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S-Parameter-Measurement-Based Time-Domain
Signal Transient and Crosstalk Noise

Characterizations of Coupled
Transmission Lines
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Abstract—Coupled transmission lines are experimentally char-
acterized by using 4-port S-parameter measurements in a broad
frequency band (up to 20 GHz). Test patterns are designed and
fabricated by using a ball grid array (BGA) package process. Sym-
metrically coupled transmission lines are decoupled into two eigen
modes that can be readily determined from the measured S-pa-
rameters. Then transmission line parameters and signal transient
waveforms are directly determined by using the measured S-pa-
rameters. It is shown that not only are the transmission line param-
eters frequency-dependent, but also the frequency-variant effects
and nonideal characteristics of transmission lines have a substan-
tial effect on signal transients and crosstalk noises.

Index Terms—Crosstalk, interconnect lines, package, signal
transient, S-parameters, transmission lines.

I. INTRODUCTION

A S THE circuit operation frequency and level of the
integration of integrated circuits drastically increase,

interconnect lines have a substantial effect on circuit perfor-
mance [1]–[5]. Signal transient variations and electromagnetic
coupling noises associated with package interconnect lines
significantly deteriorate signal integrity [2]. As a result, the cir-
cuit design margin becomes extremely stringent, and so circuit
designers must exercise extra caution in accurately verifying
the signal integrity with the interconnect lines of integrated
circuit packages [3]–[5].

In general, package interconnect lines must be treated as
transmission lines that can be well characterized in the fre-
quency domain with propagation constants and characteristic
impedances. By contrast, circuit designers require transient
time-domain wave shapes for the timing and signal integrity
verification of circuits. For the sake of the time domain signal
transient characterizations, SPICE-like tools are employed for
the circuit design. Such electronic design automation (EDA)
tools require circuit model parameters, such as transmission
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line circuit model parameters (i.e., resistances, capacitances,
inductances, and conductances), which are usually deter-
mined by using quasi-static parameter extractors or full-wave
field solvers [6]. However, these parameter determinations
and circuit simulations may have fundamental limitations
for high-frequency circuit design; that is, not only are the
transmission line parameters frequency-dependent due to skin
effect and proximity effect [7], but they also exhibit many
nonideal phenomena owing to inherent process variation, metal
roughness [8], nonideal skin effects, and compound dielectrics
[9]. Thus, to accurately characterize the transmission lines,
experimental verifications over a broad frequency band are
essential. Thereby, accurate design rules for high-performance
system design can be established and various EDA tools can be
benchmarked with the experimental database.

The frequency dependency of the transmission line parame-
ters can be experimentally characterized in terms of S-parame-
ters, so called “wave parameters.” Particularly, since two port
S-parameters can be readily determined by using a commer-
cial vector network analyzer (VNA), the high-frequency char-
acteristics of a single transmission line, which can be consid-
ered a two-port network, have been experimentally investigated
in many references [10]–[14]. Further, the transmission line pa-
rameters of single transmission lines (i.e., the propagation con-
stant and characteristic impedance) can be directly determined
from the measured S-parameters [15]. This is not the case, how-
ever, for multicoupled transmission lines. Unlike the capaci-
tance parameters, the experimental determination of the induc-
tance parameters is extremely difficult. Therefore, the induc-
tive coupling effects are indirectly or approximately determined.
That is, 1) they may be deduced by measuring the coupling ca-
pacitance and other transmission line parameters [16], 2) they
may be calculated by using numerical field solver [7], [17], or
3) they may be approximately determined by assuming that the
lines are weakly coupled [18]. None of these techniques may
be accurate enough for the characterization of modern phys-
ically-compact interconnect lines, in which the noise margin
is very stringent. Although crosstalk noises can be experimen-
tally investigated by using time domain reflectometry/time do-
main transmission (TDR/TDT) measurements in the time do-
main [19], [20], they are less accurate than S-parameter-based
characterizations.

In this work, for the purpose of the high-frequency charac-
terization of two coupled transmission lines, test patterns are
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designed and fabricated by using a BGA package process. Then,
four-port S-parameters are measured over a 20-GHz range by
using two-port VNA. The transmission line parameters and
signal transient waveforms are directly determined by using
the measured S-parameters. It is thus shown that not only are
the transmission line parameters frequency-dependent, but also
the frequency-variant effects and nonideal characteristics of
transmission lines have substantial effects on signal transients
and crosstalk noises.

