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Millimeter-Wave On-Wafer TRL Calibration
Employing 3-D EM Simulation-Based
Characteristic Impedance Extraction

Luca Galatro, Student Member, IEEE, and Marco Spirito, Member, IEEE

Abstract— In this paper, we propose a method based on
3-D electromagnetic simulations, for the characteristic impedance
extraction of transmission lines employed in TRL calibration,
focusing on lines integrated in silicon technologies. The accuracy
achieved with TRL calibrations using the proposed character-
istic impedance extraction is benchmarked versus conventional
approaches, with an emphasis on aluminum pads structures oper-
ating in the (sub) millimeter-wave range. The proposed method
proves to be insensitive to common sources of error (i.e., large
pad capacitance and inductive pad-to-line transitions), which
affect the accuracy of characteristic impedance extraction based
on measurements, especially as the testing frequency increases.
First, direct on-wafer TRL calibrations are performed on uniform
CPWs (i.e., with no pads discontinuities) to demonstrate how the
proposed method performs as good as the calibration comparison
method and outperforms calibration transfer approaches. Finally,
the method is applied to a nonuniform CPW-based calibration
kit, demonstrating how the proposed method provides accurate
results, improving the calibration quality that can be achieved
using the calibration comparison method when inductive pad-to-
line transitions are present.

Index Terms— Calibration, characteristic impedance, measure-
ment, millimeter wave, silicon, TRL, vector network analyzer.

I. INTRODUCTION

THE continuous up-scaling of the maximum device opera-
tion frequency is pushing the development of millimeter-

wave circuits to real-life applications [1], [2]. In order to
foster the device improvements and push millimeter-wave
applications in the commercial world, the availability of
accurate measurement techniques, for low-cost large-volume
technology platforms, is becoming a key requirement. Every
high-frequency measurement from passive to active device
characterization, from noise to large signal parameters extrac-
tion, requires the support of accurate on-wafer S-parameter
calibrations.

Calibration techniques for on-wafer measurements typically
consist of a probe-level calibration (first-tier) performed on
a low-loss substrate (i.e., alumina or fused silica) [3]–[6].
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This probe-level calibration is then transferred to the environ-
ment where the DUT is embedded in and often, to increase
the measurement accuracy, this calibration is augmented
with a second-tier on-wafer calibration. This allows moving
the reference plane as close as possible to the DUT, by
de-embedding the parasitics associated with the contact pads
and the device-access vias [7]. The process of transferring
the first-tier calibration to another structure assumes that the
delta capacitance introduced by changing the substrate under
the probes (i.e., boundary conditions) is negligible. As it was
shown in [8], this capacitance is dependent on the probe
topology and substrate characteristic, creating a coupling that
increases with frequencies.

To remove the errors arising from neglecting or improperly
removing this delta capacitance, the calibration kit should be
implemented in the same environment of the DUT.

Classical probe-level and on-wafer calibration techniques
are based on (partially) known devices and lumped models of
the DUT fixture (i.e., SOLT/LRM and lumped de-embedding)
or employ distributed concepts (TLR and multiline TRL).
Due to the objective difficulty, especially at higher frequen-
cies, in manufacturing an accurate and predictable resistor in
a commercial silicon technology (multiline)-TRL calibration
represents the standard employed technique, as was shown
in [9]–[13]. The TRL technique does not require resistors
to define the measurement normalization impedance, which
is instead set by the characteristic impedance of the lines
used during the calibration. Thus, the accurate (frequency
dependent) determination of the calibration lines characteristic
impedance becomes a key requirement to allow the correct
renormalization of TRL-calibrated S-parameter measurements.

When transmission lines are fabricated over well-
characterized homogenous materials and both radiation losses
and surface waves can be neglected (i.e., lower millimeter-
wave frequencies), the line characteristic impedance can
be derived by means of quasi-static approaches, typically
based on conformal mapping [14]–[16]. However, when the
structure geometry and the host substrate become more
complex [i.e., silicon integrated grounded CPW (CPWG)],
these approaches become less accurate. To overcome these
limitations, various techniques have been developed to exper-
imentally determine the characteristic impedance of these
lines [17]–[22].

In [17], the characteristic impedance (Z0) of a transmis-
sion line was extracted versus frequency from calibrated
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S-parameter measurements applying (1), where Zsys is the
system reference impedance (typically set to 50 �)

Z0 = Zsys

√
(1 + S11)2 − S2

21

(1 − S11)2 − S2
21

. (1)

Equation (1) is derived equating the scattering parameters of
the measured line to that of a transmission line section, with no
input–output reflections. For this reason, (1) is only applicable
when measuring uniform lines. Moreover, the equation pro-
vides a discontinuity at half wavelength. This approach does
not account for the nonideal probe-to-pad transition and the
contact-pad capacitance, making the expression in (1) only an
estimate of the characteristic impedance of the line.

