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Abstract. Near-field measurements, which are performed in-
situ, may suffer from the fact that the antenna under test
(AUT) cannot be accessed to transmit or receive a specifi-
cally tailored test signal. In some scenarios, it might also be
desired to test the AUT during its real operation state, espe-
cially when it comes to the verification of antenna systems.
Therefore, the need to handle time- and space-modulated
fields in combination with a time-harmonic near-field to far-
field transformation (NFFFT) arises. For the case where un-
manned aerial vehicles (UAVs) carry the field probe in in-
situ measurement scenarios, long observation times, required
for the resolution of the frequency spectra of modulated
fields, are detrimental due to the UAV movement result-
ing in blurred measurement positions. The short-time mea-
surement (STM) approach, presented in this article, offers
a way to transform the measured field data using a time-
harmonic NFFFT with short observation times for the collec-
tion of the individual field samples. Measurements are shown
which demonstrate the applicability of the STM approach for
the measurement and transformation of continuously time-
modulated fields in different measurement scenarios.

1 Introduction

In recent years, the field of in-situ antenna measurements
has gained considerable interest towards the determination
of far-field (FF) radiation patterns as one of the most impor-
tant characteristics of any antenna. Beside measuring the FF
directly, near-field (NF) measurements in combination with a
subsequent near-field to far-field transformation (NFFFT) are

an established technique for the characterization of antennas
(Paris et al., 1978; Yaghjian, 1986). Commonly, NF measure-
ments are performed in anechoic chambers as they provide a
controlled environment, which is a good approximation of
free space. In-situ measurements, in contrast, open up new
opportunities since the characterization of large or mounted
antennas becomes realistic, even with the consideration of
their real operating environment. There have been many ap-
proaches for the realization of in-situ antenna measurements,
e.g., where an operator person moves the field probe (He
et al., 2016; Faul et al., 2020) or, more sophisticated, by
the use of an overhead crane (Geise et al., 2019). The most
promising realization, however, is to carry the field probe by
an unmanned aerial vehicle (UAV). Moreover, the develop-
ment in the field of in-situ antenna measurements was el-
evated by the availability of advanced NFFFT algorithms,
which offer advanced features such as the suppression of
scatterers (Yinusa and Eibert, 2013; Eibert et al., 2015) or the
consideration of dielectric and lossy ground (Mauermayer
and Eibert, 2018). Antenna measurements with UAVs have
been demonstrated for various frequency ranges (Paonessa
et al., 2016; Garcia-Fernandez et al., 2017; Faul and Eibert,
2021a) and for applications such as the measurement of mo-
bile radio base stations (Fernandez et al., 2018) or radio nav-
igation signals (Schrader et al., 2019; Sommer et al., 2020).
Specifically in the field of radio navigation, UAV-based an-
tenna measurements can have a significant impact, when it
comes to the verification of navigational aids (NAVAIDs)
for aviation. Due to the high safety standards in aviation,
NAVAIDs such as the instrument landing system (ILS) or the
VHF omnidirectional radio range (VOR) have to be checked
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on a regular basis according to the requirements of the In-
ternational Civil Aviation Organization (ICAO). Up to now,
the validation of the correct operation of NAVAIDs is mainly
based on the measurement and evaluation of the naviga-
tion signals on a few specific flight paths. The introduction
of UAVs can speed up the verification process significantly
while especially UAV-based NF measurements enable the
measurement of the full radiation pattern of the navigation
systems. With this, a better and more detailed verification
of NAVAIDs becomes realistic, while, in addition, the com-
bination of such UAV-based measurements with advanced
NFFFTs can also deliver diagnostic details about the sin-
gle NAVAID antennas (Hamberger et al., 2019; Parini et al.,
2020). However, in-situ measurements are different in sev-
eral ways from measurements in anechoic chambers. Beside
the slightly different measurement setup and principle, it is
often not possible to feed the antenna under test (AUT) with a
specifically tailored test signal within in-situ measurements.
Furthermore, it is sometimes also not desired to use a spe-
cific test signal especially when given antenna systems, like
NAVAIDs, shall be verified during their normal operation.
As a consequence, there is a need to measure and process
time- and space-modulated fields in such a way that they
can be transformed to the FF using a time-harmonic NFFFT.
Even if there are NFFFT algorithms, which work in the time-
domain (Hansen and Yaghjian, 1995; Oetting and Klinken-
busch, 2005), their frequency-domain counterparts are usu-
ally faster and more versatile. In Faul et al. (2019), differ-
ent methods for the measurement of time-/space-modulated
fields with a subsequent time-harmonic NFFFT have been
proposed. There, it has been found that the short-time mea-
surement (STM) approach is most suitable for the UAV-
based measurement of continuously modulated fields. Within
the STM approach, the field signal is measured for such
a short time that the modulation signal appears to be con-
stant during the observation interval. This measurement ap-
proach is applicable as long as narrow-band and continu-
ously time-/space-modulated signals are considered, as they
are found in NAVAIDs. In this work, the applicability of the
STM approach for the measurement of continuously modu-
lated fields is demonstrated by measurements, where prelim-
inary results have been published in Faul et al. (2021). In the
following, two different cases are investigated: step measure-
ments, where the field probe remains at a fixed measurement
location during the data acquisition and continuous measure-
ments in which the field probe keeps moving during the ac-
tual measurement. Especially, the continuous measurements
are of interest since a UAV is always moving, also during
measurement, since it cannot hover at a specific position for
a longer time with high precision. Further, amplitude and fre-
quency modulated field signals are considered.

