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Abstract— In this paper, we present a comparative study of
S-parameter measurements of electronic components on planar
substrates performed with a waveguide module and in a con-
ventional on-wafer probing environment. Measurements were
conducted at three well-established measurement laboratories
for the investigation of reproducibility at frequencies from
110 to 170 GHz. For the comparison, we fabricated waveguide
modules for six passive structures, including devices under test
(DUTs). Four of these structures are related to using a second
tier calibration to achieve the same reference planes for the
waveguide module measurements as used for the on-wafer
probing measurements. Additionally, we processed three com-
plete on-wafer calibration sets, including DUTs, equipped with
different probe-to-pad interfaces. In this comparison, the DUT
measurement from the waveguide module acts as a reference
standard, with reduced crosstalk behavior in comparison to the
on-wafer measurement. With the waveguide reference, we are
able to assess the ability of two techniques to compensate for
crosstalk and higher order modes influencing the on-wafer S-
parameter measurements. On the one hand, we use a shielded
probe-to-pad transition and on the other hand, we use an
algorithm-based crosstalk correction scheme. To the best of our
knowledge, this is the first time that such a comparison has been
undertaken, comparing well-established waveguide calibrations
with an equivalent on-wafer calibration.

Index Terms— Calibration, measurement techniques, millime-
ter wave, on-wafer measurement, scattering parameters, vector
network analyzer (VNA), waveguide measurement.
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I. INTRODUCTION

IN RECENT years, the operational frequency of elec-
tronic devices and systems has rapidly increased [1], [2].

Monolithic microwave integrated circuits (MMICs) working
at frequencies above 800 GHz have been demonstrated and
proven to be feasible [3], [4]. In addition, industrial appli-
cations are pushing higher and higher in frequency into
the millimeter-wave regime with next-generation communica-
tion [5] and security systems [6]. Related to all these develop-
ments is the need for precise characterization and modeling
processes up to submillimeter-wave frequencies already in
the on-wafer environment [7], [8]. Therefore, high-frequency
on-wafer measurement techniques are fundamental prereq-
uisites for many applications in science, engineering, and
technology. While reliable planar measurements at microwave
frequencies are usually achievable, and recently even trace-
ability could be demonstrated up to 110 GHz [9], work is still
on-going to provide a similar level of confidence for mea-
surements at millimeter-wave frequencies [10]. At these high
frequencies, one faces the problem of crosstalk [11] and exci-
tation of higher order modes [12], which have to be suppressed
or treated in a way that they do not disturb or interact with the
required measurement [13]. In this paper, we investigate the
possibility of using a split-block waveguide module equipped
with different passive planar device structures to help reduce
the impact of crosstalk and higher order modes on the required
measurements.

This paper is organized as follows. In Section II, the exper-
imental setup of the three different participating laboratories
in the comparison exercise is presented. Section III gives an
insight into the on-wafer structures, as well as the technology
used for their fabrication. Additionally, the fabrication of the
split-block waveguide module is described.

The split-block module is investigated in Section IV.
On-wafer measurement investigation is presented in Section V,
where we analyze different on-wafer probe-to-pad transitions
and compare the measurement results of the three different
laboratories. In Section VI, we have a closer look at crosstalk.
Applying a crosstalk correction algorithm is discussed in
Section VII. Finally, we present conclusions from the work
in Section VIII.
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II. MEASUREMENT SETUPS

The S-parameter measurement comparison described in
this paper was performed in D-band (i.e., from 110 to
170 GHz). The VNAs were set to measure at frequency
steps of 0.1 GHz using an intermediate frequency bandwidth
of 30 Hz. S-parameter measurements were made in both
on-wafer and waveguide environments. The waveguide mod-
ules comprised of six passive structures. This included four
calibration standards (short, open, load, and thru line) used
to enable a second tier short-open-load-reciprocal (SOLR)
calibration to be performed, which shifts the reference planes
to be inside the split-block module in front of the devices under
test (DUTs). With the help of these deembedded reference
planes, we can compare the measured S-parameters inside the
module to the ones measured on-wafer. In addition to the
four SOLR calibration structures, a 30-� line and a 20-dB
attenuator are included as DUTs.

