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Abstract—In this communication, the experimental verification of
a probe compensated near-field — far-field (NF-FF) transforma-
tion with spherical spiral scanning particularly suitable for elon-
gated antennas is provided. It is based on a nonredundant sam-
pling representation of the voltage measured by the probe, ob-
tained by using the unified theory of spiral scans for nonspherical
antennas and adopting a cylinder ended in two half-spheres for
modelling long antennas. Its main characteristic is to allow a re-
markable reduction of the measurement time due to the use of
continuous and synchronized movements of the positioning sys-
tems and to the reduced number of required NF measurements.
In fact, the NF data needed by the classical NF-FF transforma-
tion with spherical scanning are efficiently and accurately recon-
structed from those acquired along the spiral, by employing an
optimal sampling interpolation formula. Some experimental re-
sults, obtained at the Antenna Characterization Lab of the Uni-
versity of Salerno and assessing the effectiveness of such a NF-FF
transformation technique, are presented.

l. INTRODUCTION

The near-field — far-field (NF-FF) transformation tech-
niques play a significant role in antenna measurements [1-7]. In
fact, they allow to overcome all drawbacks which make un-
practical the radiation pattern measurement of large antennas in
a conventional FF range. Among them, that using the spherical
scanning [8-15] is particularly interesting, since it allows the
full reconstruction of the radiation pattern of the antenna under
test (AUT) without requiring its repositioning. However, this is
obtained at the expense of a data processing remarkably bur-
densome than that required in the planar and cylindrical scan-
ning cases. NF-FF transformation techniques with spherical
spiral scanning have been recently proposed [16-22]. They
maintain the full antenna pattern coverage feature of that em-
ploying the spherical scanning, but exploit, as suggested in
[23], continuous and synchronized movements of the position-
ing systems of the probe and AUT to remarkably reduce the
time required for the NF data acquisition. It must be stressed
that the measurement time reduction is a very important issue
for the antenna measurement community, since such a time is
nowadays very much greater than that required to perform the
transformation. The remarkable measurement time saving char-
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acterizing the spherical spiral scanning techniques is due not
only to use of continuous movements, but also to the reduced
number of the NF data to be acquired. As a matter of fact, the
NF-FF transformations using these innovative scans are based
on the nonredundant sampling representations of electromag-
netic (EM) fields [24, 25] and make use of optimal sampling
interpolation (OSI) formulas [26] to efficiently recover, from
the samples acquired along the spiral, the NF data required by
the spherical NF-FF transformation. The two-dimensional non-
redundant sampling representation for the voltage measured by
the probe on a sphere has been obtained by developing a nonre-
dundant sampling representation on a spiral, whose pitch is
equal to sample spacing required for the interpolation along a
meridian. As first step, the sampling representation has been
obtained [16-18] by considering the AUT as enclosed in the
smallest sphere able to contain it. Then, by properly applying
the unified theory of spiral scannings for nonspherical antennas
[19], NF-FF transformations with spherical spiral scanning for
elongated or quasi-planar antennas have been developed in [20-
22]. More in detail, a prolate [20] and an oblate ellipsoid [20,
21] have been adopted for modelling an elongated and a quasi-
planar antenna, respectively. Whereas in [22], a long AUT has
been assumed as enclosed in a rounded cylinder, i.e., a cylinder
ended in two half spheres, and a surface formed by two circular
bowls with the same aperture diameter but eventually different
lateral bends has been employed to shape a quasi-planar AUT.

The goal of this work is to provide the experimental assess-
ment of the NF-FF transformation with spherical spiral scan-
ning for long antennas [22], using the rounded cylinder model-
ling (Fig. 1). The experimental tests have been performed in the
anechoic chamber of the Antenna Characterization Lab of the
University of Salerno, wherein a roll over azimuth spherical NF
facility supplied by MI Technologies is available. The very
good agreement between the far-field patterns recovered from
the nonredundant samples acquired along the spherical spiral
and those reconstructed from the NF data directly measured on
the classical spherical grid confirms also from the experimental
viewpoint the effectiveness of this innovative NF-FF transfor-
mation, which allows a remarkable measurement time saving
retaining the accuracy of the classical spherical one.



