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New Wafer-Level High-Frequency Characterization
of Coupled Transmission Lines

Donghun Lee , Joonhyun Kim , and Yungseon Eo , Senior Member, IEEE

Abstract— In this article, a new experimental characterization
technique for coupled transmission lines is presented. Three
specific experimental test patterns (E-, F-, and G-type structures)
that can individually characterize the electromagnetic coupling
of two coupled lines are developed and fabricated on the same
wafer using a 0.18-µm CMOS process. Since the devised test pat-
terns are two-port networks, well-established two-port network
characterization techniques can be exploited. Transmission line
model parameters (i.e., propagation constants and characteristic
impedances) associated with the three two-port test patterns can
be directly determined from the measured S-parameters, followed
by circuit model parameters (R, L, C, and G) for two coupled
lines. Without rigorous equipment calibration and deembedding
parasitic effects, experimental characterizations for two coupled
lines using four-port network S-parameter measurements may
yield physically ambiguous data above 10 GHz due to the para-
sitic resonances, whereas the proposed technique can determine
stable and accurate network parameters over a broad frequency
band. To further support the validity of the proposed technique,
they are compared with data using 3-D numerical calculations
and low-frequency capacitance measurements.

Index Terms— Characteristic impedance, deembedding, prop-
agation constant, S-parameters, transmission lines.

I. INTRODUCTION

DATA rates for next-generation Ethernet standards and
beyond will be 400 Gb/s [1], and in 2030, the data

flowing for 5th generation (5G) via the cloud and mobile
phones will exceed 5000 times the current (4G) rate [2].
Rapidly increasing computation and data processing capabili-
ties in both wired and wireless devices and systems mandate
ultrahigh-speed data transfer rates between chips and within
integrated electronic systems. Intra/interchip communication
bandwidth has doubled every 2 years in recent decades and this
trend is projected to continue in the future [3]. Moreover, 3-D
integration and system in package (SIP) within a single pack-
age substrate with various interposers and/or through-silicon-
via (TSV) between dies have become prevalent [4], [5]. In such
systems, many data channels (e.g., within a chip, chip-to-chip,
and modules) may require several tens of Gb/s data transfer

Manuscript received March 26, 2019; revised June 20, 2019; accepted
August 26, 2019. Date of publication October 22, 2019; date of current version
December 27, 2019. This work was supported by the National Research
Foundation of Korea (NRF) grant funded by the Korea Government (MSIT)
under Grant 2019R1F1A1056951. (Corresponding author: Yungseon Eo.)

The authors are with the Department of Electrical and Computer Engi-
neering, Hanyang University, Ansan-si 425-791, South Korea (e-mail:
eo@hanyang.ac.kr).

Color versions of one or more of the figures in this article are available
online at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TMTT.2019.2944601

rates in the range of 1-mm–10-cm electrical interconnect lines
with tight physical spacing between the lines.

Signal integrity deterioration due to prohibitive channel
losses and electromagnetic (EM) coupling of fine-pitched
thin-film interconnect lines are major sources of system
performance degradation. Moreover, the frequency-variant
transmission line characteristics of the interconnect lines have
a significant effect on signal transients and jitters. In addition,
although resistive coupling and dielectric loss coupling are
usually neglected at low frequencies, this may not be the case
at high frequencies. The 3-D numerical EM simulations based
on nominal layout dimensions and material parameters pro-
vided by manufacturers may exhibit large deviations from the
real values due to inherent process variations and frequency-
variant nonideal characteristics of thin-film transmission
lines [6], [7]. Therefore, the experimental characterization
of interconnect lines over broad frequency bands should be
considered an integral part of the integrated system design.

Two coupled lines are regarded as a four-port network
that requires more difficult and complicated equipment
calibrations than those of two-port network. In this article,
a new wafer-level characterization technique of coupled
transmission lines that exploits several two-port network test
patterns is proposed. Thus, the well-established two-port
network characterization methods [7]–[12] can be employed
for the two coupled transmission line characterizations. The
proposed technique is not only simple and straightforward but
also very accurate. Note, however, that the proposed method
is an approximation technique.

