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ABSTRACT This paper presents a 2-D wavefield synthesis approach directly implementable in standard
antenna simulation software. The approach uses a field transformation matrix and two array sets to design
vertically and horizontally polarized wavefields, implemented with thin electric dipoles for their simple
geometry. The synthesized wavefields positively correlate with numerical methods (FIT, FEM) obtained
from full-wave simulations over various array sets (size, number, polarization, frequency). Synthesizing
2-D isotropic wavefields in both polarizations under an error vector magnitude (EVM) equal to or smaller
than −30 dB is demonstrated over the largest test zone radius of λ/10 with just three dipoles located
at a minimum distance of 5λ far from the phase center. Application to a test antenna (folded dipole)
anticipates the received power and MEG directly inside the antenna simulator in receiving mode. This
valuable design option, not handled by most antenna simulators, helps optimize the antenna with the
propagation medium characteristics during the design stage.

INDEX TERMS Antenna arrays, dipole antennas, electromagnetic propagation, wavefield synthesis.

I. INTRODUCTION

SYNTHESIZING a controlled electromagnetic
environment is attractive for general antenna character-

ization. This often demands precise propagation medium
characteristics set by the field amplitude and space-time
distributions, power density, incidence angle, etc. In prac-
tice, one often encounters wavefield synthesis approaches
through antenna pattern and gain measurement systems
performed in standard anechoic chambers. A far-zone
transmitting antenna illuminates a rotating antenna under
test (AUT) with an incident plane wave [1, pp. 1024–1033].
This setup creates a limited number of incidences at the
AUT’s level, typically only one, for an ideal Dirac-directive
transmitting antenna. Instead, a reverberation chamber can
provide multiple incidences to form a three-dimensional
(3-D) statistically isotropic wavefield [2], not purely
isotropic in space. Over-the-Air (OTA) approaches as the
multi-probe anechoic chamber (MPAC) methods can create
multi-incident plane waves over a 2-D test zone based on a
set of uniformly distributed transmitting antennas arranged

in the azimuthal plane [3]–[7]. These approaches offer
advanced testing capabilities as the channel throughput and
model at the expense of increased complexity and cost due
to the number of parameters and devices to set up. Overall,
practical wavefield synthesis approaches can provide a 2-D
or 3-D test zone under multiple incidences but are complex
to set up, cumbersome, and not affordable.
Theoretical OTA approaches offer another option to syn-

thesize a 2-D test zone as the works in [6]–[7], considering
a 3-D set of several transmitting antennas (more than
29) distributed over one hemisphere according to Lebedev
and Tchebyshev grids. These approaches show an attrac-
tive isotropic field accuracy. Still, they remain complex and
challenging to validate experimentally or numerically using
standard electromagnetic (EM) simulation software due to
the number of antennas used over a 3-D spatial arrangement.
This paper presents a 2-D wavefield synthesis approach

directly implementable in standard antenna simulation soft-
ware. The approach uses a field transformation matrix to turn
the radiation of several transmitting antennas into receiving
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FIGURE 1. Overview of the problem formulation.

mode. Thin electric dipoles are used for their simple geom-
etry to design the wavefields with horizontal and vertical
polarizations. The theoretical results are validated numeri-
cally with full-wave simulations over various array sets (size,
number, polarization, frequency). The optimum parameters
that synthesize the largest 2-D isotropic test zone are derived
and applied to a practical antenna case (AUT) within a stan-
dard antenna simulator. The benefits of this application are
twofold:
i) The wavefield synthesis array and the AUT are inte-

grated into the full-wave simulator to include all
propagation and interaction phenomena, leading to
more realistic and rigorous results.

ii) The received power is accurately anticipated even
under multiple incidences.

This performance prediction, not handled by most antenna
simulators, is demonstrated to the author’s best knowledge
for the first time. This option is essential for optimizing
the general antenna at the design stage while including the
propagation medium characteristics.
This paper is organized as follows. Section II formu-

lates the problem of the field transformation and details
the proposed approach. Section III implements the approach
with thin electric dipoles, while Section IV validates it
numerically with full-wave simulations for various array sets
(size, number, polarization, frequency). Section V discusses
and derives the optimum parameters providing the largest
isotropic test zone. Finally, Section VI applies the synthe-
sized isotropic wavefield to a test antenna (folded dipole) for
performance prediction in the context of ambient RF energy
harvesting.

