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Re: Verification of WRspice thermal noise simulation accuracy

Thermal noise has been incorporated into the WRspice commercial Josephson circuit simulator. The
noise is implemented at the source code level, and therefore the WRspice simulator should have a
speed advantage over other methods that add noise from an external file. However, verification that the
noise is correctly implemented in the simulator is important if the results of the simulations are to be
used by other laboratories.

Thermal noise, also known as Nyquist or Johnscn noise, is modeled in a circuit by random current
sources in parallel with each resistor in the circuit. The rms. of these current fluctuations is given by the

Nyquist formula
H4KT ;
irnr.\' = fL (1 )
R

Where K is Boltzman’s constant, T is temperature, R is the resistance, and the cutoff frequency f; =
1/2A where A is the spacing between random numbers. If the noise (1) is bandwidth limited, i.e. output
from a filter, £ in Eq. (1) becomes the bandwidth of the filter.

Noise is implemented in WRspice through the gauss function defined in the WRspice file by
*@ define noise(r,t,dt,n) gauss(sqrt(4*boltz*t/(r*2"dt)), 0, dt, n)

This noise function is then applied in parallel with each Josephson junction and resistor: A typical call to
th= gauss function is’

b1 10 4 ybco4 area=0.0625
110 1 0 noise($Rval, $Temp, $tmin, Swhichn)

Where the Josephson junction has an intrinsic WRspice model that includes capacitance and A,
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.model ybco4 jj(rtype=1,cct=1,icon=10m,vg=28m,delv=2m,
+ icrit=0.16m,r0=$Rnval,m=$Rnval,cap=0.05p)

The spice simulator must calculate circuit transients at time intervals less than A. To ensure algorithm
stability WRspice interpolates the random noise function between successive A spaced time points.
Two interpolation schemes are used. The first makes the noise constant at the beginning and end
points of each A interval. The second noise function is a first order linear interpolation between points.
This first noise function therefore consists of square “steps” with step width A. This square noise was
originally used by Satchel, in part since it is easier to input from an external file into JSIM. However,
Jeffery has previously used cubic spline interpolated noise with good results. In general as long as the
A time scale spacing of the noise is small compared with the time constants in the circuit, the output of
the simulation should be independent of the exact form of the input noise function.

Typical noise generated by WRspice is shown in FIG. 1. The top trace is thermal noise on a 20 Q
resistor at 4.2 K, and the bottom trace is the noise at the output of a 10 GHz center frequency, 5 GHz
bandwidth filter. The power spectra of the noise (top trace) is shown in Fig. 2. Note that the noise
spectral density is approximately flat out to the Nyquist cutoff frequency £, = 1 /2A, where for the
simulation A = 5 ps and therefore f, = 100 GHz. The calculated rms. of the voltage fluctuations for the
noise from the simulation data in FIG. 1 is exactly the rms. of the current given by Eq. (1) multiplied by
R

FIG. 3 shows the power spectra with random numbers spaced A = 5 ps apart, but with the WRspice
calculating at A/2 intervals. For this case, the noise function between the A random deviates is obtained
by a simple linear interpolation. The resuiting power spectra is shaped around £, due to the higher
harmonics generated from the linear interpolation. FIG. 4 and FIG. 5 show the difference in power
spectra between using linear interpolated noise and piece-wise constant linear steps. Comparison of
the FFT show that the first order linear interpolated noise has significantly reduced higher harmonics,
compared to the square noise. Higher order interpolation can almost completely eliminate the higher
order harmonics. Finally, FIG. 6 shows the FFT of the noise output from a RLC filter with center
frequency 10 GHz, and bandwidth 5 GHz. The FFT demonstrates that the noise is shaped by the filter
transfer function.

The WRspice simulator with thermal noise and Josephson junctions has been analyzed in detail.
Specifically, | have calculated the rounding of the IV curve due to thermal noise first reported by
Ambegaokar and Halperin (AH) in 1969. Comparison with the AH thermal noise rounding is a standard
test used to verify Josephson junction simulators including thermal noise and has been used by Tesche
and Clarke, and Satchel. Both authors report simulations in good agreement with the AH resuilt.