II. BACKGROUND FOR EXPERIMENTAL CHARACTERIZATIONS

In the frequency domain, -coupled transmission lines are
mathematically formulated by using the Telegrapher equations
[21]

(1)

(2)

where and can be represented by using per unit length
(PUL) transmission line parameter matrixes

(3)

(4)

where PUL , , , and are the resistance, inductance,
capacitance, and conductance matrices, respectively. In the two-
coupled lines, the series impedance and parallel admittance can
be rewritten with transmission line parameters as below

(5)

(6)

Since the telegrapher equation for a voltage in a single line has
the solution of the form of “ ,” the solution
vectors of the multicoupled lines can be readily determined by
using the well-known eigenvalue equation of

(7)

where is the identity matrix and are the eigenvalues. The
subscript “ ” of indicates the th eigen mode. In general,
the number of the eigen modes is equal to the number of signal
line conductors (i.e., and 2 for the two coupled lines).
Solving the eigenvalue equation of (7), (i.e., the modal prop-
agation constants of the lines) can be determined in terms of
transmission line parameters as follows:

(8)

(9)

Once the eigenvalues are determined, the voltage eigenvec-
tors corresponding to the eigenvualues can be readily deter-
mined, followed by the voltage eigenmatrix. Then the voltage

vector (i.e., the solution vector for the differential equations) can
be yielded as

(10)

where and is the voltage
eigenmatrix. and are constant column vectors con-
cerned with the boundary conditions of the system. Similarly
the current vector can be yielded as shown below

(11)

where is the current eigenmatrix. Note, the first terms of the
(10) and (11) are “incident waves” while the second terms are
“reflected waves.” Thus, the characteristic impedances can be,
by definition, determined as

(12)

Thus, from the voltage and current eigenmatrices, the charac-
teristic impedance matrix of the two identical lines can be rep-
resented in terms of the transmission line parameters

(13)

where

(14)

Thus, the incident voltages for the even mode which is defined
with a special case in which two identical lines are launched
with equal and in-phase voltages, can be represented as

(15)

where the superscript indicates the incident wave. Note

(16)

In the even mode, since , the characteristic impedance
of the even mode becomes

(17)

Thus, with the superscript (i.e., two upside arrows) that indicates
“equal and in-phase voltages,” the characteristic impedance of
the even mode of the two coupled lines is represented as below

(18)

Since the propagation constant is the product of the numerator
and the denominator of the characteristic impedance, it is clear
from (18) that the even mode propagation constant is

(19)
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In contrast, the odd mode is defined as a special case in which
two identical lines are launched with equal but opposite-phase
voltages. Thus, similarly to the even mode, the characteristic
impedance and propagation constant for the odd mode of the
coupled lines can be readily yielded as

(20)

(21)

where the superscript (i.e., an upside arrow and a downside
arrow) indicates “equal but opposite-phase voltages.”

The transmission line parameters, in general, exhibit many
nonideal phenomena owing to inherent process variation, metal
roughness, nonideal skin effects, and compound dielectrics [9].
Therefore, in order to investigate the signal transient characteris-
tics of the transmission lines, not only are the accurate determi-
nation of transmission line parameters extremely important, but
also their experimental characterizations over a broad frequency
band are essential. Otherwise, blind EDA-tool-based parameter
extraction and circuit simulation may result in significant circuit
design error.

There are two well-known high-frequency characterization
techniques that are usually employed in the industry for circuit
designs. One is the TDR/TDT measurements and the other is
S-parameter measurements. While the TDR/TDT measurement
technique provides circuit designers with direct time-domain
wave variations, it is less accurate than the S-parameter mea-
surement technique. In contrast, though the latter provides very
accurate characteristics over a wide frequency range, the S-pa-
rameters themselves may not give direct circuit design informa-
tion to circuit designers. Rather, the S-parameters are indirectly
correlated with circuit performance. Thus, the measured S-pa-
rameters have to be reinterpreted into physically meaningful cir-
cuit design variables or data such as time-domain signal tran-
sients and crosstalk noises, or frequency-variant transmission
line circuit model parameters. In the ensuing sections, the two
coupled transmission lines are experimentally characterized by
using S-parameters and then the frequency-variant transmission
line parameters, time-domain signal transients, and crosstalk
noises are determined.