The article is structured as follows. In Sect. 2, the consid-
ered STM approach is reviewed before the implementation
and measurement setup is described in Sect. 3. Measurement
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results for the case of a static and a continuously moving
probe are presented in Sects. 4 and 5, respectively.

2 Short-time measurement approach

In general, a continuously modulated field signal E (rg, t) at
position r( and time ¢ can be written as

E(ro,1) = m(t)E(rg)e’ @00 (1)

where m(t) is a complex but continuous modulation signal,
. the angular frequency of the carrier, and ¢ a phase off-
set. Such a modulated field can be transformed to the FF
using a time-harmonic NFFFT by the measurement of the
single frequency components and their individual transfor-
mation to the FF. However, the measurement or observation
time Thyeas and spectral frequency resolution Af are linked
by Kiipfmiiller’s uncertainty principle, which is given by
.

cas — Af .

The inverse proportion implies that the observation time can
become comparably long if low frequency components are
present in the signal and shall be resolved. If Tieqas is cho-
sen to be shorter than Eq. (2) requires, then the single fre-
quency components cannot be distinguished in the spectrum
anymore. Within the STM, the observation time is chosen to
be such short that the modulation signal can be treated as
constant during the observation time. This means that the en-
velope of the field signal is sampled, while the single field
values are effectively measurements of the time-harmonic
carrier, which is weighted with a constant modulation value
m;. Therefore, Eq. (1) changes to

Ei(ro,1) = m,’E(ro)ej(wcfﬂbo) ) 3)

T 2

If the whole modulated NF is sampled in such a way, all mea-
surement values that share the same modulation state m; can
be combined into a data set. Each of these data sets is then
transformed individually to the FF using the time-harmonic
NFFFT, where it is assumed that the wavelength of the mod-
ulation signal is much larger than the NF measurement dis-
tance from the AUT. The modulation signal can be directly
reconstructed in the FF, if the measurement and transforma-
tion is repeated for different modulation states m;. This is
illustrated in Fig. 1 for the case of an amplitude modulated
signal which is, however, chosen only for demonstration pur-
poses and no restriction of the generic case.

