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Abstract

Complementary metal-oxide-semiconductor (CMOS) circuit technology has sustained
the exponential growth of computing power for more than 20 years. However, it has
been estimated that the power consumption of a next-generation supercomputer will
exceed the power supplied from a single power plant. This indicates the need to dra-
matically improve the energy efficiency of logic devices to achieve future high-end
computers.

As an extremely energy-efficient logic, we proposed and have been investigating
adiabatic quantum-flux-parametron (AQFP) devices. Due to adiabatic switching op-
erations, its bit energy (energy dissipation per bit) can go belowIcΦ0, whereIc is a
critical current of a Josephson junction andΦ0 is a single-flux-quantum (SFQ).IcΦ0

corresponds to the energy dissipated at every 2π phase transition in conventional non-
adiabatic superconductor logics.

We have two objectives in this study. One is to reveal physical energy bounds on
computation through investigation of the energy efficiency of AQFP logic. The other
is to develop fundamental circuits necessary for energy-efficient computing systems
using AQFP logic.

First, we numerically and experimentally demonstrated the sub-IcΦ0 bit-energy
operations of AQFP gates to show that AQFP gates operate in adiabatic modes. We
investigated the dependence of energy dissipation and operation margins on circuit
parameters. After optimizing the parameters, we calculated the bit energy and the bit
error rate at 4.2 K to verify the sub-IcΦ0 bit-energy operations at a finite temperature.
Additionally, we measured the bit energy of an AQFP gate using a superconductor
resonator-based method.

Secondly, we numerically demonstrated the sub-kBT bit-energy operations, where
kB is the Boltzmann constant andT is temperature, to show that AQFP gates can oper-
ate beyond thermodynamic energy bounds. We investigated the dependence of energy
dissipation on operation frequencies and damping conditions of Josephson junctions.
By using underdamped junctions, we confirmed the sub-kBT bit-energy operations
at a finite temperature thorough circuit simulation. This result indicates that there
is no minimum energy dissipation required for the operations of AQFP gates unless
the entropy of the system decreases, which corresponds to the Landauer’s argument
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on the minimum energy dissipation for computation. Also, we discussed quantum-
mechanical energy bounds and experimentally demonstrated AQFP gates with under-
damped junctions.

Additionally, we investigated reversible computing using AQFP logic with under-
damped junctions, in order to deal with an important but unresolved question: “Is
reversible computing achievable by using practical devices?” We built a purely re-
versible gate by using AQFP gates, which we designated as the reversible quantum-
flux-parametron (RQFP) gate. We calculated its energy dissipation and confirmed that
there is no minimum energy dissipation for reversible logic operations using RQFP
gates. To the best of our knowledge, these are the first calculation results that show no
minimum energy dissipation in reversible computing that use practical circuit struc-
tures. Moreover, our experimental results have demonstrated the logical and physical
reversibility of the RQFP gate. We believe that this is the first demonstration that
shows both logical and physical reversibility using practical devices.

Finally, we proposed a novel energy-efficient latch for AQFP logic, which we des-
ignated as the quantum-flux-latch (QFL). Latches are necessary circuitries in large
computing systems but had been missing in AQFP logic. We discussed its energy
efficiency through simulation and experimentally demonstrated correct operations of
the QFL and a 1-bit shift register using QFLs. Also, we proposed high-speed test cir-
cuits using QFLs and experimentally demonstrated logic operations of AQFP circuits
at high speed.

We strongly believe that our results showed the extremely high energy efficiency of
AQFP logic. These results will move the AQFP logic to practical usage as extremely
energy-efficient integrated circuits.
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Chapter 1

Introduction

In this chapter, we briefly describe the motivation and objectives of our research, fol-
lowing a brief introduction to research background. First, we show that the minimum
energy bound for computation is determined by the thermodynamic connection be-
tween information and energy. We also describe how far complementary metal-oxide-
semiconductor (CMOS) technology is from the bound. Then we introduce adiabatic
quantum-flux-parametron (AQFP) as an extremely energy-efficient logic, which is an
adiabatic superconducting device. We show its operation principle and circuit char-
acteristics. Following these description about energy limitation in computation, we
define the purpose of our research on energy-efficient integrated circuits using AQFP
logic. Additionally, we introduce the overviews of general superconductor logics and
reversible computing.

1.1 Background

Recent supercomputers achieve the computing power of more than 10 PFLOPS with
power consumption in excess of 10 MW. Figure1.1shows the energy efficiency of the
1st-ranked computers in recent TOP500 [TOP500]. It is clear that power consump-
tion increases as computing power increases, eventually reaching around 200 MW for
1 EFLOPS [Geist10, Ball12, Service12,村上 13]. This power costs more than $200
million per year and is difficult to supply safely, which indicates that each supercom-
puter needs a power plant in the near future. Hence, energy efficiency is now the most
important metric of advancement in modern computer design [Borkar11]. Many post-
CMOS devices are under research to obtain higher energy efficiency [ITRS], however,
most of them could obtain slightly higher efficiency. This is because they are non-
adiabatic devices, and their minimum energy dissipation is thermodynamically deter-
mined, as will be described later. It is true that none of post-CMOS deices in ITRS
ERD have demonstrated switching energy lower than that of CMOS (= 1.00×10−16 J).
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Figure 1.1:The 1st-ranked computers in recent TOP500.

Therefore, an extremely energy-efficient logic device based on a totally new switching
operation principle is needed to achieve future high-end computers.

1.2 Motivation

1.2.1 Connection between information and energy

What is the minimum energy dissipation for computation? This is a very fundamental
and important question in pursuing higher energy efficiency in computation. The an-
swer has been already predicted by Rolf Landauer in his paper in 1961 [Landauer61].
He argued that there is no minimum energy limitation for computing if there is no
reduction in entropy, which is well known as the Landauer’s principle. Here we ex-
plain the principle by taking AND as an example. AND generates a 1-bit output from
2-bit inputs. During this logic operation, 1-bit information is erased and entropy of
kBln2 is reduced, wherekB is the Boltzmann constant. Thereby, heat of more than
kBTln2 must be generated in order not to violate the second law of thermodynamics,
whereT is temperature. Also, the reduction in entropy is linked to logical reversibility
[Bennett73]. The gate is considered to be logically reversible, if its inputs are uniquely
determined from its outputs. In irreversible logic operations, such as AND, OR, and
XOR, the information of inputs are erased and the entropy reduces. The Landauer’s
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principle imposes the Landauer bound ofkBTln2 as the minimum energy dissipation
on these irreversible logic operations.

From the physical point of view, the Landauer bound corresponds to the minimum
energy dissipation in irreversible or non-adiabatic switching operations. Figure1.2
shows the time sequence of potential energy during a non-adiabatic switching oper-
ation. Note that most of logic devices, including CMOS and conventional supercon-
ductor logics, switch non-adiabatically in this manner. A bi-stable device (= 1-bit
memory) has double-well potential energy as shown in Fig.1.2a, where each well
corresponds to the logic states of “0” and “1”, respectively. The two distinguishable
states are separated by the energy barrier,Eb. For conventional superconductor logics,
Eb corresponds toIcΦ0, whereIc is a critical current of Josephson junctions andΦ0 is a
single-flux-quantum (SFQ). When the device is supplied with sufficiently large energy
(Fig. 1.2b), the potential varies from bi-stable to mono-stable, resulting in sudden and
irreversible state transition (jump on the potential). During this physically irreversible
sequence, the energy corresponding toEb is dissipated as heat. The bit error rate (BER)
of a non-adiabatic device,Π, where the error is caused by thermal noise, is determined
as [Zhirnov03]: Π = exp(−Eb/kBT). The BER reaches 0.5 forEb = kBTln2 , which
results in an indistinguishable state. Therefore, the minimum energy dissipation for a
non-adiabatic switching operation corresponds to the Landauer bound. This is because
the non-adiabatic switching operation is physically, as well as logically, irreversible.
More detailed discussions between logical and physical reversibility were reported in
[Likharev82].

After long discussions and numerical analyses of this energy bound [Shizume95,
Dillenschneider09, Sagawa09], some very recent experimental demonstrations that
confirmed its validity have been reported [Berut12, Orlov12]. (Also, some important
experiments regarding the connection of information and energy have been reported
[Toyabe10].) These results indicate that the Landauer bound limits the minimum en-
ergy dissipation in modern CMOS-based computers [Keyes81, Lloyd00, Meindl00,
Zhirnov03, Boechler10], which perform irreversible logic operations.

3
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1.2.2 Practical limits of non-adiabatic devices: CMOS and con-
ventional superconductor logics

Whether the device is made of semiconductors or superconductors, the minimum en-
ergy bound of non-adiabatic devices is thermodynamically determined, because the
switching energy almost corresponds to its energy barrier,Eb. In principle, the mini-
mum switching energy of these devices corresponds to the Landauer bound ofkBTln2.
However, in practical usage, it must be much larger thankBT in order to suppress the
error caused by thermal noise:∼ 106kBT for CMOS [Mukhopadhyay06] and∼ 103kBT
for conventional superconductor logics [Likharev91]. The difference between CMOS
and superconductor logics mainly arises from the fact that in CMOS all the intercon-
nects must be charged and discharged every time the gates switch, while in super-
conductor logics the passive transmission line (PTL) [Hashimoto03] networks achieve
charge-free data movement. Also, static power consumption could significantly in-
crease the minimum energy dissipation of these devices.

1.2.3 Adiabatic quantum-flux-parametron logic as an extremely
energy-efficient device

In order to achieve lower energy bound, the adiabatic switching operation was pro-
posed as a new switching principle [Keyes70]. Figure1.3shows the time sequence of
the adiabatic switching. An adiabatic switching operation starts with a mono-stable
state (Fig. 1.3a), which corresponds to an initial or null state. By applying a small
gradient on this potential, the state gradually changes from the center to a lower posi-
tion (Fig. 1.3b). Finally, the state reaches one of the two distinguishable states (Figs.
1.3c and d). Note that this process is physically reversible. According to this new
principle, an adiabatic device can switch without irreversible state transition, which
enables switching energy smaller thanEb. More important, in principle sub-kBT bit
energy (energy dissipation per bit) is achievable. In case the device is not logically
reversible, the heat of more than the Landauer bound is generated to compensate the
entropy [Likharev82], even in adiabatic logic.
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Figure 1.4:Circuit schematic of an AQFP gate.

Several adiabatic devices have been proposed so far, which include CMOS-based
adiabatic circuits [Teichmann11], the parametric quantron [Likharev77], and the negative-
inductance superconducting-quantum-interference-device (nSQUID) [Semenov03]. How-
ever, none of them have achieved sub-kBT bit energy operations, and they are not
practical for usage in a large-scale computing system.

As an extremely energy-efficient device, we herein propose the AQFP logic. Fig-
ure 1.4 shows the circuit schematic of an AQFP gate, which is composed of two rf-
SQUIDs (see App.A) sharing an inductance,Lq. AQFP gates are based on quantum-
flux-parametron (QFP) gates, which were invented by Eiichi Goto [Hosoya91, Hioe91].
In AQFP logic, the gates are designed to be in a fully adiabatic mode. The basic con-
cept and fundamental experiments have been reported in [小澤 11, Takeuchi13a]. De-
tailed discussion on the relationship between circuit parameters and operation modes
haven been reported in [Takeuchi13b], which will be also described in Chap.2. By
using an ac excitation current,Ix, the potential energy of an AQFP gate varies adiabat-
ically from single-well to double-well during a switching event as shown in Fig.1.3,
where the gradient of the potential corresponds to the input current,I in. Additionally,
there is no static power consumption due to the ac biasing. As a result, the AQFP logic
can achieve sub-kBT bit energy, unless the entropy decreases.

Moreover, AQFP gates are highly robust against circuit parameter variations. One
reason is that the current gain of an AQFP gate is very large because the state of the gate
can gradually move with even a very small gradient (= small I in). The other is that all
the gates are clocked by the externally applied ac excitation current,Ix, which enables
jitter-free logic operations. Thereby, extremely energy-efficient integrated circuits with
high robustness can be realized by using AQFP logic.
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1.3 Objective and outline

We have two objectives in this study. One is to reveal physical energy bounds on
computation through investigation of the energy efficiency of AQFP logic. The other
is to develop fundamental circuits necessary for energy-efficient computing systems
using AQFP logic. The research outline of this study is shown in Fig.1.5, below is the
agenda.

1. Demonstration of sub-IcΦ0 bit energy operations (in Chap.2) - One of the most
important advantages in an adiabatic device is that its switching energy can be
much smaller than the energy barrier. We demonstrate it through both numerical
analyses and experimental demonstrations, and we clearly show that AQFP gates
operate in adiabatic modes.

