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Abstract

A complete description of the near-field antenna measurement techniques is
provided in this chapter. After a discussion of the state of the art, the key steps
of the classical near-field—far-field (NF-FF) transformations with plane-
rectangular, cylindrical, and spherical scannings, in their probe-uncompensated
and probe-compensated versions, are summarized, by also providing some ana-
lytical details on the wave expansions commonly adopted to represent the antenna
radiated field. The nonredundant sampling representations of electromagnetic
field are then introduced and applied to drastically reduce the number of required
NF data and related measurement time with respect to the classical NF-FF

F. Ferrara » C. Gennarelli (P<)) * R. Guerriero
Dipartimento di Ingegneria Industriale, Universita di Salerno, Fisciano (Salerno), Italy
e-mail: fiferrara@unisa.it; cgennarelli@unisa.it; rguerriero@unisa.it

© Springer Science+Business Media Singapore 2016 2107
ZN. Chen et al. (eds.), Handbook of Antenna Technologies,
DOI 10.1007/978-981-4560-44-3_117


mailto:flferrara@unisa.it
mailto:cgennarelli@unisa.it
mailto:rguerriero@unisa.it

2108 F. Ferrara et al.

transformations. At last, the NF-FF transformations with innovative spiral scan-
nings, allowing a further measurement time saving, are described.

Keywords

Antenna measurements * Near-field — far-field transformation techniques ¢ Plane
wave expansion * Cylindrical wave expansion * Spherical wave expansion °
Probe compensation * Nonredundant sampling representations of electromagnetic
fields * Spiral scannings

Introduction

When dealing with electrically large antennas, far-field (FF) range size limitations,
transportation, and mounting problems make it absolutely impractical or impossible
to measure their radiation patterns on a conventional FF range. On the other hand,
the increasing use of high-performance antennas, as those employed in radar and
satellite systems, requires an accurate measure of their radiating characteristics. For
instance, satellite antennas are designed to transmit or receive over long distances,
and accordingly the requirements to beam pointing may be severe; thus a high
measurement accuracy is mandatory to verify that the antenna fulfills all the spec-
ifications. As a consequence, the problem of the determination of the antenna FF
pattern from near-field (NF) measurements has attracted considerable attention in the
last 50 years (Appel-Hansen et al. 1982; Yaghjian 1986; Gillespie 1988; Hald
et al. 1988; Gennarelli et al. 2004; Gregson et al. 2007; Francis and Wittmann
2008; Gennarelli et al. 2012; Francis 2012).

NF measurements may be performed in a controlled environment, as an indoor
shielded anechoic chamber, which allows one to overcome those drawbacks that,
due to weather conditions (rain, snow, etc.), electromagnetic (EM) interference, and
other, cannot be eliminated in FF measurements. In addition, NF scanning tech-
niques are the better choice when complete pattern and polarization measurements
are required. Moreover, they provide the necessary information to determine the field
at the surface of the antenna. Such an information can be properly employed for the
diagnostics of surface errors in a reflector antenna or of faulty elements in an array
(microwave holographic diagnostics (Yaccarino et al. 1994)).

Another advantage of NF measurements stems from the fact that the reflected
signal will be weaker than in a FF measurement facility because it is transmitted and
received through far-out sidelobes. Moreover, the absorbers will work more effi-
ciently than in a FF range, where they are employed close to the grazing incidence
condition.

It is the authors’ opinion that a comprehensive chapter on the NF-FF transfor-
mation techniques cannot begin without a preliminary discussion which highlights
the field behavior when the distance from the antenna increases. The free space
surrounding an antenna is usually subdivided into three regions: the reactive near-
field, the radiating near-field, and the far-field region (see Fig. 1). Although no abrupt
change in the field behavior can be observed when their boundaries are crossed, the
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Fig. 1 Field regions of an electrically large antenna

field configuration is quite different in them. For an antenna focused at infinity, the
optical term Fraunhofer region can be used synonymously with far-field region. For
such an antenna, the optical term Fresnel region can be also employed to denote a
subregion of the radiating near-field zone. The reactive near-field region is the zone
immediately surrounding the antenna wherein the reactive field predominates. It
extends up to a distance of about A/2z from the antenna surface, A being the
wavelength. However, experience with NF measurements indicates that 1 is a
more reasonable limiting distance for such a region. Outside this zone the reactive
field decays rapidly and can be neglected at a distance of a few wavelengths from the
antenna surface. The radiating near-field region is the intermediate zone between the
reactive near-field and the far-field regions. In such a region the radiation fields
predominate, but the angular distribution of the field is dependent on the distance
from the antenna, and the field does not exhibit the dependence e " /r typical of the
antenna far field, # being the wavenumber. It is worthy to note that a time depen-
dence ¢ has been implicitly assumed. It will be assumed and suppressed through-
out the chapter. The Fresnel region is the radiating near-field subregion wherein a
quadratic phase approximation can be used in the vector potential integral. The
far-field region is the zone of the free space where the relative angular field
distribution is independent of the distance from the antenna and the electric and
magnetic fields vary according to thee " /r dependence. Commonly, for electrically
large antennas, the inner boundaries of the Fraunhofer and Fresnel regions are set at

2D%/2 and 0.62+/D?/A, respectively, where D is the maximum dimension of the
antenna. These boundaries are determined by assuming acceptable a maximum
phase error of 7/8, when a linear or quadratic phase approximation is used in the
expression of the vector potential integral.
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Fig. 2 Pattern behavior
referred to the normalized
distance y = r/(2D*/4): (a) for
a circular aperture with f'(p) =
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It has been recognized that distance requirements depend both on first sidelobe
level of the antenna and on the desired accuracy (Silver 1984; Hollis et al. 1972). The
widely used Rayleigh 2D/A distance criterion gives rise to negligible pattern errors
only for antennas with moderate sidelobe level (—25 dB). When measuring antennas
having low (—30 to —40 dB) and ultralow (below —40 dB) sidelobe levels, a
distance far larger than 2D%A is needed (Hansen 1984; Corona et al. 1989). As
shown in Fig. 2, particularly for antennas having low sidelobes, a significant increase
in the sidelobe level and a more considerable raising of the null between it and the
main lobe occur. As a conclusion, the distance requirements for measuring in a FF
range the near-in sidelobes, which are below —30 dB, are very severe (Hansen 1984;
Corona et al. 1989). For example, a distance of at least 6D%/4 is required to measure,
within a 1 dB accuracy, the first sidelobe of a Taylor antenna with sidelobe ratio
(SLR) = 50 dB.
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Fig. 3 NF measurement system: cylindrical scanning

Usually, the NF antenna characterization can exploit complex field data or
phaseless field data, the first choice being the most commonly used in practice.

In a NF facility processing complex field data, the probe, located near the antenna
under test (AUT), is moved through a surface (scanning surface) which can be
planar, cylindrical, or spherical (see Fig. 3). It collects complex voltage samples
which are stored together with their positions. From these amplitude and phase data,
measured for two different orientations of the probe (the probe is rotated by 90° around



2112 F. Ferrara et al.

its axis in the second set), and taking into account the probe effects, one can compute
the antenna FF pattern. It is worth noting that both the copolar and cross-polar
components of the antenna far field can be recovered. Moreover, during the NF data
acquisition, no information on the AUT polarization is needed. Nevertheless, such
an information can be accurately determined by properly processing the
reconstructed far field. The probe and its mounting structure should introduce
minimum disturbance into the field to be measured, and its characteristics must be
stable with time, environmental conditions, and orientations (Francis 2012). Com-
monly, the measured NF data are transformed into FF patterns by using an expansion
of the AUT field in terms of modes, namely, a complete set of solutions of the vector
wave equation in the region outside the antenna. Plane, cylindrical, or spherical
waves are generally used. The type of modal expansion employed for representing
the field determines the kind of the NF scanning surface, which accordingly will be a
plane, a cylinder, or a sphere. The orthogonality properties of the modes on such
surfaces are then exploited to obtain the modal expansion coefficients, which allow
the reconstruction of the AUT far field. The development and the spreading of NF-
FF transformation techniques employing planar, cylindrical, or spherical scanning
systems is justified from the fact that each approach has its own particular advan-
tages, depending on the AUT and the measurement requirements. The complexity of
the analytical transformation increases from the planar to the cylindrical and from the
cylindrical to the spherical surfaces.

The NF-FF transformations using a planar scanning are the most simple and
efficient ones from the analytical and computational viewpoint. Their main disad-
vantage is that the pattern can be reconstructed only in a cone with an apex angle less
than 180° without repeating the measurements. Accordingly, they are particularly
suitable for highly directive antennas which radiate pencil beam patterns. There are
quite different ways to realize a planar scanning: plane-rectangular (Kerns 1970,
1981; Joy and Paris 1972; Paris et al. 1978; Joy et al. 1978) (see Fig. 4), plane-polar
(Rahmat-Samii et al. 1980; Gatti and Rahmat-Samii 1988; Yaghjian and Woodworth
1996; Bucci et al. 1991a, 1998a, 2000; Fig. 5), and bipolar (Yaccarino et al. 1994;
Williams et al. 1994; D’ Agostino et al. 2003; Fig. 6).

At the cost of a modest increase in the analytical and computational complication
with respect to the planar scannings, the NF-FF transformation with cylindrical
scanning (Joy et al. 1978; Leach and Paris 1973; Yaghjian 1977; Appel-Hansen
1980; Bucci et al. 1998b; D’Agostino et al. 2002, 2012a; Qureshi et al. 2013) (see
Fig. 7) allows one to reconstruct, from a single set of NF measurements, the AUT
complete radiation pattern save for the zones surrounding the spherical polar angles.
Such a scanning is particularly attractive when considering antennas that concentrate
the EM radiation in an angular region centered on the horizontal plane, as the
radiating systems for radio base stations.

The NF-FF transformation with spherical scanning (Hald et al. 1988; Qureshi
et al. 2013; Wacker 1975; Larsen 1980; Yaghjian and Wittmann 1985; Hansen 2011;
Bucci et al. 2001a; D’Agostino et al. 2011, 2013a) (see Fig. 8) allows one to
reconstruct, from a single set of NF measurements, the complete radiation pattern
of the AUT. However, the data processing to get the far field is considerably more
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Fig. 4 Plane-rectangular
scanning

Y

Fig. 5 Plane-polar scanning
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complicated than that needed by planar and cylindrical facilities. The NF spherical
scanning is, obviously, particularly tailored to measure low-gain and omnidirectional
antennas.