II. THEORETICAL BACKGROUND FOR MULTICOUPLED

TRANSMISSION LINE CHARACTERIZATIONS

A. Mathematical Formulations

In the frequency domain, the n-coupled transmission line
can be mathematically formulated as the Telegrapher equations

d2

dz2 [V (z)] = [Zs][Yp][V (z)] (1)

d2

dz2 [I (z)] = [Yp][Zs][I (z)] (2)

where [Zs] = [R]+ jω[L] and [Yp] = [G]+ jω[C]. [R], [L],
[C], and [G] are the per-unit-length (PUL) transmission line
parameter matrices. Since they are n × n square matrices in
n-coupled lines, n-eigenwave propagation modes exist.

In general, thin-film transmission lines can be accurately
characterized with frequency-variant transmission line
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circuit model parameter matrices such as resistance [R],
inductance [L], capacitance [C], and conductance [G].
There are several methods for characterizing transmission
lines, including numerical calculations of the circuit
model parameters using a 3-D field solver, impedance and
admittance determination using an LC R meter at a relatively
low frequency, broadband S-parameter measurements
using a vector network analyzer (VNA), and time-domain
reflection (TDR) and time-domain transmission (TDT) wave
measurements using a high-speed sampling oscilloscope.
All of these techniques have pros and cons. Nevertheless,
S-parameter measurements for a device under test (DUT)
over a broad frequency band have been considered essential
for accurate high-frequency characterization. To characterize
the transmission line effects of two coupled interconnect
lines, accurate four-port network parameters for coupled lines
have to be determined over a broad frequency band.

B. Calibration and Deembedding for Multiport Networks

To obtain the accurate experimental data for miniaturized
microelectronic components up to several tens of GHz,
wafer-level characterizations become essential. However,
for successful data acquisition through wafer-level high-
frequency measurements, two important issues (i.e.,
equipment calibration and parasitic deembedding) need
to be resolved [9]–[25]. Note that the parasitic effects of
multiport networks may be far more significant than in two-
port networks. To date, many clever techniques for wafer-level
multiport network characterizations have been developed [9]–
[18]. The two-port and four-port networks can be accurately
calibrated using the two-tier thru-reflect-line (TRL) calibration
comparison method [9]–[14]. Alternatively, two coupled lines
can be characterized using a multiconductor transmission line
characterization method based on two-port TRL calibrations
with numerous specific two-port artifacts [15]. However,
these techniques may have several practical limitations
since specific test fixtures and special measurement setups are
necessary. Furthermore, note that these two techniques employ
ground-signal-ground (GSG) probes instead of multifinger
probes such as ground-signal-signal-ground (GSSG) probes.
In miniaturized microelectronic device characterizations,
multifinger on-wafer probes (e.g., GSSG probe tips) are both
convenient and inevitable, although they can induce substantial
coupling noise between the fingers at high frequencies [16].
The transition error boxes due to the multifinger probe tips
(i.e., GSSG probes) may be accurately and efficiently removed
using the multimode TRL calibration technique [17], [18].

In practice, however, although very accurate, the techniques
in [13], [15], [17], and [18] are far more complicated and
difficult for circuit designers to use readily in industry com-
pared to short-open-load-thru (SOLT) calibration. Although
SOLT calibration is less accurate than the aforementioned
advanced techniques, it is well-automated. Thus, even novices
can readily exploit this technique without detailed knowl-
edge of the complicated high-frequency multiport network
calibrations. Moreover, unlike in four-port networks, SOLT
calibration is considered accurate enough for many practical
two-port network characterizations (although not all such

Fig. 1. Test patterns and cross-sectional dimensions.

characterizations). In this article, for simple characterization of
two coupled transmission lines, the SOLT calibration method
is employed for both two-port and four-port network mea-
surements. In practice, SOLT calibration for the four-port
network using GSSG probes may lead to inaccuracy at high
frequencies. The four-port measurement errors concerned with
SOLT calibration are further investigated in the Appendix.

III. EXPERIMENTAL SETUP

A. Experimental Test Patterns

We designed four types of test patterns, as shown in Fig. 1.
Test structures for the experimental characterizations were
designed and fabricated using a 1-poly 6-metal 0.18-μm
CMOS process. The microstrip lines were designed with
metal 5 (thickness of 0.525 μm). The signal line lengths are
100, 500, 1000, and 1700 μm, respectively. The width and
spacing are 2 and 0.5 μm, respectively. Metal 4 was assigned
as the ground plane, which includes minimally sized slots.
The contact pad size is 80×80 μm2 and the pitch is 150 μm.
To minimize 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 constants provided by
the manufacturer were 3.9087 for intermetal dielectric (IMD)
and 6.7323 for passivation. The cross-sectional dimensions
are shown in Fig. 1.

