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Abstract —On-wafer measurements at microwave and mm-
wave frequencies require reliable calibration processes to deduct
unwanted effects such as the impact of probe, the wafer
environment, and the instrumentation equipment itself. However,
with increasing frequencies the calibrated results become more
and more sensitive to parasitic effects such as radiation, multi-
mode propagation, and substrate modes. This paper investigates
their influence when using a typical coplanar waveguide (CPW)
calibration substrate at G band. The goal of this paper is to
clarify the role of substrate modes and to quantify how they
affect multiline Thru-Reflect Line (mTRL) calibration.

Keywords — on-wafer probes, coplanar waveguides (CPW),
substrate modes, calibration.

I.  INTRODUCTION

Any on-wafer measurement requires application of a
calibration procedure to deduct unwanted but unavoidable
perturbation of the data due to the environment, the probes,
and the instrumentation itself. This calibration process should
reveal the “true” performance of the Device Under
Test (DUT). However, with growing frequency the calibrated
results become increasingly sensitive to parasitic effects such
as radiation, multimode propagation, and substrate modes. In
principle, radiation is accounted for by TRL calibration and
can be eliminated if it is the same for all calibration structures
as well as the DUT (which, of course, is difficult to ensure in
reality [1]).
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Fig. 1. Left: Layout Cal 1 of the CPW calibration substrate with marked-up
calibration elements; right: Probe geometry used in simulation

More critical, however, are multi-mode propagation and
substrate modes, since common calibration procedures assume
only single-mode propagation and cannot compensate
existence of multi-mode or multi-path scenarios. Thus, any
additional mode propagating between the ports will deteriorate
accuracy of the calibrated results.

Several papers have been published already investigating
the impact of substrate modes for CPW structures
(e.g., [ 2,3,4]), but all of them were restricted to W band
frequencies and below. The CPW case is particularly
challenging because one is dealing with a multi-layered
substrate (e.g., when measured on a ceramic chuck material).
Also, it is not easy to differentiate the effects of substrate
modes from radiation effects in the measurement data.

With this motivation, the present paper concentrates on the
coplanar case. Compared to previous literature, we address
higher frequencies and do not only study substrate modes
themselves but quantify their influence on the calibration
procedure. A typical CPW calibration substrate is used, in the
frequency range up to 220 GHz. We apply the mTRL
algorithm [5], which is commonly accepted as one of the most
accurate calibration algorithms. The investigations presented
are based on measurements and electromagnetic simulations
performed with Microwave Studio from CST [6].

II. MEASUREMENT RESULTS AFTER CALIBRATION

A. Basic measurement setup

The investigated calibration substrate is commercially
available and suggested for calibration above W band. It
consists of an alumina substrate (Al,O3) with a thickness of
250 yum and a dielectric constant of & =9.9. In our
measurements, the calibration substrate is placed on a ceramic
chuck with a thickness of 1 cm and a dielectric constant of
€ = 6. In the electromagnetic simulations, we use a thickness
of 2000 pum for the chuck, followed by an open boundary
which virtually extends the lower boundary to infinity.

The parameters common for all CPW lines are a signal
conductor width of 35 pm, a 20 um gap and a metalization
thickness of 3 pm. Fig. 1 (left) shows the layout with the
calibration elements. The set consists of the CPW lines L1...
L6 with different lengths (200, 450, 900, 1800, 3500, and
5250 pm), a pair of CPW short stubs, and a CPW open. For
the thru standard, a short CPW of about 135 pm +/-1 um line
length is employed, which is placed on the left-hand edge of
the wafer substrate (Fig. 1, left). This calibration set is referred
to as Call in the following. In a second step, we will
exchange the thru standard in the calibration set Cal 1 by
Thru 2f (see Fig. 2). This modified set is denoted Cal 2.

The dimensions of the CPW structures were determined
from measurements with a tolerance of +/-2.5 pm.
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B. Calibrated results of thrus at different positions

The first step of our investigation is to both measure and
simulate the calibration elements and to feed both sets of raw
data into the mTRL calibration algorithm. To include all the
effects of a realistic measurement, the simulations of the
structures elements take into account the complete substrate
and describe the probe by a sophisticated model (Fig. 1, right).
As a result of the mTRL algorithm, error terms are calculated
for both measurements and simulations of each set of
calibrations.
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Fig. 2. The DUTSs under consideration.

