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High-Capacity DFF Cells for Unary Computing
Using Single-Flux Quantum Circuits

Zeyu Han"”, Nobuyuki Yoshikawa

Abstract—Due to their high-speed operation and low power con-
sumption, single-flux quantum (SFQ) circuits are promising tech-
nologies for integrated circuits. However, current superconducting
fabrication limitations impose strict area constraints, challenging
the construction of large-scale systems. Unary computing (UC)
encodes numerical values by concentrating all *“1”’s at the beginning
of a bit sequence. This approach enables arithmetic operations with
fewer logic gates, thereby improving the area efficiency. In this arti-
cle, we propose a novel high-capacity D flip-flop (HC-DFF) cell for
UC-based SFQ circuits that achieves high-density data registration
while preserving UC encoding. The HC-DFF employs a cascaded
storage loop structure in which each loop sequentially stores one
flux quantum, avoiding the margin deterioration associated with
storing multiple flux quanta in a single loop. Simulation shows that
the proposed HC-DFF achieves a bias margin of -20.8 % to +32.7 %
and supports read/write operations above 100 GHz. We fabricated
the HC-DFF using a 10 kA/cm? Nb four-layer superconducting
process and verified its operation through low-speed measure-
ments. The HC-DFF offers enhanced scalability and stability while
reducing the number of required Josephson junctions by 83.3 % per
bit compared to conventional DFF-based shift registers for saving
UC signals. For short unary sequences of less than 31 bits, it retains
an advantage over storing binary data with equivalent precision
using conventional DFF-based shift registers.

Index Terms—High-capacity D flip-flop (HC-DFF), single-flux-
quantum circuit, unary computing (UC).

1. INTRODUCTION

N the post-Moore era, single-flux quantum (SFQ) circuits

have emerged as promising alternatives to semiconductor
integrated circuits because of their high-speed operation and
low power consumption [1]. These attributes have spurred the
development of various SFQ-based high-performance comput-
ing units [2], [3], microprocessors [4], [5], [6], [7], [8], and
neural network accelerators [9], [10], [11]. However, designing
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large-scale systems based on SFQ circuits remains challenging
due to the strict area constraints imposed by current supercon-
ducting manufacturing limitations [12].

Various nonconventional computing paradigms have been
proposed to address these area density challenges, such as
stochastic computing [13], [14], [15] and temporal computing
[16], [17]. In particular, unary computing (UC) [18] encodes
values by concentrating all “1”’s at the beginning of the bit
sequence. By counting the number of “1”’s in a bit sequence, UC
can be regarded as a form of stochastic computing. In contrast,
by encoding the timing of the final “1,” UC can be interpreted as
a form of temporal computing. Consequently, arithmetic opera-
tions, such as comparison, addition, and subtraction, can be im-
plemented with fewer logic gates, reducing both area and energy
consumption [19]. Although increasing the length of the unary
sequence improves computational precision, it also increases
computation time. Therefore, UC is typically used for low-
precision operations (e.g., unary sequences shorter than 256 bits,
equivalent to 8-bit binary precision). For instance, the unary
median filter with a sequence length of 256 bits applied in image
processing [20] and 2—-8-bit unary matrix multiplication circuits
in neural network accelerators [21], [22] have demonstrated
higher energy efficiency than their conventional binary circuits.

Nevertheless, efficiently storing UC signals while preserving
the concentration of “1”s at the beginning of the bit sequence
during successive operations is challenging in UC-based SFQ
circuits. Although a conventional D flip-flop (DFF)-based shift
register (SR) can achieve this, it requires one DFF per bit,
severely limiting storage efficiency. High-capacity destructive
readout (HC-DRO) cells [23] offer a viable alternative by in-
creasing the inductance in the storage loop to accommodate
multiple flux quanta. However, due to inherent margin limita-
tions, a single storage loop can only store up to three flux quanta.
Despite this limitation, register files based on this HC-DRO have
demonstrated high area and energy efficiency when integrated
into processor designs [24].

In this article, we propose a novel high-capacity D flip-flop
(HC-DFF) that enhances the storage capacity of HC-DRO while
maintaining stability. The proposed HC-DFF employs a cas-
caded storage loop architecture in which each loop sequentially
stores one flux quantum, avoiding the limitations of storing
multiple flux quanta in a single loop. Low-speed measurements
confirm the correct operation of the HC-DFF, and its perfor-
mance is compared with alternative storage methods.