Prof. Whiteley and | wrote a script program that can run and average the output of a WRspice file, while
incrementing the dc current bias. This script was then generalized to run a WRspice deck with various
parameters. The AH paper defines the parameter y= h [, /2neKT, where v ranges from 0 to infinity. For
example, typical y values are 2, 10, and 40. For a 10 pA | junction these values of y correspond to
temperatures of 238 K, 47.79 K, and 11.95 K respectively. A 10 pA junction with a 1 Q R, was
implemented in WRspice with a thermal noise source and dc current bias. The script then iterated for
varying bias currents, and for several values of %

FIG. 7 Shows the output from a Josephson junction with a random noise source (bottom trace). The
junction is biased at 9 pA and the noise causes the junction phase to switcti by multiples of 2 & (these
are the random steps in the top trace [r = 3.141 V in the plot]). This junction switching generates
voltage spikes that, when averaged, causes the rounding of the IV curve. The junction voltage spikes
are buried in the thermal noise of FIG. 7.

FIG. 8 and FIG. 9 show data points calculated by incrementing the bias current for different values of v,
and overlaid on the AH curves calculated from their pseudo analytic formula. The AH curves were
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taken from p191 of Vanduzer and Turner.Note that each data point in FIG. 8 is an averaging of output
similar to FIG. 7. Each data point in FIG. 8 was therefore calculated by simulating for 50 ns at 1p steps,
and averaging the resulting 50,000 data points. The data in FIG. 9 was obtained from a longer
simulation time of 100 ns (100,000 averaged simulation points for each point in the plot). Note that the
data in FIG. 8 fluctuates around the AH curves, increasing the number of averaged points as in FIG. 9
significantly decreases these fluctuations. The fluctuations about the AH curves are larger for small ;
this corresponds to increased temperature. Note that the data plot in FIG. 9 is almost identical to that
given by Tesche and Clarke on p317 Fig. 11(a), and is within a few percent of the original AH values.
Higher accuracy can be obtained by increasing the length of the averaged data sets. Identical plots to
FIG. 7 and 8 were obtained using linear interpolated or piece-wise constant noise, and the simulations
were found to be independent of the cutoff frequency £,

The WRspice simulation results are therefore in excellent agreement with the AH results. An overlay of
the noise simulation with the plot on p191 of Vanduzer and Turner demonstrates that WRspice noise
simulator is accurate to within a few percent. The comparison with the theory of AH is a significant test
to demonstrate the validity of the simulator.
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Junction phase and output voltage with noise
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Script file for calculating IV rounding

comment
.control

let xx=0
while (xx <=0.002)
jiwgam2.sp
tran 1p 100n
echo $&(mean(v(2))) $&(mean(v(1))) >> gamma2.out
XX = xx + 0.0002222
end

let xx=0
while (xx <=0.002)
jiwgamd.sp
tran 1p 100n _
echo $&(mean(v(2))) $&(mean(v(1))) >> gamma4.out
XX = xx + 0.0002222
end

let xx=0
while (xx <=0.002)
jiwgam10.sp
tran 1p 100n
echo $&(mean(v(2))) $&(mean(v(1)}) >> gamma10.out
xX = xx + 0.0002222
end

let xx=0
while (xx <=0.002)
jiwgam20.sp
tran 1p 100n
echo $&(mean(v(2))) $&(mean(v(1))) >> gamma20.out
xx = xx + 0.0002222
end

let xx=0
while (xx <=0.002)
jiwgam40.sp
tran 1p 100n
echo $&(mean(v(2))) $&(mean(v(1))) >> gamma40.out
xx = XX + 0.0002222
end

.endc



Spice file to calculate I/V rounding with thermal noise
lc =10 uA, R =1 Ohm. Temp is chosen so that gamma = hbar Ic/eKT = 10

