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Broadband Thin-Film Transmission-Line
Characterization for Accurate High-Frequency

Measurements of On-Wafer Components
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Abstract—A high-frequency fine-pitched (i.e., very narrow line
width) thin-film transmission line (TL) characterization technique
is presented. A new dielectric permittivity determination technique
for thin-film TL structures is developed. Multi-layered mixed di-
electric materials are then accurately characterized in a broad fre-
quency band, to be followed by the TL characterization. For ex-
periments, various lengths of TL and extra patterns were designed
and fabricated by using both a 0.18- m SK Hynix CMOS process
and 0.13- m Samsung CMOS process. S-parameters for the test
patterns were measured by using a vector network analyzer from
10MHz to 50GHz. It is shown that not only the inherent de-embed-
ding problems associated with wafer-level high-frequency charac-
terizations can be conveniently eliminated, but also the frequency-
variant characteristic impedance of a thin-film TL can be readily
determined using the proposed technique. It can be exploited for
accurate high-frequency wafer-level component characterizations
includingminiaturized transistors, frequency-variant interconnect
lines, and other circuit components.
Index Terms—De-embedding, interconnect, measurements,

scattering parameters, transmission line (TL).

I. INTRODUCTION

D URING THE last several decades, integrated circuits and
systems have drastically improved in their performance.

With aggressive technology scaling, diverse system-level inte-
gration technologies have greatly improved the integrated elec-
tronic system performance through the increase of the level
of integration [1]. Moreover, numerous computer-aided design
(CAD) tools have accelerated the technical development. In re-
sult, the design of ultra-high performance integrated systems
that integrate high-speed digital circuits, high-resolution analog
circuits, and high-frequencymicrowave circuits into a single sil-
icon die or package substrate became possible. However, as the
circuit components become miniaturized up to several tens of
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nanometer and they operate at unprecedented high speed [i.e.,
over 30 Gb/s for input/output (I/O)] or high frequency (i.e.,
over 60-GHz band for millimeter-wave application), system de-
signers are faced with significant barriers in their progress due to
the difficulty of accurate characterization and modeling of cir-
cuit components. In order to cope with the obstacles, detailed
physical understanding and accurate characterization of fine-
pitched thin-film transmission lines (TLs) are crucial. In inte-
grated systems, interconnect lines that should be treated as TLs
play a decisive role of the overall system performance since they
have considerable effects on the power dissipation, signal loss,
timing violation, and electromagnetic coupling noises [2], [3].
Moreover, since the frameworks of all the CAD tools are based
on accurate physical models or circuit representation of various
components, the level of measurement accuracy has a vital ef-
fect on the accuracy of CAD tools. For accurate wafer-level
characterization of various circuit components, parasitic de-em-
bedding (i.e., the elimination of the parasitic effects) is very im-
portant. In reality, parasitic de-embedding is directly correlated
with high-frequency characterization of thin-film TLs. There-
fore, technical issues associated with next-generation integrated
system designs are closely correlated with accurate wafer-level
TL characterizations.
Although there are many wafer-level high-frequency char-

acterization techniques including de-embedding, they can be
classified into three categories. The first category is to repre-
sent the parasitic effects with equivalent circuits and then the
equivalent circuit model parameters are separately determined
[4]–[11]. The parasitic effects of the device-under-test (DUT)
are eliminated. The next category is to represent the whole net-
work that includes both DUT and parasitics with a cascaded
network. With the use of network theory, the network param-
eters of the DUT is determined with matrix algebra [12]–[14].
However, these two categories, although useful at moderate fre-
quencies, are not theoretically rigorous at high frequencies be-
cause the parasitic effects are modeled as lumped circuit ele-
ments and discontinuities are not sufficiently reflected. Thus,
these techniques may have inherent limitations. The third cate-
gory is to calibrate the measurement system with a thru-reflect-
line (TRL) calibration method [15] that regards the parasitic
de-embedding as an integral part of the measurement equip-
ment calibration [16]–[25]. Since the technique is theoretically
rigorous even at high frequencies, the most accurate de-em-
bedding can be achieved over a broad frequency band. How-
ever, the TRL-based characterization technique requires prior
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knowledge for the characteristic impedance of the line stan-
dard. Therefore, without the accurate characteristic impedance
determination of the line standard, the technique cannot be em-
ployed for de-embedding. In general, it is well known that the
characteristic impedance determination is very difficult if the di-
electric loss of the thin-film TL substrate is not negligible [16],
[18], [26], [27]. In practice, the dielectric loss is in general fre-
quency-variant and then accentuated as the frequency increases
[28].
In this work, a new accurate high-frequency characterization

technique for fine-pitched thin-film TLs is presented. Next, the
wafer-level measurement techniques are reviewed, addressing
the problems of accurate TL characterization fabricated on a
lossy substrate. The TL parameter determination technique
based on a new dielectric material characterization is then
presented. It is shown that the conventional de-embedding
problems or problematic issues pertinent to high-frequency
on-wafer measurements can be overcome. Finally, the proposed
technique is summarized and concluded.

