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IC Package Interconnect Line Characterization
Based on Frequency-Variant Transmission Line

Modeling and Experimental S-Parameters
Joonhyun Kim and Yungseon Eo , Senior Member, IEEE

Abstract— In this paper, over a broad frequency band,
a novel transmission line (TL) characterization method for
highly-lossy miniaturized integrated circuit (IC) interconnect
lines is presented. TLs fabricated on lossy organic substrates
are difficult to characterize in a broad frequency band due
to frequency-dependent losses and resonances. Test TLs are
fabricated using a packaging process that employs an organic
substrate and then characterized by using a vector network
analyzer up to 40 GHz. TLs are modeled as a function of
frequency by combining the modified skin effect model with
experimental S-parameter data. Parallel admittance of TLs
can be yielded by unifying the propagation constant with the
frequency-variant resistance and inductance models, followed by
TL characterization. It is verified that IC package interconnect
lines can be reliably characterized up to high frequencies.

Index Terms— Organic substrate, signal integrity,
S-parameters, transmission line (TL) modeling.

I. INTRODUCTION

RELENTLESSLY increasing computation and data
processing capabilities in both wired and/or wireless

systems mandate ultrahigh-speed data transfer rates of
integrated electronic systems [1]. In such systems, many data
channels (e.g., within a chip, chip-to-chip, and modules) may
require several tens of Gbps data transfer rates in the range
of 1 mm to 10 cm electrical interconnect lines with very
tight physical spacing between the lines. Therefore, almost
all of the interconnect lines have to be treated as transmission
lines (TLs) but not lumped circuit models.

In today’s high-performance integrated electronic systems
(e.g., high-bandwidth memory modules, system in a pack-
age, or 3-D integrated systems), low-cost organic substrates
are widely employed as a carrier or interposer for vari-
ous integrated electronic circuit components [2], [3]. It is
well known that TLs fabricated on an organic substrate
show frequency-variant characteristics due to the skin effect,
proximity effect, and dielectric loss [4]. Simple numerical
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field-solver-based designs using nominal layout dimensions
and material parameters provided by manufacturers may
exhibit large design variations. Thus, the experimental char-
acterization and modeling of interconnect lines over a broad
frequency band should be considered an integral part of
today’s and future integrated electronic system designs.

In general, TL characterizations can be regarded as the
determination of frequency-variant propagation constant and
characteristic impedance over a broad frequency band. For
the accurate characterizations of TLs, not a piecemeal but a
holistic approach is essential, including: 1) equipment calibra-
tion; 2) resonance effects; 3) process variations; 4) frequency-
variant loss effects; and 5) de-embedding of parasitic effects.
In many cases, the difficulties in the broad frequency band
characterizations of miniaturized TLs are mainly due to
frequency-variant losses and resonance effect. Particularly,
resonances are inevitable since there are inherent disconti-
nuities between measurement equipment and device under
test (DUT). Thus, how to treat the resonance effects plays
a pivotal role in high-frequency characterization since the
physical interpretation of experimental data may obscure near
resonance frequencies.

Up till now, many TL characterization methods have
been developed. Each technique has its own advantages and
disadvantages. Assuming negligible dielectric loss, the char-
acteristic impedance can be accurately determined by combin-
ing propagation constant and low-frequency capacitance [5].
However, it is an acceptable assumption up to several GHz.
A two-tier calibration comparison method [6] can extend
the frequency band for TL characterizations up to several
tens of GHz. However, it is cumbersome and cost-inefficient
since they require extra thru-reflect-line calibrations on lossless
reference wafer (e.g., GaAs Wafer) [7], [8]. The Eo and
Eisenstadt method [9] can directly determine the propagation
constant and characteristic impedance from the measured
S-parameters. It is straightforward and simple, whereas it
yields physically unmatched data in frequencies near reso-
nances. Alternatively, Zhang et al. [10] and Kim et al. [11]
determined the complex permittivity by using a genetic algo-
rithm. It simultaneously fits many physical parameters with
measured S-parameters. Although such a fitting algorithm
may satisfy the overall fitting function within a given error
bound, individual parameters may not be physical as well as
not accurate. Thus, it may lead to fatal misinterpretation of
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Fig. 1. Photograph and cross-sectional information of TLs and contact pad.

