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Image Interpretation and Prediction in Microwave 
Diversity Imaging 

HSUEH-JYH L1, NABIL H. FARHAT, A N D  YUHSYEN SHEN 

Abstract-The microwave image of a metallic object is interpreted 
from a new point of view, based on the understanding of the intercon- 
nection between the scattering mechanisms, the data acquisition sys- 
tem, and the image reconstruction algorithm. From this understanding 
we are able to interpret and predict microwave images reconstructed 
from data collected over specified and angular windows. The connec- 
tion between a special scattering mechanism, edge diffraction, and its 
reconstructed image is established. The microwave image of an edge 
will he two bright points whose locations correspond to the end points 
of the edge if the normal aspect angle is not included in the angular 
windows; otherwise a line joining the two end points and representing 
the edge will appear in the image. Experimental images of a trihedral 
reflector reconstructed from data collected over different angular win- 
dows support this new approach to image interpretation and predic- 
tion. 

I.  INTRODUCTION 
Microwave diversity imaging is an imaging technique that ex- 

ploits possible degrees of freedom, including spectral, angular, and 
polarization diversities [l]. In this imaging system, an object is 
seated on a rotating pedestal and is illuminated by a plane wave. 
For each aspect angle a set of pulses at different frequencies is 
transmitted and its echoes are received. The object is then rotated 
and the measurement is repeated to obtain the multiaspect stepped 
frequency response of the scattering object. 

In the microwave regimes, the physical optics (PO) approxi- 
mation is usually used to model the scattered field of a conducting 
object. It was shown that a three-dimensional (3-D) Fourier trans- 
form (FT) relationship exists between the shape of a perfectly con- 
ducting object and its backscattered far field under the PO approx- 
imation [2]. However, the PO approximation is inadequate for 
scattering problems of a complex shaped conducting object. At 
high-frequency edge diffractions, multiple reflections, creeping 
waves, and surface traveling waves are also important scattering 
mechanisms [3]. A field scattered from these scattering mecha- 
nisms cannot be treated by the P O  approximation. Additionally, 
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the spectral and angular windows for the data are usually restricted 
by practical constraints. Therefore, the microwave image of a me- 
tallic object might be different from its geometrical shape. 

In this paper we will investigate microwave images of metallic 
objects employing microwave diversity imaging from a new point 
of view, based on  the understanding of the interconnection between 
the object scattering mechanisms, the data acquisition system, and 
the image reconstruction algorithm utilized in image retrieval. The 
image reconstruction algorithm can be either the Fourier transform 
method o r  the back-projection method, and these two methods yield 
equivalent results [ 11, [4]. However, the back-projection method 
provides more physical insight into the image formation process 
[ 5 ] .  Basically, the image is formed in three steps: 1) measure the 
scattered field over a specified spectral window and angular win- 
dow; 2 )  obtain the range profile, which is the inverse FT  of the 
range-corrected frequency response, at each aspect angle; and 3) 
back-project the range profile of each aspect angle onto an image 
plane to obtain the image. W e  will interpret and predict the micro- 
wave image based on the above three steps. 

A different scattering mechanism might produce a different ap- 
pearance in its microwave image. In this paper we will only deal 
with a special scattering mechanism-edge diffraction. For those 
objects consisting of conducting plates, edge diffractions are dom- 
inant contributors to the scattered field when the receiver is not in 
the specular direction of any one of the visible plates comprising 
the object. T o  a first order approximation the field scattered from 
the above type objects can be considered as a summation of the 
contributions from each “visible” plate, and the scattered field of 
a plate can be considered as a summation of the diffracted field 
from each “visible” edge. Therefore, diffraction from an edge is 
the basic building block for the scattering problem of those objects 
consisting of conducting plates. 

In Section I1 the scattered field from an edge with finite length 
will be reviewed, the physical properties of its range profile will 
be explained, and the image formation for an edge with finite length 
will be discussed. A trihedral reflector is an object consisting of 
conducting plates. Experimental images of a trihedral reflector re- 
constructed from data collected over different angular windows will 
be demonstrated and interpreted in Section 111. 

11. SCATTERED FIELD, RANGE PROFILE. A N D  IMAGE 
FORMATION OF A FINITE EDGE 

Consider a conducting plate placed on a rotating pedestal as il-  
lustrated in Fig. l .  Points P I  and P2 are two vertices of the plate 
and the line P I P 2  forms an edge of the plate. In the laboratory 
coordinate system, define the z-axis in the direction of the rota- 
tional axis, and the x-axis in the direction of the line of sight. At 
the starting angle the polar coordinates of the end points P, and P2 
are ( r , ,  0 , ,  41)  and ( r 2 ,  e?, $>), respectively. As the plate is rotated 
with an angle 4 the coordinates of P I  and P2 become ( r , ,  0 , ,  4, + 
4 )  and ( r 2 ,  e 2 ,  dz + $), respectively. The differential ranges of 
these two end points at rotation angle 4 are then rl sin 0,  cos ( 4l 
+ 4)  and r? sin e2 cos ( &  + 4) ,  respectively. It is noted that the 
dependence of the differential ranges of the end points on the ro- 
tation angle is sinusoidal. 