III. EXPERIMENTAL CHARACTERIZATION

OF TRANSMISSION LINES

Two coupled transmission lines are designed and fabricated
by using a BGA package process. The test pattern layout and
its cross section are shown in Fig. 1. Note that the bottoms
of the metals are rough [see Fig. 1(b)]. The thickness of the
rough portion of the metal is comparable to the skin depth at
a significant frequency (e.g., at a several gigahertz). Further, the
nominal drawn dimensions have large process variations [see
Fig. 1(c) and (d)]. Particularly, because the metal is not a square
but a trapezoid, signal coupling (crosstalk noise) may not be ac-
curately determined without experimental verification.

The S-parameters for the four-port test patterns are measured
by using a two-port vector network analyzer (Agilent 8510 C
VNA) connected with two Cascade Microtech Ground Signal

Fig. 1. The pattern layout and its cross-sectional dimensions. (a) Test structure
layout. (b) Metal roughness effect. (c) Nominal layout cross-sectional dimen-
sion. (d) Real cross-sectional dimension (averaged with five test patterns).

Signal Ground (GSSG) probe tips (150- pitch). In order to
measure the four-port S-parameters,

1) Six two-port measurements are required. That is,
representing “two port S-parameter data” with
“ - - ,” the following two-port S-parameters
have to be determined: , , , ,

, and . An example test configuration for
port 2 and port 3, i.e., , is illustrated schematically
in Fig. 2.

2) During a two-port measurement, not only has the calibra-
tion for the respective two-port measurement to be done,
but also the remaining ports have to be terminated with
known impedances which are, in general, precharacterized.

3) Such two port measurements have to be repeated for all the
two-port combinations.

4) Once the two-port measurement data are determined, they
have to be transformed with the measurement termination
impedance (i.e., the measurement reference impedance).

5) Then the six two port measurement data have to be recon-
figured for the four port S-parameter matrix (4 4 matrix).

6) Now that the measured S-parameter data are, in general, not
the 50- -based S-parameters, they have to be impedance-
transformed again for the 50 reference-impedance.

It is well known that thru, reflect, and line (TRL) calibra-
tion is the most accurate calibration method in which de-em-
bedding is not required [22]. However, since the pad parasitic



KIM AND EO: S-PARAMETER-MEASUREMENT-BASED TIME-DOMAIN SIGNAL TRANSIENT AND CROSSTALK NOISE CHARACTERIZATIONS 155

Fig. 2. Schematic description for two-port measurements between port 2 and
port 3. Note, port � and port � are terminated with the termination imped-
ances of Z1 and Z4, respectively.

effect in our long and wide transmission lines is small, the mea-
surement ports are calibrated up to probe tips by using the short-
open-load-thru (SOLT) calibration method, whereas the other
ports are terminated with termination impedances. In our mea-
surements, although standard 50- termination impedances are
employed in the ports that are not connected with VNA, they
are assumed to have arbitrary values. Then, contacting GSSG
probes with the termination impedances at 200- m-long THRU
lines, the frequency- and time-domain reflection waves are
precharacterized by using VNA and TDR. Thereby, the mea-
sured raw S-parameters are converted into standard 50- refer-
ence impedance S-parameters by using the reference impedance
transform [23]

(22)

(23)

where and are the 50- reference-based S-parameters and
the measured S-parameters (raw data), respectively. Note that

(24)

where is a calibration reference impedance (50 ) and
is the termination impedance. In our measurements, as shown
in Fig. 3, except for very high frequencies, the reflections are
smaller than at the measured frequencies [see Fig. 3(a)]
and its time domain waveform is similar to the 50- termination
[see Fig. 3(b)]. Thus, since the termination impedances
can be treated like 50 , the impedance transform makes little
sense as shown in Fig. 4. That is, . The measured four-
port S-parameters for the two symmetrical coupled lines can be
represented by a 4 4 matrix

(25)

Fig. 3. Termination impedance characterizations. (a) ����� �� when the idle
ports (that are not connected with VNA) are terminated with the external loads
which are considered nearly 50�. (b) TDR wave when the idle ports are termi-
nated with the external loads which are considered nearly 50 �.

Note, for a symmetrical structure, since

(26)

the same components are averaged for data analysis as shown
in Fig. 5.

