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A new current-injection Josephson latch employing a single-flux quantum is proposed. It has a 
master-slave circuit configuration and operates under ac power supply. In the circuit, data are 
stored as a circulating current in a superconducting loop consisting of a single junction and 
inductances. A two-junction interferometer gate directly coupled to the l.oop reads out the stored 
data. Dual-rail signals are generated from the read-out data by Josephson junctions and resister
coupled Josephson logic gates. The isolation between a master circuit and a slave circuit is realized 
using high-impedance states in the Josephson junctions. The circuit design and computer
simulation results on the circuit operation are described in this paper. 

I. INTRODUCTION 

Josephson devices are attractive circuit elements for ul
trahigh performance computer applications. Their high per
formance is based on the high intrinsic switching speeds, 
low-power dissipation, and impedance-matched supercon
ducting transmission lines inherent to the Josephson tech
nology. These features have been demonstrated by various 
types of Josephson logic circuits. I

-
7 Among them, current 

injection Josephson logic gates3-7 have various advantages 
over magnetically coupled Josephson logic gates,I,2 with re
gards to small device sizes, intrinsically damped resonance 
phenomena, and reduced fan-out delay time. These Joseph
son logic gates operate most commonly in a latching mode. 
In order to reset these latching logic gates to the "off" state 
(superconducting state), lowering their supply currents to 
zero is required. Thus, Josephson latch circuits, which store 
data during the time interval when the supply currents are 
turned off, are required to implement the Josephson logic 
circuits. 

Several kinds of the latch circuits have been reported. 8.9 

Most of them use the magnetically coupled interferometer 
circuits. Because of the magnetically coupled transformer 
used, these circuits may occupy relatively large areas on a 
chip. The Josephson logic circuits constructed from the 
magnetically coupled latches and the current injection logic 
gates make the circuit design and fabrication complicated, 
and the advantages of the current injection Iogic gates de
scribed above cannot be funy taken. From the points of the 
smallness in the device size and the compatibility in the cir
cuit design and fabrication processes, current injection Jo
sephson latches are desirabl.e to be realized for fully current 
injection 1.ogic circuits. 

Recently, we have originated a current injection Joseph
son latch circuit employing a single-flux quantum, and suc
cessfully verified its proper operation in a experimentally 
fabricated latch circuit. Its main features are the capability 
of high-speed operation and the smallness of the device size. 
In this paper, we present the operation principle and circuit 
design of the novel current injection Josephson latch circuit. 
In the circuit, data are stored as a circulating current in a 
loop consisting of a single junction and inductances. A two
junction interferometer gate is directly coupled to the loop 

and reads out the stored data. The dual-rail signals are gener
ated from the read-out data by Josephson junctions and the 
resistor-coupled Josephson logic (RCJL) gates. 7 The circuit 
design, as well as operation principle, are described in Sec. 
n. Its proper operation is investigated using computer simu
lations in Sec. III. Conclusions are given finally in Sec. IV. 
Experimental verifications of this latch circuit including'its 
high-speed operation will be presented in a companion pa
per. IO 

U. LATCH CIRCUIT OPERATiON 

The basic circuit configuration of the current injection 
latch is shown in Fig. 1. It has a master-slave configuration 
and is designed to operate under a trapezoidal ac power sup
ply shown in Fig. 2. II The function of the present latch cir
cuit is the same as those of the magnetically coupled latch 
circuits previously reported.9 The flat portion of the power 
supply waveform, called the active portion of the machine 
cycle, is the nominal operating region for the logic gates. The 
outputs of these logic gates are stored in the master circuit, 
before the power supply begins its transition into the oppo
site polarity. The master circuit holds the data during the 
time interval when the ac power supply changes its polarity. 

