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Characteristics of a  Crossed-Wire  Scatterer  Without  a Junction Point for an 
Incident  Wave of Circular Polarization 

Abstract-A crossed-wire  scatterer  has the  wires displaced in  the 
backscattering  direction, and is able to scatter  an  incident wave of circular 
polarization in such  a  way  that the backscattering wave has the same 
rotational  sense  as  that of the  incident  wave.  The  radiation  performance  of 
the scatterer is improved by bending the horizontal and the vertical wires. 
Arrays consisting of crossed-wire  scatterers are constructed and the 
backscattering  cross  sections (BSCS's) are calculated. It is revealed  that  the 
increase  in the current amplitude  due to the  mutual effects  among the  array 
elements  contributes to enhancement in the  BSCS. It is also shown that  a 
maximum value  of the BSCS of an array of 3 x 3 bent crossed-wire 
scatterers is 1.8 times as large as  that of  a dihedral comer  reflector which 
has  the  same aperture area.  The BSCS's as  a  function of the angle  of 
incidence are presented with experimental  results  at  a  frequency Of 9.375 
GHz. 

T 
I. INTRODUCTION 

WO STRAIGHT wires joined  at a junction were analyzed 
because  of  an interesting  configuration  for  scattering  prob- 

lems. Taylor et al. [ l ]  , for  example, numerically  analyzed  a 
crossed-wire configuration using an integral equation  technique. 
The same configuration was treated  by  Chao  and  Strait  [2] 
and  the  current  distributions  on  the crossed-wire configurations 
were discussed. A subsequent  study was made  by  Butler  [3], 
who  presented  numerical results of-a  pair of skew  crossed  wires 
and  compared his data  for  the special case of  perpendicular 
wires with  those evaluated by Taylor and  Chab. In King's recent 
papers [4] ~ [SI ~ zero-order  and  first-order  solutions were de- 
rived for  the  'currents  induced  on crossed  wires illuminated by 
an obliquely  incident plane wave. From  the  point  of view of 
application to  a  frequency-selective reflector,  Agrawd  and 
hnbriale  [6]  and  Pelton  and Munk [7] calculated scattering 
from  periodic  arrays of  crossed  dipoles. 

The  motivation in the  present  paper arises from a desire to  
apply a  crossed-wire scatterer to  a reflector  for a radar system 
using a  circularly polarized wave (CPW-radar). The  problem to 
be treated  here is different  from  those  of [ l ]  -[7]  in  that a 
crossed-wire scatterer  does  not possess a junction  point,  and in 
that an incident wave of circular polarization  illuminates  the 
scatterer. 

In  the CPW-radar system  a single antenna  with a  circular 
polarizer is used concurrently as a transmitting  antenna  and a 
receiving antenna.  Therefore, a reflector  for  the CPW-radar must 
generate a reflected wave of circular polarization  with  the same 
rotational sense as that of  an incident wave of circular  polariza- 
tion.  If a  metallic planar  plate is used as a reflector,  the back- 
scatterhg wave from  the  reflector is not  detected in the CPW- 
radar, because the backscattering wave has  the  rotational sense 
opposite to  that  of  the  incident wave. This  situation is often 
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called "single reflection."  If  a  crossed-wire scatterer  has a junc- 
tion  point,  it acts  merely as a reflector of the single reflection 
for a  circularly  polarized wave. 

The  purpose  of  this  paper  is  to  explore  the possibility that a 
crossed-wire scatterer  without a junction  point  acts as a reflector 
whose performance corresponds to a dihedral corner  reflector 
[ 8 ] ,  in which the backscattering wave has  the same rotational 
sense as that of  an incident wave of  circular polarization  by 
virtue  of  double reflection. The  current  distributions are cal- 
culated  for  straight  and  bent crossed-wire scatterers using the 
method of moment [9] . The backscattering cross  sectiom (BSCS's) 
are evaluated from  the  scattering fields obtained using the  current 
distributions. 

Enhancement in the BSCS is also demonstrated using an 
array  technique. A comparison  between  an  array  of  bent crossed- 
wire scatterers  and a dihedral  corner  reflector  with  the same 
aperture area shows  that  the  array  has a  larger BSCS with a thin- 
ner  structure.  Some  experimental results are presented  with  good 
agreement  with  theoretical ones. 

