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Abstract This paper presents a simple and practical method and measurement results of transformation by using the idea
of array-factor for direct far-field prediction from the near-field data of antenna and RCS in cylindrical scanning system.
When radiation pattern of an antenna or scattering pattern of radar cross-section (RCS) is measured, its characteristics is
usually evaluated in the far-field area. However, measurement is usually done in the radio anechoic chamber to reduce un-
necessary reflected wave and deviates from the condition of far-field according to the size or the measuring frequency. On the
otherhand, it is well known that methods such as compact-range orthe transformation processing approach can transformthe
pick-up data fromthe near-field to the far-field. The measurement results by this simple near-field transformation agree very

well with the conventional far region measurement method.
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1. Introduction

Electromagnetic wave propagation caused by a source
can be also considered as the result of an equivalent second-
ary source between the wave source and observation point.
When the electromagnetic field in an area near the source is
known by some methods then the field in other areas can be
theoretically predict. Thus a near-field measurement method
can be applied to predict the antenna or radar cross-section
(RCS) pattern which cannot be physically measured from far
distance. The exact method of near-field to far-field trans-
formation has been reported from 1970s for antenna[l-4]
and RCS measurement[5],[6]. It is a traditional and
well-established approach to formulate the electromagnetic
field relation between the probe and the antenna under mea-
surement using modal expansion method according to the
ways of probe scanning which can be classified into three
major types: flat-plane, cylindrical, and spherical scanning.
The flat-plane scanning type is the simplest, and as a result,
we can easily obtain the far-field from the data of near-field
distribution using fast Fourier transformation (FFT). It is,
however, difficult to apply the FFT for the other scanning
types, i.e., cylindrical or spherical, and selection of the scan-
ning type depends on the directivity of the antenna or the
beam width of the RCS. In this paper, we present a method
that available to apply in any scanning type.

When array antenna is studied, it is common to use array
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-factor (AF) for representing the electromagnetic far-field
which is the result of the radiation of array elements as small
point sources. The AF is a basic theory for beam-forming of
phased array antenna, adaptive array processing and so on.
This AF concept can be also directly applied to the near-field
to far-field transformation. The formulation of the AF is very
simple as compared to the complicated modal expansion
method which needs various special functions according to
the scanning plane. In addition, AF based method is only
dependent on the coordinates of the probing sample points,
which is one of its major features. In this paper, we mainly
discuss the far-field transformation in circular cylindrical
scanning for antenna and quasi -bistatic RCS patterns.

2. Array-factor of a Ring and
Cylindrical Array

When the same isolated elements are arranged in the lin-
ear and homogeneous space, assuming there is no mutual
coupling among elements, the AF in terms of angular vari-
ables of'the spherical coordinate system (8, ¢) is:

£©,9) = Ta, ek (wx, + vy, +wz,)} (1)
where (x,,y,,2,) are the 3-dimensinal coordinates of the
n-th element, u =sinf cos¢,v = sinf cos¢p,w = cosf;
k = 2w /A is the wave-number and A is the wave-length. Eq.
(1) expresses the far-field pattern which is produced by point
sources. If we use the measured electromagnetic field dis-
tributed near the antenna instead of the AF element as point
source then it is expected that Eq. (1) shows the far-field
radiation pattern of the antenna. Furthermore, this expression
is already in a fashion of the far-field pattern, and the
near-field data can be directly transformed to the far-field by
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putting the phase and amplitude of these near-field data to
the complex number coefficient, a,.

The flat-plane scanning is suitable for measurement of
high directivity antenna such as the aperture antennas[3]. On
the otherhand, the cylindrical (circle) scanning based onring
array is known to be best for patch and/or wire antenna and
so on with broad pattern. The processing of FFT is em-
ployable in the flat-plane scanning system, but, unfortunately,
not in other scanning system like cylindrical or spherical. In
this study we mainly concentrate on the cylindrical scanning
systembut as will be seen later, the proposed transformation
method using AF in Eq. (1) is independent on scanning types.
It only needs the near-field phase and amplitude data, a,, at
coordinates (x,,,y,,2,).
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Figure 1. Geometry of aringarray and spherical coordinates

In order to discuss the ring array theory, we analytically
expand Eq. (1) as follows. When N same elements are ar-
ranged on a circumference in the x - y plane as shown n
Fig. 1, the AF ofa ring array, by setting z, =0 in Eq. (1),
becomes

£6,8) = EN_a, op{jkR, sinfcos@— 9,0} (2)
where ¢, = 2nn/N is angle of the element antenna and
R, =R is the radius of the circumference. We can easily
obtain the far-field transformation by putting the measured
data in the complex coefficients a, . Introducing new vari-
ables