Figure 1. Spherical spiral scanning for an elongated antenna.

II. NONREDUNDANT SAMPLING REPRESENTATION OF THE
PROBE VOLTAGE ON A SPHERE

Let us consider an AUT and a nondirective probe which
scans a spiral wrapping a sphere of radius d in the antenna NF
region and adopt the spherical coordinate system (7,0,9) for
denoting an observation point P (Fig. 1). Because the voltage V'
measured by such a kind of probe has the same effective spatial
bandwidth of the field [27], the results relevant to the nonre-
dundant sampling representation of EM fields [24, 25] can be
applied to it. Accordingly, by considering the AUT as enclosed
in a convex domain bounded by a proper rotational surface X
and describing the observation curve C by means of an optimal
analytical parameterization r = r(1), the “reduced voltage”

7my=vm eV, (1)

where V' is the voltage V) or V, measured by the probe or by
the rotated probe and y(n) is a proper phase function, can be
closely approximated by a spatially bandlimited function. The
corresponding error is negligible as the bandwidth exceeds a
critical value Wy [24] and can be effectively controlled by
choosing the bandwidth of the approximating function equal to
X'Wy, where X' is an enlargement bandwidth factor, slightly
greater than unity for electrically large antennas. As shown in
[24], r(m) and y(n) depend on the adopted AUT modelling.
Moreover, the choice of a modelling which fits well the ge-
ometry of the AUT is mandatory for reducing the number of
required samples. Since the considered AUT is electrically
long, it is convenient to choose the surface X enclosing it co-
incident with a rounded cylinder, namely, a cylinder of height
h' ended in two half-spheres of radius «' (see Figs. 1 and 2).

According to the unified theory of spiral scannings for non-
spherical antennas [19], heuristically derived by paralleling the
rigorous approach [17] valid when adopting the spherical mod-
elling, a two-dimensional OSI expansion to reconstruct the vol-
tage from a nonredundant number of its samples acquired along
a spherical spiral can be obtained by developing a nonredun-
dant sampling representation of the voltage on a spiral whose
pitch is such that it intersects any meridian at points having a

Figure 2. Relevant to the rounded cylinder modelling.

spacing equal to that required for the interpolation. Accord-
ingly, the bandwidth W}, and parameterization 1 relevant to a
meridian, and the corresponding phase function y are given by
[19, 22]:

W, =Bl'/2n )
[R —Ry+ 5] +53 ] ©)
=%[R1+R2+sl'—s§:| 4)

where B is the wavenumber, ¢'= 2(A'+ ta") is the length of
the intersection curve C' between the meridian plane through
the observation point P and £, R, , are the distances from P to
the two tangency points P, , between the cone of vertex at P
and C' and s}, are their curvilinear abscissae. The expres-
sions of R, and 51, change depending on the location of the
points P ,. As shown in [22], three cases (see Fig. 2) must be
considered when O varies in the range [0, T].

For 0< 9 <sin'(a'/ d), we get:
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For sin"!(a'/d) < ® < m—sin"!(a'/d) ,
again given by (5) and (6), whereas it results:
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At last, for t—sin™'(a'/d) <O <m, R, and s} are again
given by (8) and (9), whereas:

R = \/(d sin®)’+ (dcos® + kY 2) - a” (10)
] i Rdsind+a'(h'/2+dcos?) (1)
2 R} +a”

According to [19, 22], the spiral is obtained by projecting
on the scanning sphere, via the curves at n = const (Fig. 3), a
proper spiral wrapping X and, as previously stressed, the step of
this projecting spiral must be equal to the sample spacing
An=2m/(2N"+1) needed to interpolate the voltage along a
meridian. In this last relation, N"=Int(XN')+1 , where