II. FORMULATION
A. OVERVIEW OF THE PROBLEM
Let us consider an arbitrary transmitting antenna located at
point Dn and surrounded by the smallest virtual sphere of
radius an, as depicted in Fig. 1. The objective is to formulate
this antenna’s radiation over a limited space region, desig-
nated as the test zone, bounded by path #2. This problem
may be analyzed from two viewpoints.
In the transmitting viewpoint, typically from the source at

point Dn, the radiated wavefronts describe outgoing spherical
waves (paths), concave and similar to path #1. Therefore,

the field over path #1 coincides with the far-field pattern
of the transmitting antenna under R1 ≥ 2(2an)2/λ, λ being
the free-space wavelength. This pattern is well documented
in the literature for several conventional antennas [1]. Since
path #1 is concave while path #2 is convex, one will have to
design a specific field transformation to get the far-field
pattern over path #2. This is not necessarily straightfor-
ward due to an increased degree of freedom since radius
R2 varies over path #2. It is worth mentioning that invoking
the reciprocity theorem will increase complexity by needing
a second antenna (probe) to move on path #2 or using an
array of probes on path #2, all directed toward point Dn
[1, p. 148].
In the receiving viewpoint, typically at the receiver’s

location at point O, path #2 is seen concave with a
fixed radius r. Thus, this configuration provides several
advantages:
i) A reduced degree of freedom in analyzing the field (on

path #2) under a constant observation radius r.
ii) Path #2 is similar to the spherical wavefronts that any

test antenna located at point O would radiate. This simplifies
the field components’ analysis.
iii) For the case of several distributed transmitting anten-

nas, it is physically meaningful to analyze the total field
from the focal point whether it exists (here, point O).
The above explanations justify adopting the receiving

viewpoint, which designs the field over the test zone in
the receiving coordinate system located at point O.

B. FIELD TRANSFORMATION APPROACH
Let us consider an array of N transmitting antennas located
over a spherical surface and radiating broadside toward
point O (focal point), which is also the phase center that
may host a receiving antenna under test (AUT), as depicted
in Fig. 2a. The nth antenna element of this array is located
at point Dn and arbitrarily oriented in space for the general
formulation, as depicted in Fig. 2b.
Since most antennas radiate spherical waves with a

negligible radial field component (assumed throughout the
paper), the far-field pattern of the general antenna element
can be written in the local spherical coordinate system
(Dn, ern, en, en) as:

Fn ≈ Fθn(�n)eθn + Fφn(�n)eφn (1)

where subscript n varies from 1 up to N, �n is the solid
angle at the observation point M seen in the local system
with the spherical coordinates (rn, θn, φn), letter F represents
both the electric (E) and magnetic (H) fields. Throughout
this paper, boldface letters denote vectors.
Equation (1) formulates the radiation of the nth antenna

element seen locally, that is, within the transmitting spher-
ical system (Dn, ern, en, en). The objective is to trans-
form this pattern into the receiving spherical coordinate
system (O, er, eθ , eφ) taken as the reference one. This
field transformation requires three key steps detailed in
Fig. 3.
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FIGURE 2. Test zone creation with (a) an array of N radiating elements, (b) case of a
single radiating antenna within a general representation.

FIGURE 3. Mechanism of the field transformation approach.

1) STEP #1 (SPHERICAL-TO-RECTANGULAR LOCAL
BASE TRANSFORMATION)

Let us consider the transmitting local rectangular coordinate
system (Dn, eUn, eRn, eZn) referenced at point Dn. The unit
vector eRn is explicitly oriented in the radial direction (ODn)
to simplify the local system’s spatial orientation.
The first step consists of expressing the spherical base

(en, en) into the rectangular one (eUn, eRn, eZn) locally using
the following relationships based on Fig. 2b:

eθn = cos θneρn − sin θneZn (2a)

eφn = − sinφneUn + cosφneRn (2b)

where vectors eρn and ern are defined by:

eρn = ern − cos θneZn
sin θn

(2c)

ern = −RneRn + rer
rn

(2d)

er = sin θ cosφex + sin θ sinφey + cos θez (2e)

Formatting (2a) – (2e) into a compact form leads to:
[
eθn
eφn

]
=
[

0 −Rn
rn

cot θn −(sin θn + cot θn cos θn)
− sinφn cosφn 0

]

︸ ︷︷ ︸
[T1]

×
⎡
⎣ eUneRn
eZn

⎤
⎦+

[ r
rn

cot θn 0 0
0 0 0

]
︸ ︷︷ ︸

[T0]

⎡
⎣ er
eθ
eφ

⎤
⎦ (3)

where [T1] and [T0] are 2x3-scalar matrices, Rn = ODn,
r = OM, the spherical angles (θn, φn) are defined later on.

