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Numerical Evaluation of
Inductance Influences of Superconducting

Lumped

Circuit Interconnections on Ultrafast
Switch@g Signal Propagation Characteristics

JIRO TEMMYO AND HARUO YOSHIKIYO

Ahtract —The lumped inductance influences of superconducting circuit

interconnections on rdtrafast switching (-10 ps) signal propagation char-

acteristics, such as propagation delay, degradad syiteking time, reflections,

amplitude distortions, and crosstafk, were for the first time quantitavely
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evafuated by using the LNAP computer simulation, includlng the influences

of matching capacitors and terminated resistor value.

I. INTRODUCTION

J OSEPHSON LOGIC and memory chips are being

investigated to evaluate its potential for high perfor-

mance computers [1]. The very 10VVpower dissipation of

Josephson chips permits its high circuit density per unit
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Fig. 1. Superconducting transmission line. (a) Circuit configuration. (b)
Schematic circuit for computer simulation.

volume without creating heat removal problems [1]. More-

over, all the on-chip and off-chip signals in the Josephson

technology are transmitted using matched lossless super-

conducting transmission lines over a superconducting

groundplane. To take full advantages of the ultrafast

switching speeds (-10 ps) [2] of the junction circuits, the

physical distances between various units of a system and

the resulting signal propagation delays become very signifi-

cant and must be as small as possible.

Brown has shown an overall packaging philosophy for

high speed Josephson computers in detail [3]. Jones et al.

have reported the characteristics of chip-to-chip signal

propagation in a package suitable for superconducting

circuits [4]. Lahiri et al. have also reported the miniaturized

pluggable connectors for Josephson device packaging in

order to increase the circuit density and reduce the package

interconnection delay [5]. Moreover, recently, an ultrahigh

resolution Josephson technology sampling system has been

designed and successfully tested, resulting in measuring

complex test signals containing a 10-ps rise time directly

[6],[7].

However, to the authors’ knowledge, the lumped induc-

tance influences of superconducting circuit interconnec-

tions, which inevitably exist in ultrafast switching signal

propagation characteristics, such as propagation delay, de-

graded switching time, reflections, amplitude distortions,

and crosstalk, have not been clarified in detail.

The purpose of this paper is mainly to determine the
fundamental quantitative relation between the lumped (self

and mutual) inductances and various distorted electrical

properties in order to design and realize high performance

switching equipment. First, in the time domain, the in-

fluences of the lumped interconnection inductances, which

inevitably appear at various discontinuities, were clarified

by computer simulation using the LNAP program [8]. For

the circuits, as shown in Fig. 1, including interconnection

inductances between Josephson chip-to-card, card-to-wiring

module, and lumped inductance at the Josephson gate,

propagation delay, reflection amplitude, amplitude distor-

tion, and rise time changes at the discontinuities are esti-

mated, including the matched capacitor effect and the

termination resistor effect, so that one can determine the

allowable interconnection inductance values if the high

machine performance values are given.

Section II mainly covers the computer simulation results

for the circuit as shown in Fig. 1, including considerations

in the frequency domain. Section III describes some con-

siderations on Josephson interconnections. Section IV gives

summary and conclusions.

II. CIRCUIT SIMULATION

A. Basic Considerations

Let us consider the circuit configuration as shown in Fig.

1. Here it is assumed that the Josephson chips, cards, and

wiring module are all made up of lossless superconducting

striplines, whose characteristic impedance is ZO = 10 Q. At

the various inductive discontinuities, superconducting con-

tacts are assumed to be available and self- and mutual

inductances at the discontinuities are written as LC and MC,

respectively. Matching capacitors are shown as Cm. In

order to make clear the electrical properties at the induc-

tive discontinuities, the Josephson gate is approximated as

a ramped input voltage positive-going source wave, and its

rise time t, ( 10–90 percent) is assumed as 8 ps. Before

making the computer simulation in the time domain, the

frequency bandwidth of the input ramped voltage source

must be considered in the frequency domain. Fig. 2 (a)

shows the Fourier spectrum for the input signal ~(t) shown

in Fig. 2 (a) with T = 10 ps and given as follows:

()2 sin ~T

F(ti)=m3(@)-j
TU2

(1)

where ~ is the frequency and 8(u) is Dirac’s delta function.

