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Characterization of Forward Scattering
Parameters from an Arbitrarily Shaped
Cylinder by Near-Field Probing

Reuven Shavit, Senior Member, IEEE, Albert Cohen, and Eugene C. Ngai

Abstract— The forward scattering from an arbitrarily shaped
cylinder is characterized by its scattering pattern and the induced
field ratio (IFR). Accurate calculation of these parameters for
arbitrarily shaped and composite beams is in many cases time
consuming, therefore analytical approximations are used. A com-
bined experimental and numerical procedure for evaluation of
these parameters based on near-field probing is presented as an
alternative. This procedure is shown to be far more accurate than
the analytical approximations presently used in calculations of the
total scattering effect of tuned sandwich radomes. The results ob-
tained by this method verify well with the scattering characteris-
tics computed analytically or numerically by method of moments.

I. INTRODUCTION

ARGE sandwich radomes are assembled from many

panels connected together forming seams. Those seams
introduce scattering effects that degrade the overall electro-
magnetic performance of the antenna enclosed in the radome
in terms of the transmission loss and radiation pattern. The
complete analysis of the scattering effect from all the seams in
front of the antenna’s aperture is dependent on the scattering
characteristics of the individual seam and the array contri-
bution from all the seams. The scattering characteristics of
the individual seam is determined by its forward scattering
value and its scattering pattern. Kennedy [1] introduced the
induced field ratio (IFR) parameter to describe the forward
scattering effect from an arbitrarily shaped conductive or
dielectric beam/seam. The IFR is defined as the ratio of the
forward scattered field to the hypothetical field radiated in the
forward direction by the plane wave in the reference aperture
of width equal to the shadow of the geometrical cross section
of the beam/seam on the incident wavefront [2]. Low IFR is
an indication of low scattering effect in the forward direction.
Kay [3] described the algorithm for the computation of the
array factor of the scattering from metal beams in a metal
space frame radome and a similar derivation was developed
for the case of a sandwich radome made from panels with
interconnecting seams [4]. The objective in the design of high
performance radomes with seams is to reduce the IFR value of
the individual seams and distribute the overall scattered energy
from all the seams omnidirectionally by randomizing the seam
array geometry on the radome.
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Rusch [2] developed the IFR concept and suggested an
experimental procedure to measure its value in the far-field
for an arbitrarily shaped cylinder. This procedure lacks the
capability to measure the seam/beam scattering pattern. For
canonical beam cross sections (circular and ellipse) analytical
computations can be performed, but for arbitrarily shaped
beams or tuned dielectric seams [5] this is a quite laborious and
time consuming task, which often requires intense numerical
computations like method of moments or finite elements.
Consequently, in many practical instances to speed up the com-
putation time an approximate method is adopted [4]. It consists
of evaluation of the measured IFR (Rusch’s method) and an
approximate scattering pattern. The latter is equal to that of the
radiation pattern from an equivalent aperture with the seam’s
shadow width. Our experience indicates that in the case of an
untuned dielectric seam this is a valid approximation, while
inaccurate for the scattering pattern of a tuned seam [5].

This paper presents a combined experimental and numerical
procedure based on near-field probing to determine the scatter-
ing characteristics of a composite seam. The accuracy of the
IFR value is comparable to that measured in the far-field by
Rusch’s method, but in addition it provides the scattering pat-
tern. A similar measurement technique based on the standard
near field probing technique, but for a stationary cylinder and
a moving probe in front of a large phased array was suggested
by Grimm and Hoffman [6]. The information on the seams
scattering pattern is essential to refine the calculations of the
total scattering effect from all the seams in a large sandwich
radome. The IFR and the scattering pattern of the seam are
computed from the collected data using a simple mathematical
algorithm based on the fast Fourier transform (FFT).