This article is organized as follows. Section Il reviews key UC
arithmetic circuits, motivates the need for an HC-DFF within
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Fig. 1.  Circuit diagram for (a) scaling adder and (b) minimum using UC, where the white circle represents the confluence buffer.
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Fig.2. (a) HC-DRO [23] circuit with a single storage loop capable of storing up to three flux quanta. (b) Proposed HC-DFF with cascaded multiple storage loops

that can sequentially store flux quanta. Storage capacity scales with the number of cascaded JTL stages. Parameters in (b) are as follows: I1 = 138.89 pA, I =
74.76 pA, I3 =203.25 pA, Iy = 30048 pA, Ly = Lg = L14 = 0.84 pH, Lo = 4.48 pH, L3 = 8.39 pH, Ly = 1.08 pH, L5 = 7.51 pH, L7 = 1.81 pH, Lg = 2.59 pH,

Lg =524 pH, LlO =1.96 pH, L11 = L12 =4.78 pH, L13 =247 pH, ]1 = ]4 = J5 = ...

Jp =202 pA, Je = 207 pA.

UC systems, and explains the HC-DFF operating principle.
Section III presents low-speed experimental verification of the
proposed HC-DFF and compares its performance with alterna-
tive storage methods. Finally, Section IV concludes the article
and outlines directions for future research.

II. HC-DFF FOR UNARY COMPUTING

UC encodes values by concentrating all “1”’s at the beginning
of a bit sequence and representing numerical values by counting
these “1”’s. This method enables deterministic stochastic com-
puting [25], [26]. For example, the scaling adder in Fig. 1(a)
uses only three logic gates, where the number of “1”’s in the
output sequence represents the sum. UC can also encode values
based on the timing of the final “1,” which makes it suitable
for temporal computing and dynamic programming algorithms
[27]. Fig. 1(b) shows that a single AND gate can compare two
input values to yield the minimum value, whereas OR gates can
obtain the maximum value [28].

UC faces the challenge of keeping the output bit sequence
in proper UC encoding when operations are performed in suc-
cession. For example, in the adder output shown in Fig. 1(a),
although the number of “1”’s represents the intended value, they
are no longer concentrated at the beginning of the sequence.
Therefore, re-encoding the output after each operation is essen-
tial. In addition, storing UC data only requires that the number
of “1”’s is correct and that all “1”’s precede any “0”s. To address
these challenges, we propose an HC-DFF that efficiently stores
and re-encodes UC data during write and read operations.

Fig. 2(a) illustrates a DFF with increased storage capacity
proposed in [23] by increasing the inductance in the storage
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Fig. 3. Circuit diagram of Loop; with bias current Ipi,, illustrating the
circulating currents I7,; and Iy; 1 induced by stored magnetic flux quanta
in Loop; and Loop;_1.

loop (Jo — Ly — L5 — Jp), which allows it to store multiple flux
quanta. However, storing multiple flux quanta in a single loop
narrows the operating margin and limits the maximum capacity
to three. Because 3-bit storage is insufficient for UC systems, we
propose a novel HC-DFF inspired by the back-pressure Joseph-
son transmission line (JTL) [29], [30]. As shown in Fig. 2(b), our
design uses cascaded storage loops to store flux quanta instead of
relying on one enlarged loop. The parameters in Fig. 2(b) were
determined using the parameter automation tool MarginX [31]
to achieve the widest bias margin. The magnetic flux input from
din is sequentially stored in Loop; through Loop,, so that the
storage capacity scales linearly with the number of cascaded JTL
stages. During readout, the stored flux quanta are sequentially
output with the clk signal.