Above the frequency of about 400 GHz, the spectrum

amplitudes are small enough to be ignored. On the other

hand, in order to analyze the stripline using the LNAP

program, the striplines must be approximated by the chains

of the LC ladder circuits. The LC z--filter circuit shown in

Fig. 2 (b) shows the low-pass filtering performance with

the cutoff frequency (3 dB down) ~, which is given by

(3)

Accordingly, the lumped L and C values for the ladder

circuit must be chosen so that the ~Cvalue is high enough

compared with the input signal bandwidth. For example,

an Nb superconducting stripline with ZO = 10 Q is as-

sumed, where linewidth w = 10 pm. Other assumptions are

SiO insulation layer whose thickness h slo = 0.4 pm, lumped

inductance Lo and capacitance Co values per 100-pm length

of 7.5 pH/ 100 pm and 0.075 pF/100 pm, respectively,

resulting in the cutoff frequency ~CO=424 GHz. In Fig. 2

(b), for L = Lo and C= Co, the calculated amplitude and

phase frequency responses are shown as line 1. On the

other hand, the propagation delay 77 at one LC filter is
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Fig. 2. Ramp input voltage waveform j(t). (a) Its Fourier Spectrum

F( co)= d( Q) – j(2sin(uT/2)/Tti2), Q = 2 m~. (b) LC z--filter for con-

sideration and its frequency responses. Line 1: L = LO = 7.5 pH; C = CO

=0.075 pF. Line 2: L= LC=50 pH; C= CO. Line 3: L= L,; C=O.5
pF.

given by

-rTV— LC. (4)

Accordin@y, for L = LO and C = CO, the propagation delay

per 100-pm length is 0.075 ps/100 pm and so 7.5 ps/1

mm.

B. Interconnection Se~-Inductance Influences

In Fig. 2 (b), for L = L= > LO, the matching capacitor Cm

is given by

(5)

For example, in Fig. 2 (b), for both cases of L = LC = 50

pH and C= C =0.075 pF and/or C = Cw = 0.25 pF

(matched case), the calculated frequency responses are

shown by line 2 and line 3, respectively. For the un-

matched case, the frequency response does not show per-

fect low-pass performance, but 2-dB loss is observed near

80 GHz, and the cutoff frequency& (3 dB down) is about

180 GHz, which is 165 GHz provided (3) is used simply.
For the matched case, perfect low-pass filter performance

is obtained with cutoff frequency ~C= 65 GHz, resulting in

the large limitation of the passband. Fi~ 3 shows relations

between lumped interconnection inductances and matching

capacitor values, and/or cutoff frequencies, with ZO as

parameters. For the case where the interconnection induc-

Fig. 3.

10 ,.2 ,.3
%, PH

Relation between hrmped inductance Z,c and matching capaci-

tance Cm ahd/or cutoff frequency~c.

0 100 200 300 400

TIME , W

Fig. 4. Current waveforms for the circuit shown in Fig. 1 (b) without

and/or with matching capacitors Cm. (a) LC = 50 pH. (b) LC = 150 PH.

tance exhibits some constant value, the characteristic im-

pedance 20 is smaller, distortions observed become smaller

and, moreover, the matched capacitor and cutoff frequency

values needed become smaller.
The time domain responses for the circuit shown in Fig.

1 (b), are shown in Fig. 4 (a) and (b) using the LNAP

program. Here, the characteristic impedance Z. is 10 !J

constant, all the lossless superconducting stripline lengths

are 1=4 mm constant, which is near the worst case from

the electrical distortion standpoint, the lumped inductance
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LC values are 50 pH constant in Fig. 4 (a) and 150 pH,.
constant in Fig. 4 (b), respectively, mutuaj inductances at

the discontinuities are ignored here and the end resistor R

of the line is terminated into characteristic ibpedance ZO

for the line. The traces of No. 1-6 in Fig. 4 (a) and (b) for

both cases of without and/or with matching capacitors at

the inductive discontinuities No. 1–5 in Fig. 1 (b) are the

current waveforms. In particular, in Fig. 4 (b), the current

waveforms of No. 1 “to No. 6 for the case of LC = O are also

shown, in order to clarify the inductive discontinuity ef-

fects.

Some features of these current waveforms without

matching capacitors are as follows: the riegative pulse-like

reflections occur so that a ripple with 2 ~d~~ = 60-ps period,

which is the round-trip time for the stripline, is obsei-ved.

For example, at about 100 ps, a “dip” of – 0.40 relative

amplitude is observed in trace 1 without matching capaci-

tors in Fig. 4 (a), which is caused by the reflections at both

No. 1 and No. 2 inductive discontinuities. On the other

hand, the current at the matched terminated resistor shows

ripple which is decreased by the influence of the existence

of re-reflections and mismatches in the reflection wave

phases. Signal rise times are degraded gradually after pass-

ing through the inductive discontinuities, because of the

influences of the large limitation of the passing signal

bandwidth.

