Extremely Energy-Efficient
Integrated Circuits Using
Adiabatic Superconductor Logic

P A 5L £ 2 i L ] 5 2 FH s 7 AR R ) SRR BT B D A 5%

A dissertation presented
by
Naoki Takeuchi
to
The Department of Physics, Electrical and Computer Engineering
in partial fulfilment of the requirements
for the degree of

Doctor of Engineering

Yokohama National University

March 2014



Copyright by
Naoki Takeuchi
2014



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 energyfigciency of logic devices to achieve future high-end
computers.

As an extremely energyfgcient 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 bé{dw, wherel, is a
critical current of a Josephson junction aigl is a single-flux-quantum (SFQ).d,
corresponds to the energy dissipated at everglfase 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 energlyogency of AQFP logic. The other
is to develop fundamental circuits necessary for eneffigient computing systems
using AQFP logic.

First, we numerically and experimentally demonstrated thelghp-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 suld, 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 &gib-bit-energy operations, where
kg is the Boltzmann constant afdis 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 lggib-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



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 energifieient 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 enéfigigacy of
AQFP logic. These results will move the AQFP logic to practical usage as extremely
energy-dicient 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
guantum-flux-parametron (AQFP) as an extremely eneffigient 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 enelffjgient 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. Figur& shows the energyficiency of the
1st-ranked computers in recent TOP50®@P50Q. It is clear that power consump-

tion increases as computing power increases, eventually reaching around 200 MW for
1 EFLOPS (Geist1Q Ball12, Servicel2 #f = 13]. This power costs more than $200
million per year and is diicult to supply safely, which indicates that each supercom-
puter needs a power plant in the near future. Hence, endigieacy is now the most
important metric of advancement in modern computer deggmniarl]. Many post-
CMOS devices are under research to obtain higher endligieacy [TRS], however,

most of them could obtain slightly higheffieiency. 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 CMOBJ0x 10716 J).
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Figure 1.1:The 1st-ranked computers in recent TOP500.

Therefore, an extremely energsfeient 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 enerfficeency in computation. The an-
swer has been already predicted by Rolf Landauer in his paper in 186tiquer6]L

He argued that there is ho 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
ksIn2 is reduced, wherkg is the Boltzmann constant. Thereby, heat of more than
ksTIn2 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



principle imposes the Landauer boundkg® In2 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. Fig@re
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 dewicé-bit
memory) has double-well potential energy as shown in Higa, where each well
corresponds to the logic states of “0” and “1”, respectively. The two distinguishable
states are separated by the energy barfgrFor conventional superconductor logics,

E, corresponds tt.®@q, wherel. is a critical current of Josephson junctions adngds a
single-flux-quantum (SFQ). When the device is supplied withi@antly large energy

(Fig. 1.20), 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 correspondingdas dissipated as heat. The bit error rate (BER)

of a non-adiabatic devicé&l, where the error is caused by thermal noise, is determined
as [Zhirnov03: IT = exp(~Ep/ksT). The BER reaches 0.5 fdf, = kgTIn2 , 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
[Likharev83.

After long discussions and numerical analyses of this energy bdeimdyme95
Dillenschneider09SagawaOp some very recent experimental demonstrations that
confirmed its validity have been reportd8igrut12 Orlov1lZ. (Also, some important
experiments regarding the connection of information and energy have been reported
[Toyabel() These results indicate that the Landauer bound limits the minimum en-
ergy dissipation in modern CMOS-based comput&esyps81 Lloyd00, MeindIlOQ,
Zhirnov03 Boechler1l(, which perform irreversible logic operations.
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Figure 1.2:Time sequence of potential energy during a non-adiabatic switching oper-
ation.



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 baierIn principle, the mini-

mum switching energy of these devices corresponds to the Landauer bdidrdd.
However, in practical usage, it must be much larger tkanin order to suppress the
error caused by thermal noise:10°%ks T for CMOS [MukhopadhyayOpand~ 10°kgT

for conventional superconductor logidskharev9]. The diference 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 (P HgghimotoOBnetworks 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-dficient device

In order to achieve lower energy bound, the adiabatic switching operation was pro-
posed as a new switching principlédyes7(. Figurel.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 thBpnp More important, in principle sukgT 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 Likharev83, 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 circuitsTeichmann1], the parametric quantrohikharev77, and the negative-
inductance superconducting-quantum-interference-device (nSQB#X)¢novOB How-
ever, none of them have achieved d4@f- bit energy operations, and they are not
practical for usage in a large-scale computing system.

As an extremely energytgcient 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 AppA) sharing an inductancé,. AQFP gates are based on quantum-
flux-parametron (QFP) gates, which were invented by Eiichi Gdtspya91Hioe9].

In AQFP logic, the gates are designed to be in a fully adiabatic mode. The basic con-
cept and fundamental experiments have been reporteti# L1, Takeuchil3a De-

tailed discussion on the relationship between circuit parameters and operation modes
haven been reported iTgkeuchil3h which will be also described in Cha2. By

using an ac excitation curreng, the potential energy of an AQFP gate varies adiabat-
ically from single-well to double-well during a switching event as shown in Eig,

where the gradient of the potential corresponds to the input cutgenfdditionally,

there is no static power consumption due to the ac biasing. As a result, the AQFP logic
can achieve sukgT 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 gradieas(alll;,). The other is that all
the gates are clocked by the externally applied ac excitation cutgenthich enables
jitter-free logic operations. Thereby, extremely ener@icnt integrated circuits with
high robustness can be realized by using AQFP logic.



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 energiyogency of AQFP logic. The other

is to develop fundamental circuits necessary for eneffigient computing systems
using AQFP logic. The research outline of this study is shown in Efg.below is the
agenda.

1. Demonstration of sulb:dq bit energy operations (in Chap) - 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 sulkgT bit energy operations (in Chap) - 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 Chdp- 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 enerdjia@ent latches (in Chap5) - In AQFO
logic, latches are missing fundamental circuits. We propose a novel latch and
discuss its energyfiéciency. The development of AQFP logic circuits is under
investigation by my colleague, Kenta Inouaquel3 # |- 14].
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1.4 Superconductor logic

1.4.1 Historical overview

The history of superconducting digital electronics have been reportsdm)Puzer0g
BJI1 09, Likharev12 Fujimakild. There are also good textbooks which introduce the
fundamental circuit properties and principles of thararf Duzer98Kadin99.

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
~ 10uW/gate.

In late 1980s, a new superconductor logic, the rapid single-flux-quantum (RSFQ)
logic [Mukhanov87 Likharev9] 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 AppA). 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 it€hen98 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 Jorozu0O], the FLUX microprocessordjorojevets01Bunyk03, the CORE
microprocessorsipnaka04FujimakiOg, superconductor analog-to-digital converters
[Mukhanov04.

