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Abstract—RF phasor arrays, first developed for military
radars, were recently adopted in the telecom sector, where they
have been standardized for Specific Absorption Rate (SAR)
measurements. Their utilization for Over-the-Air (OTA) testing
addresses the growing demand for accurate characterization of
modern wireless devices. This paper presents two physics-based
approaches for near-field to far-field transformation using RF
phasor probe arrays: the Huygens Box method and the Dipole
Synthesis method. Both rely on vector near-field data to calculate
far-field radiation patterns without empirical approximations.
Measurement results for multi-beam antenna arrays and wide-
band antennas show strong agreement with anechoic chamber
references and simulations, confirming the reliability of the two
methods. Besides, equivalent source models derived from these
measurements can be integrated into electromagnetic simulations
to assess device performance in complex environments, including
but not limited to SAR calculation in human voxel models.
Preliminary results demonstrate the potential of augmented OTA
measurements and highlight the importance of standardization
to ensure consistency, comparability, and industry-wide adoption.
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I. INTRODUCTION

The rapid evolution of wireless technologies, from 5G to
emerging 6G and IoT networks, has created unprecedented
demand for accurate and scalable OTA testing methodologies.
Conventional approaches based on anechoic chambers, while
widely used, are limited by high cost, long measurement times,
and limited flexibility when it comes to assessing advanced
antenna utilizations such as beamforming arrays or devices
operating in realistic environments, e.g. autonomous vehicles.
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RF phasor arrays, originally developed for radar applica-
tions in the defence and aerospace industry, offer a promising
alternative by enabling planar near-field phasor measurements
that can be transformed into far-field radiation characteristics
using physics-based calculation principles described in [1] and
[2]. Their industrial maturity is already established in SAR
assessment [3,4], as the international standard IEC 62209-3
[5], which was harmonized in the European Union in Decem-
ber 2023, provides testing procedures for vector measurement-
based systems. JRC also concluded in [6] that IEC 62209-3
appears more efficient for measuring modern wireless devices
as it allows for realistic usage conditions and reduced testing
time, and it is better suited to keep up with the increasing
demands that the ever-evolving radio access technologies
place on mobile devices (e.g. multiple simultaneous frequency
transmissions, larger bandwidths, etc) [7,8]. Extending the
application of RF planar phasor arrays to OTA measurements
represents the obvious next step toward faster, more versatile,
and ultimately more accurate electromagnetic field (EMF)
exposure evaluation.

In this paper, we present two independent methodologies
for near-field to far-field transformation using RF phasor
probe arrays: the Huygens Box method [9] and the Dipole
Synthesis method [10]. The two techniques enable augmented
OTA measurements by using equivalent sources derived from
amplitude and phase data measured with a planar near-field
phasor, and embedded into electromagnetic (EM) simulations
to assess EMF exposure in complex propagation scenarios. Ex-
perimental results on beam-switching antenna arrays and ultra-
wideband antennas validate the accuracy of the two methods



to derive the far-field when compared to the radiation patterns
measured in an anechoic chamber. We further illustrate how
augmented measurements can be applied to challenging cases
such as SAR analysis when a radiating device is placed in
proximity to a flat phantom simulating the human body.

II. FROM PLANAR NEAR-FIELD AMPLITUDE AND PHASE
MEASUREMENTS TO 3D FAR-FIELD RADIATION PATTERNS

A planar phasor near-field OTA measurement captures both
amplitude and phase of the electromagnetic fields over a
near-field scan plane. These data are post-processed using
physics-based algorithms to compute far-field radiation. The
approach is grounded in electromagnetic theory, and excludes
any empirical approximations. Two different methods are
employed: the Huygens Box method, based on plane-wave
decomposition combined with the equivalence principle, and
the Dipole Synthesis method, which relies on source basis
function decomposition techniques to represent the Device
Under Test (DUT) as an equivalent distribution of dipoles.

A. Huygens Box Method

The Huygens Box method employs a closed surface (typi-
cally a rectangular cuboid) surrounding the DUT, on which the
tangential electric or magnetic fields are measured. Based on
the Huygens principle and the uniqueness theorem, the elec-
tromagnetic fields outside this volume, including the far-field,
can be uniquely derived from these tangential fields. In the
current implementation, near-field measurements are carried
out using a planar RF phasor probe array immersed in a high-
permittivity, lossy dielectric medium [11]. This commercial
implementation comprises the ART-MAN2O© system and its
associated robot, ART-BORGO, as illustrated in Fig. 1.
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Fig. 1: ART-Fi’s technology-leading RF near-field phasor
probe array system used to measure the near-field in amplitude
and phase on the Huygens Box surrounding the DUT and the
SAR in the flat, left head and right head phantoms.

