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ABSTRACT Adiabatic quantum-flux-parametron (AQFP) logic is an ultra-low-power superconductor logic
family. AQFP logic gates are powered and clocked by dedicated clocking schemes using ac excitation
currents to implement an energy-efficient switching process, adiabatic switching. We have proposed a low-
latency clocking scheme, delay-line clocking, and demonstrated basic AQFP logic gates. In order to test
more complex circuits, a serializer/deserializer (SerDes) should be incorporated into the AQFP circuit under
test, since the number of input/output (I/O) cables is limited by equipment. Therefore, in the present study
we propose and develop a novel SerDes for testing delay-line-clocked AQFP circuits by combining AQFP
and rapid single-flux-quantum (RSFQ) logic families, which we refer to as the AQFP/RSFQ hybrid SerDes.
The hybrid SerDes comprises RSFQ shift registers to facilitate the data storage during serial-to-parallel and
parallel-to-serial conversion. Furthermore, all the component circuits in the hybrid SerDes are clocked by the
identical excitation current to synchronize the AQFP and RSFQ parts. We fabricate and demonstrate a delay-
line-clocked AQFP circuit (8-to-3 encoder, which is the largest delay-line-clocked circuit ever designed)
integrated with the hybrid SerDes at 4.2 K up to 4.5 GHz. Our measurement results indicate that the hybrid
SerDes enables the testing of delay-line-clocked AQFP circuits with only a few I/O cables and is thus a
powerful tool for the development of very large-scale integration AQFP circuits.

INDEX TERMS AQFP, high frequency, low power, SerDes, superconductor digital electronics.

I. INTRODUCTION

Superconductor Josephson logic families, such as rapid
single-flux-quantum (RSFQ) logic [1] and its energy-
efficient variants [2], [3], can operate with much smaller
energy dissipation than that of conventional semiconductor
circuits and are thus promising technology for applications
requiring high energy efficiency: low-power microprocessors
[4], [5], [6], readout circuits for superconducting detectors
[7], [8], [9], [10], and interface circuits for superconducting
qubits [11], [12]. Among various Josephson logic families,
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adiabatic quantum-flux-parametron (AQFP) logic [13], [14]
exhibits extremely high energy-efficiency. Due to adiabatic
switching [15], [16], [17], AQFP circuits can operate with
a small energy dissipation of approximately 1072' J per
junction at a 5 GHz clock frequency [18], which is much
smaller than that of conventional Josephson logic families
(~10719 J). We have developed and demonstrated various
AQFP circuits to show the potential to be widely used for
future information and communication technology [14].
AQFP circuits are operated by multi-phase clocking
because all AQFP logic gates must be clocked in the order of
logical operations by ac excitation currents. Typically, we uti-
lize four-phase clocking [19], [20] to demonstrate AQFP
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circuits, where AQFP logic gates are clocked with a phase
separation of 90° by paired excitation currents. The drawback
of four-phase clocking is the relatively long latency, which is
determined by the phase difference of clocking (i.e., a quarter
clock cycle) rather than the switching speed of each logic
gate. Assuming a 5-GHz clock frequency, the latency of an
AQFP logic gate is 50 ps, which is rather long compared to
that of other Josephson logic families. Moreover, the latency
of an AQFP 8-bit carry look-ahead adder using four-phase
clocking was reported to be 800 ps at 5 GHz [18], which
is much longer than that of its counterpart using recipro-
cal quantum logic (150 ps) [21]. Therefore, to reduce the
latency of AQFP circuits, we proposed a low-latency clocking
scheme, delay-line clocking [22], where AQFP logic gates
are clocked by a single ac excitation current, and the latency
of each logic gate is determined by the propagation delay
of the excitation current. The latency of delay-line clocking
can be set to much shorter values than that of four-phase
clocking. We demonstrated basic AQFP logic gates using
delay-line clocking with a latency as short as 10-20 ps per
gate [22], [23].

