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ABSTRACT -

A fast process for two-dimensional microwave imaging is
presented. A coherent short-pulse radar is used to sample

_amplitude and phase of the backscattered field from a
continuously rotating object while a narrow range gate is
swept in range steps of 15 cm across the target plane at a
typical speed of 150 m/s. Applying fast synthetic aperture
radar (SAR) principles in an off-line process for each
range cell, an acceptably good cross-range resolution can
be obtained by processing angle intervals of less than 15°.
The influence of analytical approximations as well as the
effect of range walk can cause severe image degradations.
A method for compensation of these cffects under the
aspect of minimum loss in processing has been developed
and will be presented.

INTRODUCTION

Computer aided tomography (CAT) and synthetic aper-
ture radar (SAR) are well known techniques for construct-
ing high resolution microwave images by processing data
obtained from different perspective items of a target area.
The two-dimensional images provide avaluable insight
when diagnosing scattering phenomena by displaying the
spatial reflectivity distribution of complex shaped objects.
This can clearly highlight scattering features and mecha-
nism or can be utilized as a target identification or classi-
fication technique.

Most microwave imaging systems, either commercially
available or assembled from laboratory test instruments, can
automatically measure the radar cross section RCS of a
target in fine frequency increments spanning bandwidths of
several GHz. Processing the frequency responses by one-di-
mensional Fourier transforms results in range resolution
along the radar line-of-sight RLS in the order of several
centimeters. Due to the limited spatial dimensions of ane-

choic chambers and the restriction to test- objects of small
size, compact ranges are equipped with such systems.

A gated short-pulse radar, however, allows time delay
sorting of the echo signals in real time with a high degree
of clutter suppression in which case the range resolution
is determined by the pulse duration. Pulse durations in the
order of 1 ns (equivalent to 1 GHz RF bandwidth) or even
less can be realized (Bethke, 1989a, b; Lange, 1991). In
many cases a resolution from 15 cm to several meters is
sufficient to provide valuable insight when diagnosing
scattering phenomena.

Fast imaging techniques are required for time and cost
effective investigations of the backscatter behaviour of
scale-models or real-world targets. Similarly, airborne
intelligence and reconnaissance as well as airport and city
traffic surveillance depend on fast imaging techniques, if
knowledge of spatial reflector distribution is required for
object identification or classification. A coherent short-
pulse radar and fast SAR imaging technique provide both
measurement and processing speed.

In this paper turntable experiments are studied in which a
stationary radar observes a rotating target. Since the rela-
tive motion in the inverse case is equivalent, that is by a
moving radar and a stationary target as is usual in SAR,
SAR imaging can be transferred to ISAR (inverse syn-
thetic aperture radar) imaging and vice versa. A fast SAR
technique will be applied directly to small-angle looks to
give a two-dimensional reconstruction of the object reflec-
tivity function.

Outdoor experiments will be described which have been
conducted with a coherent short-pulse radar. Using 1 ns
pulse duration, the range resolution was obtained in real
time by stepwise sweeping the delay time of the receiver
gate at a considerable velocity while the turget under test
was continuously rotated. Image quality degradation
which may occur the restriction to one-dimensional fast
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Fig. I - Block diagram of the radar system.

Fourier transforms carried out on the content of each range
cell will be discussed.

With respect to fast image processing, an effective method
for compensating these degrading effects by improved
focusing the synthetic aperture will be presented. The
focusing process is only applied to time domain raw data
which makes possible the use of conventional one-dimen-
sional FFT algorithms.

1. EXPERIMENTAL CONFIGURATION

Experimental data were collected at a fixed frequency
using a gated coherent short-pulse radar which covers the
frequency range between 8 and 18 GHz. The system was
operated with two parabolic reflector antennas, each of 60
cm diameter and a radiated power of approximately 40 W.
The receiver gate width as well as the transmitter pulse
length is adjustable from 1 us to 0.8 ns. The delay time for
the receiver gate can be linearly swept or, alternatively,
digitally swept in minimum increments of 1 ps. This
short-pulse radar has been designed for outdoor high res-
olution RCS measurements of geometric objects, scaled
models or real size targets. The applications involve iden-
tification of scatterers for target signature definition and

modelling, and for RCS reduction. A block diagram of the
system is given in Figure 1.