1.4.2 Advancement of energyfliciency

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 enerdigiency in CMOS logic. The
practical minimum bit energy in CMOS logic is 10°kg T ~ 10-*®Jat 300K. That of
RSFQ is, in principle~ 10°%ksT ~ 1071°Jat42K. However, by adding static power
consumption, it increases to 107*8J. Finally, it reaches 107'°J by adding power
consumption of a cryocooler (1000/W) [Radebaughd9

In order to achieve extremely high energ§i@ency in comparison with CMOS

10



logic, some new energyfiecient superconductor logics were proposed and are under
drastic investigations. Thanks to the new US government project, Cryogenic Com-
puting Complexity (C3) projectd3], much more attention is attracted to this field
[Holmes13. Below we introduce several energffieient 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 energyf@cient logic devices. This is because in CMOS logic
power consumption and operation frequencies are limiteBR®yime constants. The
main problem of RSFQ logic is that its static power consumption is much larger
than dynamic power consumption. Figute shows the schematic of Josephson-
transmission-lines (JTLs) in RSFQ logic, where an SFQ propagates by us@lége
transition of each junction. The dynamic power consumptitynarises from switch-

ing energy of Josephson junctiorts,,, which are represented as below, respectively:

E —fIth |%f2”de

W ‘21 Jo (1.1)
= IC(I)Oa
Py = Equf = 1c®of, (1.2)

wherel. is a critical currentf is an operation frequency. In order to suppress the error
caused by thermal noisé, is often designed to be larger than 108 resulting in

the averagé. of ~ 200uA. Therefore,Eg, ~ 0.4a)~ 700KgT, Py ~ 20 nW for an
operation frequency of 50 GHz. In contrast, the static power consumption arises from
the bias resistanc®&,, which is necessary to provide bias curretgsto each junction
stably. In order to suppress the pulse interactions, bias voliagenust be much
larger than that of SFQ pulsesgnakall If we assume thaV, ~ Ryly, Ip ~ 0.8l,

and an activity factorg = 0.5, the static power consumptioRg, and the bit energy,

Eyit, are given as below:

Ps = RylZ ~ 0.8V, (1.3)

Epit = ¢Esw + P/ f
~ 0.51.®g + 0.8I:Vp/ f.

As a result,Ey; ~ 8.2aJ~ 1.4 x 10PkgT at 4.2 K andPy + P ~ 420 nW, where

it is clear that static power consumption dominates in the total power consumption
(Ps/Pq ~ 20). This means that in RSFQ logic the nature of superconductors is not
fully utilized, because of the resistor networks for stable bias currents.

(1.4)
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Figure 1.7:Circuit schematic oL R-biased RSFQ logic.

LR-biased RSFQ logic A straightforward way to reduce power consumption in RSFQ
logic is to reduceR,. However, aRi, reduces],, 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,LiR-biased RSFQ logic (Figl.7),

large inductanced,,, 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 rep@sdikpwa99
YamanashiO7Ortleppl]. However, no demonstration of large-scale circuits using
LR-biased RSFQ logic has been reported yet. This is bedajssuires large circuit
area, and_R-biasing cannot prevent the redistribution of bias currents.

ERSFQeSFQ logic Another approach to reduce the interaction is to utilize the pe-
riodic 2r phase transition of Josephson junctions. First, this approach was adopted
in the Polonsky’s dual-rail schem®@¢lonsky99. However, the hardware overheads
were too high for practical usage.

In energy-dicient RSFQ (ERSFQ and eSFQ) logitdéJkhanov1]Kirichenkoll
Volkmann134 the specific nodes in circuits experience ghase transition at every
clock cycle, which prevents the redistribution of bias currents. In Ei§. the nodes

12
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Figure 1.8:Circuit schematic of ERSFQ logic.

in the power buss experience Bhase transition at every clock cycle. The bit energy

of ERSFQ and eSFQ ard @, and 111.®¢ [Mukhanovll], 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 [Volkmannl13h. Additionally, the investigation to utilize ERSFQ logic in asyn-
chronous ALUs was reported idyalal3.

RQL Inreciprocal-quantum-logic (RQLHerr11], flux biases are provided through
transformers as shown in Figl.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 Terai0O3 Eharald In RQL, data is encoded using pairs of an SFDE)

and its reciprocal one+D,), which prevents SFQs from accumulating in the bias in-
ductance in the transformel,. Additionally, four-phase ac bias currents are used
to prevent jitter accumulation and timing variatiorefaiO4 Fungl13. In order to dis-
tribute the high-frequency ac bias currents, superconducting microwave power dividers
were developedQbergl]l. From measurement results, the bit energy was estimated
to be 033l.dy 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 demonstratddir13, where superconductor distributed
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Figure 1.9:Circuit schematic of RQL.

amplifiers Herrl( 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 4/6itedt 18 GHz
usingV, = 0.1 mV has been reportedgnakal® As another approach to reduce the
power consumption, miniaturization &fis also under investigatiomanakalR

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 celHprada8¥, A/D converters $himizu89 Harada9P,
shift registers Casas91Casas92Hosoya9% a race arbiterl[ee9], minimum en-
ergy boundsGoto9], noise analyse€092, Ruby93, margin analysesHosoya93,
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 energyfigcient 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:

e Extremely small bit energy - The switching energy of an AQFP gate can be
much smaller tham.d®q, while that of other logics is- |.®o. Additionally, the
static power consumption is zero.
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e Large current gain - Even a very small input current can push the potential to-
wards one of the logic states.

e 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.

e 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.

e 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:

e 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 Chayb.

1.5 Reversible computing

In order to go beyond the Landauer bound, Edward Fredkin established the theory of
reversible computingHredkin83, 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 ZBHout reversible logic gate, which serves like

a 2x 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 ih§f02, Cockshott12#%H 12].

As part of the &ort to achieve practical reversible logic gates, several physical
models and devices have been proposed. These include the coupled-potential-well
model Keyes7(), the billiard ball model Fredkin83, the parametric quantron, and the
nSQUID. Although an experimental demonstration of nSQUID shift registers has been
reported Renll, no reversible logic operations have been experimentally demon-
strated to date. Thus, discussions on reversible computing remain theoretical, and the
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guestion as to whether reversible computing is achievable using practical logic devices
has yet to be resolved.

One of the problems is that an extremely enerfficient logic device is first neces-
sary, because the energy dissipated by the erasure of information is of the dagler of
The bit energy of conventional logic devices, including CMOS and enefigient su-
perconductor logics, is at least larger tharl, 00kgT, 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
ks T due to adiabatic switching operations.
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Chapter 2
Sub-lc®( 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 ®g. In this chapter, we fo-

cus on demonstrating the sliwb, 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
I.®o. 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 meMat$91Chin92 WallraffO4,
LupascuQY and experimentally show the supd, bit-energy operation. The results
obtained in this chapter have been reportediakpuchil3bTakeuchil3g

2.1 Adiabatic switching operation

Figure 2.1 shows the circuit schematic of an AQFP gate, which is composed of two
superconducting loops with Josephson junctiahsand J,, the phase diierences of
which are¢, and¢,, respectively, and inductancds, L,, andLg. In the figurel;, is
an input current, andh; is an output current. In addition, is an excitation current
or an ac bias current. The operation principle of an AQFP gate is based on that of
a QFP gate. Herd, is applied toL,, andL,,, which are magnetically coupled with
L, andL,, respectively by the coupling ciientsk; andk,. The parameters of an
AQFP gate are often symmetrit; = L, = L, Lyg = Ly = Ly, andk; = k; = k.
The excitation fluxk(LL,)Y?l, = Ml,, is applied to each loop, and the directionl gf
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 directioh,f

We use a trapezoidal or sine profile iQrto 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 galtg, is given as followsKo92:

2 2
Uqgtp = E; (¢XﬁL¢ ) + %‘:i{;j — 2cosp_ cosg, |, (2.1)
whereE; = 1:®o/2r is Josephson energy, = 2rMly /Do, ¢in = 2nlglin/ Do, ¢- =
(1= 02)/2, ¢4 = (¢1+ ¢2)/2, 6L = 2rLIc/ Do, andBy = 2nLylc/Do. Figure2.2shows
the adiabatic potential change while switching from “0” to “1” using E8.1)( with
BL = 02,84 = 1.6, and|l;n/lc| = 0.3. We assumed that. = ¢, which is a natural
restriction to minimizely, because the denominator of the first term of E2j1)(is
often much smaller than that of the second term of Rdl)( Whenl returns to zero,
the circuit state returns to the “initial” state with a single-well potential. Moreover, if
I is activated again, the circuit is excited to “0” or “1” with a double-well potential. In
the mechanical analogy for the gate, the patrticle is in the potential minimum i2 Rig.
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 ris¢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 lessltidan
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Figure 2.2:Potential change while switching from “0” to “1” with_ = 0.2, 5, = 1.6,
and“ml = O.llc.