2) STEP #2 (RECTANGULAR-TO-RECTANGULAR BASE
TRANSFORMATION)

The second step consists of expressing the transmitting rect-
angular base vectors (eUn, eRn, eZn) into the receiving ones
(ex, ey, ez) using the following relationships:

eRn = sinθcncosφcnex + sinθcnsinφcney + cosθcnez (4a)

eZn = sinθencosφenex + sinθensinφeney + cosθenez (4b)

eUn = eRn × eZn (4c)

where (θcn, φcn) and (θen, φen) denote the spherical angles
attached to point Dn and unit vector eZn, respectively, seen
in the receiving system (O, ex, ey, ez).

Formatting (4a) – (4c) into a matrix form leads to:

⎡
⎣ eUneRn
eZn

⎤
⎦ =

⎡
⎢⎢⎣

∣∣∣∣ eRny eRnz
eZny eZnz

∣∣∣∣ −
∣∣∣∣ eRnx eRnz
eZnx eZnz

∣∣∣∣
∣∣∣∣ eRnx eRny
eZnx eZny

∣∣∣∣
eRnx eRny eRnz
eZnx eZny eZnz

⎤
⎥⎥⎦

︸ ︷︷ ︸
[P]

×
⎡
⎣ exey
ez

⎤
⎦ (5)

where [P] is a 3x3-matrix whose elements are the compo-
nents of vectors eRn and eZn, obtained from (4a) – (4b),
while symbol | | means taking the determinant.

3) STEP #3 (RECTANGULAR-TO-SPHERICAL BASE
TRANSFORMATION)

The third step consists of expressing the rectangular base
(ex, ey, ez) into the spherical one (er, eθ , eφ) in the receiving
system using a conventional matrix transformation:⎡

⎣ exey
ez

⎤
⎦ =

⎛
⎝ sinθcosφ cosθcosφ −sinφ
sinθsinφ cosθsinφ cosφ
cosθ −sinθ 0

⎞
⎠

︸ ︷︷ ︸
[R]

⎡
⎣ er
eθ
eφ

⎤
⎦ (6)

where [R] is a 3x3-matrix [1, p. 1084], and the spherical
angles (θ , φ) are attached to the observation point M seen
in the receiving system (O, ex, ex, ez).
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C. TOTAL FIELD VECTOR
The field vector F at the observation point M (r, θ , φ) seen in
the receiving spherical system for the array of N transmitting
antennas is written as the sum of each antenna’s radiated field
vector as:

F =
N∑
n=1

Fn =
N∑
n=1

[
Fθn(�n)

Fφn(�n)

]T
{[T1][P][R] + [T0]}︸ ︷︷ ︸

[MTransf ]

⎡
⎣ er
eθ
eφ

⎤
⎦

(7)

where superscript T means transposition,
[MTransf] = [T1][P][R] + [T0] is a 2x3-matrix trans-
forming each antenna’s pattern (Fθn, Fφn) from the
transmitting to the receiving spherical bases.
Matrix [T] reported in Fig. 3 is obtained as

[T] = [T1] + [T0][R]−1[P]−1 since both [R] and [P] are
non-singular, then invertible.
It is worth mentioning that (7) includes the coupling

between the transmitting antennas as long as each antenna’s
radiation pattern (Fθn, Fφn) is taken in the lattice.

D. COMPUTATION
There are 11 unknowns in [MTransf ], typically (rn, θn, φn),
(r, θ , φ), (θcn, φcn), (θen, φen), and Rn. These unknowns
decrease to 8 by expressing (rn, θn, φn) with (r, θ , φ) through
the following relationships to compute in the receiving
system (O, ex, ex, ez):

rn = Rn

√
1 + r2

R2
n

− 2r

Rn
cosψ (8a)

cosψ = eRn · er (8b)

sinθn = ∣∣eZn × ern
∣∣ (9a)

cosθn = eZn · ern (9b)

sinφn = ∣∣eUn × eρn
∣∣ (10a)

cosφn = eUn · eρn (10b)

where symbol | | in (9a) and (10a) means taking the magni-
tude, while symbols “.” and “x” represent the dot and cross
products, respectively.
Computing (7) based on (8a) – (10b) requires knowing

each transmitting antenna’s position through point Dn (Rn,
θcn, φcn), and vector eZn whose coordinates are (θen,φen), all
referenced in the receiving system (O, ex, ex, ez). The remain-
ing unknowns (r, θ , φ) entirely determine the test zone’s
geometry through the observation point M. Fig. 4 summa-
rizes the entire computation scheme starting with knowing
each transmitting antenna’s radiation pattern (Fθn, Fφn) in
the local system (Dn, ern, eθn, eφn).
The following section implements the approach with an

array of electric dipoles.

FIGURE 4. Computation scheme of the fields over the test zone.