In fact, the constant modulation value m; might not be the
same within one data set in reality as the exact value of m; de-
pends on the specific sample times and also on the involved
measurement uncertainties. Therefore, all values within an
interval m; & € are treated as equal as marked in Fig. 1. The
short observation time of this STM makes the approach es-
pecially suitable for UAV-based antenna measurements since
the error due to the movement of the UAV during data acqui-
sition is kept small.
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Figure 1. Within the short-time measurement approach, field values
which share the same modulation state can be transformed by the
time-harmonic NFFFT. The signal can be directly reconstructed in
the far field.

3 Implementation and setup

Measurements have been performed using a cylindrical NF
measurement setup in an anechoic chamber at the Techni-
cal University of Munich. The double-ridged horn antenna
DRH400 was employed as AUT and placed on a rotation ta-
ble. Another horn antenna, HF906, served as field probe and
was mounted 1.74 m away from the AUT on a vertical linear
stage. The radius of the cylindrical measurement surface was
equal to the distance between the antennas while the height
of the cylinder was 1.5 m. Within all measurements, the AUT
was transmitting and, therefore, connected to a signal gen-
erator of type R&S SMC100a which was set up to provide
the requested amplitude or frequency modulation. A two-port
vector network analyzer (VNA) of type R&S ZVK served as
measurement receiver. However, it was only measuring two
incoming b waves, where one channel was connected to the
field probe and the other one to the signal generator feeding
the AUT via a directional coupler. The additional measure-
ment of the generator signal provides a phase reference to
the receiver such that the complex field of the probe antenna
can be measured. This non-classical measurement setup was
chosen due to the fact that a reference signal will likely not be
accessible in real in-situ measurement scenarios. In this case,
a static reference antenna would be used to get the phase ref-
erence. The reference signal is also used for the classification
of the measurement samples according to their modulation
states m; and combining them into transformable data sets as
described in Sect. 2. A schematic of the measurement setup
is shown in Fig. 2.

The usage of a VNA over, e.g., an oscilloscope, has the ad-
vantage that the large dynamic range, the good linearity, and
all other benefits of a VNA are available in the setup. The
VNA was measuring in zero-span mode, i.e., no frequency
sweep was performed and all field samples were recorded
at the carrier frequency. The zero-span mode has also the ad-
vantage that the sweep time depends only on the chosen mea-
surement bandwidth, which, in addition, serves as an inter-
nal filter suppressing undesired noise outside the frequency
range of interest, that may occur in in-situ measurement sce-
narios. As a result of several test measurements, the repeata-
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Figure 2. The measurements have been performed in an anechoic
chamber using a cylindrical antenna measurement setup. The AUT
was mounted on a rotating table and the field probe on a vertical
linear stage. A signal generator was used as source and a VNA as
measurement receiver.

-# Reference e FF Signal
-o- Measurement Fitted Signal
5 5

[as) [as)
S S oo o,
~ ~ S °
[ [}
T 0 ER R % 3
= = ° [ ]
K] = e o
S ~ 5 PR

0 3 6 9 12 0 0.5 1

Field Samples Time / s

(a) (b)

Figure 3. Measured near-field signal in comparison to the refer-
ence (a) and corresponding far-field signal (b). The far-field signal
has been reconstructed from the measured near field following the
short-time measurement approach.

bility of the measurement setup was found to be —40dB
within the valid angles of the FF.

4 Step measurements

Step measurements have been performed in which the AUT
and field probe are situated at fixed measurement loca-
tions during data acquisition. The carrier frequency was
fc =1GHz and, first, an amplitude modulation (AM) with
a frequency of fp, =50Hz and a modulation index of
M =0.5 has been chosen. The measurement bandwidth
was RBW =3 kHz, which results in a measurement time of
Tieas = ﬁ = 0.3 ms. The reference and measured NF sig-
nals in the main beam of the antenna are depicted in Fig. 3a.