In order to obtain high resolution in range, a constant
receiver gate width and transmitter pulse length of about
1 ns were used. In most practical cases this duration is
sufficient for studying targets with a maximum cross di-
mension down to about 1 m. For the purpose of gencrating
microwave images, the delay time for the receiver gate
was frequently swept in steps of 1 ns corresponding to
range increments of 15 cm. A range increment of less than
15 cm would result in a more finely sampled echo profile,
however, the data volume would increase considerably
and processing would become much more time consum-
ing. The time period for one range sweep was fixed to 40
ms. Here 40 range steps per sweep starting from a given
primary range delay have been programmed which cover
a total range depth of 6m containing the target under test.
An amplitude and phase (alternatively, in-phase and quad-
rature component) sampling of the back scattered signal
occurs every millesecond.

Most RCS measurements occured at outdoor-ranges suffer
from ground reflections. This effect can be suppressed by
installing radar fences at proper locations inside the
measurement range (Bethke, 1986). Figure 2 shows the
typical measurement range for small sized targets as
studied in this work.
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Fig. 2 - Geometry of the outdoor measurement range.

A 1:20 scaled, metalized model of an Airbus A 310 has
been mounted on a continuously rotating styrofoam
column and is homogeneously illuminated by the station-
ary radar. An angular encoder connected to the turntable
rotator triggers the range gate sweep every 0.1° at a ro-
tational speed of 1°/s. The cffective speed of the moving
range gate was chosen at 150 m/s, only limited by the
given video bandwidth of 3kHz. After one complete object
rotation which takes 6 minutes, all required data are avail-
able, stored on magnetic tape.

2. FAST IMAGE-PROCESSING

As indicated in the preceding section, the measurement
procedure separates the target response into equidistant
range cells. Resolution in cross-range is obtained by pro-
cessing the signal content of each range cell as a function
of angular position to extract a Doppler signal which
determines the cross-range coordinates with respect to the
rotational centre. The value of the reconstructed target
reflectivity function f(xo,yo) at a position (x,,y,) as
depicted in Figure 3, is given by the coherent sum of the
phase corrected responses V (x', ¥, 8) over a finite angu-
lar interval (e.g. Bethke, 1989a, b; Mensa, 1991)

N-1
1 / ! . ’ ’
Fo0.30 = B VG LY G explin .y 8] (1)

where the phase corrections given by the second sum-term
eliminate differences in pathlengths existing between the
radar sensor and the focused object point at N different
aspect angles 0,. The function f(x,,y,) represents an
average of the scattering features at the point (x, , y,) with
respect to the aspect angle. It can only be an approximation
of the real object function because the theory adopted here
assumes independent and isotropic scattering point
sources. Thus, the total signal content in each range cell
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Fig. 3 - Two-dimensional geometry.

can be described by linear superposition of all object
scattering centres inside a given range cell.
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Generally, the phase term ¢ (x',y’, 0,) which is deter-
mined by the distance R, between the radar sensor and the
focused object point at (xo , yo) is expanded in a series up
to linear order assuming that R, is much greater than

G+ y(z)) /. All aspect angle invariant terms will be neg-
lected. Assuming a clockwise target rotation yields

¢,y ,0,)= 47? (yo cos 6, — xo sin 6,)

~—-2n % Xo constant (2)
where the phase corrections for small-angle looks, that is
cos 0, =1 and sin 0, =~ 6,, are approximately linear in 6
and proportional in the cross-range coordinates x,. Ex-
panding the trigonometric functions in a series up to linear
order means that only the movement of a scattering centre
in down-range direction causes dominant phase shifts that
will be compensated. The beam focusing process includes
no phase corrections for a cross-range movement which is
determined by second order terms resulting from
Yo cos 0y.