Mark Jeffery 8/98

* iv curve with noise
*@ define noise(r.t,dt,n) gauss(sqrt(4*boltz*t/(r*2*dt)), 0, dt, n)

.options Temp=47.789
.options Rnval=0.0625
.options Rval=1.0

* Original TRW parameters
* .options Rnval=0.469
.options tmin=1.0p

.options whichn=0

.options maxTime=1n

b1 1 0 4 ybco4 area=0.0625
*b1 1 0 jj1 control=v2

*v1 2 0 pwl(0 0 10n 100m)
v1 2 0 $&xx

r121100

v2300.5
2301

110 1 0 noise($Rval, $Temp, $tmin, $whichn)

*model jj1 jj(rtype=1,cct=1,icon=10m,vg=2.8m, delv=0.1m,icrit=0.1m,r0=100,rn=*.4902,
cap=1.14195p)

* The josephson junction model

.model ybco4 jj(rtype=1,cct=1,icon=10m,vg=28m,delv=2m,
+ icrit=0.16m,r0=$Rnval,rn=$Rnval,cap=0.05p)

*TRW rn = 0.469

*tran 0.5p 1n
.end



4.78E+07
4.78E+07
4.78E+07
4.78E+07
4.78E+07
4.78E+07
4.78E+07
4.78E+07

Gamma Calculated for the Noise I/'V Rounding

ic
1.00E-05
1.00E-05
1.00E-05
1.00E-05
1.00E-05
1.00E-05
1.00E-05
1.00E-05

T

4.20
4.20
4.20
4.20
4.20
4.20
4.20
4.20

gamma
1.14E+02
1.14E+02
1.14E+02
1.14E+02
1.14E+02
1.14E+02
1.14E+02
1.14E+02

T gama
477.90 1.00
238.95 2.00
159.30 3.00
119.47 4.00

95.58 5.00

47.79 10.00

23.89 20.00

11.95 40.00
<--thisis the T fora
given gamma when ic = 10 uA
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ie., the average time for a phase slippage of 2r. Thus the mean voltage is given according to (1) by
-
(T
2eV /i = 2w, Y]
The required solution of Eq. (8) is

wdt £ [ (9.dor ""’ﬁ;} @
(o) 2 O o [ f(ZrlJ; Foit

where f(8) = exp[-0U(6)/T]. The normalization of o then requires that

7 2r r 2T f(8) |-t
T drf Tyx -1|:J‘2’T 2 1 @) 1 ©
—=i(e -1 def(8)|| | do— |+ | 48| dire— |
-l ) 3 b I T )y JO £@n) A
The curves piotted in Fig. 1 are obtained from a numerical integration of this formula. Analytic
forms can be obtained in several limits:
10
v=x, y=0; (10a)
=ei=1), y-m, x>
=0, y==,x<1; (10b)
= 2(1-x)? exp{~y[(1-27"/? +x sin~'x [} sinhdzyx, ¥ large,z<1, (10c)
F“"th":m"m: E origin. In the limit of large ¥ and small x, one
Hi ;'—'[10(%7)}". (109 can think of the phase slippage process as corre-
==0 sponding to thermal activation over a high ener-
where [, is the modified Bessel function. gy barrier, The barriers of Ref. 2 and this work
To co‘;npa:e our work with that of Ref. 2, we are identical, In Ref 2 an attempt {requency w g/

remark that the result of the. latter work corre-
sponds to dividing the right-hand side of our Eq.
(10c) by Q. The difference has a simple physical

27 is introduced as an ad hoc assumption. Cur
calculation, while not restricted to the region of
high barriers, contains in this limit the prefac-
tor shown by Kramers® to be appropriate to the
overdamped case, i.e., an attempt frequency
wf/(27m)=Quy/27, for <1, (The results of
Ref 2 are probably correct for the case of small
damping, provided the temperature and the value
of x are sufficiently small relative to the damp-
T irg.

gTIl:e conditions for validity of the Smoluchowski
equation (6) are that the mean drift velocity of
the particle be everywhere less than the thermal
velocity TH/?M~'/? and that the mean free path
TY3M~1~! e small compared with the scale
of variation in & of the potential I/, These condi-
tions are perfectly satisfied in the limit of strong
damping, @ =0, For 2 small but nonzero, the
voltage will generally be somewhat higher than
the result predicted by the Smoluchowski equa-
tion, particularly in the regionx>1.

