IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 35, NO. 3, MAY 1997 611

Signal Properties of Spaceborne Squint-Mode SAR

Gordon W. DavidsonMember, IEEE,and lan CummingMember, IEEE

Abstract—This paper presents signal properties of spaceborne, it can significantly increase the computation of processing.
strip-map SAR for very large squint angles. Doppler centroid, Doppler centroid variation with terrain height can lead to
azimuth bandwidth, and exposure time are derived in terms ,nqarsampling and azimuth ambiguities. Finally, the behavior
of the platform attitude and elevation angle. This allows a . . L . L
description of the Doppler centroid variation with range and of azimuth ban_dvy|dth Is Important |n.terms_0_f malntalnl_ng
terrain he|ght, and exp|ains a possib|e range dependence ofa PRF that SatISerS the SAR constraint Of f|tt|ng a rece|Ved
azimuth bandwidth at high squint. The yaw and pitch required to  echo between transmitted pulses. It is shown how, with proper
minimize Doppler centroid and azimuth bandwidth variation are  attitude steering, Doppler centroid variation is minimized, and
derived, and residual Doppler centroid variation in the presence typical SAR properties are preserved in squint mode, allowing

of antenna pointing errors is presented. The SAR constraint on - .
the relationship between swath width and azimuth bandwidth is data to be collected accurately and efficiently processed in the

revisited for high squint, and is used to present a fundamental two-dimensional (2-D) frequency domain.
limit on squint angle. Finally, processing considerations arising ~ The high squint results are general and therefore provide
from the shape of the two-dimensional (2-D) spectrum with high a thorough understanding of the SAR signal. Furthermore,
squint are discussed. squint mode has the potential to provide information such
as the azimuth angle dependence of backscatter. Since the
I. INTRODUCTION visibility of structural features on the surface can depend on

GNAL properties of spaceborne, strip-map syntheti_@e viewi.ng angle, this wpuld aid the interpretatiop of SAR

perture radar (SAR), such as Doppler centroid afdagery in complex terrain _[3]. Other uses of squint <_:an_be
azimuth bandwidth, are well understood for the convention@hVvisioned, such as filling in shadow areas, or illuminating
case in which the antenna is pointed nearly perpendicuf?ﬂlacem range subswaths at different times as the platform
to the flight path. In squint mode, the antenna is point}fSSes the desired area: in general, increasing the flexibility
forward or backward from the perpendicular position by ¥ith which a particular area on the surface can be imaged
squint angle that is as much as several tens of degrees. Sqiffin @ single pass of the platform. Also, the application
mode has been used in airborne platforms, and for this c&esauint is suited to a spaceborne platform, where the flight

Doppler properties are typically described by the orientatidirection over the surface is determined by the orbit and cannot

of the antenna footprint compared to iso-Doppler lines dif changed significantly. .
a flat surface [1]. However, signal properties are difficult to Section Il describes the general SAR geometry, the notation,

quantify with this approach in the case of a general ear@nd the first part of equations describing signal properties at

geometry as with a spaceborne platform and in the case thigh squint. Section Ill completes the properties by describing
terrain height variation is to be taken into account. squint and squinted beamwidth in terms of yaw, pitch, and

In this paper we present a general approach to descrevation angle_. Also_, tr_le yaw and.pitc.h required fto minimize
ing high squint SAR signal properties, without small amg@qppler centr0|_d variation .and mamtam. a range-lndependent
approximations, in terms of the platform attitude and elev&#imuth bandwidth are derived, and residual Doppler centroid
tion angle. This is valid for any orbit and earth geometry/ariation with antenna pointing errors are presented. Section
including terrain height, and the effects on signal propertid¥ discusses the SAR constraint of fitting the received echo
of antenna pointing errors from a desired attitude are readfi¢tween transmitted pulses in the context of high squint, and
obtained. In particular, the variation of Doppler centroid witd fundamental limit on squint is shown. Section V discusses
range and terrain height, and a possible range-dependencégf 2-D spectrum of the SAR signal at high squint and
azimuth bandwidth, are investigated. Range variation of tg@nsiderations for processing. Finally, Section VI gives the
Doppler centroid can lead to different wraparound of azimuPnclusions.
frequencies at different ranges, after sampling by the pulse
repetition frequency (PRF). This can be accommodated by II. GENERAL PROPERTIES

replication of azimuth spectra [2], but if the variation is large Fig. 1 illustrates the general spaceborne SAR geometry for
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P'Zt;?r:ztmfrgg’?] which can be shown from the definition of the squint angle.
! scatterer position Expanding both sides and rearranging gives
platform| ———» Vv azimuth time =0 p g ging g
vecos(6)Ad