According to (1) the result of (2) makes it possible to apply
of fast digital Fourier transforms to the signal content of
each range-cell in order to steer and focus a narrow syn-
thetic aperture beam across the target plane with minimal
computational burden and hence processing time. That
provides a two-dimensional image of the projection of the
spatial distribution of the scattering centres onto a plane
normal to the rotation axis.

1 1 1 1 1 1 i 1 1 1 ! 1 1
e _
I _
0. _
0. _
0. _
£
g0 =
=
x 0. =
b
2-0. :
-0, =
-0, :
-0, _
e -
- :
_I' -
' 1 1 1 1 1
2 08 04 00 04 08 12
a) CROSS -RANGE /m
-3D.0

-25.9 -20.0 -15.0 —-12.0 -5.0 0.0

After having read the input data, the processing time on a
relatively slow p Vax II computer is in the order of 1.5
seconds for computing an image array of the so-called
reflectivity matrix which consists of 128 times 40 complex
elements. The operations performed include RCS calibra-
tion as well as additional multiplications of the measured
respons V(x',y", 0,) with a Hamming window in order to
reduce the sidelobes of an imaged scattering centre
(Bethke, 1989a). On a powerful modern desktop RISC
machine this process will only need a fraction of the time
mentioned above.

A further important advantage when applying the syn-
thetic aperture principle is the fact that the position of the
rotational centre does not have to be known. Therefore,
the process described in this paper is suited for imaging of
moving targets which also have a translatory velocity
component. In this case, an artificial rotational centre is
assigned to a selected scattering target point after a prior
motion compensation has been performed (Chen, 1980).

In Figure 4 examples of experimental results are shown.
The microwave images present the reconstructed object
reflectivity of a 1:20 scaled metallized Airbus A 310 under
a certain aspect angle and for different polarisations
(Bethke, 1991b). Although the pulse length and the range-
sweep increment of 15 cm were rather long compared to
the maximum object dimension of 2.36 m, the achievable
resolution is sufficient in order to identify the different
scattering centres. The resolution also permits identifica-
tion and classification.
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Fig. 4 - Microwave image of a 1:20 scaled Airbus A 310 for; a) horizontal; b) vertical polarisation; frequency 12.5 GHz; process

angle 12.8°, range resolution 15 cm, RCS in dBsgm.
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Fig. 5 - Image reconstructed by incoherent superposition of; a) 29 looks according to a 70° - view; b) 144 looks according to a 360°

- view.

A noncoherent superposition of several processed narrow-
angle looks, where only the maximum amplitude value is
taken into account, gives a more complete representation
of the reflectivity function. Figure 5a shows the result after
superimposing 29 looks covering a total aspect angle of
70°. Dominant echo contributions from the turbines,
wings and fuselage can be identified which, e.g., would
contain enough information for a classification. In Figure
5b the total object reflectivity is shown reconstructed from
144 looks.

3. IMAGE DEGRADING EFFECT

The image process presented here may suffer from two
degrading effects if high resolution is desired. A wide
range of aspect angles is required for a fine cross-range
resolution which is determined by the cross-range cell size
Ax via the relation

A

Ax=r—— ,

2A0

A 0 = process angle (range of aspect angles).

The approximations applied may no longer hold at the
outer bounds of the image plane.

Degradations in down-range mainly result from the ap-
proximation y - cos 0 = constant by which the phase cor-
rections in (1) do not account for migrations through
cross-range resolution cells. From the results in (Bethke,
1989a, b) one finds that the approximations are quite good
if the maximum phase error meets the condition

4—£ty,-(1—cosAB/2)i .

“4)
Assuming equal lengths of transmitter pulse and receiver
gate, the maximum amplitude decrease in down-range will
be less than about 4 dB when using a rectangular window
and less than about 1.5 dB when using a Hamming win-
dow. In addition, no blurring along the down-range
coordinate will appear.