Tested over the flat phantom of ART-MAN2®©, the DUT is
sequentially positioned in six different orientations relative to
the probe array, as depicted in Fig. 2. This gives the EM field
distributions on each face of the virtual enclosing box shown
in Fig. 1b. For each DUT orientation, plane-wave expansion
is applied to transform the measured near-fields from the
tissue-simulating dielectric medium into their equivalent
free-space representation. Once all six faces are obtained, the
full Huygens Box is formed. Finally, standard electromagnetic
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Fig. 2: Planar phasor probe array immersed in the tissue-
simulating medium filled flat phantom enabling the measure-
ment of the electric field emitted by the DUT — The six
orientations of the DUT relative to the phasor probe array
for Huygens Box computation.
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Fig. 3: Description of Love’s equivalence principle from [12].

propagation models are used to compute the far-field by
applying Love’s equivalence principle to the tangential fields
to construct equivalent sources for the fields outside the box.

Love’s equivalence principle, illustrated in Fig. 3, replaces
the actual radiation problem with an equivalent model in which
the actual sources J; and M; inside the imaginary closed
surface S are removed. The electromagnetic fields inside S
are set to zero and the equivalent surface current densities
Js and Mg are defined by the formulas given in Fig. 3b,
where 1 is the unit normal vector pointing outwards from the
closed surface S. The electric field at an arbitrarily located
observation point outside the closed surface S is given by
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with r and r’ representing the observation point and
the source point, respectively, and dV’ being a differential
volume element at the source point r’. The surface S in Love’s
equivalence principle is the virtual Huygens Box represented
in Fig. 1b as a cuboid for the current implementation.

As a practical example, measurement results obtained using
the Huygens Box method are presented for two smart antennas
with beam-steering capabilities. Both planar arrays are dual-
polarized, which allows operation in either of the two orthog-
onal linear polarizations. The vertical polarization P1 or the
horizontal polarization P2 is excited by feeding either Port 1
or Port 2, respectively. Each antenna has multiple beam states,
with peak gain achieved at the 0° beam state corresponding
to the broadside direction of the array. Measurements were
carried out with the test equipment setup sketched in Fig. 4.
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Fig. 4: Test setup with the DUT placed over the flat phantom
of ART-MAN2O and fed by a vector signal generator via ART-
Fi’s power management solution (PMS) integrating amplifiers.
The power injected into the DUT is checked with a power
sensor before any measurement. The system is calibrated using
a reference array antenna for each of the two DUTs.

Antenna A is a 4x4 dual-polarized phased array, whose
elementary radiating elements are crossed dipoles operating
from 5490-5850 MHz, with a gain of 10 dBi and three
beam states (-10°, 0° and +10°) for each polarization. The
dimensions of Antenna A are 172 x 140 x 19.2 in mm. Fig. 5
shows the 2D E-plane radiation patterns at 5490 MHz for
Antenna A measured with ART-MAN2© and compared to
anechoic chamber data. A good agreement is observed for the
gain and beamwidth between the two types of measurements.
Table I lists the peak gain and beamwidths measured with
ART-MAN2© versus the values measured in an anechoic
chamber. Good agreement is observed in both the peak gain
and the beamwidth between the two series of measured data.
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Fig. 5: Measured 2D E-plane radiation patterns at 5490 MHz
for the vertical polarization of Antenna A in 3 beam states.