In recent years, NF-FF transformations techniques based on the reconstruction of
a proper set of equivalent currents have been developed (Petre and Sarkar 1992;
Taaghol and Sarkar 1996; Sarkar and Taaghol 1999; Las-Heras and Sarkar 2002;
Las-Heras et al. 2006; Alvarez et al. 2008). These (unknown) equivalent currents,
lying on a selected surface enclosing the antenna, are evaluated by solving a set of
integral equations relating them to the NF data acquired on the scanning surface.
Once these equivalent currents have been determined, according to Love’s equiva-
lence theorem, it is possible to obtain the field at any point outside the equivalent
source domain and, then, to evaluate the FF pattern. Unlike the NF-FF transforma-
tions using the modal expansion approach, they do not require the use of canonical
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Fig. 6 Bipolar scanning

Fig. 7 Cylindrical scanning

scanning surfaces (plane, cylinder, sphere) but can be applied to an arbitrary
measurement surface. On the other hand, their main drawback is the remarkably
increased computational cost. As a matter of fact, the solution of a system equation
(eventually ill-conditioned) with several thousands of unknowns is usually required.
It is worthy to note that, for these NF-FF transformations too, it is possible to correct
the distortion due to the nonisotropic radiation pattern of the employed probe. The
probe correction is obtained by considering the antenna pattern of the probe as a
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Fig. 8 Spherical scanning

weighting function in the integral equations relating the fields and the equivalent
sources (Alvarez et al. 2008).

As already stressed, near-field techniques usually require the measurement of
both the amplitude and phase of the antenna near field. Nevertheless, phaseless NF
measurements have recently attracted a considerable interest, due to the less expen-
sive measurement facilities required and to the increasing difficulty to perform
accurate phase measurements in the millimeter and submillimeter frequency range.
Over the years, several techniques have been proposed to determine the antenna far
field from only amplitude NF measurements. A first possibility is the use of
interferometric techniques (Bennett et al. 1976), which require an additional refer-
ence antenna whose transmitted signal, interfering with that transmitted by the AUT,
allows to recover the lacking phase information. Other approaches exploit the
functional relationship existing between two sets of only amplitude NF data col-
lected by a probe on two scanning surfaces (Bucci et al. 1990, 1999; Isernia
et al. 1996; Yaccarino and Rahmat-Samii 1999) or by two probes on the same
scanning surface (Pierri et al. 1999) to retrieve the phase. A basically interferometric
approach, avoiding the use of a reference antenna and using two identical probes and
a simple microstrip circuit, has been also proposed to retrieve the phase information
(Costanzo and Di Massa 2002; Costanzo et al. 2005).

Each member of the antenna measurement techniques community can profit
today by about 50 years of research activity on NF data acquisition and related
NF-FF transformations. Over these years, many solutions have been proposed to
meet the demands of the various applications. In this framework, significant
improvements in the performance of NF measurements have been recently achieved.
They are based on the spatial band limitation properties of radiated EM fields
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(Bucci and Franceschetti 1987, 1989), on their nonredundant sampling representa-
tions (Bucci et al. 1998c; Bucci and Gennarelli 2012), and on the optimal sampling
interpolation (OSI) expansions of central type (Bucci et al. 1991a, b; Gennarelli
et al. 1994). In particular, a significant reduction of the number of required NF data
(and, as a consequence, of the corresponding measurement time) has been obtained
for all the conventional scannings (see (Bucci et al. 1991a, 1998a, 2000) for the
plane-polar, (D’Agostino et al. 2003) for the bipolar, (Bucci et al. 1998b;
D’Agostino et al. 2002, 2012a) for the cylindrical, and (Bucci et al. 2001a;
D’Agostino et al. 2011, 2013a) for the spherical scanning). In fact, the NF data
needed by the corresponding traditional NF-FF transformation technique are accu-
rately recovered by interpolating a minimum set of measurements via OSI expan-
sions. A remarkable measurement time saving can be so obtained making these
nonredundant transformations more and more appealing, since nowadays such a
time is very much greater than the computational one. The mathematical justification
for these results relies on the abovementioned band limitation properties and
nonredundant sampling representations of EM fields. In fact, the EM fields radiated
by antennas, enclosed in a convex domain bounded by a rotational surface £ and
observed on surface M with the same rotational symmetry, can be very well
approximated by spatially band-limited functions when a proper phase factor is
singled out from the field expression and proper parameterizations are used to
describe M (Bucci et al. 1998c¢). Since the voltage acquired by a nondirective
probe has the same effective spatial bandwidth of the AUT field, these representa-
tions can be, obviously, applied to the voltage too. The application of these
nonredundant sampling representations has allowed also the development of an
innovative and efficient planar NF-FF transformation using the planar wide-mesh
scanning (PWMS) (Ferrara et al. 2007; D’Agostino et al. 2014a). Such a
nonconventional plane-rectangular scanning technique is so named, since the sample
grid is characterized by meshes wider and wider when going away from the center of
the scanning region (see Fig. 9).

The use of the modulated scattering technique employing arrays of scattering
probes, which allows a very fast electronic scanning, has been also proposed in
(Bolomey et al. 1988) to reduce the time required for the acquisition of the NF data.
However, apart from measurement precision issues, antenna testing facilities based
on such a technique are not very flexible. Anyway, exploitation of the nonredundant
sampling representations could allow to reduce the number of needed probes.

A more viable way to reduce the time required for the NF data acquisition is the
employment of innovative spiral scanning techniques. They have been implemented,
as suggested in (Yaccarino et al. 1996), by means of continuous and synchronized
movements of the positioning systems of the probe and AUT. Accurate, stable, and
efficient NF-FF transformations with helicoidal (Bucci et al. 2001b; D’Agostino
et al. 2008a, 2009a, b, 2012b) (see Fig. 10), planar (Bucci et al. 2002; D’ Agostino
et al. 2008b; Fig. 11), and spherical (Bucci et al. 2003; D’Agostino et al. 2009c,
2012c, 2013b, 2014b; Fig. 12) spiral scanning have been developed in the last years.
They rely on nonredundant sampling representations and reconstruct the NF data
needed by the classical NF-FF transformation corresponding to the adopted scanning
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Fig. 9 Planar wide-mesh
scanning

Fig. 10 Helicoidal scanning
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Fig. 11 Planar spiral z

scanning

Fig. 12 Spherical spiral
scanning

surface, by interpolating, via appropriate OSI formulas, the nonredundant samples
acquired by the measurement probe on the considered curve (helix or spiral). Other
NF-FF transformation techniques with spiral scannings have been also proposed
(Yaccarino et al. 1996; Costanzo and Di Massa 2004, 2007). However, since these
approaches do not exploit the nonredundant representations of EM fields, they need
a useless large amount of NF measurements.

The chapter is organized as follows. The classical NF-FF transformations with
plane-rectangular, cylindrical, and spherical scannings, in their probe-
uncompensated and probe-compensated versions, are summarized in section “Clas-
sical NF-FF Transformation Techniques.” The nonredundant sampling
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representations of the electromagnetic fields are introduced in section
“Nonredundant NF-FF Transformation Techniques,” highlighting the role of the
optimal parameterization and phase factor. In the same section, the application of
these representations to the NF-FF transformations with conventional scannings,
allowing a drastic measurement time saving, is also described. The theoretical
foundations of the NF-FF transformations with spiral scanning for both
quasispherical antennas (D’Agostino et al. 2006, 2009d) and those having two
dimensions very different from the third one (D’Agostino et al. 2009e; Cicchetti
etal. 2014) are presented in the subsequent section “NF-FF Transformation Techniques
with Spiral Scannings” by providing an efficient sampling representation, which allows
the reconstruction of the EM field (probe voltage) on a quite arbitrary rotational surface
from a nonredundant number of its samples collected on a spiral wrapping it.

Classical NF-FF Transformation Techniques
NF-FF Transformation with Plane-Rectangular Scanning

The NF-FF transformation with plane-rectangular scanning (see Fig. 4) is without
doubt the most simple and efficient one from the analytical and computational
viewpoints. Its main drawback is that the antenna far field can be reconstructed
only in a cone with an apex angle less than 180°. Therefore, it can be conveniently
employed for highly directive antennas which radiate pencil beam patterns well
within the solid angle specified by the edges of the AUT and those of the scanning
area. In the plane-rectangular scanning, the probe is mounted on a x — y positioner so
that it can acquire the NF amplitude and phase data on the wanted plane-rectangular
grid. From these data, measured for two different orientations of the probe, one can
compute the FF pattern of the AUT (Kerns 1970, 1981; Joy and Paris 1972; Paris
et al. 1978; Joy et al. 1978).

In the first part of this subsection, the use of an ideal probe able to measure in its
two orientations the tangential components E,, E,, of the AUT electric field on the
scanning plane is assumed and NF-FF transformation formulas derived. Then, such a
hypothesis is removed and probe-corrected formulas given.

The starting point is the plane wave spectrum representation of EM fields
(Clemmow 1966), summarized in the paragraph ‘“Plane Wave Expansion” for
readers’ convenience. As shown in it, the tangential components £,, E,, of the electric
field radiated by the AUT can be represented on the scan plane at z = d as a
superposition of elementary plane waves, i.e.,

+00 +00
E.,(x,yd) = J J [EM(kx,ky)e*j"f"}e*j("“’*")’y)dkxdky (D

—00 —00
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By Fourier inverse transforming, it results

| +00 +00
Euy (ko) :Wejkzdj J Ey,y (x,y, d)el ) dxdy @)

—00 —0C

Accordingly, by assuming that the tangential components of the electric field are
zero out of the measurement region on the scanning plane, it is possible to obtain the
x and y components of the plane wave spectrum by a two-dimensional fast Fourier
transform (FFT) algorithm. The other component of the spectrum can be determined
by means of Eq. 75.

As shown in (Joy and Paris 1972), the sample spacings of the NF data are

Ax <22 Ay<i/2 3)

In fact, if the scanning plane is located in a region of space where the EM field does
not contain evanescent waves, then the plane wave spectrum is zero for |k,| > 2z /4
and |ky| > 2x/A. As a consequence of the two-dimensional Nyquist sampling
theorem (Papoulis 1987), the EM field on the plane z = d can be reconstructed
from the knowledge of its samples at a rectangular lattice of points separated by grid
spacings satisfying Eq. 3.

Once the plane wave spectrum has been determined, the FF components of the
electric field in the spherical coordinate system (r, 9, @) can be evaluated (see
paragraph “Plane Wave Expansion”) by using the relations

Ey(r,9,9) = j27p cos 9B, (Bsin d cos ¢, B sin 9 sin @) e:’/fr (@)
e ibr
E,(r,9,¢) = j2zp cos IE,(fsin 9 cos ¢, f sin I sin ) . (5)
where Ey, E, are related to E, and E, by
E, = —E,sing + E,cos ¢ (6)
Ey = (Ex cos¢ + E, sin (p)/ cos & @)

As a matter of fact,

Ey =E,cosdcosp + E,cos9singp — E;sin 9

from which, by taking into account Eq. 75, Eq. 7 is easily obtained.
It is convenient to describe the employment of the FFT algorithm for computing
the two-dimensional Fourier transforms in Eq. 2 from the knowledge of the acquired
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NF data. It can be useful to remember (Brigham 1974) that the discrete Fourier
transform (DFT) is defined by

N—1
LA N G 2mni/N _
G(NT> ;:0 g(iT)e n=01,...,N—1 ®)

whereas the inverse discrete Fourier transform (IDFT) is given by

N
g(iT) = — G(—)eﬂ’"“/’V i=0,1,...,N—1 )
v 2O \§r

As well known, Egs. 8 and 9 can be efficiently computed via the FFT algorithm.
Moreover, they require both the functions to be periodic, namely,

n+pN\ _./n _
G< - )—G(NT) p=0,+1,+2, ... (10)
glli +pN)T] = g(iT) p=0,+1, 2, ... (11)

The integration along x in Eq. 2 is now considered. By taking into account
explicitly the truncation due to the finite size 2L, x 2L, of the scanning plane and
applying a straightforward approximation, it results

N,—
G(k,) = J g(x)et"dx ~ sz el =N/ 2)A (12)

—L,

where x, = (n — N,/2)Ax, N, = 2L,/Ax is the number of the measurement points
along x (the overall number of measurement points is N..N,). When evaluating G(k,)
at ky, = iAk, = 2xi/(N,Ax), it results

N,—1
G(k) %%e—jﬂiz g(x )eiZ;mi/Nx (13)
Xi Nx o n

Accordingly, the integration over x in Eq. 2 can be efficiently performed via an
inverse FFT algorithm, provided that the so obtained results are multiplied by the
factor 2L,e 3", The same considerations can be, obviously, applied to the integration
over y.

