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Abstract—The results of integrated antenna measurements are
often severely distorted by reflections from the measurement
environment. In order to contact and feed passive integrated
antennas wafer probes have to be used. Wafer probes are not
only electrically large, but are also located in the immediate
environment of the antenna under test (AUT) and reflect parts
of the radiated signals. This causes significant distortions and
erroneous results in radiation pattern, directivity, and gain
measurements. Custom wafer probes have been used to reduce
reflections for meaningful measurement results, but these special
probes are difficult to fabricate and expensive. If the antenna
is measured within an active system that generates the transmit
signal, waver probes are not required to feed the AUT, but bond
wires, circuit elements close to the antenna, and surface wave
radiation still limit the achievable accuracy of the measurements.

In this paper modal filtering is used to mitigate the influence of
unwanted distortions in post-processing for both wafer probe and
active antenna measurements. It is shown that modal filtering can
be applied to integrated antenna measurements above 100 GHz
and that reflections from wafer probes, bond wires, and the
PCB can be reduced significantly for passive and active antenna
measurements, respectively.

I. INTRODUCTION

The accuracy of antenna measurements is limited by various
error sources, like mechanical and electrical inaccuracies,
reflections, probe antenna uncertainties, and processing er-
rors [1]. While many of these error sources can be reduced
with modified and optimized measurement setups, the remain-
ing errors can still have a significant effect on the measurement
result.

The first setups for 3D-measurements of integrated antennas
at mm-wave frequencies used custom made rotating arms to
probe the radiated field on a spherical surface [2], [3]. More
recent setups were built to improve the mechanical setup for
a better positional accuracy and to reduce reflections to lessen
the impact of reflections in the measurement environment [4]—
[6]. Measurement setups using a robotic arm to move the
probe antenna around the antenna under test (AUT) offer high
flexibility and accuracy for near-field measurements [7] and
integrated antenna measurements [8].

Despite the improvements of integrated antenna measure-
ment setups, the interference of the desired signal with wafer
probe reflections still impede reliable results as indicated
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Fig. 1. Wafer probe reflections cause interference on the measurement surface.
Signal blockage in the shadow region behind the probe. Measurement surface
is limited by Omax-.

in Fig. 1. Custom probe designs (probe B Fig. 1) can be
used to reduce reflections on the probe surface and to lower
distortions [5], [9], but the fabrication is expensive and be-
comes increasingly challenging for higher frequencies. Even
for active antenna measurements, where the frequencies are
generated on the chip itself rather than being fed with wafer
probes, bond wires, packaging, and connectors distort the
radiated fields.

Some of these error sources cannot be mitigated by altering
the setup, but the measurement results can be improved by
post-processing the data. One potential approach is time-
gating [10], but this requires measurement equipment and
antennas with a large bandwidth to distinguish between the
unwanted reflections and the direct signal, if the path differ-
ence is small.

Another way to reduce reflections in post-processing is
the MARS (Mathematical Absorber Reflection Suppression)
method, which was first presented in [11] for a spherical near-
field range. It has since then been adjusted for other scanning
geometries and to spherical far field measurements [12]. In
[13] MARS is applied to integrated antenna measurements at
frequencies above 100 GHz for the first time.

Section II gives a brief explanation of the MARS algorithm.
A more in-depth explanation can be found in [13]. Section III



shows the comparison of the post-processed measurement
results of two different probes (probe A and B in Fig. 1) in
order to evaluate whether post-processing makes it possible to
perform reliable measurements with standard wafer probes.

Section IV shows the results of an active measurement of
the same antenna and the phase retrieval method to obtain
the phase of the measured signal. All measurements were
performed using the robotic measurement setup described
in [8].

II. MARS

The Mathematical Absorber Reflection Suppression
(MARS) algorithm is a combination of modal filtering with
an out-of-center antenna measurement [11].

Modal filtering is used to represent the measured far field
through a set of orthogonal spherical wave functions Mgﬁ%(r)
and N%Zl(r) of degree n and order m for the transverse
electric and the transverse magnetic field component [13]. The
far field pattern of an antenna can be represented by a weighted
sum of M%%(r) and Ngﬁzl(r) [14]
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\/€/p and the wave number k =27 /. The complex
weighting factors Br(m)l and Br(,%,)l of the wave functions are
called spherical mode coefficients (SMC) and can be calcu-
lated from a measured far field by solving (1) for Br(rl”)l and
B,(,%BL after splitting E(r) in an E4 and an Ey component [13],
[15]. The radiated field of an antenna can therefore be fully
described by the SMCs.