the physical characteristics of TLs. TL characterization using
closed-form expressions [12] may result in inaccuracies. If the
dielectric loss is not significant, the parallel admittance para-
meter of TL can be determined [13]. However, if the dielectric
loss is substantial as in the low-cost organic substrate, it is
extremely difficult to determine both parallel admittance and
series impedance of TL.

In this paper, a new broad frequency band characteriza-
tion technique for highly lossy TLs fabricated on organic
substrates is presented. Frequency-variant characteristics for
test TLs are investigated over a broad frequency band
(up to 40 GHz) by measuring S-parameters of them. Then,
by combining the measured S-parameter data with newly
developed frequency-variant TL circuit parameter models
[i.e., Rmodel( f ), Lmodel( f ), Gmodel( f ), and Cmodel( f )], TLs
fabricated on an organic substrate are characterized in a broad
frequency band.

II. EXPERIMENTAL TL CHARACTERIZATION

A. Experimental Test Patterns

The test structures for the experiments were designed and
fabricated using a packaging process with six-layer metals
(see Fig. 1). The microstrip lines with 25 μm width were
designed with the top-layer metal (i.e., Metal 6). The line
lengths are 5, 10, and 20 mm, respectively. Metal 5 was
assigned as the ground plane. The contact pad size was
100 × 100 μm2, and the pitch was 150 μm. The relative
dielectric constant and loss tangent for a solder resist that
the manufacturer provided were 3.9 and 0.029 at 1 GHz,
respectively. Those of FR4 were 4.6 and 0.01 at 1 GHz, respec-
tively. The cross-sectional dimensions were shown in Fig. 1.
In this paper, S-parameters for test TLs were measured up to
40 GHz. For S-parameter measurements, each port of vector
network analyzer (VNA) (Anritsu MS46122A) was connected
to the microwave probe tip (Cascade ACP40-GSG-150).
An impedance standard substrate (Cascade 101–190 for 2-port
measurements) was employed to calibrate the VNA using the

Fig. 2. Propagation constant and characteristic impedance determined
using [9] for 20-mm-long line of test TLs. Note that the characteristic
impedance data are not realistic.

SOLT calibration. The pad parasitics were de-embedded using
the conventional Y-parameter de-embedding technique [14].

B. TL Parameter Determination Using S-Parameters

The propagation constant and characteristic impedance
of TL can be directly determined from the measured
S-parameters using the Eo and Eisentadt method [9]
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They can be represented by per-unit-length (PUL) TL circuit
model parameters

γexp = √
(R + jωL)(G + jωC) = αexp + jβexp (3)

ZC,exp = √
(R + jωL)/(G + jωC). (4)

Therefore, the TL circuit model parameters can be readily
determined as

R( f )exp = Re{γexp · ZC,exp} (5)

L( f )exp = Im{γexp · ZC,exp}/2π f (6)

G( f )exp = Re{γexp/ZC,exp} (7)

C( f )exp = Im{γexp/ZC,exp}/2π f. (8)

