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Abstract— Antennas installed in modern cars are often highly
integrated. In such cases, the entire vehicle is contributing to the
radiated field, in particular at lower frequencies such as VHF. The
complete characterization of the full vehicle is thus typically
required. For frequencies down to 70 MHz, a widely accepted and
cost effective solution is a multi-probe spherical Near Field (NF)
system in which the scanning area is truncated below the horizon
to minimize system dimensions. In order to emulate a proper free-
space condition in the lower hemisphere, the ground floor is
covered with absorbing material [1]. The partial NF acquisition of
such systems leads to truncation errors if standard Near Field to
Far Field (NF/FF) transformation is applied [2-3]. The mitigation
of truncation error in general measurement scenarios by different
post-processing techniques are described in the literature [4-9]. In
this contribution, the mitigation capabilities of two techniques are
investigated by experiment for an automotive scenario for the first
time. The measurements have been performed on a 1:12 scaled
vehicle-mounted antenna in a full-sphere multi-probe system. The
scaled system and vehicle is representative of a real size system in
the frequency range 70-400 MHz. Both truncated and full 3D
measurements are performed for comparison.

l. INTRODUCTION

In order to fully characterize the radiating properties of the
vehicle mounted antennas, a large measurement system capable
of accommodating the full vehicle is required. As in standard
Near Field (NF) measurements, a full spherical scanning around
the car is desirable in order to perform an accurate Near Field to
Far Field (NF/FF) transformation. However, due to vehicle size,
weight and/or economic factors, a full spherical scan is often
unfeasible. For this reason, truncated spherical scanners are
typically preferred. One solution is to combine hemispherical
scanning with a metallic ground plane, assuming a Perfect
Electric Conductor (PEC) in the NF/FF transformation [2-3].
However, PEC ground-planes are far from representative of
realistic automotive environments such as asphalt that is strongly
dielectric. A further drawback is the interaction of the large
metallic ground-plane with the ambient structure, compromising
the quality of the measurements. A much better approximation
to realistic automotive environments is a condition similar to
free-space using absorber materials on the floor [1]. An example
of such system is shown in Figure 1.
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Figure 1. Multi-probe, Automotive Range at IImenau from

MVG covering the 70 MHz to 6 GHz range.

Standard NF/FF transformations applied to partial spherical
acquisitions generates truncation errors. Such errors are stronger
at lower frequencies due to the lower number of spherical modes
for fixed size Device Under test (DUT). Typical antennas for
automotive applications are low directivity thus the impact of the
truncation on the measured pattern is often non-negligible. In
such cases, advanced post-processing techniques are employed
to mitigate the effect of the truncation errors [4-9]. The
effectiveness of these techniques is well documented for general
NF antenna measurements. Two techniques have been selected
for investigation for automotive applications. The first technique
is an iterative process, combining Spherical Wave Expansion
(SWE) and modal filtering [5-7]. The second technique is based
on the EQuivalent Current (EQC) expansion [10-14]. EQC is a
minimum energy operator, providing a smooth transition
between the measured and truncated region.

In this paper, truncation errors mitigation in automotive
testing scenarios are investigated experimentally.The DUT is a
vehicle-mounted antenna in a 1:12 scale. Frequency scaled
measurements are performed in a full-sphere multi-probe system
giving access to both truncated and full 3D measurements of an
equivalent system covering the 70-400 MHz range.



Il.  TRUNCATION ERRORS IN FREE-SPACE AUTOMOTIVE

RANGES

When the standard NF/FF transformation is applied to a
truncated Spherical Near Field (SNF) dataset, the resulting FF
pattern is generally affected by errors [4]. In this section, the
effect of the truncation errors on a free-space automotive range
is evaluated considering the measurement of a scaled car model.

