
IEEE MICROWAVE AND WIRELESS COMPONENTS LETTER’s, VOL. 11, NO. 1, JANUARY 2001 33

Characteristic Analysis of Coupled HTS Interconnects
with Two-Dimensional FDTD

Jun-Fa Mao, Senior Member, IEEE, Xiaoning Qian, and Zhengyu Yuan

Abstract—In this letter, the frequency-dependent RLGC
parameters of high-speed coupled high superconductor (HTS)
interconnects are extracted with a two-dimensional (2-D) FDTD
algorithm. The response signals of an HTS interconnect circuit
and a normal Al interconnect circuit are simulated and compared,
showing that not only the signal dispersion, delay, and magnitude
decay of HTS interconnects are smaller than that of Al intercon-
nects, the crosstalk of HTS interconnects is much smaller, too.

Index Terms—Crosstalk, HTS interconnect, RLGC parameters,
2-D FDTD.

I. INTRODUCTION

UE TO its better performance than normal conductors,
high superconductor (HTS) has attracted much attention
recently. The performance of HTS used in microwave and
millimeter-wave devices has been analyzed [1]. With low
dispersion, high sensitivity, and higher frequency of operation,
HTS shows its potential in those applications. Simultaneously,
with the increasing speed and integration density of modern
integrated circuits, interconnects become more and more
crucial to decide the circuit performance. Since the HTS min-
imum wire size is not limited by resistance considerations, the
dimensions of system can be reduced with HTS interconnects.
Improved speed is then obtained through scaling down the
chip feature size. In order to exploit the characteristics of
high-speed HTS interconnects, different approaches have been
applied to calculation of the propagation characteristics of HTS
interconnects [2]–[4]. However, almost all of the past work
was concentrated on single-conductor HTS interconnects. The
crosstalk problem of coupled HTS interconnects is still an
open issue to study. Further more, the obtained characteristic
parameter in the past is the complex propagation constant
( ), which is not proper for circuit simulation use.
In this letter, the frequency-dependent RLGC parameters of
two-conductor coupled HTS interconnects are extracted for the
first time with a two-dimensional (2-D) FDTD algorithm. The
response of a high-speed HTS interconnect circuit is simulated
to highlight the electrical performance advantage of coupled
HTS interconnects. The result is compared with a circuit of the
same topology but in which the HTS interconnect is substituted
with an Al interconnect. It is shown that not only the signal
dispersion, delay, and decay of HTS interconnects are much
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smaller, the crosstalk of HTS interconnects is obviously lower
as well.

II. PARAMETER EXTRACTION WITH 2-D FDTD

For high-speed HTS interconnects, the superconductor thick-
ness is much larger than the penetration depth at working fre-
quency, while in FDTD methods the grids inside the supercon-
ductor should be much smaller than the penetration depth. For
this reason, the traditional three-dimentional FDTD requires a
huge memory storage. Instead, with the compact 2-D FDTD ap-
proach [5], [6], only the cross section of an interconnect needs to
be meshed with grid cells, saving much computer memory and
CPU time. Thus, 2-D FDTD is selected to simulate the electro-
magnetic (EM) fields for HTS interconnects in this letter. With
the two fluid model of HTS, the basic equation for field for
a given as the specified propagation constant is

(1)

where is the normal conductivity, is the -component
of superconductor fluid current density , which relates the
electric field by

(2)

in which is the London penetration depth. The difference
form of (1) with 2-D FDTD is shown in (3) at the bottom of
the next page. In (3), the superconducting fluid current density

can be calculated from (2) with central-
difference approximation for the time derivative

(4)

The 2-D difference equations for the other EM fields can be
derived in a similar way. After launching an excitation pulse and
obtaining the response EM fields for a small number of FDTD
time steps, the modal frequency, attenuation constant and EM
fields at the remaining time steps for each given propagation
constant can be derived by an optimization method [6].

Only symmetrical two-conductor coupled interconnects are
considered for simplicity. In this case, the 2-D FDTD method is
used to simulate the EM fields under the even and odd mode ex-
citation separately. Defining and as the even mode voltage
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and current, and as the odd mode voltage and current, re-
spectively, according to the even-odd mode theory we have

(5a)

(5b)

where and are the complex propagation constants
for even mode and odd mode, respectively, and are el-
ements of the impedance matrix ,

, and are elements of the conductance matrix
. Once the dispersion curves of

the even and odd mode propagation constants, voltages and cur-
rents have been obtained, the frequency-dependent resistance
matrix , inductance matrix , conductance matrix

, and capacitance matrix can be solved from (5).

III. PERFORMANCECOMPARISON OFHTS AND AL
INTERCONNECTS

A coupled YBCO interconnect shown in the inset of Fig. 1
was analyzed. The conductor width is m, conductor
thickness is m, conductor separation is m,
and the medium height is m. The YBCO has penetra-
tion depth m, normal conductivity

S/m and critical temperature K. The com-
putation temperature is K, at which the frequency in-
dependent penetration depth and the normal conductivity are
0.2 m and S/m, respectively. The obtained
and matrices are given in Figs. 1 and 2. As a compar-
ison, also shown in the figures are the and ma-
trices of an Al interconnect with the same structure and size as
the YBCO interconnect. The conductance and capacitance ma-
trices of both the YBCO and Al interconnects are not shown for
briefness.

At last, a circuit shown in Fig. 3 is simulated to highlight
the advantage of superconductors as coupled interconnects for
high-speed integrated circuits. The two-conductor interconnect

Fig. 1. Cross section view and the inductance matrices of a YBCO
interconnect and an Al interconnect.

Fig. 2. Resistance matrices of the YBCO interconnect and the Al interconnect
shown in Fig. 1

Fig. 3. Example circuit for simulation.

in this circuit has the same cross section structure as that in
Fig. 1. The simulation has been performed for two cases, one
is that the interconnect conductors are YBCO superconductors
and another is that the interconnect conductors are normal Al
conductors. The obtained response voltages are given in Fig. 4,
from which we can see that the signal dispersion, delay and
magnitude decay of the superconductor interconnect are much
smaller than that of the Al interconnect. Especially, the crosstalk
voltage of the superconductor interconnect is much smaller as

(3)
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Fig. 4. Input and response voltages in the example cirucit. Solid line: YBCO;
Dashed line: Al.

well, which can be explained mainly from the much smaller rel-
ative value of mutual resistance of the superconductor
interconnect.

IV. CONCLUSION

A full-wave analysis method, based on the compact 2-D
FDTD, is presented for extraction of the RLGC parameters

of coupled HTS interconnects. The obtained frequency-de-
pendent circuit parameters can be inserted into the general
simulation software to calculate the time-domain response of
interconnect circuits. Better electrical performance, especially
lower crosstalk, of coupled HTS interconnects is demonstrated
by circuit simulation. The application of HTS conductors as
high-speed VLSI interconnects is predicted to be promising.
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