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Abstract

A cost-effective solution for in-situ antenna characterization and diagnostics based on Radio Frequency IDen-
tification technology and Remotely Piloted Aircrafts is presented. The cost-effectiveness of the proposed
solution is achieved by replacing the radio frequency equipment on-board the small aircrafts with Radio
Frequency IDentification tags, while the Antenna Under Test is connected to a Radio Frequency IDentifica-
tion reader, thus reducing the weight and complexity of the payload of the aircrafts dedicated to antenna
measurement task. Received Signal Strength measurements are geo-referred with centimeter-level accuracy
thanks to a Real Time Kinematic system. An iterative phase retrieval technique based on the Sources Re-
construction Method is used to recover an equivalent magnetic currents distribution on the Antenna Under
Test aperture plane. The reconstructed currents distribution provides antenna diagnostics information and
enables the calculation of the antenna radiation pattern. The presented method has been validated by means

of measurements in the UHF band for two different antenna arrays with excellent results.

Keywords: Antenna diagnostics, Received Signal Strength (RSS), Radio Frequency Identification (RFID),
Antenna radiation pattern, Remotely Piloted Aircraft (RPA), Real Time Kinematic (RTK).

1. Introduction

The great cost reduction of the fabrication technology of small Remotely Piloted Aircrafts (RPAs) has
motivated the development of new types of applications in fields such as civil engineering [II 2], agriculture
[Bl E], mining [5], etc.

Although less accurate than anechoic-chamber measurements, in-situ antenna characterization can pro-

vide useful information about antenna performance in its final environment while being a less expensive
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technique. Thanks to the advances in RPA instrumentation and the availability of Real-Time Kinematic
(RTK) hardware capable of providing centimeter-level positioning accuracy, the use of RPAs for in-situ
antenna characterization has proven to be more accurate than traditional land-based solutions or manned
aircraft based surveys for in-situ antenna characterization [6].

There are several RPA-based systems available in the literature that have been successfully validated
for antenna characterization. In [6] an antenna and a receiver (RX) are installed on-board an RPA for the
direct far-field (FF) characterization of high-powered broadcast antenna systems by means of amplitude-
only measurements. The weight of the complete system is 9 kg and its autonomy is 25 minutes in wind
speeds up to 30 km/h approximately. A similar system has been presented in [7] for the characterization of
cellular and multimode networks. The instrumentation on-board the RPA for the antenna characterization
is generally composed by a RX antenna and a spectrum analyzer; the RPA control and telemetry system
is composed by a mini-computer, a flight controller and GPS systems. Data are sent to the ground control
station, composed by a dedicated computer and several TX/RX systems for the telemetry and measurement
data reception.

A system for the characterization of the FF of low frequency antenna arrays has been presented in
[8, @, 10]. The instrumentation is slightly different in this example, where the RPA has been equipped with
a continuous-wave transmitter (TX) and an antenna which operates as source while the Antenna Under
Test (AUT) can register the amplitude data for different positions of the source. Telemetry and flight
control instrumentation is similar to the one in the first presented system although in this case, the RPA is
equipped with a differential GPS system in order to achieve centimeter positioning accuracy. However, the
main limitation of the previous presented systems is that they work in the FF of the AUT and perform direct
acquisition of the power emitted by the AUT (i.e. signal strength) for obtaining its radiation pattern and
thus, antenna diagnostics cannot be conducted. This limitation has been partially overcome in [I1], where
the use of navigation and geo-referring systems providing centimeter-level accuracy enable NF acquisition.

Antenna diagnostics [12] [13], (14, [15] [16] is a non-destructive method based on computing an equivalent
magnetic currents distribution that, according to the Second Equivalence Principle [I7], corresponds to the
extremely near field (NF) on the antenna aperture. From the aperture fields antenna diagnostics can be
conducted, allowing the detection of failures which prevent the AUT from achieving its expected performance.
This is especially interesting for detecting deformations in the antenna structure [14] or antenna array
elements malfunction [I6]. From the NF acquired data, the FF radiation pattern of the AUT can also be
computed by means of NF-FF transformation techniques [18, [19] 20, [21].

In order to perform NF-FF transformations or antenna diagnostics, amplitude and phase information is
generally required. Thus, when performing amplitude-only acquisitions, phase retrieval algorithms must be
applied.