The method proposed in [18] allows the extraction of
the characteristic impedance from the propagation constant
measured during the TRL calibration and an estimate of
the capacitance per unit length of the line. This capacitance
is approximated to the dc-capacitance per unit length, in
the assumption of low loss substrates, weak transverse cur-
rents in the conductors and constant value versus frequency.
These assumptions are often violated at very high frequencies
and when employing lossy substrates. In [19], the estimate
of the capacitance per unit length is obtained from the
dc-resistance per unit length of the line. This approach often
leads to large inaccuracies, due to contact repeatability, when
considering silicon technologies with aluminum pads. Also
in [19], an estimate of the characteristic impedance of the line
is computed from the reflection coefficient of a small resistive
load, in the assumption that the load is real, constant and equal
to its dc resistance, conditions very difficult to reproduce in
complex technologies, as the frequency increases. The above-
mentioned problems were overcome in the calibration com-
parison method for Z0 extraction proposed in [20] and [21].
In [21], the reference impedance of a TRL calibration (i.e., Z0
of the line) is extracted from the error boxes computed during
the calibration and related to a primary (probe-level) calibra-
tion, with fixed and known reference impedance. In [22], the
method was improved via a lumped model of the probe to
line transition, making the calibration comparison also insen-
sitive to large shunt capacitances, typically associated with
contact pads. Nevertheless, the calibration comparison method
remains limited to noninductive pads-to-line transition [23]
and requires the availability of a well-defined calibration
substrate at the frequency of interest where the probe-level
calibration is performed.

In this paper, we propose a characteristic impedance extrac-
tion procedure based on 3-D electromagnetic (EM) simula-
tions. The proposed method is developed to reach comparable
accuracy to the calibration comparison method in [22], without
requiring the extra calibration substrate, and overcomes its
limitation in case of inductive pads-to-line transitions. This
paper is structured as follows. In Section II, the chal-
lenges associated with the calibration comparison method at
millimeter-wave are analyzed, and examples are reported for
special cases in which the method in [22] fails to accurately
predict the characteristic impedance of transmission lines.
In Section III, the realization of a TRL calibration kit

Fig. 1. Equivalent circuit model for the pad-to-line transition as employed
in [22].

Fig. 2. (a) Test fixture for high power transistor characterization taken
from [24]. (b) Zoomed-in view of the vias interconnection for a commercial
SiGe technology modeled in a 3-D EM environment, taken from [25].

developed on a BiCMOS SiGe technology back end of
line (BEOL) is described, and in Section IV, the procedure for
characteristic impedance extraction based upon 3-D EM sim-
ulation is explained. The accuracy of the extraction procedure
is validated on the BiCMOS-based TRL kit in Section V, using
the calibration comparison method as benchmark. Finally, in
Section VI, the proposed method is applied to a TRL calibra-
tion kit developed on a different SiGe BiCMOS technology,
where inductive pads-to-line transitions are present.

II. CALIBRATION COMPARISON METHOD

AT MILLIMETER WAVE

The calibration comparison method, in the formulation
in [22], accounts for a discontinuity in the transition from
contact pads to line, which can be modeled as shunt admit-
tance (Y ) with a capacitive susceptance, representing the
contact pad, and an impedance transformer, as shown in Fig. 1.

However, the method in [22] loses accuracy when a series
inductance or in general a nonlumped transformation is present
between the shunt admittance Y and the impedance trans-
former. These situations can occur when an inductive pad to
line transition is considered, as described in [23], or when
the TRL kit is embedded in a more complex fixture where
impedance tapers [Fig. 2(a)] or complex vias interconnects
are employed [Fig. 2(b)].

When considering a commercial integrated technology
BEOL (see Fig. 3), the maximum distance between the signal
(i.e., top metal line) and the ground (i.e., meshed M1 and M2)
line of a microstrip of a CPWG is usually limited to ∼10 μm.

This technology restriction translates in the requirement to
have narrow linewidths in the fixture embedding the DUT
to achieve inductive line sections, i.e., to reduce the large
VSWR (partially canceling its input capacitance) of modern
ultrascaled technologies [26]. The resulting step change in the
width of the coplanar line connecting the DUT can be modeled
as a series reactance and can be placed at the plane of the
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Fig. 3. TEM image of the BEOL of the IHP SG13G2 130 nm SiGe BiCMOS
technology.