To establish an indication of the uncertainty in these
types of measurements, the measurements have been repeated
in a round-robin measurement campaign at three institutes,
Fraunhofer Institute of Applied Solid State Physics (IAF)
(FhG), Physikalisch-Technische Bundesanstalt (PTB), and the
National Physical Laboratory (NPL). The detailed measure-
ment procedure together with the used equipment at each
partner institute is given in Sections II-A–II-C.

In addition to the round-robin comparison of different
measurement setups and their effect on the measured data,
the different partners used wafer-probes from different manu-
facturers. From this change among each partner’s measurement
setup, we can provide an indication of the measured crosstalk
and presence of higher order mode behavior, which helps later
to judge the compensation techniques investigated in this work.

A. Measurement Setup at FhG

The on-wafer and the waveguide S-parameter measurements
performed at FhG were typically made using the setup shown
in Fig. 1.

The measurement system consists of a semiautomatic wafer
prober, a PNA-X N5242A network analyzer with N5250A
mm-wave-controller and Oleson D-band extension modules.
For the on-wafer S-parameter measurements, Cascade Infinity
on-wafer probes with a pitch size of 75 μm were used.
A microscope enables precise and repeatable positioning of
the probe tips to the coupling pads on the wafer surface.

The on-wafer system was calibrated with the first-order
calibration based on a Cascade impedance standard sub-
strate (ISS) substrate in combination with a thru reflect
line (TRL) algorithm [14]. Due to this calibration approach,
we end up with S-parameter measurements related to the
probe-tip as a reference plane. Afterward, the measurement
data was recalibrated with a SOLR calibration approach,
in order to adjust the reference plane at the DUT level.
The necessary reference behavior of the on-wafer calibration
structures was calculated by the electromagnetic field (EM)
simulations prior to this work [15] and handed over to the
other partners. The benefit of this second tier calibration is

Fig. 1. Photograph of the S-parameter measurement system at FhG, including
(1) semiautomatic wafer prober, (2) PNA-X N5242A network analyzer with
N5260A mm-wave-controller, (3) Oleson D-band extension modules, and
(4) microscope. Shown is the configuration for on-wafer measurements using
(5) Cascade Infinity probes with a pitch size of 75 μm. For measurements of
the split-block waveguide modules, the probes were removed.

Fig. 2. Photograph of the S-parameter measurement system available at PTB.

to be able to move the reference planes to the same inner
structures as in the waveguide measurements.

Concerning the S-parameter measurements made using the
split-block module, we rely on a TRL waveguide calibration
based on Keysight N5260AC06 WR06 waveguide calibration
kit. To get results, it can be compared with the on-wafer
S-parameter measurements; we performed a second tier cali-
bration that shifts the calibration reference planes to be inside
the split-block module, again directly to the position of the
DUT.

B. Measurement Setup at PTB

Fig. 2 shows the on-wafer measurement setup at PTB in
standard configuration with a semiautomated wafer prober
(Süss PA 200) including a motorized positioner at the
right-handed site for automated multi-line TRL (MTRL) cal-
ibrations [16]. Due to the technical difficulties with the VNA
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Fig. 3. Photograph of the S-parameter measurement system used by NPL.

in this configuration, the measurements in this study were
performed with a Rohde & Schwarz ZVA24 in combination
with OML V06VNA2-T/R-A frequency extension modules
(not shown here). An R&S ZV-WR06 waveguide calibration
kit was used for calibration of waveguide measurements. For
the on-wafer measurements, GGB Picoprobes were used with
a pitch size of 50 and 100 μm, respectively.

C. Measurement Setup at NPL

The measurement set-up used by NPL is shown in Fig. 3.
It consists of a VNA using WR-5 VDI frequency extension
modules. For waveguide measurements, tapered waveguide
sections from Flann Microwave Ltd. were used to transition
from WR-5 to WR-6. Therefore, measurements were per-
formed over a reduced frequency range, i.e., from 140 to
170 GHz. The probes used for the on-wafer measurements
were GGB 220-GSG-75-BT-M with a 75-μm pitch. A VNA
IF-bandwidth of 30 Hz and frequency steps of 0.1 GHz was
used for all the measurements.