The JTL preceding the HC-DFF serves both signal trans-
mission and storage functions. We define Loop; as an arbitrary
loop within the cascaded JTL architecture, as depicted in Fig. 3.
When no flux quantum is stored in Loop,;_1 (J; — Lg — J;—1),
the current flowing through J; is

I, = Lias/2 < 1. (1)
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Fig. 4. Relationship between stored flux quanta and current flowing through

Ji at different bias voltages, with the black dashed line indicating the critical
current value of 213 pA for Jj.

where Iy, is the bias current and /.. is the critical current of
J;. An input from the left then causes J;1; to switch, which
increases the current through J; to

I, = Lvias/2 + 1I1; > 1o (2)

where I, is the circulating current induced by .J;; switching.
Once I ;,exceeds the critical current of .J;, the junction switches
as in normal JTL, and the input is transmitted rather than stored
inLoop; (J;+1 — Lg — L4 — J;). When a flux quantum is stored
in Loop;.1, the current flowing through .J; becomes

IJ'L = Ibias/2 — I <1, 3)

where I, is the circulating current induced by stored mag-
netic flux quanta in Loop,_;. After a signal from the left causes
Ji4+1 to switch, the current through J; increases to

Iy, = Iyias/2 + I — Iica “4)

and since the parameters of each loop in the JTL are similar (i.e.,
ILi ~ ILifl)’ we have

IJi ~ Ibias/2 < Ic- (5)

Consequently, the critical current is not exceeded, and the flux
quanta are stored in Loop;.

In Fig. 2(b), storing a flux quantum in a left-side loop of the
cascaded storage loops can affect the currents in the right-side
loops. For example, the current in Loop; increases when a flux
quantum is stored in Loops. However, as the stages between
loops increase, this effect decays as a power law. Fig. 4 shows
the change in the current through J; as the number of stored
flux quanta increases, with the black dashed line indicating the
critical current of 213 pA for J;. When more than six flux quanta
are stored, the increase in current through .J; is less than 0.1 pA,
ensuring that the critical current is not exceeded. Therefore, the
capacity of this HC-DFF is determined solely by the number of
JTL stages in the cascade. Except for Loopy, Loops, and part
of Loops, all other loops use the same parameters as the JTLs
in our modified cell library [32], [33] for the AIST 10 kA/cm?
Nb high-speed standard process (HSTP) [34], [35]. Because the
current through J; is almost constant when more than six flux
quanta are stored, adding additional cascaded loops does not
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Fig. 5. (a) Simulation results of 16-bit HC-DFF, as shown in Fig. 2(b), at

100 GHz. (b) Simulation results of the normalized bias voltage margin. The
designed bias voltage is 2.5 mV.

affect the circuit margin. Consequently, the HC-DFF can scale
to arbitrarily long sequences, limited only by available chip area.
Furthermore, since UC targets only low-precision operations,
this scalability does not incur excessive area overhead. This
design optimizes circuit area by enabling conventional SFQ
transmission circuits to serve as storage elements.

Fig. 5(a) shows the simulation results obtained with
JoSIM [36], demonstrating the operation of the proposed
16-bit HC-DFF at 100 GHz. The design follows a cell-based
methodology [37] and uses our modified cell library, adapted
for HSTP. The simulation confirms that the 16-bit input data
are successfully stored in the HC-DFF and that the “1”’s shift to
the beginning of the bit sequence upon readout. The HC-DFF
achieves a bias margin of —20.8% to +32.7% . Fig. 5(b) shows
the maximum read/write frequency of HC-DFF, which is limited
by the JTL transmission speed in the simulation. In addition,
the minimum interval between a write and the subsequent read
is determined by the total delay of the cascaded JTLs, ensuring
that the final written data have enough time to be stored in loop,
in the worst case.

III. EXPERIMENTAL DETAILS AND EVALUATION

We designed and implemented a 16-bit HC-DFF using the
HSTP. A microphotograph of the fabricated 16-bit HC-DFF is
presented in Fig. 6. The circuits were tested at 4.2 K using
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Fig. 6. Microphotograph of the 16-bit HC-DFF.
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Fig. 7. Low-speed measurement result of 16-bit HC-DFF at 20 kHz.
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Fig. 8. Normalized bias margin obtained from low-speed measurements. The

designed bias voltage is 2.5 mV.

a liquid helium bath for cooling. The device under test was
evaluated using various input patterns. Fig. 7 shows an example
of a waveform at 20 kHz, demonstrating that the 16-bit data are
correctly stored in the HC-DFF when input sequentially and can
be read out by the clk signal.