For the case of @ >1, it becomes necessary to
study the full Fokker-Planck equation (5), We
hope to deal with this case in a future paper,
Currént-voltage curves for the Josephson junc-
tion in the absence of noise (y — =) have been dis-
cussed by McCumber and by Stewart,? as a func-
tion of . An important qualitative feature of the

N
T

£ I/,
v WIR
7 [ h/exT

x = Currant (reducod umis)

L - ~
I 2 3
¥ = Vsitags (reducad units)

FIG. 1. Current-voltage characteristic af Josephson
junctica, Including average uoise voitage, based on Eq.
(9). The inset contains an expanded version of the re—
glon O0<x<1, Dev<l,
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~gbstract—The high speed and low power of Single
x Quantum logic (SFQ) are extremely attractive,
nd significant capabilities have been demeonstrated
“Nb technology. However the burden of cooling to

discus- 3K has been a barrier to its widespread implemen-

mperatures This paper examines some theoretical
nstraints on the implementation of SFQ in HTS, and
-derives some ideas about the parameters required of
;-:.;,'}iy HTS SFQ technology.

‘ulton, "4 =

» vol. 15; I. INTRODUCTION

ory fami- 1 P 4 4
e’ “.There are three obvious differences between High Tem-

,i?;igﬁ Wi perature Superconductor (HTS) and Nb technology. First
% .and foremost, the opcratmg temperature will be hlgher,
der, G.R. . rr.sulhmg in increased noise. The penetration depth is
ue super- & Jyrger, leading to bigger inductances, and necessitating
55 Trans. =3 ,j-t}ucker conductors. Finally the insulator dielectric con-
wshita, * 4  stant is much higher, so the importance of wiring capaci-
7" o4 tance in multilayer circuits is greatly increased.
uits using - & . : . .
vol.4,pp. 4  The main attraction of Single Flux Quantum (SFQ)
¥ logic is its extraordinary speed power product [1]. The
iased flip- 4 maximum speed scales as I. R,, and for many simple func-
bstracts of 4 - tions operation up to fmaz ~ lcRn/3®q is possible. Op-
1995) pp. 'R eration of SFQ logic depends on the manipulation of flux
ed cu‘cuu § ' quanta, so it is not surprising that typical inductances for

1 the quantizing loops are in the range L = 0.5 — 1(®o/I.).
- When dealing with typical inductances of order a pH and
‘currents of fractions of a mA it is convenient to rephrase

¢a, and . 3 the value of & as 2.07pHmA.

hson junc- The influence of capacitance on the implementation of

..8kAfem? SFQ circuits is discussed in [2].

da and T.

uses hybrid II. THERMAL FLUCTUATIONS

rans. Appl. ; .

The natural scale of thermal current fluctuations is
2wkgT

L, = — 1
n @0 ( )

= 0.18pA at 4.2K, while at 77K it has risen to [; =
32#A A typical Nb design uses J. = 100pA, and hence
inductance L ~ 10— 20pH, depending on the circuit. This
allows the circuit tc work with low error rates, even if
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biased close to I, as even a bias margin of say 0.051, is
much greater than I,.

To maintain the same noise margin at 77K, we would
need [, = 2mA and L ~ 0.5 — 1pH. The critical current
is marginally possible, although it is on the edge of large
junction effects. The inductance is not practical, as we
will see below.