III. DUTs

DUTs were fabricated in the FhG back end of line metamor-
phic high electron mobility transistor (mHEMT) technology
with the gate length of 50-nm [17]. This technology features a
full backside process with thru substrate interconnects as well
as wafer thinning to 50 μm. The small wafer thickness is very
important in order to reduce the influence of parasitic higher
order substrate modes since these are not able to propagate
due to the reduced wafer thickness. The calculated cutoff
frequency for the propagation of higher order substrate modes
is approximately 450 GHz for a 50-μm substrate.

In order to have DUTs that are independent of the calibra-
tion process, we selected a 30-� line and a 20-dB attenuator.
Both standards are well suited for assessing the performance
of the calibrations due to the resonances that occur in the 30-�
line and the small measured values for the 20-dB attenuator,
which are well-suited to gain insight into the limits of the

Fig. 4. DUTs and four SOLR calibration structures with integrated on-chip
waveguide transitions for assembly in the split-block module. Calibration and
DUT structures are between the dashed lines.

Fig. 5. Lower part of a disassembled split-block module with two individual
chip slots for calibration standards or DUTs. Enlarged area shows a schematic
of the chip assembly inside the module.

resolution of the measurements. The S-parameter behavior of
two included DUTs was predicted by EM-simulation as shown
later in Fig. 9.

On-chip E-plane probes were used to enable the two DUTs
and the four calibration structures (Fig. 4) to be embedded in
the split-block waveguide modules. For on-wafer calibration,
we used three sets of on-wafer structures with different probe-
to-pad transitions.

A. Split-Block Waveguide Module

Three split-block waveguide modules were manufactured
by FhG. As an example, one of them is shown in Fig. 5.
One module consists of two chip slots, each of which can be
individually connected with two waveguide flanges on each
side. The single chip itself is electrically connected to the
waveguide using an on-chip E-plane transition. The assembly
and adjustment of all parts are accurately performed manually
by using a precision microscope. Finally, the chips are glued
inside the waveguide module slots with a conductive adhesive.

B. On-Wafer Structures

As already mentioned earlier in this paper, we have fab-
ricated for this on-wafer and waveguide comparison three
complete sets of on-wafer calibration and DUT structures.
All three sets contain the same structures but equipped with
different probe-to-pad interfaces. The aim of this is to identify
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Fig. 6. Chip photographs of one complete set of grounded coplanar
calibration structures with a ground-to-ground spacing of 50 μm without any
special probe-to-pad transition. Different line length for a MTRL calibration
included in the upper chip. SOLR, DUT, and crosstalk correction structures
included in the lower chip.

Fig. 7. Chip photograph (top) and schematic draw (bottom) of the three
considered probe-to-pad transitions. (a) Closed and shielded pad configuration
which is expected to lower crosstalk, less higher-order mode interferences,
as well as less neighboring effects. (b) Direct probing contact configuration
without any special probe-to-pad design. (c) Open probe-to-pad interface
configuration without any shielding or thru substrate interconnects in the probe
tip connection area. This open pad configuration should be highly affected by
crosstalk, higher order modes or neighboring structures.

a possible hardware solution for reducing crosstalk effects
as well as the influence of neighboring structures onto the
on-wafer S-parameter measurement. An example of one com-
plete set of calibration structures, without any special probe-
to-pad transition, is shown in Fig. 6.

Additionally, the complete set of calibration structures from
Fig. 6 is also available with the probe-to-pad interface layouts
as shown in Fig. 7(a) and (c). Compared to the classical
ISS calibration standards, our on-wafer structures offer the
possibility of via interconnects as well as a full backside
process. Due to this, we can think about new probe-to-pad

transition designs with some kind of shielding against the
influence of neighboring structures.

With the help of those three probe-to-pad layouts shown in
Fig. 7, we want to demonstrate that with the right design of
such an interface one can change the influence of crosstalk
effects, higher order mode interaction, or the surrounding area
(i.e., neighboring effects).

From our perspective, the advanced layout possibilities com-
pared to ISS ceramic substrates can offer a big advantage in
the suppression of crosstalk, higher order mode or neighboring
effects, only by a suitable design of the calibration structures
for higher frequencies.

