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Abstract—One of the major contributions to the measurement
uncertainty of antenna measurements are multiple reflections
between antenna under test (AUT) and probe antenna. In the case
of spherical near-field (SNF) measurements, multiple reflections
are typically estimated and compensated for by conducting
full SNF measurements at different radii and averaging the
transformed far-field results. However, the need for several
measurements leads to a multiplication of the measurement
duration, and subsequently to an increase in costs. Another
option is to increase the measurement radius, which might not
be possible depending on the positioning equipment. Therefore,
a technique to reduce multiple reflections between AUT and
probe antenna by intentionally tilting the latter is presented.
The technique is evaluated with a robotic antenna measurement
system, the flexibility of which allows to almost arbitrarily tilt the
probe antenna and perform a spherical measurement in this tilted
configuration. It is shown that the magnitude of the reflections
can be reduced significantly with this approach, even for small tilt
angles. A comparison with the conventional averaging technique
indicates that the presented approach reduces the error to a
similar level, but at a fraction of the measurement time.

Index Terms—Antenna measurements, near-field, multiple re-
flections, uncertainty, robotics, probe correction.

I. INTRODUCTION

When performing any type of measurement, it is important
to consider the inherent uncertainty to assess the accuracy of
the measurement results. This usually includes the evaluation
of multiple error sources and the calculation of an uncertainty
budget. One important error source in antenna measurements
are multiple reflections between antenna under test (AUT) and
probe antenna. The effect is part of the well known 18-term
error model for near-field antenna measurements [1], and is
also identified as an error source for other types of antenna
measurement systems, like the compact antenna test ranges [2]
or gain extrapolation ranges [3], [4]. Multiple reflections are
in particular critical for near-field measurements due to the
small distance between probe and AUT, and when using larger
probe antennas as opposed to, for example, an open-ended
waveguide, due to their higher radar cross-section (RCS) [5].

While the effect of multiple reflections is often mentioned in
the context of near-field uncertainty analysis [6], the compen-
sation of it is rarely discussed. To the knowledge of the author,

two approaches to reduce the effect are recommended in
standards and literature, namely to increase the measurement
distance to a point where the amplitude variation due to the
reflections is small [5], [7], or to perform multiple near-field
scans separated by A\/8 and average the calculated far-field
results [8]. However, performing several measurements is a
very inefficient approach, since it significantly increases the
total time to characterize the radiation pattern of an antenna.
Increasing the measurement distance on the other hand might
not be possible in ranges where the distance between AUT
and probe antenna is fixed, and in some research areas, like
phaseless antenna measurements, specific measurement radii
are required [9]. In principle, the effect can also be reduced
by time gating [10], but this requires the acquisition of signif-
icantly more frequency samples and is therefore only used in
combination with step-wise measurements, which in turn take
significantly more time than continuous measurements.

In this paper, another approach to reduce multiple reflections
between AUT and probe antenna is proposed, in particular
those which originate from scattering of the probe antennas
aperture. It is shown that the magnitude of the reflections
can be significantly reduced by slightly tilting the probe
antenna relative to the AUT. The approach is evaluated with a
robot-based antenna measurement system, since the flexibility
of the robot allows to almost arbitrarily tilt the probe antenna
and perform a full spherical near-field (SNF) measurement
in this tilted configuration. In order to compensate the effect
of the tilted probe antenna on the measured near-field data,
higher-order probe correction (HOPC) is applied, which is
anyway recommended for complex probe antennas.

First, the characterization of multiple reflections using a
robotic antenna measurement systems is presented and several
tilt angles are compared to each other with respect to the
magnitude of the reflections. Subsequently, the implementation
of the tilted SNF measurement with the robotic measurement
system and the required HOPC are described. Finally, results
for the SNF measurements transformed to the far-field are
examined with and without probe antenna tilt and compared
with the conventional approach based on averaging, as well as
to a reference measurement at a larger radius.