, , 
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I 

FIG. 1. Equivalent circuit of a latch circuit. G,.Gz.G).G.-OR gates. D,-
AND gate. DATA-Data signal. LATCH ENABLE-I..atch enable sig
nal. I, = 0.3 mAo 12 = 13 = 0.15 mAo I. = Is = 0.21 mAo L, = 5.3 pH, 
L2 = 2.3 pH. RD , = 1.0.n. R D, = 1.0.n, R) = R. = 6.0 .n. Rs = 2.0.n. 
RL = 6.0.n. RM , = 4.0.n. R I = R2 = 5.0.n. 
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FIG. 2. The operation of a latch circuit under ac power supply. 
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A slave circuit detects the data stored in the master circuit 
during the power supply ramp of the next cycle, and holds 
the data at its output until the end of the cycle, allowing the 
latch to accept new data during the cycle.9 

A. Master circuit 

The master circuit consists of two RCJL OR gates GI 

and G2, a RCJL AND gate D I , a superconducting loop, and 
a sense gate QI' The loop is composed of a single-junction J, 
and inductances L I , L2 , and L 3 • A damping resistor R D , is 
connected paranel to the junction J,. The interferometer 
sense gate Q, consists of the inductances L2 and L 3, junctions 
J2 and J3, and a damping resistor R D2 , and is directly con
nected to the loop through L2 and L 3• The write operation of 
the master circuit is as follows. A latch enable signal (LE) is 
injected into the loop and the gate G2 in the active region of 
the cycle. Then Gz switches from the superconducting state 
("off") to the voltage state ("on") and an output current is 
delivered to the AND gate D,. The gate GI switches to the 
voltage state upon the application of a data signal (DATA) 
and delivers an output current to the gate D j • Thus only 
when DATA = LE = 1, the gate D j switches and a data 
output current I D is injected into the loop, causing magnetic 
flux to enter the loop. Then the data is written as a circulat
ing current in the loop. 

Here let us investigate the variation of the quantum 
phase difference OJ of the Josephson junction J 1 in the loop 
against the external current Ie injected at the node A in Fig. 
L As explained later in the slave-circuit operation, current 
injection into the loop from the slave circuit is prohibited in 
the write operation. It is because either a junction J4 in the 
slave circuit or junctionsJz andJ3 in the sense gate QI switch 
into the voltage state and present a high resistance. When the 
junction J4 is in the high-resistance state, the flux quantiza
tion condition and the current continuation condition give 
the equations for Ie and the quantum phase differences OJ, 
O2, and 03 of the junctions J 1, J2 , and J3 as 

(<po/21r)(0, + 83 - 82 + 2n1r) = (1e - II sin ( 1)L I, (1) 

(<po/21r ) (02 - 83 + 2m1r) = (1e - II sin 0 1 - I z sin (2)Lz 
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(2) 
(3) 

where II' I z, and 13 are the Josephson critical currents of the 
junctions J 1, J2, and J3, respectively, <Po is the magnetic-flux 
quantum, L I> L 2, and L3 are the inductances shown in Fig. 1, 
and nand m are integers for restricting the phases to the 
range - 1r < OJ ,,1r. The stability condition due to a mini
mum of potential energy is obtained as lZ 

<Po (COS O2 cos ( 3) cos 8, cos 82 cos 83 + - cos 81 --+ -1-
21r 13 2 

X (_1_ + 1 ) + !Ii _1_ cos O2 cos 03 
LI L2 + L3 21r Lli 

+ (li)2 _1_( 1 )(COS 82 + cos (3»0. (4) 
21r Lli L2 + L3 13 12 

In the derivation of the above equations, we have neglected 
the subgap current flowing in the junction J4 • Here, we as
sume 12 = 13 and L2 = L 3, therefore, the sense gate QI has a 
symmetric threshold characteristics. From the Eqs. (1)
( 3 ), we can obtain 

Oz + 83 = 2k1r, (5) 

(I./II) - sin 01 =A1(01 - 202 + 2n'1r), (6) 

(1.111 ) - 2 sin 81 - 2 (121I1 ) sin O2 = Az(282 + 2m'1r), 

AI = tPo/21rL lI' 

A,2 = <po/21rLzll> 

(7) 
(8) 

(9) 

where k, n', and m are integers. Introducing 
<p, = 8 1 + 2n'1r, Eqs. (5)-(7) can be rewritten as 

(10) 

Ie/II = 2A20Z + 2(12/I I)sin O2 + 2 sin tP, + 2A2m'1r. 
(11 ) 

Then, 

2(A, +AZ )02 + 2(I2/II)sin 82 

= AjtP, - sin <p, - 2A 2m'1r. (12) 

Since Eq. (12) gives Oz as a function of tPl' there1ationship of 
<p, against Ie can be numerically calculated. In Fig. 3 are 
shown the calculated Ie - <p I characteristics with typical cir
cuit parameters depicted in the caption of Fig. 1. Solid lines 
show the thermodynamically stable operating regions, while 
broken lines show the unstable ones. There were no solutions 
of O2 in Eq. (12) except with m' = 0 ± 1. 