Fig. 4. CPW line used for calibration comparison simulation with εr =
12.9, substrate thickness 350 μm and fixed ground distance equal to 150 μm.
(a) Top view of the thru, with dimensions. (b) Simulation setup for the thru
employing a single shunt capacitance for modeling the pad, and the lumped
model introduced in [27] for the pad-to-line transition.

line discontinuity [27]. To propagate the error arising from
the presence of a series reactance on the extraction of the
characteristic impedance using the method in [22], we applied
the calibration comparison method to a set of CPW lines,
presenting a varying step in the pad-to-linewidth, using the
Keysight ADS simulation environment. The step discontinuity
was computed using the model proposed in [27]. The probe
pad is considered as a square pad with a 50 × 50 μm2 area
and is included in the model using a shunt capacitance (simple
parallel plate capacitance computation) of 18 fF, as shown in
Fig. 4, while the line section is varied from a width of 7.5 μm
(W in Fig. 4) to the size of the pad (i.e., no discontinuity).
All the lines are included using the frequency-domain ana-
lytical model for the coplanar waveguide available in ADS
developed by Getsinger and based on conformal mapping
techniques.

Fig. 5. Difference between the actual characteristic impedance and the
one computed applying [22] to the transmission lines modeled in Fig. 4,
for different values of linewidth W . The discrepancy increases with increase
in the width step between the pad and the line.

All the lines use the same (lossless) substrate model (i.e.,
ADS CPWSUB) employing the values as used in [27], with
a substrate thickness of 350 μm and a dielectric constant
εr = 12.9. The set of lines was simulated using a reference
impedance of 50 � and the TRL equations applied in order
to extract the characteristic impedance of the central line
section using the method in [22] (Fig. 4). The results shown in
Fig. 5 demonstrate how the computation of the characteristic
impedance obtained using the calibration comparison method
diverges from the correct characteristic impedance value in the
presence of a large step discontinuity. The discrepancy reduces
with the reduction of step discontinuity, becoming negligible
for uniform lines or lower frequencies (where the inductive
contribution is also negligible). Thus, it can be stated that
the calibration comparison method represents the reference
method only for uniform CPW lines, while proving to be less
accurate when applied to nonuniform structures, i.e., when
inductive pad-to-line transitions are present. For this reason,
the method in [22] will be used as the benchmark method for
the method proposed in Section V, where both methods will
be applied to a uniform CPW-based calibration kit.

III. ON-WAFER CALIBRATION KIT

To compare the accuracy achieved between the character-
istic impedance extraction of conventional methods and the
proposed one (described in Section IV), we designed and
fabricated a TRL calibration kit using the BEOL of the IHP
130 nm SiGe BiCMOS process (see Fig. 3). Uniform CPWG
lines have been considered to allow direct comparison with
probe-level calibrations (i.e., transferred) and with the calibra-
tion comparison method, thus removing the error arising from
width discontinuities between lines and pads (see Section II).
The fabricated chip microphotograph of the TRL kit is shown
in Fig. 6(a)–(c) (i.e., thru, reflect, and line, respectively). The
lines are implemented as CPWG, to reduce losses in the (semi)
conductive substrate. All the structures employ aluminum
pads, i.e., signal pad 30 × 50 μm2 and larger ground pads to
allow different probe pitches to be used on the same structure
(i.e., 75 and 100 μm). The thru line is a 200 μm long uniform
coplanar waveguide [Fig. 6(a)]. The calibration kit reflects are
realized by two symmetric offset shorts [Fig. 6(b)], with an
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Fig. 6. CPW calibration artifact realized on IHP SiGe 130 nm BiCMOS
technology. Microphotograph of (a) thru line, (b) reflect standard, and
(c) transmission line employed for the WR05 calibration kit. (d) Cross section
sketch of the CPW line.

offset equal to half the thru length. This minimizes the distance
between the center of the thru and the location of the short,
allowing to fix the sign of the square root solution in the TRL
calibration [5] (i.e., +/− open/short) for the entire calibration
band. Note that when an electrical length of λ/8 is present, the
sign needs to be changed to enforce phase continuity. Three
transmission lines with lengths of 360, 450, and 680 μm are
fabricated to allow single line TRL calibration in the WR3,
WR5, and WR10 waveguide bands, respectively. Finally a
600 μm long CPWG is used for calibration verification. The
first two metal layers of the BEOL (Fig. 3) have been used
to realize a meshed ground plane satisfying the metal density
rules. The bottom ground plane is electrically connected to the
coplanar ground planes using interleaved meshed metal on all
layers and employing the maximum via density allowed. The
CPW line is 30 μm wide and 3 μm thick with a 10 μm gap
[Fig. 6(d)]. The silicon dioxide acting as a dielectric has a
relative permittivity of ca. 4.1, almost homogenously among
the entire structure, allowing simple simulation geometry.