II. MULTIPLE REFLECTIONS

Multiple reflections between probe antenna and AUT occur
when a portion of the transmitted signal is reflected by the
receiving antenna, either due to a mismatch at the connector
or due to the RCS of the antenna itself. If a reflection occurs
and the reflected signal is again re-radiated by the transmitting
antenna, the reflected signal and the original signal will add
in or out of phase, dependent on the distance between both
antennas. While this effect also occurs more than once, the
first reflection is usually the dominant one, since the signal
strength decreases with the distance traveled by the signal. The
near-field to far-field transformation (NFFFT) algorithms used
in practice generally do not consider multiple reflections, since
this would require knowledge of the scattering characteristics
of AUT and probe [5]. Therefore, the effect is treated as a
contribution to the measurement uncertainty and has to be
carefully examined.

The measurement results presented in this paper have been
obtained with the robotic antenna measurement system at the
Institute of High Frequency Technology at RWTH Aachen
University. The system comprises a six degrees of freedom
robotic arm for probe positioning, as well as an additional
rotation axis mounted on a linear rail for AUT positioning. It
is currently operated from 60 GHz to 90 GHz with possible ex-
tensions up to 140 GHz. A standard gain horn (SGH) antenna
has been used as the AUT and a scalar feed horn (SFH) as
the probe. Both antennas are specified from 60 GHz to 90 GHz
and are depicted in Fig. 1.

A. Characterization

Multiple reflections between probe antenna and AUT can
be detected by radially increasing the distance between probe
and AUT. While this type of measurement is not always
possible with conventional antenna measurement systems, it
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(a) Raw measurement data for a radial probe movement in AUT boresight

direction (8 = 0°).

(b) SFH antenna used as the probe
antenna.

(a) SGH antenna used as the AUT.

Fig. 1. Probe antenna and AUT used to investigate the effects of multiple
reflections on the measured radiation pattern.

can be accomplished efficiently with a robot-based system.
The flexibility of the robotic positioner allows measuring
along the radial axis, including full support of continuous
trigger functionalities [11]. The measurement results for the
antenna coupling are given in Fig. 2a. The graph shows the
measured S21 between the two antennas dependent on the
measurement radius r for three frequencies, with a step size of
Ar = 0.2 mm. Furthermore, the envelope of the data is plotted
for each frequency. At f = 90 GHz, a sinusoidal oscillation of
the measurement data can be observed, which indicates that
multiple reflections are present. The amplitude of the sine,
indicated by the signal envelope, is smaller at 75 GHz and
nearly zero at 60 GHz. Additionally, the amplitude decreases
with increasing distance, as expected.

B. Evaluation

In order to compare the magnitude Ay of the reflections
for different tilt angles, the ratio of the upper bound ub(r) and
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(b) Amplitude of the multiple reflections (f = 90 GHz) depending on the
tilt of the probe antenna.

Fig. 2. Results for coupling measurements between probe antenna and AUT along the radial axis with a step size of Ar = 0.2 mm. Raw measurement data
as well as the envelope of the signal are shown for different frequencies (a) and the magnitude of the envelope is show for several tilt angles 6 (b).



lower bound Ib(r) of the envelope

ub(r)
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is calculated. In Fig. 2b, Ayg is given depending on the mea-
surement radius and four different tilt angles for f = 90 GHz.
The tilt is performed both around the x-axis and y-axis, and
can be described by the following rotation sequence

TO = Rz (7450) ' Ry (et) : Rz (450) ) (2)

which rotates the probe antenna from its aligned orientation
to the tilted orientation. Here, 6; describes the tilt angle.
The transformation from the AUT coordinate system (CS) to
probe CS is explained in detail in section III-A. Tilting the
probe in other planes, not equal to the principle cuts, is also
possible and leads to similar results. However, if the probe
is only tilted in one of the principle cuts, i.e. only around
the z-axis or y-axis, the reduction of the oscillation amplitude
is considerably lower.