There are two main approaches for phase retrieval. On the one hand, there are interferometric techniques,
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which are based on creating an interference pattern by means of a known source and the AUT [16] [18].
These techniques are accurate and iteration-free, although they require additional hardware to create the
interference pattern. On the other hand, there are iterative techniques, which rely on the information
provided by the spatial variation of the NF with distance. They require the acquisition of the field on two or
more surfaces [19, 20} 21] and their main limitation is the risk of stagnation due to the use of iterative solvers
for non-linear system of equations. In the case of iterative techniques based on the Sources Reconstruction
Method [21], the field could be acquired as well in an arbitrary cloud of points around the AUT.

Other important limitation of the existing systems for antenna in-situ characterization based-on RPAs is
that it requires using an RPA with high maximum takeoff weight in order to cope with the size and weight
of the RF payload [6]. This implies, as well, an increase in the required power and size.

Radio Frequency IDentification (RFID) systems have multiple applications in access control, identifica-
tion, tracking and monitoring goods, vehicles [22] and persons [23]. These systems consist of RFID tags
(active, semi-passive or passive [24],[25]), which are inexpensive, and RFID readers, which are significantly
more expensive than the former. Among the different RFID standards, in this contribution we will focus
on the EPCglobal Gen2 Air Interface Protocol [26] defined for UHF frequency bands, which is also the
most widespread and the most suitable for this application. The allocated frequencies for its operation in
Europe range from 865.7 to 867.5 MHz in 4 channels. In addition to the extremely low cost of passive RFID
tags (euro cents), this technology was selected for this application since the low weight of the tags allows
mounting them on a low cost commercial RPA with a limited payload.

Concurrently, RFID technology has been already employed for antenna characterization [27] and gain
measurements [28] as well as for indoor tracking and location of RPAs [29] with successful results.

This contribution proposes a novel approach for antenna characterization based on an RFID system.
Several tags are fixed to the RPA, avoiding the need for expensive and delicate RF instrumentation onboard,
and the RFID reader is connected to the AUT. The reader and the RPA position data are registered while
the RPA flights over a set of points surrounding the AUT. The centimeter-level accuracy positioning is
achieved using RTK, which is a differential Global Navigation Satellite System (GNSS) that makes use of
the GNSS carrier phase [30]. In particular, two GNSS have been used: Global Positioning System (GPS) and
GLONASS. A post-processing algorithm whose inputs are the RFID reader lectures and the RPA position
data, is implemented in order to process the acquired data and perform the phase retrieval and NF-FF
transformation to obtain the antenna radiation pattern. The proposed solution allows for in-situ antenna
NF phaseless characterization over a non-regular grid with reduced costs at the RFID frequency bands.

The rest of the manuscript is organized as follows: In Section II, the complete system is described
in-depth focusing on the instrumentation, the data acquisition process and the developed algorithms for
phaseless antenna diagnostics from NF data, and NF-FF transformation. In Section III two application
examples are presented for the characterization of a log-periodic antenna array and an RFID antenna array
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in the UHF band. A discussion about the feasibility and performance of the proposed technique is presented

in Section IV. Finally, main conclusions are drawn in Section V.

2. System description

2.1. Overview of the measurement system

The proposed system for antenna characterization based on RFID and RPAs is composed by the following

devices:

e An RPA, that includes an array of RFID tags attached to it, and an RTK beacon.
e An RFID reader, which is connected to the AUT.
e A second RTK beacon on a fixed position, which is used as a base station for the RTK system.

e A ground station (e.g. a laptop) connected to the RFID reader. The ground station receives RSS data
and RTK positioning information, and processes this information to map RSS measurements with an

accuracy of 3-4 cm.

The ground station also runs an iterative phase retrieval technique based on the Sources Reconstruction
Method [21] that recovers an equivalent magnetic currents distribution on the aperture plane of the AUT.
From this equivalent currents distribution it is possible to identify the radiating sources of the AUT as well
as estimating the radiation pattern.

RPA flight path around the AUT can be defined using waypoints. Sometimes waypoints definition is
restricted to a minimum distance between two consecutive points. Thus, the RPA can be manually piloted
around the AUT in order to acquire sufficient amount of samples of the field radiated by the AUT.