2. Demonstration of sub-kBT bit energy operations (in Chap.3) - According to the
Landauer’s principle, there is no minimum thermodynamic energy bound for
adiabatic switching operations in case the entropy does not reduce. We demon-
strate it through numerical analyses, and we clearly show that AQFP gates can
operate beyond the Landauer bound.

3. Building purely reversible logic gates using AQFP gates (in Chap.4) - Re-
versible computing has never been demonstrated using practical devices, which
remains an important but unsolved question in computer science. We build the
purely reversible logic gate using AQFP gates, and we clearly show that there is
no minimum energy bound for logic operations using purely reversible devices.

4. Proposal and design of novel energy-efficient latches (in Chap.5) - In AQFO
logic, latches are missing fundamental circuits. We propose a novel latch and
discuss its energy efficiency. The development of AQFP logic circuits is under
investigation by my colleague, Kenta Inoue [Inoue13,井上 14].
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Figure 1.5:Research outline.
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1.4 Superconductor logic

1.4.1 Historical overview

The history of superconducting digital electronics have been reported in [Van Duzer08,
早川 09, Likharev12, Fujimaki12]. There are also good textbooks which introduce the
fundamental circuit properties and principles of them [Van Duzer98, Kadin99].

Superconductor logics have been being studied as promising post-semiconductor
devices since late 1960s. The first superconductor logic was the voltage-state logic,
where the logic is represented by the voltages across Josephson junctions. The project
of IBM to develop the Josephson computer using voltage-state logic attracted signifi-
cant attention, until it terminated in 1983. The reason for this termination was because
of the intrinsic limitations in speed and power in voltage-state logic. The maximum
operation frequency was∼ GHz due to punchthrough, and its power consumption was
∼ 10,µW/gate.

In late 1980s, a new superconductor logic, the rapid single-flux-quantum (RSFQ)
logic [Mukhanov87, Likharev91] was proposed by the Russian research group. In
RSFQ, the logic state is represented by the presence or the absence of an SFQ in a
SQUID loop (see App.A). While in voltage-state logic Josephson junctions must be
underdamped to sustain the voltage state, the critically damped junctions are used in
RSFQ, which enables data propagation along with extremely narrow SFQ pulses of
∼ ps width (see App.C andD). The experimental demonstration of a 770 GHz fre-
quency divider was reported in [Chen98, Chen99]. No other devices have achieved
such an extremely fast operation frequency. Also, its power consumption is only
∼ nW/gate, which is much smaller than that of the voltage-state logic. After in-
tense research projects mainly in the US and Japan since late 1990s, vast amounts of
RSFQ digital circuits have been reported: the optical-electrical-SFQ hybrid switching
system [Yorozu01], the FLUX microprocessors [Dorojevets01, Bunyk03], the CORE
microprocessors [Tanaka04, Fujimaki08], superconductor analog-to-digital converters
[Mukhanov04].

1.4.2 Advancement of energy efficiency

Although many digital RSFQ circuits have been successfully demonstrated, it is still
difficult to justify the development of practical computers using superconductor logics,
because of the continuous improvement of energy efficiency in CMOS logic. The
practical minimum bit energy in CMOS logic is∼ 106kBT ∼ 10−15 J at 300K. That of
RSFQ is, in principle,∼ 103kBT ∼ 10−19 J at 4.2K. However, by adding static power
consumption, it increases to∼ 10−18 J. Finally, it reaches∼ 10−15 J by adding power
consumption of a cryocooler (1000 W/W) [Radebaugh09].

In order to achieve extremely high energy efficiency in comparison with CMOS
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logic, some new energy-efficient superconductor logics were proposed and are under
drastic investigations. Thanks to the new US government project, Cryogenic Com-
puting Complexity (C3) project [C3], much more attention is attracted to this field
[Holmes13]. Below we introduce several energy-efficient superconductor logics, after
pointing out the problems on power consumption in RSFQ.

Power consumption in RSFQ logic The nature of superconductors, zero resistance,
is well suitable for energy-efficient logic devices. This is because in CMOS logic
power consumption and operation frequencies are limited byRC time constants. The
main problem of RSFQ logic is that its static power consumption is much larger
than dynamic power consumption. Figure1.6 shows the schematic of Josephson-
transmission-lines (JTLs) in RSFQ logic, where an SFQ propagates by use of 2π phase
transition of each junction. The dynamic power consumption,Pd, arises from switch-
ing energy of Josephson junctions,Esw, which are represented as below, respectively:

Esw =

∫
IVdt ∼ Ic

Φ0

2π

∫ 2π

0
dθ

= IcΦ0,

(1.1)

Pd = Eswf = IcΦ0 f , (1.2)

whereIc is a critical current,f is an operation frequency. In order to suppress the error
caused by thermal noise,Ic is often designed to be larger than 100µA, resulting in
the averageIc of ∼ 200µA. Therefore,Esw ∼ 0.4 aJ∼ 7000kBT, Pd ∼ 20 nW for an
operation frequency of 50 GHz. In contrast, the static power consumption arises from
the bias resistance,Rb, which is necessary to provide bias currents,Ib, to each junction
stably. In order to suppress the pulse interactions, bias voltage,Vb, must be much
larger than that of SFQ pulses [Tanaka12]. If we assume thatVb ∼ RbIb, Ib ∼ 0.8Ic,
and an activity factor,α = 0.5, the static power consumption,Ps, and the bit energy,
Ebit, are given as below:

Ps = RbI2
b ∼ 0.8IcVb, (1.3)

Ebit = αEsw+ Ps/ f

∼ 0.5IcΦ0 + 0.8IcVb/ f .
(1.4)

As a result,Ebit ∼ 8.2 aJ∼ 1.4 × 105kBT at 4.2 K andPd + Ps ∼ 420 nW, where
it is clear that static power consumption dominates in the total power consumption
(Ps/Pd ∼ 20). This means that in RSFQ logic the nature of superconductors is not
fully utilized, because of the resistor networks for stable bias currents.
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Figure 1.7:Circuit schematic ofLR-biased RSFQ logic.

LR-biased RSFQ logic A straightforward way to reduce power consumption in RSFQ
logic is to reduceRb. However, asRb reduces,Ib changes significantly while switch-
ing and local redistribution of bias currents occurs, which results in a larger pulse
interaction. In order to reduce the interaction, inLR-biased RSFQ logic (Fig.1.7),
large inductances,Lb, are inserted between bias resistances and power buses, where
large LR time constants keep the bias currents while switching. Several numerical
and experimental demonstrations on this approach have been reported [Yoshikawa99,
Yamanashi07, Ortlepp11]. However, no demonstration of large-scale circuits using
LR-biased RSFQ logic has been reported yet. This is becauseLb requires large circuit
area, andLR-biasing cannot prevent the redistribution of bias currents.

ERSFQ/eSFQ logic Another approach to reduce the interaction is to utilize the pe-
riodic 2π phase transition of Josephson junctions. First, this approach was adopted
in the Polonsky’s dual-rail scheme [Polonsky99]. However, the hardware overheads
were too high for practical usage.

In energy-efficient RSFQ (ERSFQ and eSFQ) logics [Mukhanov11, Kirichenko11,
Volkmann13a], the specific nodes in circuits experience 2π phase transition at every
clock cycle, which prevents the redistribution of bias currents. In Fig.1.8, the nodes
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Figure 1.8:Circuit schematic of ERSFQ logic.

in the power buss experience 2π phase transition at every clock cycle. The bit energy
of ERSFQ and eSFQ are 2IcΦ0 and 1.1IcΦ0 [Mukhanov11], respectively. Moreover,
in principle, it is possible to achieve zero static power consumption by disabling clock
signals. The experimental demonstration of eSFQ 184-bit shift registers was reported
in [Volkmann13b]. Additionally, the investigation to utilize ERSFQ logic in asyn-
chronous ALUs was reported in [Ayala13].

RQL In reciprocal-quantum-logic (RQL) [Herr11], flux biases are provided through
transformers as shown in Fig.1.9, which enables zero static power consumption.
The transformers physically separate bias networks and logic circuits, therefore the
redistribution of bias currents does not occur. Also, serial biasing using transformers
is suitable to achieve large-scale circuits, whereas in RSFQ logic a large amount of
bias currents, which are provided in parallel to each gate, could prevent correct op-
erations [Terai03, Ehara13]. In RQL, data is encoded using pairs of an SFQ (+Φ0)
and its reciprocal one (−Φ0), which prevents SFQs from accumulating in the bias in-
ductance in the transformer,Lb. Additionally, four-phase ac bias currents are used
to prevent jitter accumulation and timing variation [Terai04, Fung13]. In order to dis-
tribute the high-frequency ac bias currents, superconducting microwave power dividers
were developed [Oberg11]. From measurement results, the bit energy was estimated
to be 0.33IcΦ0 at 6 GHz, which indicates that RQL gates operate in partially adia-
batic modes thanks to the ac biasing. An 8-bit carry look-ahead adder with 510 nW
at 6.2 GHz was successfully demonstrated [Herr13], where superconductor distributed
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amplifiers [Herr10] were used for the high-speed test.

LV-RSFQ logic The low-voltage RSFQ (LVRSFQ) logic utilizes extremely low bias
voltages. While constant bias currents give the constant torque to the phase between a
junction (constant-current mode) in conventional superconductor logics, the low bias
voltage rotates the phase at constant speed (constant-voltage mode) in LV-RSFQ. The
experimental demonstration of LV-RSFQ 8-bit shift registers with 4.0 aJ/bit at 18 GHz
usingVb = 0.1 mV has been reported [Tanaka12]. As another approach to reduce the
power consumption, miniaturization ofIc is also under investigation [Tanaka13].

AQFP logic As described earlier, the AQFP logic is based on the QFP logic. From
late 80s to early 90s, lots of research results on QFP-based computers were reported.
These include a memory cell [Harada87], A /D converters [Shimizu89, Harada92],
shift registers [Casas91, Casas92, Hosoya95], a race arbiter [Lee91], minimum en-
ergy bounds [Goto91], noise analyses [Ko92, Ruby93], margin analyses [Hosoya93],
and a bit-slice ALU [Hioe95]. In AQFP logic, QFP gates are designed to operate in
adiabatic modes in order to reduce energy dissipation.

Here we clearly show the advantages and disadvantages of the AQFP logic in com-
parison with other energy-efficient logics. The most important point in AQFP is that it
is strongly focused on reducing the intrinsic energy dissipation for switching, whereas
other logics focus on reducing the static power consumption. Below are the advan-
tages:

• Extremely small bit energy - The switching energy of an AQFP gate can be
much smaller thanIcΦ0, while that of other logics is∼ IcΦ0. Additionally, the
static power consumption is zero.
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• Large current gain - Even a very small input current can push the potential to-
wards one of the logic states.

• Zero timing jitter - All the AQFP gates are clocked by the externally applied ac
excitation currents.

• High robustness - AQFP gates are highly robust against global parameter varia-
tions, because of the large current gain and zero timing jitter.

• Serial biasing - Excitation currents are serially provided to each gate, therefore
the amount of applied currents does not increase if the number of gates increases.

• Reduction in critical currents - Critical currents of the junctions can be signif-
icantly reduced while keeping bit error rates very low, which enables a further
reduction in energy dissipation. This is because junctions are not critically bi-
ased unlike conventional superconductor logics.

Below are the disadvantages:

• Large latency - Each AQFP gate can conduct only one logic operation in one
clock cycle.

• Difficulty to hold data - All gates are reset at every clock cycle because of the ac
excitation. However, this can be solved by introducing novel latches, as will be
described in Chap.5.

1.5 Reversible computing

In order to go beyond the Landauer bound, Edward Fredkin established the theory of
reversible computing [Fredkin82], where the entropy of information is conserved dur-
ing computation to prevent the heat generation resulting from the entropy reduction.
He introduced the Fredkin Gate as a 3-in/3-out reversible logic gate, which serves like
a 2× 2 switch with an additional control signal. A Fredkin gate is logically reversible
because its inputs are uniquely determined from its outputs, thereby conserving the en-
tropy during computation. The history and recent progresses on reversible computing
have been reported in [Leff02, Cockshott12,森田 12].

As part of the effort to achieve practical reversible logic gates, several physical
models and devices have been proposed. These include the coupled-potential-well
model [Keyes70], the billiard ball model [Fredkin82], the parametric quantron, and the
nSQUID. Although an experimental demonstration of nSQUID shift registers has been
reported [Ren11], no reversible logic operations have been experimentally demon-
strated to date. Thus, discussions on reversible computing remain theoretical, and the
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question as to whether reversible computing is achievable using practical logic devices
has yet to be resolved.

