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Abstract— We propose a retiming method of super-
conductive Single Flux Quantum (SFQ) logic circuits
for flip-flop reduction. Because SFQ logic circuits use
pulse logic, each input of logic gates has latching func-
tion. The number of flip-flops in SFQ circuits can be
reduced by utilizing the latching function. We formu-
late retiming for flip-flop reduction as an instance of
integer linear program considering the latching func-
tion. Experimental results show that most of flip-flops
in SFQ circuit realizations of ISCAS’89 benchmark
circuits can be eliminated by the proposed method.

I. INTRODUCTION

Superconducting devices have been considered as po-
tentially alternative devices of mainstream semiconduc-
tor devices for long years[1]. Single Flux Quantum (SFQ)
circuits[2] are high-speed and ultra low-power circuits us-
ing superconductive devices. Recently, difficulties in pro-
cess shrinking of semiconductor circuits emerge, and large
scale computer systems need extremely high performance
with reduced power consumption. Technologies for com-
puters using SFQ circuits have been studied [3, 4], and
several research programs of superconducting digital cir-
cuits including SFQ circuits are in progress[5, 6]. SFQ
circuits use pulse logic. In other words, logical values “0”
and “1” are represented with using pulses. In the current
SFQ circuit design technology, each gate in SFQ circuits
is synchronized with clock pulses. SFQ circuits work at
high frequency up to tens of GHz, and some basic circuits
are reported to work up to hundreds GHz[7, 8.

Each gate in SFQ circuits has a clock input, and is syn-
chronized with clock pulses. A logic gate of SFQ circuits
can work as if it has flip-flops inside the gate. In other
words, each gate has latching function. In SFQ circuit
design, two major clocking schemes are known for driving
gates. Onme is concurrent-flow clocking and the other is
clock-follow-data clocking[9], and only order of pulse ar-
rivals for the clock input and data inputs of each gate is
different between the two clocking schemes. In a circuit
consisting of gates using concurrent-flow clocking, each
gate works as if each data input has a flip-flop. Thus, a
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circuit consisting of gates using concurrent-flow clocking
works as a pipelined circuit even if only logic gates, such
as AND gates and OR gates, are used in the circuit. In a
circuit consisting of gates using clock-follow-data clocking,
each gate works like a traditional logic gate without the
latching function. Thus, a circuit consisting of gates using
clock-follow-data clocking works like a traditional combi-
national circuit. Though we could use both the schemes
in a circuit widely, mixture of clocking schemes is used
only for adjusting latency of circuits because current de-
sign flow of SFQ circuits is semi-automatic and designers
of SFQ circuits adjust skew between gates carefully by
inserting delay elements manually.

As design automation for SFQ circuits progresses, pre-
cise timing management in SFQ circuit design will be au-
tomated. Extensive use of the two clocking schemes in
an SFQ circuit, by introducing an idea of retiming, may
reduce the number of flip-flops. In this paper, we propose
a retiming method for flip-flop reduction of SFQ circuits
considering the latching function of gates. In the method,
the problem is formulated as an instance of integer linear
program (ILP), and the optimal solution can be obtained
systematically by solving it.

In SFQ circuits, an active device, called a splitter, is
required to split a signal. In addition, a short wiring is
realized by an active device, called a josephson transmis-
sion line, and a long wiring is realized by a high-speed
point-to-point passive device, called a passive transmis-
sion line, which requires a transceiver and a receiver at
the both ends. The flip-flop reduction will reduce design
effort to synthesize a clock tree, and circuit area for clock
distribution. Thus, reduction of flip-flops is important for
SFQ circuit design. Though retiming methods for register
reduction have been proposed for traditional sequential
circuits[10], new formulation and solution for SFQ circuits
are necessary for flip-flop reduction with considering the
latching function of gates.

Currently logic designs of SFQ circuits are mainly per-
formed by hands, and using logic synthesis tools for con-
ventional VLSI circuits is considered as an option for de-
signing random logic circuits. The proposed method is
useful for refining handmade logic designs and designs ob-
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Fig. 1. SFQ AND gate and its behavior

tained by conventional logic synthesis tools.

This paper is organized as follows. In the next section,
we briefly review timing design of SFQ logic circuits and
retiming of traditional sequential circuits. In Section 3, we
propose a retiming method for reducing flip-flops of SFQ
circuits. We show a problem formulation using integer
linear programming and show an example. In Section 4,
we show evaluation results. In Section 5, we conclude this

paper.

