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An Adiabatic Quantum-Flux-Parametron
8-bit Ripple Carry Adder Using Delay-Line Clocking
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Abstract—Adiabatic quantum-flux-parametron (AQFP) logic is
a superconductor logic family that can operate with low switching
energy due to adiabatic switching. In a previous study, we pro-
posed a low-latency clocking scheme called delay-line clocking, in
which the latency for each logic operation is determined by the
propagation delay of the excitation current. We demonstrated sev-
eral AQFP logic gates with delay-line clocking and demonstrated a
phase skipping operation, in which some of the AQFP buffers for
phase synchronization are removed to reduce the junction count
and energy dissipation. In the present study, we design and demon-
strate an AQFP 8-bit ripple carry adder with delay-line clocking to
show that delay-line clocking and the phase skipping operation are
applicable to large-scale AQFP circuits. The latency of this adder is
960 ps, which is 40% of that for a conventional design. Moreover,
due to the phase skipping operation, the junction count is reduced
to approximately 70% of that for the conventional design. We find
that this adder can operate at up to 4 GHz. The above results indi-
cate that large-scale AQFP circuits can operate with low latency
and low junction count by using delay-line clocking and a phase
skipping operation.

Index Terms—Adiabatic logic, quantum flux parametron
(QFP), low-latency clocking scheme, ripple carry adder.

l. INTRODUCTION

AN adiabatic quantum-flux-parametron (AQFP) [1], [2] is a
superconductor logic device based on the quantum flux
parametron [3], [4]. Thanks to adiabatic switching [5]-[7],
AQFP logic can operate with a switching energy that is much
smaller than that of other superconductor logic families [8]—
[12]. Various AQFP digital circuits, such as adders [13], have
been demonstrated for the realization of energy-efficient com-
puting systems. Typically, AQFP circuits are driven by a con-
ventional clocking scheme, namely four-phase clocking [14],
[15], in which the circuits are driven by a pair of excitation
currents with a phase difference of 90°. In four-phase clocking,
the latency per logic gate is equal to a quarter clock cycle
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(50 ps at 5 GHz), which is relatively long compared to that of
other superconductor logic families. However, in micropro-
cessor design, the latency in each pipeline stage should be as
small as possible to operate at high clock frequencies. Thus,
low latency is necessary to increase the clock frequency in
typical computing systems. We previously proposed a low-
latency clocking scheme called delay-line clocking [16], in
which the latency of each logic gate is determined by the
propagation delay of the excitation current. In a previous study,
we demonstrated several AQFP logic gates with delay-line
clocking [17]. We also demonstrated that delay-line clocking
enables a phase skipping operation [17], in which some of the
AQFP buffers for phase synchronization are removed to re-
duce the junction count and energy dissipation. These results
suggest that large-scale AQFP circuits with delay-line clock-
ing can operate with low latency and low energy dissipation.

In the present study, we design and demonstrate an AQFP
8-bit ripple carry adder (RCA) with delay-line clocking to
show that delay-line clocking and a phase skipping operation
are applicable to large-scale AQFP circuits. We first explain
the design of the 8-bit RCA and present the measurement re-
sults of this RCA. We then compare the performance of the
delay-line-clocked RCA with that of a conventional AQFP 8-
bit RCA. Furthermore, we compare the delay-line-clocked
RCA with its counterpart designed using another type of su-
perconductor logic.

Il. AQFP 8-BIT RIPPLE CARRY ADDER WITH DELAY-LINE
CLOCKING

Fig. 1(a) shows a block diagram of an 8-bit RCA, where ag
through as denote input A, bo through b7 denote input B, so
through sy are the outputs representing summation, and Cout iS
the output representing carry-out, which is calculated by the
full adders (FASs) in series. To design this RCA using AQFP
logic, buffer chains for phase synchronization need to be add-
ed along the FAs. Fig. 1(b) shows a block diagram of the i-th
FA (i € N) with buffer chains, where a; and b; are the i-th bits
of inputs A and B, respectively, si and Cou,; are the sum and
carry outputs of the i-th FA, respectively, and the blue hori-
zontal lines represent the excitation lines. ai+1, bi+1, and s are
transmitted through the buffer chains along the FA to be syn-
chronized with the excitation current and processed in the fol-
lowing stages. The FA comprises three 3-input majority
(MAJ) gates and several buffers [18]. We inserted buffers as
repeaters after all buffers with a fan-out greater than one and
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Fig. 1. (a) Block diagram of 8-hit RCA. (b) Block diagram of FA with buff-
er chains for phase synchronization (buffers represented by dashed symbols
can be removed).

all MAJ gates because the output currents from these gates are
relatively small; without these buffers, malfunctions might ap-
pear due to thermal noise and/or fabrication deviation.

