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Characteristic Impedance Design Considerations for a
High-Speed Superconducting Packaging System

JIRO TEMMYO anp HARUO YOSHIKIYO

Abstract — The characteristic impedance influences of superconducting
packaging systems (in particular, Josephson packaging) on the degradation
in transmitted signal rise time, amplitude distortions and crosstalk, signal
propagation delay, and amplitude decay at the inductive and resistive
connectors with matched capacitors are quantitatively evaluated by using
the ASTAP computer simulation. The present choice of the characteristic
impedance Z;, =10-12 Q for a superconducting stripline is inadequate.
Higher impedances of Z;=40-50 Q are useful from the standpoint of
noise performance improvement. At the same time, a higher impedance
choice can make the ground connector numbers of each connector de-
crease, which is preferable for a large-scale packaging system.

1. INTRODUCTION

In order to realize high-performance computing systems utiliz-
ing high-speed devices, such as Josephson junction devices and
other high-speed semiconductor devices, it is necessary to use
high-density packaging systems with small wiring delays. The
clectrical problems in the packaging system are decreasing the
noise signals such as crosstalk and reflection at the various
connectors, and minimizing the packaging delay. A three-dimen-
sional superconducting packaging system consisting of supercon-
ducting striplines [1] and small connectors is useful for high-den-
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sity packaging because lossless superconducting lines have few
heating problems [2].

A matched-signal propagation system with superconducting
striplines has excellent features such as a broad transmission
frequency band and almost lossless characteristics. Conversely,
signal distortion problems occur compared with other lossy
packaging systems because the reflected signals and crosstalk do
not decrease {3]-[6]. Added delays due to a matched capacitor at
the inductive connectors, crosstalk between signal lines, and
signal decay at the resistive connectors decrease the system
operating margin,

On the other hand, electrical design considerations of a high-
speed semiconductor computer package have been carried out by
E. E. Davidson from the standpoint of system noise tolerance
performance {7]. However, noise performance of the supercon-
ducting packaging system from the standpoint of the characteris-
tic impedance influences on the system has not been determined.

The purpose of this paper is to clarify the optimum characteris-
tic impedance design method for superconducting packaging
systems, particularly the Josephson packaging system. The char-
acteristic impedance influences of superconducting packaging
systems on the noise performance, such as reflection and cross-
talk etc., which are caused by the inductive connectors, was
clarified by using the ASTAP [8] computer simulation. From the
relationships between the characteristic impedance Z; and noise,
delay performances are clarified as design charts. It is proposed
that present choices of Z,=10-12 € are not adequate and
higher values of Z, are superior from the standpoint of low noise
and small delay performances of the system using a high-output
superconducting driver and highly sensitive receiver circuits.

II. CIRCUIT SIMULATION

A schematic and electrical diagram of the chip-to-chip signal
path is shown in Fig. 1, where LS is the chip-to-card bonding [9],
[10] inductance,'L:r is the fillet [11] inductance, LY¢ is the
microconnector [12] inductance, and RS, Rf, and R¥C are the
interconnection resistance at the chip bonding, fillet, and micro-
connector, respectively. Except for the mutual inductance of M¢
at the chip bonding, other connector mutual inductances of M7
and MMC are omitted for simplicity. Z, is the superconducting
transmission-line impedance of the chip and the package. In a
small Josephson system experiment [13], the rise time of the
driver’s output signal was increased to about 100 ps by an LC
filter to reduce crosstalk and minimize the reflections from the
inductive discontinuities of the microconnectors. Here, in order
to reduce absolute values of self- and mutual-inductances, the
ratio of signal connectors to ground connectors was 1 for both
pins and fillets. However, the increase of that ratio is important
and necessary, particularly when the packaging system becomes
larger.

The signal reflection and crosstalk at the inductive connectors
are determined by the absolute value of the inductances and the
characteristic impedance Z;, as shown in Fig. 2. Time-domain
responses for the circuit of Fig. 1 are shown for the cases of
Z,=10 @ and 20 Q, using the ASTAP computer simulation. The
current traces of Nos. 1-6 show the current waveforms at the
portion Nos. 1-6 in Fig. 1 and the degradation of the transmitted
high-speed signal. Here, it is assumed that the Josephson driver is
approximated as a ramped input voltage positive going source.
The entire lossless superconducting stripline length at chips,
cards, fillets, and cards is a constant 4 mm, i.e., the propagation

