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Forward-Scattering Analysis in
a Focused-Beam System

Reuven Shavit, Tom Wells, and Albert Cohen

Abstract—The forward scattering from an arbitrarily shaped  for an arbitrarily shaped cylinder. This procedure lacks the
cylinder is characterized by its induced field ratio (IFR). This  capability to measure its scattering pattern. Shavit [2] proposed
paper describes how a focused beam system is used to determingy, sjternate technique to determine both the IFR and the

the scattering characteristics of an arbitrary-shaped cylinder. The . o .
fields of the transmitting and receiving antennas, as well as the scattering patterns of an arbitrarily shaped cylinder based on

scattered field from the cylinder, are described by equivalent near-field probing.

fundamental Gaussian beams. An analytical procedure based on  The current paper describes a new combined experimental
the computation of the coupling between the Gaussian beams gand numerical procedure to determine the scattering charac-
in the focused beam system is used to determine the IFR of the e ristics of arbitrarily shaped cylinders using a focused-beam

cylinder. The results obtained by this method verify well with the ;
scattering characteristics computed analytically or numerically system. In the proposed system, the IFR is computed based

by the method of moments or finite-elements method. on measurement data and the scattering pattern is directly
i _ measured in contrast to the method suggested in [2], which

Index Terms— Electromagnetic scattering, focused beams, . . .
Gaussian beams, radomes. requires postprocessing of the measured data. The unique

features of the focused-beam system avoid measurement errors
due to specular and diffuse reflections from adjacent objects, in

. INTRODUCTION contrast to the existing errors in an open measurement system.
ARGE sandwich radomes are assembled from many
panels connected together forming seams. These seams II. METHOD DESCRIPTION

introduce scattering effects that degrade the overall electro-.l.he schematic configuration of the measurement system is
magnetic performance of the antenna enclosed in the rado, Swn in Fig. 1. The system is comprised of two circular
in terms of the transmission loss and radiation pattern. T%ntical dielectric lensed,; and L. with diameterD and
knowledge of the scattering effect from an individual seam

for th valent arbit haped cvli o feed hornsH; and H, with aperture dimensiong * B
for the same purpose an equivaient arbitrary-shaped CyINdgy jinq 5 polarization. Each lens is designed to have two focal
is therefore the cornerstone of the entire scattering analy

. - . Y$Bints located at distances and f> from the opposite sides
The scattering characteristics of an arbitrary-shaped cylin "the lens surface. The actual distance of the feed horn phase
is determined by its forward scattering value (IFR) and ité

. : _ _ enter from the lens surface é5. In principle, it is desired
scattering pattern. The IFR is defined as the ratio of t i b b

; d ttered field to the hvoothetical field radiated in t = d;y; however, due to the movement of the feed horn
orward scatiered neid to the hypothetical field radiated In ase center with frequency, this requirement is not perfectly
forward direction by the plane wave in the reference apert

) ; HiEhieved. The energy radiated By feed horn is captured by
of width gqual to the shaqlow of the geometrical cross ?ec“%’? lens, focused to the common focal point of theand L,
of the cylinder on the incident wavefront [1]. Low IFR is a

R ; : L Nenses, radiated into the, lens, and focused again into the
indication of low scattering effect in the forward direction.

Analvtical tati t th tteri h teristi receivingH, feed horn. In such a system, most of the energy is
nayt_lca computations of the scattering characteristiGe, s red from one feed horn to the other feed horn without
from cylinders can be performed for canonical cross sectio

. ; N i ignificant losses and reflection interference from surrounding
Su.Ch. as cm;ular anql eliipse, b.Ut for arbltrar|ly shaped pylmde& jects. Ther and » coordinates of the lens contours can be
this IS a qwte Iabonous'and time consuming task Wh'Ch Oﬁ, mputed by geometrical optics and are described by [3]
requires intense numerical computations with techniques like
method of moments or finite elements. Consequently, in many, ,
practical instances to speed up the developing process and . .
verify the numerical computation, an accurate measurement — \/(” —D(z1,2 +t1,2)" +2(n — 1) f1 o(x1,2+ 41 9)
technique of the IFR and the scattering pattern is required. 1)
Rusch [1] developed the IFR concept and suggested an ex-

perimental procedure to measure its value in the far-field Which the subscripts 1, 2 designate the two opposite side
contours of the leng,; , denote the lens thickness computed
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Fig. 1. Schematic configuration of the focused-beam system.

andn = /¢, is the refraction index of the lens materialsecond lens and transformed into an inward Gaussian beam
In analogy to the analysis of thin dielectric lenses [4], weaptured byH, feed horn as shown in Fig. 1. Accordingly,
define for each lens an equivalent focal lengthgiven by at half the distance between the lenses, we obtain a minimum
f=1/H+1/f. Gaussian beam waisty; with constant phase distribution. The