One of the problems is that an extremely energy-efficient logic device is first neces-
sary, because the energy dissipated by the erasure of information is of the order ofkBT.
The bit energy of conventional logic devices, including CMOS and energy-efficient su-
perconductor logics, is at least larger than∼ 1,000kBT, which is too large to permit
their use as reversible logic gates. In contrast, the AQFP logic is a good candidate for
use as a building block of reversible logic gates because its bit energy can go below
kBT due to adiabatic switching operations.
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Chapter 2

Sub-IcΦ0 bit-energy operation

The most important advantage of AQFP gates is that their switching energy can be
much smaller than the energy barrier of the system, orIcΦ0. In this chapter, we fo-
cus on demonstrating the sub-IcΦ0 bit-energy operation of AQFP gates through both
simulation and measurement. First, we investigate the impacts of circuit parameters
on energy dissipation and bias margins, and we optimize them. Through circuit simu-
lation, we show that the bit energy of the optimized AQFP gate is much smaller than
IcΦ0. We calculate the bit error rate of the gate to confirm if the gate can operate with
such a small bit energy at finite temperature. Finally, we measure the bit energy of the
gate using a superconducting resonator-based method [Oates91, Chin92, Wallraff04,
Lupascu07] and experimentally show the sub-IcΦ0 bit-energy operation. The results
obtained in this chapter have been reported in [Takeuchi13b, Takeuchi13c].

2.1 Adiabatic switching operation

Figure2.1 shows the circuit schematic of an AQFP gate, which is composed of two
superconducting loops with Josephson junctions,J1 and J2, the phase differences of
which areϕ1 andϕ2, respectively, and inductances,L1, L2, andLq. In the figure,I in is
an input current, andIout is an output current. In addition,Ix is an excitation current
or an ac bias current. The operation principle of an AQFP gate is based on that of
a QFP gate. Here,Ix is applied toLx1 andLx2, which are magnetically coupled with
L1 andL2, respectively by the coupling coefficientsk1 andk2. The parameters of an
AQFP gate are often symmetric;L1 = L2 = L, Lx1 = Lx2 = Lx, andk1 = k2 = k.
The excitation flux,k(LLx)1/2Ix = MIx, is applied to each loop, and the direction ofI in

decides in which loop an SFQ is stored, where the circuit state is “0” when an SFQ
is stored in the left loop and is “1” when an SFQ is stored in the right loop. We can
determine the circuit state based on the direction ofIout.

We use a trapezoidal or sine profile forIx to change the circuit potential slowly or
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Figure 2.1:Circuit schematic of an AQFP gate.

adiabatically. The potential of a QFP gate,Uq f p, is given as follows [Ko92]:

Uq f p = E j

[
(ϕx − ϕ−)2

βL
+

(ϕin − ϕ+)2

βL + 2βq
− 2 cosϕ− cosϕ+

]
, (2.1)

whereE j = IcΦ0/2π is Josephson energy,ϕx = 2πMIx/Φ0, ϕin = 2πLqI in/Φ0, ϕ− =
(ϕ1 − ϕ2)/2, ϕ+ = (ϕ1 + ϕ2)/2, βL = 2πLIc/Φ0, andβq = 2πLqIc/Φ0. Figure2.2shows
the adiabatic potential change while switching from “0” to “1” using Eq. (2.1) with
βL = 0.2, βq = 1.6, and|I in/Ic| = 0.3. We assumed thatϕ− = ϕx, which is a natural
restriction to minimizeUq f p because the denominator of the first term of Eq. (2.1) is
often much smaller than that of the second term of Eq. (2.1). WhenIx returns to zero,
the circuit state returns to the “initial” state with a single-well potential. Moreover, if
Ix is activated again, the circuit is excited to “0” or “1” with a double-well potential. In
the mechanical analogy for the gate, the particle is in the potential minimum in Fig.2.2
during the change of the circuit state. Therefore, the particle has little kinetic energy
while switching, which is dissipated as heat by the friction on the potential surface. As
the rise/fall time of excitation currents increases, the potential moves more slowly and
the kinetic energy decreases. Thus, the gate dissipates even less energy. This is why
the AQFP gate can decrease its bit energy to less thanIcΦ0.
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Figure 2.2:Potential change while switching from “0” to “1” withβL = 0.2, βq = 1.6,
and|I in| = 0.1Ic.

2.2 Optimization of circuit parameters

2.2.1 Impacts ofβL and βq

We optimizeβL andβq in terms of dynamic energy dissipation and operation mar-
gins, becauseβL andβq define how the potential changes during a switching event.
However, we need to decide in which system we evaluate an AQFP gate for the opti-
mization, because AQFP gates have energy interactions. Figure2.3a is the schematic
diagram that we used to investigate energy interactions. Ten AQFP gates with the
same circuit parameters are connected in series, where the input inductance of then-th
gate,Lin,n, is magnetically coupled with the output inductance of the (n − 1)-th gate,
Lq,n−1, by the coupling coefficient,kq. When the excitation current,Ix,n, is activated,
the gate is excited to “0” or “1” generating an output current,Iout,n. We activated each
excitation current in turn and calculated the bit energy per switching event of each gate
by integrating excitation currents and voltages over time using the Josephson-circuit
simulator, JSIM [Fang89].

Figure2.3b shows the simulation results for the bit energy,Ebit, of each AQFP
gate withLin,n = Lq,n, βL = 0.1, βq = 1.6, kq = 0.3, I in1 = 0.1Ic, andϕx/2π =
0.5. We assumed the use of the Nb Josephson process, the ISTEC standard process
(STP2) [Nagasawa95] and assumed the density of critical currents to be 2.5 kA/cm2.
All the junctions in the AQFP gates were critically damped by using shunt resistors
so that their McCumber parameter [McCumber68, Stewart68], βc, becomes 0.89 for
high-speed operations (see App.C), which is a typical value for our RSFQ design

19



using STP2. As mentioned earlier,Ebit is supposed to decrease as the rise/fall time
of Ix increases. However, the bit energy of the first, second, and tenth gates behave
differently because the balance between the energy supplied by the previous gate and
that applied to the next gate is complicated near the edge of cascaded AQFP gates.
Therefore, several gates are required before and after the gate for which the parameters
are optimized. The figure shows that the bit energy of the fourth through eighth gates
of ten AQFP gates connected in series behave in the same manner, which means that
the supplied and applied energy are balanced in these gates. Moreover, at least three
gates are necessary before the optimized gate, and at least two gates are necessary
after the optimized gate. Therefore, in this chapter, we decided to use six AQFP gates,
which have the same circuit parameters and are connected in series, and we evaluated
the fourth gate for calculating bit energy, bias margins, and BERs, as will be described
later herein.

Figure 2.4a shows the bit energy as a function ofβL and βq with Lin,n = Lq,n,
kq = 0.3, I in1 = 0.1Ic, and a rise/fall time of 100 ps. The figure indicates that both
βL andβq should be decreased in terms of energy dissipation. Figure2.4b shows the
bias margin for the excitation current as a function ofβL andβq, where a bias of 0%
corresponds toϕx/2π = 0.5. This indicates thatβL should be decreased, whereasβq

should be increased, in terms of operation margins. Therefore,βL should decrease
with respect to both energy dissipation and operation margins, whereasβq exhibits
a tradeoff relationship between energy dissipation and operation margins. Here, we
define the minimumβL to be 0.2 based on the restriction of practical layout, and the
operation margin should be wider than±25% so that the gates have robustness against
circuit parameter dispersions. As a result, we set the optimized (βL, βq) to (0.2, 1.6)
with Ebit = 0.12IcΦ0 and a bias margin of±26% for a rise/fall time of 100 ps.
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2.2.2 Simulation of bit energy

Figure2.5 shows the transient analysis of the optimized gates. The upper three plots
show the excitation currents for the third through fifth gates, respectively. The mid-
dle three plots and the lower three plots show the input currents and output currents
for these three respective gates. The figure shows the correct operation with the opti-
mized gates, where each gate generates an output current after each excitation current
is activated. Figure2.6shows the bit energy versus the rise/fall time of excitation cur-
rents. For the optimized gate with (βL, βq) = (0.2,1.6), Ebit decreases approximately
linearly with a rise/fall time, while the non-optimized gate with (0.8, 2.0) does not
exhibit such linearity. Moreover,Ebit of (0.2, 1.2) is slightly smaller than that of (0.2,
1.6), but its bias margin is much narrower than that of (0.2, 1.6), as shown in Fig.
2.4b. Therefore, we can consider (0.2, 1.6) to be valid as optimized parameters. If
we assume thatIc = 50µA and the rise/fall time is 200 ps with the optimized gate,
Ebit = 6.40×10−21 J= 0.06IcΦ0 = 110kBT for 4.2 K. Moreover, unlike RSFQ circuits,
AQFP gates do not require a dc bias current, so their static energy dissipation is zero,
which implies that both static and dynamic energy dissipation are quite small in AQFP
logic.
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2.3 Simulation of bit error rate

Since the bit energy of an AQFP gate approacheskBT, we need to confirm the ro-
bustness of the gate against thermal noise. We calculated the BER of the optimized
gate with a rise/fall time of 200 ps using WRspice [Whiteley91, WR], which takes
thermal noise into account using the Monte Carlo method. Here, correct operation
means that the gate switches to the correct state and the output gain is larger than 1,
or Iout4 × I in4 > 0 and|Iout4| > |I in4|, when excited. Figure2.7 shows the simulation
results for the BER for temperatures of 4.2 K, 12 K, and 20 K in order to confirm the
relationship betweenEbit/kBT and the BER. The plots show the simulation results, and
the lines show the fitting curves obtained using a complimentary error function, erfc.
Table I shows the BER after fitting, whereΠH is the BER of the higher bias regions
andΠL is the BER of the lower bias regions. The bias margin is defined as the bias re-
gion in which the BER is smaller than 1.0×10−23, which indicates that an error occurs
during several years in a large computing system, assuming 5 GHz operation with 105

gates. ForEbit/kBT = 110 at 4.2 K the optimized AQFP gate has a very wide margin
of ±19.4%, and even forEbit/kBT = 23.2 at 20 K the gate still has a wide margin of
±8.8%.

If the switching event is non-adiabatic like CMOS and RSFQ, the BER,Π, is given
by (see Chap.1): Π = exp(−Ebit/kBT), where the energy barrier between the two states
(“0” and “1”) is assumed to be equal to the bit energy. WhenEbit/kBT = 23.2, its BER
becomes 8.4×10−11. This is because a non-adiabatic gate consumes as much energy as
the energy barrier in a switching event, whereas an adiabatic gate consumes much less
energy than the energy barrier because its potential varies gradually between single
and double potential wells, as shown in Fig.2.2.
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Table 2.1:BER and bias margin versus bit energy

T[K] Ebit/kBT BER Bias margin

4.2 110 ΠH = 0.5× erfc[(0.621− 2πϕx)/0.00330], ±19.4%
ΠL = 0.5× erfc[(2πϕx − 0.380)/0.00317]

12 38.6 ΠH = 0.5× erfc[(0.617− 2πϕx)/0.00696], ±13.8%
ΠL = 0.5× erfc[(2πϕx − 0.384)/0.00630]

20 23.2 ΠH = 0.5× erfc[(0.613− 2πϕx)/0.00954], ±8.8%
ΠL = 0.5× erfc[(2πϕx − 0.387)/0.00973]
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2.4 Measurement of bit energy

2.4.1 Superconducting resonator-based method

Superconducting resonators are used to measure the small resistances of supercon-
ducting strips [Oates91, Chin92]. This is because a superconducting resonator can
have quite a high externalQ, which transforms the impedances of external loads to
much lower impedances, due to its extremely high unloadedQ. This also means that
the very small power consumption of AQFP gates can be measured by coupling the
gate with a superconducting resonator. Figure2.8a shows the schematic of the circuit
used to measure the power consumption of an AQFP gate, where the gate is mag-
netically coupled with a superconducting resonator composed ofL andC. Rg is the
impedance of external loads (= 50Ω), Qes is the Q between each port and the res-
onator,V is the voltage of a power supply, and it is assumed that the resonator has no
resistance because it is superconductive.