IV. COUPLED TRANSMISSION LINE PARAMETER

DETERMINATION

Since the PUL capacitance and conductance parameter ma-
trices of (4) are defined as admittance parameter matrices, they
are not the real physical capacitance and conductance matrices
of the lines, which are given by

(27)

(28)
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Fig. 4. Measured S-parameters (raw data and transformed data). (a) S11 and
S31. (b) S21 and S41.

Since a square matrix has eigen modes, the two coupled lines
have two eigen modes (i.e., the even mode and odd mode for the
symmetrical lines) that can be represented by [24]

(29)

(30)

Once the coupled lines are decoupled into the eigen mode
S-parameters, the propagation constants [ and ]
and characteristic impedances [ and ] of the
coupled lines can be readily determined as in a single isolated
line. The modal transmission line parameters of the isolated
lines can be directly determined from the measured S-param-
eters as in a single line [15]

(31)

(32)

Fig. 5. Averaged S-parameters for the symmetrical structure. (a) S11 and S31.
(b) S21 and S41.

where the measurement reference impedance is 50 .
During the extraction of both complex parameters [i.e.,
and ], the cyclically mapped phase outputs of the S-pa-
rameter have to be converted to the true radian measurement
phase, which can be any real value.

Alternately, note that unlike the characteristic impedance,
the propagation constant can be determined regardless of the
measurement reference impedance. Thus, it is well known
that during the transmission line characterization, the prop-
agation constant determination is much easier than that of
the characteristic impedance. However, in a special case in
which the capacitances do not vary with frequency and the
dielectric loss is negligible, the characteristic impedance of
a single isolated line may be approximately determined with
reasonable accuracy by using the propagation constant and a
low-frequency capacitance that can be readily measured [25].
That is, once the propagation constant is determined by using
(33), the characteristic impedance can be readily determined
without phase tracking. Thus, neglecting the dielectric loss and
letting the low-frequency capacitance as

(33)
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which is measured at 100 MHz, the modal propagation constant
expressions can be approximately represented by

(34)

(35)

Thus, the characteristic impedances of the even and odd modes
can be approximately determined by using the low-frequency
capacitance measurement data and propagation constant as
below

(36)

(37)

Now that the propagation constant can be represented by

(38)

where and are attenuation and phase constants, respectively,
modal transmission line parameters can be readily determined
as shown in Fig. 6. Further, the modal transmission line circuit
model parameters and circuit model parameters can be deter-
mined as

(39)

(40)

(41)

(42)

Thus, by combining (39)–(42), the transmission line circuit
model parameters over the measured frequency band can be
determined as shown in Figs. 7 and 8.

Note, the resistance and inductance vary with frequency. The
resistance increases with frequency due to the skin effect while
the inductance decreases with frequency due to the proximity
effect. These effects must thus be carefully reflected in circuit
performance evaluations. In addition, for the later comparison
of the signal transient wave shapes, the low-frequency transmis-
sion line circuit model parameters were determined at 100 MHz.

Fig. 6. Propagation constant and characteristic impedance. (a) Attenuation
constant. (b) Phase constant. (c) Characteristic impedance.

The field solver-based transmission line parameters are deter-
mined by using the cross-sectional data of Fig. 1(d). They are
summarized in Table I. Note that the field-solver-based param-
eters show large deviations from the measured data.
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Fig. 7. Extracted modal transmission line parameters. (a) Modal resistances
and inductances. (b) Modal capacitances.

In the coupled transmission lines, capacitances can be accu-
rately determined by using electric fluxes. In contrast, from the
circuit point of view, the capacitances of the multicoupled lines
can be calculated by using a two-terminal capacitance determi-
nation method. Thus, for the two coupled line capacitance de-
termination, two one-port (i.e., two terminals) network config-
urations have to be considered. As the first configuration, only
the first conductor is applied with a given voltage and
the second conductor is connected with a ground conductor as
shown in Fig. 9. Then the total flux can be considered
the sum of two fluxes, in which one is the flux between the first
conductor and ground conductor , and the other is the flux
between the first conductor and the second conductor .
The superscript “ ” indicates the first network configuration.
Thus, the total flux for this configuration becomes

(43)

In this configuration, the total capacitance between the two ter-
minals (i.e., the first conductor and the ground) can be deter-
mined by

Fig. 8. Transmission line circuit model parameters. (a) Resistances and induc-
tances. (b) Capacitances.