IV. EM SIMULATION SETUP

The structures were simulated using three different 3-D EM
simulators, Keysight EMPro, Ansoft HFSS, and CST Studio
Suite, to check for simulation discrepancies. In the model,
the meshed ground planes have been simplified considering
a continuous metal connection, both vertically and horizon-
tally. This simplification provides good approximation of the
electrical response of the structure being the openings in the
metal mesh much smaller than the wavelength (maximum
aperture is in the order of 2.5 × 2.5 μm2), and the openings
interleaved among different metal levels. The excitation to the
CPW lines is provided by means of waveguide (modal) ports.
The simulator first solves a 2-D eigenvalue problem to find
the waveguide modes of this port and then matches the fields
on the port to the propagation mode pattern, and computes
the generalized (i.e., mode matched) scattering parameters.
In all the simulators, the port dimensions are designed using
the rules of thumb described in [28], ensuring ideally no fields
at port boundaries, as also depicted in Fig. 7 for two simulator
examples. The use of lumped ports was not taken into account

Fig. 7. Field distribution on waveguide ports at 300 GHz when exciting
the structures described in Section III for (a) Keysight EMPro and (b) Ansoft
HFSS.

in this paper, due to the additional parasitics effect introduced
(i.e., bridge topology) that would affect the computation of the
characteristic impedance, as it is described in Section V.

Absorbing/radiation boundaries are then imposed at the
lateral and top faces of the simulation box. The box is
defined horizontally by the dimensions (length/width) of
the simulated structure, and vertically by the wavelength
(λ/4 at minimum simulation frequency). The bottom face of
the simulation box is defined as a perfect electric conduc-
tor, simulating the presence of a metallic chuck underneath
the structure, as it is the case during measurements. The
absorbing boundaries simulate an unperturbed propagation of
the EM waves through this boundary. In this respect, the
interference with other structures on the wafer is not taken
into account in the simulation. Material parameters and lateral
dimension are chosen according to the nominal technology
values. The influence of the technology fluctuations on
both material properties and geometry on the accuracy of
the characteristic impedance computation is discussed in
Section V.

V. EM-BASED Z0 COMPUTATION

A. Z0 Extraction Procedure

The scattering parameters calculated during simulation are
renormalized to a given system value (i.e., 50 �) and used
in (1) to compute the line characteristic impedance. The use of
waveguide ports during the simulations allows the minimiza-
tion of the discontinuities between the simulation port and the
line. It is important to note that these discontinuities, as shown
in [21], contribute to the error in the estimate of Z0, which
is maximum as the line lengths approach half a wavelength.
When the half a wavelength condition is reached [tan(βl) = 0]
within the calibration band, large errors in the Z0 estimate will
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Fig. 8. Comparison of the real part of the characteristic impedance for the
considered structures computed using (1) on simulated S-parameters of lines
with different lengths,150, 200, 300, and 484 μm versus frequency.

occur. When the half a wavelength condition is kept outside
the required frequency band, the differences of Z0 estimate
between lines (i.e., 200 and 150 μm) are smaller than 0.3%.

Similar errors can be seen in the estimate of the imaginary
part of Z0 versus the electrical length of the line. Note
that the use of the simulation environment allows the use
of line lengths below the minimum advised in experimental
characterization (i.e., 150 μm), limited by the probe-to-probe
crosstalk, thus allowing an accurate estimate of Z0 in the entire
(sub) millimeter-waveband. A 150 μm line has been used to
extract the characteristic impedance in this paper.

To benchmark the proposed EM extraction approach, the
characteristic impedance of the line shown in Fig. 6(a) was
also extracted, from measured data, with the methods proposed
in [17] and [22]. For both experimental extraction procedures,
a probe-level (TRL) calibration performed on a fused silica
substrate was employed as a first-tier calibration.

In Fig. 9, the characteristic impedance computed with the
three methods is compared. As can be seen by the plot,
the method in [17], as predicted from [21], is hampered by
the discontinuities due to the probe to pad transition.

The impedance extracted using the method in [22] presents
some fluctuations, which can be attributed to the inductive
nature of the probe to pad transition (i.e., step in transmission
linewidth). Moreover, both the mentioned techniques suffer
from the errors arising from the calibration transfer from the
fused silica substrate as described in [8]. It is interesting to
notice from Fig. 9 how simulations performed with different
tools produce slightly different values for the characteristic
impedance. As a matter of fact, the three computations differ
up to a maximum of 1 � for the real part and 0.1 � for
the imaginary part, for the same structure when applying
similar settings in terms of meshing and solving methods. This
can be considered as an intrinsic uncertainty of the proposed
method, since different simulation tools would not converge
to exactly equal results. However, as highlighted in Fig. 9,
the discrepancy between the simulators is still much smaller
than the fluctuations in the characteristic impedance computed
with the methods in [17] and [22]. For the rest of this paper,
only the simulations obtained with Keysight EMPro will be
employed.

Fig. 9. (a) Real and (b) imaginary parts of characteristic impedance
for the line shown in Fig. 6(a), computed by the simulation approach
described in Section V (solid lines: EMPro, dashed lines: HFSS, dashed-dotted
lines: CST), measured with the method in [17] (empty circles) and measured
with the method in [22] (filled squares).