III. IMPLEMENTATION WITH AN ARRAY OF DIPOLES
Let us implement the proposed approach with an array of
N dipoles being the transmitting antennas. The motivations
for using the dipole antenna include its simple geometry and
well-known radiation characteristics. The former feature is
essential to speed up full-wave implementations even though
other antenna kinds may be successful.

A. THEORETICAL RADIATION OF A FINITE-LENGTH
THIN DIPOLE
According to [1, p. 172], the electric and magnetic far-
fields radiated by a finite-length thin dipole within the local
spherical system (Dn, ern, en, en) is written as:

En ≈ Eθneθn = CE
In
rn

cos
( kL

2 cos θn
)− cos

( kL
2

)
sin θn

e−jkrneθn
(11a)

Hn ≈ Hφneφn = Eθn
η
eφn (11b)

where L is the dipole’s length, η = 120π , In is the current’s
maximum, k = 2π/λ is the free-space propagation constant,
λ is the free-space wavelength, CE = jη/2π = 60j is a com-
plex coefficient (parameter j being the conventional complex
number).
In (11a) and (11b), the dipole’s center and axis coincide

with point Dn and vector eZn, respectively.

B. SIMULATION-BASED RADIATION OF AN ARBITRARY
DIPOLE
One may consider the radiation pattern of an arbitrary dipole
antenna to synthesize the wavefield. In this case, the designer
needs to simulate the dipole in transmitting mode, solely if
the mutual coupling is negligible or in the lattice, if not,
to get its radiation pattern |Fsn(�n)| over the desired space
region (�n), s denoting r, θ , and φ. Thus, the dipole’s com-
plex radiated field is written under a spherical wave-mode
assumption, as:

Fsn(�n) = |Fsn(�n)|e−jkrn . (12)

VOLUME 2, 2021 1123
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FIGURE 5. Wavefield synthesis sets with an array of dipoles, (a): vertical
polarization (θ), and (b): horizontal polarization (φ).

TABLE 1. Coordinates of the dipoles’ center positions.

It is worth mentioning that this procedure applies to any
antenna type knowing its orientation in the local coordinate
system. However, implementing (12) may require extensive
computing resources (memory, speed) in practice to accel-
erate the computation (Fig. 4) for a conveniently discretized
space region. For this reason, the theoretical formulas in (11)
will be preferred over (12) to speed up the calculation since
both data lead to the same results.

C. WAVEFIELD SETS
Let us consider several electrically identical dipoles to syn-
thesize the wavefield over the test zone under the following
considerations:

i) The dipoles are fed in-phase with equal amplitude,
consistent with a constant current in (11a).

ii) The dipoles are located on a circular path of radius
R belonging to the upper hemisphere z ≥ 0, hence
Rn = R.

iii) The inter-element spacing between the dipoles is con-
stant. Consideration of both a reasonable number of
dipoles (N) and infinitesimal (L ≤ λ/50) or short
(λ/50 < L ≤ λ/10) dipoles helps maintain a neg-
ligible coupling between the dipoles. On this basis,
(11a) – (11b) still stands for the dipole taken in the
lattice.

iv) The dipoles are oriented in space such that their broad-
side patterns are directed toward the phase center,
point O. Two sets are considered, as seen in Fig. 5.

In the first set, as seen in Fig. 5a, the dipoles are tangential
to the circular line source and lie in the zx-plane. This set
intends to synthesize a vertically polarized wavefield, also
denoted as θ -polarization throughout the paper.
In the second set depicted in Fig. 5b, the dipoles are

90◦-rotated along their radial axes (ODn) to synthesize a
horizontally polarized wavefield, denoted as φ-polarization
throughout the paper. In this set, the dipoles are all directed
along the y-axis. These two array sets specify the values
of angles (θcn, φcn) and (θen, φen) for both polarizations, as
seen in Tables 1 and 2.

TABLE 2. Coordinates of vector ezn in the receiving rectangular system.

TABLE 3. Electrical sizes of the source and test zone radii.

The following section deals with numerical validations.

IV. NUMERICAL VALIDATIONS
Let us now consider a set of dipoles having an identical
length of L = 3 mm and a diameter of d = 1 mm. The
dipoles are located over a source radius of R = 750 mm.
The scheme of Fig. 4 is followed to compute the two

wavefield sets based on (11a) – (11b). Computation includes
the following array sizes N = 3, 5, and 7 for a test zone
size of r = 0.1R. The theoretical results are compared
with simulations obtained from both CST using the Finite
Integration Technique (FIT) [8] and HFSS using the Finite
Element Method (FEM) [9]. Comparisons include various
frequencies, typically 0.4 GHz, 0.8 GHz, and 1.2 GHz.
Table 3 summarizes the corresponding electrical sizes of
the source (array) and test zone radii.
The dipoles are physically designed and simulated in phase