Next, for the matched case, the reflections at the discon-

tinuities are eliminated completely. However, the t 10-

percent amplitude vibrations at the stationary current value

occur because of the influences of the decreased cutoff

frequency ~. The rising performance of the signal exhibits

overshoot tendency, resulting in an improved rise time,

compared with the unmatched case. However, propagation

delays at the inductive discontinuities with matching capa-

citors are increased, but the shape of the pulse is relatively
maintained. Increasing the lumped inductances without

matching capacitors causes a degradation of the switching

time for the forward-going wave, as it passes through the

inductive discontinuity y, and an increase in propagation

delay and signal reflection, while, for the matching case,

the reflection is eliminated completely and amplitude

vibration is largely observed in the stationary values. Con-

cerning the propagation delay, compared with the LC = O

case, the current at the terminated resistor is typically

delayed by 75 ps.
Relations between lumped inductance LC versus propa-

gation delay, degradated switching time, and current reflec-

tion coefficient rl can be are summarized as follows: Fig. 5

shows the relation between calculated propagation delay

and the lumped inductance, including the effect of match-

ing capacitors. Circular and rectangular signs indicate the

simulation results, and lines 1 and 2 show calculated values

using (4) for the matchjng capacitors. The dashed line

shows the calculated value for ZO = 5 !2 with matching

capacitors at the inductive discontinuity. For example, at a

typical case of LC = 200 pH with matching capacitors of 1

pF, a propagation delay of 20 ps occurs at this discontinu-

ityy, which equals, for example, the propagation delay for

Fig. 5.
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Fig. 7. Currerit reflection coefficient rl versus lumped ;nductance value

LC at discontinuity.

the 2.4-mm line with ZO =10 ~. Ii ii, alsd ;ound: that, as

characteristic impedance becomes Small&r, propagation de-

lay ~wbecomes larger for the same LC value.
Fig. 6 shows the relation between rise tim$. t, and the

summed inductance value after passing through some dis-

continuiti& with and/or without matcliing capacitors. As

lumped indtictance values become larger, the rise times

become abruptly larger, which are somewhat improved by

the matchbig capacitors. The degradation in the rise time

after passing through, ,for example, three 50-pH inductive

discontinuities, is smaller than that after passing through

one 150-pH inductance discontinuity, because of cutoff

frequency difference for the two cases.

Fig. 7 shows the relation between lumped inductance LC
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Fig. 8. Circuit configuration, including mutual inductance between other

signal line and circ~t current respon~es. (a) Without matching capaci-

tors. (b) With matching capacitors.

and absolute current reflection coefficient rl at the discon-

tinuity. Above about 200 pH, the coefficient exhibits a

saturation tendency. The dashed line represents calculated

values for the case where the ladder circuit, made up of the

LCCOcircuit (characteristic impedance Z’ = ~~) is con-

nected to a stripline whose, characteristic impedance is

ZO.= 10 Q (i.e., LOCO ladder circuit), which gives the maxi-

mum reflection coefficient. For example, as a typical value,

the pulse-like reflection current amplitude for LC = 200 pH

is – 0.37.

C. Mutual Inductance Influences

In this section, crosstalk problems are mainly discussed,

considering mutual inductance between other signal lines

at inductive discontinuity.

Fig. 8 (a) and (b) show the simulation results for the

circuit shown in the figure, where the self-inductance L, is

100 pH without and/or with matching capacitors, the

mutual inductance MC is 50 pH, and all the resistors are

terminated to characteristic impedance ZO. For the un-

matched case, the reflection amplitude at the inductive

discontinuity appears to be decreased to the ampljtude for

the (LC – MC) inductive discontinuity case. For the matched

case, due to the mutual inductance, the matching condition
at the discontinuity is so deviated that reflection is caused.

Moreover, crosstalk to the neighboring signal line is ob-

served and the crosstalk level for the matched case is larger

than that for the unmatched case, because of the improved

rising performance. Fig. 9 (a) and (b) show the relation

between the crosstalk and mutual inductance for cases

0,4
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0

:

~

0

5
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0

31

t
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SEE FIG.7

0 “50 100 150 200

Mc ,. PH
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Fig. 9. Relation between crosstalk and mutual inductance. Line 1:
L= =50 pH. Line 2: L== 100 pH. Line 3: LC =200 pH. (a) and (b) show
the cases without and/or with matching capacitors, respectively.

