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Abstract:  Adiabatic quantu -parametron (AQFP) logic is an energy-efficient
superconductor logic family. is_paper, we conducted high-frequency operation and energy
measurement of an ircuit with more than 1,000 Josephson junctions in the experiment.
We designed an 8¢bit C:Fh(-ahead adder (CLA) using AQFP gates and fabricated it using an
advanced fz?écatio ecbf{ology, the AIST 10 kA/cm? Nb high-speed standard process (HSTP).
The co cf?!geratio f the 8-bit CLA was demonstrated at a 1-GHz clock frequency for a critical
ca pr?ag lon test vector. The energy dissipation of the 8-bit CLA was measured by observing
thespo o/excitation current. Our results showed that the energy dissipation per operation of

the 8-bit CLA can be estimated to be approximately 1.5 al, or 24 kgT per junction, where kg is the

B()tzmann’s constant and 7 is the operating temperature.
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Superconductor logic families' can operate with low power consumption and high clock
frequencies due to their physical advantages: zero dc resistance, flux quantization, and the

Josephson effect. The switching energy (energy dissipation per sv?éhing operation) of

superconductor logic is given by ~/.®,, where [ is the critical current las%unctions and

@y is a flux quantum. Assuming a practical /. of 150 pA, 1Dy givéx, which indicates the
, nu

re@ﬁ\

digital circuits have been designed and demonstrated for applicat

high energy efficiency of superconductor logic families. T rous superconductor

s such as energy-efficient

microprocessors>’, readout electronics for cryogefiie-detectors®'”, and interface circuits for

superconductor quantum bits''""*. The performaiieg o thEsPsuperconductor digital circuits has
m

been continuously improved by the a%\ent of Nb integrated-circuit fabrication
technologies'*". \\
Adiabatic aifietion © (AQFP)'®

quantum-flux-p 1Qn

superconductor logic family bas the quantum-flux-parametron (QFP)'"'®, AQFP logic

logic is an energy-efficient

(2

achieves high energy efﬁciency%ting adiabatic switching'*?’, in which the potential energy
profile evolves fromf a single, well to a double well so that the logic state can change quasi-
statically. Also,4AOQFP logicymaximizes the benefit of adiabatic switching by using Josephson
junctions with‘agmall eharacteristic time”', so that the switching energy (energy dissipation per
switchi @lt) of an AQFP gate ranges from 10° J to 10! J at 5 GHz operation, which is one
to two ofders of'magnitude smaller than that of the original QFP. We have established a design
er‘;;iroxgw for AQFP logic, such as a cell library** and digital simulation models®, to develop
ene fficient microprocessors using AQFP logic. Using the established design environment,

2224 and register files®,

have designed and demonstrated several AQFP circuits such as adders
which are important components for microprocessor design. These AQFP circuits were mainly

fabricated using the AIST 2.5 kA/cm? Nb standard process (STP2)* and were operated at low
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clock frequencies (~100 kHz). Also, the energy dissipation of these AQFP circuits were estimated
by numerical simulation, rather than experiments.

In this paper, we conduct the high-frequency operation and ene?? measurement of an

AQFP circuit with more than 1,000 Josephson junctions in experiments: )Ms}esgkan 8-bit carry

look-ahead adder (CLA) using AQFP gates and fabricate it u&%’:dvanced fabrication

technology, the AIST 10 kA/cm* Nb high-speed standard prgtess @HSTPY. In the AQFP gates
H

for HSTP, the damping resistors for the Josephson junctiofis aré remowed to reduce the circuit area

and improve the energy efficiency whereas the previous design for STP2 used critically damped

junctions. First, we demonstrate the 8-bit CLA at'a Jow clo@frequency (100 kHz) using several

test vectors, including critical carry propagation‘tests. Then, we demonstrate the 8-bit CLA at a

high clock frequency (1 GHz). Finally, We measute the energy dissipation of the 8-bit CLA by

observing the power of excitation curtent. ur sults show that the energy dissipation of the 8-

bit CLA is only 1.5 aJ per op raﬁ%ﬂ}% T per junction, where kg is the Boltzmann’s constant

and 7 is the operating temperat\

Figure 1(a){shows aymicrograph of the fabricated 8-bit CLA, which is a Kogge-Stone

atic desighwof the CLA follows the design reported in the literature®, in which
d to reduce the junction count and logic stages. For the physical layout

majority gaé\xtih
design, eQFP cell library adopting a minimalist design® was used; the AQFP logic gates in

thé'ibrafy werébuilt by arraying a few types of building blocks, the physical layout of which

were dﬁi

d through the use of inductance extraction via InductEx?. As mentioned above, the

" Jos on junctions in the AQFP gates are not damped by resistors; thus, the quality factor of the

<

ctions is much higher than 1 (~180), which reduces the energy dissipation of AQFP gates
significantly?'. To check the logic functions of the 8-bit CLA, digital simulation was carried out
by using the hardware description language (HDL) models for AQFP logic*. The entire circuit is
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powered and clocked by a pair of ac excitation currents with a phase separation of 90° (/x; and
1), the frequency of which corresponds to the clock frequency. The dc offset current /4 applies
dc fluxes to the AQFP gates so that the entire circuit is powered using onlyztﬁo ac current sources.