II. PROBLEMS OF HIGH-FREQUENCY
WAFER-LEVEL CHARACTERIZATION

In general, contact pads for the probing and access lines
are inevitable for the experimental data acquisition on the
wafer level. Since the contact pads and access lines may have
a substantial effect on the DUTs, they have to be completely
de-embedded. Otherwise, the measured DUT data is contam-
inated with parasitic effects. The de-embedding techniques
concerned with short-open-load-thru (SOLT) calibration are
based on lumped circuit models that may have inherent prob-
lems since the lumped circuit models may not be theoretically
rigorous at high frequencies. On the contrary, the on-wafer TRL
calibration [15] makes it possible to accurately de-embed the
parasitic effects. The measurement reference plane (MRP) of
the on-wafer TRL calibration is established at the center of the
thru, not the end of the probe tip. Since the MRP can be shifted
right next to the DUT using the propagation constant of the line,
one can obtain accurate S-parameters without de-embedding.
However, it requires customized TRL standards on the same
substrate as the DUT. Moreover, since the calibration reference
impedance (CRI) is set to the characteristic impedance of the
line. If the S-parameters are taken with reference to the arbitrary
line characteristic impedance, it is very difficult to interpret the
measured data [16]. Thus, “the S-parameters with reference
to an arbitrary CRI” should be converted into “S-parameters
with reference to standard 50 .” The reference impedance
transformation can be done by the following equations [29]:

(1)
(2)

where and are the 50- -reference-based S-parameters and
the arbitrary CRI-based measured S-parameters, respectively.
The impedance mismatching factor is given by

(3)

where is the standard reference impedance (e.g., 50 ) and
is the CRI. Therefore, as long as TRL calibration is em-

ployed, the accurate CRI determination becomes extremely im-
portant.
For a low-loss substrate, the characteristic impedance can

be determined by providing an accurate capacitance parameter
[16]. Note that the accuracy of the measured low-frequency ca-
pacitance value directly affects the overall measurement accu-
racy of this method. For a lossy substrate, the TRL-based cali-
bration comparison method [26] or SOLT-based Eo and Eisen-
stadt method [27] can be employed for the thin-film TL char-
acterization. The former requires a two-tier calibration process,
i.e., the first-tier calibration with well-defined reference lines
on a low-loss substrate and second-tier calibration with DUT
lines on a lossy substrate. The TL characteristic impedance can
be derived from a calibration comparison procedure. Since the
pad parasitic effect was not considered in [26], the relationship
between the error boxes and the line impedance had been im-
proved in [18] and [19]. However, simple impedance compar-
ison model without reflecting the series parasitic impedance ef-
fects and the mismatch due to the two heterogeneous wafers
(one for calibration and the other for the DUT) may cause an
inherent measurement error [19]. Above all, however, the tech-
nique is not only too complicated to be employed in practice, but
also requires calibration expertise. Unlike the calibration com-
parison method, the Eo and Eisenstadt method is simple and
straightforward. Although it may not be accurate near resonance
frequencies, the technique yields very useful information at a
relatively low-frequency band.

III. NEW EXPERIMENTAL TL CHARACTERIZATION TECHNIQUE
A broad frequency band planar TL can be readily character-

ized if it is fabricated on a lossless substrate. In contrast, if the
TL is fabricated on a lossy substrate, its characterization be-
comes extremely difficult as described in the two-tier calibra-
tion comparison method [26]. In many thin-film TLs, however,
not only is the dielectric loss not negligible over the 10 GHz,
but also all the TL parameters are frequency-variant.