Summing up, for the evaluation of each of the Cartesian components E, and E,, of
the spectrum are needed N, one-dimensional FFTs of size N, and N, FFTs of size N,.
This allows to obtain the FF components at the values of &, and &, given by k,, = 2
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Fig. 13 Relevant to the
evaluation of the validity L
angle
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i/ (N Ax) and k, = 2zp/ (NyAy). Note that the k, and k, vales such that &; + ki

> f* must not be considered since the corresponding plane waves (called evanescent
waves) do not contribute to the far field and represent NF reactive power storage.
To obtain the FF components with a greater resolution, it is sufficient “zero-
filling” the NF data. Namely, to increase the number of output k, values from N, to
N, the NF data must be increased with a proper number of zeros corresponding to
fictitious (N ; — Nx) /2 measurement points both before and after the effective ones.

Similarly, to increase the number of output £, values from N,, to Ny, (N V=N y) /2

zeros must be added before and after the measured ones.

Since the measurement region is truncated in the plane-rectangular scanning, the
reconstructed far field is affected by an inevitable truncation error, whose amount
depends on the level of the neglected NF data external to the scanning area. In the
following, the effect of the truncation due to the finite extension of the scanning
plane along the x direction is analyzed. Quite analogous results hold also for that
relevant to the y direction. When considering a scanning plane at distance d from the
AUT, whose dimension along x is 2a (see Fig. 13), a convenient rule of thumb to
predict the angular region of validity of the recovered FF pattern is given (Newell
1988) by

—a.<9<a, (14)

where

L,—a
o — tan 1= 1
a, an ( 7 ) (15)

Such a validity angular region criterion was developed empirically from extensive
NF measurements involving a large number of antenna and probe combinations
(Yaghjian 1975) and derived using a theoretical analysis (Newell and Crawford
1974). Moreover, a ripple caused by the discontinuity of the near field at the edges
of the scanning plane can appear even in the region of validity (Newell 1988).
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It can be easily recognized that the NF tangential components E,, E, cannot be
acquired when performing the measurement by means of a real, not ideal, probe. In
fact, the probe sees the AUT center under different directions when moving on the
scanning plane. Moreover, also at a fixed position, it sees each portion of the AUT
under a different direction. As a consequence, the antenna far field cannot be
accurately recovered from the measured NF data by employing the previously
described uncompensated NF-FF transformation.

The basic theory of probe-compensated NF measurements on a plane as proposed
in (Paris et al. 1978; Joy et al. 1978) is based on the application of the Lorentz
reciprocity theorem. The key relations in the here adopted reference system are

Eg(9,0) = (IHE;)V 9, — )~ VE, (8, — (p)) /A (16)
Ey(8,0) = (Inp, (8, = ¢) = IVE}, (8, — 9)) /A a7
where
A =Ey (9, —9)E, (9, — ) — Ey (9, — 9)E, (9, — @) (18)
and
+00 +00
IV,H = Acosd ej/idcos& J J WH(X’y)ejﬂxsin19cosq;ej/)’ysin19sin(pdx dy (19)

A being a proper constant. Namely, the antenna far field is related to (i) the
two-dimensional Fourier transforms of the output voltages V; and ¥ of the probe
for two independent sets of measurements (the probe is rotated by 90° in the second

set); (ii) the FF components Ej, , E|, and Ej , E,, radiated by the probe and the

rotated probe when used as transmitting antennas.

In the following, a simple demonstration of the probe-compensated NF-FF
transformation with plane-rectangular scanning is given. It is valid in the hypothesis
that the mutual coupling effects be negligible and the AUT and probe be reciprocal.
By expressing the electric field radiated by the AUT and impinging on the probe as
superposition of elementary plane waves (see Eq. 80) and taking into account the
relations between the AUT and the probe coordinate systems (see Fig. 14), it can be
easily verified that the open circuit voltage at the probe terminals is given by

+00 400

V(r) = J J E (ke ky) - h(ke, — ky)e E2dk,dk, (20)

—00 —00

where 4 is the receiving effective length of the probe and the symbol (-) denotes the
inner product. By Fourier inverse transforming Eq. 20, it results
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Fig. 14 Geometry relevant to
the probe compensation
y‘
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For a reciprocal antenna the receiving and transmitting effective lengths coincide,
and thus, by expressing the electric field £’ radiated by the probe in the FF region as
function of probe effective length (Franceschetti 1997)

0
E =j=>le"h 22
E =j5leh (22)
where ¢ is the free-space impedance and /; is the antenna input current, it results
+00

_ jCloe i i J
 2r 4An?

+00
J Vix,y)ele thy)dudy  (23)

—00 —0OC

E(kx’ky) 'E(kx’ - ky)

This last, by taking into account Eq. 81, becomes

) 2afllye P eifdcosd o0 o .
E8,¢0) - E®, —¢p)=— Y e cosd V(x, y)e\" Y dxdy

(24)
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This last can be rewritten in a more convenient form by considering that the
following relations between the AUT and the probe reference systems (see Fig. 14)
hold:

A~

V=9 o=—0 §=-8 ¢=9¢ 25)

By properly taking into account these last, it is possible to rewrite Eq. 24 in terms
of the spherical components of the field quantities, thus getting

E5(9.9)Ey(9, — ) — E,(9.0)E, (9. — @)
+00+00

— Acosd ej/idcosé) J J V(x,y) ej/)’xsim‘)cosrpej/}ysim‘)sinq)dxdy

—00—00

(26)

where

1 2zplloe
C4x2 22

From Eq. 26, by assuming to perform two independent sets of measurements (the
probe is rotated by 90° around its axis z’ in the second set), the following linear
system is obtained:

Es(8,9)E;, (9, — @) — E,(3,9)E, (9, —¢) =1y @7

Ey(8,9)Ey, (8, — @) — E,(8,9)E,, (8, — @) =1 (28)

By solving such a system, Egs. 16 and 17 are finally got.

NF-FF Transformation with Cylindrical Scanning

The NF-FF transformation with cylindrical scanning (see Fig. 7) allows one to
reconstruct, from a single set of NF measurements, the antenna complete radiation
pattern save for the zones surrounding the spherical polar angles and, accordingly, is
particularly tailored for antennas that radiate mainly in an angular region centered on
the horizontal plane. This, however, is obtained at the cost of a moderate increase in
the analytical and computational complication with respect to that using the plane-
rectangular scanning. In a cylindrical scanning facility, the AUT is mounted on a
rotating table, whereas the probe moves along a line parallel to the rotation axis of
the table. By properly matching these movements, the probe can acquire the NF
amplitude and phase data on the wanted cylindrical grid. From these data, measured
for two different orientations of the probe and accounting for the probe effects, the
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FF pattern can be evaluated (Joy et al. 1978; Leach and Paris 1973; Yaghjian 1977).
As done in the plane-rectangular case, probe-uncorrected NF-FF transformation
formulas, valid in the ideal probe assumption, are initially derived. Then, such an
assumption is removed and probe-compensated formulas given.

As well known, in the cylindrical coordinate system (p, ¢, z), the tangential
components of the electric field radiated by the AUT can be represented (Leach and
Paris 1973) on the scanning cylinder as a superposition of elementary cylindrical
waves (see paragraph “Cylindrical Wave Expansion”), namely,

00 o 2
Ep.2)= ) J by(n)/; HP) (Ad)ee 1 dy (29)
Ey(9.z) Z J [ H<2>(Ad) a,(n) ; H?)(Ap) 1ejwejnzd,7
= p p

(30)

where d is the cylinder radius, a, and b, are the modal expansion coefficients, Hsz) )
is the Hankel function of second kind of order v, and A = (8*—#*)">.

The modal coefficients are determined by Fourier inverse transforming Egs. 29
and 30, thus obtaining

A2 1 o0 b4
b,(n) —H? (A ——J JE el e d 31
(n) 5 yp (p,2)e @dz (31
—00 —7I
a 1 o0 b3
by (1 );ZH(Z (Ad) — a,(n )%Hf)( e J JE¢ 9, 2)e e dgpdz

(32)

In the classical approach (Leach and Paris 1973), the FFT is employed to evaluate
the modal coefficients in an efficient way, and the sample spacings of the NF data are

Az<A2; Ap<n/(pd) = 2/(2d) 33)

where @' is the radius of the smallest cylinder enclosing the AUT. In fact, if the
scanning cylinder is located in a region of space where the EM field does not contain
evanescent waves, then the cylindrical wave coefficients are zero for || > f and |v| >
pd’. As a consequence of the two-dimensional Nyquist sampling theorem (Papoulis
1987), the EM field on the cylinder at p = d can be reconstructed from the
knowledge of its samples at a regular lattice of points separated by grid spacings
satisfying Eq. 33.
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Once the modal coefficients are determined, the FF components of the electric
field in the spherical coordinate system (7, 9, @) can be evaluated (see paragraph
“Cylindrical Wave Expansion”) by

efjﬂr 0 .

Eg(r,9,9) = —j2 ind Y j'b, 9)el 34
8(r,8,9) = —j2—— sin D;OOJ (Bcos 9)e (34)
e_j/jr 0 .
Ey(r.9.9) = =2 — sind Y j*a,(Beos 9)e? (35)
v=—00

It is worth noting that the summations in the above equations can be efficiently
performed via the FFT.

The use of the FFT for the efficient evaluation of the two-dimensional Fourier
transforms in Eqgs. 31 and 32 is now briefly described. As regards the integration with
respect to ¢, by a straightforward approximation, it results

T 22N /2am /
— —jb’/’d ~ —j2nvm /N
P Jf (p)e™de ~ mE_Of <—N )e (36)
o —

where N = 2M;, M|, = #/Ag is the highest order v of the angular harmonics.
Accordingly, save for the factor 2z/N, such an integration can be efficiently
performed via a direct FFT algorithm. The integration over z can be tackled in the
same way as that along x or y of the plane-rectangular case. Accordingly, by taking into
account the truncation due to the finite height 2/ of the measurement cylinder, it results

G( )*G 2 N%efjm‘l\f ( )ejan'/M (37)
WEU\Naz) TN S L8

where Ny = 2h/Az is the number of the measurement rings. Thus, the integration
over z can be efficiently performed via an inverse FFT algorithm, provided that the so
obtained results are multiplied by the factor 2e .