11. NUMERICAL RESULTS OF A SINGLE  STRAIGHT 
CROSSED-WIRE SCATTERER 

Attention is focused on the backscattering wave from a 
single straight crossed-wire scatterer t o  obtain basic data.  The 
configuration  of  the  scatterer is  shown in Fig. 1.  Both  the  hori- 
zontal  and  the vertical  wires  are  half-wavelength in length, i.e., 
X, = 2 L 2  = h/2: where X is the wavelength of an incident 
wave. In  the following  analysis  a  wavelength of X = 0.032  [m] 
(a frequency of 9.375  GHz) is used.  Each wire is perfectly  con- 
ducting,  and is thin relative t o  its  length as well as to  the wave- 
length of the  incident wave (the radius  of the wires, ao, is 
0.00469 X). The spacing  between the  horizontal  and  the verti- 
cal  wires  is  designated S. 

Fig. 2  shows  typical  current  distributions  under  the  condi- 
tion  that  the  scatterer is illuminated  by a plane wave of  circular 
polarization  of  left-handed sense from  the  z-axis  direction  (the 
angle of  incidence P 0"): or by an  electric  field o f 3 " "  =Eo(i - 
j i )  exp (ipz), where 0 and 6 are  unit  vectors of  spherical coordi- 
nates,  and 0 = 21~/h.  The spacings are S = 0.25 X, 0.375 X, and 
0.5 X. As expected,  the  current  distributions  on  the  horizontal 
and  the. vertical  wires exhibit sinusoidal fo-ms  with  the same 
amplitude. Owing t o  the spacing S and  the phase relation be- 
tween the  currents  on  the  horizontal  and  the vertical wires, the 
backscattering waves for S = 0.25 X and S = 0.5 X are  circularly 
polarized, while that  for S = 0.375 X is linearly  polarized. 

The axial ratio of the backscattering wave (on  the z-axis) 
is shown in Fig. 3 as a function of the spacing S.  Except  for 
S = 0.125  nh (n = 0; 1,  2, --). the backscattering wave is el- 
liptically  polarized. In Fig. 3  the  rotational sense of  the  back- 
scattering wave is  expressed by two curves: the dashed  curve  is 
for  the right-handed  sense; the solid curve for  the  left-handed 
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Fig. 1. Configuration of  crossed-wire  scatterer. 
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Fig. 2. Current  distributions on horizontal and vertical  wires as a  function of spacing S:Eo = 1 V/m. (Positive  direction of current  is 

in + X  or + Y direction.  The  dashed  curve for 0.5 X on the  vertical  wire  coincides with the  solid  curve for 0.25 X.) 
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Authorized licensed use limited to: HOSEI UNIVERSITY KOGANEI LIBRARY. Downloaded on October 2, 2009 at 01:51 from IEEE Xplore.  Restrictions apply. 



, NAKANO e t  al . :  INCIDENT WAVE OF CIRCULAR POLARIZATION 

A backscattering wave which has  the same rotational sense 
as an  incident wave of circular polarization is called  a “funda- 
mental  component,” while  a backscattering wave whose rota- 
tional sense is opposite to  that  of  the  incident wave is called a 
“cross component.”  In  the present consideration  the BSCS 
for  the  fundamental  component is given by uL, since the inci- 
dent wave is  a  circularly polarized wave of left-handed sense. 

The cross component, which is regarded  as single reflection 
in a planar metallic plate, is not  detected in  a CPW-radar, as 
mentioned in the  Introduction.  An  important  index as a  radar 
cross  section is given by  the BSCS for  the  fundamental  compo- 
nent. Fig. 4 shows  that  for  the spacing S = 0.25(2n + l)h(n = 
0, 1! 2, .-) the BSCS for  the  fundamental  component  exhibits 
a maximum value of 0.64 X2.  

So far, consideration  has  been given to  the case where the 
incident wave F” illuminates  the  scatterer  from  the  z-axis direc- 
tion. Fig. 5 shows the  current  distribution  under  the  condition 
that  the  incident wave auminates  the  scatterer  from  directions 
other  than  the z-axis. Although  the  current on  the  horizontal 
wire loses symmetry,  the  location of  a maximum value of  the 
current  distribution  remains  near  the middle point  of  each arm. 
For  the angle of incidence 0 = +go”,  the  current is induced  only 
on the vertical  wire, and  the backscattering wave is  linearly 
polarized.  This means  that  the BSCS for  the  fundamental c o m p e  
nent is  half the  total BSCS, or the cross component  appears 
with  the same intensity. Since the  appearance  of  the cross com- 
ponent  deteriorates  the  transformation efficiency  of the  incident 
energy to the  fundamental  component in the  backscattering 
wave, it is desirable for  the cross component  to be as small as 
possible. Fig. 6 shows the BSCS’s as a function  of  the angle of 
incidence 8. The difference in the BSCS between  the  funda- 
mental  and  the cross components is 6 dB  at  the half-BSCS angle 
(angle at which the BSCS for  the  fundamental  component is 3 
dB down  from  the  maximum value). 

