AN ACCURATE DETERMINATION OF THE CHARACTERISTIC
IMPEDANCE MATRIX OF COUPLED SYMMETRICAL LINES ON CHIPS
BASED ON HIGH FREQUENCY S-PARAMETER MEASUREMENTS

Thomas-Michael Winkel”, Lohit Sagar Dutta , Hartmut Grabinski

. *IBM, Schonaicher Str. 220, 71032 Boblingen, Germany,
University of Hannover, Schneiderberg 32, 30167 Hannover, Germany

ABSTRACT

A new method has been developed to determine the
characteristic impedance matrix of a symmetric coupled
lossy two line system on chips. The presented results are
based on high frequency measurements of the scattering
parameters. A comparison between the measured and
analytical calculated results is given and shows excellent
agreement.

INTRODUCTION

Interconnects increasingly dominate the performance of
advanced integrated circuits due to the rising clock rates,
decreasing line widths and spacings and increasing line
lengths. A line system is completely characterized e.g. by
its propagation constant in combination with its charac-
teristic impedance. Therfore, methods are needed to
determine these characteristic parameters from high
frequency measurements. An cxact experimental deter-
mination of the propagation constant can be performed by
using the method described in [1]. Up to now, the high
accurate calculation of the characteristic impedance from
high frequency S-parameter measurements is only known
for single lines ([2] - [5]) while the determination of the
characteristic impedance matrix for coupled lines is still
problematic. The aim of this work is to present a complete
and very accurate characterization of coupled symmetrical
lines based on high frequency measurements. The
presented method for the determination of the characteris-
tic impedance matrix is an extention of the method
proposed in [5] for single lines.

MEASUREMENT SETUP

The S-parameter measurements were performed with
a HP 87208 2 port network analyzer in a frequency range
from 200 MHz to 20 GHz. The network analyzer was
connected through special flexible microwave cable to

cascade coplanar microwave probes with a characteristic
impedance of 50 Q. The off-chip calibration of the
network analyzer, the microwave cable and the microwave
probes were performed by using the short-open-load-
through (SOLT) calibration procedure as was proposed by
Cascade Microtech for the HP 8720B network analyzer
[6]. The reference standards used for the calibration were
fabricated by cascade microtech on special alumina
substrate. As a result of the calibration procedure, the
reference planes of the measurements had to be taken at
the on chip contact points of the microwave probes
(contact pads in figure 1).
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Figure 1: Geometry of the investigated coupled lines

The thickness of the silicon substrate was taken to be
500 pm, the oxid thickness 520 nm, and the metal layer
thickness (aluminium with 1% silicon) 520 nm.

To ensure a well defined potential and hence also a well
specified wave propagation along the investigated lines, the
single as well as the coupled signal lines were surrounded
by ground lines as shown in figure 1. The ground lines
were electrically connected to the silicon substrate. Due to
the large distance of approximatly 100 pm existing bet-
ween the signal and ground lines it is engured that the
behavior of the investigated lines corresponds more to real
interconnects on integrated circuits than to coplanar lines.
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THEORY

The chain parameter matrix A, of a segment of the
coupled lines is given by:
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v. denotes the 2x2 matrix of the propagation constant,

Z, the characteristic impedance matrix (2x2) and I, the

length of the coupled line segment. If the chain parameter

matrix 4, in equation (1) is given, Z, can be calculated
from:
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In order to calculate the matrix elements Z,,, and Z,,
from Z, one has to first transform Z,° into the diagonal
form:
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In general, the chain parameter matrix of a coupled
line segment, as given by equation (1), cannot directly be
measured since the coupled line segments are embedded in
appropriate contact structures and connecting lines as
shown in figure 1. Therefore, the coupled line segment,
which can be represented by its scattering chain parameter
matrix T;, is embedded in unknown error networks which
can be formally described by the 4x4 scattering chain
parameter matrices T, and T The measured scattering
chain parameter matrices T,; and T, , of two complete
structures with different coupling line lengths (/;, and /,)
are therfore given by:

T
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=T, T
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In order to eleminate e.g. the error network Ty one has
to first calculate the inverse matrix of 7, and then
multiply the result from the left with T,
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If one now calculates the measured chain parameter
matrix 4,,” from the left hand side of equation (8) with the
help of a known matrix transformation (T-parameter to A-
parameter) one can then calculate the impedance matrix
Z, fromA,’°, which we define as the "measured substitute
impedance matrix”, by (c.f. equation (1) and (2)):
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Using the transformation matrix T, one can diagonalize
Z,,’ (c.f. equation (3)). In Z,,, the influences of the contact
pads and the connecting lines are still included. In order to
calculate the true characteristic impedance matrix Z,, one
has to first characterize the scattering chain parameter
matrix T, of the error network which describes only the
line segments as depicted in figure 2.