The on-wafer structures are all realized in a grounded copla-
nar environment with a ground-to-ground spacing of 50 μm.
For different evaluation possibilities, we have included several
line lengths (804, 504, 404, 354, and 304 μm as thru) to
perform an MTRL calibration approach. Additionally, we con-
sidered SOLR structures for a one-on-one comparison to
the second tier calibration. For the investigation of the second
crosstalk correction method performed by a recalculation of
the data afterward, we have included several different one
port structures as described in [10]. Finally, also two DUTs
(30-� line; 20-dB attenuator) for an independent judgment
of the investigated methods regarding crosstalk correction,
higher order mode suppression and reduction of neighboring
influence are available.

IV. SPLIT-BLOCK WAVEGUIDE MODULE AS A REFERENCE

The fabricated split-block waveguide modules were sent
for a round-robin measurement comparison to the three par-
ticipating laboratories. All S-parameter measurement data
shown in Figs. 8 and 9 are calibrated to a reference plane
at the waveguide flanges of the modules. Good overlap
of measurement data proves the high confidence level of
the well-established and reproducible waveguide S-parameter
measurements. In addition, EM simulations of the complete
split-block waveguide modules for the six different struc-
tures inside the waveguide have been carried out. Good
agreement between simulation and measurement data can
be seen for transmission standards “thru” and “load” in
Fig. 8(a), (b), and (e). In addition, test structure data in Fig. 9,
DUT1 30-� line and DUT2 20-dB attenuator, show the
measurements are not far away from the simulation.

The reflect standards (“short” and “open”) inside the
waveguide module show the effects of higher order mode
propagation in combination with strong damping, see
Fig. 8(c) and (d). Therefore, they cannot be used for the sec-
ond tier calibration to the reference plane of the structures
under test. To still get the necessary data of the measured
waveguide structures, related to the same reference planes as
the on-wafer measurements for comparison reasons, we need
to apply a calibration scheme based on optimization.

For this optimization, we use EM-simulations of the inner
structures. They serve as a reference defined by clear port
stimulation, due to the well-defined reference planes. Con-
sequently, effects from probe-to-pad transition cannot affect
the simulation. Ideal boundary conditions in combination
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Fig. 8. Comparison of EM-simulation data (dotted lines) with measurement
data (solid lines) of SOLR calibration standards assembled in the waveguide
module. For line standard both (a) reflection and (b) transmission magnitude
is shown, while it is only reflection for (c) short, (d) open, and (e) load
standards. Measurements were performed by the three different laboratories
(FhG, PTB, and NPL) with reference planes at the waveguide flanges of the
modules.

Fig. 9. Comparison of EM-simulation data (dotted lines) with measurement
data (solid lines) of DUTs assembled in the waveguide module 30-� line
(a) reflection and (b) transmission magnitude, as well as 20-dB attenuator
(c) reflection and (d) transmission are shown. Measurements were performed
by the different laboratories with reference planes at the waveguide flanges
of the modules.

with monomodal-wave propagation applied during the EM
simulation makes results nearly independent of second-order
effects. As a consequence of this, we get a reference behavior
of the structures inside the waveguide module. The simulation
mesh was calculated at a frequency of 170 GHz.

With the help of EM simulated reference files of three
standards, the 30-� line, the thru line as well as the 50-�

Fig. 10. Comparison of EM-simulation data (dotted lines) with measurement
data (solid lines)—S22 (a) magnitude and (b) phase, S21 (c) magnitude and
(d) phase—of DUT 20-dB attenuator at inner calibration plane. Measurement
data was deembedded to the inner chip structures using an optimization tech-
nique. Waveguide reference (black solid line) is a regression of measurement
data to a second order polynomial. Measurement data S21 phase from PTB
was excluded in data fitting. Legend applies to all graphs in this figure.

match, we use an optimization approach based on numerical
methods. For the circuit model, we attach two error boxes,
one on each port of the waveguide module. The optimization
target of the four independent parameters is an overlay of the
reference structure behavior including the serial combination
with the error boxes and the waveguide module measurements.
Due to a symmetrical structure inside the waveguide module,
the error boxes on both sides of the waveguide structure are the
same. This leads to a lower number of error box parameters
and an overdetermined numerical system. We believe that
averaging the different parasitic influences gives better results
rather than including asymmetries from the manufacturing
process into the optimization. The frequency step size of the
measurement data is reduced from 100 MHz to 1 GHz during
the optimization process.