B. Simulation Uncertainties

The accuracy of simulation-based methods (both analytical
as well as numerical) relies totally on the accuracy of the
model, i.e., completeness of dominant phenomenon and uncer-
tainty/variation on the material parameters. Modern numerical
simulation tools are capable of including all the EM effects
and parameters associated with transmission line propagation.
With respect to the main parameters that can influence the
characteristic impedance are the linewidth variations, the inter-
layer dielectric thickness spread, and the dielectric coefficient
uncertainty. In order to investigate the impact of these para-
meters on the characteristic impedance extraction, simulations
have been performed using data provided in the IHP 130 nm
SiGe BiCMOS process specifications manual.

Results are shown in Fig. 10, where the variations associated
with linewidth have been neglected, being the tolerance in the
order of 300 nm (i.e., 1%). The variations on Z0 are dominated
by the dielectric thickness and dielectric constant uncertainty.
Using the process variation reported in the manual, the 99%
confidence interval results in a range of ±7% with respect to
the nominal case (see Fig. 10). The impact of these fluctuations
on the calibration error will be discussed in Section VI.

VI. COMPARISON OF PROBE TIP CALIBRATIONS

In order to validate the method proposed in Section IV, we
compared different calibration substrates and strategies applied
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Fig. 10. Characteristic impedance variation associated with technology
tolerances for the transmission lines described in Section III, using the same
scale of Fig. 9(a).

Fig. 11. Measurement setup employed for the comparison of probe tip
calibrations in the WR-5 waveguide bandwidth.

to the measurement of a CPW line. The line is embedded
in the technology described in Fig. 3 and the measurements
are carried out for three different waveguide bands, i.e.,
WR-10 (75–110 GHz), WR-5 (140–220 GHz), and WR-3
(220–325 GHz), using simulation data of the reference line
for verification.

The measurements have been carried out on a precision
semiautomatic probe-station in order to have constant con-
tact force and minimize the probe landing misplacement
among the measurements of different structures (see Fig. 11).
Three different calibration kits have been employed, an ISS
LRM calkit on alumina substrate (i.e., W-band 104–783),
a TRL calkit designed on fused silica as described in [29],
and the TRL calkit on SiGe BiCMOS BEOL described in
Section II. In order to allow a proper comparison, the cal-
ibration planes of the on-wafer (i.e., BiCMOS) calibration
have been shifted back to the probe-tips using the propagation
constant computed by the TRL algorithm. For the BiCMOS
calkit, two cases are considered, one in which the characteristic
impedance is extracted with the method in [22], where a probe
tip calibration on fused silica is considered as reference, and
one in which the characteristic impedance is computed a priori
with the method described in Section V.

In order to compare the different calibrations, the method
in [30] has been employed, defining an upper bound (UB)

Fig. 12. (a) Comparison of probe-tips corrected measurements of a
verification line manufactured on the SiGe BEOL in the frequency range
75–325 GHz for different calibrations. (b) Detail of calibration compar-
ison, with error associated to technology tolerance in the Z0 extraction
(empty squares).

error metric as

UB( f ) = max
∣∣S′

i j ( f ) − Si j ( f )
∣∣ (2)

where S′ is the reference scattering matrix of the verification
line (i.e., 3-D simulated S-parameters), S(f) is the frequency-
dependent scattering matrix resulting from the investigated
calibrations (i.e., LRM on alumina, TRL on fused silica, and
TRL on BiCMOS) and i, j ∈ [1, 2]. This metric defines the
UB of the deviation of the S-parameters measured by one
calibration and the reference S-parameters computed using
EM simulations. The measurement data used to compute the
error bound of Fig. 11 are based on the same raw data of
the verification line, thus removing any measurement vari-
ation of the verification artifact from the error propagation
mechanisms. On these raw data the respective calibration
algorithm (with the previously computed error terms) was
applied. In addition, both the methods indicated as TRL on
silicon in Fig. 11, use also the same raw measurement in
the calibration procedure (i.e., extraction of error terms), thus
confining their difference only to the characteristic impedance
values versus frequency, computed with the two different
methods.

Fig. 12 shows the results of the measurement comparison,
where the UB of the error is plotted versus frequency for all
the considered calibrations. The LRM calibration on alumina
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substrate (filled circles in Fig. 12) performs worse than all the
other approaches in the entire frequency band, with a deviation
from simulations that increase with frequency. The reasons for
this behavior can be associated with the nonidealities in the
definition of the “match” standard in the calibration kit, which
increase their effect for increasing frequency. Moreover, the
onset of spurious modes on “electrically thick” substrates like
the alumina ISS (εr = 9.6, thickness = 254 μm) can affect the
accuracy of the calibration, intrinsically based on single mode
propagation, as described in [29]. Finally, with the frequency
increase toward the (sub) millimeter-wave region, the effect of
the probe to substrate coupling in the transfer of calibration
among different calkits (i.e., difference in εr ) can become an
important contribution to the calibration error, as described
in [8].