The corresponding FF signal in the main beam, i.e.,
¥ =90° and ¢ = 0°, is shown in Fig. 3b. The reconstruction
of the FF signal depends on the actual filter process regard-
ing the different modulation states m; and the pre-knowledge
about the signal, e.g., whether it is symmetric or not.
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Figure 4. Far-field main cut at = 90°. The deviation between the
short-time measurement (STM) of the modulated field and the time-
harmonic (TH) reference measurement is shown with (cmplx) and
without (abs) the consideration of the phase of the field.

The FF main cut at ¥ = 90° is depicted in Fig. 4. In the fol-
lowing, only the maximum error of this horizontal FF cut is
shown for the maximum modulation state while other mod-
ulation states have been tested. Due to the cylinder height of
only 1.5 m, the range within the valid angles is comparably
small in vertical ¥ direction. This is only due to the mea-
surement setup and has no limitations on the generality of
the results, which has also been verified in simulations. The
deviation between the modulated and the reference measure-
ment is given by

£abs = 20lo0g Estm )
max(|Eref|> " | max (|Estml)
and
Erer Estm
=201 — 5
Femplx = S8 | hax (| Evet]) ©)

where Estym is the measured field and E,s the field ob-
tained from a time-harmonic reference measurement. Often,
FF measurement errors are calculated according to Eq. (4).
However, Eq. (5) is more restrictive as the error measure in-
cludes magnitude and phase of the FF. Here, both error mea-
sures are shown to verify that the STM approach does not in-
troduce additional phase errors into the measurements. Still,
the more restrictive error according to Eq. (5) is for the ma-
jority of measurements slightly larger which is fully related
to the measurement setup.

4.1 Amplitude modulation

To investigate the behavior of the STM approach for differ-
ent modulation signals, first, the parameters of the amplitude
modulation have been changed. According to the uncertainty
principle in Eq. (2), the observation time is directly linked to
the frequency resolution, which is similar to the resolution
or measurement bandwidth (RBW) of the VNA. Figure 5a
shows the maximum FF error for different RBWs.
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Figure 5. Several step measurements have been performed where
different signal parameters have been changed, such as the reso-
lution bandwidth (a), the modulation frequency (b), the modulation
index (c), and the carrier frequency (d). The absolute (red) and com-
plex (blue) error measures are shown in comparison.

The measurements reveal that a longer observation time
does not increase the FF error. Even a measurement time
that is longer than the actual modulation period does not in-
crease the transformation error. In this case, however, it is
not possible to reconstruct the modulation signal in the FF as
the modulation is simply averaged during the measurement.
The change of the modulation frequency has a similar effect
on the relation of the measurement time, respectively RBW,
and the modulation period. The maximum error for different
modulation frequencies in the range from 50 Hz to 5kHz is
depicted in Fig. 5b. Also here, no increase in the error can
be observed when changing the modulation frequency. As
stated before, the plots also reveal that the more restrictive
FF error gcmplx 18 larger in the measurements in comparison
to the absolute error e,ps. Furthermore, the plot in Fig. 5S¢
shows that the change of the index of the amplitude modu-
lation has no significant impact on the maximum FF error.
Nonetheless, it has to be mentioned that a large modulation
index close to 1 can easily cause large errors for lower values
of the modulation state, i.e., in or close to the minimum of
the modulation signal, depending on the offset of the mod-
ulation, since the corresponding field values can be close to
the noise floor of the measurement setup. In addition to the
change of the parameters of the modulation signal, also the
carrier frequency f; has been changed. The corresponding
plot in Fig. 5d shows that the error increases for higher car-
rier frequencies. This is, however, not due to the STM ap-
proach as rather a consequence of the measurement setup.
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Figure 6. Measurement error regarding a sweep of the frequency
deviation for the case of a frequency modulated field.

The used positioners have not been designed for NF mea-
surements and do not share the high precision in positioning,
which is necessary for NF measurements at higher frequen-
cies. In contrast to the measurements, simulations show that
the STM approach is independent of the actual carrier fre-
quency.