The applied calibration on the waveguide module measure-
ments gives a second tier calibration of the measurement data
with the reference planes adjusted to the inner structures. With
the help of this new reference planes, we can fit the average
of waveguide measurement data of the 20-dB attenuator to
a second-order polynomial, to obtain a waveguide reference
shown in Fig. 10. This waveguide reference can now be used
for comparison with the on-wafer measurements.

Fig. 10(c) shows the high accuracy of the well-established
waveguide S-parameter measurements as the difference
in magnitude of S-parameter measurement data S21 is
within 0.2 dB. Measurement data S21 phase from PTB was
excluded in data fitting because of some implied nonphysical
behavior.

As a result of highly reproducible measurements, in combi-
nation with the expected quasi-monomodal wave propagation
as well as low crosstalk behavior later shown in Fig. 14,
we have established a good reference that can be used subse-
quently for the on-wafer comparison.
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Fig. 11. Comparison between the on-wafer S-parameter measurements—
reflection (a) magnitude and (b) phase, transmission (c) magnitude and
(d) phase—at the three different measurement labs and simulation data of the
20-dB attenuator connected with a closed probe-to-pad transition as shown in
Fig. 7(a).

V. INVESTIGATION ON DIFFERENT PROBE-TO-PAD

TRANSITIONS

This section demonstrates the importance of using a
well-designed probe-to-pad layout for high frequencies (i.e.,
mm-waves). Using such a design, the influence due to
crosstalk, higher order modes, or neighboring structures on
measurements can be drastically reduced. To illustrate this,
we use the measured data of the DUT inside the split-block
module shown in Fig. 10 as a reference, since this has
been verified using EM-simulation. This data is, therefore,
referred to as the split-block reference data. To obtain a
better comparison, and reduce the influence of second-order
algorithm effects, we choose for the S-parameter on-wafer
measurements an SOLR calibration, where the characterization
of the standards relates to EM simulated reference files,
as described in Section II. We can, therefore, calibrate our
S-parameter system directly at the reference planes of the
DUTs. This enables the same reference planes to be achieved
as for the measurements made inside the split-block waveguide
module.

Initially, we compare every probe-to-pad interface
separately against the split-block reference data using
the 20-dB attenuator as the DUT. This comparison is
shown in Figs. 11–13. By comparing the results shown in
Figs. 11 to 13, the effects of interaction between the probe
and contacting pad can be seen.

The open probe-to-pad transition, without any via, intercon-
nects in the pad area, causes resonant behavior at frequencies
above 150 GHz, as shown in Fig. 13. Therefore, this type of
probe-to-pad interface is very likely to launch and interact
with higher order modes. For this reason, this pad design
is not considered to be useful for accurate calibration or
characterization at high mm-wave frequencies.

Regarding the probe-to-pad interface without any special
pad design shown in Fig. 12, which is a simple connection
of the probe-tips to the three coplanar metal strips, results
support the need for thru substrate interconnects. Although
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Fig. 12. Comparison between the on-wafer S-parameter measurements—
reflection (a) magnitude and (b) phase, transmission (c) magnitude and (d)
phase—at the different measurement labs and simulation data of the 20-dB
attenuator connected with no special probe-to-pad transition as shown in
Figs. 6 and 7(b). The measurement data of NPL was not used here, because
of unphysical behavior, which could have been caused by contact issues.

Fig. 13. Comparison between the on-wafer S-parameter measurements—
reflection (a) magnitude and (b) phase, transmission (c) magnitude and
(d) phase—at the three different measurement labs and simulation data of the
20-dB attenuator connected with an open probe-to-pad transition as shown in
Fig. 7(c).

there is an influence of the neighboring structures, which can
be seen in the difference between S11 and S22, the resonant
behavior of the open pad structure in Fig. 13 is suppressed by
the vias directly placed at the connecting area of the probe-tips.
Measurement data from NPL showed nonphysical behavior,
which could have been caused by contact issues. Therefore,
this data is not used in Fig. 12 and later investigations.