The function values of the spherical wave functions
M%ZL(I‘) and Ngﬁ%(r) decline strongly for n > krg, where
ro is the minimum radius of a sphere surrounding the entire
aperture of the AUT (minimum radius sphere, MRS). Thus,
the number of modes required for the field representation of
the AUT can be limited to
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with n =
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The safety margin n; ensures that no relevant modes are
omitted.

SMCs of degree larger than N that have a significant
amplitude must be caused by reflections that are outside of
the MRS of the AUT. Reflections can be filtered by zeroing
all modes that cannot be attributed to the AUT in (1)
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III. PASSIVE ANTENNA MEASUREMENT

In order to evaluate the achievable post-processing im-
provement for radiation pattern and directivity measurements,
an integrated antenna at 160 GHz was measured with two
different wafer probes. A custom one, which is optimized for
minimum reflections and a commercially available standard
one. In this section n; was set to 10, which proved to be a good
compromise between the performance of the modal filtering
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Fig. 2. Spherical mode coefficients Bg% for measurement results measured
with the extended wafer probe (a) and the standard wafer probe (b)

and an accurate field representation for integrated antennas
with wafer probes as shown in [13]. With krqg = 3.3 the
number of relevant modes to represent the isolated antenna
are therefore N = |kro| +mny = 13.

The number of significant modes to represent the antenna
within the measurement environment is higher due to reflec-
tions in the setup. Fig. 2 shows the calculated Bg% SMCs
based on the measurement results using the extended probe
(Fig. 2a) and the standard probe (Fig. 2b). The interference
between direct radiation and reflections on the wafer probe
results in an increased amplitude of higher degree modes,
which are the modal equivalent to undesired ripples in the
measured radiation pattern. Due to the proximity of the
standard probe to the AUT, the reflections are much higher
compared to the extended probe. Because of this the SMCs
are spread over a larger area for standard probe measurements.

The reason for the slow decay of the weighting factors with
the order |m|=1 is the restricted scanning area, which was
limited by 6.x =50° [13]. The mechanical setup did not
allow to increase the scanning area, as the robot would have
collided with the converter module, which was used to feed
the AUT.

A. Radiation Pattern

The measured and simulated radiation patterns are shown
in Fig. 3. The solid lines are the results after post-processing,
while the dotted lines show the original data. For better
comparability all measurements were normalized to the maxi-
mum value of the post-processed result of the extended probe
measurement. The extended probe measurement largely agrees
with the simulation result. The only significant deviations
occur for f-angles around 0°, where reflections cause ripples
on the measurement surface as shown in Fig. 3b.
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Fig. 3. Comparison of measurement, simulation, and post processed radiation
pattern of the integrated antenna at 160 GHz for an offset of Az =6 mm. The
dotted lines are the unprocessed results and the solid lines the MARS post-
processing results.

The measurements with the standard probe exhibit much
stronger distortions. The H-plane measurement result shows a
2.5dB notch around 6 =0° and large ripples with an average
amplitude of approximately 3 dB occur in the E-plane. Signal
blockage behind the standard probe in the E-plane causes the
signal decline for 6 > 20°.

The largest error for the post-processed standard probe
measurements occurs in the shadow region behind the probe,
where the signal is blocked by the waveguide connector of the
standard probe (see Fig. 1). This signal cannot be reconstructed
with the MARS algorithm. Further deviations are caused by
the non-physical truncation of the measured signal at the edge
of the scanning surface. This results in a decrease of the
post-processed radiation pattern for # > 45°, which causes the
almost 5dB difference between the dotted line (before post-
processing) and the solid line (after post-processing) at the
edge of Fig. 3b.

Apart form the edge and the shadow region, the difference
between the two measurements and between measurement and
simulation was reduced significantly from up to 5dB before
post-processing to less than 1dB afterwards.
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Fig. 4. 3D radiation pattern of the integrated antenna at 160 GHz. The probe
is located at ¢ =0°.

TABLE I
MEASURED DIRECTIVITY OF THE INTEGRATED ANTENNA AT 160 GHz.

Simulation  Extended probe  Standard probe
No post-processing 9.6dB 8.7dB 11.8dB
MARS 9.5dB 9.4dB 10.7dB

B. Directivity

The directivity was calculated by integrating over the mea-
sured radiation pattern C'(6, ¢):
47
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As the movement of the robot is limited by the joints of the
robot and by obstacles in the measurement environment, the
field cannot be measured on the entire sphere. In order to
determine the directivity, it was assumed that the field has the
same value as on the edge of the scanning surface for angles
0 > 50°, i.e. C(0 > 50°,¢)=C(0 = 50°, ¢).