In the absence of the external current Ie' five stable oper
ating points, such as A, B, C, all with m' = 0, D with m' = 1, 
and E with m' = - 1 are present. Therefore, a setup oper
ation, described as follows, is required to restrict the m' value 
of the operating point to zero. There are no operating points 
with m' = 1 and m' = - 1 for Ie < - fo and Ie > "0' respec
tively, where fo and - io are the external currents for the 
operating point F and G in Fig. 3. Thus, once the bipolar 
external current Ie with the amplitUde larger than fo is ap
plied, the operating point only with m' = 0 is allowed to be 
present. Here, the damping resistance RD2 has been asumed 
to be sufficiently low so that direct transitions of the operat
ing point between m' = 1 and m' = - 1 have not been al
lowed. When the external current increases from zero, the 
operating point B moves without changing its m' value until 
82( = - ( 3 ) reaches 1r/2 from zero. Similarly, the operat-
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FIG. 3. External current I, vs a quantum phase difference .pI of a junction J I 
with a junction J. in the resistive state. Solid lines show thermodynamically 
stable operating region. Broken lines show thermodynamically unstable op
erating region. 

ing point B moves without changing its m' value until (J2 

reaches - 1T /2 from zero, as the external current decreases 
from zero. In the storage loop with the typical parameters 
shown in Fig. 1, the operating point with m' = 0 moves 
among modes with n' = 0, ± 1, ± 2 without changing its m' 
value when the external current varies. 

When the junctions J2 and J3 are in the resistive state, 
the flux quantization condition and the stability condition 
are 

Ie (L) + L 2) - I)(L) + 2L2 ) sin (J, 

= (tfJoI21T) «(J, + 2n"1T) 

= (tfJoI21T)tfJ), 

II (L I + 2L2 )cos (J, + (tfJoI21T) >0, 

(13) 

(14) 

where n W is an integer. Here, we have also neglected the 
subgap currents flowing in the junctions Jz and J3• The rela
tionship of Ie and tP) with junctions J2 and J3 in the resistive 
state are also numerically calculated with the same circuit 
parameters and are shown in Fig. 4 by a solid curve. For 
reference. I. - tfJl characteristics for m' = 0 with the junc
tionJ. in the resistive state are also shown by a broken curve. 
It can be seen that the differences between those curves are 
small, thus the operation described in the next paragraph 
can be applied to these two cases. 

In the absence of the current injected into the loop, H, I, 
and J in Fig. 4 are stable operating points. As is evident in the 
following explanation, the operating point stays at either H 
or I when the power supply current, including the external 
current Ie' had negative polarity in the last machine cycle. In 
order to reset the storage loop, the latch enable signal is ap
plied in the next cycle with positive polarity, and the operat-
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FIG. 4. External current I, and a quantum phase difference.pl of a junction 
J I . A solid line represents the operating region when junctions J2 and J3 are 
in the resistive state. 

ing point moves from H or I to K. When the data signal is 
applied, the operating point moves from K to M through L, 
and the magnetic flux is caused to enter the loop. On the 
other hand, in the absence of the data signal, the operating 
point stays at K. At the end of the cycle, aU the signals are 
turned off. Then, the operating point moves to J for DATA 
"1," while it moves to H for DATA "0." Similar operations 
are repeated in the following cycle with negative polarity. 
Thus DATA" 1" is represented by the state at I or J, depend
ing upon the power supply polarity. DATA "0" is represent
ed by the state at H. From the values of tPl at I and J, the 
amplitude of the circulating current Ieit can be estimated as 

l eir =10 sin tPlO~0.7Io· (15) 

Since the data output current I D and the latch enable 
current ILE are additively injected into the l.oop, the proper 
write operation of this latch is not affected by the sequence of 
the activation in the data signal and the latch enable signal. 