I1I. INDUCTANCE

The primary limitation on scaling SFQ to higher tem-
peratures comes from the relatively long penetration
depth of HTS. The inductance per square for a microstrip
line in the parallel plate approximation is given by

LD = PU(2AL coth —%— + d)
AL

(2)
where t is the thickness of the superconductor layers, and
d the insulator thickness.

Typical values for Ay in high quality HTS films are
~ 180nm at low temperatures (< 50K), rising to 260nm
at 77K. Even for the limiting case of thick films and a thin
insulator Lg = 0.45pH. Line capacitance forces us to use
values of d > A, [2] so Lg ~ 1pH is more realistic. Note
also that the dependence on ¢ implies that it is important
to work with films of more than a penetration depth in
thickness.

A key topic for future study is to establish what lay-
outs are possible for the major SFQ circuit elements. It
is clearly impossible to design general multilayer circuits
with 1 square inductors, although it might be allowed for
special cases. It may be possible to work with a 2 square
design rule, but even for this case the minimum induc-
tor values are about L ~ 2pH, and so the condition for
minimum inductor value [.L = 0.5®, gives I. = 0.5mA.

Daly [3] has pointed out that edge junction circuits have
additional stray inductance associated with the alignment
tolerance of the junctions with respect to the inductor.
This can easily amount to another square.

A crude estimate for the minimum practical inductance
using single layer techniques is to consider a very short slot
or hole, say 0.5um in diameter. This has an inductance
(estimated for¢ = 300nm, Ay, = 160nm) of L = 2pH, lead-
ing to a comparable limit to the multilayer case. Coupling
to such small structures would be very poor, and may

force the use of longer slits and hence a larger minimum
inductance.

1051-8223 /97810.00 @ 1997 British Crown Copyright
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Although some very interesting and informative demon-
strations of logic circuits have been made using single
layer technology, it is difficult to see this as a production
technology for complex circuits. Many functions require
circuit crossovers, at the very least for clock and power
distribution. .

The unavoidable conclusion is that operation at high
temperatures (around 77K) will entail some loss of noise
margin, with values of I./T no greater than 7uA/K.

In the next section we present numerical results on four
simple circuits which show that susceptibility to noise
varies widely. For some circuits the noise margins used
in low T. practice are in fact needed; others will allow
higher temperature operation.

IV. STOCEASTIC SIMULATIONS

Simple analytic estimates of error rates based on ac-
tivation energy arguments tend to underestimate the er-
ror rate of real circuits, as most errors occur during the
complex switching transients, rather than in the quiescent
state. This forces us to resort to numerical methods.

A. Methods

The results presented here have been obtained by time
domain integration of the Langevin equations. The circuit
simulator seeks to solve a system of equations defined by

dz; = Fi(z,t)dt + g:dW;(t) i=1,N  (3)
where the z; are the circuit variables, F is a (nonlinear)
function of those variables, g; are constants and dW; is
the standard Weiner increment [4]. A formal solution can
be obtained by integrating with respect to time,

¢ t
24(t) = 2:(0) + [ Fila(e), M+ [ @

This is an implicit integral equation, and to progress we
make an approximation, replacing the first integral by the
trapesium rule, to derive a single time step formula, which
we use repeatedly. The values of the stochastic integrals
f; dWi;(s) can be simulated by £;/t, where {; are Gaus-
sian distributed random numbers with zero mean and unit
variance. This gives

mlt+r) = wlt) + 5 [Flaltht) + Rlalt+r),t+7)]
+eiv/7éi(t+7) (5)

Although this is still an implicit relationship, it in-
volves only the starting and finishing times of the step.
The system of nonlinear simultaneous equations that this
defines can be solved by Newton-Raphson iteration (as
used in Spice type simulators [5]) or fixed point iteration
(JSIM)[6]. There are two main adavantages in the im-
plicit form: stability for ‘stiff’ sets of equations is much
improved and the convergence of the iteration provides a
simple method of step size and error control.