A= (R o) ®)

wherer. is the azimuth time at which the scatterer is at beam
center. The beam center time can be found from (4) with

‘‘‘‘‘‘ ~ b.(nc) = 6.
Finally, the elevation angle is measured in a plane perpen-
catterer dicular to the orbital plane. For the low squint case the usual

elevation angle is measured at the scatterer’'s azimuth position,
7 = 0, and is indicated by in Fig. 1. The elevation angle to
Fig. 1. Squint mode SAR imaging geometry. the scatterer depends on the closest approach rangmd the
terrain height relative to an earth modal).. However, it will
be convenient to define an elevation angle that is measured
together withv forms a slant range plane at the azimuth timey the platform position, indicated by, in the figure. This is
7. The magnitude oR(7; 7o), which is the azimuth-varying {he angle between the orbital plane and the slant range plane.

distance from the platform to the scatterBiy; ro), is known From Fig. 1, it can be shown that is related tog by
from the orbital data and earth model [4].

. . . . . To .
It is useful to define an instantaneous squint angle to the sin(.) = Rirr 7 sin(¢) (6)
scatterer,d,(n), which is measured within the slant range (570) cos (65 (1))
plane, from the zero Doppler plane R#; ro). The instanta- so-. is also related to the closest approach range and terrain
neous squint angle varies with azimuth, and is equal to theight of the scatterer. As an example, for a circular orbit and
antenna boresight squint anglé, when the scatterer is atspherical earth, the relationship betwegnclosest approach
the azimuth beam center. Also, the change in instantanesasge,ry, and terrain heightAh, can be shown to be

squint angle to the scatterer, as the scatterer passes through . : .
the footprint, will be called the squinted beamwidthf. sin(¢) = (re + AR) SII?(Q”(7O’Ah)) (7)
The squint anglef, and the squinted beamwidth are basic o
parameters that determine signal properties, and will be relatgbere
to platform attitude and elevation angle in the next section. (re + AR)? + H? — 12
In the SAR signal received from a point scatterer, the ar(ro, Ah) = arccos 2(re + ARH (8)

varying distance to a scatterer, with respect to the wavelength, .
causes an azimuth-varying phase in the signal. This resultdSrihe angle from the orbital plane to the scatterer, measured
an instantaneous azimuth (Doppler) frequengy, which is from earth center;, is the nominal earth radius, ar is the

related to the squint angle by [5] radius of the orbit.
fy = 2vsini®s(n)) Smg\es(”)) (1) IIl. PLATFORM ATTITUDE

wherewv is the magnitude of the velocity vector, ands the A, Squint and Squinted Beamwidth
wavelength. The center of signal energy in the azimuth fre-

. ; S . Signal properties depend on the squint and the squinted
quency domain is the Doppler centroid, which is the az'mUWeargwith az describch)i above. In stri%-map SAR Wh?ere the
frequency when the scatterer is at the center of the beam ' '

elevation beamwidth is typically much larger than the azimuth
o= 2v sin(6) @) beamwidth, the orientation of the antenna footprint on the
me = Ty

surface determines the variation of squint angle with elevation,
Also, the azimuth bandwidthy f,, is the change in azimuth

and the squinted beamwidth. The footprint orientation in turn
frequency in the received signal as the scatterer passes throﬂ%ﬂends on the yaw and pitch rotations of the platform used
the beam, and so for narrow beamwidths can be expresse(!loaTgl

chieve squint.
a function of the squinted beamwidth as o describe the squint angle, it is first necessary to define the