B. Slave circuit 

The slave circuit consists of junctions J4 and Js with 
critical currents 14 and Is, the sense gate Q), and RCJL OR 
gates G3 and G 4' ResistorsR3 and R4 are designed to have the 
same resistance. The critical currents 14 and Is are chosen to 
satisfy the relationships of 

I~!2 <14 = Is <I~, 

I,., (fcir) <14 = 15 <1m (0), 

(16) 

(17) 

where I~ is the absolute value of the gate current in the fiat 
portion of the power supply, 1m (0) and 1m (fcir) are thresh
old gate currents of the gate Q I in the absence and presence 
of the circulating current l eir in the loop, respectively. 

When DATA "I" is stored in the form ofa circulating 
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current, Q I switches before J4 during the power supply ramp 
and an output current is injected into the gate G4 and the 
junctionJs. Then G4 switches, providing "1" at the true out
put. On the other hand, J4 and J s remain in the supercon
ducting state, since the maximum currents I~/2 flowing in 
the junctions J4 and J s are less than their critical currents. 
Thus the output on the complement branch is "0." Since the 
gates operate in a latching mode, these output states remain 
unchanged even if the circulating current changes its value 
during the same cycle. When DATA "0" is stored in the 
loop, J4 switches before the gate QI and the supply current to 
QI is diverted to the junction Js· Then J s and G3 switches to 
the voltage state in this sequence, providing" 1 " at the com
plement output. The gate Ql does not switch even if the data 
signal is later entered in the latch during the same cycle, 
since QI has no supply current after J4 switching. 

Here let us investigate the threshold characteristics of 
the gate Q). The relationships of the quantum phase differ
ences 0), °2 , and 03 ofthejunctionsJI,J2' andJ3 and the gate 
current Ig supplied from node B in Fig. 1 are described as 

II sin 0) + (4)oI21TL)) (0) + 03 - O2 + 2n1T) = 0, (18) 

12 sin O2 + ~(02 - 0) - 03 - 2n1T) 
21TLI 

+ ~(02 - 03 + 2m1T) + Ig = 0, (19) 
41TL2 2 

12 sin 03 + ~(O) + 03 - O2 + 2n1T) 
21TL j 

4>0 Ig 
+--(03-02-2m1T) +-=0, 

41TL2 2 

cos 0) cos O2 cos 03 + .!&.. cos 0) (cos O2 + cos ( 3 ) 
21T 

X (_1_ + _1_) + .!&.. _1_ cos °
2 

cos 0
3 

12L) 21zL2 21T I)L) 

( fIJ)2 1 + _0 (cos Oz + cos ( 3 »0. 
21T 21)I;tL IL2 

(20) 

(21) 

The condition (21) assures that the solution ofEqs. (18)
(20) is thermodynamically stable. Here let us notice that no 
external currents are injected from the node A in Fig. 1 dur
ing the read operation. Introducing new variables 
4» = 01 + 2n1T, x = O2 + °3, and y = 0z - 03, we can re
write Eqs. (18)-(20) as 

(22) 

2 . x Y Ig 0 23 sm"'2 cos "'2 + 12 = , ( ) 

2 cos ~ sin L + 2.(y - fIJI) + ..!..(y + 2m1T) = 0, 
2 2 V 2 V3 

(24) 
where 

The solution for n = m = 0 is evident, i.e., 

0) =y = 0, 

2 sin (x/2) + (Ig/Iz) = O. 
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FIG. 5. Gate current for a sense gate QI vs the sum of the quantum phase 
dift'erencesofjunctionsJ2 andJ3• x = (J2 + (J3' (a) A curve shows the oper
ating region in the absence of a circulating current in the storage loop. (b) A 
curve shows the operating region in the presence of a circulating current in 
the loop. Solid lines in (a) and (b) represent the thermodynamically stable 
operating region, while broken lines represent the thermodynamically un
stable operating region. 

In Fig. 5Ca), the gate current Ig is plotted versus x by a solid 
line. The broken line shows the thermodynamically unstable 
solutions. The operating point S in Fig. 5(a) where 
0 1 = 0z = OJ = ° corresponds to the point B in Fig. 3 where 
no circulating current is present. Therefore the sense gate QI 
remains in the superconducting state up to 
JIg I = 21z! = 1m (0)] when the absolute value of the gate 
current increases. 