In the second step, the DUTs are measured and simulated,
and the data is calibrated with these error terms. To allow for
an easy comparison of simulations against measurements, the
reference plane is shifted to the probe tips in both cases. (The
data were all normalized to the characteristic impedance of the
calibration lines.)
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Fig. 3. G band measurements of S,; for three different thrus (Thru 1f, Thru 2f,
Thru 2j), calibrated with Cal 1 and Cal 2; top: Magnitude of S, in dB;
bottom: Phase of S, in °.

As can be seen in Fig. 2, there are a lot more calibration
structures on the substrate, which are identical in layout but
placed at different locations. Fig. 3 presents measured
calibrated data in G band for a nominally identical structure, a

thru, located at different positions on the substrate and
calibrated using the two different set of elements Cal 1 and
Cal 2. As can be seen the results for the magnitude of S,; vary
within a range of 0.1 dB and exhibit different curve behavior,
partly with clearly unphysical ripple. Only if the same thru
that was used in the calibration set is measured one obtains
unique and ripple-free data.

While the deviations for the magnitude of S,, remain
relatively small, the phase of S, shows more pronounced
effects (Fig. 3, bottom). A maximum phase difference of 9°
can be detected between Thru 2j and Thru 1f (both calibrated
with Cal 1) at 220 GHz. As for the magnitude, there is only
one choice to obtain unique results, independently of the
calibration set: Using exactly the thru of the respective set.

Fig. 4. Magnitude of the electric field at 196.9 GHz (top view on the
substrate) when measuring the thru at different positions, as specified.

In order to clarify this behavior, we simulated the electric
field for the differently positioned thrus at 196.9 GHz (see
Fig. 4). Obviously, the electric fields spread over the whole
substrate and the patterns for the thrus differ. The observed
phenomena can be explained only by the propagation of
substrate modes. This is detailed in the following section.

III. INFLUENCE OF SUBSTRATE MODES

A. Impact of wafer size

For the following investigations, we extend the wafer
substrate four times larger in area (Fig. 5 left). We repeat the
simulation of the calibration set Cal 1 on this extended wafer
and rerun the calibration algorithm (Cal 2 is not considered in
this section).

The calibrated results for the phase of S,; for Thru 1f and
Thru 2f are compared in Fig. 5 (right), where the phase
difference is plotted. Clearly, the extended substrate size leads



to a significant improvement regarding the phase deviations.
This is supported by the data for the relative deviation in
Fig. 6 which shows a reduction from 13% (standard substrate)
to 2% (extended substrate size).
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Fig. 5. Substrate with extended dimensions, left: Layout; right: Calibrated
results of the phase difference of Sy; in © between Thru 1fand Thru 2f
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Fig. 6. Complex difference of S,; between Thru 1f and Thru 2f on standard
and extended substrate (magnitude of relative difference in %).

Fig. 7. Magnitude of electric fields at 196.9 GHz for Thru If (left) and
Thru 2f (right) on extended wafer

L

Fig. 8. Magnitude of electric field at 196.9 GHz (cross-section in the centre
of the probe for Thru 1f); comparison between standard (top) and
extended wafer size (bottom)).

The electric field plots in Fig. 7 help to explain why the
deviations have decreased. Due to the extended substrate the
distance of Thru 1f to the substrate edge is so large that the

electric fields are similar to those of Thru 2f. In other words,
the parasitic substrate mode is still excited and propagates
through the substrate but what makes it critical are reflections
at discontinuities located in close distance, which cause strong
reflections that coupled back into the measured structure. For
the enlarged substrate, the substrate edges are further away
and thus the influence of the reflections is lower. The field plot
in Fig. 8 illustrates this. The substrate mode travels away
laterally from the probe location but its amplitude decreases
with distance, due to its circular characteristics.