Figure 1(b) illustrates the distribution of the excitation currents. /i, XASM through the

entire circuit, including peripheral circuits, and are terminated by 5%2—9 terminators. The
,1.e.,

AQFP gates in the circuit are powered in the form of serial flu

ia‘sag e excitation currents
‘.‘-"ﬁ;

apply magnetic flux to the AQFP gates via magnetic cou ing"d)l th h ¢4 in Fig. 1(b) show the
excitation phases, along which logic operations achrfo with a phase separation of 90°.
More details regarding excitation methods in Al logic Ee_l?ne found in the literature®’. Voltage
drivers® with stacked dc superconducting4guantum inferference devices (dc-SQUIDs), which
amplify the logic signals of the AQFP ga =range voltage signals, are included to achieve
good signal-to-noise ratios (SNRs) in hxp&n ent. The junction count of the entire circuit is
1,638: 1,062 for the CLA an 57%(& e peripheral circuits such as the voltage drivers.

Figure 2 shows the si%h results of the energy dissipation per operation of the 8-

bit CLA as a function of clockifrequencies. The markers represent calculation results, and the line

represents a fitti curve: af4c, where fis the clock frequency in GHz, a = 1.49x107"°, b= 1.27,

£

and ¢ = 2. energy dissipation was calculated by the Josephson circuit simulator,

JSIM**&Since'the energy dissipation of an AQFP gate depends on the input vectors®', the energy

the critical carry propagation test vectors, where the least significant bit (LSB)
gen s the carry-out. As the clock frequency lowers, the energy dissipation decreases owing to

abatic switching and approaches a non-zero energy bound (~0.29 al); this is because the 8-bit
CLA is designed using conventional irreversible logic gates such as majority gates, so that the
thermodynamic irreversibility of the circuit imposes an energy bound®'. The energy dissipation
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per operation of the 8-bit CLA is 1.4 aJ at 5 GHz. For comparison, the energy dissipation per
operation of the previously designed 8-bit CLA****, which was designed using STP2, was 12 aJ

at 5 GHz. The difference in energy dissipation is mainly attributed to the di?‘p’rence in the damping

AITed reduce energy

First, we tested the fabricated 8-bit CLA at a low ¢ ck@quen (100 kHz). Figure 3
~—

conditions of Josephson junctions®': the junctions in HSTP are unde

dissipation whereas the junctions in STP2 are critically damped bytgesis

shows measurement waveforms at 4.2 K in liquid heliumfwhere the'faput vectors shown in Table

I are used. Iy is the signal current applied to the LSB of inp ;all the signal currents to inputs
A and B were generated by a multi-channel digi atterri-g}erator (Tektronix, DG2020A). Vi

through V7 are the output voltages representing the sumifrom the least significant bit to the most

(9%

i

significant bit, respectively. Veou is the ou representing the carry-out. The figure shows

the correct logic operations for all the }?rec\to s (see Table I). The measured operating margins

with regard to the excitation urrex\{e .4 dB and 8.1 dB for /i and I, respectively.

Then, we tested the 8%}& at a high clock frequency (1 GHz). Due to the limitation

in the experimental

tu%, we did not have a high-frequency multi-channel digital pattern

generator or m@ny high-frequency low-noise amplifiers), we used only the critical carry

propagatioxé vector,sand only the carry-out was observed. Dc signal currents were applied to

inpuf B [7:
— V.
to the %S f input B by a high-frequency digital pattern generator (Agilent, N4906B). In this

o ing ctor, the carry-out should be the same as the LSB of input B (see test number 5 in Table

w ; thus, we can test the critical carry propagation by comparing the LSB of input B and the carry-
S

out. Figure 4 shows the measurement waveforms at 4.2 K in liquid helium. /y is the signal current

applied to the LSB of input B, and V. is the output voltage representing the carry-out. The figure
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shows the correct logic operation because the sequence of Ve is equal to that of /0. Unfortunately,
Veout Was not stable (i.e., error rates were high) beyond 1 GHz; at this moment, it is not clear if the

unstable operation is attributed to the voltage drivers or the CLA, whichz/&ll be investigated in

future work. 3\

Finally, we measured the energy dissipation of the 8-bit NZ K in liquid helium
t, Ixi

rir@L‘\

AQFP chip in liquid Helium and are terminated by off-c ip.B“O—Q

by observing the power of the excitation currents. In the ex d Ik go through the

inators located in a room
temperature stage. The AQFP gates on the chip are powered and /,» via magnetic coupling;
thus, /1 and Iy, do not touch the ground plane 0(‘&%@ power of I, and Iy, at the off-chip
terminators depends on the operation of the 8-bit €L A on'the chip: the terminated power decreases
when the 8-bit CLA works because some0f thespower of I and Iy is dissipated by the AQFP
gates in the CLA. Therefore, the po }y@a ion of the 8-bit CLA can be measured by the
change in the terminated po er&{\\Kd > when the CLA works. Figure 5(a) and (b) show the
measurement results of the po m and Iy, at the off-chip terminators at 5 GHz, which were