By summing up, the two-dimensional Fourier transforms of the tangential com-
ponents of the electric field can be efficiently computed through the following steps:
(i) on each measurement ring, the NF data are directly transformed via FFT and then
multiplied by the factor 2z/N; (ii) for each index v, the so obtained data are inversely
transformed via FFT and then multiplied by 2/e 7.

Note that the evaluation of the Fourier transform integrals in Eqgs. 31 and 32 via
the FFT allows one to get the modal expansion coefficients a, and b, and, as a
consequence, the FF components, at the values of § given by

9; = cos '(n;/B) = cos "' (i1/(N1Az)) (38)
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To obtain the FF components with a greater resolution in 9, it is sufficient “zero-
filling” the NF data. Namely, to get the FF components at the values 9; = cos™' (i/
(N,Az)), the NF data must be increased with a proper number of zeros corresponding
to fictitious (N, — N;)/2 rings at both the ends of the scanning cylinder. In a similar
way, to obtain the FF components at 2M, values of ¢, the positive and negative
angular harmonics must be both augmented with M, — M, zeros before performing
the summations in Egs. 34 and 35 via the FFT.

Since the height of the scanning cylinder is obviously finite, an inevitable
truncation error occurs, whose amount depends on the level of the neglected NF
data. The angular region wherein the recovered FF pattern is accurate can be
determined as in the plane-rectangular case. The truncation error arising when the
scanning along ¢ does not cover a whole 27 range can be handled (Francis 2012) as
that occurring in a truncated spherical scan (Hald et al. 1988).

It can be easily recognized that the NF tangential components £, and £, cannot
be acquired when performing the measurement by means of a real probe. In fact, it
sees the AUT center under different directions when moving on the cylinder.
Moreover, also at a fixed position, the probe sees each portion of the AUT under
a different direction. As a consequence, the antenna far field cannot be accurately
recovered from the measured NF data by employing the uncompensated NF-FF
transformation.

The basic theory of probe-compensated NF measurements over a cylinder
was developed by Leach and Paris (1973) and is based on an application of the
Lorentz reciprocity theorem. They demonstrated rigorously that the modal coef-
ficients a, and b, of the cylindrical wave expansion of the field radiated by the
AUT are related to (i) the two-dimensional Fourier transform of the probe voltage
for two independent sets of measurements (the probe is rotated 90° about its
longitudinal axis in the second set); (ii) the coefficients of the cylindrical wave
expansion of the field radiated by the probe and the rotated probe, when used
as transmitting antennas. The key relations to obtain the modal expansion coef-
ficients are

2 o) 0
a(n) —Azf(ﬂ) 11) D dp(~mH (D) =1 (0) D dn(=mH, (Ad)
' (39)
2 i 00 00
) = o |0 2 cnl-mHE (M)~ 100) 3 (L ()
' (40)

o oo
I,(n) = J JV((p,z) e el dgpdz; I(n) = J JV’((p,z) e e dpdz  (41)

/2
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o0

A =S enl-n)HZ,(Ad) Z d (—mHZ) (Ad)+
m=-—00 m=—00 (42)
- Z u+m Ad Z dm u+m Ad)
m=— m=—00

where Vand V' are the voltages measured by the probe and the rotated probe at the
point (d, ¢, z). Quite analogous results have been obtained (Yaghjian 1977) by using
the source scattering matrix formulation. In fact, as shown in (Appel-Hansen 1980),
this last formulation leads, except for a normalization constant, to the same
expressions.

The integrals 7, and I}, are again efficiently evaluated via FFT and the NF data are
spaced according to Eq. 33. The modal coefficients of the probe (c,, d,,) and the
rotated probe (c,,, d,,) can be evaluated from the measured amplitude and phase of
the FF components radiated by them (Leach and Paris 1973). Once a, and b, have
been determined, the FF components of the electric field in the spherical coordinate
system (7, 9, @) can be evaluated by means of Eqs. 34 and 35.

NF-FF Transformation with Spherical Scanning

The NF-FF transformation with spherical scanning (see Fig. 8) gives the full antenna
pattern coverage, even though the data processing is considerably more complicated
than that required by planar and cylindrical NF facilities. A tangible amount of work
has been done in the past years for formulating and solving the problem of the FF
reconstruction from the NF data acquired on a spherical scanning surface (Hald
et al. 1988; Wacker 1975; Larsen 1980; Yaghjian and Wittmann 1985). In this
framework, a comprehensive book (Hald et al. 1988), which deals with the theoret-
ical as well as the practical aspects of the spherical NF scanning, was published by
J.E. Hansen.

There are several ways to perform the scanning in a spherical NF facility (Hald
et al. 1988). The most commonly adopted one is the roll-over-azimuth configuration
(see Figs. 15 and 16). In such a configuration, the probe stays fixed, whereas the
AUT is mounted on a roll positioner (¢ axis), which is anchored by means of an
L-shaped bracket to an azimuth rotating table (9 axis). In the elevation-over-azimuth
configuration, the probe stays fixed and the AUT is mounted on an elevation
positioner (¢ axis), which is mounted on an azimuth rotating table (9 axis). On the
contrary, in the azimuth-over-elevation setup, the AUT is anchored to an azimuth
rotator (¢ axis), mounted on an elevation positioner (9 axis). Another possibility is to
mount the AUT on an azimuth rotating table for selecting the scanning meridian and
to move the probe along an arc to perform the scanning along it.

Whatever the configuration has been chosen, the probe can acquire the NF
amplitude and phase data on the wanted spherical grid. From these data, measured
for two different orientations of the probe and accounting for the probe effects, the
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Fig. 15 Roll-over-azimuth
NF spherical facility

FF pattern can be evaluated (Hald et al. 1988). As done in the plane-rectangular and
cylindrical scanning cases, probe-uncorrected NF-FF transformation formulas, valid
in the ideal probe assumption, are initially derived. Then, such an assumption is
removed and probe-compensated formulas given.

As well known, in the spherical coordinate system (7, 9, ), the transverse electric
field radiated by an AUT can be expressed on a sphere of radius » = d containing it as
a superposition of elementary spherical waves (see paragraph “Spherical Wave
Expansion”), namely,

Ninax

Et(d’ 8’ §0> = ﬁz Z [alnmgln(ﬂd)Elnm ("9’ (0) + A2nm8on (ﬂd)Ean ('99 (ﬂ)] (43)

n=1 m=—n

where ay,,,,, a2, are the spherical wave expansion coefficients,

Elnm (19’ (0) :lenm(‘g)ejm(p; E2nm(199 (0) :zznm(,g)ejmw (44)
—m\" 1 im —im & dom .
flnm(ﬁ) = <|7n|1> ) [s‘};ngpn |(cos 9)9 — @Pln |(cos 9o 45)
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Fig. 16 Photo of the versatile
NF system at the UNISA
antenna characterization
LAB: roll-over-azimuth
spherical setup

(=Y L [dpm 54 Jm pin X
Lo (@) = (|m|> T 1) [d&P" (cos 9)9 + sin19P” (cosé))q)] (46)

gun(Bd) = KD (pd);  g,(pd) (prn@er))| @

1 d
pdd(pr)
h?(x) being the spherical Hankel function of second kind and order n.

In the classical approach (Hald et al. 1988), the choice of the highest spherical
wave is usually determined according to the following rule of thumb:

Nonax = Int(fa) + 10 (48)

where « is the radius of the smallest sphere enclosing the AUT. In the approach
(Bucci et al. 2001a), it is rigorously fixed by the spatial band limitation properties of
the radiated EM fields (Bucci and Franceschetti 1987) and it results

Nomax = Int(y/Ba) + 1 (49)
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where ¥’ is an enlargement bandwidth factor slightly larger than unity for electrically
large antennas (Bucci and Franceschetti 1987).

In Egs. 45 and 46, 1_",,ml(x) (see Eq. 107) is the normalized associated Legendre
function as defined by Belousov (1962).

The expansion coefficients ay,,,,, a»,,, can be evaluated from the knowledge of the
tangential electric field on the scanning sphere by taking into account that the
spherical vector wave functions F, ,,, (8, ¢) are orthonormal. As a matter of fact,
from Eq. 43 it results

2 m

(EFy ) ” E,(d.9.0) - F}. o (9. 9)sin 894 = s, 2 81.30(Fd) (50)
00

where the asterisk (¥) indicates the complex conjugation, and therefore

T

ar,mm = J E(d.9,9) f] 2nm(19)efj""” sin 9ddd¢ (51)
0

12nﬂd

O%NM

Once the spherical wave expansion coefficients have been determined, the trans-
verse electric field radiated by the AUT in the FF region can be evaluated (see
paragraph “Spherical Wave Expansion”) by the FF spherical wave expansion:

e*jﬂl‘ Nmax 1

Z |:jn+1al”m£lnm(8) "‘j"aZ""’fznm(&)} oime (52)

n=1 m=-n

E(r,8,¢0) =

r

As will be shown in the following, the FFT is used to evaluate the modal
coefficients in an efficient way, and the sample spacings of the NF data in the
classical approach (Hald et al. 1988) are

AI<27/(2Nmax + 1); A = A9 (53)

The number of NF data along ¢ can be reduced if the radius o’ of the smallest
cylinder enclosing the AUT and having its axis coincident with the z one is smaller
than the radius a of the minimum sphere. In such a case, it results (Hald et al. 1988)

Ap<21/(2M + 1) (54)

where M = Int (fa’) + 10.

In the approach (Bucci et al. 2001a), the sample spacings are rigorously fixed by
the spatial band limitation properties of the radiated EM fields (Bucci and
Franceschetti 1987) and, accordingly, N« is now given by Eq. 49, whereas Ag is
given by Eq. 54, where M decreases when moving from the sampling parallels near
the equator to those near the poles according to the law
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M =Int(y*pasin9) + 1 (55)

In this last relation,

=09 =1+ —1)sing] > (56)

is the azimuthal enlargement bandwidth factor.

The efficient evaluation of Eq. 51 is now briefly described. By expanding the
tangential electric field components on the measurement sphere in Fourier series
with respect to ¢, namely,

M
E(d,8,0) = Y G (8)e! (57)
k=—M

the coefficients can be rewritten as follows:

2 T y .
ai,onm = ﬁgl,gn(ﬂd)JQm(&) £ 2nm(&)sm 9d9 (58)

0

The integration over  in Eq. 58 can be efficiently carried out by expanding in Fourier
series the components of G,,(9) and f, , ~(8) via FFT. Accordingly, it results

271- Nmax N max ﬂ A .
A 2mm = g Bd) G f] J el=0% 5in 949 (59)
ﬂg 1,2n (ﬂd) [:_ZNmax i:ZM\ax &l —1, 2nmi )

The integral in Eq. 58 is so transformed in a double summation, of indexes ¢ and i,
involving the Fourier series coefficients (in 9) of the components of G,, (8) and f -

(8), and the integrals

J =9 gin 949
0

Note that, in order to evaluate the Fourier series coefficients of the components of
G, (9)andf  (9),itis necessary to extend the components of G, (9) andf, , (9),

from [0, 7] on the range [0, 2x]. This can be easily done by taking into account that
(1) the components of f . 2”m(&) are even about 9 = 7 when m is odd, and vice versa;
(ii) the components of G,,(89) have the same parity as those of f, , (9).