The resonator supplies power to the AQFP gate for switching, which appears as
small losses in the resonator. Therefore, Fig.2.8a can be transformed to Fig.2.8b,
where the AQFP gate is simply expressed as a small resistance in the resonator,r.
In addition, the magnetic couplings between the resonator and the ports function as
impedance invertors, so thatRg andV are converted to equivalent elements,ZK and
VK. The power consumption caused byr, Pu, is given by:

Qu = ω0
W
Pu
, (2.2)

whereQu is the internalQ, ω0 is the resonant angular frequency, andW is the energy
stored in the resonator per second. Similarly, the power consumption of the external
loads, Pe, is given byQe = ω0W/Pe, whereQe (= Qes/2) is the externalQ. By
combining these equations,Pu is given by:

Pu = Pe
Qe

Qu
. (2.3)

Equation (2.3) shows thatPu can be calculated usingPe, Qu, andQe; however,Pu can-
not be measured directly using a network analyzer. Therefore, Eq. (2.3) is transformed
to calculatePu using scattering parameters, which can be easily measured using a net-
work analyzer.

At the resonant frequency, the current in the resonator,I0, is expressed asI0 =

VK/(2ZK + r). Therefore,Pe is given by:

Pe =
1
2
· 2ZK · I2

0 =
1
2
·
(

2ZK

2ZK + r

)2

·
V2

K

2ZK
. (2.4)
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Here,V2
K/2ZK corresponds to the input power from the power supply,Pin. 2ZK/(2ZK +

r) is equal to the insertion loss,S21, and it can be also expressed usingQu andQe:

2ZK

2ZK + r
=

Q−1
e

Q−1
e + Q−1

u

. (2.5)

Therefore, the relation betweenQu, Qe, andS21 is given by:

Qe

Qu
=

1
S21
− 1. (2.6)

From Eqs. (2.3), (2.4), and (2.6), Pu is given by:

Pu =
Pin

2
S21(1− S21), (2.7)

which shows that the power consumption of the AQFP gate can be calculated by mea-
suringS21. Moreover, Eq. (2.6) indicates thatS21 can be measured with high accuracy
by increasingQe becauseS21 decreases asQe increases. A highQe is available due to
the extremely highQ of superconducting resonators.

In the actual measurement system, there are losses in the resonator, probes, and
cables. Therefore, the resistance,r, in Fig. 2.8b includes such losses and must be
deduced to measure the power consumption of the AQFP gate.Qu is expressed as
1/Qu = 1/Qmeas+1/Qq f p, whereQmeasis theQ of the measurement system andQq f p is
that of the AQFP gate. Using Eq. (2.6), eachQ is expressed asQe/Qmeas= 1/Smeas−1
andQe/Qq f p = 1/Sq f p − 1, whereSmeas is the loss in the measurement system and
Sq f p is that in the AQFP gate. Combining these equations,Sq f p is given by:

Sq f p =
1

S−1
21 − S−1

meas+ 1
, (2.8)

whereS21 is the measured insertion loss. The power consumption of the AQFP gate,
Pq f p, is expressed by converting Eq. (2.7):

Pq f p =
Pin

2
Sq f p(1− Sq f p). (2.9)

Using Eqs. (2.8) and (2.9), the power consumption of the AQFP gate is measurable,
even if non-negligible losses are present in the measurement system.
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2.4.2 Measurement results

A superconducting resonator was designed through use of the electromagnetic field
simulator, SONNET [Sonnet] and fabricated using the STP2 to measure the energy
dissipation of the AQFP gate at 4.2 K. Figure2.9 shows the micrograph of the 5
GHz superconducting resonator magnetically coupled with an AQFP gate. Figure
2.10shows the measurement setup for the superconducting resonator-based method.
The parameters of the gate were determined asβL = 0.4, βq = 1.6, andIc = 50µA
(βc = 0.89), with which we had experimentally confirmed correct logic operations
[小澤 11, Takeuchi13a]. The micrographs correspond to Fig.2.8a, though a dc offset
for the excitation current is added in the measurement. The resonator is a stepped-
impedance resonator (SIR) [Makimoto00] that combines low-impedance and high-
impedance lines for miniaturization, and the measured resonant frequency was 4.998
GHz and the loadedQ was 357, which is sufficiently high to measureS21 with high
accuracy.

Figure2.11a shows the measurement results ofS21 andPq f p for 5 GHz operation
calculated using Eq. (2.9), where a vector network analyzer and a high-speed cry-
oprobe with a band width of approximately 20 GHz were used for the measurement,
and it was assumed thatSmeas= −4.0 dB = 0.63. The input current of the AQFP gate
was fixed to 5µA during the measurement.S21 drops whenPin is approximately -57
dBm, which indicates that the AQFP gate starts to switch with the flux applied by the
resonator.Pq f p increases asPin increases because the microwave rises more sharply
as its amplitude increases, which varies the potential energy of the gate more quickly
and generates more energy dissipation.Pq f p is ∼ 50 pW for Pin of -57 dBm, which
corresponds to the bit energy per switching event of 1.0 × 10−20 J ∼ 0.1IcΦ0 for 5
GHz operation. Figure2.11b shows the simulation results using the JSIM, whereS21

was calculated using the circuit shown in Fig.2.8a. Pq f p was obtained by integrat-
ing the product of the excitation currents and voltages acrossLx1 and Lx2 shown in
Fig. 2.1. Comparison of Figs.2.11a and2.11b indicates good agreement between the
measurement and simulation results.
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2.5 Summary

We investigated the relationship among circuit parameters of an AQFP gate, the bit
energy, and the bias margin through circuit simulation and optimized the parameters
in terms of both energy and bias margins. The bit energy of the optimized AQFP gate
can be decreased to 110kBT for 4.2 K with Ic = 50µA (βc = 0.89) and a rise/fall time
of 200 ps, which is 6% ofIcΦ0 and much smaller than that of RSFQ circuits. We also
calculated the BER of the optimized gate, and the fitting curves show that the bias
margin of the gate is±19.4% for Ebit/kBT = 110 and±8.8% for Ebit/kBT = 23.2,
which shows that an AQFP gate can operate in a large computing system with a bit
energy approachingkBT.

We measured the extremely small energy dissipation of an AQFP gate using a
superconducting resonator-based method, by which the bit energy of the AQFP gate
was evaluated to be 1.0×10−20 J withβL = 0.4,βq = 1.6, andIc = 50µA (βc = 0.89) for
5 GHz operation. This result provides evidence for ultra-low energy logic operations
of the AQFP gate. While the bit energy of an AQFP gate can be further decreased
to the order ofkBT by optimizingβL andβq, the utilized method can be applied to
measure it by increasingQe.
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Chapter 3

Sub-kBT bit-energy operation

In Chap.2, we showed that AQFP gates can operate with sub-IcΦ0 bit energy, through
both simulation and measurement. More important, in principle, there is no minimum
energy dissipation for operations of AQFP gates, unless the entropy of the system
decreases. In this chapter, we show it by using underdamped Josephson junctions,
through simulation of bit energy and bit error rates. The results obtained in this chapter
have been reported in [Takeuchi13d].

3.1 Analytical expression of bit energy

We analytically estimate the energy dissipation of adiabatic switching operations in
AQFP logic, which arises from the viscous flow of the system. The switching energy,
Esw, is given as follows [Likharev82]:

Esw =

∫ x0

0
η

dx
dt

dx =
∫ τ

0
η

(
dx
dt

)2

dt

=
ηx2

0

τ
,

(3.1)

whereη is a viscosity factor,τ is the time required for a switching event,x is an arbi-
trary position on potential,x0 is the position where a local minimum occurs, as shown
in Fig. 3.1. Note thatη arises from the subgap resistance and the shunt resistance of a
junction. Equation3.1 indicates that the energy dissipation of an AQFP gate reduces
linearly with an increase in a rise/fall time of ac excitation currents, which corresponds
to the simulation results in Fig.2.6.

Additionally, here we focus on the two time constants: an intrinsic switching time
of Josephson junctions,τsw, and a rise/fall time of ac excitation currents,τr f . When
the system varies slowly compared to the time constants of junctions (τsw << τr f ),
the state of the gate can follow the variation of the potential as shown in Fig.3.1a.
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However, if the system varies fast (τsw ∼ τr f ), the state cannot follow the variation
and eventually shows rapid and irreversible state transition as shown in Fig.3.1b.
Therefore, the bit energy of an AQFP gate,Ebit, is given by:

Ebit = 2IcΦ0
τsw

τr f
, (3.2)

whereIcΦ0 is the non-adiabatic energy dissipation forτr f = τsw. The factor of two rep-
resents that the junction in the gate switches twice during one clock cycle; it switches
when the excitation current rises and falls, respectively. The intrinsic switching time
is considered to be the time required for the phase difference to increase by 2π with
the junction voltage,IcR, whereR is the combined resistance of the subgap resistance
and the shunt resistance. Therefore,τsw can be given by:

τsw ≈
Φ0

IcR
=

√
2πΦ0C
βcIc

, (3.3)

whereC is the junction capacitance. The bit energy of an AQFP gate can be estimated
using Eqs. (3.2) and (3.3), and it is expected to be significantly reduced by increasing
βc (= Q2) of the junctions and lowering the operation frequency.
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3.2 Simulation of bit energy

Figure3.2shows the schematic diagram for calculating the bit energy and the BER of
AQFP gates, where six AQFP gates with the same circuit parameters are coupled in
series withI in1 = 0.1Ic, Lin = Lq, andkq = 0.3. Each excitation current was activated in
turn to propagate bit information. These gates are physically and logically reversible,
therefore the propagation of the bit information is bidirectional. The bit energy per
switching event of each gate was calculated by integrating the product of excitation
currents and voltages over time using JSIM. We assumed the use of the STP2. As
discussed in Chap.2, we evaluated the fourth gate of the six because the balance
between the energy supplied by the previous gate and that applied to the next gate is
complicated near the edge of cascaded AQFP gates.

Figure3.3showsEbit as a function ofβc for a rise/fall time of 1000 ps, and Fig.3.4
showsEbit as a function of a rise/fall time for unshunted junctions (βc ∼ 2600), where
the red solid lines are the simulation results using JSIM and the blue broken lines are
the calculation results using Eq. (3.2). In both figures, the simulation results agree well
with the calculation results. However, in the region where the rise/fall time is less than
∼ 200 ps in Fig.3.4, the bit energy does not decrease linearly with the rise/fall time.
This is because, as the inset shows, long-lasting plasma oscillations dissipate extra
energy during a switching event. For a sufficiently long rise/fall time, the frequency
of an excitation current is much lower than the plasma frequency, thereby the plasma
oscillation can be suppressed. These simulation results confirm that if the rise/fall
time is sufficiently long, the energy dissipation of the AQFP gates decreases linearly
with the increase of both the rise/fall time of the excitation currents and the intrinsic
switching speed of the junctions. Moreover, the bit energy goes below the thermal
limit of kBT ln 2 ∼ 40 yJ at 4.2 K. We will show that this extremely small bit energy is
achievable, even if we take account of thermal noise at finite temperature.
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3.3 Simulation of bit error rate

As shown in Chap.1, the bit energy of non-adiabatic devices is at least larger than
∼ 1000kBT to ensure a stable logic state with a long lifetime. On the other hand,
the bit energy of an AQFP gate can be decreased by increasing the rise/fall time of ac
excitation currents or the intrinsic switching speed of junctions, even though the energy
barrier is kept sufficiently large. This means that the energy dissipation of the AQFP
gates can be reduced while a sufficiently low BER is maintained. In early studies on
QFP gates, there were some analytical and experimental results about the BER of QFP
gates [Ruby93, Ko92]. However, these results do not include the relationship between
energy dissipation and a BER.

To investigate the relationship between the bit energy, the energy barrier, and the
BER of AQFP gates, BERs were calculated using the WRspice. We iterated the sim-
ulation 10,000 times for each BER with a time step of∆t = 0.2 ps. A thermal noise
current source,In, was added to each subgap resistance, of which the amplitude dis-
tribution followed the Gaussian law with the standard deviation given by [Jeffery99]
In = (4kBT fc/R)0.5, wherefc is the cutoff frequency given by 1/2∆t = 2.5 THz. Figure
3.5shows the calculation results at 4.2 K using AQFP gates with unshunted junctions,
where the data points are the simulated results and the lines are fitting curves obtained
using a complimentary error function. In Fig.3.5a, Ic was maintained at 50µA and the
rise/fall time was varied from 200 to 2,000 ps to investigate the relationship between
the bit energy and the BER. In Fig.3.5b, the rise/fall time was kept at 200 ps andIc

was varied from 50 to 0.5µA to investigate the relationship between the energy barrier
and the BER. Table3.1shows the bias margin, where the BER is smaller than 10−23, as
a function ofEb andEbit, whereEb = IcΦ0,ΠH andΠL are the obtained BERs of higher
and lower bias regions, respectively. AsIc decreases, both the bit energy and the bias
margin decrease. However, as the rise/fall time increases, the bit energy decreases, but
the bias margin does not change, because the energy barrier is fixed withIc = 50µA
or Ic = 5µA. This corresponds to the argument of Likharev [Likharev82], that the
energy dissipation of a reversible device can be significantly decreased by lowering
the operation frequency while the BER is kept sufficiently low. For a rise/fall time of
2,000 ps, the bit energy reaches 12 yJ= 0.207kBT, but the bias margin is±21.7% and
the BER is still very low. This is even wider than that of gates with critically damped
junctions calculated in Chap.2 and [Takeuchi13b], because the thermal noise current
is decreased by the removal of shunt resistors. Such a small bit energy with a very
small BER is not achievable for non-adiabatic devices.
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3.4 Quantum-mechanical bound

So far, we have investigated the classical bound in adiabatic switching. Here we esti-
mate the quantum-mechanical bound contributed by the energy-time uncertainty rela-
tion [Likharev82]. The energy-time uncertainty condition is given by:

∆E × ∆t ≥ ℏ
2

(3.4)

For τr f = 2000 ps andEbit = 0.207kBT, the energy-time product is 4.8 × 10−32 J · s,
which is still much larger thanℏ/2 ≈ 5.28× 10−35 J · s. Hence, the energy-time uncer-
tainty relation can be neglected.