The propagation constant and characteristic impedance deter-
mined using (1) and (2) are shown in Fig. 2. The main
reason for the nonuniform measurement data may be due to
resonances. The resonance frequency ( fr ) can be determined

fr = clight · n

2l · √
ε′

r
∀ n is integer (9)

where ε′
r is the dielectric constant and the clight is the velocity

of light. Note that they are related with line length (l).
Therefore, many spurious resonances may happen due to
probing tips and many other discontinuities. In practice, it is
extremely difficult to completely remove these nonuniform
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characteristics only with experimental de-embedding tech-
niques. Although there are spurious resonances, the prop-
agation constant can be determined in a broad frequency
band [see Fig. 2 (top)]. If multiple lines with different line
lengths are employed, they can be more accurately deter-
mined [7], [8], [15]. In contrast, the characteristic impedance
is very sensitive to the resonance effects. As shown in Fig. 2
(bottom), near 3.6 GHz at which the first resonance of 20 mm
line occurs, the characteristic impedance value completely
disagrees with physically estimated one. Note that, although
experimentally accurate S-parameters are determined, it is very
difficult to accurately determine the characteristic impedance
in a broad frequency band. In reality, TLs cannot be charac-
terized further without determining the accurate characteristic
impedance. Therefore, the key of a TL characterization is to
accurately determine either the characteristic impedance or TL
circuit model parameters.

C. Issues and Prospect for Broadband TL Characterizations

There have been numerous TL characterization techniques
as discussed in Section I. Although they have advantages
and disadvantages, many invaluable physical characteristics
for TLs are disclosed throughout the precedent contributions.
They can be summarized: 1) as frequency increases, the con-
ductive loss increases due to skin effect; 2) as frequency
increases, the inductance converges to the external inductance;
3) although the capacitance is a function of frequency, it is
a weak function of the frequency; 4) in general, dielectric
loss, if any, is negligible in low frequencies, whereas it
may not be really the case in high frequencies; and 5) the
propagation constant of TL can be accurately determined in
a broad frequency band, whereas the characteristic impedance
is extremely difficult to determine.

III. MODELING OF FREQUENCY-VARIANT

TL CIRCUIT MODEL PARAMETERS

TL circuit model parameters are in general considered a
function of frequency due to the skin effect of metal and
frequency-variant dielectric loss within the organic substrate.
Moreover, the proximity effect may have an influence on the
loop inductance in high frequencies. Nonetheless, the “Eo and
Eisenstadt method” can provide a lot of physically meaningful
information for TLs. Thus, frequency-variant characteristics of
TLs can be accurately modeled. In Sections III-A and III-B,
novel frequency-variant TL parameter models are developed.

A. Frequency-Variant PUL-Series Impedance

1) Frequency-Variant PUL-Resistance: In miniaturized TLs
with finite metal thickness and width, the reduction of the
cross-sectional area is not simply explained as the traditional
skin effect model. Furthermore, a metal roughness effect
may have a considerable effect on line resistance [16]–[20].
Reference [16] represented the metal roughness effect as a
unified form using a roughness correction coefficient (RCC)
factor that is given by

K ( f ) = 1 + (RF − 1) · h(S R, δ( f )) (10)

Fig. 3. Metal surface for a test DUT.

TABLE I

FEATURES FOR SURFACE ROUGHNESS BETWEEN FR4 AND METALS

Fig. 4. Frequency-variant resistance using conventional skin depth and
modified Eo’s skin effect model.

where RF and h(·) are roughness factor and roughness transi-
tion function, respectively. The S R is a size of a basic element,
and the δ( f ) indicates the skin depth. In a practical package
process, RF value is considered approximately fundamental
value, i.e., RF ≈ 2. Furthermore, in order to investigate the
metal roughness effects for our DUTs, we took pictures for
the copper foil surfaces of several test patterns using an optical
profiler as shown in Fig. 3. Then, their features are summarized
in Table I.