40 ~

30b“v Lc= 200 PH

0 100 PH

I I
.L__—_L_ , I

o 100 200

Fig. 10. Relation between signal rise time t, and mutual inductance MC

without matching capacitors.

without and/or with matching capacitors, respectively, in-

cluding the parameters of self-inductance LC values. From

Fig. 9 (a), it is seen that the crosstalk for the case of larger

self-inductance is smaller, provided that the same mutual

inductance exists at the discontinuity. It can also be con-

cluded that the maximum crosstalk value for the neighbor-

ing signal line is always under the reflection amplitude with

the self-inductance LC = MC. On the other hand, the penalty

for matching capacitors Cm is additional crosstalk in the

signal traversing the discontinuity to the neighboring signal

lines.

Fig. 10 shows the relation between signal rise time t,and

mutual inductance A4Cfor the case where the self-inductance

is not matched using the capacitors. If the mutual induc-

tance MC is smaller than the self-inductance LC, degrada-

tion in the signal rise time, due to mutual inductance

existence at the discontinuity, can be mostly ignored. Fig.

11 shows the relation between signal propagation delays tpd
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Fig. 12. Current waveforms for case when termination resistor is not
matched to characteristic impedance ZO. Here, lumped inductance .LCis
zero.

at the inductive discontinuity y and termination resistor and

the mutual inductance values. It is also seen that, for this

case where the mutual inductance is smaller than the

self-inductance, influences on the signal propagation delay

can be mostly ignored.

D. Terminated Resistor Influences

For the case where the terminated resistor is different

from the characteristic impedance of the line, the circuit

responses will be simulated in this section.

., ~
o 0.5 1 1.5 2

R/z.

Fig. 13. Relation between transient and stationary current amplitude

and normalized termination resistor value R/Z. in Fig. 12.

390 w Z, IL

Jyy’R’

~’

0 200 400 600 0 200 400 600

TIME , ~S

Fig. 14, Current waveforms for case when the termination resistor is not

matched to characteristic impedance ZO. Here, lumped inductance LC is
100 pH, (a) Without matching capacitors. (b) With matching capacitors.

Fig. 12 shows the simulation results for the circuit con-

figuration in the figure with terminated resistor R = 0.52.,
and 220, where the self-inductance LC at the discontinuity

is zero for simplicity. The input voltage signal rise and fall

times are 8 ps, respectively, and pulsewidth Ar is 390 ps,

which is sufficiently long compared with the round-trip

times between unmatched terminations. At the source end,

current reflection coefficient rl is 1. At the 0.5Z0 and 2 ZO

receive ends, its values are 0.33 and —0.33, respectively.

The period for step waveforms in Fig. 12 is 2ra ~~ and 4rd

mm for currents IL and IR, respectively. Therefore, the

step-like current waveforms in Fig. 12 can be reasonably

illustrated. Next, the stationary current amplitude and

other transient current amplitudes after the first upward
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switching and the downward switching, i.e., (lL)Un, (lR)U~,

(~L)dowa, and (lR)dOwn at the discontinuity with LC =0 a{d
the resistor element versus normalized termination resistor

R/Zo, are shown in Fig. 13. In Fig. 13, the hatched area
indicates the current amplitude variation area for transient

and stationary states. Here, it should be noted that, when

the R value is larger than the ZO value, the transient

amplitude after switching to “OFF” exhibits a negative

amplitude.

Next, including the finite interconnection inductance LC

without and/or with matching capacitors, the circuit re-

sponses are shown in Fig. 14 (a) and (b), where LC = 100

pH. The features of the current waveforms in Fig. 14 areas

follows: for the unmatched case, considering current IL,

the reflection amplitude due to an inductive discontinuity,

apparently exhibits a maximum value for the conditions

where the resistor is terminated into the ZO value. On the

other hand, considering current IR, the terminated resistor

value is so much larger than the ZO value that the absolute

amplitude of reflection becomes smaller. For the case

where matching capacitors are added, the amplitude vibra-

tions occur at the stationary value and are not small

enough to be ignored, compared %th the amplitude distor-

tion due to “bare” inductance reflections.

III. DISCUSSION

In the preceding section, for signal propagation with rise

time t,=8 ps (T= 10 ps), some useful relations have been

obtained, which are used in designing the Josephson

packaging, between the lumped inductance at the discon-

tinuity and propagation delay, the degraded rise time,

reflection amplitude, distortions, and crosstalk, including

the influences of matching capacitors and the terminated

resistor value. Here, in general, if the signal rise time t,(ps)

used is different from 8 ps, its effect is accounted for ,by

multiplying the lumped inductance values by the factor

a = t, /8 and replacing Lc (or MC) with aLc. The reasons

for these actions can be simply determined from the

frequency domain considerations.