Next we define an edge-fixed coordinate for the plate. Let the 
z’-axis be in the direction of the edge PIP,, and the x’-axis be nor- 
mal to the edge and lying on the plate surface. The corresponding 
inclination angle of the transmitter1receiver to the edge-fixed co- 
ordinate system is 0’ ( 4  = 0” ). As the plate is rotated through an 
angle 4, the corresponding inclination angle for the edge-fixed co- 
ordinate system becomes 0‘ (4 ) .  It is noted that 19’ is not only a 
function of 4 but also a function of the orientation of the plate and 
the edge. 

The diffracted field of a wedge with finite length for arbitrary 
incident and diffracted angles has been treated [6], where the con- 
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Fig. 1. Geometry and coordinates of an edge in the laboratory coordinate 
system and edge-fixed coordinate system. 

cept of equivalent electrical current and equivalent magnetic cur- 
rent has been applied. Denote the equivalent electric current and 
equivalent magnetic current on the edge as Z ( z '  ) and M ( z '  ). The 
expressions of I and M for the backscattering case can be found in 
[ 6 ] .  They are functions of the inclination angle and the azimuth 
angle, and are inversely proportional to the wavenumber k .  

The backscattered field of an edge with finite length L expressed 
in the edge-fixed coordinate system can be written by [6] 

( 2 )  
jwpo  e-jkr sin ( k L  cos 0' ) 

E ,  = -- 7 sin O ' M ( 0 )  L 
4a r kL cos e' 

where I( 0)  and M ( 0 )  are the equivalent electric current and equiv- 
alent magnetic current at z '  = 0, and 7 is the characteristic imped- 
ance of the free space. 

At a specific aspect the range profile is obtained by F T  the range- 
corrected frequency response. After range correction (i.e., the first 
two terms on the right of (1) and ( 2 )  being removed), the range- 
corrected field can be further simplified to 

e ~ k L u a \ B '  - e - ~ I L c m R '  

Eh, = sin O'Z(0) L 
2JkL cos 0' (3)  

e ~ k L c o \ R  - e -IhLco\B' 

E; = 7 sin O ' M ( 0 )  L (4)  2JkL cos 0' ' 

The FT  of (3) and (4) with respect to 2k over a finite bandwidth 
will give two peaks, located at range about k ( L / 2 )  cos O', which 
are at the differential ranges of the end points of the edge, with 
amplitude proportional to I ( 0 )  or  M ( O ) ,  and 1 / ( L  cos 0' ) if 8' # 
90". At the rotation angle 4 such that O'(4) = 90", the range 
profile gives a single peak with strong magnitude because the two 
end points of the edge have the same differential ranges and all the 
points on the edges are in equidistance to the observation point. 

After realizing the aspect dependence of the range profile of the 
edge, we can then form and predict the image of an  edge by the 
technique of back-projection [4], 1.51, [ 7 ] .  After back-projection, 
the contributions of a specific range profile to the reconstructed 
image will be two parallel lines oriented in the direction of 4. Be- 
cause the trace of each end point versus the rotation angle is sinu- 
soidal, all back-projection lines for various rotation angles 4 will 
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Fig. 2 .  Image formation of an edge. (a)  Sketch of the range profiles of an 
edge at various aspect angles. (b) Implementation of the back-projection. 
Sketches of the images after back-projection (c) including and (d) with- 
out the aspect angle such that the edge is normal to the line of sight. 

pass through the corresponding end point as in the case of com- 
puter-aided tomography (CAT), intensifying the brightness of the 
end points. However, when the aspect such that O f ( + )  = 90" is 
within the angular window (i.e.,  the aspect at which the incident 
wave is normal to the edge is contained within the angular win- 
dow), the back-projection due to this range profile will be a single 
bright line. 

The above explanation is illustrated in Fig. 2 .  At rotation angle 
4o the edge is normal to the line of sight ( i . e . ,  0' ( & )  = 90" ), and 
the range profile for that aspect has a single peak with large am- 
plitude. When the plate is rotated to another angle 4,, the range 
profile has two peaks located at d; and d: with smaller amplitudes 
(see Fig. 2 ( a ) ) .  The implementation of back-projection is illus- 
trated in Fig. 2(b). The sketches of the image after back-projection 
including and excluding the specular aspect are shown in Fig. 2(c) 
and (d), respectively. The above discussions and illustrations in- 
dicate that the microwave image of an edge will be two bright points 
whose locations correspond to the end points of the edge if the 
normal aspect angle is not included in the angular window; other- 
wise a line joining the two points and representing the edge will 
appear in the image. 

111. MICROWAVE IMAGES OF A TRIHEDRAL REFLECTOR 
To  verify the new interpretation approach, the microwave im- 

ages of a trihedral reflector reconstructed from data collected over 
various angular windows are demonstrated below. 