To take advantage of the numerical efficiency of the standard FFT algorithm, the
number of NF parallels to be considered in the NF-FF transformation and the number
of samples on them must be the first power of two greater or equal to N,,x and 2M,
respectively.
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Moreover, by inverting the summation order in Eq. 52, it can be rewritten in the form

—_]/))I M Nmax

(r 8, §0) Z Z [ aln”flnm( ) jnaznmonm(&) e (60)
m=—M n=|m|
(n0)

which allows an efficient evaluation of the antenna far field at the considered
elevation angle 9 by performing the summation via FFT.

It can be easily recognized that the NF tangential components £y and E,, cannot
be acquired when performing the measurement with a real probe. In fact, it sees each
portion of the AUT under a different direction. As a consequence, the antenna far
field cannot be accurately recovered from the measured NF data by using the
uncompensated NF-FF transformation.

The probe-compensated NF-FF transformation with spherical scanning has been
developed by using the source scattering matrix formulation. As shown in (Hald
et al. 1988), when using a probe with a first-order azimuthal dependence FF pattern
(e.g., an open-ended circular waveguide), the modal expansion coefficients can be
determined from the knowledge of the voltages Vand 7’ measured by the probe and
rotated probe, respectively, and are given by

|

2r
[ (8)V —jL(9)V]|e ™ sin 8 dgp d9

Alpm = 2’;6—’7—[1 0 Vmax (61)
Z ), A% (Bd) — ay, B, (ﬂd)]
v=1
2
JJ [L(8)V —j [(9)V']e ™ sin 9 dg dI
2n+1
o == ;; L (62)

Z[ dy, By, (Bd) — a/zle\rzll(ﬂdﬂ
v=1

where viy.x is the highest spherical wave of the probe, af,,; are its expansion
coefficients,

and
n (I’l + ' n-+—m n—m n—p—c
dr,,(9) = (HZ, ,Z(n_+_6>< i )(—1) o

. ( cos g) 26+u+m ( sin %) 2n—26—pu—m
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are the rotation coefficients (Hald et al. 1988; Edmonds 1974), the summation over o
involving all terms in which the binomial coefficients do not lead to negative
arguments for the factorials. Moreover,

AL () = \/(2n+1)(2v+1)\/(\/+ﬂ)!(nu)!(_l)ﬂljnv.

nn+ v+ 1)\ (v—p)l(n+u)! 2
Y I 1) v+ 1) = pp + e, — v p)hP(Bd) |
Pl
(65)
" _ (2n—|— 1)(2V+ 1) (V+/l)'(n —/,4)! . /Al-n—v
By (pd) = \/n(n+1)v(v+1)\/(v—ﬂ)!(n +ﬂ)!( U
" (66)
Y [j"’(2j/4ﬁd)f( — pv.p) (ﬂd)}
P

are the translation coefficients (Hald et al. 1988; Larsen 1980; Bruning and Lo
1971), wherein z(u, n, —u, v, p) are the linearization coefficients defined by the
expansion of the product of two unnormalized associated Legendre functions
n+v
Ph(x)P 1 (x) = > w(un, — pv,p)Py(x) (67)

p=ln—v]|

The probe expansion coefficients a1 5,1 in Egs. 61, 62 can be evaluated from the
knowledge of its tangential electric field E, on a scanning sphere when it is used as
transmitting antenna

2

/!

d 5, (d, 9, ) 9)e ¥ sin 9 d9dg (68)
bt ﬁglzvﬂdu L1200 )

Classical Wave Expansions of the Field Radiated by an Antenna
Some analytical details on the wave expansions commonly employed to represent
the antenna field in the region external to it are collected in this paragraph. In any case,
its reading is not strictly necessary for the comprehension of the chapter and its aim is
to enable the interested reader to achieve a more in-depth knowledge of the topic.

Plane Wave Expansion
As well known, in a linear, homogeneous, and isotropic medium, an EM field

E = Ee*jk‘f. H= He*jk‘[ (69)
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represents a time-harmonic plane wave whose direction of propagation is specified
by the vector k = k.x + k,y + k.z.

Since the operator V transforms into —jk for such a field, Maxwell’s equations in a
region free of sources become

k x E = woyH (70
k xH= —weE (71)
k-E=0 (72)
k-H=0 (73)

From Egs. 70 and 71, it results that E and H cannot be chosen independently, for
instance, H is related to E by

1
wp

H=—kxE (74)
From Eq. 72, it results that, for any &,, k,, and , only two components of E(k) are
independent. Let these be E, and E,, then

E. = —(Ek, + E\k,) /k. (75)
From Eq. 70, it results that

k x (k x E) = opk x H (76)

Such a relation, taking into account Egs. 71, 72 and the vector identity a x
(bx¢c)=b(a-c)—c(a-b), becomes

E[(k k) — o] =0 (77)
In order that such an equation have a solution different from the trivial one E = 0,
it is necessary that

kK-K=k +k +k =a’eu=p (78)

Thus, at a fixed frequency, only two of the components of k can be independently
specified. Let these be k, and £,, then the third component is related to them via the
relation

1/2
. (F-r-r)" i<

z

: 2 2 2 1/2 . 2 2 2 (79)
_J(kx+ky—ﬁ) S
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The negative sign in the second of Eq. 79 is chosen in order to ensure that the
plane wave Eq. 69 is bounded at infinity.

Since the medium is linear as well as the field equations, the general solution for
E and H can be constructed as linear combination over all &, and £,

+00+00 +00+00

E(r) = J j E(t)e KL dkdky; H(r) = J J wiﬂk % E(k)e XL dkdb,  (80)

Namely, any arbitrary monochromatic wave can be represented as a superposition

of plane waves with different amplitudes and propagating in different directions. The

amplitude function E(k) is called the plane wave spectrum of the field. It is worthy to

note that the dimensions of E in Eqgs. 69 and 80 are different although the same
notation has been used.

In general, the evaluation of the double integral in Eq. 80 is difficult. However, it
can be shown (Franceschetti 1997; Balanis 1997), by applying the stationary phase
method, that in the far-field region such an integral can be represented by the
asymptotic expansion

efjﬁr

E(r,9,¢) = 27k.E (ke k,) 81)

where

ky = fsindcos@; k, = psindsing; k.= fcosd (82)

Cylindrical Wave Expansion

In the cylindrical wave expansion (CWE), the field is represented as superposition of
transverse electric (TE) and transverse magnetic (TM) cylindrical modes (Stratton
1941), which are elementary solutions of the homogeneous wave equation in the
cylindrical coordinates (p, ¢, z). In fact, an arbitrary field in a homogeneous source-
free region can be always expressed as the sum of a TE field and a TM field
(Harrington 1961). The expression for these modes can be easily derived by using
the auxiliary vector potentials A and F, which, in such a hypothesis, are solutions of
the homogeneous vector Helmoltz equations:

VA + A =0; V’F+fF =0 (83)
As well known, the fields E and H are related to them by

VV-A 1 VV.-F 1
E=-jwoA+———-VxF;, H=—joF+——+-V XA (34)
joeu & joeu  p

From Eq. 84, it can be easily recognized that, to derive the field expressions that
are TE to z, it is sufficient to assume (Balanis 1989)
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A =0; F=2F(p,¢,2) (85)

whereas

A =7A(p,,z); F=0 (86)

for the TM to z modes (Balanis 1989). In both the cases, the vector Helmoltz
equations reduce to the scalar ones. Their elementary solution is obtainable
by using the separation of variables method (Balanis 1989) and, in the considered
case of observation region external to smallest cylinder enclosing the AUT, is given

by HE?) (Ap)el"?e I where v is an integer, 77 is a real number, A = (ﬂ2 - 7]2) 1/2, and
HP(Ap) is the Hankel function of second kind and order v.
By substituting such an elementary solution in Eq. 84, it results
for the TE case and
E = (B/joeu)N,, (88)
for the TM one, wherein
i ) R
Mo .0.2) = (“HP g - L HP ) 59)

2

MO oy v V@A vs N ) A> v i
N, (p.0.2) = | — 2 ZHO(Ap)p + ZLHD (Ap)ip + = HD (Ap)z | e ve T
N0 = (=20 AP 0o + S HD (0 + G B )

(90)

Accordingly, the electric field radiated by the AUT at a point external to the
smallest cylinder enclosing it can be represented (Stratton 1941) as a linear combi-
nation of the elementary fields Eqs. 87 and 88 involving an integral over all 7 values,
and a sum over all v:

I
]

E(.0.2) || [0y t0.0.2) + BrNey 020 an - o)

therefore

8

o) . . 9 ' -
E)p.9.2) = > J {au(’?)%Hﬁz)(Ap)—ngy(n)a—pHiz)(Ap)}eJ“”e”‘dn

V=—00

92)
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oo

X v 0 .
Eyp.p.2) = > J [bu(n) ﬂ—ZHﬁz)(Ap)—au(n)a—pHﬁz)(Aﬂ) eve M dn (93)
T A2 o
E(p.g.z) = > J bp(n)?Hf)(Ap)ej”“’e*”‘"dn 94)

The evaluations of the FF components of the electric field in the spherical
coordinate system (r, 9, @) from the above expressions involve the following
steps. The first step is to replace in the CWE the Hankel function and its first
derivative by their asymptotic expansions

2 - ﬁ W —jx. i (2) ~ @ sv—1 —jax

H?) (x) oWl dxH” (ax) A Ve 95)
The obtained expressions are then rewritten in terms of the spherical coordinates

r, 8, @. The next step is the asymptotic evaluation of the integrals over # by means of

the method of the stationary phase (James 1980). At last, the FF components of the

electric field in the cylindrical coordinate system are transformed in the spherical

ones, thus obtaining Eqs. 34 and 35.

Spherical Wave Expansion

In the spherical wave expansion (SWE), the field is represented as superposition of
transverse electric (to the radial direction) spherical modes (TE") and transverse
magnetic ones (TM") (Stratton 1941), which are elementary solutions of the homo-
geneous wave equation in the spherical coordinates (7, 8, ¢). In fact, an arbitrary field
in a homogeneous source-free region can be expressed as the sum of a TE field and a
TM field (Harrington 1961). The expression for these modes can be determined by
using the auxiliary vector potentials A and F. In particular, to derive the field
expressions that are TE to r, it is sufficient to assume (Balanis 1989)

A =0; F=rF(r,9,¢) (96)

whereas

A =r1A(r,9,9); E=0 o7

for the TM to » modes (Balanis 1989).

It must be stressed that, unlike the cylindrical scanning case, it is not convenient
now to determine the auxiliary potentials by means of the vector Helmholtz equa-
tions (Eq. 83), valid in a source-free region when assuming that the vector potentials
A, F and the scalar ones @, W satisfy the Lorentz conditions:

VA +joeu® =0; V-F+joeu? =0 (98)



2140 F. Ferrara et al.

In fact, since V?(rG) # rV>G, the vector Helmholtz equations (Eq. 83) do not
reduce any longer to the corresponding scalar ones. Obviously, in such a case, also
the expressions (Eq. 84), relating the fields to the auxiliary potentials, are no longer
valid. Different relations for the fields and potentials that are not based on Lorentz
conditions are now derived.