with equal amplitude according to Fig. 5a–5b. The E- and
H-field components are recorded over the test zone without
far-field approximation as near-fields.
Figs. 6 and 7 depict the results of the E- and H-field

components for the case of N = 3 for θ - and φ-polarizations,
respectively. The cases of N = 5 and 7 are shown in Figs. 8
and 9, and Figs. 10 and 11, respectively.
Figs. 6–11 shows that the theoretical results positively

correlate with FIT and FEM for the two wavefield polar-
ization sets for all N and frequency values. However, it is
seen, for the θ -polarized wavefields, that the E-field theo-
retical results get more accurate as frequency increases, but
the H-field results remain conveniently accurate regardless
of frequency.
Indeed, on the one hand, the θ -polarized E-field is fairly

accurate for R < 3λ because each dipole does not rigor-
ously radiate exclusive spherical waves in this range. This
is explained by the non-negligible radial E-field component
(Ern �= 0) that carries evanescent waves. However, spher-
ical waves establish almost exclusively for R ≥ 3λ as
Ern gets negligible, which fits the approach’s assumption.
Furthermore, on the other hand, the theoretical H-field results
remain conveniently accurate for the entire range of R ≥ λ as
Hrn vanishes (exclusive spherical waves). A similar analysis
can be made for the φ-polarized wavefield components by
interchanging E with H. Finally, it is worth mentioning that
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FIGURE 6. Theoretical and simulated electric and magnetic field components of the θ-polarized wavefield for N = 3 and r = 0.1R.

FIGURE 7. Theoretical and simulated electric and magnetic field components of the φ-polarized wavefield for N = 3 and r = 0.1R.

further simulations show that the dipoles’ physical diameter
does not affect the results, considering thin and moderately
thick dipoles (typically, L/d ≥ 3).

Overall, the differences between the theoretical results
and simulations remain acceptable and comparable to those
noticed between the two full-wave results themselves.
Beyond, one can notice that the θ -polarized wavefield

set effectively shows no electric field component in the
azimuthal plane (Eφ = 0), while both radial (Er) and ver-
tical (Eφ) electric components are present. Thus, Er exists
in the receiving coordinate system, even though it may not
exist locally in each dipole’s coordinate system. The mag-
netic field component Hφ exists, while Hr ≈ Hθ ≈ 0. In
sum, the dipoles tend to radiate plane waves individually in

the far-zone (TEM mode). Still, their spatial orientations turn
this propagation mode into a transverse electric mode (TEφ

mode) in the receiving system.
The φ-polarized wavefield set shows Er ≈ Eθ ≈ 0, while

Eφ �= 0 as expected. The magnetic field shows (Hr,Hθ ) �= 0
and Hφ ≈ 0, which complies with a transverse magnetic
mode (TMφ mode).
The φ-polarized electric wavefield becomes more direc-

tive as frequency increases, explained by a general antenna’s
directivity increase with frequency. However, a wavier behav-
ior with frequency is seen for the θ -polarized electric
wavefield.
The array factor effect is not sensitively visible on the

φ-polarized electric wavefield, showing an almost steady
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FIGURE 8. Theoretical and simulated electric and magnetic field components of the θ-polarized wavefield for N = 5 and r = 0.1R.

FIGURE 9. Theoretical and simulated electric and magnetic field components of the φ-polarized wavefield for N = 5 and r = 0.1R.

behavior with N. In contrast, the θ -polarized electric wave-
field is more directive with N.
The two wavefield sets have interchanged field compo-

nents. Indeed, the E-field components of the θ -polarized
wavefield behave almost the same as the H-field compo-
nents of the φ-polarized wavefield, and vice versa. Hence,
it is obvious to extend the E-field analysis above to the
corresponding H-fields.
Fig. 12 shows the coupling between the adjacent dipoles for

the array case of seven dipoles for the θ -polarized wavefield.
As seen in Fig. 12, the coupling between the dipoles

is below −130 dB up to 2 GHz. This negligible coupling
level for the θ -polarized wavefield set also stands for the
φ-polarized wavefield, confirming the use of (11a) – (11b)

as the “correct” radiation characteristics of each dipole taken
in the lattice.
The following section discusses the question of synthe-

sizing isotropic wavefields in θ - and φ-polarizations.

V. SYNTHESIS OF ISOTROPIC WAVEFIELDS
This section investigates the question of creating an isotropic
wavefield in both θ - and φ-polarizations, typically verify-
ing the criterion of an error vector magnitude (EVM) equal
to or smaller than −30 dB as considered in [6]. Since the
propagation modes of the θ - and φ-polarized wavefields are
not transverse electromagnetic (TEM), but TEφ and TMφ ,
respectively, this criterion is applied to the power density
rather than the electric field solely.