A. Experimental Setup
The test structures for the experiments were designed and

fabricated using a 1-poly 6-metal 0.18- m SK Hynix CMOS
process. The microstrip lines were designed with a top thick
metal (thickness of 2.07 m). The signal line lengths are 100,
500, 1000, and 1700 m and the width is 4 m. Metal 5 was as-
signed as the ground plane, which includes the minimum sized
slots. The contact pad size is 80 by 80 m and the pitch is
150 m. In order to minimize the evanescent modes due to
the probe tip to the pad transition, a triangle-shaped metal was
added between the pad and the line. The relative dielectric con-
stants that the manufacturer provided are 3.9087 for inter-metal-
dielectric (IMD) and 6.7323 for passivation dielectric (PAS).
The photograph of the line with the contact pads and the cross-
section dimensions are shown in Fig. 1(a).
For the S-parameter measurements, each port of the two-port

vector network analyzer (VNA) (Agilent E8361A) was con-
nected to the probe tip (Cascade I50-A-GSG-150). For the
SOLT calibration, an impedance standard substrate (Cascade
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Fig. 1. Experimental setup. (a) Top view (photograph) and cross section of a
microstrip line test structure. (b) Measurement system setup.

101–190) was employed. The SOLT-based S-parameters were
de-embedded using the open-short de-embedding technique
proposed by Koolen et al. [5]. For the on-wafer TRL calibra-
tion, the test patterns (500- m-long line for thru, dummy opens
for reflect, and 1000, 1700- m-long lines for line) were used,
and the external software (Cascade WinCal XE) was applied.
The measurement system is shown in Fig. 1(b).

B. TL Parameter Determination Using Conventional Methods

TL characterization can be done with the determination of
its propagation constant and characteristic impedance. An ac-
curate propagation constant, , of the TL is the by-product
of the TRL calibration algorithm. In this work, the multiline
TRL (MTRL) [17] that improves conventional TRL calibration
is used as a benchmark for determining . Alternatively,

can be determined from the de-embedded S-parameters
based on the SOLT calibration [27]. The attenuation and the
phase constant (i.e., real and imaginary parts of , respec-
tively) are determined by employing two calibration methods
(i.e., SOLT and MTRL). They show good agreement up to
50 GHz, as shown in Fig. 2. This supports the position that the
propagation constant is relatively insensitive to the resonance
effect due to the impedance discontinuity regardless of the
calibration method.
Unlike , the characteristic impedance, , deter-

mined using the SOLT-based S-parameters [27] may not be
accurate near the resonance frequencies. and can
be represented by the per-unit-length (PUL) TL circuit model
parameters (i.e., , , , and ) as

(4)

(5)

Fig. 2. Propagation constant. The SOLT-based S-parameters are de-embedded
and then the propagation constant is determined by using [27]. For the MTRL
algorithm [17], 500-, 1000-, and 1700- m-long lines, and two identical open
pads for reflect are employed.

Thus, if either or is determined, can also
be determined from , and vice versa. Although all of the
PUL-TL circuit model parameters are functions of frequency,
is negligible at low frequencies and is not a strong function
of the frequency. On the other hand, both and are a strong
function of the frequency. Thus, the determination of is
much more difficult than the determination of . In prac-
tice, once the complex dielectric permittivity of the thin film
can be accurately determined over the measurement frequency
band, the frequency-variant can be determined.

C. Dielectric Material Characterization
Although there are several techniques to determine dielec-

tric permittivity in bulk dielectric materials [30], they cannot
be used for the broadband characterization of a fine-pitched
thin-film TL that is fabricated on a lossy multi-layered mixed
material. As shown in Fig. 1, the TL is surrounded by multiple
dielectrics (i.e., IMD, PAS, and air). The effective complex per-
mittivity can be represented as follows:

(6)

where is associated with the dielectric polarization and
represents the dielectric energy loss. Neglecting the con-

tact resistance, the effective complex permittivity can be deter-
mined from the S-parameter measurement data of the contact
pads that are fabricated on the same wafer as the DUT, i.e.,

(7)

where is the CRI (50 for SOLT) and is the impedance
of the dummy open. Note that if the SOLT calibration is em-
ployed, the MRPs become the very end of the probe tip. How-
ever, since the open pad is regarded as the DUT itself, the de-em-
bedding is not necessary. By converting the measured S-param-
eter data for the open pad into Y-parameters, the pad capacitance
and conductance can be determined from the shunt admittance

.
However, if the series impedance of the pad has an effect on

the determination of the loss tangent, the open pad including
contact resistance need to be considered, as shown in Fig. 3 (see
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Fig. 3. Circuit model for open pad and effective loss tangent determined using
the open pad measurements of various dies.

