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Abstract—As clock speeds increase, electrical simulation of
interconnects becomes essential in engineering design. In spite of
the availability of a variety of electromagnetic modeling tools,
experimental characterization is required to verify and, in some
cases, to develop models of lines and interconnect discontinu-
ities for use in simulation. In this paper we present measurement
techniques to experimentally characterize the electrical perfor-
mance of interconnects on printed circuit boards (PCB’s) and
multichip modules (MCM’s). Novel techniques are presented for
calibrated measurements of two- and three-port structures. Mea-
surements of a transmission line, a via, and a tee on a PCB are
presented.

1. INTRODUCTION

RESENT day high end printed circuit board (PCB) and

multichip module (MCM) based digital systems require
that transmission line and discontinuity effects be incorpo-
rated in transient system simulation. High-speed digital sig-
nals have significant frequency components up to RF and
microwave frequencies. A signal with a rise time of #, has
significant frequency components up to a frequency f., =
0.35N/t, where N =5 for most digital systems. Accurate
interconnect simulation, therefore, requires accurate inter-
connect models up to f,,, [1]. Thus signals with a rise time
of 1 ns, for example, require models up to at least 1.75 GHz.
With the improved packaging obtained with MCM’s and
advanced VLSI devices, models valid at yet higher frequen-
cies will be required.

The traditional approach to interconnect model develop-
ment is to fit physically-based analytic models to detailed
field theoretic simulations. In the case of transmission lines,
quasi-static analysis yields capacitance and inductance per
unit length parameters. For discontinuities, quasi-static anal-
ysis yields lumped element equivalent circuit models. Using a
perturbation assumption, corrections are made for frequency
dependent effects such as the skin effect. Extending field
theoretic models to handle full three-dimensional structures is
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not at all straightforward and a major penalty is incurred in
terms of simulation time. In any case, experimental verifica-
tion is required to obtain confidence in the validity of models
of interconnect structures.

The measurement requirements for PCB’s and MCM’s are
somewhat relaxed compared to those for microwave circuits;
however, typically, many measurements are required to cali-
brate models, to investigate the characteristics of various
nonhomogeneous PCB and MCM technologies, and to inves-
tigate statistical variations. MCM and PCB interconnects are
dissipative so that the traditional planar circuit calibration
techniques (which require lossless line standards) cannot be
directly used. The purpose of this paper is to present experi-
mental procedures suited to characterization of microstrip
and stripline interconnects and discontinuities on PCB’s and
MCM’s. In particular, techniques are developed for cali-
brated two- and three-port measurements using novel calibra-
tion schemes.

II. Two-PorT CALIBRATION

At RF and microwave frequencies, significant measure-
ment errors are introduced by fixturing. In the case of
two-port measurements, these errors can be removed by
inserting known standards. This can be conveniently done in
a coaxial line-based measurement system as precisely known
standards are readily available. However, precisely known
standards are not available for calibration of a planar mea-
surement system. In the work described here, the measure-
ment system is calibrated in a two-tier process [2] wherein
the automatic network analyzer is first calibrated to the end
of the coaxial cables using a conventional open short load
method. Then, the fixture de-embedding is performed using
in-situ standards. The use of a separate calibration substrate
(as used in [3]) is avoided because of the geometrical and
dielectric mismatch between the calibration substrate and the
device under test.

The through reflect line (TRL) technique is the preferred
method for characterizing the fixtures of a planar measure-
ment system [4], [5]. The primary reason for this is that a
matched load is not required in the calibration procedure.
Instead a through connection, an arbitrary reflection, and a
reference transmission line are used as standards and these
are easily modeled and constructed. The arbitrary reflection
need not be precisely known as long as it is large and can be
repeatably placed at the internal ports of the test fixtures. It is
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shown that this standard can be synthesized when the two
fixtures are identical, yielding a symmetrical through connec-
tion—hence, the term through symmetry line (TSL) calibra-
tion. This is combined with an improved enhanced through
reflect line (ETRL) calibration scheme [6].