Communication between RPA, RTK beacons, and the ground station can be easily achieved by means of
a Wireless Local Area Network (WLAN). For this purpose, a wireless router with a battery is the cheapest
and easiest solution. Radio controller works in the 5.8 GHz band.

A block diagram of the system and a flowchart are depicted in Fig. [1| First, the RFID reader is connected
to the AUT and the RPA takes off. The RFID reader sends an interrogation signal that is received by all
the RFID tags in the AUT coverage area. In this case, the RFID tags are onboard the RPA. These RFID
tags will respond to the RFID interrogation signal, which will be received by the RFID reader. The RFID
response signal will be forwarded to the ground station together with a time stamp. In parallel, the RTK
base station beacon will forward the corrections that must be applied to the GNSS signal to the RTK
beacon placed in the RPA. The latter will use these corrections to improve the position accuracy down to

centimeter-level. It will also send the calculated geodetic coordinates (Latitude, Longitude and Height) with
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Figure 1: Block diagram of the measurement system.

a time stamp to the ground station. Therefore, RFID measurements can be geo-referred thanks to the fact
that both the position information and the RFID measurements have time stamps.

Geo-referred RFID measurements containing signal strength information (RSS) are introduced in the
iterative phase retrieval technique based on the Sources Reconstruction Method. From the reconstructed
equivalent currents, AUT diagnostics information and AUT radiation pattern are obtained.

A picture of the devices selected for the measurement setup implementation is shown in Fig. The
RPA is a Phantom II model that has 400g maximum payload weight (close-up picture shown in Fig. .
Three DogBone RFID tags [31], separated A\/8 (4.3 cm at the RFID frequency of 868 MHz), are mounted
on a plastic and cardboard structure attached to the landing gear of the RPA (see details on Fig. [3). The
reason of this layout is to introduce some spatial diversity, taking advantage of the fact that the RPA will
be facing the AUT during the flight tests.

Two Reach units from Emlid [32] are used as RTK beacons. One RTK beacon is mounted inside a 3D
printed case at the bottom of the RPA and the GNSS antenna is placed in a mast over a ground plane at
the top of the RPA, as shown in Fig. The RTK beacon working as base station is placed on a tripod at
a known position.

An Impinj Speedway RFID reader is used, connecting it to the ground station (laptop) using an Ethernet
cable.

Concerning the RPA flight path, the main restriction is that acquisition points should be spaced less
5
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than \/4 (8.7 cm at 868 MHz RFID frequency band). RTK provides centimeter-level positioning accuracy
so this condition can be easily fulfilled. The use of waypoints allows defining the flight path in advance.
However, the autopilot unit of the RPA chosen for this setup (DJI Phantom 2 [33]) uses an internal GPS
unit and the coordinates obtained with the chosen RTK beacons cannot be transferred to this autopilot.
Besides, the software tool for waypoints and paths definition [34] does not allow placing waypoints closer
than 1 m, which is about 3 A. Therefore, since RTK information cannot be included for placing waypoints at
centimeter-level accuracy, manual flight mode has been selected for the initial tests of the system. Position
given by the RTK can be plotted in real-time so the person flying the RPA can visualize the points where
RSS samples have been acquired as well as those areas in front of the AUT that have not been measured
yet.

The proposed system requires two wireless data links: one for connecting RTK beacons and the ground
station, and another for RPA telemetry. As mentioned before, the former works in the 2.4 GHz frequency
band, whereas for the selected RPA (DJI Phantom 2) telemetry uses 5.8 GHz frequency band. As RFID
operates at 868 MHz (European band), this frequency planning minimizes the risk of electromagnetic inter-

ference even when working in the vicinity of the AUT in order to conduct NF measurements.

2.2. Phaseless antenna diagnostics from near field measurements

The RFID reader provides, among other parameters, a time stamp of each measurement, the RSS
indicator at the RFID reader side, and the phase of the signal backscattered by the detected RFID tags. In
this regard, it should be noted that the amplitude and phase values computed by the reader account for both
the direct and the return path, so the round-trip propagation path has to be taken into account. In addition,
the chip of the Speedway Revolution Reader [35], which is widely employed among other commercial RFID
readers, randomly adds 180 degrees to the measured phase values. Hence, it is not possible to know whether
the retrieved phase values are the true ones or the true phase values plus 180 degrees.