The frequency-variant resistances that reflect the sur-
face roughness effect using the three representative rough-
ness transition functions [17]–[19] are compared with those
using S-parameter-based experimental data for 5-, 10-, and
20-mm-long lines. It is noteworthy that the conventional skin
effect model is not suitable for the miniaturized TLs (see
Fig. 4). Considering a finite metal thickness and width,
Eo developed the modified skin effect model suitable for thin
film TLs [21]. The skin depth using the Eo’s modified skin
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Fig. 5. Frequency-variant resistances for 5-, 10-, and 20-mm-long lines.
Hammerstad and Hurry model shows excellent agreement with those using
S-parameter-based experimental data.

effect model is given by

δeo( f ) = [1 − exp(−t
√

πμσ · √
f )](1 + t/w)√

πμσ · √
f

. (11)

Thus, in (10), we replaced the conventional skin depth [δ( f )]
with the Eo’s skin depth model [δeo( f )]. The resistance using
the Groiss roughness model shows good agreement with those
using S-parameter measurement data up to about 4 GHz, but
it overestimates a bit as the frequency exceeds 4 GHz as
shown in Fig. 5(a). In contrast, both Hammerstad and Huray
roughness models show much better agreement with those
using S-parameter measurement data up to about 7 GHz.
Thus, we reflected the metal roughness effect by using the
Hammerstad metal roughness transition function as shown
in Fig. 5(b). Thus, the resistance taking the metal roughness
effect into account can be represented as

Rmodel( f > fskin) = K ( f ) · 1

σwδeo( f )
(12)

where K ( f ) is a frequency-variant correction factor to reflect
the metal roughness effect as shown in (10). The specific
frequency, fskin, is a frequency at which the skin effect starts.
In practice, the skin effect on-set frequency is considered
approximately the very frequency that the skin depth using
Eo’s modified skin effect model is equal to the metal thickness.
Note that until the skin effect starts, the resistance can be
regarded as dc resistance

Rdc ≡ Rmodel( f ≤ fskin) = 1

σwt
. (13)

The conductivity can be determined with dc resistance
measurement for lines. We measured the line resistances of
various line lengths (5, 10, and 20 mm) for three different
test patterns (i.e., total nine test TLs), and then they are aver-
aged. The averaged conductivity value (σexp) is approximately
45 S/μm. In (12) and (13), replacing the conductivity (σ )
with σexp, Rmodel( f ) can be determined in a broad frequency
band. The frequency-variant resistances of TLs of 5-, 10-, and
20-mm-long lines are compared in Fig. 6(a). The first reso-
nance of the shorter line occurs in higher frequency than that

of the longer line. Note that until the first resonance occurs,
the Rmodel( f ) shows excellent agreement with those using (5),
which are determined directly from the measured S-parameters
using the Eo and Eisentadt method. Therefore, we assumed
that (12) can reasonably well reflect frequency-variant resis-
tance of the TL.

2) Frequency-Variant PUL-Inductance: Inductance of TL is
considered frequency-variant due to the skin effect and prox-
imity effect (the reduction of current loop with the increase
of the frequency). In practice, since both skin and proximity
effects are saturated at high frequencies, the inductance value
converges to a constant value as the frequency increases.
Taking the effective current loop variation due to skin effect
into account, the inductance can be separated with

Lmodel( f ) = Lext + L int( f ) (14)

where the internal inductance (L int) is concerned with the cur-
rent loop on the periphery of the conductor, whereas external
inductance (Lext) is concerned with the surface current loop
that is bounded on the dielectric. Thus, L int may decrease as
the frequency increases, whereas Lext is considered a constant.
The frequency-variant internal inductance can be derived from
Maxwell’s equations [22]

L int( f ) = R( f )/2π f ≈ Rmodel( f )/2π f. (15)

Thus, total inductance of TL can be modeled by com-
bining (15) with the previous frequency-variant resistance
model (12)

Lmodel( f ) = Lext

+ K ( f ) · √πμσ

2π
√

f · σw[1 − exp(−t
√

πμσ · √ f )](1+t/w)
. (16)

Since the internal inductance converges to zero as the fre-
quency increases, the total inductance converges to Lext as the
frequency increases. Thus, before the first resonance occurs,
the Lext can be readily determined at low frequencies by
equating (6) with (16) as

Lmodel( f ) = L( f )exp → (Lext)exp. (17)

In this paper, the (Lext)exp was determined as follows:

(Lext)exp = L( f )exp − Rmodel( f )/2π f. (18)

The average value of (Lext)exp from 5-, 10-, and 20-mm
TLs at 1 GHz is 0.364 nH/mm. Replacing Lext of (17) with
(Lext)exp, Lmodel( f ) can be determined in a broad frequency
band. The frequency-variant inductances of TLs of 5-, 10-,
and 20-mm-long lines are compared in Fig. 6(b). As in the
resistance model of (12), until the first resonance occurs,
Lmodel( f ) of (16) shows excellent agreement with those
determined using (6), which are determined directly from the
measured S-parameters using the Eo and Eisentadt method.