The results in Fig. 2b show that tilting the probe antenna
leads to a significant reduction of the reflections. This effect
can be explained by the lower RCS of the probe for this
specific viewing angle compared to an aligned probe antenna.
At r = 100 mm, which is chosen as the measurement radius
for this study, a tilt of #; = 7° reduces the amplitude from
approximately 0.6 dB to 0.2 dB. This tilt angle is chosen in the
following as a compromise between amplitude of the reflection
and amplitude of the probe pattern. By tilting the probe
antenna, the main beam of the probe does not point towards the
AUT anymore, which decreases the dynamic range. However,
this effect is negligible here, since the probe pattern is broad,
with a half power beam width of 35°.

III. TILTED PROBE MEASUREMENT

Since tilting the probe antenna leads to a reduction of
the multiple reflections between probe antenna and AUT, it
is desired to perform the SNF measurements in this tilted
configuration. With a robotic antenna measurement system,
this type of measurement is possible without any additional
hardware requirements or manual changes to the system.
However, two additional processing steps, compared to a
conventional SNF measurement, are required. First, the probe
orientation for each measurement point as well as the tool
center point (TCP) coordinate of the robot, which is used to
control the positioning, have to be calculated. Secondly, the
tilted probe has to be considered in the probe correction of
the NFFFT and HOPC has to be applied in order to take into
account the tilt of the probe.

A. Robot Implementation

The position and orientation of the probe antenna in a
robotic antenna measurement system is determined by the
position of the robot’s TCP. Hence, the TCP position, and
not the position of the probe’s aperture, has to be forwarded
to the robot controller. The probe orientation is furthermore
defined by the mounting of the probe antenna on the TCP.

TA

Fig. 3. CS of the AUT (za,yA, 2a ), the aligned probe antenna (zp, yp, 2p ).
and the tilted probe antenna (x},,yy,, z,). The measurement point is defined
by 0, ¢, r, and x. In addition, the coordinates of the TCP of the robot are
indicated for both probe configurations.

Alternatively, it is possible to use the mechanical dimensions
of the probe to define a tool in the robot control software,
which allows to directly use probe coordinates. In the follow-
ing, the first approach is discussed in more detail for the sake
of generality. In Fig. 3 the different CS as well as the position
of the TCP are visualized.

The sequence of rotations required to calculate the position
and orientation of the TCP for a spherical measurement is
described in the following. First, the probe has to be rotated
from the AUT CS to the CS of the aligned probe, which
usually involves a rotation with By = 180° along the y-axis.
The KUKA robot control software uses Euler angles with ZYX
convention to express orientations which is why the general
formulation of this first transformation is described by

Ty = R. (Ay) - Ry (By) - Ra (Cy) . 3)

The second transformation is the rotation from the tilted probe
CS to the aligned probe CS which is expressed by

T =R, (a)- Ry (B)-R.(v) - “)

Here the direction reverse to (2) is chosen in order to be
consistent with the conventions used for the HOPC, which
is explained in detail in section III-B. Finally, the probe
orientation has to be adjusted to the measurement point, which
leads to the third rotation sequence

Ts = R (¢m) - Ry (Om) - Rz (xu1) - )
The TCP coordinate of the robot can then be calculated by
chaining together the transformations

0 0
T 0 |+ (o], (6)
—dp T

Prcp =13 -



where r indicates the measurement radius and dp the distance
between aperture of the probe antenna and the TCP. The
probe antenna is mounted in the positive z direction here.
The position of the TCP for the aligned and the tilted probe
antenna is visualized in Fig. 3.

B. Higher-Order Probe Correction

An important aspect of near-field antenna measurements
is probe correction (PC), which compensates the effect of
the probe antenna on the measured near-field data. The
most commonly used probe correction procedure is called
first-order PC, which assumes that the probe antenna only
radiates spherical modes with the index |u| = 1. This is often
a reasonable approximation, e.g. for open-ended waveguides,
and allows to solve the transmission equation for the unknown
AUT modes very efficiently.

