of the
divided BDDs ( f2, f3, f4, and f5) are converted using OE
converters. The converted electrical signals are then fed into
the directional couplers in the successor BDD ( f1) as shown
in Fig. 5(b). The state-of-the-art integrated OE converter
achieves a 25 ps conversion latency [14]. However, the 25 ps
latency is still much larger than the light propagation time.
This paper assumes the directional coupler propagation de-
lay is 1 ps per DC [13]. The proposed synthesis method can
mitigate this OE converter delay overhead by parallelizing
the divided BDDs as shown in Fig. 5(b). In the best case,
the propagation delay of the circuit based on the proposed
design is smaller than that of the BDD-based single-stage
circuit. For example, if the function f is a 64-input AND
operation, the original 64-input BDD can be divided into
multiple 8-input BDDs. The delay of the circuit based on
the proposed design is 8 + 25 + 8 = 41 ps, which is smaller
than that of the 64-input BDD-based circuit.

In the rest of this subsection, this paper presents the
overview of the synthesis method for multi-stage optical
logic circuits. Initially, we apply a logic optimization based
on And-Inverter Graph (AIG) to the target function f . Fig-
ure 6 shows the AIG represents target function f . An AIG
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is expressed as a directed acyclic graph (DAG) in which
each node except for leaves has two children and operates
as AND function of the two children. The edges with a
dotted line represent logical negation. Primary inputs are
given to leaves. For example, f5 shown in Fig. 6 represents
(¬a ∧ ¬b) ∧ ¬(c ∧ d). Then, we divide the AIG into sev-
eral sub-graphs corresponding to sub-functions f1, f2, f3,
f4 and f5 with blue dotted curves in Fig. 6. Finally, each
sub-function is implemented by a BDD-based optical logic
circuit. The optical output signal of a sub-circuit is fed into
the directional coupler in the successor sub-circuit since the
optical routing from inputs to outputs at a DC is controlled
by the electrical signal. The BDD labeled as f5 in Fig. 5(b)
is obtained by the above procedure. The rest of this section
discusses a synthesis method for reducing the power con-
sumption considering the tradeoff between the delay and the
power consumption.

3.2 Synthesis Method

The synthesis flow is summarized below.

1. Apply an AIG-based logic optimization to the target
function.

2. Divide the AIG to multiple sub-functions.
3. Implement a single-stage optical logic circuit to several

sub-functions.

Firstly, this paper discusses an optimization method for di-
viding the AIG. Let us define this optimization problem as
the partition mapping problem. This paper gives a precise
problem formulation and some preliminaries. AIG can be
represented as a DAG called Boolean network where each
node represents a logic element. A directed edge (i, j) exists
if the output of logic element i is an input of logic element
j. A primary input (PI) node has no incoming edge and a
primary output (PO) node has no outgoing edge. We use
input(v) to denote the set of nodes which are fanins of logic
element v. Given a sub-graph H of the Boolean network,
input(H) denotes the set of distinct nodes outside H which
supply inputs to the logic element in H. For a node v in
the network, a cone at v, which is simply denoted by Cv , is
a sub-graph, which consists of v and its predecessors, such
that there exist paths connecting from any node in Cv to v.
The level of a node v is the length of the longest path from
any PI node to v. The level of a PI node is zero. The depth
of a network is the largest node level in the network. In the
Boolean network shown in Fig. 7(a), the depth is 6.

In the proposed method, each sub-circuit in a multi-
stage optical circuit is a BDD-based optical circuit that
can operate as any Boolean function. Thus, any cone of
a Boolean network can be implemented with single-stage
BDD-based optical circuits. The partition mapping problem
for multi-stage optical circuits is defined as the problem to
cover a given Boolean network with cones. A partition map-
ping solution S is a DAG where each cone is replaced with
a node. A directed edge (Cu,Cv) exists if there is a edge
between the two cones. In Fig. 7(a), dotted curves show the

Fig. 7 Partition mapping solution and implementation by optical circuit.

example of the mapping solution, where the depth is 4 and
the number of cones is 8. Let us explain the procedure to
generate a mapping solution. Let L be the set of nodes. A
cone Cv (v ∈ L) is to be mapped. Initially, L contains all
the PO nodes. We process the nodes in L one by one. We
remove a node v from L and map the Cv , then insert the
nodes u (∈ input(Cv)) to L. When a node u has been already
inserted, we do not insert a node u to L. We iterate this
manipulation. This procedure ends when L consists of only
PI nodes of the original network.