2.2 Optimization of circuit parameters

2.2.1 Impacts ofs. and g,

We optimizeB, andpy in terms of dynamic energy dissipation and operation mar-
gins, becausg, andpg, 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. Figiaés 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-tif the
gate,Li,», is magnetically coupled with the output inductance of the- (1)-th gate,
Lqn-1, DY the coupling cofiicient, k. When the excitation currenty,, is activated,
the gate is excited to “0” or “1” generating an output currénk,. 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.

Figure 2.3b shows the simulation results for the bit enerBy;, of each AQFP
gate withLinn, = Lgn, BL = 0.1, 8y = 1.6, kg = 0.3, linz = 0.1l;, and¢y/2r =
0.5. We assumed the use of the Nb Josephson process, the ISTEC standard process
(STP2) Nagasawadgsand assumed the density of critical currents to be 2.%kA
All the junctions in the AQFP gates were critically damped by using shunt resistors
so that their McCumber parameté¢Cumber68 Stewart6§ S., becomes 0.89 for
high-speed operations (see Apf), which is a typical value for our RSFQ design
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using STP2. As mentioned earlidfy,;; is supposed to decrease as the/fadetime
of I, 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 BERSs, as will be described
later herein.

Figure 2.4a shows the bit energy as a function&f and Sy with Linn = Lgn,
ky = 0.3, Iinn = 0.1l¢, and a risfall time of 100 ps. The figure indicates that both
BL andp, should be decreased in terms of energy dissipation. Figdeshows the
bias margin for the excitation current as a functiorBpofandg,, where a bias of 0%
corresponds t@,/2r = 0.5. This indicates thgs, should be decreased, wherggs
should be increased, in terms of operation margins. Thereprehould decrease
with respect to both energy dissipation and operation margins, whggeaeibits
a traded relationship between energy dissipation and operation margins. Here, we
define the minimunB,_ to be 0.2 based on the restriction of practical layout, and the
operation margin should be wider tha@5% so that the gates have robustness against
circuit parameter dispersions. As a result, we set the optimjzggbg) to (0.2, 1.6)
with Epi = 0.121.d¢ and a bias margin a£26% for a risgfall time of 100 ps.
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Figure 2.3:Energy interactions between AQFP gates. (a) Schematic diagram for eval-
uating interactions. Ten AQFP gates with the same parameters are connected in series.
(b) Simulation results for the bit energy of each gate. The fourth through eighth gates
exhibit linearity of the bit energy with respect to the ffaél time of excitation currents.
Be=0.89,Linn = Lgn, BL = 0.1,84 = 1.6, kg = 0.3, liny = 0.1l, andey/2r = 0.5.
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Figure 2.4:Parameter mapping wiB, = 0.89, Linn, = Lgn, kg = 0.3, andljy; = 0.1l,
and a risdall time of 100 ps. (a) Bit energy as a functiongfandg,. (b) Bias margin
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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. Figur@.6shows the bit energy versus the ffa#t time of excitation cur-

rents. For the optimized gate witf(8,) = (0.2,1.6), Ey: decreases approximately
linearly with a ris¢fall time, while the non-optimized gate with (0.8, 2.0) does not
exhibit such linearity. MoreoveEy;; 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 thdt = 50uA and the risgall time is 200 ps with the optimized gate,

Epit = 6.40x 10722 J = 0.061.®y = 110kgT 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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Figure 2.5: Transient analysis of the third through fifth gates for a/fadketime of
100 ps. The excitation currents are activated in turn, and the output currents are also
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Figure 2.6:Bit energy versus rigtall time of excitation currentsg, = 0.89, Lin, =
Lgn, Kg = 0.3, andlin; = 0.1l¢, andgy/2r = 0.5. The optimized gate withs(, 5,) =
(0.2, 1.6) indicates thaE,;; decreases almost linearly with a rilsdl time of excitation
currents.
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2.3 Simulation of hit error rate

Since the bit energy of an AQFP gate approadkds we need to confirm the ro-
bustness of the gate against thermal noise. We calculated the BER of the optimized
gate with a risfall time of 200 ps using WRspicé/Nhiteley91 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 louy X ling > 0 and|louul > [linal, when excited. Figur@.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 betweeh,;;/kg T and the BER. The plots show the simulation results, and
the lines show the fitting curves obtained using a complimentary error function, erfc.
Table | shows the BER after fitting, whelg, is the BER of the higher bias regions
andIl, is the BER of the lower bias regions. The bias margin is defined as the bias re-
gion in which the BER is smaller thanQix 1023, which indicates that an error occurs
during several years in a large computing system, assuming 5 GHz operation tvith 10
gates. FoiE,;/ksT = 110 at 4.2 K the optimized AQFP gate has a very wide margin
of £19.4%, and even foE;/ksT = 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 BERs given
by (see Chapl): IT = exp(~Eyit/ksT), where the energy barrier between the two states
(*0” and “1”) is assumed to be equal to the bit energy. WEggy ks T = 23.2, its BER
becomes 8x 1071%. 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 Fag2
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Figure 2.7:BER of the optimized gate. Herg, = 0.2, 84 = 1.6, Ic = 50uA (B =
0.89), Linn = Lgn, kg = 0.3, lin1 = 0.1l, and the risgall time is 200 ps. The number
of iterations for each BER is 10,000. A bias of 0% correspondst@r = 0.5.

Table 2.1:BER and bias margin versus bit energy

T[K]  Epit/ksT BER Bias margin

42 110 Iy = 0.5 x erfc[(0.621— 2r¢,)/0.00330],  +19.4%
I, = 0.5 x erfc[(2r¢y — 0.380)/0.00317]

12 386 IIy = 0.5x erfc[(0.617 - 21¢y)/0.00696],  +13.8%
I, = 0.5 x erfc[(2r¢y — 0.384)/0.00630]

20  23.2 Iy = 05x erfc[(0.613— 21¢,)/0.00954],  +8.8%
IT, = 0.5 x erfc[(2r¢y — 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 Pates91Chin93. This is because a superconducting resonator can
have quite a high extern®), which transforms the impedances of external loads to
much lower impedances, due to its extremely high unlod@edhis also means that
the very small power consumption of AQFP gates can be measured by coupling the
gate with a superconducting resonator. Fig2u& 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 composgdasfdC. Ry is the
impedance of external loads (50Q2), 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, Fig8a can be transformed to Fi@.80,
where the AQFP gate is simply expressed as a small resistance in the resanator,
In addition, the magnetic couplings between the resonator and the ports function as
impedance invertors, so thRy andV are converted to equivalent elemerdg, and
V. The power consumption causedmyp,, is given by:

Qu = wot (2.2)

Pu,
whereQy is the internalQ, wy is the resonant angular frequency, alds the energy
stored in the resonator per second. Similarly, the power consumption of the external
loads, Pe, is given byQe = woW/Pe, WhereQe (= Qes/2) is the externalQ. By
combining these equationB, is given by:

P, = P2 (2.3)

Qu’
Equation 2.3) shows thaP, can be calculated usirfg, Q,, andQ.; however,P, can-
not be measured directly using a network analyzer. Therefore 2E2).ig transformed
to calculateP, using scattering parameters, which can be easily measured using a net-
work analyzer.
At the resonant frequency, the current in the resonadgoiis expressed ag =
Vk/(2Z¢ + r). Therefore P is given by:

P, = (2.4)

NI

27 )2 V2

1
27 - 12=Z- L
o 2(22K+r 27«
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Here,VZ2/2Z, corresponds to the input power from the power suply, 2Z /(2Zx +
r) is equal to the insertion 10sS;1, and it can be also expressed usgandQe:

27« Q!