111. ARRAY OF STRAIGHT CROSSED-WIRE SCATTERERS 

The  enhancement  of  the BSCS is demonstrated in this sec- 
tion, using an  array  technique. Fig. 7 shows an array consisting 
of 2 X 2 straight crossed-wire  scatterers.  A  circularly  polarized 
wave of left-handed sense illuminates  the  array.  The spacing S 

. between  the  horizontal  and  the vertical wires is 0.25 X so that 
the  rotational sense of  a  backscattering wave from  the  array  may 
be the same as that of the  incident wave. The  current  distribu- 
tions on the  array  elements  are evaluated using the  method  of 
moment  [9] ~ as determined in Fig. 2 for a single crossed-wire 
scatterer. On the basis of  the analyzed current  distributions,  the 
BSCS’s are  calculated. 

First,  the distance D between  the array elements is deter- 
mined in order to  give a maximum value of the BSCS for  the- 
fundamental  component,  under  the  condition of the angle 
of incidence 8 = 0”. Fig. 8-shows  the BSCS for  the  fundamental 
component as a function of the distance D. It is found  that 
a t  a  distance  of D = 0.625 h the BSCS indicates a maximum 
value of  19.7 h2.  The  maximum BSCS of the  array is about 31 
times as large as that of the single crossed-wire scatterer  shown 
in Fig. 4. This is attributed  to  the  fact  that, owing to  the  mutual 
effects  among  the array  elements: the average value of the ampli- 
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Fig. 4. Backscattering  cross  sections as a  function of spacing S. 
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Next,  the BSCS is calculated as a function  of  the angle of 
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Fig. 7. Configuration of an array of 2 x 2 straight  crossed:wire  scatterers. 
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incidence 8 .  The distance between  the array elements is f n e d  
at  D = 0.625 A. Fig. 9 presents numerical  results with  experi- 
mental results at a frequency o f f  = 9.375 GHz, showing good 
agreement  between  them.  For auxiliary information,  the BSCS 
for  the cross component is also presented.  The half-BSCS angle 
is +12', over which the BSCS for  the  cross  component is smaller 
than -21 dB. 

IV. BENT  CROSSED-WIRE SCATTERER AND ITS ARRAYS 

In  the previous section  the BSCS of an array  consisting of 
straight crossed-wire scatterers  has  been  calculated, and the in- 
crease in  the BSCS has  .been  demonstrated. In this section a 
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Fig. 9. Backscattering  cross sections as a  function of angle of incidence 0:Q 
= 0' plane;  spacing S = 0.25 X; distance  between  elements D = 0.625 X; 
frequencyf = 9.375 GHz. 
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Fig. 10. Configuration of bent  crossed-wire  scatterer. 

bent crossed-wire scatterer  is  proposed to  improve the  radiation 
performance of the  straight crossed-wire scatterer. 

Fig. 10 shows the configuration  of a single crossed-wire 
scatterer consisting of bent arms. The  arm  length is taken t o  be 
Z, = 2 L 2  = 0.5 A, with a bend  length  of L = 0.125 A. The 
spacing S is chosen to  be 0.25 h so as to  produce a backscatter- 
ing wave whose  rotational sense is  the same as that of an  incident 
wave of circular polarization. 