Figure 7(b) shows the circuit based on the mapping
solution shown in Fig. 7(a). Each cone is implemented by
a BDD-based optical circuit and each edge is implemented
by a cascade-connection in BDD-based multi-stage optical
logic circuits. The delay of a BDD-based multi-stage optical
logic circuit is determined by two factors: the delay in sub-
circuits and the delay in the interconnection paths (i.e., the
OE conversion delay). Each BDD-based sub-circuit has a
constant delay of n ps (where n is the number of inputs)which
is independent of original target function. Each edge in the
mapping solution corresponds to a constant delay of 25 ps
since each edge is implemented with a cascade-connection.
Note that this paper assumes that the OE conversion delay
is 25 ps [14]. In this case, the delay largely depends on the
depth of the mapping solution. The power consumption of
a BDD-based multi-stage optical logic circuit is determined
by two factors: the number of sub-circuits and the power
consumption in sub-circuits. Intuitively, a large number of
sub-circuits cause the increase of the power consumption.
Since the power consumption of a BDD-based optical circuit
is exponential to the number of inputs, we limit the number
of inputs of cones in the mapping solution in order to avoid
the exponential power explosion. Therefore, the primary
objective of our method is to find a mapping solution that
satisfies the constraint of the number of inputs in a cone. The
secondary objective is to reduce the depth and the number
of cones in the mapping solution. A LookUp-Table-based
(LUT-based) Field-Programmable Gate Array (FPGA) tech-
nology mapping algorithm is suitable for this optimization.
Therefore, we use the mapping algorithm in the synthesis
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Fig. 8 Partition mapping solution and implementation by optical circuit
in which the constraint of the number of inputs of an LUT is relaxed.

flow. Synthesis results largely depend on a constraint of the
number of inputs in a cone, which corresponds to the num-
ber of inputs of an LUT in FPGA technology mapping. The
delay and the power consumption are reduced and increased
as the number of inputs of an LUT increases, respectively.
The mapping solution, as shown in Fig. 7(a), satisfies the
constraint that the number of inputs in a cone is 3. Fig. 8(b)
shows the circuit based on the mapping solution shown in
Fig. 8(a), in which the constraint is relaxed to 5. In the cir-
cuit shown in Fig. 8(b), the number of OE conversions on
the critical path and the number of sub-circuits are reduced
compared to the circuit shown in Fig. 7(b). When LUTs can
have a larger number of inputs, the depth of the mapping
solution may be reduced, which reduces the number of time-
consuming OE conversions on the critical path. However,
the number of inputs in each sub-circuits increases. This
may lead to a significant increase in the power consumption
since the power consumption of each sub-circuit is expo-
nential to the number of its inputs. Therefore, it is very
important to consider the tradeoff between the delay and the
power consumption.

In the proposed method, the sub-graphs obtained by
the above procedure are implemented by the BDD-based de-
sign method. In Sect. 2, we explained that the 1-terminal
nodes corresponded to the optical source. However, in some
cases, we can reduce the power consumption by using the
0-terminal nodes as the optical source. Consider the ex-
ample of 3-input OR function g = a ∨ b ∨ c shown in
Fig. 9(a). The edges with a solid(dotted) line represent 1(0)-
edge. Figs. 9(b) and 9(c) show the two circuit design inwhich
an optical source is located at the leaf corresponding to the 1-
terminal node and the 0-terminal node, respectively. Let us
define these two circuit design as 1-based circuit design and
0-based circuit design, respectively. The 1-based circuit de-
sign shown in Fig. 9(b) has three paths from the output to the
optical source. On the other hand, since the 0-based circuit
design shown in Fig. 9(c) has a single path from the output
to the optical source, the power consumption of the 0-based
circuit design is smaller than that of the 1-based circuit de-
sign. Therefore, we compare the power consumption of the
1-based circuit design with the 0-based circuit design, then

Fig. 9 Implementation of BDD g.