We use a stochastic modification of JSIM, a tjp,
domain Josephson circuit simulator developed at Ucg
Unfortunateley the data structures used would make im:'
plementation of (5) very difficult. Instead we have mag,
the substitution

F:'(E(t)y t) - F; 2(‘):t) + g‘é@@p (6)

VT

This introduces each random number twice, at the star
and end of each time step. The total noise strength has
been restored by the factor /2, but this is strictly only:
valid for linear F. In the nonlinear case, errors are intro.
duced that increase with noise strength and step size. We
can control these errors by circumventing the standard
step sise control mechanism in JSIM to force shart steps;
the relatively low computational cost of steps iu JSIM i
reduces the penalty. :

Some additional implementation details are included in
the appendix.

B, Usage

Error probabilities have been estimated from ensembles
of simulations, with different initializations of the random
number generators. For an ensemble of NV simulaticns and
an error probability p we expect to see pN errorr When
p is small Poisson statistics apply, so the variance of the
number of errors is also pN. Obtaining reasonably accu-
rate estimates of low values of p requires large ensembles,
restricting studies to simple circuits.

The software system has been validated by compar-
ing the results for a thermally rounded, low capacitance
junction with the analytical solution of Ambegaokar and
Halperin(7]. The agreement holds even in the extreme
low voltage tail of the IV curve. The agreement is within
statistical error, but if it were expressed as a dii'-rence
between theoretical and simulated noise temperatu: cs the
difference would be less than 2%.
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C. Circuits

Four circuits have been studied to date, listed in Ta-
ble 1, along with their deterministic margins for the most
critical junction I,. In all cases they are simplified and
idealized, without any attempt to include the parasitics
of real implementations. They are not known to b» cor-
rectly optimized, and the results obtained may rot be
representative of the capabilities of the circuit with differ-
ent optimization, or a different set of inputs and tests. In -
all cases the inputs and tests were chosen to be relatively 4

N .. -

WAL A IR

TABLE 1
Circuit Deterministic Margin (%)
Voltage Multiplier (9] 14.4
XOR gate (1) 28.5
Flip Flop [1] 35.5
Memory Cell (8] 35.5




s

0.001 i i 5 5

3 4
/T (AK)
Fig. 1. Arrhenius plots of error probability against I./T.

i slow, so the circuits attained a quasi static state between
* switching events. The memory cell has been studied using
" an array of three cells, writing to and reading from the
" center cell. This reduces boundary artifacts. The mar-
* gins calculations below are for the case where the cells
 are kept identical. Single cell margins appear to bigger
“ than those quoted, probably because of bias current re-
-; distribution between neighbouring cells. The references in
- Table I contain schematics. The actual circuit files used
 in the simulations could be supplied by e-mail on request.

:: D. Results

We studied the temperature dependence of the error
probability for the nominal design. The error probabili-
ties vary strongly with temperature, as expected. Fig. 1
shows that for all the circuits, the error probability can
be approximated by the form

= ")

This is a type of generalised Arrhenius relation[10]. We
can use it to extrapolate to the much lower error proba-
bilities required in many applications.

Examining the time domain data at high error rates
shows that the overwhelming majority of errors occur at

Inp=A-B

switching transients, even though the circuits are being

¢ tested quasi-statically. As the error rate is therefore pro-

© portional to switching rate, an error probability is more

= useful than a rate. For sufficiently low switching rates, the
errors would presumably become dominated by thermally
activated changes of state.

Table II summarizes the data from Fig. 1. The value
of I/T needed to attain an arbitrary error probability of
10=12 ig also listed. The values range from barely attain-
able even for Helium temperature technology, to rather
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Fig. 2. Effect of junction tolerance for voltage multiplier at three
different values of I./T. The shaded regions correspond to the de-
terministic margins.

easy for 77K operation. This leads to our most important
conclusion; circuits differ enormously in their noise tol-
erance. Some are viable for high temperature operation,
others are not.