Fig. 8 shows the normalized bias margin from low-speed
measurements at a bias voltage of 2.5 mV. Experimentally, the
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DFF_UC denotes storing UC data using the proposed HC-DFF, while DFF_UC
refers to storing UC data with a conventional DFF-based SRs. DFF_binary stores
binary data with precision matched to the unary sequence (e.g., at 15 bits on the
horizontal axis, and DFF_binary shows the number of JJs required for storing
4-bit binary data in a conventional DFF-based SR). HC-DRO [23] corresponds
to the HC-DRO in [23], which can store up to three UC data. In DFF_UC and
DFF_binary, only the JJs within the DFF are considered, excluding those in the
data transmission line.

measured margin of HC-DFF exceeds the simulated range of
[-20.8%,32.7% ]. This difference arises because our simulations
flagged any deviation of internal flux storage as an error, such
as a quantum residing concurrently in two loops, even though
the circuit still produces correct outputs. These internal state
differences were not detected in the test, and if they are ignored in
the simulation, the simulated margin widens to [-47.1%, +32.7%
]. Despite the upward shift in measured margin, it remains above
+20% . We attribute this shift to the on-chip resistance being
about 36 % higher than the design value.

Increasing the capacity of the DFF improves the storage den-
sity of SFQ-based SRs. Fig. 9 compares the number of Josephson
junctions (JJs) required to store data of various bit sequence
lengths in HSTP using HC-DFF and conventional DFF-based
SRs. HC-DFF_UC and DFF_UC denote the number of JJs
needed to store the UC sequence in HC-DFF and conventional
DFF-based SR, respectively. As shown in Fig. 9, each additional
bit increases the number of JJs by one in HC-DFF, whereas
conventional SRs require one extra DFF cell per bit. Even when
considering only the JJs within the DFFs and excluding wiring
costs, HC-DFF uses approximately 83.3% fewer JJs per bit than
conventional SRs. DFF_binary represents the number of JJs
consumed by conventional SRs when storing binary data with
equivalent precision to the UC sequence. Because representing
UC data with the same precision as an n-bit binary value requires
a 2"-bit sequence, HC-DFF_UC loses its advantage as the bit
sequence length increases. However, for sequences shorter than
31 bits, HC-DFF requires fewer JJs than conventional SRs
storing equivalent binary data. The red triangle in Fig. 9 indicates
the previously designed HC-DRO [23] capable of storing up to
3-bit data. Although it uses the fewest JJs due to storing multiple
flux quanta in a single loop, it lacks scalability.

Fig. 10 compares bias and critical margins of HC-DFFs for
storing multiple flux quanta using a single storage loop and
cascaded multiple loops, where the SL and ML denote HC-DFF
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Fig. 10. Comparison of the margin between storing multiple flux quanta in a

single loop and multiple loops. SL and ML denote HC-DFF with a single loop
and multiple loops configurations; CM and BM denote critical margin and bias
margin.

with a single loop and multiple loops configurations, respec-
tively; CM and BM denote critical margin and bias margin.
All margins were obtained after parameter optimization with
MarginX [31]. As the number of stored flux quanta increases,
the CM and BM of ML remain around 79.2% and 53.5%,
respectively, while the CM and BM of SL steadily decline,
dropping to only 1.9% and 6.5% at 63 flux quanta.

IV. CONCLUSION

We proposed a novel HC-DFF for high-density UC sequence
storage and re-encoding. The correct operation was confirmed
by low-speed measurements. The HC-DFF is implemented by
cascading multiple storage loops, which can scale to any bit
sequence length while maintaining a stable operating margin.
These cascaded storage loops are realized using JTLs, allowing
conventional JTL wiring to serve both data transmission and
storage. Compared to DFF-based SRs that store binary numbers,
HC-DFF offers advantages for low-precision data, consistent
with the characteristics of UC signals.

Considering these properties, we believe that the future of the
proposed HC-DFF can be used in two main research directions.
The first involves leveraging the area efficiency of HC-DFF
for low-precision storage in hybrid microprocessor architectures
that combine unary and binary processing. Integrating encoders
and decoders for data conversion between binary computation
and unary storage, as demonstrated in [23] and [24], can improve
overall system efficiency. The second direction focuses on ex-
tending the cascaded storage loop concept to other SFQ logic
functions. Replacing the DFF in the HC-DFF with alternative
SFQ logic gates could enhance performance in unary applica-
tions, such as neural networks and other low-precision tasks.
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