TRL on fused silica performed sensibly better than the
LRM on alumina (see Fig. 12, empty circles) with the value
of the error bound always lower than 0.25 in the entire
frequency band. Also in this case, however, the deviation
from simulation increases with frequency, as the effect of
the delta capacitance associated with the calibration transfer
becomes more relevant. The calibration performed on SiGe
technology is the one that presents smaller deviation from the
reference data, with a UB < 0.17 in the entire frequency band
for both characteristic impedance extraction method consid-
ered, i.e., the proposed EM-based method (Fig. 12, asterisks)
and the calibration comparison method (Fig. 12, filled
squares). The two BiCMOS calibrations show good agreement
with the reference data and track each other well, demonstrat-
ing how even discrepancies in the Z0 extraction up to 10%
(3 �), for both real and imaginary parts, result in S-parameter
errors smaller than the other sources of error associated with
the calibration (e.g., asymmetric probe misplacement, contact
resistance fluctuations, and contact force repeatability). For the
same reason, errors on simulation extracted associated with
process tolerances, as described in Section V-B, have a very
small impact on the overall error, as shown in Fig. 12(b),
especially at higher frequencies where other sources of error
tend to dominate. It is important to mention that repeated
measurements over different devices on the BiCMOS cali-
bration kit in the highest frequency band (i.e., WR-3) show
a measurement repeatability defined by a maximum standard
deviation σ = 0.033. This value is always below the minimum
value of the UB metric shown in Fig. 12, which is in the order
of 0.05.

VII. APPLICATION TO CPWs WITH

INDUCTIVE TRANSITIONS

In Section V, the proposed method for characteristic
impedance extraction based on EM simulations was shown to
achieve similar level of accuracy as the calibration comparison
method when considering transmission lines with homogenous
geometry, i.e., no discontinuity in the line geometry between
the landing pad and the intrinsic line. When considering
lines with more complex transitions, however, the calibration
comparison provides lower accuracy due to the unaccounted
series reactance as explained in Section II. In order to demon-
strate the improvement provided by the proposed method,

Fig. 13. TRL de-embedding kit manufactured on NXP QubiC4XI 0.25 μm
BiCMOS SiGe.

Fig. 14. Real part of the characteristic impedance for the Qubic4XI
intrinsic transmission line extracted with the method described in Section III
(solid line—asterisks) and the calibration comparison method in [22]
(solid line—full squares).

we consider a TRL de-embedding kit manufactured on NXP
QubiC4XI 0.25 μm BiCMOS SiGe, employing nonuniform
lines. The structures composing this de-embedding kit present
large GSG landing pads, with 50 μm diameter. The signal
pad is directly connected to a microstrip having a width
of 10.5 μm, creating an inductive series transition between
the landing pads and the line. The TRL kit features a
162 μm thru, a pair of short standards and a line of additional
662 μm length (see Fig. 13).

This BiCMOS kit has been used to perform a TRL calibra-
tion in the frequency range from 75 to 110 GHz, where the
employed characteristic impedance has been extracted using
EM simulations of the intrinsic transmission line and com-
pared with the Z0 computed using the calibration comparison
method in [22].

Fig. 14 shows the real part of the characteristic impedance
as computed with both methods. The characteristic impedance
computed with the calibration comparison method shows
deviations from simulation (up to 5 � for the real part) and
a lower value, consistent with the presence of an inductance
in series with the pad, as described in [23]. These deviations
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Fig. 15. Comparison of TRL calibrations performed on the calkit shown
in Fig. 8 when employing the characteristic impedance extracted with the
calibration comparison method of (full squares) and the simulation based
method extracted in this paper (asterisks).

directly affect the measurements, as shown in Fig. 15, where
the UB of the error as defined in (2) is displayed for both con-
sidered methods, using the EM simulated data as the reference
values. The results show how the errors in the characteristic
impedance extraction, when using the calibration comparison
technique, dominate the S-parameter measurements in respect
to all other sources of error. This is highlighted by a value of
UB up to one order of magnitude higher than the one achieved
using the proposed method.

VIII. CONCLUSION

In this paper, we presented an alternative method for the
extraction of the characteristic impedance of transmission lines
employed in TRL calibrations. The method is based on an
a priori computation of the characteristic impedance derived
from full wave 3-D EM simulations of the transmission line.
We have shown how employing mode matched ports with an
adequate length (well below λ/4) minimizes the errors due
to port discontinuities, thus resulting in an accurate estimate
of the line characteristic impedance using an equation that
only requires the knowledge of the line’s S-parameters. The
proposed extraction method is immune to pad-to-line discon-
tinuities since it focuses on the intrinsic line properties and is
scalable to the entire (sub) millimeter-wave bands and does not
require a well characterizes calibration substrate operating in
the same frequency band. Comparison of the proposed method
with the state-of-the-art calibration approaches was carried
out on uniform CPWG lines manufacture in the BEOL of
a SiGe BiCMOS technology. Measurement results highlight
how the proposed method offers accurate values for the
computed characteristic impedance when compared with the
calibration comparison method and significantly outperforms
probe-level calibration realized on different substrates. Finally,
the advantage of the proposed method, i.e., total insensitivity to
capacitive or inductive pad-to-line transitions, is demonstrated
on a TRL kit with pad-to-linewidth step. Here the proposed
method achieves a UB bound more than five times smaller than
what is achieved with conventional calibration techniques.