In the present study, we propose and demonstrate a
serializer/deserializer (SerDes) toward the testing of large-
scale AQFP circuits with delay-line clocking. A SerDes,
a pair of a serializer (parallel-to-serial converter) and a dese-
rializer (serial-to-parallel converter), is an important circuit
block in cryogenic experiments. For instance, the number of
available input/output (I/O) cables is limited by equipment
such as a cryostat and cryoprobe [24], so that it is crucial to
reduce the number of I/O cables as much as possible using a
Ser/Des, especially when testing a large-scale superconduc-
tor circuit. In RSFQ logic, serializers and deserializers are
implemented by shift registers [25], [26], which store data
during serial-to-parallel (S2P) and parallel-to-serial (P2S)
conversion. As for AQFP logic, we previously proposed and
demonstrated the feedback-type SerDes [27], where an AQFP
buffer chain with feedback paths operates in a similar way to a
shift register. However, this Ser/Des was developed for four-
phase clocking and does not operate in delay-line clocking,
because feedback paths are difficult to make in delay-line
clocking due to the low latency. Therefore, we develop a
novel SerDes for testing delay-line-clocked AQFP circuits by
combining AQFP and RSFQ technologies, which we refer to
as the AQFP/RSFQ hybrid SerDes.

First, we briefly describe the conventional SerDes for four-
phase-clocked AQFP circuits, i.e., feedback-type SerDes.
Then, we explain the details of the hybrid SerDes with a focus
on the following two points: (i) The hybrid SerDes comprises
RSFQ shift registers to facilitate the data storage during S2P
and P2S conversion, with AQFP/RSFQ interfaces [28], [29]
transmitting data between the shift registers and the AQFP
circuit under test (CUT). (ii) All the component circuits are
seamlessly clocked by the identical excitation current, which
facilitates the synchronization between the RSFQ and AQFP
parts. Finally, we demonstrate a delay-line-clocked AQFP
circuit (8-to-3 encoder) integrated with the hybrid SerDes at
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FIGURE 1. Feedback-type SerDes for four-phase clocking. (a) Deserializer
converting the serial input (D) into 4-bit parallel outputs (Q, through Qs).
(b) Serializer converting the 4-bit parallel inputs (Dy through D5) into
serial output (Q).

4.2 Kupto4.5 GHz in order to validate that the hybrid SerDes
enables the testing of delay-line-clocked AQFP circuits with
only a few I/O cables and is thus a powerful tool toward the
development of very large-scale integration AQFP circuits.

Il. CONVENTIONAL DESIGN: FEEDBACK-TYPE SERDES
Figure 1(a) depicts a circuit diagram of the feedback-type
deserializer [27], converting the serial input (D) into the 4-bit
parallel outputs (Qg through Q3). This deserializer comprises
basic AQFP logic gates, clocked by paired ac excitation
currents (Iq and /;) in the manner of four-phase clocking [20]
(the dc offset current is omitted for simplicity). ¢; through
¢4 denote the excitation phases, along which data transmit
with a phase separation of 90°. The deserializer includes four
bit slices, each with seven buffers and an AND gate. The bit
slices are connected in series by the feedback paths from ¢4
to ¢1, thus operating as a shift register with each bit slice
storing 1-bit data. The serial input transmits through the bit
slices from D in synchronization with I; and I;. After the
serial input is loaded into the bit slices, a logic 1 is applied
to the enable-signal port (E), so that the serial input from D
is converted into the parallel outputs at Qg through Q3. Note
that Qg through Qs are always zeros when E is a zero, due to
the AND gate in each bit slice.

Figure 1(b) depicts a circuit diagram of the feedback-
type serializer [27], converting the 4-bit parallel inputs
(Do through D3) into the serial output (Q). As with the
deserializer, this serializer comprises basic AQFP logic gates
and is clocked by Iy and [;. Between each pair of adjacent
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inputs, a buffer chain with a feedback path of an appropriate
length is inserted to delay data. Consequently, the parallel
inputs from Dg through D3 are converted into the serial output
at Q when a logic 1 is applied to the enable-signal port (E).