coordinate system for describing the platform attitude, since
Af, = 2vAf cos(6) 3) the resulting equations depend on the coordinate system and on
K A ' the order of the rotations. For the purpose of describing signal
The squinted beamwidth determines the azimuth illuminRroperties, the platform is assumed to be initially aligned to a
tion time (synthetic aperture) of the scatteréry. To find Z2€ro-Doppler coordinate system, such as would be achieved
a relationship between squinted beamwidth and illuminatidh & Yaw-steering mode like that of the ERS-1/2 platform

time. we start with [6]. This is shown in the first illustration in Fig. 2, where
’ the z-axis is in the direction of the velocity vector of the
sin(6,(n)) = —1dR(n;70) (4 platform relative to the earth, thg-axis is perpendicular to

v dn the orbital plane, and the-axis completes the orthogonal
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Fig. 2. Definition of yaw and pitch rotations from zero-Doppler coordinate COS(9)

system. ] . ) . .
To find an expression for squinted beamwidth, start with

initial vectors that point to the leading and trailing azimuth

set. For purposes of describing the squint angle, only ya¥iges of the zero squint footprint and apply the yaw and pitch
and pitch rotations are described, since the results are torBgtions to get the squinted vectors at the leading and trailing
described for any elevation angle. The first illustration shovgqjges of the squinted footprint. The instantaneous squint
an initial zero-Doppler vector at an initial elevation angleangles of the initial vectors, before rotation, are approximately
7i- The yaw rotationg), is assumed to be done first and isy ) /(21), where L is the azimuth antenna length. After
a rotation about the-axis. Then, to correspond to the waygtation, the vectors should be aligned in such a way that
attitude is controlled, the pitch rotatiof, is a rotation about 5 gcatterer passes through the squinted footprint at a constant
the yaw-rotated,’-axis of the platform, as shown in the second|evation angleg. At the leading and trailing edges of the
illustration in the figure. Both yaw and pitch are defined to b§eam this corresponds to final elevation angjes and._,
positive in the direction that creates a positive squint anglgem (10). However, calculations with typical SAR parameters
The final rotated vector can be expressed in the original ze&owed that the change i across the beam was so small
Doppler coordinate system, as shown in the last illustratiofhat it, too, can be considered constant. Thus, for the initial
having a squint angléf, and a final elevation angle.. The yectors to get rotated to the line of constantin the squinted
squint and final elevation can be expressed as functions¢gbtprint, the initial elevation angles ate, and~;_, as shown
i, ¥, andé, as follows in Fig. 3. Applying the yaw and pitch rotation to these initial

. . . . vectors, and using the relationship between initial and final

sin(f) = sin(v;) sin(¢) + cos(y;) sin(8) cos(¥)  (9)  glevation angles, gives

ban(ye) = tan(y;) cos(lﬁgs(—éjin(é) sin(z/))' (10)

fan(vis)

tan(q,) cos (6 £ =—2—) +sin(e)) sin (§ £ —2—
Also, for a given yaw and pitch there is a relationship between ~ () ( 2L COS(%')) () ( 2L COS(%‘))
the initial and final elevation angles, so the initial elevation cos(t))

can be expressed as (14)
tan(7.) cos(6) + sin(6) sin(1)) where a narrow beamwidth has assumed, and the lead#y (*
tan(y;) = cos(¥) : (11)  and trailing (“-") vectors are described using tHe notation.

Also obtained from the rotations of these initial vectors are
Finally, from the definitions of squint, elevation, yaw and pitclexpressions fokin(#;) and sin(f_). Substituting into (13)
angles, these angles can be assumed to satisfy the followémgl rearranging gives the expression for squinted beamwidth
conditions

o Acos(1) cos(6)
squint —m/2<0<7/2 Ab~ 8_%[%'" — -] Lcos(0) (15)
elevation 0 < v;,v. < 7/2 ) ) . , .
yaw —r/2< < 7)2 12) Equations (9) and (15) give the squint and squinted beamwidth,
pitch —n)2 <8 <72 and hence the Doppler centroid, azimuth bandwidth, and