The second and most severe degrading effect on image
quality is caused by the migration of a scattering centre.
through more than one range cell during the process angu-
lar interval A 6. The so-called range walk reduces the
effective width of the synthetic aperture and hence the
resolution capability.
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Since the convolution of two equal sized rectangular func-
tions of width Ay yields a triangular function of width
Yeonv =2 Ay, the response of a scattering centre that mi-
grates through a range cell during the process angle inter-
val will be weighted by this triangular function of the
range gate. Figure 6 shows different cases for the simu-
lated response | V (x', y", 6) | of a point reflector moving
on circles of different radii. Depending on its cross dis-
tance, it migrates through up to 5 range cells during A 0.
Here, a convolution interval of ycom = 2.6 Ay (Ay = pulse
length and range sweep increment)is assumed, accounting
for nonideal rectangular pulse shapes. From Figure 6 it can
be seen that for large cross distances the interval for a
measurable response will become shorter than the total
process interval. At the same time, contributions of the
scattering point will appear in several cells neighbouring
the i-th range cell. Thus, the range walk may cause blur-
ring characterized by an amplitude decrease of the recon-
structed average reflectivity function, by a decrease in
range resolution and according to (3) by a decrease in
cross-range resolution.

Meeting the condition
lx|'A6<yCOHV (5)

where | x | denotes the maximum cross distance of a target
point will keep image degradations at the outer bounds of
the image plane at a tolerable level. From the results in
(Bethke, 1989a, b) one can find that no significant blurring
will appear and that the maximum amplitude degradation
in cross-range will be less than 7 dB for rectangular
weighting and less than 4 dB when using a Hamming
window.

For the microwave images in Figures 4 and 5 the parame-
ter choice meets conditions (4) and (5) so that only small
degradations of image quality may appear at the outer
image bounds. However, without meeting conditions (4)
and (5) a reduced resolution has to be expected.

4. CORRECT FOCUSING IN THE TIME DOMAIN

Focused microwave imaging has to account for the migra-
tion paths of target scattering centres during the pro-
cessing interval. Generally, this is solved by swept or
stepped frequency measurements. The desired phase cor-
rections arc already accomplished in the frequency
domain. Transformation into the time domain then yields
a focused image. These techniques are known as polar
format processing (e.g. Walker, 1980; Mensa, 1991) or
computer tomography (e.g. Hermann, 1979; Fuchs, 1990).

When measuring in the time domain the signal of a scat-
terer moving through a costant range cell may be angularly
limited which prevents correct focusing. A possible way
to avoid this limitation would be Fourier transforming of
time domain data into the frequency domain, then apply-
ing the desired phase corrections and finally transforming
the result back into the time domain which results into a
correct, focused image (e.g. Brown, 1969; Kleintz 1991).
Such methods, however, involve considerable comput-
ational effort and hence processing time. In addition, loss
in resolution is to be expected due to the multiple trans-
formation of windowed data.

In order to realize a correct focusing of the synthetic
aperture in the time domain two conditions have to be met:
taking into account higher order terms and the assurance
of a function V (x',y’, 6,) that is nearly independent of
the range walk.

According to (2), phase corrections including higher order
terms are casily accomplished by simply adding a phase
contribution to the phase of each measured signal response
per range cell which is defined by (4t/A) - yo cos 0, .

For compensation of the range walk, the function
V(x',y,0,) of a given range cell has to be reorganized
along the process interval A 6. A scattering centre migrat-
ing through a given range cell only yields a maximal signal
response along a fraction of the total interval A 8 where
correct focusing is possible. At other process angles this
scattering centre will appear in neighbouring range cells
as is demonstrated in Figure 6.