However, this approximation is not valid anymore for more
complex probe antennas, and in particular if the probe charac-
teristics are changed by rotation of the probe antenna [12].
In order to compensate the effect of the probe antenna in
these cases, HOPC is essential to obtain accurate results. In
order to apply HOPC, the well-known spherical transmission
formula [13]

w (Tv X 67 ¢) =v E Qsmneimd)dZm (9) ewX]Ds/Ln (k’l’) @)
smn
I

is solved for |u| > 1. Here, w describes the probe’s received
signal at given spherical coordinates (r, §, ¢) and a polar-
ization angle x. The term v describes the stimulus signal,
and Qsymrn and P, the AUT’s transmitting mode coefficients
and the probe response constants, respectively. The orientation
depending on the spherical coordinates is taken into account
by the rotation operators ¢"™?, ¢/*X and d.,, (6) [13]. The
HOPC can be implemented either by solving the transmission
equation in matrix form [14] or by a hybrid FFT/matrix
inversion technique [15]. The latter is more efficient but
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(a) SMC spectrum of the aligned probe antenna (¢ = 0°).

requires an equiangular sampling in ¢ while the former is
generally more flexible.

The tilt of the probe antenna is considered by rotating the
spherical mode coefficients (SMC) according to A2.2 in [13].
The rotation from the primed probe CS to the unprimed CS in
Fig. 3 is described by (4). Subsequently, the SMC of the tilted
probe antenna are related to the SMC of the aligned probe by

Pl = Y €md (8)€" Py )
p=-n
where P/, describes the SMC of the tilted probe antenna

and Ps,,, the original coefficients. A comparison of P and
P’ is presented in Fig. 4. The SMC spectrum of the aligned
probe antenna has been calculated from full-wave simulation
data. This comparison further highlights the need for HOPC,
since it is apparent that a || = 1 probe correction would be
insufficient.

IV. MEASUREMENT RESULTS

In order to evaluate the impact of the multiple reflections
on the radiation pattern measurement, SNF measurements have
been performed for different configurations. First, a reference
measurement at 7 = 300mm has been obtained, where
multiple reflections are negligible for all frequencies, based
on the results shown in Fig. 2. Secondly, eight measurements
between 7y, = 100mm — 3)\/8 and 7pax = 100 mm + A\/2
with a step size of Ar = A\/8 have been acquired at 90 GHz
with the aligned probe. Here, significant differences between
the measurements are expected due to the strong reflections at
this radius. Taking multiple measurements over a full period
should give an estimate on the uncertainty due to the multiple
reflections, and should also allow to get an accurate result by
averaging the individual results. Finally, a measurement with
6y = 7° at r = 100 mm has been performed to evaluate how
much the probe tilting can reduce the impact of the reflections.
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(b) SMC spectrum of the tilted probe antenna (6 = 7°).

Fig. 4. Comparison of the SMC spectra Psy,y, of the aligned probe antenna and P/, . of the tilted probe antenna for s = 1 at 90 GHz.



All measurements have been performed continuously using an
equiangular grid with a step size of A¢ = A = 3°. HOPC
is applied to all cases by solving the transmission equation in
matrix form using the least-squares criterion [14].

In Fig. 5a the cut ¢ = 0 of the transformed AUT far-field
radiation pattern at f = 90 GHz is shown for the different
configurations. Here, results for the reference measurement,
the average from the Ar = \/8 spaced measurements with
the aligned probe, as well as results for the tilted probe
measurement are shown. All results are normalized. Addition-
ally, the deviation of the pattern F (0, ¢) from the reference
measurement F,q¢ (6, )

err (0,9) = 20 -logyg ([|E (6, 9)| — | Ever (6,0)[]) (9

is visualized for all cases. The uncertainty of the measurements
with the aligned probe is indicated by the grey-shaded area.
The area is defined by the maximum and minimum from
all eight measurements for each 6 angle. The # range in
Fig. 5 is limited to |8] < 90°, since it is only possible to
characterize the upper hemisphere with the robotic system due
to its mechanical limitations.

The comparison shows that the main beam as well as the
side-lobes are affected the most by the multiple reflections.
However, these errors can be mitigated by either tilting the
probe antenna or averaging the set of measurements acquired
with the aligned probe. Both approaches reduce the maximum
error from approximately —30dB to —40dB and the average
error from —41dB to —50dB and —54 dB, respectively. While
the maximum error is similar, the average error is slightly
lower for the averaging approach. However, it should be noted
that the total measurement time for the averaging approach is
eight times higher compared to the tilted probe technique.
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(a) Cut for ¢ = 0° at 90 GHz.