II. PRELIMINARIES

A. Clocking and timing design of SF'Q logic circuits

In an SFQ circuit, signals are transmitted using voltage
pulses on signal lines. Each gate of an SFQ circuit has a
clock input terminal and works synchronized with clock
pulses. As an example, the symbol and the behavior of an
AND gate are shown in Figs. 1(a) and (b), respectively. In
Fig. 1(a), the gate has a clock input terminal as described
above. In Fig. 1(b), the value of a data input signal is
evaluated with clock pulses. When a pulse arrives at a
data input of a gate during an interval between adjacent
clock pulses, the input value corresponding to the interval
is “1”7. If no pulse arrives during the interval, the input
value is “0”. The output of a gate is synchronized with
the clock pulse. In other words, each data input holds an
input value till the arrival of a clock pulse, and the gate
outputs the result after the arrival of the clock pulse.

In an SFQ circuit, the order of pulse arrivals at each
gate affects its functional behavior as shown in Figs. 2(a)
and (b). Both circuits consist of D flip-flops. In Fig. 2(a),
each gate receives a data pulse before a clock pulse. This
clocking scheme is known as clock-follow-data clocking[9].
In Fig. 2(b), each gate receives a data pulse after a clock
pulse. This clocking scheme is known as concurrent-follow
clocking[9]. Each gate in Fig. 2(b) works as a traditional
D flip-flop, and the circuit in Fig. 2(b) works as a shift
register. On the other hand, the circuit in Fig. 2(a) works
as a wire. The two clocking schemes can be used in a
circuit simultaneously. In this paper, we use the descrip-
tion method shown in [11] to describe the clocking scheme
of each gate. An inequality is attached for each gate to
represent the order of pulse arrivals. In Fig. 2(a), the in-
equality “ip < clk” is attached to represent that a data
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(a) clock-follow-data clocking (b) concurrent-flow clocking

Fig. 2. Two circuits with different clocking schemes

pulse for input ¢y arrives before the corresponding clock
pulse.

We present another example in Fig. 3. In Fig. 3(a), all
gates except g4 use concurrent-flow clocking, and g4 uses
clock-follow-data clocking. In Fig. 3(b), the order of pulse
arrivals is changed for g4, and D flip-flop g3 is removed
because an input pulse for input i1 of gate g4 arrives af-
ter the corresponding clock pulse and the data input has
the latching function. For gate g4, we use both clock-
follow-data clocking and concurrent-flow clocking simul-
taneously. Note that, though we have considered clocking
of each gate so far, we can consider clocking for each data
input of a gate. As a result of flip-flop reduction, we can
also reduce a splitter for clock distribution. Hereafter, we
will not show clock wiring in the figures, because the clock
signal is fed to all gates and topology of clock distribution
is not concerned in this paper.

B. Retiming of traditional sequential circuits

Retiming is a transformation of a circuit with preserv-
ing its functional behavior by inserting and deleting flip-
flops. In this paper, functional behaviors of circuits are
considered to be the same if their outputs from the pri-
mary outputs are the same at each clock cycle when the
same sequence of input values is fed. Although functional
behavior of a circuit is preserved by retiming, functional
behavior of each gate may be changed. As an example,
the circuit in Fig. 4(a) is transformed to the circuit in
Fig. 4(b) by retiming. In Fig. 4(a), gate go receives in-
puts from primary inputs a and b through flip-flops g and
g1,respectively, and g4 receives an input from primary in-
put ¢ through flip-flop gs. On the other hand, in Fig. 4(b),
gate go receives inputs from primary inputs a and b di-
rectly and gate g4 receives an input from primary input ¢
directly. Although these two circuits have different struc-
tures, their functional behaviors are the same, i.e., their
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Fig. 4. Retiming of a circuit and reduction of flip-flops

outputs are the logical AND of inputs a, b, and ¢ of the
previous clock cycle. While the circuit in Fig. 4(a) has
three flip-flops, the circuit in Fig. 4(b) has only one flip-
flop. Thus, the number of flip-flops can be reduced by
retiming.

For dealing with retiming of circuits, it is useful to con-
sider a circuit as a graph (hereafter referred to as a cir-
cuit graph)[10]. In a circuit graph, logic gates, primary
inputs, and primary outputs are treated as nodes of the
graph, and each net is treated as a set of edges of the
graph. Flip-flops are not treated as logic gates, and, to
each edge, the number of flip-flops between the two gates
at its both ends is attached as a label. We show the circuit
graphs in Figs. 5 (a) and (b) corresponding to the circuits
in Figs. 4 (a) and (b), respectively. We let a circuit graph
be G = (V, E,w) where V and F denote a set of nodes
and a set of edges in a circuit, respectively, and function
w : E — Z represents the label of each edge.

