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Abstract— Single Flux Quantum (SFQ) circuits are

high-speed and ultra low-power circuits using super-

conductive devices. In SFQ circuits, skew of signals

is not negligible and basic gates (such as AND and

OR) are clocked because SFQ circuits are very fast

and use pulse logic. Therefore, SFQ circuits of the

same topology may have different functions depend-

ing on skew of signals. Thus, we need to be aware of

timing issues for SFQ circuit design. We propose two

timing-aware description methods for SFQ circuits to

describe function of circuits precisely. One is a circuit

schematic with a note about the order of pulse ar-

rivals. The other is a timing-aware circuit description

language. As an example application of the descrip-

tion language, we show a logic simulation algorithm

for SFQ logic circuits.

I. Introduction

Single Flux Quantum (SFQ) circuits[1] are high-speed
and ultra low-power circuits using superconductive de-
vices. Technologies for supercomputers using SFQ circuits
have been studied intensively [2, 3, 4, 5]. SFQ circuits use
pulse logic. In other words, “0” and “1” are represented
by pulses. Gates in SFQ circuits are synchronized with a
clock signal. An SFQ circuit works at high frequency up
to several hundreds GHz [6, 7] and skew of signals is not
negligible.

Because functions of gates in SFQ circuits vary with
timing of pulse arrivals and SFQ circuits works at high
frequency, designers of SFQ circuits adjust skew between
gates carefully by inserting delay elements manually. In
the existing design flow, precise pulse timing at each gate
cannot be determined until the circuit layout is obtained.
This means that logical behavior of a circuit cannot be de-
scribed in a circuit schematic by itself. Logic description
methods for SFQ circuits independent from fabrication
processes and circuit layouts are necessary to design logic
circuits efficiently.

In this paper, we propose two timing-aware description
methods for SFQ logic circuits to describe the function of
them. One description method is a circuit schematic with

a note about the order of pulse arrivals. When we draw a
schematic, for each gate, we attach a note about the or-
der of pulse arrivals to clarify the function of the circuit.
It is useful for designers to represent circuit schematic.
The other description method is a timing-aware circuit
description language. We describe the order of pulse ar-
rivals for each gate in a description written in the lan-
guage. It is designed for future design automation of SFQ
logic circuits.

We can describe SFQ circuits clearly by the proposed
language. Thus, we can simulate a circuit described by
the language. We show a simulation algorithm for SFQ
logic circuits as an example application. By the algo-
rithm, we can simulate a circuit with a description written
in the language.

As an example, we show a schematic of a 4-bit multi-
plier and a description written in the proposed language.
We also show simulation result of the description.

This paper is organized as follows. In the next section,
we briefly review timing design of SFQ logic circuits. In
Section 2, we propose a schematic for SFQ logic circuits
with a note about the order of pulse arrivals. In Section 3,
we propose a description language for SFQ logic circuits
considering the order of pulse arrivals. In section 4, we
show a logic simulation algorithm for SFQ circuits. In
Section 5, we show a schematic and a description of a 4-
bit multiplier as an example. We show simulation result
of the circuit. In Section 6, we conclude this paper.

II. Timing design of SFQ circuits

In an SFQ circuit, signals are transmitted using voltage
pulses on wires. Each gate in a circuit has a clock input
terminal and each gate is synchronized with clock pulses.
As an example, we show a 2-input AND gate and its be-
havior in Figs. 1(a) and (b), respectively. In Fig. 1(b), the
logic value of a data signal is determined with reference
to the clock input. If a pulse arrives at an input terminal
during interval between two adjacent clock pulses, the in-
put value for the terminal is “1”. If no pulse arrives, the
input value is “0”. The output pulse of a gate is synchro-
nized with the clock input.
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Fig. 1. AND gate of SFQ circuits and its behavior

In an SFQ circuit, the order of pulse arrivals at each
gate is important for logical behavior. We show two exam-
ple circuits in Figs. 2(a) and (b). All gates in the figures
are D flip-flops. Fig. 2(a) is a circuit in which each gate
receives a data pulse before a clock pulse. We call this
clocking scheme clock-follow-data clocking[8]. Fig. 2(b) is
a circuit in which each gate receives a data pulse after a
clock pulse. We call this clocking scheme concurrent-flow
clocking[8]. Though the circuit in Fig. 2(b) works as a
shift register, that in Fig. 2(a) works like a wire. There
is a circuit containing both clocking schemes. Therefore,
we need to represent timing of pulse arrivals to describe
the behavior of a circuit. When we design an SFQ circuit,
we need to manage skew of gate input signals carefully to
realize the expected behavior, i.e., expected timing.