For the S-parameter measurements, each port of the VNA
(Agilent N5247A) was connected to the probe tip (Cascade
I50-A-GSG-150 for two-port measurements and GGB 50A-
GS-150/50A-SG-150-D-150 for four-port measurement).
An impedance standard substrate (Cascade 101-190 for two-
port measurements and GGB CS-3-150 for four-port) was
employed to calibrate the VNA using the SOLT calibration.
Assuming the series loss due to the pads is negligible,
parallel parasitic effects were deembedded using Y-parameter
deembedding [19].

B. Four-Port S-Parameter Measurements for Coupled Lines

Two coupled lines are considered as a four-port network
[see the test structure in Fig. 1(a)]. Generically, the coupled
transmission lines can be decoupled into the eigenmodes.
Then, the modal propagation constants and characteristic
impedances can be readily determined with a mathematical
modal decoupling technique using the four-port S-parameters,
followed by all the transmission line circuit model parameters.
The S-parameters can be accurately measured using a VNA.
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The four-port S-parameters for the coupled lines can be
represented by

[S]2-coupled-lines
(4×4) =

⎡⎢⎢⎣
S11 S12 S13 S14
S21 S22 S23 S24
S31 S32 S33 S34
S41 S42 S43 S44

⎤⎥⎥⎦
ZCRI=Z0

�
([S̃]2-coupled-lines

(4×4)

)
ZCRI �=Z0

=

⎡⎢⎢⎣
S̃11 S̃12 S̃13 S̃14

S̃21 S̃22 S̃23 S̃24

S̃31 S̃32 S̃33 S̃34

S̃41 S̃42 S̃43 S̃44

⎤⎥⎥⎦
ZCRI �=Z0

(3)

where the calibration reference impedance (ZCRI) is presented
with a subscript and a tilde indicates that the reference
impedance is not standard. The symbol (→←) denotes the
reference-impedance transform. The reference impedance
for arbitrary impedance-based S-parameters can be readily
transformed using the following relationships [26]:

S� = S − (I + S)�(I − S · �)−1(I − S) (4)

S = S� + (I + S�)�(I + S� · �)
−1

(I − S�) (5)

� = (Z0 − ZCRI)/(Z0 + ZCRI) (6)

where Z0 is the standard reference impedance (e.g., 50 �)
and ZCRI is the calibration reference impedance. S� is the
standard Z0-based S-parameter and S is the S-parameter
based on the calibration reference impedance.

A pair of symmetrical coupled lines can be decoupled into
even and odd modes, neglecting modal coupling effects that
may be substantial at high frequencies [27], [28]. In our
test patterns, since the effect is less than −20 dB even
above 30 GHz, we neglected the modal coupling effect. The
decoupled S-parameters can be represented as

[S]even ≈
[

S11 + S13 S12 + S14
S12 + S14 S11 + S13

]
ZCRI=Z0

(7)

[S]odd ≈
[

S11 − S13 S12 − S14
S12 − S14 S11 − S13

]
ZCRI=Z0

. (8)

Since the decoupled modal network can be considered as
a two-port network, the modal transmission line parameters
(i.e., γeven, Zc-even, γodd, and Zc-odd) can be determined using
the same technique as in the single line. A single transmission
line parameters can be directly determined using the two-
port S-parameters via the Eo and Eisenstadt method [8]. The
modal transmission line parameters for coupled lines can be
represented as follows:

γ± = √[R± + jωL±][G± + jωC±] (9)

Z±c =
√
[R± + jωL±]/[G± + jωC±] (10)

where the superscripts (+) and (−) indicate the even mode
and the odd mode, respectively. The respective transmission
line circuit model parameters are⎛⎜⎜⎜⎝

R± ≡ (R11 ± R12)

L± ≡ (L11 ± L12)

C± ≡ (C11 + C12)± (− C12)

G± ≡ (G11 + G12)± (− G12).

(11)

Fig. 2. Circuit model of the E-type structure.

IV. COUPLED TRANSMISSION LINE CHARACTERIZATIONS

USING TWO-PORT TEST PATTERNS

In this section, three specific two-port test patterns are
characterized. Then, combining the three types of circuit
model parameters, (RLCG)X -type ∀X ∈ {E, F, G}, all the
coupled transmission line circuit model parameter matrices for
the four-port network are determined.