TABLE I
COMPARISON OF THE CALCULATED TRANSMISSION LINE PARAMETERS

WITH MEASUREMENT VALUES AT 100 MHZ

(44)
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Fig. 9. Electric fluxes and capacitances when the potential �� � is applied
to the first conductor.

Fig. 10. Electric fluxes and capacitances when the potential �� � is applied
to the both conductors.

On the other hand, the total capacitance can be represented with
the sum of the respective capacitances

(45)

Next, as the second network configuration, when the both con-
ductors is applied with a given potential , the electric
fluxes and capacitances can be described, as shown in Fig. 10.
The total flux for this configuration is the sum of the respective
fluxes

(46)

where the superscript “ ” indicates the second network config-
uration. Similarly as in the first configuration, the total capac-
itance for this case can be represented with respective capaci-
tances, i.e.,

(47)

Note, for the symmetrical lines, since one half of the total ca-
pacitance becomes

(48)

subtracting (48) from (45), the following expression can be de-
rived:

(49)

In general, since an EM-field-solver solves the Maxwell
equations directly by using finite element method (FEM) for
given boundary conditions, it may be considered very accurate.
Thus, it is considered that and can be accurately
determined by using the field solver. Thereby, the total capac-
itances (i.e., and ) can also be accurately determined.
However, it is not the case for the respective capacitances (i.e.,

and ). Note, they cannot be directly determined. Only
if “ ” is assumed, the coupling capacitance between

the lines may be determined from (49). Thus, for the sake of
the coupling capacitance determination, “ ” is, in
general, implicitly assumed. Then, from (49), the coupling
capacitance can be readily determined with

(50)

However, in practical transmission lines in which the common
ground plane is extremely wide and physical spacing between
the lines is very tight, it is considered that may not be ex-
actly equal to . That means may not be equal to
even if the total capacitances are identical. That agrees with our
experimental data as shown in Table I (see the bottom row of the
Table I). That is, although the calculated self-capacitance and
coupling capacitance are so much different from the measured
capacitances, the calculated total capacitance is in agreement
with the measured total capacitance up to the first decimal place
(i.e., 2.8% difference between the two).

Similarly, considering the aforementioned two structures, the
self and mutual inductances of two coupled lines can be deter-
mined by calculating the magnetic fluxes for a given current.
That is, for the structure of Fig. 9, while the first conductor is
applied with a given current , the second conductor and
ground conductor are considered current return paths. Then the
total magnetic flux can be determined

(51)

(52)

In the same manner, for the structure of Fig. 10, while the
first and the second conductors are applied with a given current

, the ground conductor is considered a current return
path. Thus, the total magnetic flux for the structure becomes

(53)

(54)

From (51)–(54), the inductance that can be determined by using
magnetic flux calculation can be represented by

(55)

Therefore, as in the mutual capacitance determination, the mu-
tual inductance can be determined by assuming “ .”

Alternatively, for the quasi-TEM mode of transmission lines,
the inductance can be determined as

(56)

Assuming the nominal dielectric constant , the mea-
surement-capacitance-based inductance becomes

(57)

As shown in Table I, these are much similar to the measured in-
ductance values. Note that the mutual inductance of (57) shows
26% difference from the measured one while the conventional
field-solver-based mutual inductance shows 92% difference.



160 IEEE TRANSACTIONS ON ADVANCED PACKAGING, VOL. 32, NO. 1, FEBRUARY 2009

Fig. 11. Coupled transmission line circuit model.

V. S-PARAMETER-BASED SIGNAL TRANSIENT

CHARACTERIZATIONS

In order to investigate the frequency-dependent characteris-
tics of transmission line parameters, the transmission line equa-
tions are expressed as a linear combination of the eigen modes.
For example, if the first line of the two coupled lines, as shown
in Fig. 11, is switching from logic 0 to logic 1, and the second
line is in a quiet state, the signals on the respective lines due to
switching (i.e., ) can be readily determined by using a sym-
bolic operation

(58)

(59)

Note that the line of interest for the switching mode is marked
with a square box. Further, two coupled transmission lines can
be formulated with a modal transfer function, which can reflect
frequency-dependent transmission line characteristics

(60)

(61)

where

(62)

(63)

(64)

(65)

where and are the reflection coefficients of the
th line at generator and at load, respectively. The frequency-

variant transfer functions can be accurately determined in terms
of -parameters by using (31) and (32). By contrast, the pulsed