the internal box for the open pad), where and are the
pad admittance and contact resistance, respectively. The loss
tangent including the contact resistance (i.e., ) can be
defined as

(8)

and the loss tangent removing the contact resistance (i.e.,
) can be determined as

(9)

The sheet resistances of the top (signal) and bottom (ground)
metal are 0.0186 and 0.0820 while the maximum contact
resistance of the probe is 0.05 . This makes the total contact
resistance equal to 0.1506 , approximately.
Note that since the different weighting of dielectric materials

may have an effect on the loss tangent, the loss tangent is drawn
from the TL parameters,

(10)

indicates dc conductance, which is negligibly small.
Since the pads also have process variations, the average value

was selected (see Fig. 3). is then
compared with . Note that they are similar to each
other at low frequencies, as shown in Fig. 4, whereas at high
frequencies, they show large discrepancy due to resonances. In
fact, the resonance is considered an unavoidable problem as
long as the data are obtained through high-frequency measure-
ments. In result, the data are physically reasonable only when
they are less than the resonance frequencies, which are marked
with arrow lines in Fig. 4. Based on these data, it is considered

Fig. 4. Comparison of the effective loss tangent using open pads with those
using the various lines.

Fig. 5. Pad capacitance and effective loss tangent extracted from the one-port
S-parameter measurements.

that the variation due to the different weighting of the dielectric
material may not be so significant

(11)

Note that since the pad has the shortest line length (i.e., only
80 m), it is least sensitive to the resonances. However, since
there are process variations, will be used with the av-
erage value of the measurement data as follows:

(12)

The extracted pad capacitance and the effective loss tangent
are shown in Fig. 5. Note that both parameters are frequency-
variant. The low-frequency capacitance can be repre-
sented by

(13)

where is the geometry-related parameter. Thus, eliminating
, the frequency-variant characteristic of the real part of the

effective complex dielectric permittivity can be represented as

(14)
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where can be considered the normalized effective per-
mittivity that reflects only the frequency-variant characteristics
of . As shown in Fig. 5, the experimentally determined
effective loss tangent is 0.0004 at 1 GHz and 0.0017 at 10 GHz.
The value is very similar to that of SiO , which constitutes the
major part of the mixed-dielectric materials, although it is neg-
ligibly small. However, as the frequency increases, it drastically
increases and saturates at 30 GHz. Such frequency dependency
of dielectric permittivity is considered due to various polariza-
tion mechanisms [31]. It is noteworthy that thin-film dielec-
tric material characteristics (e.g., dielectric constant, tempera-
ture dependence, and resistivity) may be different from those of
a bulk [32].
With previously determined normalized effective permit-

tivity, , the frequency-variant line capacitance can be
determined as

(15)

where the low-frequency line capacitance can be
readily determined using [27] since the resonances do not occur
at the low frequencies of which the corresponding wave length
is less than . In this work, is taken by averaging the
values that are determined in the frequency range of 100 MHz
to 2 GHz, which is definitely out of the resonance frequencies.
Once the frequency-variant line capacitance and the effective
loss tangent are determined, the frequency-variant line conduc-
tance can also be determined as

(16)

The frequency-variant line resistance and the line inductance
can be then determined. Finally, the thin-film TL characteristic
impedance can be accurately determined as

(17)

The characteristic impedance determination procedures for the
thin-film TL are summarized in Fig. 6. The important steps that
are concerned with this work are numbered with a circle. Note
that the grey area indicates the technical fields where the work
can be exploited.

IV. RESULTS AND DISCUSSION

In this section, the experimentally determined TL parame-
ters and the characteristic impedance are investigated in more
detail. TL parameters that are obtained with two conventional
methods are compared with those using the proposed method in
Figs. 7 and 8. One of the conventional techniques is the Eo and
Eisenstadt method [27] based on the SOLT calibration, and the
other is the Marks’ method [16] based on the MTRL calibra-
tion. Up to 10 GHz, although either of the two methods can be
used, they yield similar values. However, the parameters using
the conventional techniques show a large discrepancy as the fre-
quency exceeds about 10 GHz. This is mainly due to the reso-
nance effect for the Eo and Eisenstadt method, whereas the dis-
crepancy of Marks’ method is mainly concerned with the negli-
gible dielectric loss assumption. In TLs, the losses are modeled
with series resistance (i.e., conductive loss) and parallel conduc-
tance (i.e., dielectric loss). Although the total loss is associated

Fig. 6. Overview of the proposed high-frequency TL characterization method.