II. METHOD DJSCRIPTION

The schematic configuration of the test set-up is shown in
Fig. 1. The transmitting antenna is a horn with aperture dimen-
sions A B and linear polarization (parallel or perpendicular to
the cylinder axis). The illuminated arbitrarily shaped cylinder
is located in the far-field of the transmitting antenna. An open
waveguide with aperture dimensions a +b probes the near-field
in the vicinity of the cylinder along x axis at a distance zg. The
distance zq is large enough (>3)) to avoid multiple reflections
between the probe and the cylinder. By the standard near-field
procedure [6], [7] the probe moves in front of the cylinder and
samples its near-field. In our suggested test set-up, the probe
is stationary, and the cylinder, mounted on a positioner track,
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Fig 1. Schematic configuration of the measurement set-up.

moves in front of the probe. The position of the cylinder along
the z axis and the amplitude and phase of the received signal
are recorded. The system is calibrated before the cylinder
movement, and the recorded signal R, .(z, zo) is referenced
to this value. The subscripts y and z stand for vertical and
horizontal polarizations of the incident field, respectively. The
advantage of the suggested procedure is that it keeps the RF
cables stationary and does not introduce measurement errors
(amplitude and phase) throughout their motion as encountered
in the standard near-field procedure. In the suggested proce-
dure the incident angle of the illuminating field on the cylinder
varies throughout the cylinder displacement. However, for
relatively narrow cylinders and close proximity of the probe
to the cylinder surface, the error is minimal and affordable.

A. Scattered Fields

Without loss of generality, we can assume that the incident
field is y directed. Moreover, we assume that the cylinder
is infinite in y direction, therefore all fields are only x and
z dependent. The measured scattered field E;(z, z) by the
cylinder can be expressed in terms of its plane-wave spectrum
E‘;( k) and the plane-wave spectrum of the probe £, (k) [7]

OO
Ej(x, 2) = / Py (ko) Eg(ky et =medk2 g, (1)
where k. = \/k? — k2 and k is the propagation constant
in free space. In the current work, we have considered the
probe correction to improve the accuracy of the computation
of the scattered field from the near-field data as described by
Yaghjian [7]. The Fourier inversion of (1) gives the scattered
plane-wave spectrum of the cylinder in terms of the measured
scattered near-field Ep(z, zy)

eik:zo

27

Py k) / Ej(z, 20)e?**dz  (2)

where s, is the aperture domain along z axis on which the
near-field is probed. Given the plane-wave spectrum E;(kz),
we can compute the scattered far-field E3(p, 6) for p — oo
using the steepest descent path method [8]. In the far-field
limit £, = & sin @ and k. = k cos # in which @ is shown in
Fig. 1. The result of such a derivation is

s _ lk_ —jkp - s
Ei(p, 0) = 27r\ / 57 p e cos () Ey(k cos 8).  (3)

Moreover, the plane-wave spectrum of the open waveguide
probe is given by [8]

7% cos (7;—0 sin 9)

- 2"
w2 - 4(11—; sin 0)
Substitution of (2) and (4) into (3) yields the scattered far-field
pattern F;(6) of the cylinder in terms of the near-field data
for vertical polarization

P,(6) = cos (8)
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By a similar derivation, with the appropriate plane-wave
spectrum of the open waveguide probe [9] for perpendicu-
lar polarization to the cylinder axis, we obtain the cylinder
scattering pattern F'2(#) for horizontal polarization

1+§ 7i\—ésinﬁ
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1+ — cos 4 sin

f (%b sin 9)

. / EX (3. zp)e!*= 5in 0 gy

Sa

6)

in which £ is the propagation constant in the open waveguide
for the dominant TE;, mode.

B. IFR Computation

The IFR, , is defined as the ratio of the forward scattered
far-field E; ,(p, 0) to the hypothetical far-field E"(p, 0)
radiated in the forward direction by the plane wave Eic
in the reference aperture of width w equal to the shadow of
the geometrical cross section of the cylinder on the incident
wavefront [2]. The hypothetical field £7(p, §) can be obtained
from (2) and (3) with E*° as the aperture field. Following
these steps we obtain

B (p, 0) = Eew [ I ko gste Q)
2mp

The ratio of (3) for § = 0 and (7) gives the IFR, . of the
cylinder in terms of the near-field data
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The near-field scattered by the cylinder E; (ir, zo) is related
to the normalized recorded data, R, .(z, zo), through the
relation £ (x, z)/E™ = R, .(z, z0) — 1. Equations (5),
(6), and (8) represent the basis for the suggested method and
include the information on the IFR and the scattering pattern.
Numerical examples are presented in the next section.