2Z +1 Qi+ QL (2:3)
Therefore, the relation betwe&h, Q., andS;; is given by:
% - Siﬂ ~ 1. (2.6)
From Egs. 2.3), (2.4), and @.6), P, is given by:
Py = 251~ Sa1), @7)

which shows that the power consumption of the AQFP gate can be calculated by mea-
suringS,;. Moreover, Eq. 2.6) indicates thaS,, can be measured with high accuracy

by increasingQ. becausé,; decreases &9, increases. A higl@Qe is available due to

the extremely higlQ of superconducting resonators.

In the actual measurement system, there are losses in the resonator, probes, and
cables. Therefore, the resistancgjn Fig. 2.8 includes such losses and must be
deduced to measure the power consumption of the AQFP datas expressed as
1/Qu = 1/Qmeast 1/ Qqtp, WhereQmeasis theQ of the measurement system &gk, is
that of the AQFP gate. Using ER.6), eachQ is expressed &9/ Qmeas= 1/Smeas— 1
and Qe¢/Qqip = 1/Sqip — 1, WhereSyeasis the loss in the measurement system and
Sqtp is that in the AQFP gate. Combining these equati®gs, is given by:

1
Sy — Sie

meas

(2.8)

S = s
are +1

whereS;; is the measured insertion loss. The power consumption of the AQFP gate,
Pytp, IS expressed by converting EQ.7):
_ Pin
Patp = 7Squ(1—8qu). (2.9)

Using Egs. 2.8) and @.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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Figure 2.8:(a) Schematic of the circuit used to measure the power consumption of
an AQFP gate, where the AQFP gate is magnetically coupled with a resonator and
(b) its equivalent circuit. The energy dissipation of the AQFP gate is expressed as a
resistance;.
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2.4.2 Measurement results

A superconducting resonator was designed through use of the electromagnetic field
simulator, SONNET $onne} and fabricated using the STP2 to measure the energy
dissipation of the AQFP gate at 4.2 K. Figu2e9 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,as 0.4, 5, = 1.6, andl; = 50uA

(8. = 0.89), with which we had experimentally confirmed correct logic operations
[/NE 11, Takeuchil3h The micrographs correspond to Fig.8a, though a dc ibset

for the excitation current is added in the measurement. The resonator is a stepped-
impedance resonator (SIRMpkimoto0Q that combines low-impedance and high-
impedance lines for miniaturization, and the measured resonant frequency was 4.998
GHz and the loade® was 357, which is dticiently high to measur§,; with high
accuracy.

Figure2.11a shows the measurement resultSef and Py, for 5 GHz operation
calculated using Eg. 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 th8f,cas= —4.0dB = 0.63. The input current of the AQFP gate
was fixed to A during the measuremeng,; drops whenP;, is approximately -57
dBm, which indicates that the AQFP gate starts to switch with the flux applied by the
resonator.Py¢, increases aPj, 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 dissipati®y, is ~ 50 pW for Pj, of -57 dBm, which
corresponds to the bit energy per switching event .6fx1102°J ~ 0.11.®, for 5
GHz operation. Figur@.11b shows the simulation results using the JSIM, wigre
was calculated using the circuit shown in Fig.8a. Pyrp, was obtained by integrat-
ing the product of the excitation currents and voltages adrgssndL,, shown in
Fig. 2.1 Comparison of Figs2.11a and2.11b indicates good agreement between the
measurement and simulation results.

30



High-impedance

2 i : line
Dc offset — | /

Low-impedance
line

Closeup of the AQFP gate

Figure 2.9: Micrographs of the 5 GHz resonator coupled with an AQFP gate with
BL = 04,54 = 1.6, andl; = 50uA (8. = 0.89). The dc ffset current is necessary to
avoid the gate from switching several times within a cycle of the microwave applied
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Figure 2.10:Measurement setup for the superconducting resonator-based method.
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Figure 2.11:(a) Power consumption measured at 5 GHz operation, assusping=
—4.0dB. (b) Simulation results of power consumption at 5 GHz operation. The inset
shows the transient analysislgfandl, which confirms that the AQFP gate switches

in accordance with the frequency of the microwave applied by the resonator.
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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 KT for 4.2 K with I, = 50uA (B, = 0.89) and a risgall time

of 200 ps, which is 6% of.®o 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 i$19.4% for Ei;/keT = 110 and+8.8% for Ep;/keT = 232,

which shows that an AQFP gate can operate in a large computing system with a bit
energy approachinksT.

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@x10-2°J withB, = 0.4,5, = 1.6, andl, = 50uA (8. = 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 ofkgT by optimizings,. andp,, the utilized method can be applied to
measure it by increasinQe.
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Chapter 3
SubkgT bit-energy operation

In Chap.2, we showed that AQFP gates can operate withlgdlg-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 ifgkeuchil3g

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,
Esws IS given as followslikharev83:

X dx T (dx\?
Esw= f ﬂadx = f n (a) dt
0 0 (3.1)

_ %

T

wheren is a viscosity factorr is the time required for a switching eventis an arbi-
trary position on potentialg is the position where a local minimum occurs, as shown
in Fig. 3.1 Note thaty arises from the subgap resistance and the shunt resistance of a
junction. Equatior8.1indicates that the energy dissipation of an AQFP gate reduces
linearly with an increase in a rigall time of ac excitation currents, which corresponds
to the simulation results in Fi@.6.

Additionally, here we focus on the two time constants: an intrinsic switching time
of Josephson junctionsg,, and a risfall time of ac excitation currents,;. When
the system varies slowly compared to the time constants of junctigps<k 7,¢),
the state of the gate can follow the variation of the potential as shown inFig.
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However, if the system varies fastsf, ~ 7,¢), the state cannot follow the variation
and eventually shows rapid and irreversible state transition as shown in3Eifg.
Therefore, the bit energy of an AQFP gaiigy, is given by:

Epi = 21:D—2, (3.2)

Trf

wherel @ is the non-adiabatic energy dissipationfgr = 7. 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 phagerince to increase byravith

the junction voltagel(R, whereR is the combined resistance of the subgap resistance
and the shunt resistance. Therefarg,can be given by:

D 2rdC
r— = , 3.3
IR T Bl (3:3)

whereC is the junction capacitance. The bit energy of an AQFP gate can be estimated
using Eqgs. 8.2) and @.3), and it is expected to be significantly reduced by increasing
B (= @) of the junctions and lowering the operation frequency.
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Figure 3.1:Time sequence of a potential energy of an AQFP gate. (a) Slow system
with 7, << 7/¢. (b) Fast system withg,, ~ 7.
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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 withli;; = 0.1l¢, Liy = Lg, andky = 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 Chap2, 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.

Figure3.3showsEy;; as a function o, for a risgfall time of 1000 ps, and Fig3.4
showsEy;; as a function of a rigéll time for unshunted junctiong{ ~ 2600), where
the red solid lines are the simulation results using JSIM and the blue broken lines are
the calculation results using E@.9). In both figures, the simulation results agree well
with the calculation results. However, in the region where thefabéime is less than
~ 200 ps in Fig.3.4, the bit energy does not decrease linearly with thefafidime.
This is because, as the inset shows, long-lasting plasma oscillations dissipate extra
energy during a switching event. For afstiently long ris¢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 thfalrise
time is suficiently long, the energy dissipation of the AQFP gates decreases linearly
with the increase of both the rifall time of the excitation currents and the intrinsic
switching speed of the junctions. Moreover, the bit energy goes below the thermal
limit of kgT In2 ~ 40yJ 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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Figure 3.2:Circuit schematic for calculating bit energy and BERg/2r = 0.5,8, =
0.2,84 = 1.6, Ic = 50uA, liny = S5uA, Lin = Lg, andky = 0.3. The fourth gate was
evaluated because the energy balance with neighboring gates is complicated near the

edges of cascaded gates.
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Figure 3.3: Bit energy versug; ¢x/2r = 05, 8. = 0.2, By = 1.6, Ic = 50uA,
linn = SUA, Lin = Lg, ky = 0.3, and a risgall time of 1000 ps.
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Figure 3.4:Bit energy versus rigtall time; ¢,/2r = 05,8, = 0.2,84 = 16, I =
S0uA, ling = S5pA, Lin = Lg, ky = 0.3, and the junctions are unshunted with~ 2600.
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3.3 Simulation of hit error rate