0018-9480,/85 /0500-04143$01.00 ©1985 IEEE
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Fig. 1. An equivalent diagram of a chip-to-chip signal path in the supercon-
ducting package. The characteristic impedance of the transmission line on
the package and chip is Z;, constant.
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Fig, 2. Curren¢ waveforms for the matched circuit shown in Fig. 1, where L,
is 100 pH and R, = 0.5 Q. (a) Z, =10 £. (b) Z, =20 Q.

delay is 30 ps, the lumped inductance values L , M, are constants
100 pH and zero for simplicity, and interconnection resistance
value R, is a constant of 0.5 Q. Matching capacitor values C,
are determined by the following equation:

L
- 1
272 ()

m

where the upper suffixes C, F, and MC are omitted. The
transmission line is terminated by the matched resistor R; = Z,,.
The degradation of the signal rise time, delay, reflection, and
amplitude decay are intensively influenced by the characteristic
impedance values, as shown in Fig, 2.

First, consider the electrical noise properties of the circuit for
the characteristic impedance Z,. The degradation of the rise time
t, of the transmitted signal is shown in Fig, 3. The relationship
between the signal rise time and the summed inductive value after
passing through some connectors with and/or without matching
capacitors is shown. As a characteristic impedance value becomes
larger, the rise-time degradation abruptly becomes smaller, which
is somewhat improved by the matched capacitors. The difference
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in improvement of the degradation with and /or without match-
ing capacitors becomes smaller for a higher characteristic imped-
ance of Z, =20 Q.

Second, signal reflection and crosstalk values for L, =100 pH
and M, =40 pH at each connector are shown for various imped-
ance values in Fig. 4. The reflection coefficient becomes smaller
for larger characteristic impedance. Crosstalk values decreased to
1/3 for Z, =40 £ compared with Z, =10 @. An improvement
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Relationship between relative current amplitude and summed resis-

tance values as normalized by the characteristic impedance LR /Z;,.

in crosstalk is not so large compared with the case of degradation
in rise time, because a higher impedance gives an improvement in
merits of degradation in rise time. Also, crosstalk becomes larger
for the matched transmission line compared with the case of the
unmatched line, and, for increasing Z,, the difference becomes
small. Delays at the inductive connectors are shown in Fig, 5. The
relationship between calculated propagation delay 7, and the
characteristic impedance Z, are shown for various lumped induc-
tances with matched capacitors. It is found that as the character-
istic impedance becomes smaller, the propagation delay becomes
larger for the same L, value. For example, the improvement
effect for the Z; = 40 Q is 1 /4 the delay decrease compared with
the case of Z, =10 Q.

Lastly, the relationship between the transmitted relative cur-
rent amplitude after the first upward change at each discontinu-
ity, and the summed interconnection resistance values is shown in
Fig. 6. Here, if the interconnection resistance values are small
enough to be ignored in comparison with the transmission-line
characteristic impedance Z, (such as at R,=01Q is R_/Z, =
0.01 for Z, =10 ), amplitude decay due to the interconnection
resistances is sufficiently small. Accordingly, for this case, the
higher Z, is useful. As a typical value for the case of LR, =1 @
for Z, =10 {, the relative current amplitude becomes 0.95. On
the other hand, typical resistance values for the chip connector,
fillets, and microconnectors have been reported as 80 pQ,
100 pQ, and 1 mQ, respectively. Accordingly, in comparison with
current amplitude distortion caused by slightly unmatched
termination resistor values after fabrication [5], these amplitude
decays due to interconnection resistance values may be ignored
over the range of above Z, =10 .

III.

The choice of a higher characteristic impedance on package
parts makes electrical distortion at the inductive and resistive
connectors smaller. Both of the driver and the receiver circuits
work as buffer gates. Accordingly, the present choice of the
impedance value of 10-12 £ on the device chip is available, and
so a mixed Z, system on the device chips and package parts can
be practical. Moreover, the choice of a higher Z, on the device
chip can make the crossing delay, the rise time, and the current
reflection noise small, which are caused by the inductive gate
control line at the terminated transmission-line logic [14], such as
the capacitively matched three-junction SQUID or gate [15], and

Discussion

can omit those matched capacitors. Here, the upper limit of the
characteristic impedance value will be discussed.

First, consider the cutoff frequency determined by matched
inductive connectors. The cutoff frequency (3-dB down) f, is
given by 1/m/2L.C, =Z,/7L,. Accordingly, increasing the
characteristic impedance means increasing the cutoff frequency
for the same interconnective inductance. For example, for the
case of L.=100 pH, the cutoff frequency is 32 GHz for Z, =
10 ©, while its value is 122 GHz for Z; = 40° Q. Therefore, it is
found that the higher impedance choice makes the electrical
distortion smaller. Moreover, it is enough to use smaller matching,
capacitors for the higher characteristic impedance if the intercon-
nection inductance is the same value.