As shown above, the feedback-type SerDes utilizes feed-
back paths from ¢4 to ¢ in order to store data during S2P
and P2S conversion. In typical AQFP circuits, feedback paths
are made between the final and initial excitation phases,
so that feedback can be easily made in clocking with a small
number of excitation phases, such as four-phase clocking.
On the other hand, delay-line clocking operates like many-
phase clocking due to the low latency and is not suitable
for implementing the feedback-type SerDes; thus, a differ-
ent type of SerDes is required for performing S2P and P2S
conversion in delay-line clocking.

lll. AQFP/RSFQ HYBRID SERDES

A. DESERIALIZER

The AQFP/RSFQ hybrid SerDes utilizes RSFQ shift registers
to store data during S2P and P2S conversion. Figure 2(a)
depicts a block diagram of the hybrid deserializer, comprising
AQFP-to-RSFQ (A2R) and RSFQ-to-AQFP (R2A) interfaces
[28], [29] and basic AQFP logic gates (const-1 gates [30] and
buffers). The non-shaded and shaded regions represent AQFP
and RSFQ parts, respectively. The R2A interfaces form a shift
register because an R2A interface includes an RSFQ D flip-
flop (DFF). The A2R interfaces and const-1 gates generate
single-flux-quantum (SFQ) clock signals for operating the
R2A-based shift register. To facilitate the synchronization
between the AQFP and RSFQ parts, all the component cir-
cuits are clocked by a single excitation current Ix in the
manner of delay-line clocking [22], where logic operations
are performed with latency determined by the propagation
delay of the delay-line inserted between each pair of adjacent
excitation phases. The operation of the hybrid deserializer is
as follows: The const-1 gates generate logic-1 signals and
apply them to the A2R interfaces, and the A2R interfaces
convert the logic-1 signals into SFQ pulses for clocking the
R2A-based shift register, thereby shifting the data in the shift
register. The serial input D is applied to the first R2A interface
in the shift register in synchronization with Ix. After the
serial input is loaded into the R2A interfaces, the enable-
signal current ., is serially applied to the R2A interfaces.
Consequently, the AQFP buffers receive the signals from
the R2A interfaces and generate 4-bit parallel outputs, Qg
through Q3. Figure 2(b) shows simulation waveforms of the
hybrid deserializer with 20-ps delay lines at 5 GHz, where Vp
is the input voltage applied to D and Igo through I3 are the
signal currents representing Qg through Q3, respectively. The
dashed lines represent a zero for each waveform. The sim-
ulation was conducted using a Josephson circuits simulator,
JSIM [31], and the process-specific parameters for the AIST
10 kA/cm? Nb high-speed standard process (HSTP) [20]. The
simulation waveforms show that two serial inputs of “1101”
and “0010 are converted into the corresponding parallel
outputs.
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FIGURE 2. Hybrid deserializer for delay-line clocking. (a) Block diagram
and (b) simulation waveforms at 5 GHz. The serial input (Vp) is converted
into the 4-bit parallel outputs (/g through /q3) in synchronization with /x.

Here we give more explanations for the A2R-based SFQ
clock generator and R2A-based shift register. Ix applies an
ac excitation flux with an amplitude of 0.5®¢ to each AQFP
gate, where @ is the flux quantum, and a dc offset current
14 [not shown in Fig. 2(a)] applies a dc offset flux of 0.5®
to each AQFP gate. The clock generator is operated with a
negative Iy whereas the other circuits are operated with a
positive I4. As a result, the clock generator and shift register
are clocked by Iy at different timings: the clock generator
is clocked at the fall edge of Ix whereas the shift register is
clocked at the rise edge of I (i.e., half clock cycle later).
This is the reason why a delay line is not inserted between
the A2R and R2A interfaces. Moreover, the clock generator
produces parallel SFQ clocks with small skews along with I,
compared to the typical SFQ clock distribution via a splitter
network [32]. The above features ensure that the shift register
generates outputs after all data are shifted.