As shown in Chap.1, the bit energy of non-adiabatic devices is at least larger than
~ 100kgT 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 tfiallrisae of ac
excitation currents or the intrinsic switching speed of junctions, even though the energy
barrier is kept sfiiciently large. This means that the energy dissipation of the AQFP
gates can be reduced while #fsziently 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 stepdof= 0.2 ps. A thermal noise
current sourcel,,, was added to each subgap resistance, of which the amplitude dis-
tribution followed the Gaussian law with the standard deviation givenJ&yery99
I, = (4kaT f./R)%°, wheref. is the cutdf frequency given by 2At = 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.5a, | was maintained at 5@A and the
risg/fall time was varied from 200 to 2,000 ps to investigate the relationship between
the bit energy and the BER. In Fi@.5b, the ris#all time was kept at 200 ps and
was varied from 50 t0.6 uA to investigate the relationship between the energy barrier
and the BER. Tabl8.1shows the bias margin, where the BER is smaller tha®18s
a function ofE, andE;, wherek, = 1.®g, [T andIl, are the obtained BERSs of higher
and lower bias regions, respectively. Aslecreases, both the bit energy and the bias
margin decrease. However, as the/faétime increases, the bit energy decreases, but
the bias margin does not change, because the energy barrier is fixeld witsOuA
or I = 5uA. This corresponds to the argument of Likharéwkharev83, that the
energy dissipation of a reversible device can be significantly decreased by lowering
the operation frequency while the BER is kepffsuiently low. For a risgall time of
2,000 ps, the bit energy reaches 12%0.207gT, but the bias margin i£21.7% and
the BER is still very low. This is even wider than that of gates with critically damped
junctions calculated in Chaj2 and [Takeuchil3h 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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Figure 3.5:BER of the unshunted AQFP gates at 4.26;= 0.2, 84 = 1.6, Li, = L,

ky = 0.3, ling = 0.1lc. The number of iterations for each BER is 10,000. A bias of
0% corresponds te,/2r = 0.5. (a)l, is kept at 5QuA and the risgall time is varied
from 200 to 2,000 ps. (b) The rigall time is kept at 200 ps and is varied from 50

to 0.5 uA.

41



[22v00°0/(E6E0 — *P12)]oMa XG0 = 1

GGTF ‘[6T¥00°0/(*¢22 —2090)]oe XG0 =H1I T¥0'0 008°T ~ 000T g
[8920°0/¥TH 0 — *P12)]ope x G0 = I
0F ‘[18200/(*¢xz —8850)IoMe XG0 = "II 82200 8T ~ 002 G0
[e€T0'0/80¥°0 — *¢2)]opd X G0 = 11
oF ‘lovT10°0/(*P12 —1650)]oM8 XG0 = FII  9G5+0°0 9g ~ 002 T
[091700°0/(06£°0 — *P12)]ope X G0 = I
9GT+ ‘los700°0/(*¢2Zz —0T90)JoMe XG0 =HI1 8220 08T ~ 002 S
[2£€000/(98E0 — *P12)]op8 X G0 = M1
Z8T+ ‘loce00°0/(*P2z —¥T90)oMe XG0 =HII 9G¥'0  09€ ~ 002 0T
[0£T00°0/28E 0 — *P1)]ope X G0 = I
LTCF ‘[2¥1000/(*¢2Zz —8T90)Joe XG0 =HII 2020 008°T~ 0002 0S
[2¥T000AT8E0 — XPx)]ope x G0 = 111
LTZF ‘[67100°0/(*¢2Zz —-6T90)[oea XG0 =H11 T¥r0 008°T~ 000T 0S
[29T00°0/08E0 — *¢x)]opa XG0 = 11
LTZF ‘[65T00°0/(*¢22 —0290)]oMe XG0 =11 82¢ 008°T ~ 002 0S
[9%] uibrew seig y3d 19/"9  1%/93  [sd] swn eyesiy  [v7]°]

ABJ1aua 11q snsiaA uibrew seiq pue Y3g:T°c a|qel

42



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 [Likharev83. The energy-time uncertainty condition is given by:

AE x At > Z (3.4)

For7,s = 2000 ps andE,; = 0.207gT, the energy-time product is&8x 10732]J- s,
which is still much larger thah/2 ~ 5.28 x 103°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. FigBu@is the micropgraph of the
unshunted bfiier gates withg, = 0.2, 85 = 1.6, andl; = 50uA. A dc-SQUID with

I. = 50uA was used for readout and a highgate withl, = 100uA was inserted be-

fore it to reduce backactions from the dc-SQUID. Also, we applied an ac bias current,

I sq to the dc-SQUID to reduce backactions. FigBréshows the measurement results

at 100 kHz, wherdy,, |, andls are three-phase excitation currents. (The measure-
ment setup is shown in Figh.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 were25.4%, +26.3%, +26.6%, and+17.4% for |, Iy, lx3, and

lsq respectively, which are wide enough to achieve logic circuits using the unshunted
gates.

43



Input

3-phase

excitation
currents

Unshunted

dc-SQUID
for readout
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Figure 3.7:Measurement results of unshunted AQFP gates at 100 kHz.
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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/functions and excitation currents

with a risgfall 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
1023, 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.

45



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&cient logic devices with bit energy around the order of ther-
mal energy. Another dliculty 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 Chaf, 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 reportethkepichil4h

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
[Likharev83, 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. Figure2 shows the block diagram of the 3-in MAJ gate
with three input bffers, where the white block corresponds to an AQFPdngate

(Fig. 4.1). The state of the Wter gate in the MAJ gate is determined by the sum of
the three input current$,, linp, andli,.. Therefore, the logic state of the output port,

X, is defined ax = MAJ(a,b,c) =a-b+b-c+c-a, wherea, b, c are the logic states

of the three input ports. Figu43is the block diagram of the 3-out SPL gate with
an input bdfer. The input currentl,,, is shared by the three fiar gates in the SPL
gate, and the logic states of each output port are determinedxe-he= z = a. The
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Figure 4.1: Schematic of an AQFP IieyNOT gate. Foik, > 0, the gate operates
as a bifer gate, and fok, < O, it operates as a NOT gate. Circuit parameters were
optimized aspx/2r = 0.5, B = 0.2, andBq = 1.6. The critical current|, is SOuA
(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 gatex = MAJ(@, b,c), y = MAJ(a,b,c), z =
MAJ(a, b, T), 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(G b, c), MAJ(a, b, c), MAJ(a, b, ©)). (4.1)

Table4.1is the truth table of the RQFP gate. This table clearly shows that the gate is
injective and logically reversible by operating the function two tinfe@=(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 cutkgns,
provided earlier than,,), the data propagate from the porés,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

POROROROD
PP OOR R OOlT
PR RPRPROOOOO
PP OROR OO
PORROORKROOWD
RPOOORRRE Ol

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. Figusa shows the block
diagram for the simulation, where input and outpufférs are inserted to avoid inter-
actions with input and output ports. Figu4ebb provides the simulation results and
shows the total energy dissipation per clock cycle, including an RQFP gate, input and
output bufers, as a function of a rigflall time of excitation currents. As can be seenin
the figure, energy dissipation decreases almost linearly with an increase in tfadi rise
time for all input patterns, which indicates that all gates operate adiabatically and re-
versibly during logic operations as shown in Ch@pFor a risgfall time of 10,000 ps,

the total energy dissipation of the RQFP gate anfiidos composed of 69 AQFP gates
reaches- 1x1072!J/cycle. The bit energy per AQFP gatei2x 10722 J/cycle, which

is much smaller than the energy barrigthy ~ 1.0x 107°J for |, = 50uA and around

the same order of magnitude as the Landauer bound at &ZTHn2 ~ 4.0 x 10°23J.
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 biiers were inserted to avoid interactions with input and output ports.
(b) Simulated energy dissipation, including an RQFP gate, input and outffatsut

was assumed that,,; = Ly andkj, = 0.1 for AQFP bufer 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 daliseme 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, 8, andy. The block diagrams of these three experiments
are shown in Fig4.6, wherea, b, andc are input ports and, y, andz are output ports.