REFERENCES

[1] P. Chevalier et al., “A conventional double-polysilicon FSA-SEG
Si/SiGe:C HBT reaching 400 GHz fMAX,” in Proc. IEEE Bipolar/
BiCMOS Circuits Technol. Meeting, Apr. 2009, pp. 1–4.

[2] A. Chakraborty, S. Trotta, K. Aufinger, R. Lachner, and R. Weigel,
“A low-power, low-noise, highly-linear receiver for 122 GHz applica-
tions in a SiGe BiCMOS technology,” in Proc. IEEE Silicon Monolithic
Integr. Circuits RF Syst. Topical Meeting, Newport Beach, CA, USA,
Jan. 2014, pp. 50–52.

[3] H. Eul and B. Schiek, “Thru-match-reflect: One result of a
rigorous theory for de-embedding and network analyzer calibra-
tion,” in Proc. Eur. Microw. Conf., Stockholm, Sweden, Sep. 1988,
pp. 909–914.

[4] A. Davidson, K. Jones, and E. Strid, “LRM and LRRM calibrations
with automatic determination of load inductance,” in 36th ARFTG Conf.
Dig.—Fall, Monterey, CA, USA, Nov. 1990, pp. 57–63.

[5] G. F. Engen and C. A. Hoer, “Thru-reflect-line: An improved technique
for calibrating the dual six-port automatic network analyzer,” IEEE
Trans. Microw. Theory Techn., vol. MTT-27, no. 12, pp. 987–993,
Dec. 1979.

[6] R. B. Marks, “A multiline method of network analyzer calibration,”
IEEE Trans. Microw. Theory Techn., vol. 39, no. 7, pp. 1205–1215,
Jul. 1991.

[7] L. F. Tiemeijer, R. J. Havens, A. B. M. Jansman, and Y. Bouttement,
“Comparison of the ‘pad-open-short’ and ‘open-short-load’ deembed-
ding techniques for accurate on-wafer RF characterization of high-
quality passives,” IEEE Trans. Microw. Theory Techn., vol. 53, no. 2,
pp. 723–729, Feb. 2005.

[8] L. Galatro and M. Spirito, “Analysis of residual errors due to calibration
transfer in on-wafer measurements at mm-wave frequencies,” in Proc.
IEEE Bipolar/BiCMOS Circuits Technol. Meeting (BCTM), Boston, MA,
USA, Nov. 2015, pp. 141–144.

[9] K. H. K. Yau, I. Sarkas, A. Tomkins, P. Chevalier, and S. P. Voinigescu,
“On-wafer S-parameter de-embedding of silicon active and passive
devices up to 170 GHz,” in IEEE MTT-S Int. Microw. Symp. Dig.,
Anaheim, CA, USA, May 2010, pp. 600–603.

[10] K. Yau, E. Dacquay, I. Sarkas, and S. P. Voinigescu, “Device and IC
characterization above 100 GHz,” IEEE Microw. Mag., vol. 13, no. 1,
pp. 30–54, Jan. 2012.

[11] D. F. Williams, A. C. Young, and M. Urteaga, “A prescription for
sub-millimeter-wave transistor characterization,” IEEE Trans. THz Sci.
Technol., vol. 3, no. 4, pp. 433–439, Jul. 2013.

[12] D. Williams et al, “Calibration-kit design for millimeter-wave silicon
integrated circuits,” IEEE Trans. Microw. Theory Techn., vol. 61, no. 7,
pp. 2685–2694, Jul. 2013.

[13] D. Williams et al., “Calibrations for millimeter-wave silicon transistor
characterization,” IEEE Trans. Microw. Theory Techn., vol. 62, no. 3,
pp. 658–668, Mar. 2014.

[14] C. Wen, “Coplanar waveguide: A surface strip transmission line
suitable for nonreciprocal gyromagnetic device applications,” IEEE
Trans. Microw. Theory Techn., vol. MTT-17, no. 12, pp. 1087–1090,
Dec. 1969.

[15] C. Veyres and V. F. Hanna, “Extension of the application of conformal
mapping techniques to coplanar lines with finite dimensions,” Int.
J. Electron., vol. 48, no. 1, pp. 47–56, 1980.

[16] G. Ghione and C. Naldi, “Analytical formulas for coplanar lines
in hybrid and monolithic MICs,” Electron. Lett., vol. 20, no. 4,
pp. 179–181, Feb. 1984.