3.5 Experimental demonstration of unshunted AQFP
gates

We designed and fabricated unshunted AQFP gates using the STP2, to see if the gates
can operate correctly without shunt resistors. Figure3.6 is the micropgraph of the
unshunted buffer gates withβL = 0.2, βq = 1.6, andIc = 50µA. A dc-SQUID with
Ic = 50µA was used for readout and a high-Ic gate withIc = 100µA was inserted be-
fore it to reduce backactions from the dc-SQUID. Also, we applied an ac bias current,
Isq, to the dc-SQUID to reduce backactions. Figure3.7shows the measurement results
at 100 kHz, whereIx1, Ix2, andIx3 are three-phase excitation currents. (The measure-
ment setup is shown in Fig.5.7.) It can be seen that output sequences correspond to
the inputs, thus we confirmed correct operations of unshunted AQFP gates. The ob-
tained bias margins were±25.4%,±26.3%,±26.6%, and±17.4% for Ix1, Ix2, Ix3, and
Isq, respectively, which are wide enough to achieve logic circuits using the unshunted
gates.
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3.6 Summary

We calculated the bit energy and the BER of AQFP gates with underdamped junctions.
The bit energy reaches 12 yJ using unshunted 50µA junctions and excitation currents
with a rise/fall time of 2000 ps. Moreover, the BER is still low, even though the bit
energy is below the thermal energy; the bias margin, where the BER is smaller than
10−23, is ±21.7%. These results indicate that there is no minimum energy dissipation
for operating AQFP gates, unless the entropy of the system decreases. This conclusion
is very important to achieve practical computing systems with extremely small bit
energy. Also, we discussed the quantum-mechanical bound on operations of AQFP
gates. Calculation results showed that the energy-time uncertainty relation can be
neglected for our design parameters. Finally, we experimentally demonstrated AQFP
gates with unshunted junctions, to see if they can work without shunt resistors.
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Chapter 4

Purely reversible logic gates

One of the obstacles to achieve practical reversible logic gates is that they must be built
by using very energy-efficient logic devices with bit energy around the order of ther-
mal energy. Another difficulty is that reversible logic gates must be both logically and
physically reversible, or purely reversible. In this chapter, we propose the first prac-
tical reversible logic gate using AQFP gates, whose bit energy can be below thermal
energy as shown in Chap.3, and experimentally demonstrate the logical and physical
reversibility of the gate. Additionally, we estimate the energy dissipation of the gate,
and discuss the minimum energy dissipation required for reversible logic operations.
The results obtained in this chapter have been reported in [Takeuchi14a].

4.1 Physical reversibility

A logic gate is considered to be physically reversible if its potential energy changes
adiabatically and reversibly. Konstantin K. Likharev argued that physical reversibil-
ity is necessary to prevent non-adiabatic energy dissipation during a switching event
[Likharev82], as well as logical reversibility. The bit information in a physically
reversible gate can propagate bi-directionally, therefore the circuit topology of a re-
versible logic gate must be symmetrical in the data flow direction. In this study, we
utilize 3-in majority (MAJ) gates and 3-out splitter (SPL) gates as the building blocks
for reversible logic gates. Figure4.2 shows the block diagram of the 3-in MAJ gate
with three input buffers, where the white block corresponds to an AQFP buffer gate
(Fig. 4.1). The state of the buffer gate in the MAJ gate is determined by the sum of
the three input currents,I ina, I inb, andI inc. Therefore, the logic state of the output port,
x, is defined asx = MAJ(a,b, c) = a · b+ b · c+ c · a, wherea, b, c are the logic states
of the three input ports. Figure4.3 is the block diagram of the 3-out SPL gate with
an input buffer. The input current,I ina, is shared by the three buffer gates in the SPL
gate, and the logic states of each output port are determined to bex = y = z = a. The
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Figure 4.1:Schematic of an AQFP buffer/NOT gate. Forkio > 0, the gate operates
as a buffer gate, and forkio < 0, it operates as a NOT gate. Circuit parameters were
optimized asϕx/2π = 0.5, βL = 0.2, andβq = 1.6. The critical current,Ic, is 50µA
(unshunted).

3-in MAJ gate and the 3-out SPL gate have the same circuit topologies, while the data
flow direction, or the order of the excitation of each gate, is opposite. Furthermore,
although the 3-in MAJ and 3-out SPL gate themselves are not reversible, a logically
and physically reversible gate can be obtained by combining several 3-in MAJ gates
and 3-out SPL gates.
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Figure 4.2:Schematic of an AQFP 3-in MAJ gate. White blocks correspond to AQFP
buffer gates.
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Figure 4.3:Schematic of an AQFP 3-out SPL gate, whose circuit topology is the same
as that of a 3-in MAJ gate.
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Figure 4.4: Schematic of the RQFP gate.x = MAJ(a,b, c), y = MAJ(a,b, c), z =
MAJ(a,b, c), which are logically reversible. The circuit topology of the RQFP gate is
symmetrical, because those of a 3-in MAJ gate and a 3-out SPL gate are the same.

4.2 Reversible QFP gate

Figure4.4 shows the block diagram of our proposed 3-in and 3-out reversible logic
gate, which we have designated as the reversible quantum-flux-parametron (RQFP)
gate. The RQFP gate is composed of three 3-in MAJ gates and three 3-out SPL gates,
whose function is represented by the following equation:

F(a,b, c) = (MAJ(a,b, c),MAJ(a,b, c),MAJ(a,b, c)). (4.1)

Table4.1 is the truth table of the RQFP gate. This table clearly shows that the gate is
injective and logically reversible by operating the function two times:F(F(a,b, c)) =
(a,b, c). Additionally, the RQFP gate is considered to be a primitive gate in reversible
computing, because MAJ gates, NOT gates, and constant inputs constitute a logical
primitive. Because a 3-in MAJ gate and a 3-out SPL gate have the same circuit topolo-
gies, that of the RQFP gate is symmetrical. The data in the RQFP gate can propagate
bi-directionally due to this symmetrical circuit topology, depending on the order of
excitation. Specifically, if the SPL gates are excited earlier (excitation current,Ix1 is
provided earlier thanIx2), the data propagate from the ports,a, b, andc to x, y, and
z. If the MAJ gates are excited earlier, the data propagate in the opposite direction.
Therefore, the RQFP gate is physically reversible.
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Table 4.1:Truth table of the RQFP gate

a b c d e f
0 0 0 0 0 0
1 0 0 0 1 1
0 1 0 1 0 1
1 1 0 0 0 1
0 0 1 1 1 0
1 0 1 0 1 0
0 1 1 1 0 0
1 1 1 1 1 1

4.2.1 Simulation of energy dissipation

We calculated the energy dissipation of the RQFP gate by integrating the product of
excitation currents and voltages over time using JSIM. Figure4.5a shows the block
diagram for the simulation, where input and output buffers are inserted to avoid inter-
actions with input and output ports. Figure4.5b provides the simulation results and
shows the total energy dissipation per clock cycle, including an RQFP gate, input and
output buffers, as a function of a rise/fall time of excitation currents. As can be seen in
the figure, energy dissipation decreases almost linearly with an increase in the rise/fall
time for all input patterns, which indicates that all gates operate adiabatically and re-
versibly during logic operations as shown in Chap.3. For a rise/fall time of 10,000 ps,
the total energy dissipation of the RQFP gate and buffers composed of 69 AQFP gates
reaches∼ 1×10−21 J/cycle. The bit energy per AQFP gate is∼ 2×10−23 J/cycle, which
is much smaller than the energy barrier,IcΦ0 ∼ 1.0×10−19 J for Ic = 50µA and around
the same order of magnitude as the Landauer bound at 4.2 K,kBTln2 ∼ 4.0× 10−23 J.
These calculation results show that there is no minimum energy dissipation for re-
versible logic operations using the RQFP gates.
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Figure 4.5:Energy dissipation of the RQFP gate. (a) Block diagram for simulation.
Input and output buffers were inserted to avoid interactions with input and output ports.
(b) Simulated energy dissipation, including an RQFP gate, input and output buffers. It
was assumed thatLout = Lq andkio = 0.1 for AQFP buffer gates, and that each wiring
inductance is 10 pH for 3-in MAJ gates and 3-out SPL gates. For all input patterns, the
dissipation decreases almost linearly with an increase of a rise/fall time of excitation
currents. The inset shows the definition of the excitation current.
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4.2.2 Experimental demonstration of logical and physical reversibil-
ity

To demonstrate the logical and physical reversibility of an RQFP gate, we conducted
three kinds of experiments,α, β, andγ. The block diagrams of these three experiments
are shown in Fig.4.6, wherea, b, andc are input ports andx, y, andzare output ports.
In the experimentα, we demonstrate logic operations of an RQFP gate. Inβ, two
RQFP gates are serially connected to demonstrate logical reversibility. Specifically,
if a = a′, b = b′, andc = c′, the RQFP gate is injective and proven to be logically
reversible. Inγ, two RQFP gates are connected but one is physically mirrored to
demonstrate physical reversibility. Specifically, ifa = a′′, b = b′′, andc = c′′, data can
propagate bi-directionally in an RQFP gate, and the gate is proven to be physically
reversible. The RQFP gates were designed with the inductance extractor, InductEx
[Fourie11] and fabricated using the STP2. Figure4.7 is the micrograph of the circuits
used in the experimentγ, whereIx1, Ix2, and Ix3 are three-phase excitation currents.
Here, it can be seen that two RQFP gates are serially connected but their physical
layouts are horizontally mirrored. Figure4.8 shows the measurement results of the
experimentsα, β, andγ, using trapezoidal excitation currents of 100 kHz at 4.2K.
(The measurement setup is shown in Fig.5.7.) In the experimentα, the correct logic
operations of the RQFP gate were confirmed, with bias margins of±22.0%,±26.3%
and±30.3% for Ix1, Ix2, and Ix3, respectively. Inβ, the obtained outputs (a′, b′, and
c′) corresponded to the inputs (a, b, andc), which proves the logical reversibility of
the RQFP gate. Similarly, the outputs corresponded to the inputs inγ, which proves
its physical reversibility. These results confirm that the RQFP gate is logically and
physically reversible, and that the RQFP gate is a practical reversible logic gate.

52



RQFP

a

b

c

x

y

z

Mirrored

Experiment α

Experiment β

Experiment γ

a

b

c

a’

b’

c’

a

b

c

a”

b”

c”

RQFP RQFP

RQFP RQFP

Figure 4.6:Block diagrams for the experimentsα, β, andγ. In α, three inputs (a, b,
andc) are externally applied and three outputs (x, y, andz) are observed to confirm
its logic operations. Inβ, two RQFP gates are serially connected to determine if the
gate is injective. Inγ, two RQFP gates are serially connected but one is mirrored to
determine if data can propagate bi-directionally.
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Figure 4.8:Measurement results, which were conducted at 4.2 K in liquid He. We
used three-phase trapezoidal excitation currents of 100 kHz (Ix1, Ix2, and Ix3). Input
currents (a, b, andc) were given by using a data-pattern generator. Output voltages
were amplified by differential amplifiers.
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4.3 Energy dissipation of irreversible logic gates

In this section, we show the energy dissipation of irreversible logic gates using AQFP
logic, in order to clearly show that reversible logic gates must be both logically and
physically reversible. Section4.3.1 shows the energy dissipation of an AND gate,
which is logically and physically irreversible. Section4.3.2shows that of a CNOT
gate, which is logically reversible but physically irreversible. In both circuits, there
are minimum energy bounds for logic operations, because of logical or physical irre-
versibility. These results support the calculation results in Fig.4.5, where we showed
that there is no minimum energy dissipation for logic operations using our proposed
logically and physically reversible devices, RQFP gates.