A. Test Pattern With Tied Two Lines: E-Type

By attaching a pair of two coupled lines at the input and
output ports, the two coupled lines can be treated as a single
line [see the test structure in Fig. 1(b)]. In this configuration,
electric field coupling between the lines can be completely
neglected. Thus, only magnetic field coupling effects appear
as shown in the circuit model of Fig. 2. Since the pattern is
concerned with the even mode of two coupled lines (one of
the two eigenmodes of the two coupled transmission lines),
we name the test pattern the E-type test pattern (or simply
E-type).

In fact, the E-type configuration can be represented as
the even-mode configuration of the equivalent four-port
network using Thevenin’s equivalent circuit theory, as shown
in Fig. 2. In other words, the measured S-parameters for
the E-type test pattern can be regarded as the even-mode
S-parameters based on a 100-� reference impedance,
i.e., ([S̃]E-type-equivalent

even_(2×2) )
ZCRI= 100 �

. Since the termination
impedances of the coupled lines are not the standard
reference impedance (i.e., Zo), the following transformation
is necessary:([S̃]E-type-equivalent

even _ (2×2)

)
ZCRI= 100 �

�
([S]E-type-equivalent

even _ (2×2)

)
ZCRI= 50 �

.

(12)

The reference impedance can be readily transformed by
using the impedance transform relationship of (4)–(6).
Thus, the even-mode propagation constant and characteristic
impedance can be determined using this experimental data.
Specifically, we first determine (γ

four-port
even , Z four-port

c-even ) using
the four-port network S-parameters, [S]2-coupled-lines

(4×4) , then we

determine (γ
two-port
even , Z two-port

c-even ) using the E-type test pattern
S-parameters, [S]E-type

(2×2). Note that, as shown in Fig. 3, both

(γ
four-port
even , Z four-port

c-even ) and (γ
two-port
even , Z two-port

c-even ) show excellent
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Fig. 3. Propagation constant and characteristic impedance comparison.
(a) Propagation constant. (b) Characteristic impedance.

Fig. 4. Even-mode parameters for two coupled lines. (a) Resistance and
inductance. (b) Conductance and capacitance.

agreement up to moderate frequency, whereas they begin
showing large discrepancies exceeding approximately 10 GHz.
At high frequencies, the transmission line parameters deter-
mined using the four-port network S-parameters do not agree
with the theoretically estimated typical values. By contrast,
γ

two-port
even and Z two-port

c-even are more stable in the broad frequency
band than γ

four-port
even and Z four-port

c-even . In reality, inaccuracy of
the transmission line parameters using the four-port network
measurement data is due to the SOLT calibration of the VNA
using GSSG probes. Thus, more accurate four-port network
parameters can be obtained if more advanced calibration
methods such as multimode TRL calibration [17], [18] are
employed for the four-port network calibration.

Alternatively, without impedance transforming [S]E-type
(2×2) to

([S]E-type-equivalent
even_(2×2) )

ZCRI= 50 �
, a part of the transmission line cir-

cuit model parameters, i.e., (RLCG)E-type, can be directly
determined from the equivalent circuit of the E-type test
pattern. Since the E-type test structure can be considered a
single transmission line, the propagation constant and charac-
teristic impedance for the E-type structure (γ E-type and ZE-type

c ,
respectively) can be directly determined using the measured
two-port S-parameters [S]E-type

(2×2) [7], [8]

γ E-type =
√

(RE-type + jωLE-type)(GE-type + jωCE-type)

(13)

ZE-type
c =

√
(RE-type + jωLE-type)/(GE-type + jωCE-type).

(14)

Thus, a part of coupled transmission line circuit model
parameters can be determined from the E-type test pattern
(RLCG)E-type

RE-type = (R11 + R12)/2, CE-type = 2C11 (15)

LE-type = (L11 + L12)/2, GE-type = 2G11. (16)

Note that the even-mode transmission line circuit model
parameters determined using the E-type test pattern can be
determined as follows: (R+)E-type = 2RE-type, (L+)E-type =
2LE-type, (C+)E-type = CE-type/2, and (G+)E-type = GE-type/2.
As shown in Fig. 4, they show good agreement with those
using four-port measurement data up to about 10 GHz.