We let a retiming of a circuit be function r : V. — Z,
and the circuit graph after retiming r be G, = (V, E, w;).
In the circuit graph after retiming r, the sum of edge
labels on each path from one of nodes corresponding to
the primary inputs to node v is incremented by r(v). For

Fig. 5. Example of circuit graphs ((a) and (b) correspond to
Figs. 4(a) and (b), respectively)

iy <clk <igy

clk <, i clk < ig, iy

Fig. 6. Flip-flop reduction for the circuits in Fig 3 by retiming and
changing the order of pulse arrivals

the circuit graph after retiming r, label w,(e) of edge e is
defined as follows:

wy(e) = w(e) + r(dest(e)) — r(src(e)) >0 (1)

where src(e) and dest(e) represent the source node and
the destination node of edge e, respectively. For example,
the retiming shown in Fig. 4 is represented by 7(a) =
r(b) = r(c) =r(d) =0, and r(g2) = r(g4) = —1. Because
r(g4) = —1, the sum of edge labels on each path to g4 is
0 in Fig. 5(b), while the sum of edge labels on each path
to g4 is 1 in Fig. 5(a). Because r(d) = 0, the sum of edge
labels on each path to d is 1 both in Figs. 5(a) and (b).
Note that this formulation of retiming is also applicable
for circuits with feedback loops [10].

IIT. RETIMING OF SF(@Q LOGIC CIRCUITS FOR
FLIP-FLOP REDUCTION

We propose a method to reduce the number of flip-flops
in SFQ circuits by retiming and optimization of the or-
der of pulse arrivals. As an example of the reduction of
the number of flip-flops, the circuit shown in Fig. 3(a)
is transformed to the circuit without flip-flops shown in
Fig. 6 by considering both the retiming and the order of
pulse arrivals of the gates. In SFQ circuits, because split-
ters are needed to split a signal and wires occupy relatively
large circuit area, reduction of flip-flops is important for
reduction of circuit area.

In SFQ circuits, each input of a logic gate can obtain the
latching function by adjusting the order of pulse arrivals
of the gate. We introduce a graph to consider retiming of
SFQ circuits by extending the circuit graph. Hereafter, we
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Fig. 7. Example of SFQ circuit graphs ((a) and (b) correspond to
Fig. 3(a) and Fig. 6, respectively)

call the extended graph an SFQ circuit graph. SFQ circuit
graph S = (V, E,wt) can treat the latching function of
data inputs of gates. Although SFQ circuit graph S is
similar to circuit graph G = (V, E,w), we change edge
labeling to represent the latching function of each data
input, and use a pair of values as a label of an edge. The
function wt : E — Z x {0, 1} represents the assignment of
edge labels. The first element of the pair represents the
number of flip-flips between the two gates at the both ends
of the edge. The second element of the pair represents the
latching function of the data input, namely, values “1”
and “0” represent that the data input has the latching
function or not, respectively. We show an example of
SFQ circuit graphs in Fig. 7. When the following equation
holds between circuit graph G and SFQ circuit graph S
which has the same V and E as G, the functional behavior
of S is equivalent to that of G.

w(e) = wtd(e) + wt(e)

where wt?(e) and wt'(e) represent the first element and
the second element of wt(e), respectively.

We can introduce retiming for SFQ circuits. When re-
timing r is applied to SFQ circuit graph S, edge label wt,
has the following relation similar to formula (1).

wtd(e)+wtt (e) = wt(e)+wt! (e)+r(dest(e))—r(src(e)) > 0

(2)
where wt?(e) and wt! (e) represent the first element and
the second element of the label of edge e after retiming
r, respectively. Note that, while we can determine edge
labeling w, by a pair of circuit graph G and retiming 7,
we need to determine second element of edge labels wt®.
with retiming 7 for SFQ circuit graph S because we may
not determine whether wtl(e) is one or zero by a pair of
retiming r and S.