In the experimentr, we demonstrate logic operations of an RQFP gateg, ltwo
RQFP gates are serially connected to demonstrate logical reversibility. Specifically,
ifa=a,b=10,andc = ¢, the RQFP gate is injective and proven to be logically
reversible. Iny, two RQFP gates are connected but one is physically mirrored to
demonstrate physical reversibility. Specificallyaif a”, b = b”, andc = ¢”, 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
[Fouriel] and fabricated using the STP2. Figur€ is the micrograph of the circuits
used in the experiment, wherel,, |y, andl,; are three-phase excitation currents.
Here, it can be seen that two RQFP gates are serially connected but their physical
layouts are horizontally mirrored. Figure8 shows the measurement results of the
experimentsy, B, andvy, using trapezoidal excitation currents of 100 kHz at 4.2K.
(The measurement setup is shown in FgzZ.) In the experimend, the correct logic
operations of the RQFP gate were confirmed, with bias margia2a0D%, +26.3%

and +30.3% for 1,4, Iy, andlys, respectively. In3, the obtained outputs(, b’, and

¢’) corresponded to the inputs, (b, andc), which proves the logical reversibility of

the RQFP gate. Similarly, the outputs corresponded to the inpytswiich 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.
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Figure 4.6:Block diagrams for the experiments 8, andy. In a, three inputs, b,
andc) are externally applied and three outputsy, andz) are observed to confirm

its logic operations. B, two RQFP gates are serially connected to determine if the
gate is injective. Iny, two RQFP gates are serially connected but one is mirrored to
determine if data can propagate bi-directionally.
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Figure 4.7:Micrograph of circuits for the experimemt dc-SQUIDs were used for the
readout of output portsa(’, b”, andc”), which detect output currents of fber gates.
One of the two RQFP gates is physically mirrored.
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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 kklzl{, andl,3). Input

currents &, b, andc) were given by using a data-pattern generator. Output voltages

were amplified by dterential 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. Sectiof.3.1shows the energy dissipation of an AND gate,
which is logically and physically irreversible. SectidrB.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 #i§.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”. Figured4.9a shows the block diagram for the calculation of the
energy dissipation of AND gates, and F§ 9 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 arguddifharev83, back actions from AND gates

to the input biffer gates cause irreversible and non-adiabatic state transition when the
input buter 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 outpfieisu
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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. 4.1 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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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 iciency of reversible computing.
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Chapter 5

Novel energy-dficient latches

Experimental demonstrations of logic circuits using AQFP logic have been reported
[Inoueld. 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 proposddfada87 Casas9p but none were practical

due to their operation principles. For example, the ring shift regiStas§s9pholds

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 enerdiiaency 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 inflakeuchil4bTakeuchil4t

5.1 Quantum-flux-latch

Figure5.1shows the circuit schematic of a QFL, which is composed of an AQHerhu

gate whose input inductance is replaced with a storage loop with a write jundgion,
The existence or the absence of an SFQ stored in this loop determines its internal
state. The bffier 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,y, were determined so that the read gate can drive the readout
dc-SQUID, which is directly coupled with the read gage; = 0.4, 3, = 3.3, and

. = 100uA (B, = 1.0). The parameters of the storage loop, which is biased by the
dc bias current|,, were determined so that the applied flux from AQFP write gates

is large enough to change the internal stdig; = L = 224 pH, L, = 2.86 pH,
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Figure 5.1:Circuit schematic of a QFLJy = 40uA (8. = 4.0), Lina = Linp = 224 pH,
Ly = 2.86 pH,ky = k, = 0.482. For the write gateg, = 0.2,8, = 2.6 andl.; = 50uA
(Bc = 1.0). For the read gatg, = 0.4,5, = 3.2 andl; = 100uA (5. = 1.0).

Ky = ky = 0.482,Jp = 40uA (B: = 4.0). The write gates are Hier gates wittg, = 0.2,

Bq = 2.6 andl; = 50uA (B; = 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 significantfiedent

from the previously studied latch circuiHprada8f. When both of the two write
gates are in the logic state “1Jy 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 diferent 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. Heggjs the output current of the

read gate, ané is the phase dierence ofJ,. When the write gates achieve “Write

0” or “Write 17, 6, exhibits 2r leaps, resulting in the inversion &f,;. Otherwise )y

holds the same logic values. Figue3 shows the results of margin analysis, which
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Figure 5.2: Transient analysis of the QFL operating at 5 GHz. WHhgishows 2
leaps, the output current of the read gate is inverted.

indicates that the QFL has very wide parameter margins and the critical parameter is
Ip, Which has a margin a£22%. This is because the storage loop inductance must be
small enough to be driven by the write gates, wheegproduct is~ 0.3d,.

5.1.2 Energy dficiency

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 aJbit, which results in an EDP of 20 ajs. Tableb.1shows the EDPs of
latches in superconductor logickgnakal2Volkmannl13h. 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 BOuA or even smaller) while keeping the BER
very low (see Chap3). On the other hand, critical currents in RSFQ logic and its
variants have to be relatively large (100uA), 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 parameteljswhose margin is
+22%.

Table 5.1:Comparison of EDPs of latches in superconductor logics

Logic Circuit Energy,E [aJ] Frequencyf [GHz] EDP,E/f [aJps]
RSFQ  Shift register 30 55 2364
LV-RSFQ Shift register 4.0 18 222
eSFQ Shift register 1.1 24 46
AQFP QFL ~01 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 AQHRbgates. 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”. Fidgube
shows the simulation results of the shift register operating at 5 GHz, wherds

the output current of the Itier gate, which propagates shift signals, dgng, 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 junctjbiisthe energy
dissipation is~ 0.6 aJbit. 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 witls. ~ 1.0. However, ag. 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 Ch&oand [Takeuchil3{ 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 junctituits

65



Data

®,
B Data
A QFLF output
Write gates
Shift o Shift
output SPL input
¢4 (I)g ¢2 ¢1

A

Shift signal

Figure 5.4:Block diagram of a shift register using a QFL, driven by four-phase exci-
tation currents. The phase numbers@sréhroughe,.

o - o r o
() () () () ()
= = = = =
N NN M
] | | | ]
~14 0 0.3t 411 0 1 0
Isnine [~ 1O TR 00RO 1160 A
| ! | | |
(V4 | v G
lgata ~OP—"1o0P—~1~0p=1—0P-14~,0p~0] | 160 pA
[ B
| |
ot 15,00 0712071110/ | 200 A
| | | | |
| L L | |
2ns

Figure 5.5:Transient analysis of the shift register operating at 5 GHz. When the shift
signal is “1”, the shift register latches the data of the neighbor shift register.
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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. Eigslows

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
5.7 shows the measurement setup for a low-speed test. Figislows the measure-
ment results obtained using four-phase excitation currénthfoughl,) at 100 kHz,
whereV,, is the output voltage of the dc-SQUID ahg is the bias current to the dc-
SQUID. Here s is ac in order to reduce the backaction to other gates. Comparison of
the measurement results with the simulation results shown inSz2and5.5reveals

that both circuits operated correctly. Tall shows the measured bias margins. In
both circuits, the obtained margins gfwere +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.
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Figure 5.8:Measurement results at 100 kHz. (a) QFL. Because of the coupling di-

when the state of the QFL is “0”. (b) 1-bit shift register. The dc-SQUID turns into a
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Table 5.2:Measured bias margins of the QFL and the shift register