B. Test Pattern With Nearby Ground Line: G-Type

In the G-type structure, since one of the two lines is
intentionally grounded as shown in the test structure of
Fig. 1(c), we refer to this structure as the nearby ground
line configuration (or simply G-type). The structure can be
represented as an equivalent circuit, as shown in Fig. 5(a). Note
that only a negligible part of the return current flows through
the intentionally grounded line. Thus, by neglecting the loss
variation and magnetic flux variation due to the grounded line,
a part of coupled transmission line circuit model parameters
can be approximately determined from (RLCG)G-type

RG-type ≈ R11, CG-type = C11 + C12 (17)

LG-type ≈ L11, GG-type = G11 + G12. (18)

C. Test Pattern With Nearby Floating Line: F-Type

In the F-type structure, since one of the two lines is floated
as shown in the test structure of Fig. 1(d), we refer to this
structure as a nearby floating line configuration (or simply
F-type). The structure can also be represented as an equivalent
circuit, as shown in Fig. 5(b). Although the signal is not
applied to the floating line, electric fields are induced from the
first line to the ground plane though the floating line. However,
although no effective return current due to the electric field
flows in the floating line, an eddy current due to magnetic
flux linkage is induced [see Fig. 5(b)]. In practice, the eddy
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Fig. 5. Circuit model of G- and F-type structures. (a) G-type. (b) F-type.

current has little effect on the loss. Thus, by neglecting the
eddy current effect, we can approximately determine a part of
the coupled transmission line circuit model parameters from
(RLCG)F-type

RF-type ≈ R11, CF-type = C11 + (C11 
 C12) (19)

LF-type ≈ L11, GF-type = G11 + (G11 
 G12) (20)

where the symbol (
) is defined as (a 
 b) ≡ a · b/(a + b).
Note that the both (R11 and L11) and (C12 and G12) can
be determined by combining a set of (E-type and G-type)
or a set of (E-type and F-type) structures. However, in the
structure with tight physical spacing smaller than the dielec-
tric thickness between the signal line and ground plane,
the errors of (RG-type and LG-type) are larger than those of
(RF-type and LF-type). On the contrary, the admittance para-
meter (C12 and G12) determination using a set of (E-type and
G-type) structures is much more convenient and accurate than
using a set of (E-type and F-type) structures. In summary,
the parallel admittance parameters can be more conveniently
determined using a set of (E-type and G-type) structures,
whereas the series impedance parameters can be more accu-
rately determined using a set of (E-type and F-type) structures.

V. PHYSICAL CONSIDERATION OF COUPLED

TRANSMISSION LINE PARAMETERS

The transmission line parameters for the respective experi-
mental test configurations can be represented as

γ X -type ≡ αX + jβX ∀ X ∈ {E, F, G} (21)

where αX and βX are the attenuation and phase constants of
the waves, respectively. It is obvious that the E-type structure
yields the smallest loss because the two lines are connected
together. The G-type structure has a larger capacitance than the
F-type structure, whereas the F-type structure has additional
loss due to the eddy current within the floated line compared
to the G-type structure. Therefore, the following relationship
can be readily estimated:

αG-type > αF-type > αE-type. (22)

Fig. 6. Propagation constant and characteristic impedances of the E-, F-,
and G-type structures [7], [8]. (a) Propagation constant. (b) Characteristic
impedance.

Similarly, the phase constant can be estimated with LC
product value as follows:

βG-type > βE-type ≈ βF-type. (23)

The experimental data have excellent agreement with the
physical reasoning as can be seen in Fig. 6(a).

Along with the propagation constant, the characteristic
impedance of a transmission line plays the pivotal role of wave
propagation. The characteristic impedance of a single line can
be represented with real and imaginary parts as

Zc =
√

R + jωL

G + jωC
= √M

(
cos

θ

2
+ j sin

θ

2

)
(24)

where

M ≡
√(

RG + ω2 LC

G2 + ω2C2

)2

+
(

ωLG − ωRC

G2 + ω2C2

)2

(25)

θ ≡ Tan−1
(

ωLG − ωRC

RG + ω2 LC

)
, −π/2 ≤ θ ≤ π/2. (26)

Note that the real and imaginary parts approach the values
given as follows:⎛

⎝ lim
ω→∞ [Re(Zc)] →approach

√
L/C

lim
ω→∞ [Im(Zc)] →approach 0.

(27)

Thus, the magnitudes of the characteristic impedances for the
three patterns can be readily estimated using the

√
L/C ratio

as follows:
ZF-type

c ≈ ZG-type
c > ZE-type

c . (28)

The experimental data have excellent agreement with phys-
ical intuition, as shown in Fig. 6(b). The PUL-transmission
line circuit model parameters determined using the circuit
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Fig. 7. PUL-coupled transmission line circuit model parameters. (a) Resis-
tance and inductance. (b) Conductance and capacitance.