=Int(X'Wy)+1, x>1 is an oversampling factor [26] which
allows the control of the truncation error, and Int(x) denotes the
integer part of x. Accordingly, the parametric equations of the
spherical spiral are:

x =d sinB(n) coso

y=d sinB(n) sind (12)

z=d cosB(n)
wherein ¢ is the angular parameter describing it and n=%¢.
The parameter £ is such that the spiral step, determined by two
consecutive intersections with a meridian, is equal to the

sample spacing An. Therefore, being An=2nk, it follows
that k=1/(2N"+1).

/ f

Y = const. M = const.

Figure 3. Curves y = const and 1 = const.

The unified theory of spiral scannings for nonspherical an-
tennas [19] also allows the determination of the nonredundant
representation on the spiral. In particular, the optimal parameter
& for describing the spiral is equal to B/We times the arclength
of the projecting point that lies on the ‘spiral wrapping the
modelling surface £ and the related phase function vy coincides
with that y relevant to a meridian. The bandwidth W is cho-
sen equal to B/m times the length of the spiral wrapping X
from pole to pole [19, 22]. In such a way, & covers a 2m range

when the point moving on the scanning spiral encircles the
AUT once.

In light of the above results, the reduced voltage at P on the
meridian at ¢ can be recovered via the OSI e pansion:

n0+q

7n®.0)= Y 7(n,)

n=n,—q+1

Qy(n-n,) Dy«(n-n,) (13)

herein ¥ (n ,) are the intermediate samples, namel , the re-
duced voltage values at the intersection points between the
meridian passing through P and the spiral, 2¢q is the retained

samples number, ny,=Int[(n—1,)/An] is the inde of the
intermediate sample nearest (on the left) to P and
N, =M, (®) = k¢ +nAn=me+nAn (14)
Moreover,
sin((2N"+1)n/2
Dy (n)= ( " : ) (15)
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are the Dirichlet and Tschebyscheff sampling functions [26],
wherein =gAn and T,,(n)is the Tschebyscheff polynomial
of degree N= N"-N".

A similar OSI expansion along the spiral [19, 22] allows the
reconstruction of the intermediate samples V'(n,):

m+p

ZV
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here_my, = Int(§/AE) , 2p is the number of the retained sam-
ples, E= pAE, M= M"-M"', and

=m =2 m/Q2M"+1) (18)

m
ith M"=Tnt[xM']+1 and M'= Int[3' W ]+1.

It is worthy to note that, when reconstructing the intermedi-
ate samples nearby the poles (9 =0 and ¥ =), the factor '
must be properly increased to avoid a significant growth of the
bandlimitation error in these zones.

The two-dimensional OSI expansion for reconstructing the
reduced voltage at any point on the sphere is then obtained by
properly matching the one-dimensional ones (13) and (17).
This makes possible to accuratel recover the voltages V] and
V5, hich ould be measured b the probe and rotated probe
at the points required b the spherical NF-FF transformation in
its classical version [11] or as modified in [14].

I1l. EXPERIMENTAL TESTING

Some experimental results assessing the effectiveness of the
described NF-FF transformation with spherical spiral scanning



for elongated antennas are shown in this section. They have
been carried out in the anechoic chamber of the Antenna Char-
acterization Lab of the University of Salerno, wherein a roll (¢
axis) over azimuth (9 axis) spherical NF facility is available.
The chamber is 8mx5m x4m sized and is covered with py-
ramidal absorbers ensuring a background noise lower than — 40
dB. It is equipped with a vertical scanner and some rotating
tables supplied by MI Technologies, which can be properly
arranged to perform NF measurements with plane-polar, planar
spiral, cylindrical, and helicoidal scannings, besides those with
spherical and spherical spiral scannings. The amplitude and
phase measurements are carried out by means of a vectorial
network analyzer. Direct FF measurements and radar cross
section (RCS) measurements of small targets are also possible.