Fig. 4 shows the measured and the post-processed 3D-
radiation patterns of the integrated antenna measured with
the extended probe (Fig. 4c) and with the standard probe
(Figs. 4a, 4b). The plots show the smoother patterns after post-
processing with less reflections, the impact of the shadow re-
gion behind the standard wafer probe, and the low amplitudes
at the edge of the scanning surface after post-processing due
to the limited scanning surface.

The calculated directivities for simulation and measure-
ments before and after post-processing is shown in Table 1. The
simulated directivity is 9.6 dB and is almost not affected by the
post-processing. The difference between the extended probe
measurement and the simulation was reduced from almost
1dB to 0.1dB.

The shadowing effect increases the measured directivity for
standard probe measurements, but post-processing reduces the
difference to the simulated value by approximately 1 dB.
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Fig. 5. Measurement setup for active measurements of an integrated antenna at
160 GHz. A static reference antenna is used to cancel out the time dependency
of the phase in the measured signal.
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Fig. 6. Block diagram of the active antenna measurement setup. An additional
reference antenna was used to measure the phase shift of the signal over time.

IV. ACTIVE ANTENNA MEASUREMENTS

If an integrated antenna is fed by active circuitry, which
is located on the same chip as the AUT, no wafer probes
are required to connect the AUT with the signal generating
components as shown in Fig. 5. In such a setup, however, the
phase of the input signal to the AUT is not known, resulting
in a time dependent phase of the measurement signal. As the
phase information is required for the MARS post processing,
this time dependency has to be removed such that the measured
phase solely depends on the measurement location.

In this paper the phase information was obtained using a
static reference antenna to measure the unwanted phase change
over time as shown in Fig. 6. The time dependent phase
change was then subtracted from the measurement result in
post processing. This eliminated the time dependency of the
phase, reducing the phase drift for a static measurement over
a period of 20 minutes to less than 1°, which is a sufficient
phase stability for the MARS algorithm.
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Fig. 8. Location of scattering centers for different number of considered
modes N. Scattering occurs where the lines intersect with the PCB surface
y=0).

A. Safety Margin nq

[13] shows that a safety margin of n; =10 yields the best
results for measurements with wafer probes and a maximum
scanning angle of #=250°. As active measurements require
no wafer probe, the scanning surface could be increased to
a maximum angle of #=70°, limited by the connectors and
the reference antenna. At the same time reflections from
bond wires and PCB components, like surface-mount devices
and connectors, can occur closer to the AUT compared to a
wafer probe measurement without PCB, where most of the
reflections occur at a distance between 1cm and 2 cm.

Fig. 7 shows a comparison of the active antenna measure-
ment after post processing for different safety margins. It
can be seen that the number of ripples increases, if a larger
number of modes is used for the transformation. Based on
the ripples in the pattern, the location of the scattering centers
can be calculated with a quasi-optical analysis of the maxima
in the far field pattern as shown in [9]. The result of this
is shown in Fig. 8. As the number of considered modes is
decreased, the impact of reflections is reduced. For N =18,
which corresponds to a MRS of 5.4 mm, the main reflections
occur in a distance of around 5.1 mm. If the number of modes
is reduced, these reflections can be canceled out, but undesired
radiation closer to the AUT still occurs (see Fig. 8 for N =13
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Fig. 9. Measurement, simulation, and post processed radiation patterns of the
isolated chip-fed integrated antenna at 160 GHz. The highlighted area indicates
the simulation results for different resonator positions (40 pm variation). The
simulation model only contained the AUT. With N =3, chip radiation is
filtered.

and N =38).

While the wafer probe measurement had no metallic objects
within 5mm of the AUT and required a safety margin of
n1 =10 in order to mitigate the effect of the limited scanning
surface with 6, = 50°, the active measurement has different
boundary conditions. In the absence of a wafer probe, the
scanning area can be increased to 6y, = 70° (limited by the
reference antenna) and reflections can occur right next to the
AUT due to the required bond wires and the printed circuit
board. Therefore, the performance of the MARS algorithm can
be increased with smaller values of N.