exposure time, for a scatterer at the given elevation. In

The squinted beamwidth is the difference in instantaneoparticular, the general expression for squinted beamwidth

squint angle, seen by a scatterer at the leading and tragl-seen to depend on squint and elevation angle, which is

ing azimuth edges of the beami, and é_, respectively. not normally assumed in SAR, and the effect on azimuth
Thus, A6 = (84 — 6_), and for narrow beamwidths this isbandwidth will be seen in the next subsection.
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B. Attitude Control Afmer
. . (Hz) Afnch
T_he dependence of squint on elevatl_on means that thesoo| seasat {Hz) Seasat
squint angle, and hence Doppler centroid, will vary across range variation 30| height variation
the elevation beamwidth, resulting in the variation of Doppler 20
centroid with range and terrain height. It is known that correct
choice of yaw and pitch can minimize the variation of Doppler b 10 wememToiimEzeI
centroid with range, by aligning the footprint with an iso- oL i = 00’ = 5 1
Doppler line [7]. Here, we present the solution for yaw Af 0 20 squint (degrees) squint (degrees)
and pitch to minimize the variation of squint with elevation, ‘1 Afneh
without small angle approximations, thus minimizing Doppler 4q0t ERS-1__range variation (Hz) | ERS-1 height variation
centroid variation with range and terrain height for any earth - 301 T
geometry. The solution for the yaw and pitch is evaluated at Tl oot T
a nominal elevation angle corresponding to midswath and an?®-~ N e >
average terrain height. The residual Doppler centroid variation, 10
including the effect of errors in yaw and pitch, is then ¢ 0
0 20 40 0 20 40
presented. squint {degrees) squint (degrees)
The rate of change of squint with elevation is minimized ) ) o
by settin Fig. 4. Doppler centroid error versus squint, due to range variation and 1000
y g m height variation, for Seasat (L-band) and ERS-1 (C-band) parameters. Solid
o0 curve indicates D antenna pointing error, dashed curve indicat€s5° error,
5 = 0. (16) and dotted curve indicatet1° error.
Ye

By making use of the conditions in (12), noting tiéa; /O and with a terrain height change afh = 1000 m. This was

IS nonzero .and f|n|te_, I can be s_h_own that t9 minimize Squ'ﬂged to find the difference in squint angle from the desired
variation with elevation it is sufficient to satisfy : C ) .

squint angle, which in turn was used to find the residual

Jsin(f) Doppler centroid error. The parameters of the calculations
v; were chosen to be representative of the platforms, Seasat,

Evaluating this equation using (9) gives ERS-1, and X—SAR, with wavelengths at L-band, C-band, and
X-band, respectively. For the satellite platforms, Seasat and

tan(y) = tan(vy;)sin(6). (18) ERS-1, the altitude is 800 km and the ground swath width

Thus, given a desired squint angt, and a nominal final is 100 km, and the nominal elevation angle at midswath is

' 9 q g2 21°. For the shuttle platform, X-SAR, the altitude is 225

elevation angleyeq, (9), (10_)’ and (11) can be wr-|tten. '.n.k and the ground swath width is 40 km. Also, for X-SAR,
terms of the three unknowns: yaw, pitch, and a nominal initial L . .

: . cases of near and far incidence are considered, corresponding
elevation angle. These equations can be solved for the requifed, nal elevai | f 21 and® ABe ivel
b, 6, and~; to give 0 the nominal elevation angles o and® ABespectively.