The solutions for n = 1, m = 0, n = - 1, and m = 0 are 
numerically calculated and the threshold gate current is 
plotted versus x in Fig. 5 (b) by a solid line. The operating 
point T with fIJI = 5.4, 0z = 0.83, OJ = - 0.83 and U with 
4>1 = - 5.4, O2 = - 0.83, 03 = 0.83 correspond to the 
points A and C in Fig. 3, respectively, where the nominal 
circulating current is present. Therefore, the gate QI switch
es to the voltage state when the absolute value of the gate 
current exceeds Ie [ = 1m (Icir)] in Fig. 5(b). 
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C. Circuit design 

The circuit parameters of the latch were chosen such as 
to make the latch compatible with the 5-J.Lm resistor-coupled 
Josephson logic described earlier. \3 The circuit elements 
which constitute the storage loop are d.esigned as follows. 

(a) In the absence of the current injected into the stor
age loop, there should be three stable operating points like H, 
I, and J in Fig. 4. In the optimum design, the absolute values 
of the external currents for the operating points P and Q in 
Fig. 4 should be the same. As a result, 

(L I + 2L2)II~i¢o. (27) 

(b) The discrepancies between the solid curve and the 
broken curve in Fig. 4 should be small in order to obtain a 
wide operating margin for the latch enable current I LE and 
the data current I D • 

(c) The solution for ()2 in Eq. (12) with -1T12<()z<rr12 
and m' = 0 should be present over the wide range of ¢I' This 
assures that the external current injected into the storage 
loop can be varied in a wide range with the m' value kept to 
zero, resulting in a wide operating margin for the data cur
ent. To satisfy the above two requirements (b) and (c), 
smaller values of L21LI and 12/11 are desirable. 

(d) To maximize the operating margin for the circulat
ing current Icir in the loop, 

(28) 

The four conditions of (a)-(d) are not always compati
ble, i.e., if we follow the requirements (27) and (28), theL21 
L I value is determined as - 312, which is not necessarily 
small to satisfy the requirements (b) and (c). The 12/11 val
ue also cannot be reduced unlimitedly, since the output cur
rent of the sense gate 01 has to drive the OR gate G4 , and the 
output current of the AND gate DI has to cause the flux 
quantum to enter the loop. In the present design, the critical 
current ratio of 121/1 = 1/2 was chosen. The value of L21 L I 
was chosen such that when the external current Ie is varied, 
the operating point can move among the modes of n' = 0, 
± 1, ± 2 in Fig. 3 with the m' value kept to zero, i.e., witb

out the absolute value of ()2 and ()3 exceeding rr/2, even if 
± 5% deviations of inductances L I> L2 and ± 10% devia
tions of critical current I) and 12 are present. 

The circuit parameters for a 5-J.Lm lead-anoyl4 Joseph
son latch circuit with a Josephson critical current density of 
800 A/cm2 were optimized to obtain wide operating current 

N 
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N 
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FIG. 6. Operating margins for 
a latch enable current! LE and a 
data current I D • Shaded area 
shows the current region for 
the proper latch operation. 
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margins, following the conditions described above. The typi
cal results are shown in the caption of Fig. 1. The optimum 
damping resistances of R 0, and R 0, depend on the dynamics 
of the storage loop, and were determined by computer simu
lations, tbe d.etail of which is described in Sec. HI. As is 
known in Figs. 3, 4, and 5, the designed operating current 
margins for the data current I D' the latch enable current I LE' 

and the supply current Ig for the junction J3 and the sense 
gate 01 are comparable to the previously reported magnetic 
coupled Josephson latches. 9 The current margins for 10 and 
hE are shown in Fig. 6. The shaded region represents the 
proper operating region. The designed. values and margins 
for the operating currents are listed. as 

ID = 0.43 rnA ± 39%, (29) 

IL.E = 0.3 rnA ± 38%, 

Ig = 0.3 rnA ± 33%, 

1m (lcir )IIm (0) = 0.44. 

