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Abstract

Since Seasat SAR mission in 1978, SAR has become one of the most important
surface imaging tools in satellite remote sensing. SAR achieves high resolution by
sighal processing synthesizing a larger aperture. Therefore, SAR signal processing
along with antenna technology has been centered upon SAR technologies. Thus
interpreters of SAR imagery as well as those who involved in signal processing
require the knowledge of the principal SAR processing algorithm. Although the
conventional range-Doppler approach has been widely adopted by many SAR
processors, azimuth compression including the range migration has heen problematic.
The recent development of the wavenumber domain approach is able to provide high
precision SAR focusing algorithm. Compared with the wavenumber domain algorithm
derived by applying Born (first) approximation, the transfer function of the
conventional range-Doppler algorithm accounts only for the first order approximation
of the exact transfer function. The results of a simulation and an actual test using
airborne C-band SAR configuration demonstrate the excellent performance of the
wavenumber domain algorithm,
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1. Introduction

The synthetic aperture radar (SAR) provides geoscientists with invaluable data of the
Earth and planetary surfaces, and has become very important tools in remote sensing
techniques. Using microwave signals, SARs are able to image terrestrial surfaces with
relative independence of weather and solar illumination conditions. The core techniques of
the SAR system are centered on the signal processing as well as improvement of antenna
performance, because the SAR achieves high resolution in along- track through a signal
processing equivalent to a longer synthetic aperture. The SAR end users as well as those
who involved in SAR processing are often required to appreciate the fundamentals of SAR
signal processing, because an interpreter could be misled without the knowledge of the
SAR processing applied to the SAR image.

An imaging radar system utilizing a synthetic array was developed by C. Wiley in 1952,
and initially called ‘‘Doppler beam-sharpening system’’ (Sherwin et al. 1962). An
independent experiment with a Doppler processing radar had been conducted by the
University of Illinois group in 1953 using an airborne coherent X-band pulsed radar
(Brown et al. 1969). The research being developed at the University of Illinois was
transferred to the University of Michigan about 1956 (Ulaby et. al. 1981). The first
operational SAR system was the Goodyear AN/APQ-102 built for military use, which was
operated on X-band (3cm in frequency) with horizontal polarization (Moore 1983). The first
public application of SAR survey was carried out for geological mapping in eastern
Panama where optic sensors had rarely succeeded in obtaining an imagery because of
perpetual cloud cover (MacDonald 1969). ' The first spaceborne SAR was L-band
HH-polarization SAR system on Seasat launched by NASA in 1978 (Jordan 1980). A series
of spaceborne SAR missions have been planned and carried out through 1980's and 1990's
after the Seasat. The chronology of spaceborne SAR system is summarized in Table 1.

In the SAR signal processing terms, the ‘‘focusing’’ refers to a phase correction of a

synthetic aperture array. The SAR focusing had been achieved by optical processing
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similar to holographic technique till early 1980’s. Although optical SAR processing are
rarely performed cuwrrently, the frame works of SAR signal processing has been established
during the early stage of SAR developments. Excellent references regarding optical SAR
processing can be found in a collection of papers, Synthetic Aperture Radar (Kovaly ed.
1976). As the capability of computer systems has been remarkably improved during last
decades, digital SAR processing techniques have become popular. Early works on digital
SAR processing are described in Brown et.al.(1969), Kirk(1975), and Martinson(1975).
However, a full-scale processing scheme had not been materialized until Wu(1976), van de
Lindt(1977), and Bennett and Cumming(1979). The principal strategy of these algorithms is
based upon chirp technique using two sequential one-dimensional correlations; the range
correlation first, range migration correction in the range-Doppler domain, and then azimuth
correlation. We will call algorithms adopting above prbcessing sequence ‘‘conventional SAR

processing approach (or Range-Doppler domain approach)’’ in the following.

Table 1. Chronology of spaceborne SAR systems (Li and Raney 1991).

Launch Date Mission Country
July 1987 SEASAT US.A.
November 1981 SIR-A U.S.A.
September 1983 Kosmos-1500 U.S.S.R.
(RAR)
October 1984 SIR-B U.S.A.
July 1987 Kosmos-1870 USSR
( AlmaZ 1)
August 1990 MAGELLAN US.A.
March 1991 Almaz II U.S.S.R.
July 1991 ERS-1 Europe
February 1992 JERS-1 Japan
Spring 1994 SIR-C/X-SAR U.S.A.
1994 (?) ERS-1 Europe
1995 (?) RADARSAT Canada
1996 (?) CASSINI/TITAN  USA.