When a fanout point exists in a circuit, flip-flops may be
shared between gates connected by branched wiring. For
example, one of the outputs of gate g3 is fed to two gates
g7 and gg in Fig. 8(a), and flip-flop g¢ is shared. When
a node is the source of several edges in a circuit graph,
for implementation, we prepare a series of flip-flops for
the furthermost gate, i.e., the gate connected by the edge
with largest wt?, and we feed signals to the other gates by
splitting the signal from the series. We let the maximum
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Fig. 8. Example SFQ circuit (a), and its SFQ circuit graph (b)
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Fig. 9. Example of flip-flop reduction for the circuit in Fig. 8

number of flip-flops between the gate corresponding to
node u and the furthermost gate of u be w**(u) when

T
retiming r is considered. w!**(u) can be represented as
follows:

max

w*(u) = max (wtf(e)). (3)

sre(e)=u

Note that, we consider w***(u) = 0 when node u is not

a source of any edge. The number of flip-flops for imple-
menting SFQ circuit graph S = (V, E, wt) is calculated as

follows:
> wr (w). (4)
ueV

We can reduce the number of flip-flops by searching a
pair of retiming r and assignment of the latch function
wt!. which reduces the value of the above formula. We
use formula (4) as the objective function of an instance
of ILP, and use equation (2) as the constraints. By solv-
ing the instance, we can obtain labels for all edges. In
equation (2), wt?(e) and wt!(e) can be extracted from an
original circuit.

To preserve the circuit function in retiming, r(v) = 0 is
given as a constraint for each input node and output node
v. For each edge e whose destination is an output node, a
constraint wt’.(e) = 0 is also given because the node does
not correspond to a logic gate. When a gate with multiple
output terminals exists, we consider each output terminal
of the gate as a node of a circuit graph. Nodes g5 and g4
in Fig. 8(b) correspond to gate gs in Fig. 8(a). In the
formulation of flip-flop reduction, nodes corresponding to
the same gate must have the same retiming value.

We can specify the latching function of data inputs as
design options by appending constraints wtl(e) = 0 or
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minimize: w;" " (a) +w;" " (b) +w; " (c) + w7 (d) +w; " (e) +

W (ga) + wl (g4) + W (g) + wi (gr) + w* (gs)
Subject to

wt?((a,92)) —w*"(a) < 0

wt((b, g2)) — w"*(b) < 0

wtd((c,g;,n—w;"“(c) < o0

wt?((c,g5)) —w" () < 0

wt((d, g5)) — "“““(d) < o0

wt?((d, g§)) —wl"**(d) < 0

wt?((e, g5)) — wl'*(e) < 0

wt?((e, g5)) —wl*“(e) < 0

wt?((g2, g7)) —w"*"(g2) < O

wt?((g5, g7)) —w**"(g5) < 0

wt?((g5, 98)) —w"*"(g5) < 0O

wt? (g5, 98)) —wl " (g¥) < 0O

wt?((g7,2)) —w***(g7) < 0

wt?((gs, ) —w*"(gs) < O

wti((a,92)) + wti((a,g2)) = 7(g2) +7(a) = 1

wtd (b, g2)) + wth((b, g2)) — r(g2) +7(b) = 0

wt((c, g5)) + wtl((c, g3)) — r(gh) +7(d) = 0

wt? ((d, g5)) + wt((d, g)) — r(gh) +r(d) = 1

wtl((e, g8)) + wti((e, g5)) — r(gs) +7(e) = 0

wt ((c, g3)) + wti((c, g5)) —r(g§) +r(d) = 0

wtl((d, g§)) + wth((d, g§)) — r(g§) +r(d) = 1

wtl((e, g5)) +wti((e, g3)) —r(g§) +r(e) = 0

wtd((g2,97)) + wti((g2,97)) — 7(g7) +7(g2) = 2

wtt (g5, 97)) + wtr.((g5, 97)) — 7(g7) +7(g5) = 1

wtl (g5, 98)) + wii. (g5, 95)) — 7(g8) +7(g5) = 1

wt (g5, 98)) + wti.((95, 98)) — r(gs) +7(g5) = 0

wtl((g7,2)) + wtt((g7,2)) = r(z) +7(g7) = 0O

wt?((gs,9)) + wth((gs,9)) — r(¥) +r(gs) = 0

r(a) =r(b) =r(c) =r(d) =r(e) =r(x) =r(y) = 0

wtl((g7,2)) = 0

wti((gs,y)) = 0

wtie) > 0

0<wti(e) < 1

r(gy) —r(gy) = 0

Fig. 10. ILP formulation for the circuit in Fig. 8

wtt(e) = 1 for each edge e whose destination is one of
those data inputs. When appended optional conditions
are unreasonable, a contradiction occurs in constraints
and an ILP solver will report infeasibility. Note that the
proposed method can treat circuits with feedback loops
because retiming in Sect. II.B can treat such circuits.
As an example of the formulation of flip-flop reduc-
tion, we show an instance of ILP in Fig. 10 for the circuit
shown in Fig. 8. The objective function corresponds to
formula (4). The first 14 constraints correspond to equa-
tion (3), and the next 14 constraints correspond to for-
mula (2). The circuit contains a gate with multiple output
terminals. The last constraint is required to treat gate g3

having multiple outputs. SFQ circuit after reduction is
shown in Fig. 9. In this example, the number of flip-flops
is reduced from five to one.