Next, we describe the details of the A2R and R2A inter-
faces. The design of the A2R interfaces is the same as that
of the compact A2R interface shown in the literature [29],
which can save the junction count and footprint compared
to the original design [28]. The design of the R2A inter-
faces is based on that shown in the literature [28] but was
slightly modified such that /¢, can activate the R2A interface.
Figure 3(a) depicts a simplified circuit diagram of the R2A
interface used in the present study. The R2A interface is
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FIGURE 3. RSFQ-to-AQFP (R2A) interface. (a) Circuit diagram and

(b) simulation waveforms at 5 GHz. When the enable signal (/ena) is on,
the SFQ input (V;,) is converted into the signal current (/s) in an AQFP
buffer.

composed of an RSFQ DFF and AQFP buffer, where the
storage loop in the DFF is coupled to the input branch of the
buffer. ., applies a negative offset flux to the input branch
such that the buffer switches to a logic 1 only when an SFQ
is kept in the storage loop and I.p, is on. Figure 3(b) shows
simulation waveforms of the R2A interface at 5 GHz, where
Vin (V) is the SFQ input (clock) applied to the RSFQ DFF
and [ is the signal current of the AQFP buffer. This figure
shows that Vi, is converted into Is when I.p, is on, and that
I always represents a logic 0 when ¢y, is off. In the present
design, the value of e, is —130 A and —390 wA when e,
is on and off, respectively.

B. SERIALIZER

Figure 4(a) depicts a block diagram of the hybrid serializer,
comprising A2R interfaces, RSFQ DFFs, and basic AQFP
logic gates (a const-1 gate and buffers). The AQFP buffers
receive the parallel inputs, Dy through D3, and the A2R
interfaces convert Dy through Dj3 into the corresponding SFQ
pulses, which are loaded into the DFF-based shift register.
The const-1 gate and an A2R interface generate SFQ clock
signals for operating the DFFs in synchronization with Ix.
As a consequence, Dg through D3 are converted into the
serial output Q from the shift register. In experiments, Q is
amplified by a voltage driver using a stack of dc supercon-
ducting quantum interference devices (SQUIDs) [33]; thus,
the SFQ clock signals are also output to operate this voltage
driver. Moreover, since we assume that the serializer is used
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FIGURE 4. Hybrid serializer for delay-line clocking. (a) Block diagram and
(b) simulation waveforms at 5 GHz. The parallel inputs (/pq through /p3)
are converted into the serial output (Vq) in synchronization with K.

in combination with the deserializer, an enable signal is not
needed to control the serializer; the enable signal applied to
the deserializer blocks unwanted S2P and P2S conversion at
the very start. Figure 4(b) shows simulation waveforms of the
hybrid serializer with a 20-ps delay line at 5 GHz, where Ipg
through Ip3 are the signal currents representing Dy through
Dj3, respectively, Vi is the SFQ clock produced by an A2R
interface, and Vg is the output voltage representing Q. The
waveforms show that the two parallel inputs of “1101”” and
“0010” are converted into the corresponding serial outputs.

IV. EXPERIMENTS

To validate the functionality of the AQFP/RSFQ hybrid
SerDes, we fabricated and demonstrated a delay-line-clocked
AQFP circuit (8-to-3 encoder) integrated with the hybrid
SerDes. Figure 5(a) shows a micrograph of the encoder
chip fabricated by the HSTP. The operation of this chip is
as follows: The input current /;, applies an 8-bit one-hot
serial input to the deserializer, and the deserializer converts
the serial input into the corresponding parallel outputs. The
encoder receives the 8-bit one-hot parallel inputs from the
deserializer and generates 3-bit outputs when Igp, is on.
The encoder also produces a flag bit that tells the beginning
of the data sequence. Then, the serializer receives the 4-bit
parallel inputs from the encoder and generates a 4-bit serial
output, which is amplified into mV-range voltage signals
(Vour) by the SQUID-stack voltage driver [33] and is observed
at the room-temperature stage. Consequently, the encoder can
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FIGURE 5. AQFP encoder integrated with a hybrid SerDes. (a) Micrograph
of a chip and (b) measurement waveforms at 4.5 GHz for four different
input patterns.