Details and difficulties of the conventional SAR processor are reviewed in Barber(1985).
Recently Rocca et al.(1989) developed a new SAR processing approach utilizing
wavenumber domain (or f-k domain). At similar time but independently Raney and
Vachon(1989) also developed a phase preserving SAR processor by exploiting phase
shifting in the wavenumber domain. This paper is focused on a SAR processing algorithm

using wavenumber domain, which derived directly from the wave equation and Born (first)
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approximation for SAR focusing. We are able to achieve the exact transfer function of
SAR point scatterer through this approach.

In the next section, theoretical background of the general SAR processing and the
wavenumber domain algorithm is described. Simulation and test results are discussed in

the third section followed by conclusions and discussions in the last section.

2. Theoretical Background

The heart of SAR technology is the SAR processing technique which enable a short
antenna to be synthesized into a longer antenna, and consequently high resolution in
along-track or azimuth dimension. Chirp technique (or matched filtering) is commonly used
for range compression, and is also utilized for azimuth compression in conventional SAR
processors. However, discussion about the chirp technique is beyond the scope of this
paper. The reader interested in the details of chirp technique may refer to Cook and
Bernfeld(1967).

Antenna

Antenna

Scatterer

n

Ground range
Figure 1. Sensor and a point scatterer geometry.

Figure 1. shows a sensor and a point scatterer geometry. In SAR data space, the
response function of a pointer scatterer (so called point scatterer response) is smeared out
into two-dimensional function. The SAR processing tries to focus the point scatterer

response back to a single point. Therefore, it is important to understand the behaviour of a
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point scatterer response. When a pulse transmitted by a antenna is given by
p(t) exp{—iw2R/c } (1)

where w0 is the carrier angular frequency, then the echo from the scatterer after range
compression can be written as

8(t—2R/c) exp{—1i2w R/ c) (2)
where A is wavelength and & is delta function. As Figure 1 shows, the range R can
be approximated as
2

R(x; 7’0) =Y 7’(2)+x2 = 7,0+$‘V_2_ 4 (3)

Using this quadratic approximation of range in Eq.(3), the point scatterer response
function can be approximated as

2 . 2
s(x, t;r)=é‘(t——zc—r—%) exp{-iwo%(ﬁL%)} (4)

The second exponential term represents the Doppler phase shift, and the range migration
can be expressed by

AR(x;7) = Rlx;r)—r =  P+xi—r

(5)
~ x*/2r
Azimuth
Xofe- DX F-~ecmm e ===
Xy po—————————-
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Figure 2. Range curvature, range walk, and range migration.
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The trajectory of range curvature in Eq.(5) is as shown in Figure 2, and makes SAR
processing two-dimensional problem. Conventional approaches perform the range migration
correction and azimuth compression in the range-Doppler domain based upon quadratic
approximation in Eaq.(4). In order to obtain the point scatterer response in the

range-Doppler domain, we can take the Fourier transform with respect to azimuth x

) | AL itmia g4 2 _ ok or K
s(ke ;7 5= e 6(t <" p” expl i~ (6)

where £, is the azimuth wavenumber or spatial angular Doppler frequency. The range

resulting in

migration correction in the range-Doppler domain is carried out as time shift by

kz
At(k,) = —%w—% 7

This range migration correction step requires a certain interpolation in range, which is
often difficult to achieve with high accuracy. After the range migration correction a
one—dimensional transfer function (complex conjugate of the point scatterer response) is

applied for azimuth compression such as

8

Cor K
exp{— _4—(1)0}

This rang-Doppler domain algorithm has been developed by Wu(1976), Bennett and

Cumming(1979), and van de Lindt(1977). However, this approach only accounts for up to

the first order approximations of @/ wq as we will discuss end of this section.

A SAR processing algorithm using wavenumber domain can be achieved by applying

Born (first) approximation to the wave equation. The Helmholtz equation is given by
2 w*
(V +?2—)s(r,r(,;w) = —f(r—vr,) (9)

where s(7, 7’,,;0)) is the total field, and f is the source function. Antenna coordinate Yo
and the scatterer coordinate 7 is as shown in Figure 3.
The total field can be decomposed into the incident field §; and the scattered field S,

and therefore the total field can be written as

s(r,rysw) = s;(7, v 0)+s,(7, 7y, 0) (10)
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z

Figure 3. Schematic diagram of the SAR geometry and integration volume of Green's integral.