TABLE I. Peak Gains and Beamwidths for Antenna A
measured with ART-MAN2© and in an Anechoic Chamber
Frequency | Beam Peak Gain (dBi) / Peak Gain (dBi) /
(MHz) State Beamwidth Beamwidth
[ART-MAN2©] [Anechoic Chamber]
5490 -10° 9.3/31.2° 10.1 / 28.3°
5490 0° 8.4/ 28.3° 10.5 7/ 29.5°
5490 10° 11.0/ 32.1° 11.1 /7 28.9°
5850 -10° 9.3/28.2° 10.1 / 28.9°
5850 0° 8.4 /27.8° 10.5 7 27.6°
5850 10° 9.6 /29.3° 10.6 / 26.8°

Antenna B is a 6x6 dual-polarized phased array, whose
elementary radiating elements are crossed dipoles operating
from 3300-4200 MHz, with a gain of 13 dBi and five beam
states (0°, £15°, +30°) for each polarization. The dimensions
of Antenna B are 252.5 x 270 x 20.5 in mm. The radiation
patterns for the two polarizations £45° are given at 4200 MHz
across all beam states in Fig. 6, which demonstrates consistent
performance and confirms the capacity of the Huygens Box
method to measure different beams with ART-MAN2O©.
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Fig. 6: E-plane radiation patterns for the two polarizations of
Antenna B measured with ART-MAN2© at 4200 MHz.

B. Dipole Synthesis Method

Unlike the plane-wave expansion method used for the
Huygens Box, the Dipole Synthesis method models the DUT
as a 3D grid of equivalent electric and magnetic dipoles using
the same near-field phasor measurements. At each grid point,
three orthogonal components of electric or magnetic dipoles
may be present. In the current implementation, measurements
are performed for six different orientations of the DUT using
the same planar probe array immersed in a high-permittivity,
high-loss medium. Only electric currents are considered in
the discrete source set. The electromagnetic field produced
by each dipole component at the probe locations is known
analytically or via pre-computation. Using the six measured
field distributions, an inverse problem is solved to determine
the set of dipole sources that best matches the measurements.
This dipole set serves as an equivalent source representation
of the DUT and can be used to compute its OTA far-field
radiation. This is shown in the following equation

N
E(r) =) [G(r,r},) - pn] )

where p,, is the electric dipole moment at grid point n, while
G(r,r)) is the dyadic Green’s function relating the dipole
source at grid point n to the radiated fields at observation
point r, and N is the total number of dipoles.

The method was applied to an ultra-wideband (UWB)
antenna operating from 0.6-3.2 GHz. Amplitudes and phases
were acquired in the near-field using ART-MAN2©, and
compared to simulation results relative to the UWB antenna
in free space using a time-domain numerical method. Fig. 7
shows the antenna model placed on a flat phantom shell. Fig. 8
shows and compares its total radiated power (TRP). A peak
occurs near 0.91 GHz, with maxima of 7.28 x 10~ 11 pW for
the measurement and 6.17 x 101! pW for the simulation,
corresponding to a relative error of about 19.2%. Between
1 GHz and 2 GHz, the power is relatively stable, varying
between 2 x 10~ pW and 4 x 10~ pW. Above 2.5 GHz,
both curves converge as the TRP decreases toward zero.

Fig. 7: Model of the UWB antenna over a flat phantom shell
with a high permittivity, lossy dielectric medium simulating
the human tissue underneath the shell.
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Fig. 8: Total radiated power of the UWB antenna measured
with ART-MAN2O using the dipole synthesis method and
calculated for the UWB antenna simulated in free space.

Fig. 9 and Fig. 10 show the 3D E-field radiation patterns at
800 MHz and 2470 MHz. At 800 MHz, the 3D shape and spa-
tial distribution of the E-field are captured with high accuracy,
although the measurement exhibits a slightly higher maximum
amplitude compared to the simulation: 7.5 x 10~'! V/m
versus 6.46 x 10711 V/m. At 2470 MHz, the measurement
reproduces the overall spatial distribution and 3D shape well,
with minor differences in finer details. The amplitude shows
good consistency, with slight variations in maximum and mini-
mum values. The minimum E-field amplitude is approximately
7 x 107'2 V/m for the measurement, compared to 4.96 x
1072 V/m for the simulation. Conversely, the maximum
amplitude is about 4.81 x 10~ V/m for the measurement,
slightly lower than the simulated peak of 5.11 x 10~!! V/m.
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Fig. 9: Measured and simulated 3D E-field radiation patterns
of the UWB antenna at 800 MHz.
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Fig. 10: Measured and simulated 3D E-field radiation patterns
of the UWB antenna at 2470 MHz.