In order to reduce amplitude distortion of transmitting ultra-
fast signals in superconducting systems (in particular, Josephson
packaging), it is most important not only to reduce the intercon-
nection inductance values but also to realize a uniform supercon--
ducting transmission line with higher Z;, and well-matched
termination resistors. On the other hand, in order to realize
higher impedance superconducting transmission lines, the line-
width must be small. For example, the characteristic impedance
of thin lead-alloy superconducting stripline over a Nb ground-
plane with 2-um linewidth and a SiO insulation layer thickness of
1 pm is 40 . However, if the insulation layer is made thicker to
realize a higher characteristic impedance, the fringing factor
abruptly becomes larger [16]. Therefore, superconducting strip-
lines with Z, = 40-50 © and high-aspect ratios are actual fabri-
cation limits. The coupling between two adjacent supercon-
ducting transmission lines has been evaluated in detail by W. H.
Chang. The coupling coefficient, defined as the ratio of the
mutual inductance to the self-inductance, is small, about 0.6
percent for the case when the linewidth is 2.5 pm and the spacing
between the lines is 3 pm on 0.2-um oxide (~12 Q) [17]. It
increases to about 3.75 percent for the case of 1-pm oxide [17].
The larger coupling coefficient of the higher Z, with thick
insulation will give the upper limit of the neighboring line length
and the line density according to the noise margin packaging
design.

Another limiting factor is the sensitivity of the Josephson
receiver. The higher characteristic impedance decreases the out-
put transmitted amplitude of the Josephson drivers, so the highly
sensitive receiver is needed. The relationship between the signal
steering current A7 in the transmission line and the characteristic
impedance is shown in Fig. 7. Currently, the minimum control
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Fig. 7. Relationship between output currents A7 and the characteristic im-
pedance for Josephson packaging, where bias current I is 0.28 mA.

current 7, is about 0.08 mA for the case of a Josephson CIL
receiver [4], considering the existence of thermal noise. When a
higher characteristic impedance is used, the output voltage of the
lead-alloy Josephson driver, with gap voltage V, = 2.8 mV, is not
sufficient, as shown in Fig. 7. It is necessary to use Josephson
drivers which consist of higher gap energy superconductors such
as NbN, or 2V, operation drivers. For those drivers with high
drivability, the limitation of the receiver sensitivity is not a
serious problem. In particular, the device chips and packaging
parts, which consist of the Nb-NbN /Nb, O, /NbN-Nb junction
systems with V, = 4.2 mV [18] and higher Z, Nb/NbN supercon-
ducting striplines with Nb ground planes, are preferable and can
be practical in the near future from the viewpoints of low-noise
electrical properties and reliable mechanical construction.

In order to realize large-scale superconducting systems, devices
with high drivability, highly sensitive receivers, and high-imped-
ance superconducting transmission lines are needed. When a
higher impedance of Z,=40-50 @ is used in superconducting
packaging, the matching capacitor does not play as important a
role and should be omitted from the standpoint of decreasing
crosstalk.

IV. ConNcrLusioN

The characteristic impedance influences of superconducting
packaging systems (in particular, Josephson packaging) on fast
switching signal propagation characteristics such as degraded
switching time, amplitude distortions and crosstalk, signal propa-
gation delay, and amplitude decay at the inductive and resistive
connectors with matched capacitors were quantitatively evaluated
for the first time by using the ASTAP computer simuiation. The

present choice of the characteristic impedance Z, =10-12 Q for,

a superconducting stripline is not adequate. The higher imped-
ance of Z;=40-50 Q is useful from the standpoint of noise
margin. A higher impedance choice makes ground connectors of
the various connectors decrease, which is very useful for the
large-scale package system.

In summary, in order to reduce amplitude distortions of trans-
mitted ultrafast sig als in superconducting technology, it is im-
portant not only to :duce the interconnection inductance values,
but also to realize niform transmission superconducting lines
with a higher characteristic impedance of Z, = 40-50 €, a highly
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sensitive superconductive, receiver, and a superconducting driver
with large drivability.
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Calculation of High-Resolution SAR Distributions
in Biological Bodies Using the FFT Algorithm and
Conjugate Gradient Method
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Abstract — A new method for the calculation of absorption in inhomoge-
neous, lossy dielectrics is presented. In this method, the convolutional
nature of the electric-field integral equation is exploited by use of the FFT
algorithms and the conjugate gradient method (CGM). The method is
illustrated by solving for the SAR distribution for an anatomical cross
section through the human eyes at 1 GHz.
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