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Based on Current-to-Time Conversion

Shigeki Nakamura, Hideo Numabe, Ali Bozbey, Akira Fujimaki

Abstract—We study on a single-shot single-flux-quantum (SFQ) 30 mK’H 1K, B_I\
readout circuit based on current-to-time conversion for supercon- r g o
ducting flux qubits. Circulating currents representing states of a o —> Likelihood —>
qubit were converted to propagation delay time of SFQ pulses, @ CTC Ikefthoo
and then detected by a time discriminator. The key parameter v ¢ Discriminatory__

which determines the availability of single-shot readout is current -
resolution. We evaluated the current resolution by measuring Flux Qubit SFQ-based Readout System
the gray zone which was defined as the transition width in the

output probability of the current-to-time converter with 1000 Fig. 1.  Schematic diagram of implimentation as SFQ readout system we
trials for each value of an input current. For reducing unwanted are assuming. flux qubits are placed at 30 mK stage and SFQ-base readout

effects on the qubit, shunt resisters are required to be removed SYSEMS operate at 1 K stage on a refrigerator.

for Josephson junctions in the readout circuit. We designed two

readout circuits for comparison, the circuit composed of shunted

junctions and that of unshunted junctions. Gray zone was Structure similar to a dc-SQUID composed of two identical

measured to be 4.8uA for unshunted junctions and 2.2 uA for  junctions. Thus, sensitivity comparable to that of dc-SQUID is
tlh/efszginst:d (())n:fafmit}(é Ir_:é%igdr?e/ éolfztmfgn%“gmafgsggm expected. In addition, the symmetric structure brings less effect
of a Iikelihbodpdecision circuit will lead t(F)) reduced gray zgng, ie., on quantum s.tates. In 0?” reado.ut ‘?'TC“”’ the most important
improved current resolution sufficient for single-shot readout. ~ Parameter which determines availability of single-shot readout
is current resolution. We have evaluated time jitters in SFQ
circuits so far [7].

In this article, we report experimental results of the current
resolution for our readout circuits designed based on measured

|. INTRODUCTION time jitters. We also discuss availability of single-shot readout.

Index Terms—flux qubit, single-shot readout, time-to-digital
conversion

N recent years, we have many reports on superconduct-
ing quantum bits (qubits) to make quantum computers. , i
Peripheral circuits which control/observe quantum states off19- 1 is an overview of our SFQ-based readout system for
superconducting qubits are indispensable for building quantdiix gubits. Here, we assume that a flux qubit is placed at

computers. Superconducting fulx qubits attract the attentig? MK and our readout system is at 1 K. This readout system

because of the longest coherece time among several suf@g o components, a current-to-time converter (CTC) and

conducting qubits [2], [3]. In many cases reported so far, tife/ikelinood discriminator. The CTC outputs one or no SFQ
measurement of qubit states has been performed by usin uése depeljdm_g on the circulating current in a flgx q.ublt. The
dc-SQUID. However, the dc-SQUID generates relatively lardé€linood discriminator reduces the gray zone, i.e. improves
heat, so that it is difficult to integrate many dc-SQUIDs fof€ current sensitivity by decision based on the switching
multiple qubits. For future quantum computers based on tREobability of the CTC. As described in the introduction, the

flux qubits, another readout circuit having both the feature GHITent resolution of the CTC is the most important parameter
high-speed and low power dissipation is required. from a point of view of single-shot readout in this system.

A readout technique based on SFQ circuit [1] is one Fig. 2 shows the schematic diagram of the CTC. The

of the most promising candidates which satisfy the abovgi_rculating current of a qubit induces a current at the splitter
split into two through a pickup coil placed between the

mentioned features. Thus, we have studied an SFQ read%ﬂ?_ ) i
circuit and proposed a new method based on the current-,‘f‘é’-b't and the ,CTC' An SFQ for readput called regdput SFQ
time conversion [7]. The developed readout circuit works as'y € Study is provided to the splitter and split into two
current comparator which detects the direction of circulatirfyferent paths as shown in the figure. If a circulating current
currents representing quantum states of a flux qubit. AlthouggS @ clockwise direction, one SFQ pulse is accelerated in the
several SFQ-based readout circuits have been proposed’RBE" Path "A of the splitter, while the other is decelerated

date [4], [5], [6], only our readout circuit has a symmetri¢! the lower path 'B’. The accelerated pulse reaches the 'clk’
port of the DFF and the decelerated one reaches the 'din’ port.