B. Frequency-Variant PUL-Parallel Admittance

The bounded charges within organic substrates may oscillate
within atoms as the frequency increases. That may lead to
the loss within the dielectric substrate, which may be con-
sidered approximately proportional to the frequency until the
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Fig. 6. Series impedance parameters of TL that are modeled
using (12) and (16). (a) PUL-resistance. (b) PUL-inductance.

relaxation time follows the frequency variance. In contrast,
the capacitance variation is concerned with the variation of
the fringing effect on the conductor side walls due to the
skin effect. In many practical systems, the conductance is a
strong function of frequency, whereas the capacitance shows
a frequency-variance a bit. That indicates the dielectric loss
may have a substantial effect on TL characteristics at high
frequencies.

Unfortunately, however, it is too difficult to determine the
conductance and capacitance parameters using the conven-
tional experimental technique based on (7) and (8). It is
mainly because they are too sensitive to the resonance
effects. Thus, in this paper, alternatively, combining the
propagation constant and the series impedance model dis-
cussed in Section III-A, the component of the parallel admit-
tance parameter [i.e., Y ( f ) = G( f ) + j2π f C( f )] can be
represented as

Re[Y ( f )] ≈ Re{γ 2/(Rmodel( f ) + j2π f Lmodel( f ))} (19)

Im[Y ( f )] ≈ Im{γ 2/(Rmodel( f ) + j2π f Lmodel( f ))}. (20)

The conductance and capacitance determined using (19)
and (20) are presented in Fig. 7. The parameters are relatively
more stable than those based on the conventional method

Fig. 7. Parallel admittance parameters of TL that are determined using (19)
and (20). (a) PUL-conductance. (b) PUL-capacitance.

using (7) and (8). Nonetheless, there are many spurious lobes
near resonance frequencies.

1) Frequency-Variant PUL-Capacitance: In order to inves-
tigate the effective conductor wall area reduction due to the
skin effect, varying the conductor thickness for given metal
widths (i.e., 5, 25, and 45 mm), capacitances are determined
using a field solver as shown in Fig. 8(a). Note that although
a bit, the capacitance variation is approximately proportional
to the reduction of conductor thickness. Since the fringing
effect is neglected at very high frequency, the capacitance may
converge to a constant value (C∞) at very high frequency.
Therefore, taking the effective conductor wall area reduction
due to the skin effect into account, the frequency-variant
capacitance can be represented by

Cmodel( f ) = C∞ + Cfringing( f ) (21)

where the constant value (C∞) is considered a capacitance
at a relatively high frequency ( f∞). Since the fringing effect
is approximately correlated with an inverse function of the
skin effect, which is an exponential function of frequency,
the capacitance variation can be modeled with a logarith-
mic function. Assuming that the fringing capacitance varies
approximately as a linear function with the skin effect, it can
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Fig. 8. Frequency-variant capacitance investigation and PUL-capacitance
modeling results. (a) Capacitance extraction results from a field solver
according to width and thickness. (b) Skin depth and PUL-capacitance based
on (20) and (24).

be modeled as

Cfringing( f )

≈ 
C · lnδeo( f ) − lnδeo( f∞)

Max[lnδeo( f ) − lnδeo( f∞)] , ∀
C ≡ (Clow−C∞).