In this paper we made the assumption that the propagat®ystem is initially calibrated before the cylinder movement,
mechanism of the focused beam system and the scattered filb&h the cylinder is mounted on a positioner track and moved
by the cylinder can be described by fundamental Gaussialeng a line perpendicular to the focused beam axis. The
beams. Goldsmith [5] has shown that feed horn radiation chaesition of the cylinder along the axis and the relative
acteristics can be approximated by a fundamental Gauss@mnplitudeA« and phase\¢ of the received signak(y) =
beam with minimum waistsu,, and wy, representing the Aae’®? are recorded. The recorded signal is referenced to the
radiation in £ and H planes. The waistsu,. and wy, are value without the cylindrical scatterer.
related to the feed horn 10-dB beamwidtB$V, and BW},
by the approximate formulav,.,h = 0.68\/BW, ;. The A. System Analysis Without the Scatterer

feed horn was designed SUCh_ tha and_w()h are cloge_in The total loss is proportional to the coupling between the

Va_'“_e- Accord_lngly, we can define an equivalent quasi-Circulgfy  ssjan beams involved. Due to the symmetry of the system
minimum waist of the feed hor_n byo; = /Wor won. N 5roung its center-line, we can simplify the computation by

addition, we made the assumpnon_[é_l] that the two lenses %Btnsidering only the left half of the system and square the
as pha_se transformerfs, each providing a phase _advancerpggﬁlt (double in decibels). The coupling between the Gaussian
approximately pro_portlonal to th_e square of the distanad beams on the two opposite sides/of lens will be computed

a ray from the axis of propagation: on the lens interface plane. The electric field distribution on

Ag = 7 /7S, 3) this plane can be described by [5]

E = Eye~(r*/w?) gi(xr®/3R) (4)
This phase advancement transforms the diverging Gaussian
beam of I, feed horn (see Fig. 1) to a converging Gaussiaihere
beam with minimum waist ofvy;, located a distancé, from
the lens surface. By symmetry, this converging Gaussian beam w = wy
is transformed into an outward Gaussian beam captured by the

1/2

1+ <7ij% ) 2] 5)
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and energy passing through the cylinder’s incident plane, such that
rwd 2 Eine = Eo7Cr/Thne. We can computey,,. by
R==z 1+</\z> (6) o raj
/ / =L +)03 4y

in which w is the waist andR is the radius of curvature of the Mine = 22L0__
Gaussian beam on the lens surfagg.is the minimum waist / / o= 224y /wd] g, dy
of the Gaussian beam ands the distance from the minimum 0o Jo
waist location to the lens surfac&, is a normalization fac- 1 erffc( a ) (12)
tor. We denotew;, R;, woys, di, and Eyy the corresponding - V2w,

parameters of the left (feed horA,) Gaussian beam and

wy, Ry, wor, d», and Ey; the right Gaussian beam parameterd? Which a is the cylinder’s projected width on the incident
The right Gaussian beam goes through a phase transformafigl§l plane.

given by (3) on the lens aperture plane and without any changdn the proposed model we make the assumption that the
beyond its extent. The coupling factaf;; between the two scattered electric field can be approximated by an elliptical
Gaussian beams is derived from a two-dimensional integfPSs-section Gaussian beam with minimum waisgs, =

over the electric field distribution of the two beams [5] wor onz axis (infinite extent cylinder) and;, = wy; = o;-a
o om on y axis. «; is a proportionality coefficient between the
Cis :/ / B E%rdrdg. (7) shadow width of the cylinder and the minimum waist of
o Jo ’ the equivalent Gaussian beam of the scattered electric field

If the integral is carried out in two parts, on the lens apertutén; - A. G. van Nie [6] has shown that the Gaussian mode

of diameterD and beyond it, we find solution to the wave equation holds far > A/2. This bound
., ) may impose a restriction on the minimum cylinder's width
Ciy = 2 ll — em D7/ n e~ P /4)] ®) to comply with the Gaussian beam model of the scatterer as
W w; o I described later. Consequently, the electric field distribution of

the scattered field on the interface plane/af lens can be

in which described by
j— 1 1 T 1 1 1 2 2 2 2 . 2 2
a = w_‘? + w_IQ +]X ? - E - R_f (9) Ep] — Eg] e—(,’r,‘ /71)]-Z+y /“’jy) e](ﬂ'/)\)(m /Rjz+y~/Riy) (13)
and in whichw; ., w;, are ther- andy-scattered field waists on the
1 1 /1 1 10 interface plane computed by (5) withy; . = wo;, wojy = wo;
p w? + w_12 —Jy (E + R_f> (10) andR; ., R;, are the correspondingandy radii of curvature