Pn = R/ —up)? + (v —vy)?, (3a)
— e %uo
008§ = e Tr G (30)

where (ug,v,) are angles for the maximum beam, then Eq.
(2) can be simplified as

f(6.¢) =X)_1a, exp{jkp,cos(¢ — ¢,)} 4
This expression saves the computing time, even though the
element number, N, is comparatively large. Another formof
the ring array using the Bessel function is also available by:

£6.¢) =aNZ}_exp [jpN (=€)} n kp)  (5)
where [,y (kp) is the Bessel function of the first kind with

order pN . If the maximum beam direction is (6, =
n/2, ¢y =0)and N is comparatively large (e.g., N = 10),
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Eq. (5) approximately becomes f(8,¢) = aNJ,(kp) in
both horizontal and vertical planes.

Next, the directivity of a ring array is considered. The di-
rectivity is defined by the radiation field P (0, ¢) divided by
the average receiving power density B. /(4m)of the array.
The factor of 4m of the average power density originates in
an isotropic reference antenna. The directivity in the direction
of the maximumbeam is especially called gain of directivity,
which is expressed as

Pz 1 47 | Py |12
Do =7 e = BT 1T1P(0,¢)12 sin 6dodg (6)
This D, is usually evaluated by numerical integration.
However, in the case of a ring array we show the above
denominator [P(8,¢)|? can be analytically calculated as
follows.
First, forany p,n = 1,2,---, N arelation
a, @, (j¥, = j¥2)
-exp {jkR sin [cos(¢ — ¢, ) — cos(p — ¢,)]}
= a, ¢, (¥, = j¥a)

exp{jkppn sin@ cos(d) — Opn )} (7a)
. Pp—Pn
Ppn = 2Rsin (Z22), (7b)
_ _1 sin ¢p —sin @y
Pon =tan ( cos @p —cos (pn)' (7¢)
¥, = —kR,sinf, cos(¢p, — ¢,,), (7d)

can be derived. Substituting the above relation to the de-
nominator of Eq. (6), we get
NN

> aya,en (i, — in)

p=1n=1

2 M
J J exp {jkppn sin@ cos(d; — Qpn )}sin@d@dd)
0o Yo

N N
= 4”2 Z apan exp(/'yp _jyn)

p=1n=1

5% 1ok sin ) singde. @®)
Finally, the result is expresged as ,
DO — [Pmax | — |P(90:<P0)| : (93)

w w
i sinkpyn
W=Z Dl aenlily, - vl (00)
The above described AF and directivity are effective for
element antenna with o mni-directional pattern. If the pattern
of element antenna have a form ot;

£ (@) = (cosa)® - (cosa) 2;5 = 1,2, > i, (10)
where a is the angle measured from bore-sight of the ele-

ment antenna, the factor Wof Eq. (9b) then becomes the
following closed-form:

w=3N_ 3N a,a, exp{i(y, =v.)} - Spm,

(—D)¥sY s 4q+i(kppn)
S, =-r(s)YP_ TP (£ 1),
p 2 i=1 kp a
(i!)z(p—i)!(—zm)

(-DsYs4q+i(kppn)
s+q+i
(i!)z(p—i)!(k—pzm)

_ I's+D-ree) _
S = 2r(s+t+1) (p=mn

where I'(-) and J(-) are the Gamma and Bessel functions,

(1)

Spn = %F(s) ., (p #n),
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respectively. For example, for vertical short dipoles, element
antennabecomes f, = cosa by setting s = 1,t =1/2. S,
in Eq.(11) is giver)l by

_ sin(kppn 1 {sin(kppn) }
P kpn Geppn)? U kppn —cos(kp,, ), (12)
2
Snn = g

Eq. (2)-(5) are the AF expressions for a single ring array.
When M-pieces of ring arrays of radius R,,,, overlap cy-
lindrically, then by considering the z-axis, the single ring
array Eq. (1) can be modified t(;w

N
[6.9)= D) an,

m=1n=1

exp {jk Ry, sin6 cos(p — @, ) +jkZy, cos 8}, (13)
where 6, ¢ areangles ofthe radiation pattern in the spherical
coordinates. Each ring array is arranged in the same way. In
other words, each element coordinates is same in the x -y
plane, ie., ¢,,, = ¢,. Moreover, the distance in the direc-
tion of the diameter is R,,,, = R, because the form of a
cylinder is assumed.