The results shown so far are for the circuits at their
nominal design center values. Present day HTS junction
technology suffers from relatively poor reproducibility of
I., and circuits will in general be fabricated with non ideal
critical currents. The production yield falls rapidly as
complexity rises unless the margins are significantly wider
than the standard deviation of I.. Noise causes margin
narrowing. When a circuit is operated with parameters
which lie inside the region of deterministic success, it may
still have such a high error rate that it is not useful. We
have studied the effect of deviations from the nominal de-
sign values on the error probability. Figs. 2 and 3 show
data for the two extreme cases of the voltage multiplier
(noise sensitive) and the memory (noise resistant) respec-
tively.

The voltage multiplier (in the form simulated) is ex-
tremely noise sensitive. The region of correct operation
is small without noise, and even small amounts of noise
narrow it further. Some applications of the voltage multi-

. TABLEII
Circuit A B(K/pA) I.JT (uAJ/K)
Voltage Multiplier -1.05 0.88 39.7
XOR gate 0.51 1.83 16.7
Flip Flop 0.9 2.99 4.8
Memory Cell 0.0 5.76 9.5

Fits for Arrhenius equation. 4 and B are the slope and offset
paramaeters of (7). The value of I./T needed to attain an arbitrary
target value of 10~27 s listed in the last column.

t
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2
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Error Probability

08 10 12 14 16
Ie/lco

Fig. 3. Effect of junction tolerance for memory at three different
values of I./T. The sheded regions correspond to the determinis-
tic margins. Note that the horizontal axes are different from the

previous figure.

plier can tolerate many errors; for example if it were used
as a SQUID preamplifier errors only add slightly to the
noise level. In these cases this effect may not be so severe
as to preclude use. ‘

The SFQ memory cell has excellent noise resistance,
and suffers only mildly from noise induced margin nar-
rowing. Even if we extrapolate the lines on Fig. 3 to
much lower error probabilities, the margins remain wide
enough that the circuit still looks manufacturable.

The contrast between the two cases is extreme. Deter-
ministic margins do not seem to be a reliable indicator of
noise resistance, as evidenced by the much better noise
tolerance of the memory cell than the flip flop, despite
the similar deterministic margins. At present it appears
that extensive numerical studies are needed for candidate
HTS circuits. When more circuits have been examined it
may be possible to extract more general principles, and
these should prove an invaluable guide to the design of
SFQ circuits for HTS.

V. CONCLUSIONS

We have seen above thay inductance limits the usable
values of I, to be no more than about 0.5mA. Low T
practice corresponds to 25 —50 pAK~1. This is needed for
some circuits, which fixes the maximum attainable oper-
ating temperature as no more than 20K.

Operation at significantly higher temperatures is only
possible for those circuits which have good noise tolerance.
A number of SFQ functions exist which are extremely ro-
bust. The invention of mew circuit implementations to
widen the list of such functions is seen to be the critical

field of endeavour for the future of SFQ in high temper
ture superconductors.

APPENDIX

Two additional JSIM device types have been ‘efineq ¢4
implement current and voltage noise sources.
sion has been made for noise in non-linear resisiors (tke
g; in (3) are constants), but this is not needed for the
high T. case. In practice the simulator is used with ap
awk script which modifies a noiseless circuit for simula.
tion at finite temperature by adding current noise sources
in parallel with any resistors. Test criteria are embed
ded in the circuit file in the form of JSIM comments, and
these appear in the output stream. The format of thes
comments is defined below, and we offer this fuimat as
possible standard for those using JSIM.

An auxiliary programme parses the tests, and halts th
simulation if any condition is violated; this means that
files with multiple tests are subject to statistical depletion :
at high error rates, as most of the simulations fail on an”
early test.

The test criteria are defined by lines of the form

*TESTn time minimum meTimum 5t

The opening asterisk labels the line as a comment to
JSIM, which passes it through to the output sirzam. The 4
ouput variable to test is specified by an integer v. followed 3
by real numbers specifying the time, and minimum and
maximum values. ;
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