III. NUMERICAL RESULTS

A simple mathematical algorithm can be used to evaluate
the integrals involved in the scattering pattern of the cylinder.
Equations (5) and (6) are Fourier type and can be evaluated
efficiently by the FFT algorithm. If we denote

1(0) = / E*(r. 20)e?* 50 8 dp ©)
I(#) can be rewritten as
Ar71 . .
Ly = da Y E(a)e ks (10)
=0
where
ko = mAk =k sin(8,,): T; = 1Az (11)
and
Ak= 2T N=2 p-integer
T NAz' aEep &
Az — spacing between near field sampling points.  (12)

In the visible range of the scattering pattern —k < ksin(f,,) <
k.

During the course of this work we have compared the
computed scattering pattern of the cylinder, based on the near-
field data to the standard approximation often used in the
scattering analysis of space frame radomes [4] and to the
results predicted by the method of moments. The approximate
forward scattering pattern, F,(f). is equal to the radiation
pattern from an equivalent aperture with the cylinder shadow
width w and with constant field distribution. Its analytical form
is

(13)

where § is measured relative to the angle of the incident wave.

To confirm the validity of the near-field approach, we have
measured and computed the scattering pattern and IFR of a
metal circular cylinder with 0.75” diameter, a dielectric rectan-
gular beam with ¢, = 4.2 and dimensions 0.66”x 2.25”, and an
untuned and tuned dielectric seam with dimensions 4.0” x 0.4”
and ¢,. = 4.2. The seam is tuned with a grid of conductive strips
located on its center line, spaced 0.25” apart and with strip
width of 0.062”. The dielectric seam interconnects two type-
A sandwich panels. Its cross-section is arbitrary and made of
composite materials. The measurements were performed at 10
GHz for both vertical (VP) and horizontal (HP) polarizations.

Fig. 2 shows typical recorded near-field signals (amplitude
and phase) for both vertical and horizontal polarizations in the
course of the metal circular cylinder motion. Similar signals

have been obtained in the other cases. The abscissa represents
the relative distance along x axis from the line connecting the
transmitting horn and the probe. One can notice the level of
the reference signal, R, .(z. 2g). before the cylinder crosses
this line and the diffraction effect, when the cylinder begins to
cross this line. The recorded signul is symmetric with respect
to the boresight line. Based on the near-field data accumulated
as shown above, one can compute the IFR and the scattering
pattern. The result of such calculation is illustrated in Fig. 3.
In the forward scattering direction ( @ = 0) the amplitude of
the scattered field is equal to E*(0) = 20 log |IFR * w/}|.
For comparison we present also the approximate scattering
pattern and the exact analytical scattering pattern for the
circular cylinder [10]. Both polarizations are shown. In the
computation based on the near-field data we have used .V
= 256 sampling points and the spacing between sampling
points was less than the Nyquist criterion A/2. There is a
reasonable agreement among the three traces. Fig. 4 makes
the same comparison for the dielectric beam with the plane-
wave illuminating the narrow width of the beam and its
propagation direction normal to the beam axis. In this case the
scattering pattern based on the near-field data is compared to
the approximate pattern and to the scattering pattern computed
by the method of moments [11]. The results again show a
reasonable agreement among the patterns.