4.2 Frequency modulation

Besides the measurements with an amplitude modulated sig-
nal, also measurements with a frequency modulation (FM)
have been performed. Therefore, the internal input filter of
the VNA has been used in such a way that an edge demodu-
lation could be performed. This converts the initial FM to an
AM and allows to process the measured field in the same way
as described before. However, introducing an external filter
right before the VNA could increase the accuracy of this FM-
AM conversion as a linear frequency slope is required. The
input filter of the VNA is undocumented and the best oper-
ation parameters have been, therefore, derived from several
tests. The measurements with the FM were also performed at
a carrier frequency of 1 GHz and a modulation frequency of
50 Hz. The frequency deviation was swept where the maxi-
mum FF error is depicted in Fig. 6.

The error level is comparable to the measurements in the
AM case, while also no increase could be observed for the
different frequency deviations.

5 Continuous measurements

As mentioned before, a UAV cannot hover at a specific po-
sition for a longer time, at least not with the high preci-
sion that is needed for NF measurements. Therefore, the
case of a continuously flying UAV is considered, where, in
the measurements, it has been emulated by the continuous
movement of the field probe on horizontal lines of the cylin-
drical scan geometry. For this, the turntable was moving
during all measurements with a constant angle velocity of
Umove = 12.4° s~1 which is equal to 0.375ms™! regarding
the measurement distance in the setup. Again, measurements
have been performed with an amplitude modulated field at
a carrier frequency of 1 GHz. It is expected that the impact
of the continuous UAV movement is increasing with longer
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Figure 7. The parameters of an amplitude modulated field have
been swept for the case of a continuously moving field probe. The
plots show the maximum far-field error for a sweep of the modula-
tion frequency (a) and a sweep of the modulation index (b).

observation times. Therefore, the RBW was chosen to 10 Hz,
which results in an observation time of Tyeas = 100 ms. Ac-
cordingly, the modulation frequency was chosen to 1 Hz and
the modulation index to 0.5.

Figure 7a shows the maximum FF error for different mod-
ulation frequencies, while the error for different modulation
indices is depicted in Fig. 7b.

Both graphs reveal that, also in this case, the change of
the measurement frequency as well as the modulation index
does not lead to an increase in the FF error of the measure-
ment. Despite these findings, it must be assumed that the
ensemble of measurement time, modulation frequency, and
movement velocity has an impact on the measurement of a
modulated field. Therefore, further investigations of the lim-
itation and error behavior of the STM approach have been
performed with help of numerical simulations. The results
have been published in Faul and Eibert (2021b). The simula-
tions show that there are indeed configurations which cause a
significant increase of the FF error. For example, it has been
found that the FF error increases above a certain threshold
frequency which mainly depends on the ensemble of mea-
surement time and flight speed of the UAV. However, these
configurations cannot be realized with the used measurement
setup since neither measurement time Tmeas NOr mMovement
velocity vmove can be further increased. Nonetheless, the cho-
sen relation of Tineas and vmeve in the presented measure-
ments is realistic for real UAV-based NF measurements.

6 Conclusion

It has been shown that a short-time measurement approach
can be applied to measure slowly continuously modulated
field data. Measurements with amplitude and frequency mod-
ulated fields have been presented, where the field data was
transformed to the far field by virtue of a time-harmonic
NFFFT. Furthermore, two different cases have been consid-
ered: one where the field probe remains at static measure-
ment locations during data acquisition and another one where
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the field probe is constantly moving on the cylindrical mea-
surement surface such as a UAV would do in in-situ mea-
surements. The different measurement results reveal that the
short-time measurement approach does not cause a notice-
able increase in the far-field error for the chosen parameter
configurations, which are close to realistic in-situ measure-
ment scenarios. Overall, the measurement results are in good
agreement with numerical simulations, which have been pub-
lished before.

Data availability. The underlying research data can be requested
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