For the AQFP RCA, many buffer chains are required to
transmit data [see ai+1, bi«1, and si—1 in Fig. 1(b)]; thus, it is im-
portant to reduce the number of buffers in each buffer chain to
reduce energy dissipation. For a conventional buffer chain
with four-phase clocking [15], a buffer must be inserted at
every excitation stage for correct data transmission. In contrast,
in the present study, we use delay-line clocking and adopt a
one-phase skipping operation [17] to reduce the number of
buffers. Consequently, some of the buffers in the buffer chains
can be removed, as indicated by the dashed buffer symbols in
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Micrograph of AQFP 8-bit RCA with delay-line clocking.

Fig. 2.

Fig. 1(b). For example, in the buffer chain that transmits aj.,
the buffers in the first, third, and fifth excitation stages can be
removed. In this way, the junction count in the entire 8-bit
RCA is significantly reduced, as described later.

I1l. EXPERIMENTS

Fig. 2 shows a micrograph of an AQFP 8-bit RCA with de-
lay-line clocking. This RCA was designed and fabricated us-
ing the AIST 10 kA/cm? Nb high-speed standard process [15].
The RCA was powered and clocked by a single sinusoidal ex-
citation current Ix with a dc offset current lq. Ix and lg flow
through 50-Q delay lines and are terminated by an off-chip 50-
Q terminator [13]. A 20-ps delay line (meandered microstrip
line) was inserted between each pair of adjacent excitation
stages, resulting in a delay per excitation stage of 20 ps. These
delay lines do not occupy a large circuit area because a delay
per excitation stage and the area of a delay line are independ-
ent of the circuit area. Moreover, the area of delay lines can be
reduced by using lumped elements. The RCA includes 49 ex-
citation stages, and hence its latency is 20 ps x (49 — 1) =
960 ps. The junction count of the RCA is 1028. The energy
dissipation of the RCA is estimated to be 1.5 aJ per operation
at 5 GHz using the superconducting circuit simulator JoSIM
[19]. During experiments, Iy was supplied by a signal genera-
tor (Anritsu, MG3710A) and the pseudorandom binary se-
quences for evaluating bit error rates were supplied by a pat-
tern generator (Agilent, N4906B). The output signals of the
RCA were amplified by voltage drivers [20] that use stacked
dc superconducting quantum interference devices. The fabri-



cated chip was set in a wide-band cryoprobe with a bandwidth
of approximately 8 GHz [21]. During the experiments, the cir-
cuit and probe were immersed in liquid He at 4.2 K.

Fig. 3 shows the measurement waveforms of the 8-bit RCA
obtained at 4 GHz, where linyo is the pseudorandom binary in-
put current applied to the least significant bit of input B [i.e.,
bo in Fig. 1(a)] and Vo is the output voltage representing the
carry-out [i.e., Cout in Fig. 1(a)]. Here, ai (i€ {0, 1,2, ...,7})
was fixed at 1 and b; (j € {1, 2, 3, ..., 7}) was fixed at O by
dc signal currents; hence, cost should have been equal to bo.
This was evaluated by an error detector (Agilent, N4906B).
The operating margin regarding Ix in which the bit error rates
are less than 10°° was measured. Fig. 4 shows the operating
margins in terms of the power of I (Px) applied to the 8-bit
RCA as a function of the operating frequency f. We found that
the 8-bit RCA can operate at up to 4 GHz, where the operating
margin is 3.5 dB (—14.6 to —11.1 dBm). These results indicate
that large-scale AQFP circuits with delay-line clocking and a
phase skipping operation can operate at frequencies in the gi-
gahertz range. Beyond 4 GHz, the output waveforms were un-
stable and the bit error rates were high. A possible reason for
this is that the design of the voltage drivers is insufficiently
optimized, as evidenced by the relatively long rise/fall time of
Veout in Fig. 3. Further optimization of the voltage drivers is
thus needed.