IV. EXPERIMENTS

We evaluated the proposed method using ISCAS’89
benchmark circuits. We generated instances of ILP from
the benchmark circuits. We used lp_solve 5.5.0.13 as the
ILP solver, and a workstation with Intel Xeon E3-1240
processor for solving instances of ILP. Evaluation results
are shown in Table I. Each logic gate, such as an AND
gate and an OR gate, in the original benchmark circuits is
regarded as a gate of clock-follow-data clocking, i.e., each
data input does not have the latching function, and each
flip-flop in the original benchmark circuits is regarded as a
flip-flops of concurrent-flow clocking. Thus, each starting
point realization of the original benchmark circuits which
is considered in this experiment has the same amount of
logic gates and flip-flops and the same functional behavior
as the original one has.

The first column in “# of FFs” represents the num-
ber of flip-flops in the original benchmark circuits (or the
starting point realizations of SFQ circuits). The second
column represents the result of the traditional retiming
[10] without considering the latching function of data in-
puts. As shown in Fig 3, the number of flip-flops can
be reduced by changing the order of pulse arrivals. The
third column represents the result of optimization of the
order of pulse arrivals without retiming. The fourth col-
umn represents the result of the proposed method. The
last column of the table shows the runtime of the ILP
solver for the proposed method. As shown in the table,
we can reduce the number of flip-flops drastically by the
proposed method. The runtime of the solver for the pro-
posed method is short and reasonable for the circuits. In
the current SFQ circuit design flow, circuits composed of
several hundred gates are treated as a circuit block. The
proposed method is useful and effective for designing such
circuit blocks.

V. CONCLUSION

We have proposed a retiming method for reduction of
flip-flops in SFQ circuits. Because SFQ circuits use pulse
logic system, each data input of a gate may have the latch-
ing function depending on the order of pulse arrivals at the
gate. The proposed method utilizes the latching function
of data inputs of gates to reduce the number of flip-flops.
The method formulates the reduction as an instance of
integer linear program. We have evaluated the proposed
method for ISCAS’89 benchmark circuits. Experimen-
tal results show that most of flip-flops in the circuits are
eliminated by the method.
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TABLE I
EXPERIMENTAL RESULTS FOR ISCAS’89 BENCHMARK CIRCUITS
# of FFs
after reduction
# of pulse
circuits gates | original |retiming |ordering | proposed |time(s)
s27 10 3 3 0 0 0.00
s208.1 104 8 8 0 0 0.01
5298 119 14 14 0 0 0.01
s344 160 15 15 0 0 0.01
349 161 15 15 0 0 0.00
382 158 21 18 0 0 0.02
s386 159 6 6 0 0 0.01
s400 164 21 18 0 0 0.02
s420.1 218 16 16 0 0 0.01
s444 181 21 18 0 0 0.03
510 211 6 6 0 0 0.02
526 193 21 21 0 0 0.03
s526n 194 21 21 0 0 0.04
s641 379 19 19 0 0 0.02
s713 393 19 19 0 0 0.02
820 289 5 5 0 0 0.06
5832 287 5 5 0 0 0.02
s838.1 446 32 32 0 0 0.06
s953 395 29 22 23 0 0.10
51196 529 18 18 1 0 0.05
51238 508 18 18 1 0 0.06
51423 657 74 74 0 0 0.26
51488 653 6 6 0 0 0.35
1494 647 6 6 0 0 0.11
s5378 2779 179 143 0 0 1.67
s9234 5597 228 194 0 0 4.01
59234.1 5597 211 191 0 0 3.08
s13207 7951 669 464 76 10 16.58
s13207.1 7951 638 455 74 13 12.66
515850 9772 597 567 14 0 22.73
$15850.1 9772 534 515 14 0 16.41
535932 16065 1728 1728 288 0 309.35
38417 22179 1636 1390 218 0 201.15
38584 19253 1452 1451 154 98 151.13
s38584.1 19253 1426 1425 154 98 170.10
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