(22)

Note that since capacitance has the maximum value at low
frequency, the normalization factor of the denominator can be
represented as

Max[lnδeo( f ) − lnδeo( f∞)] ≈ lnδeo( flow) − lnδeo( f∞). (23)

Thus, the frequency-variant capacitance can be represented by

Cmodel( f ) ≈ C∞ + (Clow − C∞) · lnδeo( f ) − lnδeo( f∞)

lnδeo( flow) − lnδeo( f∞)
.

(24)

Note that Clow and C∞ can be determined from experimentally
determined TL circuit model parameters using (8) and (20).
The capacitance determined using (24) is compared with that
using (20) in Fig. 8(b). Its frequency-variant characteristic
shows excellent agreement with each other, but the spurious
lobes are removed.

2) Frequency-Variant PUL-Conductance: In general,
the dielectric loss is considered an energy loss due to the
perturbation associated with the dielectric polarization of
bounded charges within atoms. It is the most sensitive
to resonances among all the TL parameters. Thus,
to experimentally investigate its variation in a broad
frequency band is virtually impossible. Alternatively, the loss

Fig. 9. Frequency-variant loss tangent and PUL-conductance modeling
results. (a) Loss tangent based on (27) and tanδmodel. (b) PUL-conductance
based on (19), tan δmodel and tan δ1 GHz (average value of two given loss
tangent values by manufacturer).

is mathematically formulated using a dissipation factor called
loss tangent (tan δ) as

G( f ) = G0 + 2π f C( f )tanδ( f ) ≈ 2π f C( f )tanδ( f ). (25)

Since the C( f ) can be accurately determined from (24),
the loss tangent can be determined combining (19) with (24)

tanδ( f ) ≈ Re[Y ( f )]/(2π f Cmodel( f )). (26)

In reality, since the dissipation factor is considered a con-
tinuous function of frequency, making the function smooth
for values using (26), the spurious lobes can be removed as
shown in Fig. 9(a). Here, we define [tan δ( f )]smooth as the
tan δmodel( f ), i.e., tan δmodel( f ) ≡ [tan δ( f )]smooth

Gmodel( f ) = 2π f Cmodel( f )[tanδ( f )]smooth. (27)

The loss tangents for the solder resist and FR4 at 1 GHz
provided by the manufacturer are 0.029 and 0.01, respectively.
Its value from tan δmodel( f ) is approximately 0.025 at 2 GHz.
It is almost saturated with tan δsat ≈ 0.035 above 30 GHz.
That indicates the loss tangent provided by manufacturer is
much less at high frequency. Thus, although the dielectric loss
may be negligible at low frequencies, it may have a substantial
effect on high-frequency signal transmission characteristics.
In Fig. 9(b), the conductance determined with the smoothened
value [i.e., tan δmodel( f )] is compared with that calculated
using the constant loss tangent value provided by manufacturer
(i.e., tan δ1 GHz). The TL parameter determination method in
this paper is summarized in Fig. 10.
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Fig. 10. Overview of the proposed TL parameter determination method.

Fig. 11. Propagation constant comparison. Note that αd ( f ) is much larger
in high frequencies than αc( f ).

IV. VERIFICATION

A. Propagation Constant

The propagation constant calculated using the proposed
models shows excellent agreement with the directly deter-
mined one as shown in Fig. 11. The two loss mechanisms
(conductive loss and dielectric loss) can be separately investi-
gated. Now defining the following:
⎛
⎜⎜⎜⎜⎜⎝

LC ≡ Lmodel ( f ) · Cmodel ( f )

RG ≡ Rmodel ( f ) · Gmodel ( f )

X1 ≡
(

1 + Rmodel ( f )

ωLmodel ( f )

)2

, X2 ≡
(

1 + Gmodel ( f )

ωCmodel ( f )

)2

(28)

Fig. 12. Frequency-variant characteristic impedance comparison.

the attenuation constant of (3) can be expressed with the
combination of conductive loss (αc) due to the conductive
metal and dielectric loss (αd ) due to bound charges