Substituting Eq.(10) into Eq.(9) and integrating over the volume V in Figure 3, we have
non-linear equation. If surface scattering is dominant, we can assume that (Won and Moon
1992)

ss(r,vgw) ~ a(Ns; (7,7, w)

_a—_ ) a ) (11)
on Ss(r. VG,CU) ~O'(7’) '%S,’(V, 7’0,&))

This approximation corresponds to the Kirchoff boundary condition in optics (Goodman
1968), and this condition is similar to Born (first) approximation for this problem (Won and

Moon 1992). Using Eq.(11), we have final inversion formula given by

k (7, \/;2 7
o(x,7) ~ Aff\/ —?_kzik2 g MV EAE) | .

@(k,,; SVE+E )e Wkt tk) gy b,

where

= w
ow w

6= o ( s:(%.0,0; 0) ) (13)

and ¥ =7—v; where 7; is the minimum slant range, and A is a constant.

Derivation of Eq.(12) from Eq.(9) is described in. detail by Won and Moon(1992), and
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Won(1993). Eq.(12) is two-dimensional inverse Fourier transform of &, and therefore SAR

image can be focused using wavenumber domain processing and simple two-dimensional
Fourier transform. The proposed processing steps are summarized by a flow chart in

Figure 4.

Eomplex input data: Us(m,m
|
&it) multiplicatic;l
|

O(kz;w)

Interpolation in w-dimension: ©(k,, $\/k2 + k3)

Phase and Amplitude compensation by Mﬁ_"yﬁimur\/ KR
£ n

[Inverse 2-D FFT]

Amplitude adjustment: R,(z,7) = \/L;'iR’,.(x,q)

Figure 4. Flow chart of the proposed wavenumer domain algorithm.

Eq.(12) can be further approximated to be
~1/4

2 ; D% "
G(xr ’V’) ~ Aff [ (ic_;g)—o) —ki] @(kx;w)el(xk,¢+lr,(u/c,)

oo (T 232 J

Using Eq.(14) and Eqgs.(7) and (8), we can make a comparison of the range-Doppler

(14)

approach and this wavenumber domain approach. Eqs.(7) and (8) used in the conventional
approach correspond to the last exponential term in Eq.(14) which is derived directly from
wave equation and thus exact formula. Because the range migration correction of Eq.(7) is
equivalent to phase shift in wavenumber domain, the combined two-dimensional transfer

function of Eq.(7) and (8) is given by



A SAR Signal Processing Algorithm using Wavenumber Domain - Won et al.

o K
exp[—zrzc ;’é—(wo—w)] (15)
and the exact transfer function in Eq.(14) corresponding 'to Eq.(15) can be approximated as
) w+w, 2 , wtwg ] e K
) 0 ~ — g% 16
exp{zr[ \/( 2 ) ky 2 exp[ vy cu+a)0} (16)

because (a)0+w)2 > (Ck,c/Z)2 for most SAR systems. Now we can see Eq.(15) used

in the range-Doppler approach is an approximation of the exact transfer function in Eq.(16)
only up to the first order of w/ @y. An improvement was made in order to accommodate

large range migration by Jin and Wu (1984).

3. Simulation and Test Results

A simulation is carried out in order to test the performance of the wavenumber domain
algorithm. The CCRS C-band airborne SAR system parameters (narrow swath mode) are
used for the simulation. Specifications of the CCRS C-band airborne SAR system
(Livingstone et.al. 1988) is summarized in Table 2, and its operating geometries are shown
in Figure 5.

Table 2 Specifications of CCRS’s C-band airborne SAR system (Livingstone et al. 1988)

Narrow Swath Wide Swath
Transmitter e
Nominal altitude 6 Km
’ 5.3 GHz
Frequency = e
Wavelength Hh.ob cm
aveleng 2.32 or 257 Hz/m/s
PRF/Velo 7 8 zm
Chirp length #m
RecelVeCrZom essed pulse width 40 ns 120 ns
ibressed puise Wid 52 dB 3.7 dB
Noise figure
Antenna 3.0 deg.
Azimuth beamwidth 4.2 deg. 29 deg.
Elevation beamwidth 20 deg. 22 dB
Peak gain 24 dB
Resolumon. 6 m 10 m
Azimuth . )
6 m 20 m
Range
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Figure 5. CCRS’s airbornr SAR operating geometries: (a) the nadir mode, (h) the narrow

swath mode.