The  idea of  bending the arms comes  from  the  fact  found 
in a  half-wavelength  dipole antenna.  The  current  amplitude 
of a  half-wavelength  dipole antenna  bent  at a  middle point 
(L  = 0.125 X) 'of each arm becomes  a maximum value when a 
bend angle is about 90" [ l o ] .  The. idea is  applicable t o  a wire 
scatterer as a counterpart;  when a  half-wavelength  isolated  wire 
scatterer is illuminated by a  linearly  polarized wave, the  current 
amplitude  of  the wire scatterer becomes  a maximum value 
at a bend angle r of about 90", resulting in a maximum value 
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Fig. 11. Backscattering  cross  section for fundamental  component  and  axial 

ratio  as  a  function of bend angle 7.  

of the BSCS. The described behavior of  the  current on the 
isolated  wire scatterer also holds  for an  incident wave of  circular 
polarization.  It is noted  that  for  the  bend crossed-wire scatterer 
consisting  of two  arms as shown in Fig. 10, the  bent angle should 
be determined so that  the BSCS may be a  maximum value,  taking 
the  mutual coupling  between the arms into  account. 

Fig. 11 shows the BSCS for  the  fundamental  component 
and  the axial ratio as a  function of bend angle r. The calcula- 
tions are carried out  under  the  condition  that an incident wave 
of circular  polarization of left-handed sense illuminates the  bent 
crossed-wire scatterer  from  the angle of incidence 8 = 0". The 
excellent axial ratio leads to an extremely small BSCS for  the 
cross component  with  consequent disappearance in Fig. 11. It 
is found  that  the BSCS for  the  fundamental  component  exhibits 
a  maximum value of 0.826 X2 at a bend angle of about 85" with 
almost  entirely circular polarization.  and  that  the  maximum value 
increases about 30 percent above the BSCS for r = 0" (straight- 
arm  crossed-wire scatterer). The  favorable increase in the BSCS 
results from the  enhancement in the current  amplitudes, as shown 
in Fig. 12. Although  increasing the  current  amplitudes  can be 
realized by an alternative way of truncating  the wires slightly, 
bending the wires has an  advantage that an aperture area for 

Fig. 13 shows  the BSCS's of the  bent crossed-wire scatterer 
with 7 = 85" as a function of the angle of  incidence 8. Com- 
paring Fig. 13  with Fig. 6. one observes that  the BSCS for  the 
fundamental  component of the  bent  crossed-wire scatterer 
increases  near the z-axis, while the BSCS for  the cross compo- 
nent remains  almost the same as that  of  the straight  crossed- 
wire scatterer. Hence, a relative intensity of the  fundamental 
component  to an intensity of the cross component increases 
near the z-axis. The difference in the BSCS between the  funda- 
mental  and  the cross components  at  the half-BSCS angle im- 
proves to 7 dB from 6 dB for  the  straight crossed-wire scatterer. 
Further  improvement will  be found in an array  consisting of the 
bent crossed-wire scatterers. 

On the basis of the  results mentioned above,  an  array  is con- 
structed using 2 X 2 bent crossed-wire scatterers  with  the bend 
angle of r = 85". Fig. 14 shows the BSCS and  the axial ratio 
of the  array as a  function of  the  distance D between the ele- 
ments. A maximum value of the BSCS for  the  fundamental 
component, 28.5 Xz. is obtained  at  a distance  of D = 0.69 X, 
where the array  radiates a circularly  polarized wave with an 
axial ratio of 0.36 dB. The axial ratio  corresponds  to  a BSCS for 

- -  - 85" is only 30 percent of that for r = 0". 
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function of distance D: bend angle T = 85"; spacing S = 0.25 X. 

the cross component of 0.012 A'. This value is only 0.04 percent 
of  the BSCS for  the  fundamental  component  and is not apprecia- 
ble  in Fig. 14. 

Fig. 15 shows  the BSCS's of the array  as  a function of the 
angle of  incidence 8 .  The half-BSCS angle is +11". The difference 
in the BSCS between  the  fundamental  and  the cross components 
at  the half-BSCS angle improves to  23 dB from  18 dB for  the 
array  of the  straight crossed-wire scatterers  shown in Fig. 9. 

Subsequently, investigation is made  about an array  consisting 
of 3 X 3 elements  with  the  bend angle of 7 = 85". Fig. 16 shows 
the  current  amplitudes  of  the  array  elements  separated  at a dis- 
tance  of D = 0.745 X, where  the BSCS for  the  fundamental  compo- 
nent becomes  a maximum value of 213 hZ.  The  maximum BSCS 
of  the  array is about  253 times as large as that  of  the single bent 
crossed-wire scatterer  shown  in Fig. 11. The average of  the 
current  amplitudes of the  array is about  1.8  times as large as 
that of the single bent crossed-wire scatterer,  due to  the  mutual 
effects among the array elements. An approximate  calculation 
of (1.8 X 9)' for  nine  array  elements  accounts  for a  multiplicative 
factor of 258. It is also confmed  tha t ,  as the distance D be- 
tween  the array elements is increased, a maximum value of  the 
BSCS for  the  fundamental  component  approaches a value which 
is 81 [=(3 X 3)2] times as large as that  of  the single bent crossed- 
wire scatterer. 