To avoid this phase ambiguity introduced by the RFID reader, this contribution makes use of an iterative
phase retrieval technique based on the SRM for antenna diagnostics and characterization [2I]. The idea is
to recover an equivalent magnetic currents distribution on the AUT aperture plane, so that they radiate the
same field as the AUT.

The flowchart of the iterative phase retrieval technique is depicted in Fig. [@] It is based on minimizing a
cost function F that relates a vector containing the RSS measurements (i.e. amplitude of the electric field,
|E|) taken on the RPA flight path with a vector containing the values of the electric field radiated by the
equivalent magnetic currents, Mx, My, on the AUT aperture plane, updated at each iteration. An initial
guess for the equivalent currents can be set based on a-priori knowledge of the AUT external geometry (e.g.
Mz = My = 1 on the area covering the antenna aperture).

Electric field integral equations relate the equivalent magnetic currents with the radiated electric field

7
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(Eq. (2) of [21]). As explained in Section II of [21] these integral equations can be numerically evaluated and
stored in two matrices, Zg.p, and Zg.pry, whose size is N x M, with N the number of RSS (electric field)
samples, and M, the number of points in which the AUT aperture is discretized. Thus, the multiplication
of (Zp.ve Zpy) and (Mx ; My) gives the electric field radiated by the equivalent magnetic currents.

Different numerical techniques can be implemented for minimizing the cost function F. In this problem,
F is non-linear, so non-linear optimization techniques, such as inexact Newton-Raphson [36] or Levenberg-
Marquardt [36], must be used. The latter will be considered in this contribution as it has been proved to
converge monotonically.

As shown in Fig. [4] at each k-th iteration the cost function F is evaluated. If the cost function value is
equal to or smaller than a certain pre-defined residual e (typically e = 0.01) or if the number of iterations
k reaches a pre-defined maximum number of iterations K, the iterative algorithm is stopped. Convergence
is achieved when the algorithm stops before reaching the maximum number of iterations K. In that case,
it can be stated that the root mean square error of the amplitude of the field radiated by the equivalent
currents and the RSS measurements is equal to or less than e.

As mentioned in Section [1] equivalent magnetic currents correspond to the electric field on the antenna
aperture [I7]. The field distribution on the antenna aperture can be used for antenna diagnostics, to identify
malfunctioning elements in antenna arrays or deformations in the antenna structure (e.g. reflector antennas
[T4]). It is worth mentioning again the immediate applicability of a system and method capable of providing
in-situ antenna diagnostics.

From the reconstructed equivalent currents, the field at any point of the space in front on the antenna
aperture plane can be computed, and hence its radiation pattern [13],[21].

Concerning antenna radiated field sampling requirements, phase retrieval methods require the measured
field to be sampled at a rate of, at least, A\/4 [16],[18] (in case of amplitude and phase measurements, the
sampling rate can be relaxed to A\/2 [I3]). The use of an iterative phase retrieval technique based on the
SRM [21] also overcomes the restriction of using a regular acquisition grid. This feature is a key issue in
order to perform antenna diagnostics from a set of measurements taken at arbitrary positions, provided

these measurements fulfill the aforementioned sampling rates.

3. Application examples

3.1. Example 1: log-periodic antenna array.

The proposed RFID-based system for in-situ antenna measurement and characterization has been val-
idated by means of the characterization of two different AUTs. The AUT for the first test consists on an

array of two log-periodic antennas whose working frequency band ranges from 400 MHz to 3.6 GHz [37].
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These antennas are mounted as shown in Fig. [5] so that the separation is 1.3 A at 868 MHz. These antennas
are fed though a power combiner/divider connected to port 1 of the RFID reader.

The flight path is shown in Fig. [6] together with the measured RSS at each position. For each flight
path position, three RSS values are collected, each corresponding to the three RFID tags onboard the RPA.
Several RSS combination strategies have been tested, such as taking the average or the maximum envelope
of the three RSS values, although the way in which RSS values are combined does not impact significantly
antenna diagnostics and FF pattern results. An example of measured RSS values is depicted in Fig. [7]

It can be noticed that the flight path fits a 5 m x 3 m aperture placed on average 3 m in front of the
AUT. As the separation between the two log-periodic antennas is 1.3 A it can be expected the presence of
grating lobes in the radiated field, as observed also in Fig. |§| (grating lobes placed at x = -2 m and x = 42
m). Flight took around 5 minutes, collecting an overall amount of 5500 samples at an average rate of 20
samples per second.