As an additional test case, we have considered the scattering
characteristics of an untuned and tuned composite dielectric
seam interconnecting two type-A sandwich panels. In this
instance, the sandwich panels with the composite seam have
been moved in front of the transmitting horn and the probe.
The system is calibrated before the panel crosses the boresight
line connecting the transmitting horn and the probe. We obtain
the panel insertion phase delay and its transmission loss, when
the panel crosses the boresight line and the seam scattering
effect, when the seam crosses this line. Therefore, to obtain
the net scattering effect of the seam relative to the panel, we
subtract the insertion phase delay and the transmission loss
of the panel from the measured near-field data. Fig. 5 shows
the comparison of the scattering pattern (vertical polarization)
for the untuned seam based on the near field data and the
approximate form given by (13). One can observe that the
scattering pattern has a definitive main beam and the first
sidelobe is approximately 18 dB down. The main beam is in
relatively reasonable agreement with the approximate form and
less agreement is noticed in the sidelobes. This discrepancy
may be attributed to multiple reflections between the probe
and the seam. In this case the major effect on the antenna
enclosed in the radome is due to the seam’s scattering main
beam, therefore use of the approximate form may result in
good predictions of the radome performance [4]. Fig. 6 shows
the same comparison for the tuned seam. The IFR in the
tuned case ( § = Odegrees) is lower than the value in the
untuned case. Subsequently, the scattering level in an angular
sector around the forward direction is reduced. The scattering
pattern based on the near field data has no definitive main
beam, while the approximate pattern predicts such a behavior.
Here the approximate scattering pattern differs significantly
from the computed pattern based on the near-field data. This



588

1R»,x(x’za)‘|

IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 43, NO. 6, JUNE 1995

P LY Y
P

-10 - 0 s 10 15
x (inch)
(a)

phase
(deg) A

3 n
0 sih raa il ! \l‘r#.u.._ A7 senald,
haliCATe | iat g Lo e

=18 =10 -5 0 5 10 15
x (inch)
(b)

Fig. 2. Recorded signal throughout the metal cylinder motion.
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Fig. 3. Scattering pattern of a metal cylinder with diameter 0.75” (—) based
on near field data. (<) exact solution (9], (- - - - - ) approximate form (13).

result may affect the prediction accuracy of the radome effect
on the far-out sidelobes of the antenna.

Table I compares the IFR values at § = Odegrees based
on the accumulated near-field data to the IFR far-field values
measured by Rusch’s method [2] and to the computed values.
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Fig. 4. Scattering pattern of a rectangular dielectric beam 0.66"x2.25" (—)
based on near field data, () method of moments solution [10], (- - - - - )
approximate form (13).
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Fig. 5. Scattering pattern (vertical polarization) of an (—) untuned dielectric
seam, (- - - - - ) approximate form (13).
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Fig. 6. Scattering pattern (vertical polarization) of a (—) tuned dielectric
seam, (- - - - - ) approximate form (13).

These IFR’s have been computed from the scattered fields
as discussed by Kennedy [1]. The scattered fields for the
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TABLE 1
COMPARISON OF JFR VALUES FOR ALL THE TESTED BEAMS/SEAMS
Vertical Polarization Honizontal Polarization

Beam Type Computed Measured Meusured Computed Measured Measured

NearField | Far-Field New-Field | Far-Ficld
Metallic Circutar | -1.31+)0.58 -1 37+10.64 -1 2500052 -0.68-j0 33 -0 724026 -.69-j0.36
€l 0.75" diam
Plastic Beam 0735034 |-1.035081 979608 ]-LT14093 | 2254041 | -1.80+j0.49
066" x 225"
Untuned Seam N/A 1641 02 -1.02-0.38 N/A -0.8-50 85 -1.15-50.35
40"x04"
T'uned Scam N/A 136023 RURITASTIA N/A -0.11-0.07 -0.32-j0.02
40" x 04"

metallic cylinder are computed analytically as discussed by
Harrington [10], while the scattered fields of the rectangular
plastic beam are computed numerically by the method of
moments as discussed by Richmond [11].

We can observe a reasonable agreement among the mea-
sured IFR values by both methods and the computed values.
In conclusion, the suggested method is similar in accuracy with
the far-field method for the IFR measurement, but in addition,
it provides important information on the beam/seam scattering
pattern.

Iv.

A new procedure, based on near-field probing, for the scat-
tering analysis of arbitrarily shaped and composite cylinders
have been presented. The method is general and determines
the scattering pattern and the IFR. It complements Rusch’s
method, which determines only the IFR value, based on far-
field measurement. The approach verifies well with the exact
scattering characteristics computed analytically and by the
method of moments. It delivers the scattering characteristics in
a short period of time. For specific composite and arbitrarily
shaped beams the suggested approach is the only option. The
information obtained on the scattering pattern helps to refine
the calculations of the scattering analysis of large space frame
radomes.

SUMMARY
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