A. Through Symmetry Line (TSL)

Calibration schemes assuming identical fixtures and using
just a through and a line as standards have previously been
reported [7]-[11]. The techniques require the use of special-
ized calibration software whereas the present development of
this approach enables the method to be used with standard
TRL de-embedding software. Close matching of the test
fixtures can readily be achieved up to low microwave fre-
quencies and at higher frequencies through careful design.
The resuiting symmetrical through connection enables the
reflection coefficient at the external fixture ports to be calcu-
lated when the internal fixture ports are terminated in ideal
open or short circuits. Referring to the signal flow graph of
Fig. 1, the S parameters of the through connection are
TS, (="8,,) and TSZ,(=TSIz), and the actual S parameters of

. the A network AS“, AS21 =‘4S12 and ASZZ, respectively. In
addition, the input reflection coefficient with an ideal short
circuit placed at port 2 4 of A is

Aq2
i

A
Pe = Sy — ———. 1
sc 11 1 +,q S22 ( )
Using Mason’s rule to relate the fixture parameters to the

individual network parameters, we have the results

A2 A
S5.°S
T y 21 222
Sy =78+ —— 2
11 11 1_AS222 ()
Ag2
S
T 21
Si=—%ag- (3)
21 I—ASZZ2

By combining (1)-(3), the short circuit reflection coefficient
is

T T
Pse ="Siy =78,y

)
Similar results are obtained for an ideal open circuit placed at
port 2 A:

T T
Poc = 81 7S,

(5)
Thus it is possible to ““insert’” ideal open and short circuits
within a noninsertable medium.

B. Enhanced Through Symmetry Line (ETSL)

The ETSL calibration procedure developed here is a com-
bination of the ETRL technique [6] and the above TSL
procedure. Conventional TRL requires an assumption about
the characteristic impedance Z. of the line standard. Gener-
ally, this is determined by independent measurement, such as
time-domain reflectometry, and is taken to be frequency
independent and lossless. However, these are unreasonable
assumptions for microstrip and stripline transmission lines on
PCB’s and MCM’s. Normal operating frequencies are such
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Fig. 1. TSL signal flow graphs. (a) Symmetric fixture diagram. (b) Signal

flow graph with ideal short circuit placed at fixture port 1.

that the skin effect is not fully developed for typical geome-
tries so that frequency-dependent line inductance as well as
frequency-dependent line resistance are significant [12]. In
ETRL the frequency-dependent complex characteristic
impedance is determined using a free space capacitance cal-
culation [6]. An improvement of this technique was proposed
in [13], wherein the per unit capacitance of the transmission
line was calculated. Unfortunately, the capacitance of a trans-
mission line in a nonhomogeneous region of unknown con-
stituency cannot be calculated. However, at high frequencies,
the internal inductance is negligible and so high frequency
measurements can be used to determine the effective permit-
tivity of the line. Thus instead of setting the magnitude of the
effective permeability, p.z, equal to unity—the high fre-
quency approximation (as in [6]), becomes
yie?

l"eff(f) =~ 7

€eff @

(6)

where €. is the effective permittivity calculated at high
frequencies. Then Z. in [6] becomes

Y

Z.= —j——0+—.
€eg0Cy

o ™)
Here, ETRL modified with this correction was combined
with the above TSL technique to obtain the enhanced symme-
try line (ETSL) technique.

III. Two-PorT RESULTS

A 3-in microstrip transmission line was tested to determine
the error networks of the coaxial-to-microstrip transitions
using ETSL. The network analyzer was calibrated to the
coaxial reference planes using the network analyzer open
short load calibration procedure as the first stage in a two-tier
measurement system. A transmission line and a through were
connected in turn to the coaxial reference planes and a short
circuit reflection coefficient was synthesized. To verify the
synthetic reflection standard, a low inductance short circuit
was placed at the microstrip reference plane. The short was
constructed as a patch with multiple vias to the ground plane.
The measured short circuit reflection coefficient is compared
in magnitude with the synthesized value in Fig. 2. Agreement
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Fig. 2. Magnitude comparison of synthesized and measured short circuit at
microstrip reference plane. (+) Measured short circuit reflection coefficient,
(OJ) synthesized, and (A) synthesized open circuit reflection coefficient.

is good and differences can be attributed to the parasitic
inductance of the short.

Following establishment of the microstrip reference plane,
a 5-in transmission line was characterized and the complex
characteristic impedance calculated. Fig. 3 shows the real
and imaginary parts of this impedance. Note that the
impedance has a 1/ \/f relation as expected [14]. This differs
from the results presented in [15] in that the impedance was
originally calculated using the method from [6] and a free
space capacitance of 31.6 pF/m, calculated analyticaily,
instead of 37.2 pF/m calculated using finite element analysis.