Therefore, the original angular interval can be divided into
subinterval contains the signal response of the actual range
cell in which the maximum signal just appeares. In Figure
6 these subintervals are characterized by the dashed angu-
lar regions. The subinterval length depends on the lateral
location x to which the synthetic aperture beam is steered,
on the range gate function, on the range increment A y and,
of course, on the total process angle A 0.

The reorganization of the original signal response in a
given range cell tracks a scattering centre in down-range
so that the synthetic aperture now can be correctly fo-
cused. Using this concept, it is possible to find a more
detailed reorganization scheme which forms a signal re-
sponse with nearly constant amplitude along the pro-
cessing interval (Bethke, 1991a).

Applying this tracking technique at each step of steering
the focused beam will require much more computer time,
because fast FFT algortihms can not be used for this direct
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method. Therefore, in cross-range direction the image
plane is divided into strips running parallel to the range
coordinate. Referred to the lateral centre of each strip, an
individual tracking procedure is applied which only de-
pends on the cross distance of the strip centre and which
does not depend on the range cell position relative to the
rational centre.

Inside each strip this procedure results in an optimally
focused aperture for a point reflector at the strip centre. If
the cross-range extension of a strip is dimensioned such,
that differences in range walk inside each strip remain
small, then for every position inside a given strip a com-
mon tracking procedure for the strip centre will approxi-
mately hold (Bethke, 1991a). Consequently, FFT
algortihms can be applied again to generate an optimally
focuse dimage around each strip centre. Only the recon-
structed reflectivity function inside each strip is taken into
account to construct the final image.

The increase in computational effort for this focusing
method varies with the number of strips. The number of
strips depends on the maximum object dimension, the
range gate increment (which here corresponds to the pulse
length) and values given above, the definition
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has been found useful, where + x,, denotes the boundaries
of the strips in cross-range direction. In practice more than
5 different strips are rare so that the computational time
will not exceed the original computational time by more
than half an order.

Figure 7 gives an example for the efficiency of this
method. In an experiment three biconical reflectors were
moved on circles with a medium radius of about 1 m. In
order to generate a considerable range walk, the images
were processed with an unusually large angular interval
of 51.2° whereby a maximum migration path for the outer
reflector through more than 6 range cells was realized.

A further example is given in Figure 8 where the Airbus
model is imaged using the same process angle. If no
focusing techniques are applied, heavy blurring will dis-
tort the microwave image. It is noted that the image
resolution in the examples of Figures 7 and 8 is not well
proportioned, because the down-range resolution given by
the range gate was fixed. For instance, in Figure 8 the
cross-tange cell size is 1.3 cm while in down-range the cell
size is 15 cm which results in unproportioned pixel con-
tour plots.
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Fig. 7 - Image of three biconical reflectors; a) result from an ill focused aperture; b) correctly focused image constructed from fosuced
subimages; frequency 10.0 GHz, process angle 51.2°, range resolution 15 cm.
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frequency 12.5 GHz, process angle 51.2°, range solution 15 cm.

Overall, it can be stated that the additional time for gener-
ating correctly focused images can be held at a tolerable
level with respect to a fast imaging process. Further more,
a correctly focused aperture obtained by processing pure
time domain raw data requies no data manipulations with
inherently unknown effects as they may occur with
methods that require additional forward and backfward
transformations of windowed data.

CONCLUSION

In this paper a combined hardware/software method for
generating fast two-dimensional ISAR images has been
presented. The one-dimensional RCS-profiles versus
range are produced in real time with the aid of a gated
coherent short-pulse radar. Small-angle looks are suffi-
cient to obtain high cross-range resolution using fast SAR
principles.

Incorrect focusing of the synthetic aperture may cause
severe degradations to image quality. The main mecha-
nism for these effects have been identified. Taking higher
order phase terms into account and applying an individual

tracking procedure with respect to the migration paths of
scattering centres along the down-range coordinate will
give focused image strips which are combined to result in
a final correctly focused image with a tolerable amount of
computational effort and processing time. Examples of
processed images from experimental data demonstrate the
capabilities of the fast synthetic aperture principle.
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