The analysis focuses in the following on the cut for ¢ = 0,
as this cut it influenced the most by multiple reflections.
Therefore, the main beam region for this cut is shown in
more detail in Fig. 5b. Here the broadening/narrowing of the
main beam due to the reflections as well as the distortion
of the first sidelobe are apparent. Additionally, the agreement
of the reference, averaged results and the tilted measurement
approach stands out.

TABLE 1
UNCERTAINTY AND ERROR EVALUATION

Measurement D (dBi) HPBW (°) FSLL (dB)  €FF,mean
Reference 21.26 12.90 —8.52

Aligned (6y = 0°) +0.32 +0.87 +0.63 -40.68 dB
Average (0 = 0°)  —0.03 —0.04 +0.02 -54.33dB
Tilted (6 = 7°) —0.14 +0.04 +0.22 -49.89dB

The uncertainties and errors for the directivity (D),
half power beam width (HPBW), and the first sidelobe
level (FSLL), calculated based on the results presented in
Fig. 5, are summarized in Table I. Additionally, the aver-
aged far-field deviation €pp mean 1S given for the sake of
completeness. The reference and averaged results agree well
for all three metrics, while the uncertainty for the aligned
probe configuration is significantly larger. In contrast, the
tilted measurement approach considerably reduces the error, in
particular for the HPBW, for which it is reduced from +0.87°
to +0.04°. As far as directivity and FSLL are concerned, the
error is reduced from +0.32dB to —0.14dB and +0.63 dB
to +0.22dB respectively. However, the error is still larger
compared to the averaged solution.

——Ref--- Avg--- 0, =T7° 0y = 0°

Amplitude (dB)

-20 .
-30 0 30

(%)
(b) Main beam region of the cut for ¢ = 0° at 90 GHz.

Fig. 5. Comparison of the reference measurement at 300 mm transformed to the far-field (Ref) to the results for the averaging approach (Avg) and the
tilted measurement (6 = 7°). The uncertainty for the aligned measurement (6; = 0°) is indicated by the grey-shaded area, while the far-field error epp is

represented by the dotted lines.



The residual error for the tilted measurement can also be
attributed to multiple reflections, which are still present in the
tilted configuration, albeit considerably weaker. To further con-
firm this hypothesis, multiple measurements with Ar = \/8
could be taken in the tilted configuration, which would also
allow to assess the uncertainty of the tilted measurement. An
alternative error source could be the probe correction, since
simulation data has been used for probe correction. Accurate
measurement data could provide a better representation of
reality than the simulation data, which in turn could lead to a
more accurate probe correction. Nevertheless, the effectiveness
of the tilted measurement approach in reducing the error
caused by multiple reflections is evident. This is particularly
important if the measurement duration is crucial, which is
multiplied when several measurements are averaged.

V. CONCLUSIONS

The flexibility of robot-based measurement systems enables
the efficient characterization of multiple reflections occurring
between AUT and probe antenna. In addition, the resulting
measurement uncertainty can be significantly reduced by tilt-
ing the probe antenna during SNF measurements, which re-
duces the RCS of the antenna and, consequently, the amplitude
of the reflections. To compensate for the tilted orientation
of the probe antenna, HOPC is applied in the NFFFT. The
proposed approach allows to improve the measurement uncer-
tainty to an order of magnitude comparable to the typically
used method based on averaging multiple measurements. In
contrast, however, no additional measurements are required,
which avoids a multiplication of the measurement time and,
thus, provides an efficient solution to improve the measure-
ment results. This demonstrates a further advantage of robot-
based measurement systems, as the approach, based on the
flexibility of the robot, allows performing measurements at
small radii, where multiple reflections are otherwise one of
the limiting factors. Moreover, the concept can be extended to
planar or cylindrical near-field measurements, which can also
be implemented in a tilted configuration using robotic systems.
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