The chain parameter matrices of the line segments are
represented by A4, for the open pad lines, A, for the pad
line segments, A, for the single line segments connecting
the pads to the coupled lines and A4, for the coupled line
segment. A, A, A, and A, are given by:
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In equation (10) v, is the propagation constants of a
single line (with line width w) and v, of a line having the
same width as the pads. Z, and Z, are the characteristic
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impedances of these two lines respectively. v, and Z, are
the matrices of the propagation constant and the charac-
teristic impedance of the coupled line segment. /,, /,, [, and
/. are the line lengths as depicted in figure 2. The
propagation constants vy, and v, as well as the characteristic
impedances Z; and Z, can be calculated from additional
measurements on four single lines and a seperate pad
structure as described in [5].

The unknown matrix 7, can thus analytically be cal-
culated through a simple transformation (A- to T-
parameter transformation) from the normalized 4x4 chain
parameter matrix A"

1 1
Z,> 0 zZ> 0
A = N (11)
1 1
0 z; 0 z,’
with
Z 0
zZ, - 0 (12)
0 Z,

where Z, is the reference impedance of the microwave
probes, in our case 50 Q. By choosing the line length of
the coupled line segment /, = 0 the chain parameter matrix
A (equation (11)) can be expressed by:

a, 0 a,; 0

0 a, 0 a,

A, A A ~ A - (13)
a; 0 ay O

0 a; 0 aq,;

With respect to equation (3) the matrices Z,"* and
Z,"? in equation (11) can be given by:
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After an A-T parameter transformation one can now
calculate the measured substitute impedance matrix in
equation (9) analytically from the right hand side of
equation (8). After equating the measured substitute
impedance matrix as calculated from the left hand side of
equation (8) to the measured substitute impedance which
was calculated analytically from the right hand side of
equation (8) one can express finally the elements of the
diagonalized characteristic impedance matrix by:
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Figure 2: Subdivided signal lines of the error network
T,
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MEASUREMENT RESULTS

In order to compare the characteristic impedances as
derived from measurements with analytically calculated
values, the R, L, C and G matrices had to be first cal-
culated, e.g. by the analytical method as proposed in [7].
The characteristic impedance matrix were then derived as
follows:

Z’ = R+joL) - (G+joC)™! a7)

The results presented in figure 3 and 4 were obtained
from measurements carried out on coupled lines with a
line width of w=5um and spacing of s =5um on a
silicon substrate with a 0.015 Qcm resistivity. The

0-7803-4603-6/97/$5.00 (c) IEEE



[252 U s s s B A B S B B S SR B BN B EUNE SR Sa e

—— measured
20 | calculated

[
o
=)

Magnitude [0]
3
(=]

50

Frequency (GHz)

Figure 3: Measured and calculated characteristic im-
pedances Z, and Z, of a coupled line (line width
w =15 um, spacing s =5 pm)
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Figure 4: Measured and calculated characteristic im-
pedances Z, and Z, of a coupled line (line width
w =5 um, spacing s =5 um)

measured magnitudes and phases of the characteristic
impedances in the even- and odd-mode are compared to
the analytically calculated values (equation (17)). As
depicted in figure 3 and 4 the measured and calculated
values show a very good agreement for the magnitudes and
phases in the even- and odd-mode. The differences that
can be observed especially in figure 4 for frequencies
> 5 GHz is a result of the usage of uncertain input values
for the calculations. Due to the tolerances in the nominal
values, e.g. in line widths and thickness as well as in the
oxid thickness resulting from the etching processes, these
values cannot be expressed exactly.

CONCLUSION

Knowledge over the characteristic impedance matrix and
the matrix of the propagation constant is essential when an
experimental investigation on coupling effects and signal
behavior of interconnects on semiconductor substrates has
to be carried out. In this paper a novel method for the
determination of the characteristic impedance of lossy lines
on semiconductor substrates based on high frequency S-
parameter measurements has been presented and shows a
very good agreement with analytical calculated results in
a wide frequency range. Further work has been carried out
to determine the influence of different substrates on
characteristic parameters of lines.
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