1126 VOLUME 2, 2021



FIGURE 10. Theoretical and simulated electric and magnetic field components of the θ-polarized wavefield for N = 7 and r = 0.1R.

FIGURE 11. Theoretical and simulated electric and magnetic field components of the φ-polarized wavefield for N = 7 and r = 0.1R.

The power density function (PDF) is expressed with the
Poynting vector (S) as follows:

PD = R e(S) = 1
2R e

(
E×H∗) (13a)

PDF = |PD|
max(|PD|) (13b)

where R e means taking the real part, symbol * denotes the
complex conjugate.
The averaged EVM applies to PDF as follows:

EVMpdfavg(dB) = 10 log

(∫
�

∣∣PDF(�)− PDFref (�)
∣∣2d�∫

�

∣∣PDFref (�)∣∣2d�
)
.

(14)

In (14), PDFref denotes the reference or targeted power
density function. For an isotropic wavefield, which is targeted
in this section, PDFref = 1.

A. POWER DENSITY AMPLITUDE
First, let us analyze the power density peak amplitude com-
puted from (13a) as a function of N for several R values,
considering a test zone of r = 0.1R as depicted in Fig. 13 for
the θ -polarized wavefield. The case of N = 1 normalizes
the y-axis values in Fig. 13.

Fig. 13 shows an increase of the power density peak ampli-
tude with N, as expected. However, the case of N = 2
produces a deep, explained by a mutual pattern compensa-
tion (destructive interference) for the two dipoles located

VOLUME 2, 2021 1127
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FIGURE 12. Simulated reflection coefficient (mutual coupling) of the 7-dipole array
synthesizing the θ-polarized wavefield. The dipoles are labeled #1 up to #7 from the
left- to the right-hand sides in Fig. 5a–5b.

FIGURE 13. Power density peak amplitude computed from (12a) as a function of N
for several values of R with r = 0.1R. The case of N = 1 normalizes the y-axis values.

symmetrically in opposite positions (θcn = ± 90◦). The
φ-polarized wavefield shows a similar result. For this reason,
the following analysis excludes the case of N = 2.

B. ACCURACY AND SIZE OF THE TEST ZONE
Let us compute the average error vector magnitude on
the power density function (14), denoted EVMpdfavg, as
a function of the ratio r/R for several values of R with
r = 0.1R and N = 3. Figs. 14a and 14b show the results for
the θ - and φ-polarized wavefields, respectively, where the
EVMpdfavg = −30 dB criterion is the targeted accuracy.
Figs. 14a and 14b show a monotonically increasing

error with ratio r/R, meaning that the wavefields remain
isotropic, even improve as r/R decreases. This behavior
is quite interesting, indicating the existence of a maxi-
mum test zone size under which the test zone remains
isotropic, typically a half-disk with a maximum radius of
rmax. Under EVMpdfavg ≤ −30 dB, rmax ≈ 0.086R, 0.053R
and 0.038R for R = λ, 2λ, and 3λ, respectively, for the
θ -polarized wavefield. Similarly, the φ-polarized wavefield
provides rmax ≈ 0.022R for R ranges between λ and 5λ.
Following Fig. 14a – 14b calculations under EVMpdfavg ≤

−30 dB, one can compute the upper bound of the test zone
(rmax/λ) as a function of the source radius (R/λ). Figs. 15a

FIGURE 14. Average error vector magnitude for the power density function
EVMpdfavg as a function of the ratio r/R for several values of R with r = 0.1R and
N = 3, (a) θ-polarized wavefield, (b) φ-polarized wavefield.

and 15b show these results for the θ - and φ-polarized
wavefields, respectively, for several N values.
Figs. 15a and 15b show that the case of N = 3 provides

the largest test zone for both polarizations with rmax ranges
between 0.07λ and 0.13λ for R ≥ 3λ. Simulations confirm
this result and set rmax between 0.08λ and 0.13λ for N = 3.
Thus, in practice, one should consider the case of three

dipoles located at θcn = {−90◦, 0,+90◦}, and set the source
radius as R ≥ 5λ to get the most extensive isotropic test area
with r ≤ rmax ≈ 0.1λ. This area is suitable for a general
antenna, a single or an array, with a size of D ≤ λ/5, where
D is the diameter of the antenna’s smallest virtual sphere.
This area size is not essentially limiting for antenna testing
as most antennas are half- or quarter-wavelength. A slight
size reduction (folding, substrate permittivity or permeability,
etc.) may help fit this size constraint for a single antenna case.
However, antenna arrays may require a significant size reduc-
tion or investigating larger test zones using other transmitting
antenna types, even with arbitrary feeding.
The following section uses the synthesized isotropic

wavefields to predict the performance of a test antenna.