Fig. 12. Signal transients (� � � ���, � � �� ��	�, � � �� ��	�,
� � � �
	�, � � �� �) for the inductive effect prominent mode (i.e.,
even mode) and the capacitive effect prominent mode. (a) Even mode ��� with
� � ��� ����. (b) Odd mode ��� with � � ��� ����.

input signal can be formulated in the frequency domain with
delayed step functions [26]

(66)

where , , and are the number of delayed step functions, the
rise time, and the fall time of a pulsed signal, respectively. Since
both the transfer function and input function are formulated in
the frequency domain, the time domain transient response and
crosstalk noise of the lines can be determined by using the in-
verse Fourier transform

(67)

The S-parameter-measurement-based signal transient wave
shapes and crosstalk noises are compared with those of the
SPICE simulations that employ the calculated parameters
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Fig. 13. The near end crosstalk of the ”� �” switching (� � � ���, � �
�� ��	�, � � �� ��	�, � � � �
	�, � � �� �). (a) � � ��� ����. (b)
� � ��� ����. (c) � � ��� ����.

with the cross-sectional dimensions of Fig. 1(d) (see the third
column of Table I). The signal transients (see Fig. 12) and
the crosstalk noises (see Fig. 13 for the near-end crosstalk
noises and Fig. 14 for the far-end crosstalk noises, respectively)

Fig. 14. The far end crosstalk of the ”� �” switching (� � � ���, � �
�� ��	�, � � �� ��	�, � � � �
	�, � � �� �). (a) � � ��� ����. (b)
� � ��� ����. (c) � � ��� ����.

cannot be determined accurately by performing blind SPICE
simulations without experimental characterizations. As shown
in Fig. 12, in the even mode , in which inductive effects
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Fig. 15. The positive and negative peak voltages (� � � ���, � � �� ��	�,
� � �� ��	�,� � � �
	�,� � ���). (a) The positive and negative peak volt-
ages for the far end crosstalk noises (FEXT) of “��” switching �� � �� ����.
(b) The positive peak voltages for the far end crosstalk noises (FEXT) and
near-end crosstalk noises (NEXT) voltage of “� �” switching �� � ��� ����.
(c) The negative peak voltages for the far end crosstalk noises (FEXT) and
near-end crosstalk noises (NEXT) voltage of “� �” switching �� � ��� ����.

are prominent, overshoot and undershoot are not accurately
reflected in the SPICE simulations. Whereas the signal delay
may not be accurately determined in odd mode switching
in which the capacitive effects are prominent. As shown in

Figs. 13 and 14, SPICE simulations for the crosstalk noises
that employ filed-solver-based constant transmission line
parameters show large deviations from S-parameter-measure-
ment-based wave shapes. Note that the SPICE simulations
that employ the constant model parameters overestimate the
magnitude of crosstalk noises and its wave shapes are totally
different from the S-parameter-measurement-based data. In
Fig. 15, the simulated crosstalk noises for typical circuit design
variables, such as load sizes and line lengths, are compared
with the measured data at both positive and negative peak noise
values. Simulation-based circuit design without experimental
characterizations may lead to significant design failures.

VI. CONCLUSION

In this paper, for the accurate characterizations of integrated
circuit package transmission lines, test patterns are designed and
fabricated by using a BGA package process. The symmetrically
coupled lines are formulated by using the two eigen modes (i.e.,
the even and odd modes) that can be represented in terms of
modal S-parameters. Then, the signal transients and crosstalk
noises are accurately determined by using four-port S-parameter
measurements, followed by the transmission line circuit model
parameters. Further, the signal transients are directly determined
by using the measured S-parameters.

It was shown that not only the transmission line parameters
are frequency-dependent, but also the frequency-dependent
transmission line characteristics have substantial effects on
high-speed signal transients and crosstalk noises. Conventional
SPICE simulations using the distributed circuit model based
on constant circuit model parameters may not be accurate
enough, since they do not reflect the frequency-dependent
transmission line effects and nonideal transmission line
characteristics. It is noteworthy that for the design of the
high-frequency/high-density integrated circuit and package,
blind commercial-field-solver-based simulation or conven-
tional constant-parameter-based signal transient simulation
without experimental characterizations may result in significant
design errors. Thus, the proposed experimental characterization
technique can be very usefully exploited for accurate signal
integrity verification involving high-speed integrated circuits
and package designs.
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