The experimental results reported in the following refer to a
X-band resonant slotted waveguide array, located on the plane
y = 0 of the adopted reference system (Fig. 1). It has been
realized by making 8 round-ended slots on both the broad walls
of a tapered rectangular waveguide and is fed via a coaxial to
rectangular waveguide transition. Such an antenna has been
modelled by a rounded cylinder with #'=10A and «'= 0.85AX,
A being the wavelength. An open-ended WR90 rectangular
waveguide, which scans a spiral wrapping a sphere of radius
d =15.07 &, has been employed as probe. In order to assess the
effectiveness of the two-dimensional OSI algorithm, the ampli-
tude of the reconstructed voltage Vi relevant to the meridians
at ¢ = 0° and ¢ = 90° is compared in Figs. 4 and 5, respec-
tively, with that directly measured on the same meridians. The
corresponding comparison for the phase is shown in Figs. 6 and
7. A good agreement between the retrieved voltage (crosses)
and that directly acquired (solid line) results save for the zones
characterized by a very low level, wherein the error is due to
the noise and the residual reflections from the anechoic cham-
ber walls. It is worth noting that an enlargement bandwidth
factor X' such that the spacing among the samples is reduced
exactly by a factor 5 has been employed in the zones of the
spiral determined by the 20 samples around each pole.

The overall effectiveness of this NF-FF transformation
with spherical spiral scanning is assessed by comparing the FF
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Figure 4. Amplitude of V; on the meridian at ¢ = 0°. Solid
line: measured. Crosses: retrieved from NF data acquired via
the spherical spiral scan.
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Figure 5. Amplitude of V; on the meridian at ¢ = 90°. Solid
line: measured. Crosses: retrieved from NF data acquired via
the spherical spiral scan.
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Figure 6. Phase of V; on the meridian at ¢ = 0°. Solid line:
measured. Crosses: retrieved from NF data acquired via the
spherical spiral scan.
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Figure 7. Phase of V| on the meridian at ¢ = 90°. Solid line:
measured. Crosses: retrieved from NF data acquired via the
spherical spiral scan.



pattern in the principal planes E and H recovered from the NF
data collected along the spiral (Figs. 8 and 9) with that (refer-
ence) obtained from the NF data directly acquired on the
classical spherical grid. In both the cases, the software package
MI-3000, implementing the standard spherical NF-FF transfor-
mation [11], has been used to reconstruct the FF patterns. At
last, the FF pattern reconstruction in the cut plane at ¢ = 0° is
shown in Fig. 10. All reconstructions are very accurate, thus
validating also from the experimental point of view the ef-
fectiveness of the approach.
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Figure 8. E-plane pattern. Solid line: reference. Crosses: re-
trieved from NF data acquired via the spherical spiral scan.
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Figure 9. H-plane pattern. Solid line: reference. Crosses: re-
trieved from NF data acquired via the spherical spiral scan.

It is is interesting to compare the number of used samples
(983) with that (5 100) required by MI software package imple-
menting the classical NF-FF transformation with spherical
scanning [11]. In particular, the number of “regular samples” at
spacing A& is 823, whereas the number of “extra samples” at
reduced spacing is 160.

IV. CONCLUSIONS

An experimental assessment of an innovative NF-FF trans-
formation technique with spherical spiral scanning for elec-
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Figure 10. FF pattern in the cut plane at ¢ = 0°. Solid line:

reference. Crosses: retrieved from NF data acquired via the
spherical spiral scan.

trically long antennas, based on the rounded cylinder modelling,
has been provided in this work. A very good agreement has
been found, both in the near-field and in the far-field recon-
structions, thus experimentally confirming the validity of such
an innovative transformation. It allows one to obtain a drastic
measurement time saving without any loss in accuracy with
respect to the NF-FF transformation using the classical spher-
ical scanning.
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