Fig. 10 Implementation of BDD f .

adopt the circuit design that has smaller power consumption.
When we mix these two circuit designs for implementing
sub-graphs, the connection between a BDD and its subse-
quent BDDs should be modified. This is because the output
optical signal is inverted if we use 0-based circuits. In this
paper, we propose the design method to address this issue.
The DC has two optical inputs and two optical outputs. Let
us define the optical input corresponding to a 1(0)-edge in a
BDD as 1(0)-edge input, and the optical output on the side of
1(0)-edge input as 1(0)-edge output. Taking an example of
the DC corresponding to the node labeled by b in Fig. 9(b),
the lower left port is a 0-edge input. The lower right port is
a 1-edge input. The upper left port is a 0-edge output. The
upper right port is a 1-edge output. Consider the example of
the multi-stage BDD-based optical logic circuit for the logic
function f = d∧g (g = a∨b∨c) shown in Fig. 10(a). When
we adopt the 1-based circuit design, we connect the downside
optical output (0-edge output) of theDC corresponding to the
node labeled by g (DC labeled by g in the following) to the
DC corresponding to the node labeled by d (DC labeled by
d in the following) in the next circuit as shown in Fig. 10(b).
When a = 1, b = 0, c = 0, d = 1 ( f = 1), an electrical signal
is given to the DC labed by g and the input light of the next
circuit passes through that DC, then the light is detected at
the PD. On the other hand, whenwe adopt the 0-based circuit
design, we connect the upside optical output (1-edge output)
of the DC labeled by g to the DC labeled by d as shown in
Fig. 10(c). When a = 0, b = 0, c = 0, d = 1 ( f = 0), an
electrical signal is given to the DC labeled by g and the input
light of the next circuit does not pass through that DC, then
the light is not detected at the PD. In summary, we connect
the 0(1)-edge output of the DC controlled by 1(0)-based cir-
cuit design to the DC corresponding to the parent node in a
next BDD-based circuit. The proposed design method can
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Fig. 11 Synthesis flow.

reduce the power consumption while maintaining a correct
output value of a multi-stage optical logic circuit.

In summary of this section, we show the synthesis flow
in Fig. 11. Initially, we apply a logic optimization based on
AIG to the target function. Then we divide the AIG into
several sub-graphs using an LUT-based FPGA technology
mapping algorithm. Next, we convert each sub-graph to a
BDD. We compare the power consumption of the 1-based
circuit design with the 0-based circuit design, then adopt
the circuit design that has smaller power consumption. In
oreder to obtain the tradeoff between the delay and the power
consumption, we vary the number of inputs of an LUT in the
mapping algorithm.

4. Performance Evaluation Based on ISCAS’85 bench-
mark

In this section, the proposed synthesis method is applied to
the ISCAS’85 benchmark circuits [16]. In order to evaluate
the performance of optical logic circuits, this paper assumes
that the propagation delay of a light passing through a DC is
1 ps [13]. The delay of the OE conversion is assumed to be
25 ps [14]. We assume that the power attenuation in a DC
is −1 dB [13]. The minimum optical power which the PD
can detect is assumed to be 10 µW. In this paper, we assume
that the energy overhead of the OE conversion is negligible
compared to the power dissipation of the laser source.

4.1 Comparison between Single-StageCircuits withMulti-
Stage Circuits

In our synthesis method, we use the AIG-optimization
and the LUT technology mapping algorithm provided by
“ABC” [17]. In BDD-based multi-stage optical logic cir-
cuits, we utilize “CUDD” [18] by building BDDs corre-
sponding to each sub-graph. The circuit specifications of
ISCAS’85 benchmark are summarized in Table 1. The PI/PO
value is the total number of PIs/POs in the benchmark cir-
cuits. A target circuit has multiple POs. Each logic function
corresponding to each PO is individually implemented by
one optical logic circuit. For example, since c432 has 7 POs,
7 optical logic circuits are required to design c432. In Ta-
bles 2 and 3, the “Delay (single)” values represent the delay

Table 1 Specification of ISCAS’85 benchmark circuits.
Circuit Function PI / PO Max input
c432 27-channel interrupt controller 36 / 7 36
c880 8-bit ALU 60 / 26 45
c1355 32-bit SEC circuit 41 / 32 41
c1908 16-bit SEC/DED circuit 33 / 25 33
c2670 12-bit ALU and controller 223 / 140 122
c3540 8-bit ALU 50 / 22 50
c5315 9-bit ALU 178 / 123 67
c6288 16×16 multiplier 32 / 32 32
c7552 32-bit adder/comparator 207 / 108 194