Figs. 4 and 5 show the residual Doppler centroid error, in
tan(y) = sin(yeq) tan(y) (19) Hertz, versus squint angle in degrees for the different cases.
sin(8) = cos(eq) sin(fq) (20) Results are given for different values of maximum antenna
21) pointing error: O error, £0.5° error, and+1° error. For a
given maximum antenna pointing error, the Doppler centroid
Once, &8, and v; are found, the procedure for achievingerror corresponding to the worst case combination of yaw and
the desired squint and elevation is as follows: Start with thptch is presented.
platform aligned to the zero-Doppler coordinate system, with Variations in Doppler centroid should be less than (RRF
the antenna pointed electronically or mechanically in elevati®tBW), where PBW is the processed azimuth bandwidth, so
to the requiredy; at midswath, then apply the yaw and therhat the Doppler centroid variation should typically be less
the pitch rotations given by the solutions fgrand 6. than about 200 to 300 Hz for spaceborne platforms. It is
Assuming the yaw and pitch angles are chosen to minimipessible to accommodate some range variation of Doppler
squint variation with elevation, an expression for the squieentroid during processing in the two-dimensional frequency
angle which is independent of elevation angle can be fourdbmain, but a significant variation of Doppler centroid with
Substituting fory; from (18) into the expression for squint interrain height will lead to azimuth ambiguities that cannot be
(9), and rearranging, gives easily accommodated in processing.
_ As can be seen in Figs. 4 and 5, the proper choice of
cos(9) = cos(ip) cos(6). (22) yaw and pitch angles allows the collection of SAR data
To find the residual Doppler centroid variation for variouwith acceptable Doppler centroid variation in most cases.
squint angles, the optimum yaw and pitch angles were calddntenna pointing errors increase the residual Doppler centroid
lated for an elevation angle at midswath and nominal terrawariation, although the variation is almost as large at nominally
height, and antenna pointing errors were added. Then, #eyo squint asitis at higher squint angles. The residual Doppler
elevation angles were calculated at the edges of the swathntroid variation actually decreases with squint angles past

=0. (17)

tan(~y;) = tan(yeq)/ cos(fy).
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Afnch TABLE |
Afmer M A B v X-SAR P :
(H2) P — (Hz) ZIMUTH BANDWIDTH VERSUS SQUINT FOR X- ARAMETERS:
1000 300 YAw ROTATION ONLY; AND WITH OPTIMAL YAW AND PITCH
TN o007 N azimuth bandwidth (Hz)
500 - // squint yaw only yaw and pitch
7 . .
range variation 100 height variation . .
0 X_sar near incidence o X-sar near incidence (degrees) | near incidence | far incidence
0 20 40 0 20 - 40 0 1300 1300 1300
squint (degrees) squint (degrees) .
Afner Afnch 10 1404 1298 1280
(H2) X-sar far incidence (H2) | x.sar far incidence 20 1629 1285 1999
1000 range variation 300 height variation
30 1827 1245 1126
200 i
pomormmo-- 40 1893 1157 996
500 ]
LTI R 100 -mm 50 1766 995 836
0 (- -
0 20 40 0% 20 40
squint (degrees) squint (degrees)

azimuth bandwidth oreos(#) will prove useful with respect
Fig. 5 Dopplgr centroid error versus squint, due to range va_ria‘tion and 10Q9 SAR imaging constraints in the next section.
m height variation, for X-SAR (X-band) parameters at near incidencé)(21 1y j|ystrate the effect of the use of optimal yaw and pitch
and far incidence (49. Solid curve indicates 0 antenna pointing error, , ] .
dashed curve indicates0.5° error, and dotted curve indicatesl® error. angles on the azimuth bandwidth, Table | shows the azimuth
bandwidth as a function of squint angle for various cases.

o _ First, the bandwidth was calculated by assuming that only a
about 30, because Doppler centroid is proportionakio(f). 4y rotation was assumed to achieve the squint. Results are

The Doppler centroid variation with range and terrain heig iven for the near and far incidence cases of the X-SAR plat-

at L-band (Seasat) is negligible even with & antenna ¢, corresponding to different ranges for the same platform
pointing error. At C'ba”‘_" (ERS'l) the range varlatlon IS bare(La\ﬂtitude. For the same squint angle, the difference in bandwidth
acceptable with a 0%5pointing error, and would require SOM&yaeen near and far incidence cases is significant. Also, at
accommodation in processing in the case of @dinting eror. - oo+ jncidence the azimuth bandwidth can be significantly
The terrain helght variation Qf Doppler centroid with ERS'?arger, requiring a large PRF that would reduce the available
parameters is acceptable. With the small X-band wavelengl},-1 width for the given SAR parameters. In contrast, the
Doppl_er _centroid variation is quite 'afge’ es_pecially_ f‘?f e ple also shows the bandwidth when yaw and pitch angles are
near incidence case. Also, the terrain height variation glyimized to minimize the variation of squint with elevation.
Doppler centroid is larger for X-SAR because of the lowgy, yhis case, the results for the near and far incidence cases