be tested using only a few I/O cables. The entire circuit was
designed using AQFP and RSFQ cell libraries developed for
the HSTP [20], [34] and includes 742 Josephson junctions:
207 for the deserializer, 200 for the encoder, 113 for the seri-
alizer, and 222 for the voltage driver. Moreover, a delay line
with a latency of approximately 20 ps was inserted into each
pair of adjacent excitation phases, except between the A2R
and R2A interfaces in the deserializer [see Fig. 2(a)]. The
encoder includes 13 excitation phases, and thus its latency is
20 ps x 13 = 260 ps. The power dissipation of the encoder
is estimated to be 621 pW at 4.5 GHz (the highest operating
frequency in the experiments) by JSIM.

We tested the encoder chip using a wideband cryoprobe
[24] at 4.2 K in liquid He. During experiments, Ix was
provided by a vector signal generator (Anritsu, MG3710A),
and [j, and I.p, were provided by a pulse pattern genera-
tor (Anritsu, MU181020B), where the signal generator also
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FIGURE 6. Measurement results of the operating margins regarding
(a) the dc bias currents applied to the deserializer, serializer, and voltage
driver and (b) the ac excitation current.

produced clock signals to synchronize with the pattern
generator. Figure 5(b) shows measurement waveforms of
the encoder chip at 4.5 GHz for four different input
patterns, observed by a wideband oscilloscope (Keysight,
DSOV164A). For example, the second pair of I, and Vo
show that a one-hot input of “00010000” is converted into
an output of “1110,” where the first bit is a flag bit and the
other three bits (110, with the least significant bit appearing
first) indicate the location of a logic 1 in the input. We con-
firmed that the encoder chip operates for all the eight one-
hot input patterns (10000000, 01000000, ..., 00000001) up
to 4.5 GHz, thereby validating the functionality of the hybrid
SerDes. Note that the long latency between Iep, and Vi
shown in Fig. 5(b) is due to the propagation delay through
equipment such as the cryoprobe, rather than the latency of
the encoder chip.

Figure 6(a) shows the measured operating margins of the
dc bias currents applied to the deserializer, serializer, and
voltage driver as functions of the operating frequency, where
the serializer and voltage driver were powered by the common
bias current. All the eight input patterns were tested at each
operating frequency. The shaded regions represent where the
circuits operate, with the bias currents normalized by the
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design values (17.8 mA for the deserializer and 38.6 mA for
the serializer and voltage driver). Both operating margins are
reasonably wide for the entire frequency range but shift to the
upper side. This may be due to the characteristics of the A2R
interfaces [29], which require relatively high bias currents to
transfer SFQ pulses generated by a non-adiabatic quantum-
flux-parametron gate into an RSFQ gate. Figure 6(b) shows
the measured operating margins of Iy, which represent the
noise margins of the encoder. The operating margin is rea-
sonably wide up to 3 GHz but shrinks significantly at higher
frequencies in a similar way to the previous experiment [23].
This may be due to process variation and indicates the neces-
sity of more robust circuit design for even higher operating
frequencies.

V. CONCLUSION

We proposed the AQFP/RSFQ hybrid SerDes toward the
testing of large-scale AQFP circuits with delay-line clocking.
The hybrid SerDes comprises RSFQ shift registers for stor-
ing data during S2P and P2S conversion and AQFP/RSFQ
interfaces for transmitting data between the shift registers
and the AQFP CUT. Moreover, all the component circuits
in the hybrid SerDes are seamlessly clocked by a single
excitation current to synchronize the AQFP and RSFQ parts.
We fabricated and tested an 8-to-3 encoder integrated with
the hybrid SerDes, which is the largest delay-line-clocked
AQFP circuit ever designed, at 4.2 K up to 4.5 GHz, thereby
demonstrating that the hybrid SerDes enables the testing of
delay-line-clocked AQFP circuits with only a few I/O cables
at high clock frequencies. Our next step is to demonstrate
even larger AQFP circuits using the hybrid SerDes.
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