B. Radiation Pattern

Figs. 9 and 10 show the simulation and measurement
results of the active measurement of the integrated antenna at
160 GHz as well as the post processed MARS result in the E-
and H-plane for the safety margin n; =0. The antenna uses a
surface mounted dielectric radiator as shown in [16] to increase
the radiation efficiency. As the radiator is glued manually
on the chip, multiple simulations with different z- and y-
offsets within 40 pm of the desired position were performed
to account for possible misalignment of the real antenna. The
highlighted area in Figs. 9 and 10 indicates the possible values
of the radiation pattern depending on the resonator position.
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Fig. 10. Comparison of measurement, simulation, and post processed radia-
tion patterns of the chip-fed integrated antenna at 160 GHz. N =5 was chosen
such that the entire chip is taken into account. The simulation model included
the AUT and the chip.

In Fig. 9 only the radiation that occurs right at the antenna
is taken into account (/N =3) and the measurement results
are therefore compared to a simulation model of the isolated
antenna without the rest of the chip. In both planes a significant
improvement compared to the measurement result could be
achieved through the MARS algorithm. In the E-plane the
post-processed result closely matches the simulation with
deviations well below 1dB for all angles below 60°. The
H-plane shows a bigger difference between simulation and
MARS result especially for positive theta angles, which could
be due to a bond wire that is right next to the AUT and within
the MRS in the H-plane.

In Fig 10 the center of the MRS was moved to the center
of the chip. With the given chip dimensions the number
of modes has to be increased to IN =25, in order to take
the radiation of the entire chip into account for the back
transformation of the mode spectrum into the far field. The
measurement is compared to a simulation of the AUT with
the chip, without PCB and bond wires. As the boundary
surface between filtered and unfiltered sources is spherical,
the boundary cannot be traced exactly along the edges of the
chip, such that some sources surrounding the chip (bond wires,
capacitors) are not completely filtered out, which explains the
deviations in Figs. 10a and 10b. The truncation of the signal



TABLE II
DIRECTIVITY OF THE ACTIVE INTEGRATED ANTENNA MEASUREMENT AT
160 GHz.
Directivity Measurement MARS  Simulation
Isolated AUT 9.8dB 9.1dB 9.2dB
Chip with AUT 9.8dB 9.0dB 8.7dB

at the edge of the scanning surface also causes deviations
especially for C(|0|="70) > —10dB, which can be seen when
comparing the simulation and the post processed simulation
result (MARSgspy) in Fig. 10a. Still, the influence of circuitry
outside the MRS could be filtered out, resulting in a much
smoother pattern of the antenna.

C. Directivity

Based on the measured far field patterns the directivity was
calculated as shown in Section III-B. The results are displayed
in Table II. For both measurement scenarios (isolated AUT and
AUT with chip), the measured directivity can be improved
through the MARS algorithm, yielding results that are within
0.3dB of the simulation.

V. CONCLUSION

Both passive and active integrated antenna measurements
suffer from unwanted reflections that distort the measurement
results. For passive measurements wafer probes are the main
source of reflections and active measurements are mainly
influenced by surrounding circuitry like bond wires, lumped
components on the PCB, and the PCB itself.

It was shown that the influence of these reflections can be
reduced significantly with the MARS algorithm, improving
both radiation pattern and directivity measurements. In order
to optimize the results, the safety margin n; has to be chosen
carefully. For passive measurements a larger margin of n; =10
is favorable to mitigate the effect of a limited scanning area.
As most reflections occur at a distance of more than 10 mm,
the filtering effect of the MARS algorithm is barely affected
by the higher margin. For active measurements reflections can
occur in the immediate vicinity of the AUT. Due to bond wires
and the PCB an almost gradual transition between wanted and
unwanted radiation can be observed, which makes filtering
the unwanted radiation more difficult. The best results were
achieved for a safety margin of n; =0, taking only sources on
the structure under test (isolated antenna, antenna with chip)
into account.

For passive measurements the difference between a mea-
surement with a standard probe and an optimized probe,
which was used as a reference, was reduced from 3 dB to
1.3 dB for directivity measurements and from 5dB to 1dB for
radiation pattern measurements, apart from the shadow region
behind the probe, which cannot be reconstructed. The biggest
improvement for active measurements were achieved for the
isolated antenna, where the post-processed measurement re-
sults were within 1dB of the simulation, except for positive
f-angles in the H-plane. When considering the entire chip,

the boundary region cannot be fitted as well around the AUT,
which causes bigger deviations. The difference between the
simulated and measured directivity of the active antenna was
decreased from above 1dB to 0.2 dB.
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