A. Standard NF/FF transformation with Truncated SNF

Standard spherical NF/FF transformation is performed
applying the so-called Spherical Wave Expansion (SWE) [3],
where the measured field is projected over a set of orthogonal
Spherical Wave Functions (SWF) computing the Spherical
Wave Coefficients (SWC). It is well known that, in order to
correctly perform the SWE, the input field must be defined over
the full sphere. In case of field truncation, the missing portion of
the sphere is typically filled with zeros (zero-padding) resulting
in a discontinuous NF. In order to represent such a discontinuous
field in the spherical wave domain, a very large number of SWF
is needed (ideally an infinite number). Due to the cut-off
properties of the SWE [3], the highest SWC order is given by
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where k is the wavenumber, c is the free-space speed of
light, fis the frequency and R,,..s iS the radius of the
measurement sphere. For a given and finiteR,,.,s, the total
number of computable spherical modes becomes bigger when
the frequency is increased. Truncation errors are thus less
important at higher frequencies because the discontinuity
introduced by the zero-padding of the NF can be represented by
a larger number of SWC.

B. Free-Space Automotive Scaled Measurement

An example of free-space automotive range [15-16] is shown
in Figure 1. Such a system is the multi-probe automotive
spherical NF system installed at the llmenau University and
provided by Microwave Vision Group (MVG). The
dimensioning of this automotive system have been taken into
account in order to study the truncation errors in typical free-
space automotive range.

As can be seem the ground floor is covered by absorbing
materials, which reproduce the free-space condition. The
systems is composed by two arrays of probes installed on an arch
of 4-meter radius. The probe arrays allows for a fast electronic
scanning in elevation. The probe array on the right is used to
perform radiating measurements in the 70-400 MHz frequency
range. To that end, 22 probes equally spaced in the 8 =
[2.5°,107.5°] range are used. Instead, the probe array on the left
is intended for measurements in the 0.4-6.0 GHz frequency
range and is composed by 111 equally spaced probes in the 6 =
[0°,110°] range. For both probe arrays, the ¢-acquisition is
performed by a turntable azimuthal rotation over full 360°. As
illustrated in Figure 1, the resulting truncated areas are +72.5°
for the low frequency (LF) probe array and +70.0° for the high
frequency (HF) probe array.

In order to study the effect of the truncation in an automotive
range similar to the one described above, a scaled car model has
been measured in the MV G StarLab portable multi-probe system
[17]. The StarLab has a measurement radius of 0.45 m and it is
composed of two probe arrays able to perform measurement in
the 0.65-6.00 GHz and 6.00-18.00 GHz frequency ranges,
respectively.
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Measurement of the scaled car model in the
MVG StarLab SNF system.

Figure 2.

The car considered for the measurement is the 1:12 scaled
model of the Morris Minor 1000 of 1965 shown in Figure 2. The
dimensions of the scaled car are approximately: L x W x H =
31.3x12.9 x 12.7 cm (original dimensions: L X W x H = 3.76 X
1.55 x 1.52 m). A wideband patch antenna with omnidirectional
pattern has been considered as AUT. The AUT has been
installed on the rear hood of the car model as shown in Figure 2.
The DUT (car model and patch antenna) has thus been measured
in the MV G StarLab system (see Figure 2) at frequencies where
the patch antenna has a good matching. The considered
frequency range for the test is 1.1-18.0 GHz, approximately
corresponding to the 91.7-1500.0 MHz scaled frequency range.
The measurement setup of the performed StarLab measurement
is summarized in the second column of Table I.

TABLE I.  STARLAB, SCALED AND EQUIVALENT AUTOMOTIVE

MEASUREMENT SETUP.

Equivalent
Automotive
Measurement

Scaled StarLab
Measurement

StarLab
Measurement

(1.1-6.0 GHz)*
(6.0-18.0 GHz)P

(1.1-4.8 GHz)
(4.8-18.0 GHz)

(91.7-400.0 MHz)®

Frequencies (400.0-1500 MHz)¢

Radius (0.45 my*°® (0.33m) (4.00 my=-d
i (AB=Ap =45 (AD=Ag=5°) (AB=Ag =5°)°
Sampling | (\g—pp=159 | (AD=Ap=1°) (A0 = Ag = 1°)°
) oab (#72.5°) (x72.5°)¢
Truncation (+22.5°) (+70.0°) (£70.0°)¢
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aLF StarLab probe array, " HF StarLab probe array,
¢ LF automotive probe array, ¢ HF automotive probe array

Reference FF data have been obtained applying the standard
NF/FF transformation to the measured spherical NF neglecting
the errors caused by the relative small truncation area of the
StarLab systems (just £22.5° in elevation).