RSS measurements are matched with the positions given by the RTK system using time stamp informa-
tion. Next, the 5500 geo-referred RSS samples are introduced in the iterative phase retrieval technique based
on the SRM. The equivalent magnetic currents are recovered on a 2 m x 2 m plane placed on the antenna
aperture plane, discretized into 41x41 points. In this example the Levenberg-Marquardt algorithm stopped
after reaching the condition of maximum number of iterations (K = 30) achieving a residual ¢ = 0.051
(larger than the targeted residual of € = 0.01). The error between the measured field amplitude (i.e. RSS

values) and the field amplitude radiated by the reconstructed equivalent magnetic currents is depicted in
Fig.
10
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log-periodic antenna array aperture.

For comparison purposes, the log-periodic antenna array has been measured at spherical range in anechoic
chamber, using a SH400 probe antenna [38] (Fig. E[) AUT - probe distance is 5.25 m. Measured field has
been sampled every 2 degrees in 6 and every 3 degrees in ¢.

The amplitude of the equivalent magnetic currents on the aperture plane is plotted in Fig. (a)-(c)
considering different ways of combining RSS values from the three RFID tags onboard the RPA. In all the
cases, the two log-periodic antennas separated 45 cm can be identified. Slightly better diagnostics results
are obtained (Fig. (c)) when the maximum envelope of the RSS measurements is taken as input in the
iterative phase retrieval technique. As a reference, the reconstructed equivalent magnetic currents from
anechoic chamber measurements are depicted in Fig. (d). The relative radiation level of each antenna
can be also assessed, which is of special interest for detecting malfunctioning elements in antenna arrays. In
this case, both antennas are identically manufactured and the feeding is symmetric, so the difference in the
aperture fields for each log-periodic antenna is hardly -2 dB.

From the reconstructed equivalent currents the radiation pattern can be calculated. For this example,
the radiation pattern is depicted in Fig. (UV plot) and Fig. (¢ = 0°c and ¢ = 90° cuts). Results for
RSS measurements (Fig. (a)-(c)) and anechoich chamber measurements (Fig. [11] (d)) are compared: in
both cases, the main lobe and the grating lobes can be clearly identified.

Focusing on the FF pattern main cuts (Fig. , for ¢ = 0° the position and width of the main lobe and
array factor grating lobes calculated from RSS measurements fit the FF pattern calculated from anechoic
chamber measurements. In the case of p = 90°, the radiation pattern of each log-periodic antenna element is
not affected by the antenna array factor, so the radiation pattern is less directive. As in the case of antenna
diagnostics results, taking the maximum envelope of RSS measurements provides more accurate results than

the rest of tested RSS values combinations.

12
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visible in the right side of the picture.

3.2. Example 2: RFID antenna array.

For the second validation example, an array of two UHF RFID antennas [39] has been chosen. These
antennas have been placed at different height aiming to test an array of two antennas arbitrary placed. Asin
Section[3.]]RFID antennas are connected to the port 1 of the RFID reader through a power divider/combiner.
For this example 6500 samples have been collected in a 7-minutes flight. RSS measurements and RTK
positions are depicted in Fig. A 30 s video of the RPA flight showing geo-referred RSS measurements
in real-time can be watched at https://youtu.be/94hjel_S1DI.

Geo-referred RSS measurements have been processed again with the iterative phase retrieval technique
based on the SRM, taking the maximum envelope of the three RFID tags onboard the RPA. As in the
example of Section the equivalent magnetic currents are recovered on a 2 m x 2 m planar surface placed
on the antenna aperture plane, discretized into 41x41 points. For this example the Levenberg-Marquardt
algorithm stopped again after reaching the maximum number of K = 30 iterations with a residual of € = 0.065
(larger than the targeted residual of € = 0.01). The amplitude of the reconstructed equivalent currents as
well as a picture of the RFID antenna array is plotted in Fig. It can be noticed that the maximum
intensity of the reconstructed equivalent currents fits the position of the RFID antennas. As both antennas
are of the same model and the feeding is symmetrical, aperture fields present the same amplitude level.