4.3.1 Logically and physically irreversible gates

AND gates are logically and physically irreversible, where inputs are not uniquely
determined from outputs. An AND gate is achieved by using a 3-in MAJ gate, one
of whose inputs is fixed to “0”. Similarly, an OR gate is achieved by fixing one of
the inputs to “1”. Figure4.9a shows the block diagram for the calculation of the
energy dissipation of AND gates, and Fig.4.9b shows the calculation results. Energy
dissipation depends on input data due to interactions between each gate, and it can be
seen that there is a minimum energy dissipation when an input is “0” and the other is
“1”. This is because, as Likharev argued [Likharev82], back actions from AND gates
to the input buffer gates cause irreversible and non-adiabatic state transition when the
input buffer gates are reset.
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Figure 4.9:Energy dissipation of the AND gate. AND is achieved by using a 3-in
MAJ gate, one of whose inputs is fixed to “0”. (a) Block diagram for simulation. (b)
Simulated energy dissipation, including an AND gate, input and output buffers.
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4.3.2 Logically reversible but physically irreversible gates

CNOT gates are logically reversible but physically irreversible in our circuit design.
Figure4.10a shows the block diagram for the calculation of the energy dissipation, and
Fig. 4.10b shows the calculation results. It can be seen that there is a minimum energy
dissipation, even though the gate is logically reversible. This is because the circuit
topology of a CNOT gate, which is composed of AND, OR, 2-out SPL, and 3-out SPL
gates, is not symmetrical, and hence the CNOT gate is physically irreversible. These
calculation results indicate that physical reversibility, as well as logical reversibility, is
necessary for reversible logic operations.
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Figure 4.10:Energy dissipation of the CNOT gate. (a) Block diagram for simulation.
(b) Simulated energy dissipation, including a CNOT gate, input and output buffers.
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4.4 Summary

We proposed a logically and physically reversible logic gate using adiabatic supercon-
ducting devices, which we designated as the RQFP gate. We calculated the energy
dissipation and confirmed that there is no minimum energy dissipation for logic op-
erations using RQFP gates. To the best of our knowledge, these are the first calcu-
lation results that show no minimum energy dissipation in reversible computing that
use practical circuit structures. Moreover, we experimentally demonstrated the logical
and physical reversibility of the RQFP gate. We believe that our research results will
enable “reversible computing” to move from the theoretical stage into practical usage.
Additionally, these results will facilitate detailed discussions and investigations related
to the energy efficiency of reversible computing.
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Chapter 5

Novel energy-efficient latches

Experimental demonstrations of logic circuits using AQFP logic have been reported
[Inoue13]. However, at present, there exists no latch for AQFP logic so far, which
is an essential component of digital computing systems. In the early study of QFP
logic, several latches were proposed [Harada87, Casas92], but none were practical
due to their operation principles. For example, the ring shift register [Casas92] holds
data by permanently propagating data in a ring of serially connected gates. This type
of register requires large area and many Josephson junctions, and it requires several
clock cycles for both read and write. In this chapter, we propose the quantum-flux-
latch (QFL) as a compact and compatible latch for AQFP logic, that can be read or
written in one clock cycle. We discuss its energy efficiency through simulation and
experimentally demonstrate the QFL and a 1-bit shift register using a QFL. Also, we
propose a high-speed test circuit using QFLs. The results obtained in this chapter have
been reported in [Takeuchi14b, Takeuchi14c].

5.1 Quantum-flux-latch

Figure5.1shows the circuit schematic of a QFL, which is composed of an AQFP buffer
gate whose input inductance is replaced with a storage loop with a write junction,J0.
The existence or the absence of an SFQ stored in this loop determines its internal
state. The buffer gate, which we refer to as the read gate, can read the internal state
non-destructively. The flux state in the storage loop changes only when an SFQ is
stored or escapes. The circuit parameters of the read gate, which is excited by the
ac excitation current,Ix, were determined so that the read gate can drive the readout
dc-SQUID, which is directly coupled with the read gate;βL = 0.4, βq = 3.3, and
Ic = 100µA (βc = 1.0). The parameters of the storage loop, which is biased by the
dc bias current,Ib, were determined so that the applied flux from AQFP write gates
is large enough to change the internal state;Lina = Linb = 22.4 pH, Lb = 2.86 pH,
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Figure 5.1:Circuit schematic of a QFL.J0 = 40µA (βc = 4.0), Lina = Linb = 22.4 pH,
Lb = 2.86 pH,ka = kb = 0.482. For the write gates,βL = 0.2, βq = 2.6 andIc = 50µA
(βc = 1.0). For the read gate,βL = 0.4, βq = 3.2 andIc = 100µA (βc = 1.0).

ka = kb = 0.482,J0 = 40µA (βc = 4.0). The write gates are buffer gates withβL = 0.2,
βq = 2.6 andIc = 50µA (βc = 1.0). Because AQFP gates switch at every clock cycle
of excitation currents, the write gates need to achieve three states: “Write 0”, “Write 1”
and “Hold”. This is why a QFL needs two write gates, which is significantly different
from the previously studied latch circuit [Harada87]. When both of the two write
gates are in the logic state “1”,J0 switches and the storage loop stores an SFQ, which
corresponds to “Write 1”. When both of them are in “0”, the stored SFQ escapes from
the storage loop, which corresponds to “Write 0”. When the two write gates are in
the different logic states, the QFL holds its current state, which is “Hold”, because the
applied fluxes from the write gates cancel each other. The advantage of QFLs is its
compactness, the compatibility with AQFP logic gates, and quick readout. A QFL is
composed of only three Josephson junctions. The read gate has the same structures
with buffer gates. Moreover, a QFL requries only one clock cycle for read and write.

5.1.1 Simulation results

Figure 5.2 shows the simulation results of the QFL operating at 5 GHz, using the
JSIM. We assumed the use of the STP2. The write gates and the read gates are driven
by three-phase sinusoidal excitation currents. Here,Iout is the output current of the
read gate, andθ0 is the phase difference ofJ0. When the write gates achieve “Write
0” or “Write 1”, θ0 exhibits 2π leaps, resulting in the inversion ofIout. Otherwise,Iout

holds the same logic values. Figure5.3 shows the results of margin analysis, which
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Figure 5.2: Transient analysis of the QFL operating at 5 GHz. Whenθ0 shows 2π
leaps, the output current of the read gate is inverted.

indicates that the QFL has very wide parameter margins and the critical parameter is
Ib, which has a margin of±22%. This is because the storage loop inductance must be
small enough to be driven by the write gates, whereLIc product is∼ 0.3Φ0.

5.1.2 Energy efficiency

We calculated the energy dissipation of the QFL by integrating the product of excita-
tion currents and voltages over time. The energy dissipation including the two write
gates is∼ 0.1 aJ/bit, which results in an EDP of 20 aJ· ps. Table5.1shows the EDPs of
latches in superconductor logics [Tanaka12, Volkmann13b]. The QFL has the small-
est EDP. Note that a reduction in critical currents also contributes to achieving such a
small EDP. One of the most important advantages in AQFP logic is that critical cur-
rents can be significantly reduced (∼ 50µA or even smaller) while keeping the BER
very low (see Chap.3). On the other hand, critical currents in RSFQ logic and its
variants have to be relatively large (∼ 100µA), because the junctions are biased at
approximately 80% of critical currents.
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Figure 5.3:Margin Analysis of the QFL. The critical parameter isIb, whose margin is
±22%.

Table 5.1:Comparison of EDPs of latches in superconductor logics

Logic Circuit Energy,E [aJ] Frequency,f [GHz] EDP,E/ f [aJ·ps]

RSFQ Shift register 30 55 2364
LV-RSFQ Shift register 4.0 18 222

eSFQ Shift register 1.1 24 46
AQFP QFL ∼ 0.1 5 20
AQFP Shift register ∼ 0.6 5 120
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5.2 Shift register

We designed shift registers using QFLs to demonstrate somewhat complex circuits.
Figure5.4 shows the block diagram of the shift register, that is driven by four-phase
sinusoidal excitation currents, where the white blocks are AQFP buffer gates. The shift
signals flow against the data propagation. When the shift signal is “0”, the selector
prevents the two write gates from having the same logic states in order to retain the
state of the QFL. The state is written only when the shift signal is “1”. Figure5.5
shows the simulation results of the shift register operating at 5 GHz, whereIshi f t is
the output current of the buffer gate, which propagates shift signals, andIdata is the
output current of the neighbor shift register. The simulation results indicate that the
shift register latches only when the shift signal is “1”. With 33 junctions/bit, the energy
dissipation is∼ 0.6 aJ/bit. Further reduction of the energy dissipation can be achieved
by the following two methods. In the current design, the junctions in the AQFP gates
are critically damped withβc ∼ 1.0. However, asβc increases with an increase in
shunt resistances, the intrinsic switching speed of the junctions increases and the phase
differences change more adiabatically, which results in a further reduction in energy
dissipation as discussed in Chap.3 and [Takeuchi13d]. The other method is to reduce
the number of the junctions per bit. Here, we drive the shift register by using four-
phase excitation currents. However, we expect the write gates of the fourth phase can
be incorporated into the OR gate of the third phase, which would enable driving with
three-phase excitation currents. As a result, the number of the junctions per bit can be
expected to decrease to 27 junctions/bit.
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5.3 Experimental demonstration

We designed and fabricated the QFL and the 1-bit shift register using the STP2, where
the inductance extractor, InductEx, was used through layout design. Figure5.3shows
the micrographs of these circuits. A dc-SQUID was used to read out the states of
the gate, which enters a voltage state depending on the logic state of the gate. Figure
5.7shows the measurement setup for a low-speed test. Figure5.8shows the measure-
ment results obtained using four-phase excitation currents (Ix1 throughIx4) at 100 kHz,
whereVout is the output voltage of the dc-SQUID andIsq is the bias current to the dc-
SQUID. Here,Isq is ac in order to reduce the backaction to other gates. Comparison of
the measurement results with the simulation results shown in Fig.5.2and5.5 reveals
that both circuits operated correctly. Table5.2 shows the measured bias margins. In
both circuits, the obtained margins ofIb were±2%, which is much smaller that that
for the simulation results, i.e,±22%, which is believed to be due to the critical current
density of the fabricated chips being higher than expected. Also, the margins of each
excitation current for the shift register were small. This is because the write gates were
not optimized to be combined with other AQFP gates.
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Figure 5.6:Micrographs of the fabricated circuits. (a) QFL. A dc-SQUID was used to
read out the state of the gate. (b) 1-bit shift register.

69



L
iq

u
id

 H
e

D
e

w
a

r

C
ry

o
p

ro
b

e

M
a

g
n

e
ti
c
 S

h
e

ild
D

U
T

D
a

ta
 i
n

p
u

ts

D
a

ta
 g

e
n

e
ra

to
r:

D
G

2
0

2
0

A
 (

T
e

k
tr

o
n

ix
)

A
tt

e
n

n
u

a
to

rs

A
rb

it
ra

ry
 f

u
n

c
ti
o

n
 

g
e

n
e

ra
to

r:
A

F
G

3
2

5
2

 (
T

e
k
tr

o
n

ix
)

E
x
c
it
a

ti
o

n
 

a
n

d
 a

c
 b

ia
s

c
u

rr
e

n
ts

P
o

w
e

r 
s
u

p
p

ly
:

E
3

6
4

6
A

 (
A

g
ile

n
t)

D
c
 b

ia
s
 

c
u

rr
e

n
t

P
re

a
m

lif
ie

rs
(x

2
0

0
)

D
a

ta
 o

u
tp

u
ts

O
s
c
ill

o
s
c
o

p
e

:
D

P
O

7
1

6
0

4
B

 (
T

e
k
tr

o
n

ix
)

S
y
n

c

F
ig

ur
e

5.
7:

M
ea

su
re

m
en

ts
et

up
fo

r
a

lo
w

-s
pe

ed
te

st
.

70



Ix1

Ix2

Isq

Iina

Vout

Iinb

0 10 1 0 10 1 0 0

0 10 1 0 0 1 0 00

0 00 1 1 0 0 1 0 0

2.2 mA

2.0 mA

120 µA

140 µA

140 µA

55 mV

100 µs

(a)

Ix1

Ix2

Ix3

Ishift

Vout

Idata

Ix4

1.6 mA

2.2 mA

2.0 mA

1.8 mA

140 µA

140 µA

35 mV

0 10 1 1 0 0 0 01

1 10 0 1 0 1 1 00

0 10 0 1 1 1 000

100 µs

(b)

Figure 5.8:Measurement results at 100 kHz. (a) QFL. Because of the coupling di-
rection between the QFL and the dc-SQUID, the dc-SQUID turns into a voltage state
when the state of the QFL is “0”. (b) 1-bit shift register. The dc-SQUID turns into a
voltage state when the state of the QFL is “1”.