Using the ETSL algorithm, a = equivalent circuit was
extracted from the de-embedded S parameters of the PCB via
shown in Fig. 4(b). The resulting shunt capacitance and
normalized series reactance are shown in Fig. 5. Note that
the series reactance behaves as an inductor through 2 GHz
and the capacitance is relatively constant to 5 GHz. The
increasing capacitance (with frequency) is presumably associ-
ated with the increased energy stored in the fringing electric
fields and the nonideal inductance arises from resonances
with other parasitic capacitances.

IV. THREE-PORT CALIBRATION

Three-port calibration and characterization of a device
must be performed using two-port measurements with the
additional port terminated. Traditionally, three-port devices
are de-embedded from the test fixture using Wood’s renor-
malization technique [16] or similar iterative techniques [17],
[18]. This method, however, becomes inaccurate when a real
impedance is not presented to the device’s third port. In our
approach, two sets of terminations are used to obtain near
optimum de-embedding. The relationship between the S pa-
rameters of the three-port, S;;, the measured two-port S
parameters, S,-];f’, and the reflection coefficient presented to
the terminated port, T';, is found by using Mason’s nontouch-
ing loop theorem applied to the signal flowgraph representa-
tion of the terminated three-port (Fig. 6). The equation for
the two-port reflection S parameter at the ith node is
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Fig. 4. Diagram of the fixture with line standard inserted (a) and via (b).
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Here, m and k are indexes distinguishing different termina-
tions T, at port k. The above equations describe 3 sets of
two-port S parameter measurements with i, j, k = 1, 2, 3;
i#j+# k. This leads to 12 coupled nonlinear equations
which have multiple solutions. The equations can also be
poorly conditioned as the measured two-port S parameters
are determined to limited accuracy.

In general, good accuracy is obtained when §,(S;)) is
evaluated solely in terms of Sﬁf'(S,-’}’ ) measurements as,
usually, they are of the same order. This requires that two
different reflection standards be used at each port (so that
m =1, 2) and that two-port S parameter measurements be
taken for all two-port combinations (that is i, j, k = 1, 2, 3,
i+ j# k). This leads to 24 equations [19] which can be
solved as a linear set of equations so that:
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Fig. 7. Configuration of a microstrip tee with arms on the same plane of a
PCB.
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between S, and S,; decreases with frequency, probably due
to the increased coupling of the base arm with the two cross
arms. De-embedded results obtained using Wood’s renormal-
ization technique are reported in [19] and dramatic improve-
ment is seen.

VI. Discussion AND CONCLUSION

Three measurement techniques suitable for two-port and
three-port measurements of interconnects on printed circuit

ii

and

. (‘l“k“‘S,-‘f _2Pk1ksgl) _ Skklrkzrk(zksiy _1kSi1;4)
ij T, —°T, .
(11)

where S, is found from (10).

V. THREE-PORT RESULTS

Multiple two-port measurements of the microstrip tee in
the configuration of Fig. 7 were made with the unused port
terminated in first, a nominal 50 Q, and then a short. A total
of 6 two-port measurements are required, recognizing the
reciprocity of the circuit in this case.

Fig. 8 is a portion of the results that characterize the
microstrip tee in the configuration of Fig. 7. As expected, the
low frequency reflection and transmissiofi parameters are
around 0.33 and 0.67, respectively. Note that the match

lrkzrk(ZkSi)y _ |kSi[:'/[)IFi2Pi(2iSll(Vllc —“S%) _ (lri _ZFi)(IPk _2Fk)

(10)

boards and multichip modules were introduced. The tech-
niques achieve calibration using in-situ measurements. The
first of these, TSL, utilized symmetry to circumvent the
problem of inserting reproducible reflection standards. Cali-
bration is achieved using just two standards—a through and a
line—thus reducing the substrate area required for calibra-
tion. The practicality of this method was shown by compar-
ing the raw reflection coefficient of the synthesized short
circuit with those of a fabricated short circuit.

In the second technique, ETRL, the complex impedance of
a line standard was determined. This eliminates the impedance
error incurred in using the conventional TRL calibration
procedure [18]. The procedure was used to de-embed the =
equivalent circuit of a PCB via.

A closed-form algorithm that accurately characterizes a
three-port device was introduced as the third technique. The
technique uses redundant measurements so that three-port
reflection parameters are obtained solely in terms of two-port
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reflection parameters while transmission parameters are ob-
tained largely in terms of two-port transmission parameters.
This procedure dramatically improves the numerical condi-
tioning in determining three-port parameters. Measurements
of a three-way tee were reported to demonstrate the robust-
ness of the technique.

The three techniques facilitate rapid measurements of a
large number of two-port and three-port interconnects and
discontinuities on PCB’s and MCM’s.
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