Manuscript received Augast 19, 2008; revised ??? ??, 2007?. A positive time differenceAt¢ between the two SFQ pulses is
S. Nakamura, H. Numabe, A. Bozbey and A. Fujimaki are with NagoVgenerated at the DFF. For a counter-clock wise circulating
University, Furo-cho, Chikusa-ku, Aichi, Nagoya 464-8603, Japan (&- he DEE i d SE | lled
mail:s nakamu@SUper.nuge.nagoya-u.ac.jp). current, the is tuned so as to output no S Q pu se calle
All members are also in JST-CREST. 'output SFQ’ from the 'dout’ port. In this cast is negative.

Il. QUBIT READOUT SYSTEM



IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. ?, NO. ?, MONTH 200? 2

Splitter

. 8 %

Reset SFQ 227 e N

\ Output SFQ

@( 2 S 2 90 | simplified
-— gk Z > DFF
Readout SF din —y——dout <
Pe Q 22 ’ Output SFQ dout ™" Reset SFQ

clk

dout (a) Conventional DFF (b) Simplified DFF
DFF |—
Output SFQ

Fig. 4. A conventional DFF and the simplified DFF we desined in this study.
= = Use of conventional DFF for our CTC induce to add the merger, which has
remarkable time jitter. The simplified DFF can be removed these time jitter
Fig. 2.  Schematic diagram of SFQ readout circuit based on current-gpurce.
time conversion (Current-to-Time Converter; CTC) we have proposed. In this
figure, circulating current of a qubit is CW and the CTC outputs no SFQ

pulse. Crosses represent Josephson junctions. n.s andn,, are the number of these element in the circuit.
Fig. 3 shows the numerically obtained propagation del@ys

§3O as a function of the normalized bias curreht = i},/1,.,

—25 | where 7, is the value of bias currents anfl is the value

EQO \ of critical currents of a junction on a JTL. The calculation

= \ is done for two type of junctions made up of 1Q0A

215 \ shunted/unshunted junctions with the parameters of the SRL

-%10 unshunted JJ N shunted 77 standard fabrication process by JSIM [9]. qu bias currents

& 5 S provide large delays both for unshunted junctions and shunted

g ---------- B—— junctions. The shunted junctions have much larger delay than

A~ O0 0.2 0.4 0.6 0.8 1 the unshunted ones at maximum. In our CTC, &i&/dI, is
Normalized bias current I, the most important factor. This derivative is also much larger

Fig. 3. Propagation delay of a SFQ pulse in a shunted and a unshunted ﬁlcl‘Lthe shunted junCtionS than in the unshunted ones.

caluculated numerically. These plots show the delay time of one Josephson
junction on a JTL. .
B. Splitter

The time difference depends on the bias current is provided
The DFF discriminated\t, namely, the DFF serves as a timeto the splitter. When we set the operating point of the bias
discriminator. The actual CTC has finite current resolutiogurrent to be low, the time difference generated by the splitter
since noise causes time jitters in the circuit. There is si% increased. Increased inductance of the splitter in exchange
called 'gray zone’ which appears in the transition curve dér low I. of the junctions leads to large induced current,
the output probability of DFF for an input current flowing atesulting in larger time difference. The laly means to reduce
the inductance coupled to the splitter. We defined the curredidhnson noise due to increased resistor of Josephson junction
resolution as the transition width in the curve. Probability if7].
the gray zone is expressed using the error function,

Tewp — Lavg C. DFF
ﬁgew ’ (1) F?g. 4(b) and Fig. 4(a) show the configurations of th_e DFF
, , . designed for the CTC. In general, a DFF has an internal
where I,,, is expectation of current and.., is standard g0 reflecting the storage of an SFQ. Thus it is necessary
deviation obtained by fitting of experimental valug/l..,,) provide an another SFQ for reset called reset SFQ’ here
and Ieﬂf_?' 'I_'he W_'dth of gray zoneAl equal to the current v, grase the stored SFQ for initialization in readout process.
resolution is defined by An additional merger is required to be placed before 'clock’

P(lezp) = %erf <

Al = 0ozpV/2m. (2) port of the DFF as indicated Fig. 4(a). The merger has a
balanced comparator, so that the total number of the balanced
I1l. CIRCUIT DESIGN comparator becomes two. Increase in that number is critical

problem for the current resolution of the CTC because the
] . i balanced comparator has very large time jitter as described
Time jitters accumulate on paths from the splitter t© thgyer o reduce the number, we introduced a simplified DFF
discriminator (balanced comparator inside the DFF). The totgl ,wn in Fig. 4(b). For this DFF, we provided a reset SFQ
time jitter o,y can be expressed as , after sending a readout SFQ. The reset SFQ always appears
_ 9 9 2 3 at the output port of the CTC after a given time delay from
Tall \/(nsgs) + (Mus0us)? + (Mepp) ) the input of a readout SFQ.
Here o,, o4, and o, are time jitter of a shunted JTL, an In our final design, we employ unshunted junctions except
unshunted JTL and a balanced comparator, respectingly. for the DFF. The values used in the (3) arg = 100n; =4

A. Estimation of Time Jitter
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Fig. 6. Typical experimental results of gray zone measurements. The plot
shows the gray zone of unshunted CTC (triangle) and the shunted CTC
(circle). The dashed line and the solid line indicate function fitted by error
Fig. 5. Microphotograph of the actual SFQ readout circuit for testing. Thignction.

circuit was fabricated with NEC NB.5 kA/cm? process [8].