3. Near-field Measurement for Antenna

In this section, we examine the procedure for predicting
the far-field measurement. The phase and amplitude of the
measured data in the near-field can be directly input to the
complex coefficients a,,, . Since the radius of the cylinder
is constant, one can set R,, = R. The probe antenna is
linearly moved along the z-axis of the cylinder and the
antenna under test (AUT) sitting on a pedestal is rotated
around the z—axis as shown Fig. 2. At the same time, AF
takes the probe pattern into account, and its compensation is

as follows.
/ ’-—-"x
\ i_____—__—_// A
Probe Ant I 5 . .
( Xm\\-m-zm} “/~ e i
X z
AUT (
¢
el —
| D

Figure 2. Cylindrical scanning system of near-field measurement

The pattern of the probe is assumed to be f,(6,,¢,)
where 8, and ¢, are the local spherical coordinates at
the sampling point of the measure data. The real pattern of

the cylindrical array antenna system can be required by
multiplying the AF to this element pattern as weighting. In
order to evaluate the far-field without grating-lobe, it is
necessary to know the beam pattern of the probe antenna,
fp (6, ¢,,). Thus after the probe correction the far-field pat-
tern Eq. (13) is simply m(;wdifiﬁd to

FO.8)= Dt (8,9,)

m=1n=1

exp {jk R, sinf cos(¢p — @, )Hjkz,,, cos ) (14)
for 3-dimensional cylindrical scanning transformation. This
compensation of the probe antenna to AF as element pattern
weighting is the key point in array antenna theory for
near-field to far-field transformation on non-flat scanning
measurement. For simplicity, assuming the pattern of the
probe antenna is f, = cos¢, (|¢p| <m/2),=0 (|¢p| >
m/2) in a single layer of ring array, we can approximately
convert the pattern to the scanning coordinates as cos(¢ —
@n). Then the far-field pat}vern Eq. (14) reduces to

£6,¢) = Z a, cos(p — ¢,)
n=1
exp {jkR, sinf cos(¢p — ¢,)}. (15)

If the edge of the waveguide is selected as probe antenna
then we may use the calculated tablet value of the horn an-
tenna to correct the probe pattern. However, it can be ex-
pected that there is not so difference in the result of the
far-field transformation even if it is replaced by the cosine
function as mentioned above, from the viewpoint of the
computing time. The directivity gain of the AUT is eva-
luated by using Eq. (9a) and the absolute gain including
antenna loss can be evaluated using the substitution method
for standard horn gains.

In the actual measurement, samp ling interval of the probe
A@p,,, and Az, become important parameters. The angle
@y 1s rotated within the range of 0 ~ 2m and z,, is lim
ited to the area where the power level between the probe
antenna and AUT is detectable. The movement interval of
the probe can be chosen according to the sampling theorem.
Usually the probe is measured outside the -effective
near-field which is several numbers of wave-length away.
The interval of the sampling position at this time becomes a
pitch satisfying A4¢,,, < t/kR =A1/2R and A4z,, <
w/k=21/2.

4. Far-field Transformation Results for
Antenna and RCS

Fig. 3 is a photograph of the measuring system with the
AUT and probe antennas as shown Fig. 2. For this cylindri-
cal scanning measurement z = £350mm, ¢,,, = 0 ~ 2m;
the sampling intervalare 4z = 2 mmand 4¢ =mn /180 at
frequency 22 GHz. A measured example of amplitude and
phase of the near-field using the cylindrical scanning system
is shown in Fig. 4. The AUT is a standard pyramidal horn
whose aperture is 103.3 X 78.6 mm and the probe antenna
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is a single side of the standard waveguide (WR42) which is
separated 270 mm away fromthe aperture of the AUT.

According to Eq. (13), the 3- and 2-dimensional displays
of the far-field transformation result using the measured
near-field data in Fig. 4 is shown in Fig. 5 and Fig. 6, re-
spectively. The result of conventional far-field measurement
is also drawn in Fig. 6. It can be seen that both results agree
very well.

-
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Figure 3. Near-field measurement of cylindrical scanning
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Figure 4. Near-field measurement of a hom antenna in Fig. 3 at f=
22 GHz, (a): amplitude, (b): phase distribution
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2=0.013[m], Az=0.002[m], r=0.270[m]
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Figure 5. Far-field 3-dimensinal pattem transformed from the near-field
distribution in Fig. 4 by using AF
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If the probe pattern is not taken into account, unnecessary
grating lobe will appear in the rear direction of the AUT. Fig.
7 shows an example in which no compensation of probe
antenna pattern is made to AF. It can be seen that the probe
compensation is necessary for the measurement using AF.
Since the flat-plane scanning is unable to simultaneously
measure the antenna with the front and back lobes, the cy-
lindrical scanning becomes the best method for antennas
with or without pencil beam. On the other hand, the scanning
in the direction of the z-axis is essentially the same to the
plane scanning system. So, the aspect angle between the
probe and AUT affects the measurement precision for this
direction of cylinder scanning system.
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A-0.013[m], Az—0.002[m], r—0.270[m], no probe correct
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Figure 7. An example without compensation of probe antenna pattem:
measurement conditions are same in Fig. 6(b)

As for the directivity evaluation, the difference between
the result using the AF according to Eq. (9a) and the result
based on the shape size is less than 0.3 dB. Using Eq. (6)
directly, it is found that the results are almost the same.