The StarLab measurement has been scaled in order to
reproduce the same conditions of a typical automotive system.
In particular, a spherical back-propagation [3] to a measurement
sphere of radius 0.33 m have been performed (the StarLab radius
is 0.45 m while the needed scaled radius is 4/12 ~ 0.33 m). LF
measurements have been emulated by taking into account the
data in the 1.1-4.8 GHz frequency range and reproducing the
+72.5° truncated area. HF measurements have instead been
emulated considering the NF data in the 4.8-18.0 GHz frequency
range and reproducing the +£70.0° truncated area. For LF and HF
probe arrays, also the same condition of the real automotive
range in terms of sampling has been considered: 46 = A¢p = 5°
for the LF probe array and 46 = A¢ = 1° for the HF probe
array. The parameters of the scaled StarLab measurement are
summarized in the third column of Table I. The results obtained
by processing such a scaled measurement are directly applicable
to the equivalent automotive measurement summarized in the
last column of Table I.

The scaled measurements have been processed with the
standard NF/FF transformation performing a zero-padding in the
truncated area. In order to evaluate the loss of accuracy due to
the truncation, the FF obtained from the scaled automotive
measurement has been compared with the reference FF. To do
that, the Equivalent Noise Level (ENL) defined by the following
formula has been used

where E (8, @) is the reference FF pattern and £ (6, ¢) is the
test FF pattern. The ENL has been evaluated only on the
measured portion of the sphere. The ENL at each (scaled)
frequency is shown in Figure 3 for both the LF and HF probe
arrays. The truncation errors are definitely higher at LF (up to
400 MHz) where, as explained above, the number of SWC used
to represent the scenario is smaller. On the other hand, the
truncation errors can be considered negligible at HF (above 400
MHZz) where the higher sample density allows to compute more
SWC and thus to better represent the introduced discontinuity.

E(9, (P) - E(H, ‘P)
E(O, @) max

ENL = 20log,, (mean 2

In order to reduce the truncation errors at lower frequencies,
two advanced post-processing techniques have been applied to
the scaled LF measurement in the 91.7-400.0 MHz frequency
range, where the ENL is above -35 dB.
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Figure 3. ENL with frequency in typical automotive

measurements using zero-padding.
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I11.  ADVANCED POST-PROCESSING TECHNIQUES

The two advanced post-processing techniques considered in
this paper for the mitigation of the truncation errors are:

e lterative modal filtering (IMF)
EQuivalent Currents (EQC)

A brief description of the two techniques is reported in this
section.

A. lterative Modal Filtering

The iterative modal filtering (IMF) has already been
presented in previous papers [5-7]. It is based on the SWE and
modal filtering of the measured field, which are repeated
iteratively. The workflow of the IMF is shown in Figure 4.
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Figure 4. Block diagram of the IMF technique.

As can be seen, the truncated area of the measured SNF is
first filled with zeros (zero-padding) and is expanded in terms of
spherical waves (SWE) obtaining the SWC. The SWC are then
filtered on the base the DUT physical dimensions. More
specifically, it is known that a DUT can be fully represented in
the spherical wave domain with the following number of
spherical radial modes

Ny = k Rppin + 1y 3)

where R, is the radius of minimum sphere enclosing the
DUT [3] and n; an integer number used as “safety” margin [3].
In ideal conditions, SWC having radial indices bigger than N,
are expected to be negligible. Instead, when the SWC are
calculated from a zero-padded truncated SNF, coefficients
corresponding to indexes higher than N, may have non-
negligible amplitude. A low pass modal filtering is thus applied
at Ny = Np, in order to partially remove the effect of the
truncation.



From the filtered SWC, the SNF at the same measurement
radius is computed on the full sphere. The computed NF samples
in the truncated region are an improved estimate of the missing
samples. In the last step of the procedure, these extrapolated
samples are thus kept while the recomputed NF samples on the
un-truncated region are replaced with the real measured data,
being not affected by errors due to the truncation.