From the reconstructed equivalent magnetic currents, the antenna array radiation pattern is calculated

(Fig. (a)). It can be noticed that, as the two RFID antennas are spaced more than 1 A over the array

13
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Solid green line: radiation pattern calculated from the reconstructed equivalent currents using RSS measurements (maximum

envelope of three tags).
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Figure 15: RFID antenna array radiation pattern calculated from the reconstructed equivalent currents using (a) RSS mea-

surements, and (b) measurements (amplitude and phase information) at spherical range in anechoic chamber.

axis, radiation pattern also exhibits grating lobes in such axis (Fig. ¢ = -40°) similarly to the radiation
pattern of the log-periodic antenna array analyzed in Section [3.1} The radiation pattern calculated from
measurements at spherical range in anechoic chamber is depicted in Fig. (b), confirming the presence of

the aforementioned grating lobes.

4. Discussion

The technical specifications and capabilities of the proposed RFID-based system for antenna character-
ization using RPAs has been compared in Table [1| with those already presented in the literature. In this
contribution, the main advantage from a hardware point-of-view is the fact that the RPA payload is reduced
thanks to the use of RFID technology, avoiding boarding a receiving probe antenna and a power detector
[T1]. Minimizing the payload weight also enables using smaller RPAs. This issue is of special interest in
the case of NF measurements for antenna characterization and diagnostics, as flying larger RPAs in the
vicinity of the AUT increases the risk of damaging the AUT in case of an accidental collision. Thus, the

use of smaller, low-weight RPAs provides safer operating conditions. Even when flying hundreds of meters
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Table 1: Comparison of antenna measurement techniques using RPAs.

Contribution Contributions Contribution This contribu-
[6] 18],[9],[10] [11] tion
Frequency range 9 kHz - 12 30 - 900 MHz 2 -5 GHz RFID fre-
GHz quency bands
(868 MHz in
Europe).
Positioning system. Accuracy | GPS. Angular GPS. Up to RTK and laser | RTK (3-4 cm).
resolution 1° 1 cm with a altimeter (1-2
tracking sta- cm).
tion.
Measurement region Far field Far field Near field / Near field /
Far field Far field
Radiation pattern uncertainty | +/- 3 dB 1dB +/-4dB 5-6dB
AUT diagnostics capabilities None None Yes Yes
Onboard receiving unit Required Required Required Not required

away from the antenna as in [6],[8],[9],[10] for direct FF measurements, piloting larger RPAs requires higher
degree of expertise. Furthermore, civil regulations and required licenses for RPA operation in non-controlled
airspace are related to RPA take-off weight, typically RPAs <2 kg, RPAs <25 kg, and RPAs >25 kg [40].
Heavier RPAs require additional licenses and are subject to more restrictive regulations, which eventually
impacts on the overall cost of the system.

The main drawback of the proposed system is the fact that the AUT can be tested only at RFID
frequency bands, apart from requiring the AUT to be connected to the RFID reader. It must be noticed
the higher uncertainty of the proposed technique concerning AUT radiation pattern characterization. This
is due to the fact that small measurement uncertainties in the NF (such as multipath propagation, RFID
tag pattern) affect the phase retrieval technique and thus the NF-FF transformation, as also happens in
[TT] when operating in the NF region. In the case of [6],[8],[9],[10], FF pattern is directly measured, so FF

uncertainties are mainly due to RPA positioning errors.

5. Conclusions

A simple, low-cost in-situ antenna diagnostics system based on RFID technology has been presented.
Thanks to the use of RTK, RFID measurements are geo-referred with centimeter-level accuracy, which

enables the use of an iterative phase retrieval technique based on the Sources Reconstruction Method to
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recover the electric field distribution on the antenna aperture plane. This distribution provides information
about the AUT radiating elements, and it can be also used for AUT radiation pattern calculation.
From the results presented in this contribution, the system has been proved to be quite effective for
antenna diagnostics, even when flying the RPA in manual mode without a pre-defined path using waypoints.
Further work will be devoted to integrate RTK information in the RPA flight controller to create way-
points with centimeter-level accuracy, which will provide more accurate acquisition paths, as well as measure-
ments repeatability. Besides, the use of a RFID reader capable of providing phase without 180°-ambiguity

will be also assessed enabling direct acquisition of the phase of the radiated field.
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