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Abstract—In this paper the results of integrated antenna mea-
surements are analyzed to identify the main reflection locations
when measuring with wafer probes. Two different approaches
are described and the measurement results for two different
probe designs are shown. First, the main reflection center on the
wafer probe is determined by analyzing the measured far field
radiation pattern at 160 GHz. The second approach is based on
an extrapolation measurement of the antenna. It is shown that
the reflective areas can be identified for both probe designs. The
results can be used to assess the measurement uncertainty and
to quantify the measurement error.

I. INTRODUCTION

On-chip antennas are becoming more and more important
for integrated radar sensors and communication MMICs to
avoid lossy off-chip transitions. However, both feeding the
antenna under test (AUT) and measuring the radiated fields
is challenging, due to the small wavelength and antenna
dimensions of less than 1 mm. Wafer probes have to be used
to contact and feed integrated antennas [1]. These probes are
primarily made from metal and thus present a comparably big
reflective surface in the immediate vicinity of the AUT [2].
The reflections from the wafer probe cause ripples in the
radiation pattern and large deviations in gain measurements
that depend on the measurement distance and the relative
positions of reflector and antenna. [3] performs near field
scans to avoid reflections from surrounding objects, however,
the wafer probes limit the scanning range during near field
measurements [4], reducing the overall measurement accuracy.

In [2] the probe is moved underneath the measurement sur-
face in order to reduce reflections and distortions by bending
the printed circuit board (PCB). While reducing reflections
significantly at 60 GHz, this approach is not applicable for
on-chip antennas as the substrate is way smaller than a PCB
and cannot be bent. A different approach was taken in [5],
where the wafer probe was modified such that the probe body
is underneath the antenna plane by extending and bending the
coaxial probe tip. With this probe the disturbing effects were
reduced at approximately 60 GHz, but custom probe designs
are pricey and bended probe tips are difficult to fabricate at
high frequencies.

For a better understanding of the probe influence on the
measurement results, the main points of reflection are iden-
tified in this paper with two different methods. The results
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Fig. 1. Measurement setup with robot, converter module, and probe station.

can be used for future probe designs that are better suited for
integrated antenna measurements.

The setup is briefly described in Section II. In Section III-A,
the scattering center is determined by analyzing the measured
radiation pattern and in Section III-B an extrapolation mea-
surement is used. All measurements were done at 160 GHz
with two different wafer probe designs.

II. MEASUREMENT SETUP

The measurement setup is shown in Fig. 1 and detailed
description can be found in [6]. It uses an industrial robotic
arm to precisely move the reference antenna around the AUT
and probe the radiated field at the desired measurement points.
With the robotic arm it is possible to perform near field,
far field, and polarization measurements as well as extrap-
olation measurements, where the field is measured over the
separation distance between reference antenna and AUT. The
robot triggers a vector network analyzer (VNA) whenever a
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Fig. 2. The effect of probe reflections in far field and extrapolation measure-
ments.

specified measurement position is reached. Converter modules
are required to extend the frequency range of the VNA and
wafer probes are used to contact the chip and feed the signals
to the AUT.

Two different wafer probe models were compared. The first
one is a standard off-the-shelf wafer probe, while the second
one is custom made, designed for improved antenna measure-
ments. Due to the small chip dimensions, the wafer probes
are located right next to the radiating element, what causes
severe distortions during measurements. In order to decrease
reflections and shading, the dedicated antenna measurement
probe (see Fig. 1) has an extended coaxial feed to increase
the distance between AUT and the reflective probe surface
and thus reduce distortions.

III. SCATTERING CENTER DETERMINATION

Two different methods to determine the scattering center
were used. The first method is based on a far field mea-
surement [7], while the second method uses an extrapolation
measurement.

A. Far Field Pattern Analysis

The biggest effects of probe reflections can be seen when
measuring in probe direction, i.e. the x-z-plane in Fig. 2. The
reflections interfere with the desired field components on the
measurement plane and this interference causes constructive
and destructive interference depending on the relative phase
between direct and reflected signal.

A maximum occurs when the path difference between direct
and reflected signal is ∆path = (2n − 1) · λ/2, as the phase
of the reflected signal changes by π when being reflected.

As the measurement is taken on a sphere around the AUT,
the path length of the direct signal is constant during the
measurement. Assuming that the location of the reflection does
not change over θ, the only path length that depends on θ
is the path from the scattering center R to the measurement
surface. Therefore, the distance between scattering center
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Fig. 3. Determined scattering center locations for the standard probe at
160 GHz with both methods.

and measurement location has to change by λ between two
adjacent maxima:

∆path =
∣∣lR→maxn − lR→maxn+1

∣∣ !
= λ . (1)

The distance between the point of reflection and the mea-
surement surface can be calculated with

lR→maxm
=

√
(Rx + r sin θm)

2
+ (r cos θm −Rz)

2
, (2)

where Rx and Rz is the x and z location of the scattering
center and r is the measurement radius.

By solving (1) with (2) for Rz , the z position for different
Rx values can be calculated for a given pair of adjacent
maxima. This yields a line of possible reflection centers for
each maxima pair. The intersection point of these lines is the
scattering center.

Figure 3 shows the calculated lines for an integrated antenna
measurement at 160 GHz. The lines intersect with one another
and with the probe surface at the transition between probe
body and waveguide connector, clearly illustrating the main
source of reflection when measuring with the standard wafer
probe.