This process is repeated until the convergence is reached. It
is specified that the convergence of the algorithm can be
controlled by computing at each iteration the ENL (see equation
2) between measured and reconstructed samples in the un-
truncated region. When a certain threshold level defined by the
user is reached, the iterative process is terminated.

B. Equivalent Currents (INSIGHT)

Starting from the measured NF or FF data, the EQuivalent
Currents (EQC) technique allows to compute equivalent electric
and magnetic radiating currents on an arbitrary shaped
reconstruction surface fully enclosing the test object. The EQC
technique is implemented in the commercially available MVG
INSIGHT software [18] and it can be used for many post-
processing purposes including diagnostic [10-11], spatial
filtering [12-13], source for numerical computation [14] and
NF/FF transformation for both complete and truncated NF data
set [7, 19].

Equivalent Currents Extrapolated SNF or FF

Truncated SNF

Figure 5. Block diagram of the EQC technique used as tool

for mitigation of truncation errors.

A simple block diagram regarding the use of the EQC as
NF/FF transformation tool for truncated SNF dataset is reported
in Figure 5. As can be seen, the truncated SNF dataset is directly
used without performing any field padding (as done in the IMF
technique) which would result in a discontinuous and un-
physical field. The EQC computation is in fact a minimum
energy operator on the truncated region, which allows for a
direct computation of the currents avoiding errors caused by the
processing of a discontinuous field. From the computed EQC the
FF is finally evaluated over the full sphere completing the NF/FF
transformation process. Alternatively, it also possible to re-
compute the NF on the spherical surface and then apply the
standard NF/FF transformation. For the sake of simplicity, the
first possibility has been adopted in this work.

IV. REDUCTION OF TRUNCATION ERRORS AT LOW
FREQUENCIES

The two advanced post-processing techniques for the
mitigation of the truncation errors have been applied to the
measurement of the scaled car where the same measurement
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conditions of the Illmenau automotive range have been
reproduced. As previously pointed out, frequencies
corresponding to the LF probe array are the most sensible to the
truncation of scanning area. Thus, the analysis has been carried
out only the 91.7-400.0 MHz frequency range.

The IMF technique has been applied considering a radius of
the DUT minimum sphere of 20 cm (minimum sphere of the
scaled vehicle) and performing 603 iterations (ENL near field
threshold level set to -60 dB).

The EQC technique have instead been applied considering
an equivalent box for the current reconstruction of size: L x W x
H =35 x 20 x 18 cm, fully enclosing the scaled vehicle. The
equivalent box has been discretized with a mesh made of
triangles with side length A/4. It should be noted that the number
of unknowns increases with the frequency leading to different
computational effort at the considered frequencies (see Table I1).

The substitution (or gain transfer) technique [2], has been
adopted in order to compute the gain of the DUT. To that end,
the measurement system has been properly calibrated using a
reference gain antenna. Each pattern comparison that will be
shown in the following is thus gain normalized.

The comparison in terms of ENL between: FF obtained with
zero-padding (blue trace), IMF technique (orange trace) and
EQC/INSIGHT technique (green trace) is reported in Figure 6.
The ENL formula has been applied considering only the portion
of the FF radiation pattern corresponding to the un-truncated
region (reliable part of the sphere, 6,,,, = 107.5°). As can be
seen, both post-processing techniques are able to improve the
gain radiation pattern obtained with the simple zero-padding of
the truncated area. It is clear that the achieved performance of
the EQC are better with respect to the IMF at almost each test
frequency. In particular, at frequencies up to approx. 170 MHz,
the relative high ENL obtained with the zero-padding are
lowered of 7.5-10 dB with the EQC, while the IMF is capable to
give only 1.5-4 dB of improvement. In the central part of the
band, the improvements obtained with EQC are very good, being
around 10 dB, and those obtained with the IMF approximately
5-6 dB. In the high end of the bandwidth, the two techniques
have similar behaviors (5-6 dB of improvement with respected
to the zero-padding).
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Figure 6. ENL with frequency obtained with the different

techniques.