Fig. 7. Conductance and capacitance parameters for the TL of Fig. 1.

with the attenuation constant, the dielectric loss and the con-
ductor loss are associated with mutually independent loss mech-
anisms. They need to be observed separately. In many practical
circuits, the dielectric loss cannot be neglected at high frequen-
cies exceeding 10 GHz. If the dielectric loss is neglected and
capacitance is assumed as constant, the frequency-variant char-
acteristic of the resistance can be incorrectly estimated as shown
in Fig. 8. Note that the inductance is frequency-variant in the
low-frequency region due to the proximity effect, but converges
to a constant value with an increase in frequency.
In Fig. 9, the characteristic impedances extracted with

various methods are compared. Unlike (see Fig. 2), the
characteristic impedance is very sensitive to the resonance,
dielectric material characteristics, conductive loss, and line
lengths. Nonetheless, can be accurately determined
with the proposed technique in a broad frequency band. There-
fore, the proposed technique is useful for on-wafer TRL-based
high-frequency components characterizations.
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Fig. 8. Resistance and inductance parameters for the TL of Fig. 1.

Fig. 9. Characteristic impedance determined using various techniques for the
TL of Fig. 1 (a) Real and (b) imaginary parts of .

In order to further investigate the effects of the dielectric loss,
we measured the other test patterns that may show the problem
that occurred when the dielectric loss was neglected. The test
structures for the experiments (see Fig. 10) were designed and
fabricated using a 1-poly 6-metal 0.13- m Samsung CMOS
process (note that test patterns of Fig. 1 are fabricated using a

Fig. 10. Layout for open pads and the cross section of a micostrip line.

Fig. 11. Pad capacitance and effective loss tangent for the open pad of Fig. 10.

0.18- m SK Hynix CMOS process). The microstrip lines were
designed with metal 5 (thickness of 0.5 m . The signal line
lengths are 3 and 0.5 mm long and 2 m wide. Metal 4 was as-
signed as the ground plane, which includes the minimum sized
slots. The contact pad size is 80 by 80 m . The relative di-
electric constants within the figure are nominal values that were
provided by the manufacturer.
The pad capacitance and dielectric loss tangent for the test

patterns are shown in Fig. 11. Note that the propagation constant
can be represented by

(18)

Now letting ,

(19)

Here, represents PUL line resistance based on the Marks’
method. Moreover, the attenuation constant can be decomposed
into the conductive loss constant and the dielectric loss constant

(20)

(21)
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Fig. 12. Conductance and capacitance parameters for the TL of Fig. 10.

Fig. 13. Resistance and inductance parameters for the TL of Fig. 10.

where is the velocity of light. Clearly, the line capacitance
is not constant and dielectric loss is not negligible, as shown in
Fig. 12. Further, the line resistance variation due to the dielec-
tric loss and frequency-variant capacitance should not be over-
looked, as shown in Fig. 13. This implies that neglecting the
dielectric loss and frequency-variant characteristic of the per-
mittivity, the thin-film TL parameters cannot be accurately de-
termined at high frequencies. The dielectric loss is a strong func-
tion of the frequency.

V. CONCLUSION
In this paper, a new experimental characterization technique

for fine-pitched thin-film TLs that are fabricated on a lossy sub-
strate is proposed for accurate on-wafer measurements. The de-
termination of the frequency-variant characteristic impedance
of the TL is the key to solve the de-embedding problem for
on-wafer component characterization. In this work, by charac-
terizing the mixed dielectric materials using the contact pads
that are fabricated on the same wafer as the DUT, frequency-de-
pendent capacitance and the effective loss tangent were deter-
mined. It was then shown that the characteristic impedance of
the thin-film TL can be accurately determined by combining
dielectric characterization data with the propagation constant,
which is the by-product of MTRL calibration.
Themajor contributions of thework are considered as follows.

The inherent de-embedding problem during high-frequency

measurements of integrated circuit components was solved.
Thereby, accurate wafer-level S-parameter measurement data
can be obtained using the proposedmethod. In a broad frequency
band, the frequency-variant dielectric material properties were
experimentally characterized. The conductor loss and dielectric
lossof aTLcanbecharacterized separatelybyusing theproposed
technique. Since the technique is simple and straightforward, it
can be usefully exploited for accurate on-wafer high-frequency
component characterizations in industry.
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