III. AUGMENTED OTA MEASUREMENTS

The Huygens Box and Dipole Synthesis methods provide
robust frameworks for augmented OTA measurements, in
which near-field vector data are transformed into equiva-
lent sources and incorporated into electromagnetic simulation
tools. This approach enables accurate evaluation of device per-
formance in realistic environments. As these methods mature,
the need for standardized measurement procedures becomes
increasingly important. Indeed, standardization enhances con-
sistency and comparability across test setups and organizations
and facilitates broader adoption of augmented OTA testing
in industrial design and certification workflows. Additionally,
Artificial Intelligence (Al) offers potential to support the mod-
eling and simulation phase in complex environments. While
Al does not replace physics-based modeling, it can optimize
workflows, thus reducing test time and improving scalability.

A. Augmented Measurements using the Dipole Synthesis
Method

In this section, the dipole model of the UWB mobile
antenna from Fig. 7 is applied in a full-wave 3D simulation
[13,14,15]. The UWB mobile antenna is placed next to a head
phantom, as shown in Fig. 11. By inserting the dipole model
in this environment and adjusting the current amplitudes to
correspond to an antenna feed power of 1 W, the specific
absorption rate in the orange area and the total radiated power
are calculated. SAR measures the rate at which energy is
absorbed per unit mass of a human tissue when exposed to
a radio frequency electromagnetic field. It is calculated from
the electric field in the tissue according to equation (5).

SAR = piv/va(r) |E(r)|? dV )

In this equation, V' is the volume of the tissue over which
SAR is averaged (e.g. 1 g or 10 g cube) and p is the mass
density of the tissue, while |E (r)| is the root mean square
electric field strength and o is the electrical conductivity of
the human tissue.

Fig. 12 shows the SAR distribution in the head with a peak
value of 93 W/kg, which indicates the potential of this method
for evaluating SAR in complex scenarios and for various types
of phantoms. Fig. 13 shows the far-field radiation pattern at
910 MHz for the UWB antenna located in free space and
placed near the head. One can see the effect of the head, which
absorbs the radiation in its direction and reduces the total
level. The simulated total radiated power decreases sharply
from 371 mW in free space to 119 mW with the head.

Fig. 11: The UWB mobile antenna’s dipole model (green)
adjacent to the head phantom (blue). The orange region
indicates the SAR calculation zone.
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Fig. 12: SAR calculated in the head phantom for the UWB
mobile antenna.

(a) Without head (b) With head

Fig. 13: Simulated modulus of the far-field electric field (3D
radiation patterns) for the UWB mobile antenna at 910 MHz.



B. Augmented Measurements using the Huygens Box Method

Augmented OTA measurements can also be performed using
the Huygens Box method and a procedure is provided by the
authors in [9]. Fig. 14 illustrates the steps for an augmented
SAR measurement of a DUT, e.g. a mobile phone:

1) Measure the tangential field of the DUT in active prop-
agating mode (i.e. turned on) in free space to obtain E,
and H, (Fig. 14a).

2) Apply the equivalence principle to calculate equivalent
Huygens sources on the Huygens Box. Using these
equivalent sources with an empty box (Fig. 14b) gen-
erates the same fields outside the box as in step 1.

3) For augmented measurement near complex objects, such
as a human head, in proximity to an active mobile phone
(Fig. 14c), the equivalent scenario in Fig. 14d is used,
where the Huygens sources from Fig. 14b are combined
with the DUT (in passive mode, i.e. turned off) inside
the Huygens Box.
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(a) Tangential field mea-
surement with DUT On

(b) Equivalent Huygens sources on an
empty box

(c) Active DUT (i.e. On)
close to a human head

(d) Application of Huygens sources
with passive DUT (i.e. Off)

Fig. 14: The different steps followed to perform an augmented
SAR measurement using the Huygens Box method.

IV. CONCLUSION

The Huygens Box and Dipole Synthesis methods have been
demonstrated to accurately calculate the radiation characteris-
tics in the far-field (radiation patterns, TRP, gain) by using
the amplitudes and phases of the near-field measured with the
RF planar phasor probe array system ART-MAN2©. Virtual
equivalent sources can be derived from the measured near-field
data and incorporated into EM simulation tools. Specifically,
it is ART-MAN2®©’s unique capability to measure the phase in
the near-field that makes it possible now to perform augmented
OTA measurements. Standardization of these measurement
procedures will be crucial to ensure reproducibility and in-
dustrial adoption. Furthermore, Al-assisted simulation and
modeling have the potential to optimize workflows, reduce
testing time, and improve scalability. Future work will aim to

integrate these tools into standardized certification processes
and explore complex scenarios with realistic device usage.
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