Gain radiation pattern comparison at 91.7 MHz, are reported
in Figure 7 and Figure 8 respectively for the vertical cut at ¢=0°
and for the horizontal cut at 6=90°. The reported traces are the
total field cuts of the reference pattern (black trace), pattern
obtained with zero-padding (blue trace), IMF technique (orange
trace) and EQC technique (green trace). The shadowed areas
drawn in the vertical cut illustrate the truncated and thus
unreliable regions. The perturbation introduced by the truncation
of the scanning area is observable in the zero-padded pattern in
both presented cuts. It is stressed that the truncation errors are
not just present in the unreliable region, but all over the pattern.
The improvements obtained with the EQC technique are clearly
observable in the reliable region of the vertical cut shown in
Figure 7. Instead, as previously observed in the ENL
comparison, the performance of the IMF technique are worse at
this test frequency. A similar comment can be applied also to the
horizontal cut shown in Figure 8 where the EQC technique gives
a very good agreement with the reference

——Reference
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Figure 7. Gain pattern comparison at 91.7 MHz; vertical

cut at ¢ = 0°.

|| == Reference

—— Zero Padding

—— lterative Modal Filt.
— Insight

L L
60 90

L L L L L L L L L L
30 120 150 180 210 240 270 300 330
Phi (°)

Figure 8.  Gain pattern comparison at 91.7 MHz; horizontal

cut at 6 = 90°.

Gain pattern comparisons similar to the previous ones are
reported in Figure 9 and Figure 10 for the test frequency of 250
MHz. Even in this case, the truncation effect is visible all over
the zero-padded pattern cuts. The improvements obtained with
the two techniques are remarkable and very similar in the -70°<
0 <+80° angular range of the vertical cut shown in Figure 9. In
the same cut, it is observed that the EQC technique is able to
give better performance at 6-values close to the truncation. The
high performance of the two techniques are also remarked in the
horizontal cut shown in Figure 10, where they both give good
and similar results.
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Figure 10. Gain pattern comparison at 250 MHz; horizontal
cut at 0 =90°.

The computational times of the EQC and IMF technique,
both obtained with the same standard laptop computer, are
shown in Table Il. The complete IMF multi-frequency
processing (10 frequencies in total) run in approximately 90
seconds. As can be seen, the EQC running time increases with
frequency leading a much more demanding total process with
respect to the IMF technique.

TABLE Il. COMPUTATIONAL TIME OF THE EQC AND IMF
TECHNIQUE.
Frequency (MHz) EQC IMF
91.7 ~8s
100.0 ~9s
125.0 ~18s
166.7 ~37s
208.3 ~75s
250.0 ~126s 908
291.7 ~162s
3333 ~224s
375.0 ~343s
400.0 ~376s
Total ~ 23 min ~1.5min




V. CONCLUSIONS

Two advanced post-processing techniques for the mitigation
of the truncation errors, the EQuivalent Currents (EQC) and the
Iterative Modal Filtering (IMF), have been applied to the
measurement of a 1:12 scaled vehicle performed in a MVG
StarLab multi-probe system. The considered test case is intended
to emulate a realistic multi-probe automotive measurement
scenario performed in free-space conditions and a having large
truncated area (approximately £70° in elevation).

The truncation errors in case of standard NF/FF
transformation (performed by simply setting to zero the missing
sample points) have been first analyzed in the 91.7-1500.0 MHz
frequency range. As expected, it has been shown that, due to the
lower number of spherical modes for fixed DUT size, the effect
of the truncation is much more important at lower frequencies.
The analysis has thus been limited to the 91.7-400.0 MHz
frequency range, which, in a typical MVG multi-probe
automotive measurement scenario, can be measured by the low
frequency probe array spanning from 70 MHz to 400 MHz.

Application of both advanced post-processing techniques to
the scaled automotive measurement has shown significant
improvements with respect to the standard approach. The
computational cost of the EQC increases with the frequency and
is in general much higher with respect to the IMF. The EQC has
shown better performance with respect to the IMF at lower
frequencies, where its computational cost it not very high. The
achieved performance of two techniques are instead very similar
at higher frequencies where is thus convenient to use the IMF
being much faster.
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