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Abstract

An ultra wide band SAR has potential applications on imaging undcrgrcmnd  objects.
l;lying this SAR in a circular flight path is an efficient way to acquire high  resolution image

from a localized area. This paper characterizes the impulse response of sL~ch  a system. The
results indicate that to achieve an image with a more uniformed resolution over the entire
imaged area, proper  wc~ighting  coefficients should be applied to both the principle aperture

and the cmnplcmcmtary aperture.

1. lntrocluction

To attain useful resolution for a low frequency SAR (Synthetic Aperture Radar) for
image mapping, the radar must be designed with a frequency bandwidth close to or greater

than its center frequency. This kind SAR is referred to as the ultra wide band SAR. An ultra
wide band SAR is capab]e of an ultimate resolution, which is a fraction of the wavelen~th  of its

center frequency. However, it is relatively difficult to achieve the ultimate resolution from such
an airborne SAR flying in a straight line path because of the difficulty  in handling its extremely

long aperture. On the contrary, the synthetic aperture length for this SAR in a circular flight
path has a more reasonable aperture length and allowing a full 360 degree of viewing angle.
Due to its potential application in under ground mapping, it is of great interest in
understanding the characteristics of t}~is system.

3’he principle of imaging for an ultra wide band SAR in a circular flight path is similar
to the ]nvcrse  SAR (ISA]<)  [1]. in both of these systems, a target is observed by the radar
through a complete 360 degree. 1 ]owever, i~ i ISAR, the distance between the radar and targets
is usually much greater than the dimension of the targets. Thus, the problem of lSAR is related
to tomography dealing with line integral of parallel lines. Due to the constraint of antenna
dimension, an ultra wide band SAR has a n~L]ch broader radar beam angle, Therefore, the
dimension of the mapping area is comparable to the distance between the radar and targets.
1 lcmce, the problem of an ultra wide bancl SAR is related to tomography dealing with line
integral of concentric circles [2 ]. Ilue to the complexity of the mathematics, a comprehensive

analysis on this system is yet not available. ‘l’his paper intends to characterize the point-target
impulse response and presents method to control the shape of the impulse response.
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2. Analysis

3’lw mapping geometry of an ultra wjde band SAR in a circular flight path is shown in
l;igure  1. “1’0  simplify the followins  analysis, we assume that the radar footprint covers the
same area as the ground projection of the flight circle. I’he first part of the analysis shall be
focused on a special case where the altitude of the radar is much smaller than the radius of the

flight circle. When the radar altitude is equal to z,ero, the problem of this system is identical to
{hat of an acoustic reflective tomography [2].

Low Altitude Georne{ry

An exact solution to this problem was given in [3]. 1 lowcver,  this solution is yet not
practical due to the lack of accuracy and efficiency in implementing the required IIankle
transforms. The algorithm of filtered backprojcction  were also suggested [1] to yield a

satisfactory impulse response. However, the analysis was given based on an approximation
that is only applicable to targets near the center of the circle. The following analysis will show
that the same waveform also holds with very little error for targets near the inner rim of the

circle.

A--- -7$%

radar
footprint

Figure 1 An Ultrawide Band SAJ< in circular path

I,et trl, 01 J be the target position in polar coordinate and rOf (0’, rl, 01 ) be the radar-target

distance as a function of the radar polar angle O’. Assuming that the echo from a pc)int target
has been compensated for its slant  range variation. ‘lo simplify the problem furthermore, we

assume that the antenna gain over the illuminated area is a constant. The impulse response of

3



the target obtajned from the fjltcred backprojection  algorithm may be formulated as a two
dimensional integral along the radar ang]e and radar frequency, i.e.

where  R is the frcqucmcy coordinate of the radar and RO is the maximum frequency of the

radar. The factor 1]/1 is the fjltw transfer function which emphasizes the high frequencies. A

closed f o r m  result for the above  i n t e g r a l  i s  difficu]t  to o b t a i n .  By d e n o t i n g
Ar(O’)  == rc,l(tY,  rl, 01 ) – rof(~’, r, 0), one may rewrjte  the al~~v~ quati~n as

$J 1{()= I R1.cos(2zAr(0’)R)  dl{dd’
()

l e t  Art,, represents the maximum value of Ar(f3’) a n d  p(O’) be a ratjo  f u n c t i o n  of
p(o’)  = Ar(O’) / Ar,,l, the above equa t ion becomes

H

1?0
Op, (r,@)= lRlCO.T(2nAr,,1p( O’)R) dJ/(10’

o

It is apparent that the range of p(tl’) is wilhin the jnterval of [–1, 1]. Since cos(–@) = cos@, we

can further wrjte the above equatjon as

H

R()
opt (r, 0) = I Rlcos(2nAr,)l  lp(O’)1 R) dRdO’

o

Now, one may use a probability density function  p(p) to express the above equation as