In many cases, SFQ digital circuits are designed using
cell libraries such as [9, 10]. In a design flow using a cell
library, a circuit is composed of cells. Not only gates in
a circuit but also wires are realized using cells. Inputs
and outputs of a cell are located on its edges. Designers
tile cells manually to form a circuit layout. For a circuit
layout using CONNECT cell library[9], logic simulation
using a commercial simulator is possible. However, unlike
traditional logic circuits, logic simulation of SFQ circuits
is process-dependent because logical behavior depends on
timing of pulse arrivals and timing information is avail-
able only from physical cell library. This situation is very
tough for designing large scale logic circuits, and methods
to describe timing of pulse arrivals independent from the
fabrication process are desired. In this paper, we propose
two methods for this aims.

III. SFQ circuit schematics with a note about

the order of pulse arrivals

We propose a timing-aware SFQ circuit schematic. Be-
cause function of each gate in a circuit depends on tim-
ing of pulse arrivals, we attach a note about the order
of pulse arrivals to each gate in a schematic to describe
function precisely. We represent the order with inequality
between input terminals. We consider the order during a
time frame which is a period for processing a group of
pulses from the circuit inputs. Generally, a time frame
corresponds to a clock cycle. In this paper, we consider
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Fig. 3. Examples of SFQ logic circuit schematics with a note
about the order of pulse arrivals

circuits which satisfy the following conditions.

Condition 1: Each gate in a circuit has the order of
pulse arrivals independent of concrete values such as clock
frequency and gate delay.

Condition 2: The order of pulse arrivals at each gate
can be represented by inequalities between input termi-
nals.

By these conditions, we do not consider circuits con-
taining multi-cycle paths and oscillator circuits.

SFQ circuits of the same topology may have different
functions depending on timing of pulse arrivals. We need
representation methods to represent a function of an SFQ
circuit uniquely. The following proposition holds under
above conditions.

Proposition 1: Circuits of different functions have
different schematics with a note.

Proof: When we feed input data to a circuit, inter-
nal states of gates after current time frame are deter-
mined by current internal states and the current input
pulses(Condition 1). We assume two circuits have the
same schematic with a note. When we feed the same in-
put to these circuits, if each pair of gates in the same
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Fig. 4. Examples of SFQ logic circuits with feedback loops

position have the same internal state, inputs and outputs
of each pair are the same. It is because the behavior of
gates is described by inequalities(Condition 2) and each
pair of gates has the same inequalities. Therefore, circuits
having the same schematic must have the same function.
�

Figs. 3(a) and (b) are example schematics. Fig. 3(a)
is a circuit using clock-follow-data clocking and Fig. 3(b)
is a circuit using concurrent-flow clocking. In a circuit
of clock-follow-data clocking, for each gate in the circuit,
data pulses arrive at the gate before a clock pulse arrives.
Therefore, we give an inequality “i1, i2 < clk” for all gates
in Fig. 3(a). In a circuit of concurrent-flow clocking, at
each gate in the circuit, a clock pulse arrives before data
pulses arrive. Therefore, we give an inequality “clk <
i1, i2” for all gates in Fig. 3(b).

As other examples, we show schematics of SFQ circuits
with feedback loops in Figs. 4(a1) and (b1). In these fig-
ures, we do not show clock wiring. Figs. 4(a2) and (b2)
show behavior of the circuits in Figs. 4(a1) and (b1), re-
spectively. In Fig. 4(a1), gate G3 receives a pulse though
the feedback loop. The pulse through the loop arrives at
G3 after a clock pulse arrives, and the pulse is used for
the next time frame. In Fig. 4(b1), G2 receives a pulse
through the feedback loop.