SAR signals of 1024 by 1024 data array are simulated first using a point scatterer with
unit backscattering coefficient. The SAR signals can be simulated through a
two~dimensional convolution as described by Wu et al. (1982). After range compression the
simulated input signal is as shown in Figure 6 (a). In Figure 6, the range and azimuth
sampling interval are respectively 4 m and 0.39 m, and thus the azimuth dimension is
exaggerated by about ten times. The point scatterer is reconstructed by applying the
wavenumber domain algorithm (see Figure 4) as shown in Figure 6 (b). The 3 dB width
in azimuth of the focused point scatterer is about 2.8 m. Because the required azimuth
resolution is 6 m, this simulation result demonstrates excellent performance of the

wavenumber domain algorithm.

Amplitude
Amplitude

Figure 6. Airborne simulation: (a) a simulated signal of 1024 by 1024 data array, and (b)
the reconstructed amplitude image. The range and azimuth sampling interval are re

spectively 4 m and 0.39 m.

_10_
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A test has been carried out using CCRS’s airborne C-band SAR data acquired over
Ottawa, Canada. As shown in Figure 5 (a), the test data was acquired in the nadir half
swath mode with C-band (5.67 cm) HH-polarization. The average altitude and platform
velocity are respectively 6 Km and 134.76 m/sec. The pulse repetition frequency is 343 Hz,

and thus the ratio of the pulse repetition frequency to the platform velocity is 2.57 (1/m).

Figure 7. Raw SAR signal mmage acquire Figure 8 Reconstructed image by applyin

d over Ottawa airport, Canada, using CC g the wavenumber domain algorithm.
RS’s C-band SAR system. Flight direct Flight direction is from top left to top ri
ion is from top left to top right in the'i ght in the image.

mage.

...11-
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The slant range and azimuth sampling interval are about 4 m and 0.39 m, respectively.
In this nadir mode, the receiving antenna is turned on about 13.2 gsec before the first
arrival of the echo signal, and that would include the nadir line as a part of image. The
image of 2048 (raw) by 8192 (azimuth) signal data array is shown in Figure 7. The /Q
signal data is converted to amplitude data and quantized into a 8 bits data. A linear
histogram stretching is applied to produce the image in Figure 7. A bright azimuth line at
near range represents the nadir line in Figure 7. The wavenumver domain algorithm
summarized in Figure 4 is applied to obtain the focused image in Figwre 8. Amplitude of
the processed image is interpolated in the azimuth dimension in order to produce square
pixel. In the processed image in Figure 8§, structures such as runways and other roads are

very well focused. Surface characteristics of this SAR image are roughly divided into two

Figure 9. A close-look image of far range area in Figure 8.

- 12 -
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area: the near range area where agricultural areas are dominant; and the far range area
where urban structures are dominant. Figure 9 is a close-look image of urban area in
Figure 8. Structures of white cross hair line correspond to corner scatterers such as high
building. In order to evaluate the performance of the algorithm, the 3 dB azimuth width of
a point scatterer is measured to be about 4.1 m. Although this 3 dB width (41 m) is
bigger than that of simulation result (2.8 m in narrow swath mode), it is till good enough
to be fitted into one required resolution (6 m).

In short, the simulation and actual test results demonstrate the performance of the
wavenumber domain approach even though the inversion technique is still in the early
developing stage. However, ceratin details of the implementation of the wavenumber

domain approaches are yet to be quantitatively investigated and tested.

4. Conclusions and Discussions

A SAR inversion formula in the wavenumber domain has been established based upon
the Born (first) approximation concept, in which the incident field as well as the
backscattered field is included in this approach. The inversion formula is derived directly
from the wave equation, and therefore this approach provides the exact transfer function.
The transfer function commonly used in conventional range-Doppler algorithms accounts
only for the first approximation of the transfer function in the wavenumber domain
approach.

The simulation results demonstrate the performance of the proposed algorithm
accommodating the range curvature. The processing results applied to the CCRS's airborne
C-band SAR data acquired in nadir mode turned out to be slightly less focused than the
simulation results (narrow swath mode) in terms of 3 dB azimuth width. However, the 3
dB azimuth width in the processed airborne SAR image is smaller than the required
azimuth resolution. Although simulation and actual test results demonstrate the performance
of the wavenumber domain approach, quantitative assessments of the algorithm using
satellite-borne SAR system data are required to verify specifically phase preservation
capability of the algorithm.

Recently, a new approach of SAR processing using chirp scaling has been developed by
Runge and Bamler (1992), and Raney (1992). These algorithms based on chirp scaling

completely replace interpolation steps, which has commonly been fundamental obstacles in

_13_
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most SAR processing algorithms, by phase adjustment. The future works will be focused
on the review and sophisticated implementation of the new approach followed by
comparison of the algorithm utilizing chirp scaling and the wavenumber approach discussed

in this paper.
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