1<1.co,\(2  nAr,,,pI() dl<dp

The above equatjon  can be used to test the closeness of the impulse response of two
point targets by comparing their corresponding probability clensjty function p(p). For a point

located at the center of the cjrcle, its p(p) is plotted in lligure 2. This is actually the probability
density function of the magnitude of a cosil le function.
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l;igurc 2, The probability clensity function p(p) for the center tar~ct

one may use numerical method to obtain p(p) for all target within the radar footprint.
~lm resultant p(p) of all the targets arc very close to that of the center target. As shown in
IJigurc 3. are the ratios of the p(p) of each point target to the p(p) of the center target. The high

frequency noise in these plots are due to limited samplm  involved in gcmcratil~g these
functions. It is clearly shown that the diffcrcncc  of the probability density is within 0.5%. The
1-D cut of the impulse responses in the horizontal axis of these three targets are plotted in
IIigure 4. With the presented plotting scale, nc) difference can be seen. in addition, these

impulse responses follow the waveform of a ]inc function. These impulse responses may be
shaped by applying a weight function to the radar spectrum. The impulse responses with
reduced sidclobe energy by the Harming weight function is shown in Figure 5.
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ligure 3. The ratio of probability density function for three points
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l~igure  4. The 1-D cut of the impulse response of three points
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I:igure 5. The 1-11 cut of the 1 lanning weighted impulse response

High Altitude Geometry

The analysis for the low altitude case can not bc applied here since in general the range
of p(O’) is within the interval of [- J, 1] where 1~1< 1, This fact makes the pdf p(p) change
significantly from point to point. Consequently, the shape of the point-target impulse response
varies from point to point,

Some analysis for this geometry can be found in [4]. } lere,  we shall again use the filtered
backprojecticm  algorithm for data processing. The shape of the impulse response may be
obtained directly from simulation. 1 lowever, the following analysis provide a significant

insight to the waveform of the impulse response. According to the filtered backprojection
algorithm, the impulse response in the pund projection coordinated may be viewed as the
superposition of ground projected images constructed from each radar echo. Near the location
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of the point-target, the point-target image constructed from each echo is a line-shaped

response, as shown in Figure 6, which is uniform in one dimcmsicm  and of the following form
in another dimension

A(x) = 2Rsinc(2R~x)-  sinc2’(Rlx)

The resolution of this function is determined by the bandwidth R], which is determined
by the radar bandwidth 1$ as well as the sine of look angle of the radar at the time acquiring

this echo. CM,
{Iyl ( 8’)

RI = R(1 ~ sin Of, ( 0’) = R(J ~ -–--;-–;---~
J(I,vl (G’ ) -i }1

where ds, (0’)  is the distance between the ~ro~lnd pr~jecti~n  of the radar to the ta%~t  and )1 is

the aircraft altitude. The spectrum of this line-shaped image is also a single line perpendicular
to the image line. Since the line-shape ima~,e is a ma] function, this spectrum is consisted of

two segments, each being the complex conjugate of the other. Ry superposing only one
segment of this line spectrum for all echoes covering 360 degree, a sil~”gle sideband spectrum
can be formed. An example of this spectrum is given in IJigure 7. It is shown that the frequency
band coverage varies as a function of polar angle. 13y combining both segments  of the line
spectrum, one may form the full (double sideband) spectrum. Two examples of this spectrum

are given in Figure 8 representing those of two point targets. IJrom this spectrum model for a
point-target, it is obvious that the look anglv variation has great effect on the shape of thc”final
impulse response.

Impulse Response from many views (echoes) I ,ine Response from one view (one radar echo)

Vigure 6 impulse response Superposed from 1,ine Responses
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l~imlre 7. SinEle Side-l~and Spectrum of the 1’3’  impulse<)
Re;ponse  in Ground ‘1’1 ejection
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F’igure 8a. Full (Double Sideband) Spectrum of the PT
impulse Response in Ground I’rejection
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Figure 8b. Full (Double Sideband) Spectrum of the I’T
Impulse Response in C;round  l’rejection

in l;igure  8, the spectrum may also be viewed as the superposition of the amplitudes of
two layers. The origin of the top layer is from the echo ill the principle aperture [5]. The origin
of the bottom layer is from the echo in the complement aperture [5]. Since the frequency
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covcmge  of the top layer is less than the bottom layer, the resolution performance shall be

worse by processing echoes including {he principle aperture.

A simulation has been carried out to c1 laracterize the point target impulse response. 13y

including both the principle aperture and complement aperture echoes in data processing, the
artifact clue to the principle aperture is evident for target near the edge of the flight circle
projection. This is shown in cut c in Figure 9a. This artifact is less obvious for target more close

to the center of the circle as shown in l;isure 9b. L~y excluding the echoes in the principle
aperture, one may obtain a more sharp impulse response as shown in Figure 10.
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Figure 9a 1 -D Cut of lmpu]se  Response Processed by both
Principle and CoInplemcwt  Apertures
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Figure 9b 1-11 Cut of lmpu]se
]’rinciple and Complement
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Figure 10 I-D Cut of lmpulsc  Response  Processed by the
~mnplcment Aperture

Summary

This paper has presented the analysis and simulation results for the impulse response of

a an ultra wide band SAR system. I;or the low altitude case, a probability density function
provides the insight of the little difference in the waveforms between targets near the inner rim
of the circle and the center target. I+m the hi+ altitude case, it has shown that the shape and
the resolution of the impulse response are relatively uniform for targets in the inner part of the
circle. “J’he  shape starts to change when the difference of the look angles between the principle
aperture and the complement aperture becomes more significant. TO achieve a relatively
uniform shape and resolution, one may put proper weights on the echo response of both the

principle aperture and the complement aperture.
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