αmodel( f ) =
√

ω2 LC[√X1 · X2 − 1] + RG

2
≡ αc( f ) + αd ( f ). (29)

In (29), letting either of “Rmodel( f ) = 0” or “Gmodel
( f ) = 0,” αc( f ) and αd ( f ) can be separately determined.
Letting “Gmodel( f ) = 0,” the frequency-variant attenuation
constant only due to the conductive metal can be determined as

αc( f ) ≈
√

ω2 LC[√X1 − 1]
2

. (30)

Similarly, allowing “Rmodel( f ) = 0,” the frequency-variant
attenuation constant due to dielectric perturbation can be
approximately determined as

αd( f ) ≈
√

ω2 LC[√X2 − 1]
2

= αmodel( f ) − αc( f ). (31)

B. Characteristic Impedance

Characteristic impedance is a very important model para-
meter for high-frequency circuit designs. Nevertheless, as dis-
cussed before, it is difficult to experimentally determine it.
The main reason for that is because it is very sensitive to
resonances. In Fig. 12, the characteristic impedances that are
directly determined for various test lines using expression (2)
are compared with that determined using the proposed models.
The characteristic impedance determined directly with the
measured S-parameters shows nonrealistic values, particularly
near resonance frequencies, whereas that using the proposed
models well agrees with theoretical explanation. Furthermore,
note that the characteristic impedance rapidly changes in low
frequencies, whereas it converges to a constant value as the
frequency increases. Note that Im[ZC ] curve may cross zero
if the dielectric loss is not negligible. In Figs. 11 and 12,
the zero-crossing frequency is marked with an asterisk. In fact,
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the zero-crossing occurs at a frequency in which LG ≈ RC .
The characteristic impedance can be represented by

ZC =
√

R + jωL

G + jωC
=

[
RG + ω2 LC

G2 + ω2C2 + j
ωLG − ωRC

G2 + ω2C2

]1/2

.

(32)

Defining the magnitude and the phase of the complex number
in the bracket as below

M ≡
√(

RG + ω2 LC

G2 + ω2C2

)2

+
(

ωLG − ωRC

G2 + ω2C2

)2

(33)

θ ≡ Tan−1
(

ωLG − ωRC

RG + ω2 LC

)
, −π/2 ≤ θ ≤ π/2 (34)

the real and imaginary part of the characteristic impedance
can be separated by

ZC =[M(cos θ + j sin θ)]1/2 =√
M

(
cos

θ

2
+ j sin

θ

2

)
. (35)

Note that within the range of θ , cos(θ/2) is always a positive
value, whereas sin(θ/2) is not really the case. That is, Im [ZC ]
versus frequency curve may cross zero as frequency increases
since ⎛

⎝
Im [ZC ] ≥ 0 since θ ≥ 0 ∀ (LG ≥ RC)

Im [ZC ] < 0 since θ < 0 ∀ (LG < RC) .
(36)

The fact that Im [ZC ] crosses the zero indicates LG ≥ RC
after the zero-crossing frequency. Note that the larger
the dielectric loss, the lower the zero-crossing frequency.
As shown in Fig. 12, the zero-crossing frequency is approx-
imately 16.4 GHz, where the dielectric loss starts to surpass
the conductive loss (see Fig. 11).

V. CONCLUSION

In this paper, a new TL characterization method for
highly lossy IC package interconnect lines was presented.
The experimental test patterns for the high-frequency char-
acterization were designed and fabricated by using a pack-
aging process. The test TLs were characterized by using a
VNA up to 40 GHz. Combining the modified skin effect
model suitable for thin film TLs with the experimental
S-parameter data, frequency-variant TL parameter models
are developed. Using the models, lossy miniaturized TLs
can be reliably characterized with measured S-parameter
data up to high frequencies. The technique can be use-
fully exploited for a high-performance integrated electronic
system and microwave circuit designs that use organic
materials.
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