computed by (6) withv = d». E;; is given by (11). This field
One can observe that fob — oo, Ry = fi, Ry = f3, distribution goes through a phase transformation given by (3)
andw; = w; the coupling factoiC;; = 1 as expected from and is coupled with the field distribution off, feed horn
geometrical optics considerations. Thus, if the electric fielglven by (4) withw = wy, R = Ry, wy = wyy, andz = d;.
intensity transmitted by, feed horn isEy; the total electric Computation of the coupling coefficient by (7) with the double

field received byH> feed horn would befy; C7; . integration performed on the lens aperture and beyond yields
B. System Analysis with the Scatterer Cir= #
TWj /Wi Wiy

In this case the total electric field received B feed . , L
horn is the superposition of the electric field without the . /’T 1 — e (P7/8)(oge cos™ oy sin™ )
scatterer and the electric field scattered from the arbitrarily 0 (o, cos? ¢ + oy, sin? ¢)

cross-section cylinder illuminated by a Gaussian beam with L (D?]4)(B e cos® 6+8;y sin® 8)
circular cross-section and minimum waisg; . _|_e \ — ] (/)} (14)
The forward-scattered field by the cylindé?,; can be (Bja cos? ¢ + Bjy sin” ¢)
expressed in terms of the induced axial surface current densit
J,» on the cylinder periphery and the incident electric field#'"€r€
Eine [1] 1 1 ,71'(1 1 1 )
Qo =—+ —5+jm| == o - 15
Esj — _jéEinc% Jer ejkp' sin ¢’ dl (11) J w]Qx w? A f R]r Rf ( )
22 IS +,7r<1 1 1> (16)
in which Z, = 1207 and .S, is the line contour defining the W wl, o wy NI TR, R
cylinder’'s periphery with local coordinateg’( ¢'). We can 1 1 a1 1
expressli,. in terms of the electric field intensity transmitted Bz = w2 + PEREEY (R R + R_f) (17)
by H, feed horn,Ey; the coupling coefficient(;; on the ix 1f . 1] 1
interface plane ofl; lens given by (7), andy,. the ratio Biy=—+— _jX<R + R_) (18)
of the amount of energy captured by the cylinder to the entire iy ) 7y f
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Fig. 2. Typical near-field recorded signal (amplitude and phase) at the minimum waist location in the focaldplare6f in, vertical polarization,
f = 12 GHz).

Consequently, the scattered electric field,.; received by component of the induced surface current density, in
H, feed horn is the case of Gaussian beam illumination. The proportionality
Z L coefficient o; bridges over the difference between the two
Fyear = —ﬁEof Ciy C]’f\/ﬂi?]{ Jee €505 ¢ gl (19) integrals such that we can substitute (20) into (19) to obtain

The induced fieI(_JI ratio (IFR) is defi_ned as the r_atio Qf the o EEOf(jlf C; /T IFR. (21)
forward-scattered field to the hypothetical field radiated in the A
forward direction by a plane wave in the reference aperture of ) o )
width equal to the shadow of the geometrical cross section/dfcordingly, the total electric field received by, feed horn
the cylinder on the incident plane wavefront [1]. Thus the IFR the presence of the cylinder is
for an incident electric field with intensity;,, and parallel to

the cylinder axis is given b aC;
Y J Y Eiotal = EOfCIQf 1+ X#anc IFR|. (22)
Zy TR ‘
IFR = — Ty € B0 sin 60 gy 20
o e (20)

The recorded signaR(y) in the focused-beam system is
The IFR is defined for an inciderglane wave(constant referenced to the signal received B feed horn without
in phase and amplitude), while in a focused-beam system the cylinder presenceEofC,Zf. Therefore, if the change in
incident field is quasi-planar (constant in phase and Gaussanplitude when the cylinder crosses the system axis is denoted
in amplitude). The implication would be a different axiaby A« (decibels) and the change in phase Ay, we can
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Fig. 3. Typical recorded signal (amplitude and phase)Hy feed horn throughout the plastic beam movement={ 2.25 in, vertical polarization,
5 = 12 GHz).