TABLE |
EXPERIMENTAL RESULTS OFTEST CIRCUITS

andn., = 1. The previous experimental results show =
65 fs ando, = 365 fs [7]. o, is estimated as 10 fs. By using —
those, we can estimate,; = 459 fs from (3). primitive CTC || 0.75 | 32pA | 34.6uA

Fig. 5 shows the microphotograph of the readout circuit. unshunted CTC || 0.35 | -0.7uA | 4.8uA
This SFQ readout circuit is designed using CONNECT cell shunted CTC || 0.57 | -36uA | 2.2uA
library [10] basically. The splitter, simplified DFF and un- QOS comparator)| - | 4.15pA | 3.3pA
shunted junctions are redesigned for this study.

circuit | I | Tavg Al

narrower grayzone 2.2A than unshunted CTC of 4.8A,

Wi | h luti fthe CTC b _although time jittero,; thought to be larger than that of

) e evaluate Er: current reso utlo.n 0 tfe - ){thasKun%Shumed CTC. In our CTCAI, = Ua”/g_ghb:]bg is the

its gray zone. The measurement is performed at 4.2 K. We,st important factor, wherd,, is the experimentally used
need to measure the output possibility, thus we send 1000,e of 7, as indicated in Fig. 3A7, in shunted CTC is
pairs of a readout SFQ and reset SFQ, and record waveforgiS,jjer than in unshunted one. As a result, shunted CTC has
of the input signals and of output ones for one given curreghyar cyrrent resolution. This means that low bias currents
flowing in the_plcku.p.con. Th_e current is prowdeq externall nd the introduction of the simplified DFF are effective
and changed in sufficiently wide range. We call this current the, oquction of the gray zone, i.e. improvement in current
control current here. To suppress external noise generateq.ab tion.

room temperature, we place low-pass filters and copper powdep .i6sly, we have considered that Johnson noise is dom-
filters for all the cables. The output probability can be plottel ot noise on the circuit. However, we have found that the

for each control current, and a transition region i.e. a gr%\fay zone of the circuit would be significantly-affected by

zone appears in the plot. Fig. 6 shows experimental resyli§ise from experimental resuits of the QOS [11]. Although

for the CTC based on our final design expressed as unshuntefl _ 5 ¢ 1A of the QOS was observed in this method,
CTC in the figure. The plots are fitted to (1), and gray zone Siother experiment with applying AC signal as the control
calucule_lted to be _4.&A. We alsp r_n_ade two oth_er CTCs forCurrent showed about LA of gray zone. We are not able
comparison. One is named a primitive CTC designed basedgngsecify the origin of this noise yet. In an actual readout
the CONNECT cell library. No techniques to improve currents o 1,y “qubit, much higher repetition rate will be used for
resolution are introduced to the primitive CTC. The other i jikelihood discrimination shown in Fig. 1. Thus, current
named the shunted CTC in which shunted junctions are useqdQ | tion is possibly improved.
the whole circuit. In addition to those, we also tested a quasi-jare we discuss the availability of single-shot readout in
one-junction (QOS) comparator [11] for comparison becaugg, sFq-based readout system. In this time, the gray zone of
a QOS has a high potential in current sensitivity for a Singlgse cTC measured at 4.2 K is insufficient for the requirement
shot readout although its configuration is asymmetric. The grayy <1 yA. As described above, observable noises at 4.2 K
zone of shunted CTC is also displayed in. Fig. 6. The gray Z0QR, thought to be Johnson noise ahdf noise. However,
is 2.2 uA. These gray zones are normalized by edghy for e should consider Johnson noise dominantly, becayge
clarity. Experimentally used parameteis /,., and obtained ,qiqe is remarkably reduced at lowered temperatures and the
Al are summarized in TABLE . magnitude ofl/f noise becomes small in an actual readout
as described above. The standard deviation of current noise
V. DiscussIoN (Johnson noise) is known to be proportional to the square root
The primitive CTC showed the widest gray zone in thef temperature. Thus gray zone of the CTC is expected to be
CTCs studied here. When we compare in gray zone betwedwlf when the readout system operates at 1 K on a refrigerator.
unshunted CTC and shunted CTC, the shunted CTC hasother important factor concerning single-shot readout is the