The TE" case (A =0,F =rF(r,9,¢)) is first considered. It can be easily
recognized that

1 1
E=—--VxF, H=—VxVxF %99)
€ Jwep

By substituting the former of Eq. 99 in the second of Maxwell’s equations, it
results

Vx H+joF)=0 (100)
and, accordingly,
H = —jowF — V¥ (101)
By substituting Eq. 101 into the latter of Eq. 99, it is obtained
V x VxF—pF = —jocuV¥ (102)

By expanding Eq. 102 in spherical coordinates and imposing that ¥ = (—1/jwep)
OF/0r, it can be shown (Balanis 1989) that F' can be determined by solving the scalar
Helmbholtz equation

Vi + =0 (103)
where

w(r.9,¢)=F(r,9,0)/r (104)

The elementary solution to Eq. 103 can be obtained by using the separation of
variables method (Balanis 1989) and, in the considered case of an observation region
external to the smallest sphere enclosing the AUT, it is given by

w(r.9,¢) = K2 (Br)P" (cos 9)ei™ (105)
where n and m are integers, I_’:’ (x) is the normalized associated Legendre function as

defined by Belousov (1962), and hP(x) is the spherical Hankel function of second
kind and order n, which is related to the ordinary Hankel function of second kind by

T
W) =[5 H @) (106)
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The normalized associated Legendre function an (x) is related to the associated
Legendre function P,;(x) (solution of the associated Legendre differential equation
(Balanis 1989)) by

=m, _ [2n+1(n—m)
P,(x)= > mpn(x) (107)

A similar procedure can be applied in the TM" case (A =rA(r,9,¢),F =0),
thus obtaining

;E:LVXVXA (108)

H = -
jwep

V x

|-
>

and
VxVxA—RPA=—joeuVd (109)

By expanding Eq. 109 in spherical coordinates and imposing that ® = (—1/jweu)
0A/0F, it can be shown (Balanis 1989) that 4 can be determined by solving the scalar
Helmholtz equation (Eq. 103), wherein now

w(r,9,0) =A(r,9,¢)/r (110)

The transverse electric field E, related to an elementary spherical TE” wave can be

easily found from the former of Eq. 99, by expanding V x F in spherical coordinates
and taking into account Eqs. 104 and 105, thus obtaining

1 ~ 1 ~ .
E =~ 80, (0F 1, (9.0) = —— 1, (1), (9)e™ i

—1nm

where

_im im| _d S
(9) _—sinSP" (cos9)9 d19P" (cos®e (112)

$unlpr) = WD (pr); T

In a similar way, the transverse electric field related to an elementary spherical

TM" wave can be determined from the latter of Eq. 108, by expandingV x V x Ain

spherical coordinates and taking into account relations Eqs. 105 and 110, thus
getting

Ez = ‘%gbl(ﬂr)ihm(&’ QD) = ‘%gbl(ﬂr)}_wznm("g)ejmq} (113)
where
0a0lBr) = 2= S (b2 (pr)): Ty (9) =P (c0s8)8 + 37 P (cos)
2P = gra(pry P ) Lo () = gg sind " ¢

(114)
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By expressing the transverse electric field radiated by the AUT on a sphere of radius
7 containing it as a superposition of elementary TE" and TM" spherical waves, it results

Nmax

DS (11, (BrIE (8 0) + Gonan(Br)Eas (0. 0)|  (115)

n=1 m=—n

where N,y is the index of the highest spherical wave to be considered. It is worth

noting that the summation on m extends from — » to n, since I_JLm‘ (cos9) vanishes for

Im| > n, whereas that on n starts from 1, since F 100 and F 200 are both null (Hald
et al. 1988).
It can be shown (Hald et al. 1988) that

<Elnm’ E2nm =

oy

J (9 @) Fan(é) @) sin9dddp =0 (116)
0

According to Eq. 116, the spherical wave functions F 1nm and F o are always
orthogonal on the sphere even when 77 = n and 1 = m. Moreover, it can be shown
(Hald et al. 1988) that

<Elnm’ilm> = <Eznmaizm> == 277:/’1(}’1 + 1)6mﬁ6nﬁ (1 17)
where
1 for m=m
5"%{0 for m+#m (118)

is the Kronecker delta.
In order to have orthonormal spherical wave functions and power-normalized
spherical waves, it is convenient to introduce the new functions

—m m 1 _

F..(9 =—) ——F 9 11

_lnm( ,ga) <|m|) 27[11(1’1 T 1)_lnm( ,QD) ( 9)
—m\"” 1 "

F =|—) —=F 12

= 2nm (197 (p) ( |m| ) 27”1(” T 1)_2nm('9’ (p) ( 0)

The factor (—m/|m|)" ensures that the phase of the modes follows the phase of the
spherical harmonics as defined by Edmonds (1974).

The transverse electric field radiated by the AUT on a sphere of radius » can be
then rewritten in the form

Nmax 1

Et = ﬂz Z [alﬂm 81n (ﬂr)Elnm(l97 (ﬂ) + a2um 82y (ﬂ")Ean(’g’ (p)] (121)

n=1 m=—n
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The expression of the transverse electric field radiated by the AUT in its far-field
region can be easily obtained from Eq. 121 by taking into account that

—ipr
(pri? (pr) ﬁgmj"% (122)

i1 d
W2 (g ! € -
n (ﬂ )ﬁlﬂoo‘] ﬂl‘ ﬁr d(ﬂi)

thus obtaining Eq. 52.

It is worth noting that, according to the Sommerfeld radiation conditions, in the
far-field region the longitudinal electric field component £, must vanish. Indeed, this
is the case. As a matter of fact, each elementary TE" spherical wave has no
longitudinal component, whereas that relevant to a TM" one decreases asymptoti-
cally as 1/7* (Hald et al. 1988).

Nonredundant NF-FF Transformation Techniques
Nonredundant Sampling Representations of EM Fields

The main theoretical results concerning the nonredundant sampling representations
of EM fields (Bucci et al. 1998c; Bucci and Gennarelli 2012) are summarized in this
section. To this end, the field radiated by an arbitrary finite-size source enclosed in a
convex domain D, bounded by a surface X with rotational symmetry and observed on
aregular surface M external to D and having the same symmetry, is considered. Due
to its rotational symmetry, the surface M can be described by meridian curves and
azimuthal circumferences, so that the field representation over a regular curve C
described by a proper analytical parameterization r = r(£) is considered in the
following. Moreover, according to (Bucci et al. 1998c), it is convenient to define
the reduced electric field

F(&) = E(¢) &9 (123)

where y(£) is a proper analytical phase function to be determined. As shown in
(Bucci and Franceschetti 1987; Bucci et al. 1998c), the “band limitation” error,
occurring when the reduced field F(&) is approximated by a spatially band-limited
function, becomes negligible as the bandwidth exceeds the critical value

dv(&) _  OR(Er)
"X as P o

We = max w(é)] = max [

} (124)

where 1’ denotes the source point and R = ‘I_‘(f) —r ’ As a matter of fact, for large
sources and observation domains not too near them, such an error exhibits a step-like
behavior, decreasing more than exponentially as the bandwidth exceeds W (Bucci
and Franceschetti 1987; Bucci et al. 1998c). As a consequence, it can be effectively
controlled by choosing the bandwidth of the approximating function equal to y' W
where y' is an enlargement bandwidth factor (slightly greater than unity for electri-
cally large antennas).
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In order to obtain a nonredundant representation, namely, a representation requir-
ing a minimum number of samples, first of all, the “local” bandwidth w(£) must be
minimized for each £. This is accomplished by choosing y such that its derivative is
given by

dy ﬂ aR 4 mi OR _P

ds
dr _ R-t+minR-t| & 12
de 2 |" s Bs] de~ 2 [m,_f‘f‘x t+mnR-t 5 (125

namely, dy/d¢ is the average between the maximum and minimum value of SOR/OE,
when 7/ varies in the source domain D. In Eq. 125, s is the curvilinear abscissa onC, t
is the unit vector tangent to C at the observation point P, and R is the unit vector
pointing from the source point to P. Accordingly, the optimal phase factor to be used
is given by

V(f s
_b J R | nin%k EJ t+minR-
y(€) = 3 [m}gx s —|—m1n s ds = 3 mﬁe}xR t—&—n}}nR t|ds (126)
0 0

It can be easily verified that, by choosing dy/d¢ according to Eq. 125, it results

OR . OR|ds p . ds
55 ’}nas] difii [mglxRi—rr}l}nRi} dif (127)

w(é) = 4 [max

With reference to the parameter &, for avoiding redundancy, it must be determined

by requiring that the local bandwidth is constant. In fact, if w(&) is variable with &, the

sample spacing, which is dictated by the bandwidth ; becomes unnecessarily small

in the zones wherein w(&) is smaller than its maximum value, giving rise to

redundancy in the sampling representation. Accordingly, by imposing that w(¢) is
constant and equal to Wy, it results

f:ij maxa——mina—R]ds:LJ {maxRi—minR-t ds  (128)
r r 2We) | r v
0

When C is a meridian curve (Fig. 17) and t is external to the cone of vertex P,
tangent to X, the extreme values of R - t occur at the two tangency points P; , on C'
(intersection curve between the meridian plane and X). By taking into account that in
such a case (Bucci et al. 1998¢)

OR dR > dS/l 2
= e 129
Ds |, ds ds (129)

51,2
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Fig. 17 Relevant to a
meridian curve

where s1 , are the arclength coordinates of P ; and R , the distances from P to P »
(Fig. 17) and choosing W = B¢’ /2x (¢’ being the length of C'), it results

y :é [Ri + Ry + 5, — s3] (130)
T / /
zgzz[Rl — Ry + 5} + 53] (131)

Note that the angular-like parameter & covers a 2z range when P encircles the
source once and the number of samples at Nyquist spacing (A& = /W) on a closed
meridian curve C (also unbounded) is always finite and equal to Nz = 2z/A¢E = 20’ /.

It can be shown (Bucci et al. 1998c¢) that in any meridian plane the curves y =
const and £ = const are orthogonal.

When C is an azimuthal circumference of radius p, the extreme values of R - t are
opposite and constant along it. It follows from Eqs. 126 and 128 that y is constant
and any parameter proportional to the arclength is optimal. As a consequence, it is
convenient to use the azimuthal angle ¢ as parameter and to choose for y the value
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relevant to any meridian curve passing through the observation point on C. The
corresponding bandwidth is (Bucci et al. 1998c¢)
W, = P Rt —R™
o =5 max (R* —R")

=2 max W (=2 +(p+p () — /=2 + (o - p,(z,))z) (132)

where R" and R~ are the maximum and minimum distance, respectively, from each
circumference describing the surface ¥ to the observation point P and p/(2) is the
equation of X in cylindrical coordinates. As shown in (Bucci et al. 1998c¢), the
maximum is attained on that zone of the surface X lying on the same side of the
observation circumference with respect to the maximum transverse circle of X.
When the radius of the observation circle goes to infinity, it results R” = R~ +
2p'sind and, accordingly,

W, = Bpl., sin 9 (133)

9 being the polar angle of the circle points and p/,.x the maximum transverse radius
of Z.