The influence from neighboring structures on the measure-
ments can be greatly suppressed by also defining the back area
behind the probe-to-pad interface. In the comparison shown
in Fig. 11, this is done by shielding the probe-to-pad area
completely with a via fence, as shown in Fig. 7(a). The results
shown in Fig. 11, measured with a shielded (and therefore
defined) probe-to-pad transition, provide the closest agreement
to the split-block data (compared with the other two probe-
to-pad designs). This shielded probe-to-pad transition also
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Fig. 14. Measured magnitude of the transmission S-parameters of
the three one-port structures—“short” (a), “open” (b), and “load;; (c)—inside
the waveguide module exhibiting low crosstalk behavior (i.e., < −40 dB).
The measurements performed by the three participating labs are made with
respect to a TRL waveguide calibration to provide reference planes at the
waveguide flanges.

produces the lowest differences between the measurements
made by the different laboratories.

The investigation mentioned above shows that with the
correct probe-to-pad design, the accuracy of on-wafer S-
parameter measurements at high mm-wave frequencies can be
improved significantly.

VI. CROSSTALK BETWEEN ONE-PORT STRUCTURES

We can investigate the presence of crosstalk by examining
the measurements of the 20-dB attenuator DUT. For this
DUT, the measured attenuation is affected by crosstalk effects,
which leads to a decreasing damping factor compared to the
split-block waveguide reference. By comparing results from
the three different measurement labs, it can be seen that the
influence of the different measurement set-ups (especially the
use of different wafer probes) has a significant systematic
impact on the crosstalk behavior.

To investigate the low crosstalk level inside the waveguide
module, we examine the measured transmission S-parameters
of the three pairs of one-port structures (short, open, load)—as
shown in Fig. 14. The S-parameter measurement data is cor-
rected using only the TRL waveguide calibration, as described
in Section II-A.

Fig. 14 shows the transmission S-parameter measurement
data for the split-block waveguide configurations, which
approaches the expected level for the dynamic range of these
measurement set-ups (i.e., less than −40 dB). As a result of
this low crosstalk behavior, in combination with the expected
quasi-monomodal wave propagation, we have established a
good reference data that can be used subsequently to compare
with the on-wafer measurements.

The first evidence that the closed probe-to-pad transition has
a positive effect on the influence of crosstalk on the on-wafer
S-parameter measurements can be seen in the transmission

Fig. 15. Measured magnitude of the transmission S-parameters of the three
one port structures (short—red; open—blue; load—green) measured with
different probe-to-pad-transitions at different measurement labs. (a) Structures
without any special probe-to-pad transition measured at IAF. (b) Structures
with a closed probe-to-pad transition measured at IAF. (c) Structures without
any special probe-to-pad transition measured at PTB. (d) Structures with
a closed probe-to-pad transition measured at PTB. All measurements are
calibrated at the inner DUT reference planes using a SOLR second tier
calibration.

S-parameters S21, of the one-port standards: “short,” “load”
and “open.” Fig. 15(a) shows a clear resonance in the load
and short measurement, related to the probe-to-pad interaction
on the classical pad. Compared to the measurements equipped
with a closed-pad shown in Fig. 15(b), this behavior is strongly
reduced. In addition, FhG and PTB measurement data are
much more consistent due to the reduced influence of different
on-wafer probes in the closed probe-to-pad environment.

VII. CROSSTALK CORRECTION

Further reduction in crosstalk can be achieved by using a
16-term error correction procedure. To perform the crosstalk
correction described in [10], measurements of six pairs of
lumped elements were used: short-short, open-open, load-load,
open-short, load-open, and load-short. Examples of these are
shown in the chip photograph in Fig. 6. These standards
were fabricated in all three of the on-wafer pad configurations
investigated in this paper.