Fig. 8. S-parameters determined using various methods (l = 1.7 mm):
proposed technique, conventional four-port measurement based on the SOLT
calibration, field solver with nominal parameters, and field solver with
measured parameters. (a) S11 and S21. (b) S31 and S41.

model parameters of (RLCG)X -type ∀X ∈ {E, F, G} are
shown in Fig. 7.

The four-port S-parameters recalculated using the extracted
PUL-transmission line circuit model parameters are compared
with the original four-port measurement data and field-solver-
based calculations. Note that, as shown in Fig. 8, the field-
solver-based S-parameters using nominal values provided by
the manufacturer disagree with experimental data even in low
frequencies. Thus, for accurate field-solver-based calculations,
we determined mixed material dielectric constant εr_eff( f ) and
frequency-variant effective loss tangent tan δeff( f ) using [7].
Then, we employed the experimentally determined material
parameters as the filed-solver input parameters (see Table I).

TABLE I

INPUT PARAMETERS FOR 3-D FIELD SOLVER

TABLE II

CAPACITANCE MEASUREMENT RESULTS

Data using the conventional four-port-network measurements
are stable up to 10 GHz. By contrast, the field-solver-based
numerical calculation data show good agreement with the
frequency-variant trends if experimental data for the material
parameters can be accurately determined. To further support
the validity of the proposed technique, capacitance parameters
are determined using an Agilent E4981A capacitance meter
and summarized in Table II. The averaged self and coupling
capacitances for the three effective lengths were determined
(see the last column marked with B** in Table II). The capac-
itances that were extracted from the measured S-parameter
data were selected at 2 GHz. In addition, the self-capacitance
C11 and coupling capacitance C12 were determined using a
commercial field solver. At low frequencies, these capacitance
values have excellent agreement with those using the proposed
technique. Note that the other coupling parameters (resistive
coupling and dielectric loss coupling) cannot be determined
with conventional low-frequency measurements.

VI. CONCLUSION

In this article, a novel experimental characterization tech-
nique for two coupled transmission lines was presented. For
accurate experimental high-frequency characterizations of two
coupled transmission lines, specific test patterns (i.e., the E-,
F-, and G-type structures) that decouple the EM coupling
between lines were developed. Since the specified experi-
mental test structures are two-port networks, well-established
two-port network characterization techniques can be directly
employed. Since the transmission line parameters for the
specified test patterns can be accurately determined over the
broad frequency band, two coupled transmission lines can be
accurately characterized. To further support the validity of the
proposed technique, low-frequency capacitances (C11 and C12)
using measurement data via an LC R meter and numerical
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Fig. 9. Schematic of the four-port network measurement system.

Fig. 10. Error box model for the simulations. (a) Test structure for 3-D field
solver simulation. (b) Test circuit model for circuit simulation using SPICE.

Fig. 11. Transition errors due to the inaccurate calibration between the
measurement reference plane and fictitious detection plane. (a) S11. (b) S31.

simulation data using a commercial field solver were
compared with the data found using the proposed technique.

APPENDIX

FOUR-PORT MEASUREMENT ERRORS DUE

TO THE SOLT CALIBRATION

The SOLT calibration of the four-port network VNA using
GSSG probe tips may not be accurate enough at high fre-
quencies due to the coupling effects during transitions. The
four-port network measurement system can be schematically
represented as shown in Fig. 9. For accurate high-frequency
measurement data acquisition, the transition error boxes should
be accurately determined. Otherwise, the measurement data
may exhibit large errors.

The effects are investigated in two ways: 1) a 3-D field
solver simulation, in which the error boxes were modeled as
dummy lines [see Fig. 10(a)] and 2) a circuit simulation using
SPICE, in which the error boxes were modeled as parasitic
circuits [see Fig. 10(b)]. As shown in Fig. 11, both simulations
show large discrepancies exceeding approximately 10 GHz
due to the inaccurate calibration of the coupling effects
between the signal fingers. Note that parasitic resonances

do not occur if the parasitic effects are eliminated. These
simulation results are similar to our four-port measurement
data. Thus, more accurate four-port network parameters can
be obtained with more advanced calibration methods such as
multimode TRL calibration [17], [18].
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