It can be shown (Bucci et al. 1998c) that the number of samples N, at Nyquist
spacing on any closed observation surface (also unbounded) surrounding the source
is

N, = (area of )/(A/2)* (134)

Any finite-size source can be always considered as enclosed in a spherical
surface. Accordingly, by choosing X coincident with a sphere of radius a, for any
meridian curve, it results

R1 = R2 = 1‘2 - (12 (135)
si=0—a)a; sh=0+a)a; a= cos ' (a/r) (136)
Accordingly, since ¢’ = 2za, it results W, = fla and

Yy =pVr? —a® —pacos~'(a/r); =19 (137)

When considering an azimuthal circumference, by putting 2 = a cos & and p’ =
a sin &', it can be shown (Bucci et al. 1998¢) that the maximum in Eq. 132 is attained
at 9 = cos™' (a cos 9/) and, accordingly,

W, = pasind (138)
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Eq. 134 highlights the role that the source modeling plays in minimizing the
overall number of samples: the surface X must fit very well the antenna geometry,
moreover it must be analytically regular and such that the corresponding phase factor
and parameterization are simple to be determined. To this end, ellipsoidal geometries
(oblate and prolate) are considered in the following.

An effective modeling for elongated antennas is obtained by choosing the surface
¥ coincident with a rotational prolate ellipsoid, having major and minor semiaxes
equal to a and b (Fig. 18), whereas a rotational oblate ellipsoid is an appropriate
modeling for quasiplanar sources. In both the cases, it can be shown (Bucci
et al. 1998c) that in any meridian plane the curves y = const and £ = const are
respectively ellipses and hyperbolas confocal to C’. This implies that & and y are
functions of the elliptic coordinates u = (r; — r,)/2f'and v = (r; + r,)/2a, respec-
tively, where 7, are the distances from the observation point P on the meridian
plane to the foci of C’' and 2f'is the focal distance. By taking into account that the
length of the ellipse C' is ¢' = 4aE(n/2|¢?), the bandwidth W, becomes

We = (4a/ME(n/2|e%) (139)

where E(:|-) denotes the elliptic integral of second kind and € = f/a is the eccentricity
of C'.

The evaluation of y at P can be simplified by considering the intersection point
between the confocal ellipse through P and the symmetry axis, instead of P itself,
since the same value of y corresponds to all points lying on a confocal ellipse. By
straightforward but lengthy computations, from Eq. 130, it results (Bucci

et al. 1998c)
v =1 o 1=€
’Y:ﬂa [V ‘}2_82_E<COS V2 _82|8 >‘| (140)

With reference to &, since the same value corresponds to all points on the confocal
hyperbola branch passing through P, it can be convenient to consider, instead of
P itself, the intersection point Py between the considered hyperbola branch and C'.
Accordingly from Eq. 131, it results & = 2zs)) /¢, s( being the curvilinear abscissa of
P,. By straightforward computations, the following expression is finally obtained
(Bucci et al. 1998¢):

&=

n { E(sin"'u|e?)/E(x/2]¢*) + 1 prolate ellipsoid (141)

2 | E(sin'u|e?) /E(n/2|e?) oblate ellipsoid

Such a relation is valid when the angle 9 corresponding to P belongs to the range
[0, 7/2]. The case in which 8 belongs to [#/2, z] can be easily handled by determin-
ing the value & corresponding to the point specified by the angle 7 — 9 and then

putting E =7 — £



2148 F. Ferrara et al.

Fig. 18 Ellipsoidal source z

modeling: prolate case o)
Y= cc{? \ ,

Since all transverse circles belonging to the hyperboloid of rotation fixed by a
value of & are characterized by the same value of W, (Bucci et al. 1998c), the
bandwidth value corresponding to an azimuthal circumference can be evaluated by
moving such a circle to infinity along the hyperbola & = const. Accordingly, by
taking Eq. 133 into account, it results

[ Pbsind(£) prolate ellipsoid
Wo(£) = { Pasind..(€) oblate ellipsoid (142)
where
_ [ sin~'u+x/2 prolate ellipsoid
B = { sin ' oblate ellipsoid (143)

is the polar angle of the asymptote to the hyperbola through P (see Fig. 18).

It can be easily shown (Bucci et al. 1998c¢) that the spherical modeling can be
obtained from the prolate or oblate ellipsoidal one by considering an ellipsoid with
eccentricity ¢ = 0.

Another effective source modeling for long antennas is obtained by choosing the
surface X coincident with a rounded cylinder (Fig. 19), namely, a cylinder of height
1’ ended in two half-spheres of radius &’ (Bucci et al. 1998b; D’ Agostino et al. 2011).
Such a modeling is quite general and contains the spherical one as particular case.
When considering quasiplanar antennas, a convenient alternative to the oblate
ellipsoidal modeling is the two-bowls one (Fig. 20), wherein X is a surface formed
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Fig. 19 Rounded cylinder
modeling

-— 2a’—>

by two circular bowls with the same aperture diameter, but with bending radii ¢ and
¢ of the upper and lower arcs eventually different to fit better the actual AUT
geometry (Bucci et al. 1998a; D’Agostino et al. 2011). It can be easily recognized
that the surface X coincides with a sphere if ¢ = ¢’ = g, it becomes a half-sphere if
¢ = 0and ¢ = q, and it reduces to a circular dish forc = ¢ = 0.

The real part of the electric field and reduced electric field y-component radiated
by an antenna along a line is reported in Fig. 21 to show the effect of multiplying the
field by the factor ¢”®. The considered antenna is a uniform planar circular array
with radius equal to 204, lying in the plane z = 0, and has been modeled by an oblate
ellipsoid with 2a = 404 and 26 = 51. The array elements, radially and azimuthally
spaced of 0.84, are elementary Huygens sources linearly polarized along the y axis.
The considered straight line is the x-directed line at y = 0, lying in a plane at distance
d = 122 from the AUT center. As can be seen, the spatial variations of the reduced
field component are slower than the electric field ones, since the local bandwidth has
been minimized. Quite analogous results are obtained for the imaginary part.

In order to highlight the role of the optimal parameter for a convenient represen-
tation of the reduced field on the observation curve, the real part of the reduced
electric field y-component along the same straight line is plotted as function of £ in
Fig. 22.
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Fig. 20 Two-bowls
modeling

Field y-component (real part)
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Fig. 21 Real part of the NF y-component on the given line. Solid line: electric field. Dashed line:

reduced field

As can be seen, when using the optimal parameter, the regions wherein the
reduced field exhibits fast changes are represented in an enlarged scale, whereas
those characterized by slow variations are shown in a reduced scale. As a conse-
quence, a uniform sampling in £ gives rise to a denser sample distribution where the
local bandwidth w is greater and to a sparser one in the zones characterized by

smaller values of w (see Fig. 23).
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Fig. 22 Real part of the reduced electric field y-component on the given line as function of the
optimal parameter &

Application of the Nonredundant Sampling Representations
to the NF-FF Transformations

Let an antenna be considered as enclosed in a convex domain bounded by a
rotational surface X, and the surface scanned by a nondirective probe be obtained
by rotating a meridian curve always external to the cone of vertex at the observation
point P and tangent to X. Since the voltage /" measured by such a kind of probe has
practically the same effective spatial bandwidth of the AUT field (Bucci
et al. 1998d), the above described nonredundant sampling representations of EM
fields can be applied to it and, accordingly, it is convenient to introduce the reduced
voltage V(&) = V(&)el"),

Therefore, the use of cardinal series (CS) expansions (Whittaker 1915) springs
out naturally as an appropriate tool to conveniently represent it. However, the use of
the CS representation, while completely satisfactory from the accuracy point of view,
has the drawback that all samples (or, at least, all the relevant ones) must be
considered in evaluating the voltage at each output point, otherwise a relatively
large truncation error is introduced, due to the slow decay of the sampling functions.
As a consequence, its use would lead to unacceptably large computational times.
Such a slow decay leads to a further, subtler difficulty, if it is taken into account that,
in any practical instance, the measured data are inaccurate. Provided that their values
are well above the noise level, the measured results are usually affected by an
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Fig. 23 Samples distribution on the given line

(approximately) constant relative, not absolute, error, so that the absolute error
corresponding to the highest voltage values can be relatively large. This error is
spread out by the sampling functions without a severe attenuation, and this gives rise
to a remarkable relative error in the zones where the voltage level is low (Bucci
et al. 1991b). These difficulties have been overcome by resorting to an OSI expan-
sion (Bucci et al. 1991a, b), in which only relatively few samples in the neighbor-
hood of the output point are used in the reconstruction. These algorithms minimize
the truncation error for a given number of retained samples and are more stable than
the CS expansions with respect to random errors affecting the data.

In the light of the above discussion, the voltage at P (£(8), @) on the meridian
curve fixed by ¢ can be efficiently evaluated via the OSI expansion (Bucci
et al. 1998c; Bucci and Gennarelli 2012):

mo+q

V(E®), ) =e MOV () =D N V(& 0)Qu (& — & E)Dyr(E— &)

m=n—q+1

(144)

where my = Int(¢/A¢) is the index of sample nearest (on the left) to P, 2¢ is the
number of the retained intermediate samples V(£,,, @), namely, the reduced voltages
at the intersection points between the sampling azimuthal circumferences and the
meridian curve, & = gAE, M = M" — M', and

&, =mAE =2zm/(2M" +1); M" =Int(yM') +1; M' = Int(y'W;) + 1
(145)



Near-Field Antenna Measurement Techniques 2153

x being an oversampling factor required to control the truncation error (Bucci
et al. 1991a, 1998c), and Int(x) denoting the integer part of x. Moreover,

sl 0g2
DM”(&) - (2M// i 1) sin (5/2) ) QM(SEaé:) =

Ty [2c08%(£/2) cos?(£/2) — 1]
Ty [2/cos?(€/2) — 1]

(146)

are the Dirichlet and Tschebyscheff sampling functions, respectively, Ty,(-) being the
Tschebyscheff polynomial of degree M.

It is worth noting that the weight function Q,(-,-) has been obtained in (Bucci
et al. 1991a, b) by paralleling the properties of the so-called sampling window
function introduced by Knab (1983), which (in the square norm) represents the
practically optimal weight function for the case of an indefinite observation domain,
where the kernel of the CS expansion is the sin(x)/x function instead of the
Dirichlet one.

The intermediate samples 7(&,, @) can be determined by means of the OSI
formula:

no+p

V(§m5 ¢) = Z V(fm’ ¢n,n1)QNn, <§0 — P, mo E)DN;’, (40 - (pn,m) (147)

n=no—p+1

where ng = Int(¢/A@,,), V(En> @nm) are the reduced samples on the azimuthal
circumference fixed by &, 2p is the retained samples number, and

@ =nAp,, =270/ (2N, +1); Ny =Int(yN,)+1; N, =Int[y*W,(&,)] +1
(148)
#=pAp,; Np=Nl =N, y =1+ —1)[sind(,)] > (149)

m?