IVV. DISCUSSION

To demonstrate the advantages of delay-line-clocked AQFP
circuits, we compare the performance of the delay-line-
clocked AQFP 8-bit RCA with that of the following two coun-
terparts: (i) a conventional AQFP 8-bit RCA that uses four-
phase clocking and (ii) the energy-efficient rapid single-flux-
quantum (ERSFQ) 8-bit RCA [22]. Table I shows the junction
count, operating frequency, latency, energy dissipation, and
energy-delay product (EDP) for the three 8-bit RCAs, where
the energy dissipation and delay of the delay-line-clocked and
conventional AQFP designs were calculated at 5 GHz. The
junction count for the delay-line-clocked AQFP design is ap-
proximately 70% of that for the conventional AQFP design
due to the phase skipping operation shown in Fig. 1(b). The la-
tency for the delay-line-clocked AQFP design is only 40% of
that for the conventional AQFP design. The above comparison
demonstrates that delay-line clocking can reduce both latency
and junction count in AQFP circuits. The energy dissipation
for the delay-line-clocked AQFP design is almost the same as
that for the conventional AQFP design, even though the for-
mer design has fewer Josephson junctions. This is because in
delay-line clocking, the amplitude of the signal currents ap-
plied to AQFP gates is slightly smaller than that for the con-
ventional design, thereby slightly increasing the energy dissi-
pation per gate [16].

Compared to the ERSFQ design, the energy dissipation of
the delay-line-clocked AQFP design is two orders of magni-
tude lower, with the same latency value. Thus, the EDP for the
delay-line-clocked AQFP design (1.5a) x 960ps = 1.4 x
10727 J s) is two orders of magnitude smaller than that for the
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Fig. 3. Measurement waveforms obtained at 4 GHz for delay-line-clocked
AQFP 8-bit RCA.
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Fig. 4. Measurement results of operating margins for delay-line-clocked
AQFP 8-hit RCA as function of operating frequency.

TABLE |
COMPARISON OF 8-BIT RCAS

Delay-line- Conventional

clocked AQFP AQFP ERSFQ [22]
Junction count 1028 1490 560
Operating  fre-
quency (GHz) 5 5 37
Latency (ps) 960 2400 960
Energy dissipa-
tion (aJ) 15 14 160
EDP (Js) 1.4 x107% 34x107% 15 X 10%

ERSFQ design (160 aJ x 960 ps = 1.5 x 107 Js), indicating
that delay-line-clocked AQFP circuits are more energy-
efficient.

Note that the latency for the delay-line-clocked AQFP de-
sign can be further reduced. In this study, we inserted many



buffers as repeaters in the FA design for safety, as shown in
Fig. 1(b); however, it may be possible to remove these repeat-
ers to decrease the excitation stage count. Moreover, the prop-
agation delay of each delay line can be reduced from 20 to
10 ps [16]. With these changes, a latency of less than 50% of
that for the delay-line-clocked AQFP design in this study can
be achieved.

V. CONCLUSION

We designed an AQFP 8-bit RCA with delay-line clocking.
The latency of this RCA is 960 ps, which is 40% of that for a
conventional AQFP design at 5 GHz. Moreover, this RCA
adopts a phase skipping operation, which reduces the junction
count to approximately 70% of that for the conventional
AQFP design. The EDP of the delay-line-clocked AQFP 8-bit
RCA is much smaller than that of the conventional AQFP de-
sign and the ERSFQ design. We demonstrated a delay-line-
clocked AQFP 8-bit RCA operating at up to 4 GHz. Our re-
sults indicate that large-scale AQFP circuits that use delay-line
clocking and a phase skipping operation can operate with both
low latency and low energy dissipation. One of the challenges
regarding delay-line clocking is that in a large-scale AQFP
circuit the attenuation of the excitation current through a long
excitation line may deteriorate the operating margin of the
AQFP circuit, which will be investigated in future work.
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