express the IFR by [ll. NUMERICAL RESULTS
, 1 A focused-beam system was designed and built. AEL an-
IFR = (1042/20 7 4¢ _ Ve (23) tenna horn model H-1498 operating in the frequency range
X#f\/ﬂim 2-18 Ghz was chosen as feed. The horn has almost a con-

stant 10-dB beamwidth in bottt’ and H planes over the

In addition, we can use the system shown in Fig. 1 tentire frequency bandwidth. Based on the beamwidth data
measure the scattering pattern of the cylinder. We move tthee equivalent feed horn Gaussian beam minimum waists,
lens L, and the feed hornd, on an arch with radiusl;, wy. andw,, were computed. The diameter of the lens was
and record the angulaf) dependence of the received signalshosen to be 22 in and it was manufactured from material
(amplitude and phase) by thé, feed horn with and without with dielectric constant 2.3. The lens focal distangesand
the tested cylindrical scatterer. Subtraction of these two signgiswere chosen as 21 and 80 in, respectively. Due to the finite-
is proportional to the scattering pattern of the cylinder. Th#iameter of the lens and the variation of the feed horn phase
subtraction operation can be performed by a computer aftanter location with frequency, we had to determihefor
the measurement or in real time by inserting an automa#ach test frequency. This task was accomplished by probing
null-balance branch, mainly consisting of a computer contrtiie amplitude and phase of the electric field in front/gf
digital phase shifter and attenuator, to cancel the signal withdeis. The distance,; was chosen as the distance for which
the scatterer. In the real-time option, the dynamic range of tttee maximum phase flathness was obtained. Fig. 2 shows a
pattern will increase. typical recorded near-field signal (amplitude and phase) at the
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Fig. 4. Dependence of the proportionality coefficient on a/w;.

TABLE |
COMPARISON OF THEIFR MEASURED WITH THE FOCUSED:BEAM SYSTEM AND COMPUTED
VALUES BY MoM aND FEM, FOR THE VARIOUS TYPES OF CYLINDERS CONSIDERED

Vertical Polarization Horizontal Polarization
IFR amplitude | 7FR phase (deg.) | IFR amplitude | IFR phase (deg.)
MoM/FEM Focused MoM/FEM Focused MoM/FEM Focused MoM/FEM Focused
Cyl. type Beam Beam Beam Beam
Metal circ. 1.63 1.53 151.2 156.1 (.66 0.73 -145.1 -128.7
a=0.375"
Plastic rect. 2.24 2.28 164.3 165.5 1.05 0.99 125.9 129.1
a=0.476"
Plastic rect. 191 1.93 158.8 163.0 1.79 1.79 162.6 167.4
a=2.25"
Metal rect. 242 2.46 151.8 152.3 1.2 1.04 -165.3 -144.0
a=0.54"
Metal rect. 1.14 1.11 172.6 172.6 0.98 1.11 -176.6 179.2
a=2.03"

minimum waist location for 12 GHz as operating frequenclgeams were tested for incident fields on the narrow and on the
and vertical polarization. The abscissa represents the relativeadside. Fig. 3 shows a typical recorded signal (amplitude
distance along the axis in front of Z; lens. One can observeand phase) throughout the plastic beam movement between
the Gaussian amplitude tapering and the phase flatness ofttreetwo lenses for vertical polarization and 12-GHz operating
probed electric field. In this case the distantefrom the feed frequency. The plastic beam was illuminated on its broadside,
horn to the lens was found to be 19.375 in and the distdacea = 2.25 in. The abscissa is proportional to the relative
from the probe to the lens was 65 in. The minimum waist sizppsition of the cylinder from the center axis of the system. The
wp; Was measured to be 2.75 in at th8.7-dB point from the maximum perturbation in amplitude and phase throughout the
value measured on the system axis. The losses between thelte@am movement occurs when the beam crosses the center axis.
feed horns were measured and found tei® dB. Computa-  The data from all measurements was processed and the IFR
tion of the losses based on (8) yield9.6 dB. This experiment was computed based on (23) and compared to the IFR values
validated the assumption that the internal fields between tb@mputed analytically in the case of the metallic rod, by the
lenses can be approximated by fundamental Gaussian beamsthod of moments (MoM) for the metallic rectangular beam
Three cylinders—a metallic circular rod 0.375-in diametegnd by finite elements (FEM) for the plastic beam. Based on
a rectangular metal beam 0.54 2.033 in, and a plastic this comparison we have been able to establish a general curve
beam 0.476x 2.25 in withe, = 5.0—were tested at three of the dependence of the proportionality coefficieniton the
frequencies 4, 8, and 12 GHz for both vertical (VP) anthtio of a/wy;. This dependence is shown in Fig. 4. Curve
horizontal (HP) incident field polarizations. The rectangulditting of the coefficienta; based on the measurement data
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types of cylinders compared to the computed values by MoM
and FEM at 12 GHz are shown in Table I. One can observe
a nice agreement between the numerical computation and
computed values in the focused beam system. The IFR val
of the circular metallic cylinder are slightly off from the values
computed by MoM/FEM. This deviation can be attributed t
the relatively narrow diameter of the cylindér.§8X), which
does not meet the criterion of the Gaussian model.
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