When measuring with the extended probe, the distance
between reflective surface and AUT is increased, which is
why the path length changes faster over θ, thus increasing the
number of maxima on the measurement surface as indicated in
Fig. 2. With a higher number of maxima, more lines of possi-
ble scattering centers can be calculated. The results are shown
in Fig. 4. Compared to the standard probe, the intersection
points of the reflection lines show a higher variation, which
is due to the smaller peak-to-peak amplitude of the ripples
when measuring with the dedicated probe. While the large
ripples of the standard probe allow to determine the position
of the maxima with high accuracy, the small ripples caused
by reflections from the extended probe are more difficult to
detect as reflections from other objects that superimpose with
the probe reflections have a bigger impact on the measurement
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Fig. 4. Determined scattering center locations for the extended probe at
160 GHz with both methods.

results. However, it is still possible to identify the main point
of reflection at the bend of the waveguide connector of the
probe.

B. Extrapolation Measurement

During an extrapolation measurement, the received signal is
measured in boresight direction as a function of the separation
distance between AUT and reference antenna. To prevent
collisions of the Rx antenna with the wafer probe an open
waveguide near field probe was used as Rx antenna. The
smaller aperture of the near field probe compared to a standard
gain horn allows to decrease the minimum measurement
distance to 1.5 cm without colliding with the wafer probe.
For this analysis the distance was changed from 1.5 cm to
80 cm. Due to the reflections and the resulting interference,
the measured signal has ripples that depend on the location
of the reflection center. The amplitude of the superimposed
signal Atotal can be calculated with

Atotal = Adirect +Areflected

=
λ

4πldirect
+
λGrefl

4πlrefl
· ejk(ldirect−lrefl), (3)

where k is the wavenumber, Grefl is the gain of the reflected
signal, and ldirect and lrefl are the path lengths of the direct
and the reflected signal, respectively. Grefl takes into account
the amplitude change caused by the reflection itself as well as
the higher free space attenuation due to the longer path of the
reflected signal compared to the direct path.

The point of reflection can be estimated by choosing the x
and y location of the scattering center such that the difference
between Atotal and the measured S21 is minimized. In this case
the optimization variables were the position x and y, Grefl, and
a normalization factor.

Figure 5 shows the results of the extrapolation measurement
and the calculated magnitude of the superimposed signal for
the standard wafer probe. Due to the close proximity of the
reflection center to the AUT, the biggest ripples can be seen
within a distance of less than 10 cm. For larger distances the
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(a) Overview (1.5 cm to 80 cm)
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(b) Detailed view (1.5 cm to 10 cm)

Fig. 5. Measured extrapolation magnitude with the standard probe at 160 GHz.

slope of the measured signal is approximately equal to the free
space attenuation, which means that most information about
the point of reflection can be obtained from the measurement
results below 10 cm. As long as these results are taken into
account for the calculation, the deviation between the calcu-
lated scattering center positions is less than 1 mm. Figure 3
indicates the calculated scattering centers as red crosses for
the evaluation ranges shown in Table I.

Figure 6 shows the same measurement when contacting with
the extended probe. Up to a distance of 10 cm the ripples
of Fig. 5b are not present. Because of the increased distance
between scattering center and AUT, the ripples can be seen
at higher distances, mainly between 20 cm and 50 cm. In this
case the best results can be obtained when disregarding the
first 10 cm, where the distortions are not primarily caused
by the probe reflections. The calculated scattering centers are
indicated in Fig. 4.

The calculated reflection positions as well as the resulting
standard deviations are shown in Table I. The highest accuracy
can be achieved when only those distances are taken into
account, where the characteristic ripples occur. For reflections
close to the AUT, smaller distances should be evaluated.
When the reflection occurs further away from the AUT, larger
distances yield better results.



TABLE I
CALCULATED SCATTERING CENTERS (ALL UNITS IN CM)

Standard probe Standard deviation

Evaluation range 0. . . 20 0. . . 30 0. . . 40 0. . . 50 0. . . 60 0. . . 70 0. . . 80
Calculated position (x,z) (0.93, 1.41) (0.93, 1.41) (0.93, 1.41) (0.93, 1.42) (0.93, 1.43) (0.93, 1.44) (0.93, 1.44) (<0.1, <0.1)

Extended probe

Evaluation range 10. . . 80 20. . . 80 30. . . 80 40. . . 80 50. . . 80 60. . . 80 70. . . 80
Calculated position (x,z) (5.28, 2.76) (5.37, 2.94) (5.44, 3.09) (5.16, 2.56) (5.43, 3.84) (5.22, 2.56) (4.96, 2.57) (0.2, 0.5)
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(b) Detailed view (1.5 cm to 10 cm)

Fig. 6. Measured extrapolation magnitude with the extended probe at
160 GHz.

IV. IMPACT ON GAIN MEASUREMENTS

As shown in Figs. 5 and 6, the reflections cause deviations
from the expected free-space path loss of the measured signal.
This leads to erroneous results during gain measurements. The
error depends on the location of the reflector, the measurement
frequency, and the measurement distance. These reflections are
the biggest source of uncertainty in gain measurements with
a standard deviation of 0.83 dB as it was shown in [8].

The effect can be reduced significantly when measuring with
the dedicated antenna measurement probe. In this case the
ripples are much smaller and the deviations from the free space
path loss are reduced, which indicates smaller reflections.

V. CONCLUSION

In this paper reflections of wafer probes during integrated
antenna measurements were analyzed. Two different methods
to determine the main scattering centers of wafer probes were
shown and both methods were applied to antenna measure-
ments at 160 GHz with two different wafer probes.

One method is based on the measured radiation pattern and
the second one on an extrapolation measurement. It was shown
that the main point of reflection can be identified with both
methods for different probe designs. The best results can be
achieved, when only those distances where the characteristic
ripples of the superimposed signal occur are analyzed. If the
reflection appears close to the AUT, small distances have to be
taken into account for an accurate evaluation. When the point
of reflection is further away from the AUT small distances can
be neglected.
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