measured by a spect m%ser (Anritsu, MS2830A). In this power measurement, inputs A and
B were fixed toQ’:l d “00000001,” respectively. The red markers represent the power
when the 8( is éing. On the other hand, the blue makers represent the power when the
8-bit CQ(: working, where /; is not applied so that the AQFP gates in the CLA do not
pefformdwitching operations. The differences between the red and blue markers show the power
d;s:ipagd y the entire AQFP circuit, including peripheral circuits, on the chip. The reason why
po issipation is different between /x; and /. is because the number of the AQFP gates coupled

Iy is different from that coupled to /. The measured power dissipation of the entire circuit
Preas 1s 97 nW, which agrees well with the simulated power dissipation of 95 nW. According to

numerical simulation, the power dissipation of the 8-bit CLA is 7.7% of that of the entire circuit;

6


http://dx.doi.org/10.1063/1.5080753

AllP

Publishing

s

| This manuscript was accepted by Appl. Phys. Lett. Click here to see the version of record.

thus, a Pmeas of 97 nW indicates that the power dissipation of the 8-bit CLA is 7.5 nW. Therefore,
the energy dissipation per operation of the 8-bit CLA is 1.5 al, i.e., the average switching energy
dissipation per junction is only 1.4 zJ, or 24 kg T, which is much smaller th?/the switching energy

of conventional superconductor logic (~300 zJ). 3\

We conducted the above power measurement at 5 GHz (gather‘than 1 GHz, where we

confirmed correct operations) to ensure large changes in Iy a Ix;)the , the accuracy of the
‘H

power measurement is more difficult to validate as the rgy at 1 GHz is too small.

Although the error rates of the 8-bit CLA were higlc'frequ ie§ beyond 1 GHz, all the AQFP
gates in the 8-bit CLA were expected to be ormilﬁ‘avitching operations during power
measurement because the excitation currem\ ma, netic flux equally to all the gates owing
to serial flux biasing. Also, the data dep he energy dissipation of the 8-bit CLA is not
large; numerical simulation showed t h}w z the minimum, maximum, and average of the
energy dissipation per operation t n the ten test vectors shown in Table I are 1.31x10"* J,
1.47x10" J, and 1.44x10"® J%ﬂvely. Therefore, we assumed that errors do not affect
significantly the power r@bsement, and that the power measurement at 5 GHz was carried out
with sufficient aGcuragy.

Iné lusionywwe conducted high-frequency operation and energy measurement of an
8-bit CUA that was designed using AQFP gates and fabricated by HSTP. The correct operation of
thé'§-bitdC LA was demonstrated at 1 GHz for the critical carry propagation test vector. The energy
m‘;z;sur ment showed that the energy dissipation per operation of the 8-bit CLA can be estimated

to proximately 1.5 al, which corresponds to 24 kg7 per junction. Our measurement results

icate the high energy efficiency of AQFP logic.
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(a) Inputs A and B
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Fi 8-bit CLA that was designed using AQFP gates and fabricated by HSTP. (a) Micrograph. The junction count

%f the entire circuit is 1,638: 1,062 for the CLA and 576 for the peripheral circuits such as the voltage drivers. (b)

Excitation current distribution.
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Fig. 2 Simulation of the energy dissipatio: Qggrau The values of the energy dissipation are the averages over

T~
the ten input vectors shown in Table 1. \erg issipation is 1.4 aJ at 5 GHz.
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Table I Input vectors and expected outputs.
Test number Input A [7:0] Input B [7:0] Carry-out and Sum [7:0]
1 00000000 11111111 0111111?/
2 1111111 00000000 011 \
3 11110000 00001111 111
4 00001111 11110000 0’111111
\
-
5 11111111 00000001 )1 00000
6 01100111 10011001 00000010
o
7 00000001 11 11 100000000
;-'
8 01011001 \ 100 100010101
9 11111111 N~l'l'hH,Lll 111111110
10 %1110\.\11 10100 101001101
.&/
— )
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Vo | Mﬁ\ﬂo 0 0 [ ot IS
Ut AiLo Lo o it

Output
J | voltage

Vcout i

Ay r Pt i

Ous 200 us

Fig.3 Low-frequency demonstration z&\ e figure shows the correct operations for all the test vectors shown
in Table L. \

N
&
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Oné | | | \2 | | | 50 ns

Fig. 4 High-frequency demonstration at 1 G W shows the correct operation for the critical carry

propagation test because the carry-out (Veout) %}p&to the LSB of input B (/v0).

\Q\
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Fi;S Power measurement of (a) /x1 and (b) /x2 at 5 GHz. The red markers show the terminated power when the AQFP
S ““Wcircuit is operating whereas the blue markers show the terminated power when the AQFP circuit is not operating. The

differences between the red and blue markers show the power dissipated by the entire AQFP circuit on the chip.
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