VI. APPLICATION: PERFORMANCE OF A FOLDED
DIPOLE
This section intends to apply the synthesized isotropic
wavefields to a test antenna directly inside the antenna
simulator. The objective is to predict the antenna’s
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FIGURE 15. Upper bound of the test zone (rmax/λ) as a function of the source
radius electrical size (R/λ) for several values of N, (a) θ-polarized wavefield,
(b) φ-polarized wavefield.

performance within a complex propagation medium sup-
porting non-line-of-sight (NLOS) propagations and multiple
incidences [10]–[13]. These kinds of propagation media
include mobile communications over which ambient RF
energy harvesting has attracted much attention. Predicting,
for instance, the power that would receive an antenna oper-
ating in this context is of particular interest. Thus, the focus
will be on the ambient RF energy harvesting application,
even though predicting the received power finds interest in
many other applications.
According to several studies [14]–[15], most of the avail-

able ambient RF power densities come from GSM downlink
bands, providing an average power density ranging between 1
and 40 nW/cm2. Thus, the question is: how much can receive
an antenna operating in this medium? For ambient energy
harvesting options, anticipating this question is essential for
designing an efficient rectenna system (antenna + rectifier +
power management circuit). The first advantage is knowing
the power at the antenna’s terminals and comparing it with
the rectifier’s sensitivity, which helps choose the appropriate
diode or predict signals detection. The second advantage is
anticipating the output DC (direct current) power based on
the rectifier’s conversion efficiency. Then, comparing this
DC power with the cold start power of the power manage-
ment circuit can predict the system’s operation. Finally, all
these predictions will be possible during the design stage
with a standard antenna simulator.

FIGURE 16. Power densities of the 2-D isotropic wavefields synthesized inside the
antenna simulator (CST) considering N = 3, R = 5λ and rmax ≈ 0.1λ. The dipoles are
fed in phase with equal amplitude.

A. 2-D ISOTROPIC WAVEFIELD SYNTHESIS INSIDE THE
ANTENNA SIMULATOR
The time average behavior of GSM downlink propagation
signals is often Gaussian or isotropic in both indoor and
outdoor environments [12], [15]. Since a Gaussian wavefield
is simplistic to synthesize, feasible with a single directive
antenna, the focus will be on isotropic.
Let us assume a random propagation medium (Rayleigh-

type) with a time-averaged power density of PDavg =
1nW/cm2 in bothpolarizations for all directions.Then, accord-
ing to Section V, the optimum dipole array that can synthesize
the corresponding wavefields with the largest isotropic test
zone is the case of N = 3 with R ≥ 5λ and r ≤ rmax ≈ 0.1λ.

Let us implement these optimum wavefield sets inside the
antenna simulator. Two simulations are needed to set the
power density of the wavefield to the targeted value (PDavg)
in each polarization. The dipoles’ current amplitudes are
set to unity in the first simulation to get the initial value
of the power density (PD0). In the second simulation, the
dipoles’ current amplitudes are adjusted to

√
(PDavg/PD0).

Fig. 16 shows the calibrated wavefields in CST.
Fig. 16 shows a steady power density regardless of the

incidence angle θ with a value around 1 nW/cm2 for each
synthesized wavefield as expected. The cross-polarization
ratio (XPR) is close to unity regardless of θ , XPR ≈ 1.
One may set another value for XPR following the previous
calibration process with a different target value for PDavg
for both polarizations.

B. CASE OF 2-D ISOTROPIC WAVEFIELDS
Let us consider a folded dipole as the antenna under
test (AUT), operating at 2 GHz. The folded dipole is printed
on a 0.635mm-thick Rogers RT6006 substrate with a per-
mittivity of εr = 6.45 and a loss tangent of tanδ = 0.0027,
specified at 10 GHz. Fig. 17 shows the antenna’s schematic
view and simulated reflection coefficient (S11), while Table 4
summarizes its dimensions and performances obtained in the
transmitting mode.
The synthesized wavefields of Fig. 16 individually illu-

minate the folded dipole loaded by a 50 �-load. Rotating

VOLUME 2, 2021 1129



NIAMIEN: 2-D WFS APPROACH THROUGH FIELD TRANSFORMATION—APPLICATION TO PERFORMANCE PREDICTION

FIGURE 17. Simulated reflection coefficient (S11) of the folded dipole.

TABLE 4. Dimensions and performances of the folded dipole at 2 GHz.