IV. Timing-aware circuit description language

for SFQ logic circuits

We propose a circuit description language for SFQ cir-
cuits considering timing of pulse arrivals. This descrip-
tion method are designed for future design automation
for SFQ logic circuits. In the new description language,
we represent a gate as follows.

o = GATE G (w1@p1, w2@p2, . . . , wk@pk);

Note that, GATE represents a primitive, such as
AND, OR and XOR. G represents the name of the
gate. w1, w2, . . . , wk represent inputs of the gate G.
p1, p2, . . . , pk are integers to describe the order of pulse
arrivals. o is the output of gate G. This description rep-

1: x = D G1( b@0, clk@1 );

2: out = OR G3( x@0, y@2, clk@1 );

3: y = AND G2( a@0, out@0, clk@1 );

Fig. 5. Circuit description for Fig. 4(a1)

resents one equality for each gate. Thus, description abil-
ity is different between the schematic in previous section
and this description language because we can use multiple
equalities for a gate in the schematic.

A description of a logic circuit consists of descriptions
of gates. In a description of a logic circuit, we describe all
gates. We treat SFQ circuits which satisfy Conditions 1
and 2 in previous section. For example, we can describe
the circuit shown in Fig. 3(a) as follows.

d = AND G1 (a@1, b@1, clk@2);
e = AND G2 (c@1, d@1, clk@2);

Because a clock pulse arrives after data inputs, a greater
value is attached to “clk” than values for “a”, “b”, “c”,
and “d”. We attach the same value 1 for “a” and “b”,
and “c” and “d”. This means we give no order between
these inputs. For this description language, Proposition
1 in the previous section holds.

As an example, we show a description of a circuit with
a feedback loop in Fig. 5. This description corresponds to
the circuit in Fig. 4(a1).

By a description of an SFQ logic circuit, logic simula-
tion of the circuit is possible. In other words, we need no
circuit layout for logic simulation.

V. Logic simulation with a circuit description

written in the proposed language

We show a simulation algorithm for SFQ circuits in
Fig. 6 as an example application of the proposed descrip-
tion language.

We use a description written in the proposed language
for simulation. Simulation for each input data is done by
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1: // Input: input sequences I0, I1, . . . (length of each sequence: T ), circuit description(composed of N gates from G1 to GN )
2: // Output: output sequences
3: //
4: // Definition of Gl: ol = gatel Gl(wl,1@pl,1, wl,2@pl,2, . . . , wl,kl@pl,kl);
5: // pclk

l : the order for “clk” input of Gl if it exists, otherwise ∞.
6: // PHl: set of pairs of input and order {wl,k@pl,k|pl,k > pclk

l }.
7: // PLl: set of pairs of input and order {wl,k@pl,k|pl,k ≤ pclk

l }.
8: // ol corresponds to sequence Ol.
9: // wl,1, . . . , wl,kl correspond to sequences Wl,1, . . . , Wl,kl , respectively.

10:

11: Prepare sequences of length T corresponding to wires in the description.
12: Initialize all sequences except input sequences( Invalidate all elements of sequences ).
13:

14: for t from 1 to T do
15: S ← {1, 2, . . . , N}
16: while S is not empty do
17: Select l from S such that all sequences corresponds to PLl have valid t-th elements.
18: Remove l from S.
19: Calculate new internal state of Gl using (t− 1)-th elements of sequences corresponding to PHl according to the order.
20: Calculate new internal state of Gl using t-th elements of sequences corresponding to PLl according to the order.
21: Ol[t] ← output of Gl.
22: end while
23: end for
24: print output sequences

Fig. 6. Logic simulation algorithm

calculating outputs of gates having input data, iteratively.
For each gate, we calculate the internal state according to
the order of pulse arrivals.

We consider time complexity of the algorithm. At first
time frame in simulation, we need to determine sequence
of calculation of gate outputs. The sequence of calcula-
tion can be determined by topological sort. Therefore,
we need O(N) time to determine the sequence, where N
denotes the number of gates, when we consider two or
three input gates. Sequence of calculation after the first
time frame is the same to that of the first time frame. We
need constant time for calculating a gate output. Thus,
the time complexity of the algorithm is O(NT ), where T
denotes the number of time frames to simulate.

Note that, of course, we can translate timing-aware de-
scriptions into Verilog descriptions for logic simulation.
In the translation, a function of each gate is evaluated
according to the order of pulse arrivals represented in the
proposed description. Gates with concurrent-flow clock-
ing should be translated to gates with latches, and gates
with clock-follow-data clocking should be translated to
gates without latches.