71



Table 5.2:Measured bias margins of the QFL and the shift register

QFL Shift register

Ix1 - ±7.9%
Ix2 ±38.5% ±15.4%
Ix3 - ±6.7%
Ix4 - ±1.4%
Isq ±18.7% ±18.4%
Ib ±1.9% ±1.9%

5.4 High-speed demonstration of AQFP logic gates us-
ing QFLs

5.4.1 QFL-based high-speed test circuits

Here we propose a high-speed test circuit using QFLs and experimentally demonstrate
high-speed logic operations of AQFP gates. To demonstrate AQFP circuits at high
speed (in the GHz range), we use QFLs to hold and read out data. Figure5.9shows the
schematic of the modified QFL for the high-speed tests, where critical currents of the
write gates are larger than those of the previous QFLs in order to reduce backactions
and increase bias margins. Figure5.10shows the block diagram of a QFL-based high-
speed test circuit (QHTC), where circuits under test (CUTs) are driven by high-speed
excitation currents,Ixhi, and the QFLs and readout buffers are driven by low-speed
excitation currents,Ixlo1 andIxlo2, respectively. Three-phase high-speed excitation cur-
rents,Ixhi1, Ixhi2, andIxhi3, are generated by using a power divider, which also adds a
dc-offset to each excitation current, and are terminated by on-chip 50Ω resistances.
Before the QFLs are driven byIxlo1, low-speed inputs are fixed and the output data
of the CUTs are stored in the storage loops of the QFLs after split by SPL gates. Al-
though the CUTs switch at every cycle of the high-speed excitation currents, the stored
data can be latched by the QFLs whenIxlo1 rises without timing synchronization be-
tween the low-speed inputs and the high-speed excitation currents. The latched data
are read out at low speed by using dc-SQUIDs, where we inserted the readout buffers
to reduce backactions from the dc-SQUIDs to the QFLs. The dc-SQUIDs turn into
voltage states when the states of the readout buffers are “1”.
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Figure 5.9: Circuit schematic of the QFL used in QHTCs.J0 = 40µA or 30µA
(βc = 4.0), Lina = Linb = 22.9 pH, Lb = 2.86 pH, andka = kb = 0.482. For the write
gates,βL = 0.4, βq = 5.5, andIc = 100µA (βc = 1.0). For the read gate,βL = 0.4,
βq = 3.2, andIc = 100µA (βc = 1.0).
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5.4.2 Measurement results

We designed three types of QHTCs,α, β, andγ, by means of the InductEx and fab-
ricated QHTCs using the STP2. Inα, the CUT is a buffer gate, and the QFL has
J0 = 40µA. In β, the CUT is a buffer gate, and the QFL hasJ0 = 30µA. In γ, the
CUT is an AND gate, and the QFL hasJ0 = 40µA. We used twoJ0 settings because
J0 and Ib are the critical parameters in a QFL. Figure5.11shows the micrograph of
these three QHTCs.

Figure 5.12 shows the measurement setup for the high-speed test. Figure5.13
shows the high-speed measurement results at 1 GHz, where we applied ac bias cur-
rents,Isq, to the dc-SQUIDs in order to reduce backactions to the readout buffers, and
Vout is the output voltage of the dc-SQUIDs amplified by 200 times through the use
of differential amplifiers. Figure5.13a shows the three-phase high-speed excitation
currents at 1 GHz generated by a power divider, where the small oscillations are due
to reflections between the power divider and an oscilloscope. Figure5.13b shows the
measurement results forα, and Fig. 5.13c shows the measurement results forγ. In
bothα andγ, the CUTs operated correctly at 1 GHz. We also confirmed correct oper-
ations inβ at 1 GHz. The bandwidth of the probe that we used was∼ 1 GHz, which
prevented demonstrations at a higher frequency.

Table5.3 shows the obtained margins for each bias current. Here,Ixhi has wide
bias margins of more than±30% in all QHTCs, andIb has a small margin of only
±5.3% inα, which is much smaller than the simulation results of±17%. We believe
that this is becauseJ0 was larger than the designed value in this fabrication. In fact, in
β with smaller junctions, the measured margin increased to±16%. Therefore, we can
obtain reasonably wide margins ofIb by reducing the junction size ofJ0, even if the
parameter variation is larger than expected.
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Figure 5.11:Micrograph of QHTCs. The three-phase high-speed excitation currents,
Ixhi, are externally provided and terminated by the on-ship 50Ω resistances.
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Figure 5.13:High-speed measurement results at 1 GHz. (a) Three-phase excitation
currents at 1 GHz generated by a power divider. (b)α: the CUT is a buffer gate. (c)γ:
the CUT is an AND gate.
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Table 5.3:Measured bias margins of each QHTC

α β γ

Ixhi ±31.0% ±34.9% ±31.0%
Ixlo1 ±43.8% ±37.2% ±45.0%
Ixlo2 ±31.2% ±30.7% ±27.5%
Isq ±18.1% ±15.8% ±17.4%
Idc ±5.3% ±16.2% ±6.3%

5.5 Summary

We proposed the QFL, which is composed of an AQPF buffer gate with a storage
loop, as a novel latch for AQFP logic. The QFL is compact and compatible with
AQFP logic gates and can be read or written in only one clock cycle. We simulated
the QFL operating at 5 GHz, and margin analysis revealed that the QFL has wide
parameter margins, where the critical parameter is the dc bias currents with a margin
of ±22%. The calculated energy dissipation was only∼ 0.1 aJ/bit and the obtained
EDP was 20 aJ· ps, which is approximately 100 times smaller than that of RSFQ shift
registers. Moreover, we designed and simulated a shift register operating at 5 GHz,
using QFLs. We designed and fabricated the QFL and the 1-bit shift register using the
STP2. Finally, we successfully demonstrated the correct operation of these circuits.
From these results, we have achieved the first solution to data storage in AQFP logic
circuits.

Also, we proposed the QHTC as a high-speed test circuit for AQFP logic gates,
where output data of CUTs, operating at high speed, are stored in QFLs and read out at
low speed. We experimentally demonstrated the high-speed operation of AQFP buffer
gates and AND gates at 1 GHz. Obtained margins of high-speed excitation currents
were more than±30%, which is wide enough for practical systems using AQFP logic
gates. The margin of the dc bias currents to QFLs was smaller than expected but
increased to±16% by reducing the size of junctions in QFLs.
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Chapter 6

Conclusion

In Chap.2, we numerically and experimentally demonstrated the sub-IcΦ0 bit-energy
operation. Through numerical analyses, the bit energy of an AQFP gate with critically
damped junctions was estimated to be 6.40 zJ = 0.06IcΦ0 = 110kBT at 4.2 K for
βL = 0.2, βq = 1.6, Ic = 50µA (βc ∼ 1) and a rise/fall time of 200 ps. The calculated
bias margin at 4.2 K was±19.4%, where the bias margin was defined as the bias
region where the BER is smaller than 10−23. Additionally, we measured the energy
dissipation of the gate by using the superconducting resonator-based method. The bit
energy was only∼ 10 zJ∼ 0.1IcΦ0 for βL = 0.4, βq = 1.6, Ic = 50µA (βc ∼ 1),
and an operation frequency of 5 GHz. These results show that the AQFP gates can
operate with bit energy smaller than its energy barrier,IcΦ0, which is one of the most
important advantages of adiabatic switching operations.

In Chap. 3, we numerically demonstrated the sub-kBT bit-energy operation. By
using underdamped junctions, the bit energy reaches 12 yJ∼ 0.2kBT at 4.2 K for
βL = 0.2, βq = 1.6, Ic = 50µA (βc ∼ 2600), and a rise/fall time of 2000 ps, which
agreed well with analytical estimation. The calculated bias margin at 4.2 K was
±21.7%. Also, we confirmed that the BER does not change as the rise/fall time in-
creases and bit energy decreases. These results show that there is no minimum energy
dissipation for operations of AQFP gates, unless the entropy decreases. Moreover, we
confirmed that the energy-time uncertainty relation can be neglected for the current
design parameters.

In Chap. 4, we built the purely reversible logic gate, which we designated as the
RQFP gate. The RQFP gate has a symmetric circuit topology, which is composed of
three 3-in MAJ gates and three 3-out SPL gates. We confirmed that there is no min-
imum energy dissipation for reversible logic operations using RQFP gates, through
numerical analyses. Moreover, we experimentally demonstrated the logical and phys-
ical reversibility of the gate. To the best of our knowledge, the RQFP gate is the
first practical reversible logic gate. Detailed discussions on the energy efficiency of
reversible computing will be possible by using RQFP gates.
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In Chap.5, we proposed the novel energy-efficient latch, which we designated as
the QFL. The QFL is composed of only three junctions and is compatible with other
AQFP logic gates. Also, it requires only one clock cycle for both read and write,
which is a great advantage over previously proposed latches. The energy dissipation
was numerically estimated to be∼ 0.1 aJ, which achieves quite a low EDP of 20 aJ· ps.
We experimentally demonstrated the correct operations of the QFL and the 1-bit shift
register using QFLs. Also, we proposed the high-speed test circuits using QFLs, with
which we demonstrated AQFP buffer gates and AND gates at 1 GHz with sufficiently
wide bias margins.

From the above results, we have successfully shown the extremely high energy
efficiency of the AQFP logic. Especially in Chap.4, we reached a very important
conclusion that there is no minimum energy bound for logic operations using purely
reversible devices. It can be expected that low-power computing systems with bit
energy aroundkBT will be possible by using AQFP logic.

6.1 Future works

In order to achieve practical computing systems using AQFP logic, much effort is still
needed. Below are the challenges to be overcome.

Interconnects Because input currents decrease as wiring inductances increase, it is
difficult to interconnect AQFP gates using long wires. Therefore, PTL drivers for
AQFP gates, which convert output currents of AQFP gates into SFQ pulses, are nec-
essary for long interconnections [Ortlepp13].

Architectures Although energy dissipation of QFLs is much smaller than RSFQ
shift registers, it still costs much energy to hold data in comparison with executing
logic operations. Hence, we need to conceive an architecture suitable for comput-
ing using AQFP logic, which is expected to need more logic gates but less cashes
and memory bandwidth. Large-scale reconfigurable data-paths (LSRDPs) [Takagi08]
might be well suitable, because it does not need cashes and large memory bandwidth.
Logic-in-memory architectures such as MAGIC cells [Semenov13] could be also pos-
sible candidates.

On-chip ac power sources One of the problems of ac excitation is that bandwidth
of off-chip interconnects could limit the maximum operation frequency. Another diffi-
culty is that signal attenuation and phase delay on excitation lines due to AQFP gates
could limit circuit density, which would be even more serious in multi-chip mod-
ules. In order to deal with these problems, on-chip ac power sources using relax-
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ation oscillators and superconducting resonators have been proposed [Mukaiyama13a,
Mukaiyama13b, 向山 13]. However, its energy efficiency is too large for energy-
efficient computing systems; power consumption of the ac power source is approxi-
mately 100 times larger than that of power available for driving AQFP gates. Thereby,
more energy-efficient ac power sources are needed.

Reduction in latency As described in Chap.1, latency of AQFP logic is large be-
cause it can perform only one logic operation per clock cycle. Therefore, new oper-
ation modes to reduce latency should be conceived. Otherwise, good architectures or
applications, where large latency is allowable, are necessary.
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Appendix A

Potential energy of rf-SQUIDs

Because superconducting-quantum-interference-devices (SQUIDs) are the building blocks
in most superconductor logics, it is important to understand how it achieves a bi-stable
state, or double-well potential. Here we take an rf-SQUID as an example, because it
includes only one Josephson junction and easy to analyze. FigureA.1 shows the circuit
schematic of an rf-SQUID composed of a Josephson junction,J, and an inductance,
L. Its potential energy,U, includes energy stored in a Josephson junction,U j, and that
stored in an inductance,UL, as follows:

U = U j + UL. (A.1)

We apply a bias current,Ib, and a control flux,Φcon, to change the potential, using
a mutual inductance,M, and a control current,Icon. Current throughJ, I j, current
throughL, IL, phase difference throughJ, θ, and phase difference throughL, θL + θcon,
are defined as follows:

I j

Ic
= sinθ, (A.2)

I j + IL = Ib, (A.3)

θL
2π
=
ΦL

Φ0
=

LIL

Φ0
, (A.4)

θcon

2π
=
Φcon

Φ0
=

MIcon

Φ0
, (A.5)

θ − θL − θcon = 0, (A.6)

whereIc is a critical current and Eq. (A.6) shows the flux quantization. From the above
equations, each phase difference is described as follows:

sinθ = − Φ0

2πLIc

(
θL −

2πLIc

Φ0

Ib

Ic

)
= − 1
βL

(θL − θb) = −
1
βL
θ′L,

(A.7)
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where the normalized inductance,βL, phase difference due toIb, θb and effective phase
difference throughL, θ′L, are given by:

βL =
2πLIc

Φ0
, (A.8)

θb = βL
Ib

Ic
, (A.9)

θ′L = θL − θb
= θ − θcon− θb.