FIGURE 18. Schematic view of the folded dipole (AUT) under illumination by the
synthesized 2-D isotropic wavefield inside the antenna simulator (CST), considering
N = 3, R = 5λ and rmax ≈ 0.1λ.

either the wavefields or the folded dipole over a 180◦-range
around the z-axis will create a 3-D isotropic test zone sequen-
tially (Fig. 18). Let us rotate the wavefields by angle φi
varying every �φi = 10◦, for instance. Fig. 19 depicts
the received power as a function of angle φi for both
polarizations.
It is seen that the folded dipole captures both polarization

powers differently and shows two deeps at φi = 20◦ and 120◦
for the φ- and θ -polarizations, respectively. For 0 ≤ φi < 10◦
and 40◦ < φi ≤ 180◦, the folded dipole captures more power
in φ-polarization than in θ -polarization. The profiles of the
received powers in Fig. 19 perfectly match with the antenna
peak realized gains in both polarizations with the azimuth
angle φ, as seen in Fig. 20.

C. CASE OF 3-D ISOTROPIC WAVEFIELDS
Since the 3-D isotropic wavefield may be obtained through
180◦-range sequential rotations of the 2-D isotropic wave-
field, one can integrate (12a) over the upper hemisphere

FIGURE 19. Received powers of the folded dipole at 2 GHz as a function of angle φi .
The antenna is sequentially illuminated by two 2-D isotropic wavefields of 1 nW/cm2

power density.

FIGURE 20. Peak realized gain of the folded dipole at 2 GHz as a function of the
azimuth angle φ. The results are obtained in the transmitting mode.

surface (
top) of radius rmax ≈ 0.1λ to get the 3-D avail-
able powers in both polarizations, typically P0θ and P0φ .
Similarly, one can integrate the received powers in both
polarizations as a function of angle φi to get the 3-D received
powers, typically Precθ and Precφ .
From these computations that are straightforward to imple-

ment inside most antenna simulators, one can derive the total
received power (Prec) and the mean effective gain (MEG) as
follows:

Prec = Precθ + Precφ (15a)

MEG = Prec
P0

= Precθ + Precφ
P0θ + P0φ

(15b)

where

Precp =
∫ π

0
Precp(φi)dφi (16a)

P0p =
∫

top

|PD|︸︷︷︸
p−polarizedwavefield

d


= 2πr2
max

∫ π/2

−π/2

∣∣PDp(θ)∣∣dθ (16b)

In (16a) – (16b), subscript p denotes the θ - and φ-polarized
wavefields. In the right-hand side of (16b), factor “2” is
added to compensate for “1/2” in (13a).
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TABLE 5. Predicted performances of the folded dipole at 2 GHz under 3-d isotropic
wavefields in both θ- and φ-polarizations.

Computation of (15a) – (15b) based on (16a) – (16b) and
Figs. 16 and 19 provide the results in Table 5. The “basic”
MEG result is obtained by post-processing [12]–[13] using
the far-field pattern of the antenna in transmitting mode with
XPR = 1.

According to Table 5, the folded dipole receives
−36.6 dBm from the available power of −35.77 dBm illu-
minating it with isotropic wavefields in both polarizations
under a power density of 1 nW/cm2. This provides a MEG
of −0.83 dBi, close to −0.24 dBi obtained through far-field
post-processing. The difference is due to a slight under-
estimation of Prec (16a) due to the step angle �φi = 10◦;
Lowering �φi could improve the results at the cost of higher
simulation time.
In the ambient RF energy harvesting context, the received

power level indicates that the folded dipole can harvest
enough power within an averaged time to switch on the rec-
tifier as long as its build-in Schottky diode’s sensitivity is
smaller than −36.6 dBm. For instance, the HSMS2860 diode
with a sensitivity around −55 dBm up to 5.8 GHz may be
used. Furthermore, the designer can anticipate the output DC
power level based on the conversion efficiency. Beyond that,
the entire rectenna (antenna + rectifier) may be optimized
directly inside the full-wave simulator under the wavefield
illumination to anticipate the performance data more accu-
rately. In addition, array theory approaches may be associated
with this design methodology to deal with larger antennas
as arrays of harvesters.

VII. CONCLUSION
This paper has dealt with a 2-D wavefield synthesis approach
directly implementable in standard antenna simulation tools.
The approach, implemented with thin electric dipoles for
their simple geometry, used a field transformation matrix and
two array sets to synthesize vertically and horizontally polar-
ized wavefields. The synthesized wavefields are validated
numerically with full-wave simulations (FIT, FEM) over
various array sets (size, number, polarization, frequency).
Further analysis demonstrated the synthesis of 2-D

isotropic wavefields in both polarizations over the largest
test zone radius of rmax ≈ λ/10 using three dipoles located

at R ≥ 5λ far from the phase center. Application to a test
antenna (folded dipole) anticipated the received power and
MEG directly inside the antenna simulator.
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