III. COMPUTER SiMULATIONS 

(30) 

(31) 

(32) 

The amount of the magnetic fiux generated in the loop 
deeply depends on the damping resistance R 0, . Appropriate 
damping resistance R D , for the proper operation was deter
mined by computer simulations. In Fig. 7 is shown the simu-
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FIG. 7. A two cycle computer simulation of the latch with a clamping resis
tance of 1.0 n. The simulation begins with a zero stored in the latch. (a) I. 
-Gate current for the junction J. and the sense gate Q 1. DATA-Data 
current. LE--Latch enable current. (b) TRUE, COMP-True and com
plement output currents of the slave circuit. ~l-Quantum phase dilference 
ofthejunctionJ,. 
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current. LE-Latch enable current. (b) TRUE, COMP-True and com
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lated typical result of proper two-cyc1e operations. The input 
DA T A sequence is "1," "0." The damping resistance R D, of 
1 n and the power supply rise time of 100 ps and the cycle 
time of 500 ps were chosen for the simulations. The latch 
enab:le signal is activated in the middle of the active portion 
every cycle. The simulation begins with "0" stored in the 
latch circuit. It can be seen that the latch circuit operates 
properly as the static design in Sec. II expects. 

The circuit with damping resistance R D, larger than 4 n 
operated improperly as shown in Fig. 8. The improper oper
ation results from the direct shifts of the operating point 
from L to 0 and from Q to R in Fig. 4. As a result, when the 
power supply is turned off, the operating point moves to H in 
spite of the application of the data signal, and DATA "0" is 
read out in the next dock cycle. The critical value of 4 n for 
the damping resistance hardly depends on the power supply 
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rise time. The damping resistance of 1 n was chosen in this 
design to assure the proper operation even if the circuit pa
rameters deviate from the designed values in a practical de
vice. 

IV. CONCLUSIONS 

A new current injection Josephson latch employing a 
single-flux quantum is proposed. It has a master-slave circuit 
configuration and operates under the ac power supply. Its 
main features are the capability of high-speed operation, the 
smallness of the device size, and the compatibility in circuit 
design and fabrication processes with the current injection 
Josephson logic gates. The operation principle and the cir
cuit design have been described in detail, with stress on wider 
operating margins for various input currents. Finally, dyna
mical behaviors of the latch circuit have been investigated 
using computer simulations. The value of the damping resis
tor assuring the proper operation has been determined from 
the simulation results. The experimental verifications of this 
latch induding the high-speed capability will be shown in a 
companion paper. 

ACKNOWLEDGMENTS 

The authors would like to thank J. S. Tsai for his valu
able discussions. They also would like to thank Y. Takayama 
and H. Abe for their continuous encouragement during this 
work. The present research effort is part of the National 
Research and Development Program on "Scientific Com
puting System," conducted under a program set by the 
Agency oflndustrial Science and Technology, Ministry of 
International Trade and Industry. 

'H. R. Zappe, IEEE Trans. Magn. MAG-13, 41 (1977). 
2T. Gheewala, Appl. Phys. Lett. 35,720 (1979). 
3T. A. Fulton, S. S. Pei, and L. N. Dunkelberger, Appl. Phys. Lett. 34, 709 

( 1979). 
"T. Gheewala and A. Mukherjee, Technical Digest of the International 
Electron Devices Meeting (IEEE, Piscataway, Nl, 1979), p. 482. 

's. Takada, S. Kosaka, and H. Hayakawa, lpn. 1. Appl. Phys. 19, W7 
(1980). 

OK. Hohkawa, M. Okada, and A. Ishida, Appl. Phys. Lett. 39, 653 ( 1981). 
1J. Sone, T. Yoshida, and H. Abe, Appl. Phys. Lett. 40, 741 (1982). 
• A. Davidson, IEEE J. Solid-State Circuits SC·13, 583 (1978). 
9R. C. Jones and T. R. Gheewala, IEEE 1. Solid-State Circuits SC-t7, \201 
( 1982). 

"'T. Yamada and J. Sone, 1. Appl. Phys. 59, 3202 (1986). 
"M. B. Ketchen, Technical Digest of the International Electron Devices 

Meeting (IEEE, Piscataway, Nl, 1979), p. 489. 
'2E. O. Shultz-DuBois and P. Wolf, Appl. Phys. t6, 317 (1978). 
I3J. Sone, T. Yoshida, S. Tahara, and H. Abe, Appl. Phys. Lett. 41, 886 

(1982). 
'4J. H. Greiner, C. 1. Kircher, S. P. Klepner, S. K. Lahiri, A. 1. Warnecke, S. 

Basavaiah, E. T. Yen, J. M. Baker, P. R. Brosious, H. W. Huang, M. 
Murakami, and I. Annes, IBM J. Res. Dev. 24,195 (1980). 

J. Sone and T. Yamada 3201 