[17] Y. Eo and W. R. Eisenstadt, “High-speed VLSI interconnect mod-
eling based on S-parameter measurements,” IEEE Trans. Com-
pon., Hybrids, Manuf. Technol., vol. 16, no. 5, pp. 555–562,
Aug. 1993.

[18] R. B. Marks and D. F. Williams, “Characteristic impedance
determination using propagation constant measurement,” IEEE
Microw. Guided Wave Lett., vol. 1, no. 6, pp. 141–143,
Jun. 1991.

[19] D. F. Williams and R. B. Marks, “Transmission line capacitance mea-
surement,” IEEE Microw. Guided Wave Lett., vol. 1, no. 9, pp. 243–245,
Sep. 1991.

[20] D. Williams, R. B. Marks, and A. Davidson, “Comparison of on-wafer
calibrations,” in ARFTG Conf. Dig., San Diego, CA, USA, Apr. 1991,
pp. 68–81.

[21] R. B. Marks and D. Williams, “Interconnection transmission line para-
meter characterization,” in ARFTG Conf. Dig., Orlando, FL, USA, 1992,
pp. 88–95.



GALATRO AND SPIRITO: MILLIMETER-WAVE ON-WAFER TRL CALIBRATION 1323

[22] D. Williams, U. Arz, and H. Grabinski, “Accurate charac-
teristic impedance measurement on silicon,” in IEEE MTT-S
Int. Microw. Symp. Dig., Baltimore, MD, USA, Jun. 1998,
pp. 155–158.

[23] D. F. Williams, U. Arz, and H. Grabinski, “Characteristic-impedance
measurement error on lossy substrates,” IEEE Microw. Wireless Compon.
Lett., vol. 11, no. 7, pp. 299–301, Jul. 2001.

[24] W. Shuai, L. Ke, J. Yibo, C. Mifang, D. Huan, and H. Zhengsheng,
“A thru-reflect-line calibration for measuring the characteristics of high
power LDMOS transistors,” J. Semicond., vol. 34, no. 3, p. 034005,
2013.

[25] V. Krozer et al., “On-wafer small-signal and large-signal measurements
up to sub-THz frequencies,” in Proc. Bipolar/BiCMOS Circuits Technol.
Meeting (BCTM), Coronado, CA, USA, Oct. 2014, pp. 163–170.

[26] S. Lee et al., “Record RF performance of 45-nm SOI CMOS technol-
ogy,” in Proc. IEEE Int. Electron Devices Meeting, Washington, DC,
USA, Dec. 2007, pp. 255–258.

[27] R. Simons, “Coplanar waveguide discontinuities and circuit elements,”
in Coplanar Waveguide Circuits, Components, and Systems. Hoboken,
NJ, USA: Wiley, 2001, pp. 237–287.

[28] T. Weiland, M. Timm, and I. Munteanu, “A practical guide to
3-D simulation,” IEEE Microw. Mag., vol. 9, no. 6, pp. 62–75,
Dec. 2008.

[29] M. Spirito, G. Gentile, and A. Akhnoukh, “Multimode analy-
sis of transmission lines and substrates for (sub)mm-wave cal-
ibration,” in ARFTG Conf. Dig., Columbus, OH, USA, 2013,
pp. 1–6.

[30] D. Williams and R. B. Marks, “Calibrating on-wafer probes to the probe
tips,” in ARFTG Conf. Dig., vol. 22. Dec. 1992, pp. 136–143.

[31] Y. Zhao, J. R. Long, and M. Spirito, “Compact mm-wave power combin-
ers in 65nm CMOS-SOI,” in Proc. IEEE 11th Topical Meeting Silicon
Monolithic Integr. Circuits RF Syst., Phoenix, AZ, USA, Jan. 2011,
pp. 33–36.

Luca Galatro (S’12) received the M.Sc. degree
(cum laude) in electrical engineering from the
University of Naples Federico II, Naples, Italy,
in 2012, and is currently pursuing the Ph.D.
degree at the Electronic Research Laboratory,
Delft University of Technology, Delft,
The Netherlands.

His current research interests include the small-
and large-signal characterization of electronic
devices and circuits working in the millimeter-wave
frequency range and the development of

advanced calibration and de-embedding techniques for submillimeter-wave
characterization systems.

Marco Spirito (S’01–M’08) received the M.Sc.
degree (cum laude) in electrical engineering from
the University of Naples Federico II, Naples, Italy,
in 2000, and the Ph.D. degree from the Delft Univer-
sity of Technology, Delft, The Netherlands, in 2006.

In 2008, he joined the Electronics Research
Laboratory, Delft University of Technology, as an
Assistant Professor, where he has been an Asso-
ciate Professor since 2013. He was one of the co-
founders of the startup Anteverta-MW. His current
research interests include the characterization of

highly efficient and linear power amplifiers, the development of advanced
characterization setups for microwave, millimeter and submillimeter waves,
and the integration of millimeter-wave sensing systems.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