A comparison  between  the array and a dihedral  corner reflec- 
tor  shows  that  the  maximum BSCS of  the  former  is  about 1.8 

times as large as that  of  the  latter,  both having the  same  aperture 
area. A comparison  between  them also indicates  that  the  array 
structure  has  an advantage in  that  the spacing S is  independent 
of an increase of  the  aperture area,  i.e., S = 0.25 h. On  the  other 
hand,  the dihedral corner  reflector is forced t o  occupy a deeper 
spacing between  the  aperture  plane  and  the  intersection of the 
two  metallic planes,  increasing the  aperture  area. 

Fig. 17  shows the BSCS as a function of the angle of incidence 
8. The half-BSCS angle is +6.5", over which  the BSCS for  the 
cross component  is less than -31 dB and is not appreciable 
in Fig. 17. 

V. CONCLUSION 

A straight  crossed-wire scatterer  without a junction  point  and 
arrays of  them have been discussed from an  aspect of  producing 
a backscattering wave whose rotational sense  is the same as that 
of an  incident wave of  circular polarization. Based on  the charac- 
teristics of  the  straight crossed-wire scatterer,  an  array consist- 
ing of 2 X 2 elements is constructed.  It is found  that  the  mutual 
effects  among  the array elements  lead to  the increase in the 
amplitudes  of  the  currents on the  array  elements, with con- 
sequent  enhancement of the  backscattering cross section. 

In order  the  improve  the  radiation  performance of the  straight 
crossed-wire scatterer, a bent crossed-wire scatterer  is  proposed. 
Bending the wires contributes to increasing the BSCS for  the 
fundamental  component, so that  the difference in the BSCS 
between  the  fundamental  and  the  cross  components  becomes 
large. For an array of  2 X 2 bent crossed-wire scatterers with a 
bending angle of 85", the  difference in the BSCS between  the 
fundamental  and cross components  at  the half-BSCS angle 
improves to  23 dB from 18 dB for  the straight-wire scatterers. 

For  better  understanding  of  the  performance  on  the array 
consisting of  bent crossed-wire scatterers, an array of 3 X 3 
elements is constructed.  The BSCS for  the  fundamental  compo- 
nent  exhibits a maximum value of  213 X' with a half-BSCS 
angle of  26.5". I t  is worth  mentioning  that  the  maximum BSCS 
of  the  array is 1.8 times as large as that of  a dihedral  comer 
reflector with the  same  aperture area.  Numerical results of the 
BSCS as a function  of  the angle of  incidence agrees well with 
experimental ones. 

* 

3 

i 
Authorized licensed use limited to: HOSEI UNIVERSITY KOGANEI LIBRARY. Downloaded on October 2, 2009 at 01:51 from IEEE Xplore.  Restrictions apply. 



NAKANO e t  a l . :  INCIDENT WAVE OF CIRCULAR  POLARIZATION 415 

( ~ 0 . 0 3 2 )  

12.0 

- 10.0 5 
-= 8,O 
- - 
tJ 
S 
W 2 6.0 
3 
V 

4.0 

2 .0  

5 -  

0 ’  1 I 

behd 
p o i n t  

x bend 
po 1 n t  

horizontal wire 

( ~ 0 . 0 3 2 )  

14.0 

12.0 

.lO.O - - 
-,8,0 
- - 
+-’ 
S 
W 6.0 
3 u 

4.0 

2.0 

0 
bend - 
p o i n t  

II bend 
p o i n t  

vertical wire 
Fig.  16.  Current  amplitudes on 3 x 3  bent  crossed-wire  scatterers: bend angle 7 = 85”; spacing S = 0.25 X; distance  between 

elements D = 0.745 X; Eo = 1  V/m. 
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Fig.  17.  Backscattering  cross  sections of array of 3 X 3  bent  crossed-wire 

between  elements D = 0.745 X. 
scatterers: 4 = 0” plane; bend angle 7 = 85”; spacing S = 0.25 X; distance 
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