The variation of the azimuthal enlargement bandwidth factor y* with & is required
to ensure a band limitation error constant with respect to £ (Bucci and Franceschetti
1987).

By properly matching Egs. 144 and 147, the two-dimensional OSI expansion is
obtained:

mo+q

V(g(lg)’ (p) = ein(f) Z {QM (5 - ém’E)DM”(f - ém)

m=mp—q+1

nwtp
Z V(ém’ (pn,m)QNm ((p — Pn,m> @)DN’"Z ((p - (pn,m) }

n=ng—p+1

(150)

which makes possible to reconstruct efficiently and accurately the NF data needed to
carry out the traditional NF-FF transformation corresponding to the considered
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scanning geometry from a nonredundant, i.e., minimum, number of NF
measurements.

Efficient and accurate NF-FF transformation techniques with plane-polar (Bucci
et al. 1998a, 2000), bipolar (D’Agostino et al. 2003), cylindrical (Bucci et al. 1998b;
D’Agostino et al. 2002), and spherical (Bucci et al. 2001a; D’Agostino et al. 2011,
2013a) scannings have been so developed. In all the cases, a remarkable reduction of
the number of the required NF data and of the related measurement time has been
achieved.

The effectiveness of the OSI algorithms depends on the choice of the following
parameters: the enlargement bandwidth factor, the oversampling factor, and the
retained samples number. The enlargement bandwidth factor ' allows to control
the aliasing error and values slightly greater than unity are enough to ensure small
errors in the case of electrically large antennas (Bucci and Franceschetti 1987, 1989).
A numerical procedure to properly select the 3’ value is described in (Gennarelli
et al. 1994). As regards the choice of the parameters controlling the truncation error,
namely, the oversampling factor y, and the numbers p, ¢ of the retained nearest
samples, it can be numerically made as in (Bucci et al. 1998c). Note that such an
error can be decreased on increasing p, ¢, and/or y. An increase of p, ¢ implies a
growth of the interpolation time, whereas an increase of y reflects in a growth of the
required NF data and, as a consequence, of the measurement time. In practice, the
choice of the above parameters is done in such a way that the error related to the
interpolation (aliasing plus truncation) must be smaller than the measurement one
(background noise plus measurement uncertainties). It must stressed that, due to the
filtering properties of the interpolation functions, it is possible also to cut away the
spatial harmonics relevant to the noise sources outside the AUT spatial bandwidth.

NF-FF Transformation Techniques with Spiral Scannings

The scanning of a nondirective probe along a proper spiral wrapping an arbitrary
rotational surface M, obtained by rotating a meridian curve always external to the
cone having the vertex at P and tangent to the rotational surface X enclosing the
AUT, is considered in the following. The Cartesian coordinates of a generic point on
such a spiral are

x =r(0) sinfcos ¢
y =r(0)sinfsin ¢ (151)
z=r(0)cosb

where (@) is specified by the meridian curve generating the surface M, ¢ is the
angular parameter describing the spiral, and the angle € is a monotonic increasing
function of ¢. It can be easily verified that #() = d/cosf in the case of a planar spiral
lying on a plane at distance d, #(f)) = d/sin0 for a helix wrapping a cylinder of radius
d, whereas r(0) = d when a spherical spiral is considered. It is worth noting that the
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angle 0, unlike the zenithal angle 8, can assume negative values. As a matter of fact,
when the spiral describes a complete round on the surface M, moving from the south
pole to the north pole and then returning to the south one, € varies in the range [—, z].
Moreover, ¢ is always continuous, whereas, according to Eq. 151, the azimuthal angle
@ displays a discontinuity jump of z when the spiral crosses the poles.

In order to obtain a nonredundant sampling representation of the probe voltage on
the surface M from its samples collected along the spiral, it is necessary
(D’Agostino et al. 2009¢; Cicchetti et al. 2014):

(a) to choose the spiral in such a way that its pitch, specified by two consecutive
intersections (at ¢» and ¢ + 2x) with a meridian curve, be equal to the sample
spacing needed for the interpolation along this curve;

(b) to develop a nonredundant sampling representation along the spiral.

According to condition (a), the optimal parameter £ relevant to the meridian curve
and the angular one ¢ describing the spiral are related by

¢ =ko (152)

where & must be such that the interval A¢ = 2zk, corresponding to the spiral pitch, is
equal to the required sample spacing AE = 27/(2 M” + 1) (see Eq. 145). Accordingly,
k = 1/(2 M" + 1). The scanning spiral can be so viewed as the projection on the
surface M, via the curves at £ = const, of the corresponding spiral wrapping with the
same pitch the modeling surface X.

The development of a nonredundant sampling representation of the voltage along
the spiral is a more complex task, which has been heuristically solved in
(D’Agostino et al. 2009¢) by paralleling the rigorous procedure (D’Agostino
et al. 2006) valid when the antenna is modeled by a spherical surface. Therefore,
the main results of the unified theory of spiral scannings for antennas enclosed in a
spherical surface (D’ Agostino et al. 2006) are reviewed in the following.

In such a case, the optimal parameter to describe a meridian curve is the angle 6
(which coincides in the range [0, z] with the zenithal one 9) and the related
bandwidth is fa. Moreover, the optimal phase factor y and parameter 7 to obtain a
nonredundant representation along the spiral can be obtained from Eqs. 126 and 128
by observing that the extreme values of R - t occur (D’Agostino et al. 2006) at the
two tangency points P;, (Fig. 24) between the sphere modeling the AUT and the
straight lines passing through the point Q on the spiral and belonging to the plane
specified by the unit vectors t (tangent to the spiral at Q) and r (pointing from the
origin to Q). Denoting by R, , the related unit vectors and by 6 the angle between r
and t (see Fig. 24), it results (D’ Agostino et al. 2006)

(R +Ry)/2 =rsina =ry/1 —a?/r? (153)

(Ri —Ry)/2 =ncosa (154)
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Fig. 24 Geometry of the
problem in the plane t, r

where n is the unit vector parallel to the plane r, t and orthogonal to r. Accordingly

(R, —Ry) -t/2 = (n-t) (a/r) = (a/r)siné (155)

By substituting Eq. 153 in Eq. 126 and taking into account that dr =r - tds, it
results

W= [)’J V1 —a/rrdr = pVr?: —a* — pacos '(a/r) (156)
0
Namely, the phase function y relevant to the sampling representation along the

spiral coincides with that y related to the representation on a meridian curve.
By differentiating Eq. 151, it can be easily verified that

ds = V12 sin?0 + K212 + k212 dgp (157)

where 7 = dr/df. Moreover,

ds  dp ds

kr — (158)

(_dr_drdg _[drdo]dg _ df _ kr
d9dg| ds ds  \/2in20 + K32 + K22

and, accordingly,

12 $in%0 + k*r2
sind =1/1— (r-t)> = 159
(r-t) \/r2 sin’0 + k2r2 + k*r2 (159)

By substituting Eqs. 155 and 157 in Eq. 128 and taking into account Eq. 159, it
results
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¢
_Paf a2 oo
ﬂ_%J k“ 4 sin“k¢p d¢ (160)
0

that is, the optimal parameter # for describing the spiral is /W, times the arclength of
the projecting point that lies on the spiral wrapping the sphere X. Since such a spiral
is a closed curve, it is convenient to choose the bandwidth J¥, in such a way that the
angular-like parameter 5 covers a 2z range when the entire projecting spiral is
described. Therefore,

2M"+1)n

W, :% J \/k* + sin’k¢p dep (161)

0

namely, the bandwidth W), is ff/x times the length of the spiral which wraps from pole
to pole the sphere X.

The more general case wherein the AUT is no longer modeled as enclosed in a
sphere is now considered. The parameterization # for describing the scanning spiral,
the related phase factor y;, and bandwidth W, can be heuristically obtained
(D’Agostino et al. 2009¢) by generalizing the corresponding ones for the spherical
modeling case (see Eqs. 160, 156, and 161). In particular, 5 is p/W, times the
arclength of the projecting point that lies on the spiral wrapping the surface X (the
projection is obtained by the curves at £ = const that, in such a case, take the role of
the radial lines of the spherical modeling), y coincides with the phase function y for a
meridian curve, and the bandwidth W), is p/x times the length of the spiral wrapping
> from pole to pole. In other words, the spiral, y, and # coincide with those relevant
to the spherical modeling when the surface X approaches a sphere.

In the light of the above results, the reduced voltage at any point Q of the spiral
can be reconstructed by the following OSI expansion (D’Agostino et al. 2006,
2009¢; Cicchetti et al. 2014):

no+p

Vi)=Y V)0 —n,. Dy (n —n,) (162)

n=no—p+1

where 2p is the number of retained samples ¥(17,,), no = Int(r/An) is the index of the
sample nearest (on the left) to the point O, 77 = pAn, N=N"' — N/, and

n, =nAn=2zn/(2N" +1); N’ =Int(yN')+1; N =Int(yW,)+1 (163)

It must be stressed that small variations of  correspond to very large changes of ¢
in the neighborhood of the poles (8 = 0 and § = ), so that, when interpolating the
voltage in these zones, the enlargement bandwidth factor ' must be properly
increased to avoid a significant growth of the band limitation error.
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The expansion (Eq. 162) can be used to determine the “intermediate samples,”
namely, the reduced voltage values at the intersection points between the meridian
curve passing through the observation point P and the spiral. Once they have been
determined, the voltage at the point P can be recovered by means of the following
OSI expansion:

mo+q

V(E®),0) = N V(E,)Qu(E— & E)Dy (€ — &) (164)

m=mp—q+1

where 24 is the number of retained intermediate samples V(,,), mo = Int [(£ — &)/
A£] is the index of the sample nearest (on the left) to the point B, M = M" — M,
& =qA¢, and

Summary

The aim of this chapter is to provide a complete description of the NF antenna
measurement techniques to students, junior engineers, researchers, and physicists
that wish to tackle such a topic. To this end, a wide introduction resumes the state of
the art by supplying also a rich and updated bibliography. Then, the classical NF-FF
transformations with plane-rectangular, cylindrical, and spherical scannings, in their
probe-uncompensated and probe-compensated versions, are summarized by
pointing out their advantages and drawbacks. Moreover, some analytical details on
the wave expansions commonly employed to represent the antenna field in the
region external to it are reported in order to enable the interested reader to achieve
a more in-depth knowledge of the topic. The nonredundant sampling representations
of the electromagnetic fields are then introduced, highlighting how their application
to the NF-FF transformations with conventional scannings allows a drastic measure-
ment time reduction with respect to the classical ones, without any loss in accuracy
of the FF reconstruction. At last, the NF-FF transformations using innovative spiral
scannings, which allow a further measurement time saving by exploiting continuous
and synchronized movements of the positioning systems, are described. They
employ efficient sampling representations to accurately reconstruct the probe voltage
on a quite arbitrary rotational surface from a nonredundant number of its samples
collected on a proper spiral wrapping it.
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