IV. EXPERIMENTAL
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coupling coefficient of the transformer between the input cqilo] S. Yorozu, Y. Kameda, H. Terai, A. Fujimaki, T. Yamada and S. Tahara,
and the splitter. The present coefficient is measured to be 0.2. A single flux quantum standard logic cell librafyPhysica C, vol. 378,
W fully | d th Hicient into 0.8 by formine. . PP- 1471-1474, 2002,

€ successlully increased the coeinicient into U.c Dy T0rMiNgs; A Bozbey, S. Miyajima, H. Akaike and A. Fujimaki, "Single-flux-
a hole in the ground plane below the transformer. Employing quantum circuit based readout system for detector arrays by using time
lower critical current junction on the splitter also improve the to digital conversion ” ASC2008, 2EX05.
current resolution since low, of the junctions leads larger
time delay of SFQ pulses. Furthermore, a numerical analysis
shows that the current resolution is improved by about one
order of magnitude by using the likelihood discriminator with
about 250 times readouts. We can estimate that the combi-
nation of these methods make the readout system possible to

operate with single-shot readout.

VI. CONCLUSION

We have proposed SFQ-based readout system for a flux
qubit toward single-shot readout. A CTC which is the key
component of this system have been designed besed on
time jitters we have measured. The CTCs consist of some
techniques to achieve higher current resolution; low biasing
of the splitter, reducing number of comparator in simplified
DFF. We have evaluated the current resolution by measuring
gray zone at 4.2 K and have compared with other CTCs and
a QOS comparator. Gray zone was measured to ba A4 ®r
unshunted CTC and 2.2A for the shunted ones. We have
found thatl/f noise cases large gray zone from comparison
with experimental result of QOS comparator. The single-shot
readout of the fulx qubit can be performed when the system
composing CTC and likelihood discriminator operates at 1 K
stage.

ACKNOWLEDGMENT

The authors wish to thank Dr. Nakamura and Dr. Tsai for
their fruitful discussions.

REFERENCES

[1] K. K. Likharev, V. K. Semenov, "RSFQ Logic/Memory Family: A
New Josephson-Junction Technology for Sub-Terahertz-Clock-Frequency
Digital Systems,” IEEE Trans. Appl. Supercond., vol. 1, issue 1, pp. 3-28,
March 1991.

[2] I. Chirescu, Y. Nakamura, C. J. P. M. Harmans and J. E. Mooji, "Coherent
Quantum Dynamics of a Superconducting Flux Qubit”, Science, 299,
pp. 1869-1871, 2003.

[3] J. E. Mooij, T. P. Orland, L. Levitov, L. Tian, C. H. van der Wal,
and S. Lloyd, "Josephson persistent-current qubit,” Science, vol. 285,
pp. 1036-1039, Aug. 1999.

[4] T. A. Ohki, M. Wulf, M. J. Feldman, and M. F. Bocko, "Unshunted QOS
Comparator for Qubit Readout,” J. Pys. Conf. Ser., vol. 43, pp. 1413-
1416, Aug. 2006.

[5] T. A. Ohki, A. Savin, J. Hassel, L. Gronberg, T. Karminskaya, and
A. K. Shevchenko, "Balanced Comparator for RSFQ Qubit Readout,”
IEEE Trans. Appl. Supercond., vol. 17, pp. 128-131, Jun. 2007.

[6] A. Herr, A. Fedorov, A. Shnirman, and E. Il'ichev and G. Schown,
"Design of ballistic fluxon qubit readout., Supercond. Sci. Tchnol. 20,
pp. 450-145, Aug. 2007.

[7] M. Terabe, A. Sekiya, T. Yamada, and A. Fujimaki, "Timing Jitter
Measurement in Single-Flux-Quantum Circuits Based on Time-to-Digital
Converters With High Time-Resolution” IEEE Trans. Appl. Supercond.,
vol. 17, issue 2, part 1, pp. 552-555 , June 2007.

[8] S. Nagasawa, Y. Hashimoto, H. Numata, and S. Tahara, "A 380 ps, 9.5
mW Josephson 4-Kbit RAM operated at a high bit yield,” IEEE Trans.
Appl. Supercond., vol. 5, pp. 2447-2452, Jun. 1995.

[9] Fang E. S., Duzer T.V., in Ext. Abst. 1989 Int. Supercond. Electron. Conf.,
407, 1989.