The Josephson circuits are operated in the latching mode

with both polarity possibilities so that the amplitude dis-

tortions at the stationary state amplitude can cause no

error (which is different from the situation with semicon-

ductor circuits). But degraded signal rise and fall perfor-

mance due to the lumped inductance, matching capacitors,

and terminated resistor causes large adverse influences on

normal switching operations (in particular, for the latching

mode), from the standpoint of designing precise signal

delay and output pulsewidth. On the other hand, matching

capacitors, which are used in order to eliminate signal

reflections at the inductive discontinuity, are effective from

the standpoint of improving signal rise and fall perfor-

mances. However, the penalty is an additional delay Wd

relatively large amplitude distortions or vibrations at the

stationary amplitude, which may become serious problems

for achieving high-performance equipment,

In order to reduce amplitude distortions when transmit-

ting ultrafast signals in Josephson technology, it is im-

portant not only to reduce interconnection inductance

values, but also to realize uniform transmission supercon-

ducting lines and well-matched termination resistors. From

the viewpoint of designing accurate timing, i.e., signal

propagation delay and sharp rising time, accurate theoreti-

cal and experimental evaluations of the lumped induc-

tance, which appears at each discontinuity, are important.

In this paper, superconducting contacts at each intercon-

nection discontinuity are assumed for simplicity. However,

the evaluation of allowable finite resistance at the discon-

tinuity may become necessary, which is a future work

considering the performance of. the actual equipment.

IV. CONCLUSION

The lumped inductance influences of superconducting

circuit interconnections on ultrafast switching (-10 ps)

signal propagation characteristics, such as signal propaga-

tion delay, degraded switching time, amplitude distortions

and crosstalk, were quantitatively evaluated for the first

time by using the LNAP computer simulation, including

the influences of matching capacitors and terminated resis-

tor values.
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A 26-GHz Band Integrated Circuit of a
Double-Balanced Mixer and Circulators

HIROYO OGAWA, MASAMI AKAIKE, bfEMBER, IEEE, MASAYOSHI AIKAWA, MEMBER, lEEE,

TOSHIROH KARAKI, AND JUNJI WATANABE

.4 htracf —Integration of a double-balanced mixer and ferrite-disk type

circulators have been successfully achieved in the 26-GHz band. The total

single-sideband noise figure of the integrated circuit, composed of a mixer

and two circulators, is 8.5 dB, inchrding the noise contribution from an IF

amplifier. The double-bafanced mixer is composed of microstvip fines, slot

fines, coupled slot lines, coplanar lines, Au wires, and fonr beam lead

Schottky-barrier dbdes. The minimum conversion loss of the mixer is 5.3

dB at a signal frequency of 25.4 GHz. Isolation between RF and LO ports

is greater than 30 dB. The ferrite-dkk type circulator is produced by a

newly developed precise machining technique. The minimum insertion loss

of the circulator is 0.45 dB, and the isolation is greater than 20 dB. The

integrated circuit with the fernte:disk type circulators will be extended to

the millimeter-wave band.

R
I. INTRODUCTION

ECENTLY, microwave integrated circuits (MIC)

have been used to produce various circuits, i.e., oscil-

lators [1], mixers [2], [3], modulators [4], [5], and circulators

[6]-[1 1]. Moreover, MIC transmitters and receivers can be

fabricated by combinations of these circuits [12], [13].
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MIC balanced mixers have been constructed by combi-

nations of microstrip lines and slot lines at millimeter-wave

band [14], [15]. A new structure for the double-balanced

mixer, that is suitable for high frequency band, has been

produced using combinations of microstrip lines, slot lines

and coupled slot lines [16], [17]. However, since the mixer

uses two plated through holes in the substrate to connect

microstrip lines and slot lines, and since the insertion loss

increases and the isolation decreases due to these holes, the

realizable frequency of the mixer is still limited to the

20-GHz band.

In this paper, a new configuration of a double-balanced

mixer has been proposed for use at high frequency bands.

Two gold (Au) wires are used to construct an intermediate-

frequency (IF) circuit instead of two cylindrical conductors

in the substrate. Thereby the insertion loss and the isola-

tion of the mixer has been improved at frequencies above

the 20-GHz band.

MIC circulators take an important part in transmitters

and receivers. Circulators are used as isolators, combiners,

and input/output terminals for reflection-t ype amplifiers.

MIC circulators are divided into two different forms. One

form consists of a ferrite disk embedded into a dielectric

substrate (referred to as the “ferrite-disk” type) [7], while

the other uses an all-ferrite substrate [8]. Generally, most

microwave integrated circuits are fabricated on a dielectric
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