Table 2 Synthesis result of ISCAS’85 benchmark circuits (small set).
Circuit name c432 c880 c1355 c1908 c2670
Power (Multi) [mW] 13.8 15.2 58.8 26.0 19.8
Delay (Multi) [ps] 145 107 74 135 103
Delay (Single) [ps] 36 45 41 33 122

Table 3 Synthesis result of ISCAS’85 benchmark circuits (large set).
Circuit name c3540 c5315 c6288 c7552
Power (Multi) [mW] 84.3 43.1 79.6 68.4
Delay (Multi) [ps] 150 135 635 135
Delay (Single) [ps] 50 67 32 194

of benchmark circuits based on single-stage BDD. The delay
is less than or equal to (# PIs) × 1 ps since not all PIs are
necessarilly given to the optical circuits corresponding to
each PO. For example, although c880 has 60 PIs, the delay
is 45 ps. Benchmark circuits based on single-stage BDD
have huge power consumption compared to CMOS logic cir-
cuits. For example, the power consumption of c6288 based
on single-stage BDD is on the order of megawatts. Although
the circuit size of c432 is small compared to other bench-
mark circuits, the power consumption is expected to be on
the order of kilowatts.

The proposed synthesis method based on the LUT tech-
nologymapping algorithm is applied to the ISCAS’85 bench-
mark circuits, varying the number of inputs of an LUT from
2 to 10 in the partition mapping phase. The synthesis re-
sults are summarized in Tables 2 and 3. The specification of
the circuits based on the proposed synthesis method corre-
sponds to the first row and the second row in Tabels 2 and 3.
The “Power (multi)” values represent the total power dissi-
pated by the laser sources in the multi-stage optical logic
circuits. In this paper, we compare a 1-based circuit de-
sign and a 0-based circuit design based on a BDD built by
“CUDD” for implementing each sub-graph. An ordering
algorithm provided by “CUDD” makes each BDD compact,
which reduces the power consumption of BDD-based optical
circuits. Therefore, the power consumption of multi-stage
optical logic circuits is smaller than the results in our pre-
vious work [1]. The “Delay (multi)” values are estimated
by total delay of sub-circuits and the number of OE conver-
sions, on the critical path. The delay value shown in Tables 2
and 3 is the smallest among synthesis results under a power
constraint of a 100mW. The proposed synthesis method re-
duces the power consumption to under 100mW. The delay
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Fig. 12 Characteristics of delay and power consumption (c5315).

Table 4 Partition mapping solution (c5315).
Max # input Depth # cones Average # inputs
2 26 1389 1.98
3 14 768 2.66
4 9 501 3.29
5 8 362 3.95
6 6 304 4.32
7 5 273 4.89
8 5 237 5.06
9 5 236 5.56
10 4 228 5.89

of the circuits synthesized by the proposed method is kept
less than about four times the delay of the single-stage cir-
cuits except for c6288. Especially, in the circuits for c2670
and c7552, our method reduces the delay and power simul-
taneously since the strategy of parallelizing the sub-circuits
works well. In the circuit for c6288, although the proposed
method increases the delay by 20 times, it reduces the power
consumption by seven orders of magnitude. Note that the
primary goal of this paper is providing new approaches to
improve the power consumption of optical logic circuits to
the level of practical values without sacrificing the ultra-
high-speed characteristic. If we simply design c6288 based
on single-stage optical logic circuits, the power consumption
is on the order of megawatts which is not an acceptable value
for practical use. The proposed method thus can resolve the
scalability issue in terms of the power explosion.

4.2 Tradeoff between the Power Consumption and the De-
lay

Figure 12 and Table 4 show synthesis results obtained by
varying the number of inputs of an LUT from 2 to 10 in the
partition mapping phase. The values of partition mapping
solutions are also summarized in Table 4. “Max # inputs”
represents the maximum number of inputs of an LUT in the
partition mapping phase. “Average # inputs” represents the
average number of inputs of a cone in the mapping solu-
tion. Figure 12 and Table 4 show the synthesis results for
c5315. Experiments for other benchmark circuits also show
a similar characteristic in terms of the delay and the power
consumption. It is observed that the delay is reduced and the

Fig. 13 Characteristics of power consumption and # PIs.