The geometry of a trihedral reflector and the imaging arrange- 
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Fig. 3 .  Geometry. imaging arrangement. fringe pattern. and sinogram of 

a trihedral reflector. (a) Geometry and imaging arrangement of a tri- 
hedral rcflector. (b) Real part of the range-corrected frequency response 
of the trihedral. (c) Sinopram of the trihedral reflector. 

mcnt are shown in Fig. 3(a) .  The transmitting and receiving anten- 
nas have opposite senses of circular polarization. 101 equal fre- 
quency steps covering the 6-16.5 GHz range wcrc used to obtain 
the frequency response of the trihedral reflector. The object is ro- 
tated clockwise 360". The real part of the range-corrected complex 

Fig. 4. Photo image and microwave images of a trihcdral reflector. (a) 
Microwave projective image reconstructed from data collected over an- 
gular window from q5 = 0 "  to 220". (b) Projective photo image. Micro- 
wave pro,jective images reconstructed from data collected over (c) an- 
gular window 1 ( $  = 0" to 40") ;  (d) angular window 2 ( +  = 40" to 
80");  (e) angular window 3 (+  = 80" to 120" ): ( f )  angular window 4 
( $ = 120" to 160"); (g) angular window 5 ( $  = 160" to 220" ): and 
(h)  angular window 6 ( $J = 220" to 360"). 

frequency response of the trihedral reflector is shown as a central 
slice of Fourier data in Fig. 3(b). The radial distancc of a given 
sample in this plot represents the frequency while the polar angle 
represents the rotation angle 4.  The brightness of cach point is 
proportional to the amplitude of the frequency response. The range 
profiles for all aspect angles arc represented as a sinogram. The 
sinogram representation has been used in CAT 171 and is applied 
here to represent the range profiles of various aspect angles. It is a 
2-D intensity varied display with the abscissa of the differential 
range, the ordinate of thc aspect angle, and the intensity o r  bright- 
ness proportional to the amplitude of the rangc profile. The sino- 
gram of the trihedral reflector is shown in Fig. 3(c) .  The bottom 
line represents the range profile of thc first aspect ( 4 = 0" ) while 
the top line represents the range profile of the last aspect angle. 
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The magnitude of the range profile is proportional to the brightness 
of the display and the sinogram is displayed in linear scale. The 
dynamic display range has been suitably chosen so that weak sig- 
nals will not be ovemdden.  Examining the sinogram one can find 
that bright points are present in certain aspect angles. Locations of 
these bright points correspond to the differential ranges of the “vis- 
ible” edges that are normal to the line of sight. 

The image reconstructed through an angular window covering 
from q5 = 0” to 220” is shown in Fig. 4(a). It is seen that the image 
is a projective image projected onto the plane normal to the rota- 
tional axis. The optical projective image is also shown in Fig. 4(b) 
for comparison. T o  verify our new image interpretation approach 
stated in the previous section, we divide the whole angular window 
into six subwindows and reconstruct the image from each subwin- 
dow. The resultant images are shown in Fig. 4(c)-(h). Examining 
the resultant images, one can find that only those edges that are 
normal to the line of sight within the specified angular window 
appear in the image. The brightness of the end points of the edges 
has been intensified. It is noted that no edges are normal to the line 
of sight in angular window 3. Accordingly, no edges are present 
in the image while the brightness of the vertices are intensified. 
Furthermore, the effect of multiple reflections is pronounced for 
some aspects in this window as can be seen from the fringe pattern 
(Fig. 3(b)) and the sinogram (Fig. 3(c)). Multiple reflection usually 
distorts the image because the range profile does not reflect the 
range information of the object shape [5], [8]. In angular window 
6 strong multiple reflections are dominant contributors to the scat- 
tered field for most aspects. Although the edges can still be seen 
in the image, artifacts due to multiple reflections distort the image. 

IV. DISCUSSION AND CONCLUSION 
In this paper we interpret the microwave image of a metallic 

object from a new approach, based on the understanding of the 
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interconnection between the scattering mechanisms, the data ac- 
quisition system, and the image reconstruction algorithm. From 
this understanding we can interpret and predict the microwave im- 
age reconstructed from data collected over specified spectral and 
angular windows. Experimental results support this new approach 
to image interpretation. Although the scattering mechanism treated 
in this paper is confined to the edge diffraction, the same approach 
can also be applied to establish the connection between the other 
scattering mechanisms and their reconstructed images [ 5 ] .  Suc- 
cessful interpretation and prediction of the microwave image are 
fundamental to research in several areas, including target identifi- 
cation, classification, radar cross-section reduction, and image dis- 
tortion [8]. 
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Equation (2 1) should read 

Equation (23) should read 

The last formula in the first column of page 423 should read plainly 

Lines 19 and 20 on the second column on p. 423 should read “For  
aligned ellipsoids with t ,  = tee, we find the coherent potential for- 
mula. . .”. 

Equation (31) should read 

1 “  
3 

3 ,?, 4 (€1 - ,2 +T) 
Eeff = E + 3 1 ” 

1 - - Cf; ( t ,  - E )  2; 
3 , = I  / = I  t + N,,(t, - t )  
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