QFL  Shift register

[ - +7.9%
vy +385% +15.4%
lys - +6.7%
I xa - +1.4%

lsq +187% +18.4%
b +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. bi§steows 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. Fig@rd0shows the block diagram of a QFL-based high-
speed test circuit (QHTC), where circuits under test (CUTSs) are driven by high-speed
excitation currents|yn, and the QFLs and readout fbers are driven by low-speed
excitation currentd,o; andlyo,, respectively. Three-phase high-speed excitation cur-
rents, i1, Ixniz, @ndlyniz, are generated by using a power divider, which also adds a
dc-dfset to each excitation current, and are terminated by on-chip f&3istances.
Before the QFLs are driven bly;, 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 whegjg, 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 reatfeus bu

to reduce backactions from the dc-SQUIDs to the QFLs. The dc-SQUIDs turn into
voltage states when the states of the readofiesiare “1”.
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5.4.2 Measurement results

We designed three types of QHTGs,3, andy, by means of the InductEx and fab-
ricated QHTCs using the STP2. In the CUT is a bffer gate, and the QFL has
Jo = 40uA. In B, the CUT is a bffer gate, and the QFL hal = 30uA. In vy, the
CUT is an AND gate, and the QFL hdg = 40uA. We used twal, settings because
Jo andly are the critical parameters in a QFL. Figlrd 1 shows the micrograph of
these three QHTCs.

Figure 5.12 shows the measurement setup for the high-speed test. Figl@e
shows the high-speed measurement results at 1 GHz, where we applied ac bias cur-
rents,lsq, to the dc-SQUIDs in order to reduce backactions to the readdtgrbpyand
Vout IS the output voltage of the dc-SQUIDs amplified by 200 times through the use
of differential amplifiers. Figur®.13 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. Fguf shows the
measurement results far, and Fig. 5.1 shows the measurement results yorin
botha andy, the CUTs operated correctly at 1 GHz. We also confirmed correct oper-
ations ing at 1 GHz. The bandwidth of the probe that we used wdsGHz, which
prevented demonstrations at a higher frequency.

Table 5.3 shows the obtained margins for each bias current. Hegehas wide
bias margins of more thaa30% in all QHTCs, and, has a small margin of only
+5.3% in a, which is much smaller than the simulation results-a7%. We believe
that this is becaus& was larger than the designed value in this fabrication. In fact, in
B with smaller junctions, the measured margin increasegl&o. Therefore, we can
obtain reasonably wide margins kfby reducing the junction size @k, even if the
parameter variation is larger than expected.
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Table 5.3:Measured bias margins of each QHTC

« B Y

Iyni +310% +349% +310%
lyor =*438% +37.2% +450%
lyoe +312% +30.7% +27.5%
lsg +181% +158% =+17.4%
lgc 53% £162% +6.3%

5.5 Summary

We proposed the QFL, which is composed of an AQPHdrwate 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 onl@.1 aJbit and the obtained

EDP was 20 adps, 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 CUTSs, operating at high speed, are stored in QFLs and read out at
low speed. We experimentally demonstrated the high-speed operation of AQEP bu
gates and AND gates at 1 GHz. Obtained margins of high-speed excitation currents
were more thar: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 ta16% by reducing the size of junctions in QFLSs.

79



Chapter 6

Conclusion

In Chap.2, we numerically and experimentally demonstrated thelg®g-bit-energy
operation. Through numerical analyses, the bit energy of an AQFP gate with critically
damped junctions was estimated to hd0&J = 0.061. 0y = 11KgT at 4.2 K for

BL =028y = 1.6, I. = 50uA (8. ~ 1) and a risfall time of 200 ps. The calculated

bias margin at 4.2 K was19.4%, where the bias margin was defined as the bias
region where the BER is smaller than 3D Additionally, we measured the energy
dissipation of the gate by using the superconducting resonator-based method. The bit
energy was only~ 10zJ ~ 0.1l1:®, for g = 0.4, By = 1.6, Ic = S0uA (Bc ~ 1),

and an operation frequency of 5 GHz. These results show that the AQFP gates can
operate with bit energy smaller than its energy barti@y, which is one of the most
important advantages of adiabatic switching operations.

In Chap. 3, we numerically demonstrated the sk bit-energy operation. By
using underdamped junctions, the bit energy reaches 12 YI2kgT at 4.2 K for
BL =02,8q = 16, I = 50uA (Bc ~ 2600), and a rigéall 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 théatiseme 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 endigiercy of
reversible computing will be possible by using RQFP gates.
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In Chap.5, we proposed the novel energffieient 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 be0.1 aJ, which achieves quite a low EDP of 20 a3.

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 fber gates and AND gates at 1 GHz withfistiently

wide bias margins.

From the above results, we have successfully shown the extremely high energy
efficiency of the AQFP logic. Especially in Chag, 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 aroundtg T will be possible by using AQFP logic.

6.1 Future works

In order to achieve practical computing systems using AQFP logic, miticht &s 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 interconnection®ftlepp13.

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 (LSRERsgi08

might be well suitable, because it does not need cashes and large memory bandwidth.
Logic-in-memory architectures such as MAGIC ceiemenovi1Bcould 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. Anotligr di
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 prophseaiyamal3a
Mukaiyamal3b [l 13]. However, its energy ficiency 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-gicient ac power sources are needed.

Reduction in latency As described in Chapl, 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. FAgusihows the circuit
schematic of an rf-SQUID composed of a Josephson juncfipand an inductance,

L. Its potential energy), includes energy stored in a Josephson junctignand that

stored in an inductancé), , as follows:

U=U;+U,. (A.1)

We apply a bias current,, and a control flux®.., to change the potential, using
a mutual inductanceiM, and a control current,,,. Current throughl, |, current
throughL, I, phase dterence througld, 8, and phase dierence through, 6, + 6con,

are defined as follows: I

I—’:sine, (A.2)
C

L+ 1L = lp, (A-3)
6. @ LI

e _ A.4
2t @y D’ (A4)

QCOH (DCOH M ICOI’1
Jeon _ - , A5
2 (O} (o3 (A-5)
0 - QL - gcon = 0, (A6)
wherel. is a critical current and EqA(6) shows the flux quantization. From the above
equations, each phasdfdrence is described as follows:

sing = 20 ( ~ 2nllcly

T oonll \t T @y e
__i(g _9)—_i9’ (A.7)

B Lo ALY
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where the normalized inductangk, phase diference due tb,, 6, and dfective phase
difference through, 6, are given by:

2Ll
= A.
L= oy (A.8)
I
0 :ﬂLI—b, (A.9)
C
6l =0 6 (A.10)
= 9 - Qcon - Gb
U; andU, are given by:
U; = Ej(1 - co9), (A.12)
1 1 (6 \
U =ZLIj2= —L( L CI)O)
2 2 \2nL (A12)

= }lcq)o CDO 9’2 = 50’2
2 2t 2nLlc - 28 %’
where the #&ective current through, I/, and the Josephson energy, are given by:

= D, A.13
(= 5% (A13)
ICq)O
E = . A.14
J o0 ( )
As a result, potential energy and junction currents are given as follows:
U 1
E = ﬂ(9 — Ocon— B)? + 1 — CO9), (A.15)
lj , 1
Ic ﬁL