Fig. 14 Characteristics of # sub-circuits and # PIs.

power consumption is exponentially increased as the number
of inputs of an LUT in the partitionmapping phase increases.
Note that the proposed method can reduce the power con-
sumption of optical circuits considering the tradeoff between
the delay and the power consumption, which helps design-
ers optimize the circuit depending on their design goals and
constraints.

4.3 Polynomial Relationship between the Power Consump-
tion and the Number of Inputs

We demonstrate that our method reduces the power con-
sumption to a polynomial order of the number of inputs of
the target logic functions. It is hard to see the relationship be-
tween the number of inputs and the power consumption from
the number of PIs and the power consumption of benchmark
circuits in Table 1. This is because the logic complexity
and the number of POs are considerably different between
benchmark circuits. Therefore, we focus on one benchmark
circuit. Logic functions corresponding to each PO in one
benchmark circuit are separately extracted. We consider the
relationship between the number of PIs and the power con-
sumption in each PO. For this experiment, we use the c7552
benchmark circuit since c7552 has a variety number of PIs
associated with each PO compared with other benchmark
circuits. Figures 13, 14, and 15 show the results obtained
by mapping 3-input LUTs to c7552 and the results obtained
by mapping 10-input LUTs to c7552, respectively. Note that



MATSUO et al.: A SYNTHESIS METHOD BASED ON MULTI-STAGE OPTIMIZATION FOR POWER-EFFICIENT INTEGRATED OPTICAL LOGIC CIRCUITS
1553

Fig. 15 Characteristics of average # inputs and # PIs.

the proposed optimization method is allowed to use smaller
LUTs than 3-/10-input LUTs. The smaller LUTs are typically
utilized for functions which are not on a critical path. Ex-
periments for other benchmark circuits also show a similar
characteristic. Figure 13 shows characteristics of the power
consumption and the number of PIs associated with each PO
in a log-log graph. The power consumption is a polynomial
of the number of PIs in both two cases since they are on a
straight line in a log-log plot. Fig. 14 shows characteristics
of the number of sub-circuits and the number of PIs given
to each PO in a log-log graph. Fig. 15 shows characteristics
of the average number of inputs of sub-circuits and the num-
ber of PIs given to each PO in a semi-log graph. First, we
consider the results obtained by mapping 3-input LUTs. The
two graphs shown in Figs. 13 and 14 have almost the same
slope. It is observed that the average number of inputs of sub-
circuits does not depend on the number of PIs from Fig. 15.
Since the power consumption of BDD-based optical circuits
is dominated by the number of inputs, the average power
consumption of sub-circuits also does not depend on to the
number of PIs. Therefore, the power consumption of multi-
stage optical logic circuits increases with the same slope in
a log-log plot as the number of sub-circuits increases. On
the other hand, in the results obtained by mapping 10-input
LUTs, the average number of inputs of sub-circuits increases
as the number of PIs increases from Fig. 15. This is because
the ABC uses small LUTs for sub-circuits on non-critical
paths. This makes the slope in Fig. 13 steeper than the 3-
input LUT design, since power-hungry large sub-circuits are
utilized more than small sub-circuits. The above discus-
sion shows that the power consumption of logic functions
is reduced to the polynomial order of the number of their
inputs.

5. Conclusion

Existing synthesis methods for optical logic circuits result
in an explosion of the power consumption. To address this
issue, this paper proposed the power consumption reduction
method based onmulti-stage optimization using OE convert-
ers while exploiting the high-speed nature of optical logic
circuits. The proposed synthesis method can mitigate the

OE converter delay overhead by parallelizing sub-circuits.
Experimental results obtained using ISCAS’85 benchmark
circuits demonstrated that our method reduces the power
consumption of optical logic circuits to a polynomial order
of the number of inputs of the target logic function. without
sacrificing the ultra-high-speed characteristic. It also offers
designers the tradeoff between the delay and the power con-
sumption. Our future work will be focused on developing
algorithms which optimize the optical circuit based on their
design goals and constraints.
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