The crosstalk-corrected calibrations were carried out with
the two-step algorithm using the interior crosstalk model
described in [10]. In contrast to the traditional 16-term model
of [18] and [19], where the coupling terms are referred to a
combination of raw and on-wafer reference planes, the interior
model has the advantage that the coupling terms used in the
correction process are all referred to the on-wafer reference
planes, making them much easier to interpret.

In the first step of the crosstalk correction, we used the
MTRL calibration algorithm to find the basic error terms
describing the VNA. The S-parameters were normalized to
50 � using a capacitance per unit length of 1.80 pF/cm, and
the reference planes of the calibration were placed at the DUT.
In the second step, we used the orthogonal distance regression
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Fig. 16. On-wafer S-parameter measurement data, S21 of the 20-dB attenua-
tor connected with no special probe-to-pad transition, comparing MTRL with
16-term error correction, as measured at two different institutes: FhG (cyan
and blue) and PTB (magenta and red). Legend applies to both graphs.

Fig. 17. On-wafer S-parameter transmission measurement data, S21, of the
20-dB attenuator connected with a closed probe-to-pad transition, comparing
MTRL with 16-term error correction, as measured at two different institutes:
FhG (cyan and blue) and PTB (magenta and red). Legend applies to both
graphs.
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Fig. 18. Magnitude of transmission S-parameter, S21, with applied
16-term error correction for the three one-port structures (short—red; open—
blue; load—green) measured with different probe-to-pad-transitions at PTB.
(a) Structures without any special probe-to-pad transition. (b) Structures with
a closed probe-to-pad transition.

algorithm [20], as implemented in [21] and [22], to solve for
the interior crosstalk terms of the 16-term calibration model.

Fig. 16 shows that the 16-term crosstalk correction
algorithm strongly reduces the influence due to different
measurement set-ups when using no special probe-to-pad
transition. Under these circumstances, the crosstalk between
the probe-tips seems to be removed and the results are much
closer to the split-block waveguide reference data. Unfortu-
nately, there seems to be a problem with some of the FhG
measurement data, which results in a deviation in phase data
and the magnitude data above 145 GHz.

Fig. 17 shows the influence of applying the 16-term error
correction algorithm to the same device as shown in Fig. 16,
using closed probe-to-pad transitions. The outcome is in good
agreement between the different measurement set-ups at PTB

and FhG, and good agreement with the split-block waveguide
reference data.

Pairs of one-port standards should ideally have no crosstalk.
Fig. 18 shows the 16-term error corrected transmission mag-
nitude measurement of pairs of short, open, and load. The
observed crosstalk is typically −50 dB or less, which is com-
parable with the dynamic range of the measurement system.

VIII. CONCLUSION

In this paper, we demonstrated, to the best of our knowl-
edge, the first comparison of measurements of devices on
planar substrates using either on-wafer probing techniques or
split-block waveguide modules at D-band frequencies.

A split-block waveguide module has the advantage of
achieving quasi-monomodal wave propagation, nearly no
crosstalk and no effects caused by the presence of neigh-
boring structures, compared with an on-wafer S-parameter
measurement using on-wafer probes. Additionally, traceability
for measurements in the waveguide has already been achieved
through the use of well-known standards (i.e., waveguide
lines and shorts). These properties are well-suited to enable
on-wafer S-parameter measurements to be referenced with
respect to measurements made using waveguide modules. The
only problem is that the reference planes for a waveguide
module are different than those in an on-wafer environment.
Due to integrated calibration structures inside the waveguide
module, we have been able to perform a second tier calibration
to establish reference planes at the DUT inside the waveguide
module. With the help of this procedure, we used the measured
S-parameters inside the waveguide module as reference data.
As far as we know, this is the first such investigation compar-
ing on-wafer S-parameter measurement data to S-parameters
measured inside a waveguide module.

On the basis of the waveguide module reference data,
we have investigated different probe-to-pad interfaces as well
as crosstalk correction schemes. We demonstrated that with
a shielded pad layout design, we were able to significantly
reduce effects due to crosstalk, higher-order modes, and neigh-
boring structures on a wafer. In addition, we demonstrated that
the influences due to the use of different measurement set-ups
could be compensated with the aid of a 16-term crosstalk
correction algorithm.
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