Next, we discuss the RCS measurement, which is a key
parameter for radar system design. The RCS is defined by

the formula ,

ES (1)

gnc (o1’ (16)
where E*°(r) is a component of the scattered electric field
at the observation point 7, E™ (0) is a component of the
incident electric field at the origin where the target is lo-
cated; and r = |r| is the distance from the origin to the
observation point. Eq. (16) can be used only in the far-field
region of the scatterer where the scattered field has the form
of an outgoing spherical wave. The distance to the far-field
region can be expressed in terms of the maximum linear size
L ofthe scatterer and the wavelength as rF = 2L2/A. This
relation implies that in the microwave frequency range
(frequency f between 1GHzand 100 GHz) and for targets
of several meters in size or larger, the far-field zone is lo-
cated too far to permit a direct measurement of RCS. For
example, 7ff ~ 66 m when L=1 mand f =10 GHz
This formula is also valid for far-field of antenna.

Now we will show an example of RCS transformation by
near-field measuring. However, the method for the antenna
measurement introduced so far cannot be applied to the RCS
measurement as it is because it is necessary to provide both
transmitter and receiver for the RCS measurement system.
Therefore, the transformation theory of the antenna can be
applied to the RCS measurement by illuminating the whole
area of the target by plane wave. When the size of the target
is comparatively small, an incident plane wave can be made
compulsorily by a compact-range system in the near zone of
the target. Then the AF transformation algorithm is applied
to the picked-up near-field data scattered from the target.
Transmission and reception by the compact-range is only
available for the monostatic mode, but not for the bistatic
mode.

Fig. 8 is a photo of the cylindrical RCS measurement us-
ing compact-range. Target whose size is less than 50 mm

o =4mlim r?

T—00

may be illuminated by the plane wave of which the phase
deviation is within +5 deg. In this situation, the RCS
transformation result is shown in Fig. 10. The target is a
perpendicularly set-up circular metallic disc with diameter
81 mm and thickness 5 mm. The distance between the re-
ceiving probe and the center of the disc is 190 mm and the
measuring frequency is 10 GHz. The compact-range trans-
mitter is a parabolic reflector of diameter 1.2 m whichis 1.5
m from the center of the disc. Fig. 9 is the phase deviation
plot around the quiet-zone, in which target under test will be
located. The plane wave fromthe compact-range illuminates
the disc atthe incident angle of 45 deg. AsshowninFig. 10,
the direction 0 deg corresponds to the specular reflection,
—45 deg., and it is in good agreement with the theory value
in this direction of the main lobe. The error at the direction
(£90 deg.) for the theory calculation value is due to neglect
of'the thickness of'the disc. The theoretical value for the thin
disc is calculated by using the method of PTD (Physical
Theory of Diffraction)[7].

Compact-range
(Parabola Antenna)

Target:

Metal Circular Disk,
dia. 81mm,
thickness Smm

Probe Antenna

Figure 8. RCS near-field measurement using compact-range in cylindrical
scanning system
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Figure 9. Phase distribution around target quiet-zone in cylindrical
measurement system using compact-range in Fig. 8
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Figure 10. Near-field to far-field RCS pattem of a metallic circular disc
illuminated by plane wave using compact-range

5. Conclusions

In this paper, the near-field transformation method using
the AF has been proposed and it was shown that applying
the idea of the AF is an easy and simple concept to obtain
enough accuracy. In addition, by producing the plane wave
using compact-range, this antenna measurement method is
easily extended to the RCS measurement as well.

The near-field method can be applied even in the
quiet-zone of poor performance as compared with the tradi-
tional far-field measurement. Furthermore, data are meas-
ured in the closed space by cylindrical scanning and it is
proven that the measurement accuracy is good in the direc-
tion of circumference. On the other hand, the accuracy ofthe
flat-plane scanning depends on the aspect angle to the AUT
forthe z-direction of'the cylindrical scanning measurement.
Applying FFT for transformation calculation in this
flat-plane direction can shorten the computing time by ap-
proximately 1/10 times but it is not applicable to cylindrical
scanning direction. Since the traditional modal expansion
based near-field transformation for cylindrical scanning
generally becomes too complex due to the use of special
functions, it is advantageous to use this simple and effective

Simple Near-field to Far-field Transformation M ethod Using Antenna Array -factor

AF-based approach as an alternative transformation method.
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