B. Impact of the dielectric constant of the chuck material

The existence and the general behavior of the substrate
modes follow the classical theory of surface waves [7]. The
structure under consideration here is a 3-layered one,
comprising the air region above the substrate, the substrate
itself, and the chuck below, in our case: air, Al,Os3;, and
ceramics with g e = 6. The air region and the chuck can be
approximated to be infinite at the top and bottom level,
respectively. Thus, the behavior of substrate modes is
governed by the dielectric constants of the three layers and the
thickness of the intermediate one, the substrate.
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Fig. 9. Magnitude of electric field at 196.9 GHz at a cross-section in the centre
of the probe, varying the permittivity of the chuck below the substrate.

In particular, substrate modes can be suppressed under
three conditions:

o If the substrate is thin enough so that the cutoff
frequency for the lowest surface wave mode is above
the highest frequency of interest.

o If the dielectric constant of the chuck material is
similar to that one of the substrate. Then substrate
and chuck form more or less a homogeneous medium
and one has a two-layer structure, which does not
support any surface waves.

e [f the dielectric constant of the chuck is larger than
that of the substrate. This type of three-layer structure
also does not support surface waves.

The field plots in Fig. 9 support these statements, studying
the effects when varying the chuck permittivity. As can be
seen, one has always a superposition of two effects, the
propagation of the substrate mode and the radiation from the
probe tips into the substrate and the chuck material. For & cnycx



values up to 8, one observes propagation of the substrate
modes, since at 196.9 GHz the 250 pm thick Al,O; substrate
(&rwafer =9.9) supports a substrate mode. If the dielectric
constant comes close to the value of the wafer substrate
€rchuck = Erwafer, the substrate mode vanishes and only radiation
fields generated by the probe tips are observed which travel
further and disappear in the (infinitely thick) chuck layer. For
higher &, ., values, the substrate mode is suppressed as well.

Fig. 10. Magnitude of electric field at 196.9 GHz at the cross-section in the
centre of the probe, for & gk but a thinner substrate of 100 pm.

Similarly, this can be achieved when choosing substrate
thickness thin enough (see Fig. 10, with 100 um thick
substrate). Therefore, one should use a material for the chuck
which has a similar (about +/- 1) or higher permittivity than
the substrate, or the thickness of the substrate needs to be
chosen small enough to increase the cut-off frequency to
values higher than the maximum frequency of operation.
Radiation into the chuck is unavoidable, but it does not cause
back-reflections and thus a second path between the probes
which would corrupt the mTRL approach is avoided.
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Fig. 11. Calibrated results of the phase difference of S,; in ° for Thru 1f and
Thru 2f (left); right: Magnitude of electric fields at 196.9 GHz for Thru 1f on

chuck with same permittivity as substrate (&;chuck = 9.9).
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Fig. 12. Complex difference of calibrated S, for Thru 1f and Thru 2f on
different chuck material (magnitude of relative difference in %)

Fig. 11 illustrates the situation for the case with a chuck of
exactly the same permittivity as the substrate. The laterally
spreading fields, caused by the substrate modes, have
completely disappeared and, as a result, the deviations

between the different DUT positions are significantly reduced.
The phase difference remains below 1.5° up to 220 GHz
(Fig. 11 left) and one finds that the maximum complex
deviations between the calibrated data for the thru at the
different locations decrease from 13 to 2 % (see Fig. 12). This
proves the correlation between substrate modes and mTRL
errors: Applying the same material as the wafer substrate for
the chuck material not only suppresses the parasitic substrate
mode but also improves the accuracy of the calibrated results.

IV. CONCLUSIONS

Propagation of substrate modes is shown to degrade
accuracy of mTRL calibration in on-wafer measurements of
coplanar structures in G band. A set-up with thick ceramic
chuck is assumed, the presently most preferable solution for
high-frequency coplanar characterization. The substrate modes
are reflected at wafer edges and similar discontinuities, bounce
back and couple back to the excitation point, thus providing a
parasitic parallel path to the ports of the DUT. Suppression of
substrate modes can be achieved by choosing the substrate
thin enough or by using a chuck with a permittivity of about
the same value as the substrate or above.
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