FigureA.2 shows the time sequence of potential energy and junction currents when an
SFQ is stored in an rf-SQUID, using Eq#\.15) and @A.16) for 8. = 21 (LI, = ®y).
Maxima and minima of the potential correspond to the intersections of sin curvés (sin
and load curvesH(6 — 6.0n — 6p)/BL) Of junction currents. Wheh, and®,, are 0, the
shape of the potential is a single well (Fi§.2a). Asly, or @, increases, it varies to

a double well, which enables two distinguishable states (kigb). Finally, it varies

to a single well againl{ = I¢), which induces rapid and irreversible state transition
(Fig. A.2c). As aresult, an SFQ is stored in the rf-SQUID. Note thaand @,

have the same impacts on this proces®foe 2. During this non-adiabatic process,
switching energyEqy (~ 1.Do), 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 heighg, (~ E; = 1:®o/2n), is not equal toE, in
most superconductor logics. However, in this study we assumé&that E, = | Dg

for simplicity as described in Chagd, because it does not make dfdrence in our
discussion on physical energy bounds. Fighre 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 f@y = 27 andly/l; = 0.5 or ®¢,,/Pg = 0.5, where
the two states have the same potential energy. Figutke shows the dependence of
phase diterences on bias currents or control fluxesgpr= 2z. It can be seen that
each state can switch to the other from the bias pdyit{ = 0.5 or O,/ Dy = 0.5)
by applying the same magnitude of energy, which indicates that the rf-SQUID can be
used as a digital switch. Moreove, determines the hysteresis of thé,, or -®.q,
curves. AsB, (or LI;) 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 optinhize
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 @rtlepp07.
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Appendix B

Transient analysis of RLC circuits

Because Josephson junctions can be treated as a parallel resonator, as will be shown
in App. C, it it important to understand the transient responsRIdT circuits. Figure
B.1shows the schematic of &LC series circuit. The transient response of this circuit

is given by the following dierential equation:

.1 (. di
Eut) = Ri+ C fldt + La. (B.1)

If we assume that= di/dt = O fort = 0, the currenti, is given as follows:

Ii = %exp(—at) - sinhyt forR> R (Q < 0.5), (B.2)
0
ll — woexpl-at) - forR= Ry; (Q = 0.5), (B.3)
0
IL - %exp(—at) - singt for R < Reyi (Q > 0.5), (B.4)
0

where

L
Reri = 2\/ga (B-5)
L
s "
E

lo = 7 (B.7)
/ 1

wo = E, (BS)

To= 2, (B.9)

g
o



: (B.10)

a =

2
B= ,/wg a?,
y = \Ja? — Wb (B.12)

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

Wo

(B.11)

_n_
To T2 (B.13)
Rai _ %
2R R’
1
To= — = \/Tsz, (814)
wo
L
=z (B.15)
7, = RC, (B.16)
T= 1 = 211. (B.17)
(04
Using Q, exp(-at) is given by:
expat) = exp(—&n), (B.18)

which shows that the amplitude of the damped oscillation reduces te@xp(4% for

t = QTop. In other wordsQ indicates the number of oscillations until they converge.
Thereby, highQ circuits can store energy for a long time as long-lasting intrinsic os-
cillations.

The transient response of this circuit is critical dampingdc# 0.5, underdamping
for Q > 0.5, and overdamping fo® < 0.5, as described in EqsB(2), (B.3), and
(B.4). For practical circuit design, it is sometimes important to detern@rso that
the oscillation rises and converges the fastest. RIbE circuit has two time constants,
71 = L/Randr, = RC. The transient response converges the fastest ferr,, which
results inQ = 1.0. Therefore, sometimes the response@ot 1.0 is also defined as
critical damping. Figurd3.2 shows the transient responses fdfatientQ. It can be
seen that the waveform rises and converges fasDfer 1.0, and the oscillation lasts
long for Q = 5.0.
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Figure B.2:Transient response of an RLC series circuit.
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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 junction®). FigureC.la shows the schematic of a Josephson junction,

J, shunted by the shunt resistan&®, which is used to adjus®. FigureC.1b is its
equivalent circuit, where Josephson junction is replaced with its CRSJ model, which
is composed of Josephson inductaricg junction capacitance, and subgap resis-
tance,Rsg. A Josephson junction can be treated as a parallel resonator, which has two
time constantsg; andr,. These time constants are given afin99:

71 = RC (C.1)
L.
Ty = EJ’ (C.2)

whereR is the combined resistance Bfg andRs. The ratio of these time constants
gives the McCmber parametéMCumber68Stewart6d S, which shows the damp-
ing condition andQ of the junction as below:

_ o _RC
'BC_Q_TZ_ L c3)
~R2C_2ﬂR2CIC '
Lio @y

whereL; = Ljp/co9, Ljo = ®o/2nl, andd is a phase dierence of a Josephson junc-
tion. Wheng; = 1 (r1 = 1), the voltage across the junction returns to zero the fastest,
which corresponds to critical damping. Therefore, in conventional superconductor
logics such as RSF@;, 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 timers,, and the pulse heigh¥},, are given by using
Be, as shown below:

L.
oy [zoc (C.4)
IR Bele ’
_ Dodd o 2r
"Tordt T 27 Tew (C.5)

= IgRoc .

FigureC.2 shows the transient analysis of SFQ pulses in JTLs wiffedints.. For

Bc > 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 phésesnice

of the junction changes fast due to the weak damping. ggot 1, the junction is

overdamped, where the pulse height is small and plasma oscillations do not occur.

Although the junction is critically damped f@, = 1.0, there are small oscillations

due to the non-linearity of Josephson inductance. Therefore, in our conventional RSFQ

circuit designp. is designed to be 0.89 to reduce interactions between SFQ pulses.
Also, B, determines the hysteresis bV characteristics of junctions. FigC.3

shows thd -V characteristics for critical damping{ = 1.0) and underdampingg{ =

4.0). The underdamped junction shows a large hysteres$i¥/icharacteristics, 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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Figure C.2: Transient analysis of SFQ pulses in JTLs. The junction is critically
damped fop. = 1, overdamped fg8; < 1, underdamped fg8, > 1.
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Figure C.3:1-V characteristics of Josephson 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 [Kadin0J. TableD.1shows general scaling rules, using scaling factar.dflere
we take a closer look at operation frequencies. We define the pulse width of an SFQ

pulse,At, as below:

_ 7T(DOC’S _ 71'(1)00' (D . 1)
2BJcS

2BcJe
1
cx _’
Ve

Je < explyd), (D.2)

whereC’ is junction capacitance per areh,is critical current densityS is junction

aread is junction thickness, angdis a constant. Equatio(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 redueesas a result. And Eg. 0.2) shows that

larger critical current density is obtained by reducing the junction thickness. Using
Eq.D.1, we estimate the operation frequenty, for the two available Nb processes,

the STP2 with), = 2.5kA/cn? [Nagasawadgsand the ADP2 with). = 10 kA/cn?
[Nagasawa(4 whose parameters are shown in Tabl@. For the STP2:

At ~ 2.7 ps forB. = 1.0,
fClk ~ 1/10At ~ 40 GHz
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For the ADP2;:
At ~ 1.4 ps forB. = 1.0,

fok ~ 1/10At ~ 70 GHz

Furthermore, by using an extremely high critical current density of 25@k#A, 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— ala
Junction area S — S/a?

Current | — |
\oltage V - Va
Flux [OJEEN))

Distance on chip AX — AX/a
Time delays At — At/a

Resistance R— Ra

Capacitance C - C/a?

Inductance L—-L
Junctioriarea N — Na?
Poweyarea P — Pa?

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

Quantity STP2 ADP2
Critical current density). [KA /cn¥] 2.5 10
Minimum junction areaSun [um?] 2.0x 2.0 1.0x 1.0
Critical current,l. [uA] 100 forSyin 100 forSyin
Junction capacitanc€, [pF] 0.218 forS,i, 0.064 forSyn

Normal-state resistanci, [Q] 17 for Spin 16 for Spin
Subgap resistancBg[Q] 200 forSpin 100 for Spin

Gap voltage\Vy [mV] 2.8 2.7
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