(A.10)

U j andUL are given by:
U j = E j(1− cosθ), (A.11)

UL =
1
2

LI ′2L =
1
2

L

(
θ′L

2πL
Φ0

)2

=
1
2

IcΦ0

2π
Φ0

2πLIc
θ′2L =

E j

2βL
θ′2L ,

(A.12)

where the effective current throughL, I ′L, and the Josephson energy,E j, are given by:

I ′L =
θ′L

2πL
Φ0, (A.13)

E j =
IcΦ0

2π
. (A.14)

As a result, potential energy and junction currents are given as follows:

U
E j
=

1
2βL

(θ − θcon− θb)2 + 1− cosθ, (A.15)

I j

Ic
= sinθ = − 1

βL
(θ − θcon− θb). (A.16)

FigureA.2 shows the time sequence of potential energy and junction currents when an
SFQ is stored in an rf-SQUID, using Eqs. (A.15) and (A.16) for βL = 2π (LIc = Φ0).
Maxima and minima of the potential correspond to the intersections of sin curves (sinθ)
and load curves (−(θ − θcon− θb)/βL) of junction currents. WhenIb andΦcon are 0, the
shape of the potential is a single well (Fig.A.2a). As Ib orΦcon increases, it varies to
a double well, which enables two distinguishable states (Fig.A.2b). Finally, it varies
to a single well again (I j = Ic), which induces rapid and irreversible state transition
(Fig. A.2c). As a result, an SFQ is stored in the rf-SQUID. Note thatIb andΦcon

have the same impacts on this process forβL = 2π. During this non-adiabatic process,
switching energy,Esw (∼ IcΦ0), is dissipated. Correctly speaking, as can be seen in
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Figure A.1:Circuit schematic of an rf-SQUID.

Figs. A.2b and c, the barrier height,Eb (∼ E j = IcΦ0/2π), is not equal toEsw in
most superconductor logics. However, in this study we assume thatEsw = Eb = IcΦ0

for simplicity as described in Chap.1, because it does not make a difference in our
discussion on physical energy bounds. FigureA.3 shows the time sequence when an
SFQ escapes from the rf-SQUID.

In order to use an rf-SQUID in logic devices, it must have two distinguishable
states of “0” and “1”. Therefore, SQUIDs are biased in most superconductor logics so
that it can achieve bi-stable states, by applying bias currents or control fluxes. Figure
A.4a shows double-well potential forβL = 2π andIb/Ic = 0.5 orΦcon/Φ0 = 0.5, where
the two states have the same potential energy. FigureA.4b shows the dependence of
phase differences on bias currents or control fluxes forβL = 2π. It can be seen that
each state can switch to the other from the bias point (Ib/Ic = 0.5 orΦcon/Φ0 = 0.5)
by applying the same magnitude of energy, which indicates that the rf-SQUID can be
used as a digital switch. Moreover,βL determines the hysteresis of theθ-Ib or θ-Φcon

curves. AsβL (or LIc) increases, the state becomes more stable with a larger barrier
height and a larger operation margin (bias margin) but needs more energy and time for
a switching event. Therefore, in superconductor logics, it is important to optimizeLIc

products in terms of energy, speed, and operation margins.
In conventional superconductor logics, dc-SQUIDs, which include two Josephson

junctions in a SQUID loop, are used as building blocks rather than rf-SQUIDs. How-
ever, the behaviors of potential energy and SFQs are the same, whether the building
block is an rf-SQUID or a dc-SQUID. The detailed analysis on potential energy of
dc-SQUIDs have been reported in [Ortlepp07].
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Appendix B

Transient analysis ofRLCcircuits

Because Josephson junctions can be treated as a parallel resonator, as will be shown
in App. C, it it important to understand the transient response ofRLCcircuits. Figure
B.1shows the schematic of anRLCseries circuit. The transient response of this circuit
is given by the following differential equation:

Eu(t) = Ri+
1
C

∫
idt + L

di
dt
. (B.1)

If we assume thati = di/dt = 0 for t = 0, the current,i, is given as follows:

i
I0
=
ω0

γ
exp(−αt) · sinhγt for R> Rcri (Q < 0.5), (B.2)

i
I0
= ω0exp(−αt) · t for R= Rcri (Q = 0.5), (B.3)

i
I0
=
ω0

β
exp(−αt) · sinβt for R< Rcri (Q > 0.5), (B.4)

where

Rcri = 2

√
L
C
, (B.5)

Z0 =

√
L
C
, (B.6)

I0 =
E
Z0
, (B.7)

ω0 =

√
1

LC
, (B.8)

T0 =
2π
ω0
, (B.9)
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α =
ω0

2Q
, (B.10)

β =
√
ω2

0 − α2, (B.11)

γ =
√
α2 − ω2

0. (B.12)

The quality factor,Q, is given by using characteristic time constants as follows:

Q =
τ1
τ0
=

√
τ1
τ2

=
Rcri

2R
=

Z0

R
,

(B.13)

τ0 =
1
ω0
=
√
τ1τ2, (B.14)

τ1 =
L
R
, (B.15)

τ2 = RC, (B.16)

τ =
1
α
= 2τ1. (B.17)

UsingQ, exp(−αt) is given by:

exp(−αt) = exp

(
− t

QT0
π

)
, (B.18)

which shows that the amplitude of the damped oscillation reduces to exp(−π) ∼ 4% for
t = QT0. In other words,Q indicates the number of oscillations until they converge.
Thereby, high-Q circuits can store energy for a long time as long-lasting intrinsic os-
cillations.

The transient response of this circuit is critical damping forQ = 0.5, underdamping
for Q > 0.5, and overdamping forQ < 0.5, as described in Eqs. (B.2), (B.3), and
(B.4). For practical circuit design, it is sometimes important to determineQ so that
the oscillation rises and converges the fastest. TheRLCcircuit has two time constants,
τ1 = L/Randτ2 = RC. The transient response converges the fastest forτ1 = τ2, which
results inQ = 1.0. Therefore, sometimes the response forQ = 1.0 is also defined as
critical damping. FigureB.2 shows the transient responses for differentQ. It can be
seen that the waveform rises and converges fast forQ = 1.0, and the oscillation lasts
long for Q = 5.0.
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Appendix C

Transient analysis of Josephson
junctions

The transient response of Josephson devices is determined by the quality factor of
Josephson junctions,Q. FigureC.1a shows the schematic of a Josephson junction,
J, shunted by the shunt resistance,Rs, which is used to adjustQ. FigureC.1b is its
equivalent circuit, where Josephson junction is replaced with its CRSJ model, which
is composed of Josephson inductance,L j, junction capacitance,C, and subgap resis-
tance,Rsg. A Josephson junction can be treated as a parallel resonator, which has two
time constants,τ1 andτ2. These time constants are given by [Kadin99]:

τ1 = RC, (C.1)

τ2 =
L j

R
, (C.2)

whereR is the combined resistance ofRsg andRs. The ratio of these time constants
gives the McCmber parameter [McCumber68, Stewart68], βc, which shows the damp-
ing condition andQ of the junction as below:

βc = Q2 =
τ1
τ2
=

R2C
L j

≈ R2C
L j0
= 2π

R2CIc
Φ0
,

(C.3)

whereL j = L j0/cosθ, L j0 = Φ0/2πIc, andθ is a phase difference of a Josephson junc-
tion. Whenβc = 1 (τ1 = τ2), the voltage across the junction returns to zero the fastest,
which corresponds to critical damping. Therefore, in conventional superconductor
logics such as RSFQ,βc is determined to be∼ 1 (Q ∼ 1) by adding a shunt resistance,
in order to achieve a very high operation frequency and small pulse interactions.
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Figure C.1:(a) Circuit schematic of a Josephson junction and (b) its equivalent circuit.

Additionally, the switching time,τsw, and the pulse height,Vh, are given by using
βc, as shown below:

τsw ≈ 2πτ2 ≈ 2π
L j0

R

=
Φ0

IcR
=

√
2πΦ0C
βcIc

,

(C.4)

Vh =
Φ0

2π
dθ
dt
≈ Φ0

2π
2π
τsw

= IcR∝
√
βc.

(C.5)

FigureC.2 shows the transient analysis of SFQ pulses in JTLs with differentβc. For
βc > 1, the pulse shows an underdamped response with a fast rise time, a large pulse
height, and a long-lasting plasma oscillation. This is because the phase difference
of the junction changes fast due to the weak damping. Forβc < 1, the junction is
overdamped, where the pulse height is small and plasma oscillations do not occur.
Although the junction is critically damped forβc = 1.0, there are small oscillations
due to the non-linearity of Josephson inductance. Therefore, in our conventional RSFQ
circuit design,βc is designed to be 0.89 to reduce interactions between SFQ pulses.

Also, βc determines the hysteresis ofI -V characteristics of junctions. Fig.C.3
shows theI -V characteristics for critical damping (βc = 1.0) and underdamping (βc =

4.0). The underdamped junction shows a large hysteresis inI -V characteristics, where
the voltage across the junction remains until the applied current reduces significantly.
For high operation frequencies, the hysteresis should be designed to be small by using
critically damped junctions.
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Appendix D

Scaling of conventional
superconductor logic

We briefly introduce the scaling of conventional superconductor logics, such as RSFQ
logic [Kadin01]. TableD.1shows general scaling rules, using scaling factor ofα. Here
we take a closer look at operation frequencies. We define the pulse width of an SFQ
pulse,∆t, as below:

∆t ≡ τsw

2
=
Φ0

2IcR
=

√
πΦ0C
2βcIc

=

√
πΦ0C′S
2βcJcS

=

√
πΦ0C′

2βcJc

∝
√

1
Jc
,

(D.1)

Jc ∝ exp(−γd), (D.2)

whereC′ is junction capacitance per area,Jc is critical current density,S is junction
area,d is junction thickness, andγ is a constant. Equation (D.1) shows that as the criti-
cal current density increases, the pulse width becomes narrower and a higher operation
frequency is achievable. This is because the gate capacitance reduces as the critical
current density increases, which reducesτ1 as a result. And Eq. (D.2) shows that
larger critical current density is obtained by reducing the junction thickness. Using
Eq. D.1, we estimate the operation frequency,fclk, for the two available Nb processes,
the STP2 withJc = 2.5 kA/cm2 [Nagasawa95] and the ADP2 withJc = 10 kA/cm2

[Nagasawa04], whose parameters are shown in TableD.2. For the STP2:

∆t ∼ 2.7 ps forβc = 1.0,

fclk ∼ 1/10∆t ∼ 40 GHz.
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For the ADP2:
∆t ∼ 1.4 ps forβc = 1.0,

fclk ∼ 1/10∆t ∼ 70 GHz.

Furthermore, by using an extremely high critical current density of 250 kA/cm2, a
frequency divider operating at up to 770 GHz has been successfully demonstrated
[Chen98, Chen99].
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Table D.1:Scaling rules in conventional superconductor logic

Quantity Transformation

Junction length a→ a/α
Junction area S→ S/α2

Current I → I
Voltage V → Vα

Flux Φ→ Φ
Distance on chip ∆x→ ∆x/α

Time delays ∆t → ∆t/α
Resistance R→ Rα

Capacitance C→ C/α2

Inductance L→ L
Junction/area N→ Nα2

Power/area P→ Pα3

Table D.2:Junction parameters of the STP2 and the ADP2

Quantity STP2 ADP2

Critical current density,Jc [kA/cm2] 2.5 10
Minimum junction area,Smin [µm2] 2.0× 2.0 1.0× 1.0

Critical current,Ic [µA] 100 forSmin 100 forSmin

Junction capacitance,C [pF] 0.218 forSmin 0.064 forSmin

Normal-state resistance,Rn [Ω] 17 for Smin 16 forSmin

Subgap resistance,Rsg [Ω] 200 forSmin 100 forSmin

Gap voltage,Vg [mV] 2.8 2.7
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