VI. Timing-aware descriptions and simulation

result of a 4-bit multiplier

We show a circuit schematic and a circuit description of
a processing element(PE) for the floating-point multiplier
proposed in [11] in Figs. 7 and 8, respectively. We do
not show clock wiring in Fig. 7. A CB(confluence buffer)

1: y = ND G1( load_in@0, y_in@1, load_in@2 );

2: pp = ND G2( load_in@0, y@1, x_in@2 );

3:

4: s0 = XOR G3( pp@0, s1@0, clk@1 );

5: c0 = AND G4( pp@0, s1@0, clk@1 );

6:

7: s_out = XOR G5( s0@0, c3@2, clk@1 );

8: c2 = AND G6( s0@0, c3@2, clk@1 );

9:

10: c1 = D G7( c0@0, clk@1 );

11: c3 = CB G8( c1@0, c2@0 );

12:

13: load_out = D G9 ( load_in@1, clk@0 );

14: x_out = D G10( x_in@1, clk@0 );

15: reset_out = D G11(reset_in@1, clk@0 );

Fig. 8. Circuit description of a processing element for the
multiplier

gate behaves as an asynchronous OR gate. ND represents
a non-destructive read-out flip-flop gate. In Fig. 7, for
any input for the circuit, the CB gate does not receive
pluses from both c1 and c2 at a time frame. We give
an inequality “i1, i2” for this CB gate because we do not
need to give order between input terminals. Gates G5 and
G6 receive pulses from the feedback loop. Gates G1 and
G2 realize a partial product generator in the multiplier.
Gates from G3 to G8 realize a partial product adder in
the multiplier.

We simulated a 4-bit integer multiplier shown in Fig. 9
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composed of the PEs. We obtain the upper 5-bit of a
result. We show simulation result of the operation in
Fig. 10. In Fig. 10, “1” means that a pulse exists dur-
ing a time frame, “0” means that no pulse exists, and “x”
means uncertain. The leftmost column corresponds to the
1st time frame, and the rightmost column corresponds to
the last time frame in the simulation. Because a time
frame corresponds to a clock cycle, we apply a pulse to
the circuit input “clk in” for each time frame.

In Fig. 10, the multiplier computes (1111)2 × (1101)2
(= (11000011)2) and (1010)2×(1110)2 (= (10001100)2) as
shown by rectangles with broken lines. Inputs for “x in”
and “y in” are fed from the LSB bit to the MSB bit.
As shown in the figure, we obtained the correct outputs
(11000)2 and (10001)2 at the circuit output “s out”.

VII. Conclusion

We have proposed two timing-aware description meth-
ods for SFQ circuits. One method is a timing-aware cir-
cuit schematic. We attach a note about the order of pulse
arrivals for each gate in a schematic to describe function of
circuit precisely. The other is a timing-aware description
language for SFQ logic circuits. As an example applica-
tion of the language, we have shown a logic simulation
algorithm. By the simulation algorithm, we can verify
the logic function of the circuit before designing a circuit
layout.

Input
reset in :[ 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 ]
load in :[ 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 ]
y in :[ 0 0 0 0 0 0 0 1 1 1 1 0 0 1 0 1 0 0 0 0 0 0 0 ]
x in :[ 0 0 0 0 0 0 0 1 0 1 1 0 0 1 1 1 0 0 0 0 0 0 0 ]
s in :[ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ]
clk in :[ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ]

Output
reset out:[ x x x x 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 ]
load out :[ x x x x 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 ]
y out :[ 0 0 0 0 0 0 0 1 1 1 1 0 0 1 0 1 0 0 0 0 0 0 0 ]
x out :[ x x x x 0 0 0 0 0 0 0 1 0 1 1 0 0 1 1 1 0 0 0 ]
s out :[ x x x x x 0 0 0 0 0 0 0 0 1 1 1 0 0 0 1 0 0 0 ]

Fig. 10. Simulation result of the 4 bit multiplier

The proposed description methods are useful for com-
munication between designers and for expressions of ideas.
Logic simulation based on the description language is use-
ful for exploring an architecture of circuit before detailed
design.
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