altitude of the space shuttle. The X-SAR, near incidence cagg e the same, and agreed with the expression for bandwidth
represents the worst case considered, and the terrain he|gh(24)_

variation is possibly unacceptable in mountainous terrain. At
far incidence, the Doppler centroid variation is smaller, so that
the terrain height variation becomes acceptable, although the IV. SAR CONSTRAINT

rar_lgt(_e variation would require some accommodation af a 1 A fundamental constraint in SAR imaging is that a received
pointing error. echo must fit between consecutive transmitted pulses. The echo

Next, the squinted beamwidth can be found in the case tqg\%gth depends on the swath width and squint angle, and the

e azimuth bandwidth. It is known that this constraint requires
trade-off between swath width and azimuth resolution and
sets a minimum area for the antenna [1]. In this section, the
A effect of a high squint angle is investigated.
A= (23) The range swath width of the scen&r, is the difference

L
) i . ... In closest approach range to scatterers at each end of the
independent of squint and elevation angle. By maintainingj3age swath. The duration of a received echo is the time

constant squinted beamwidth &f L, the bandwidth becomes je|ay difference between the nearest and farthest scatterers

20 cos(6) seen by the radaBAR/c wherec is the speed of light, plus
— (24) the transmitted pulse lengtif, since the scatterer distribution
L . . . .

is convolved with the pulse. Without loss of generality, assume
which is independent of range and decreases as the cosifferward squint angle, so the largest delay corresponds to a
of the squint angle. Thus, proper selection of yaw and pit&tatterer at far range and at the leading edge of the beam, while
angles not only minimizes Doppler centroid variation, buhe smallest delay corresponds to a scatterer at near range at
also preserves the property of SAR imaging that the azimutke trailing edge of the beam. The time between pulses must
bandwidth is independent of range. Also, the dependencebaf long enough to contain the transmitted pulse, the received

relationship in (22) the expression for squinted beamwid

In this case, the first term in (15) is negligible, and from thﬁ_|7
reduces to

Afy =
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Fig. 6. Closest approach range swath versus squint for Seasat (L-ba .
ERS-1 (C-band), and X-SAR (X-band). r§%ath, for spaceborne SAR geometry using parameters for

Seasat, ERS-1, and X-SAR (near incidence). The maximum
echo, and a guard spac,),, that allows for variations in Vvalue of closest approach range swaltr, for which the con-
the range delay of the signal and to allow some flexibility iffition in (25) is satisfied was found. The PRF was calculated
choosing the PRF. This constraint can be expressed as for a given squint angle, using the azimuth bandwidth in (24)
9AR and an oversampling rate of 1.2. The guard space was set be
— P+ Ty < ppp (25) 1, = 0.4/PRF, which is relatively large, but gives range
For a given closest approach range swath, the length of swath limits at zero squint that are equal to the typical range
the received echo increases with squint,1gsos(6), due to Swaths of about 40 km.
the fact that with squint, the distance along the look direction The results are shown in Fig. 6. For Seasat, the allowable
between the near and far ends of the swath increases. If the yai#g® swath width decreases significantly with squint, and
and pitch angles are chosen such that the azimuth bandwiBfomes too small to be practical for squint angles above
is given by (24), then the PRF can be allowed to decrease without 40. For the smaller wavelength of ERS-1, the allowable
squint ascos(#), allowing a greater time between pulses. swath width is Iarg.er,.but still decreases not!ceably with squint.
addition, however, the received echo length is further increade@r these cases it is seen how, depending on wavelength,
with squint because of increased range migration, or chari§jg increased echo length due to range migration gives a

in delay to the scatterer over the exposure time. fundamental limitation on squint angle. The X-SAR platform
To describe the effect of squint, consider the approximai@s @ smaller wavelength and lower altitude, resulting in a
expression forAR small amount of range migration so that the allowable swath
Ar Arrep tan (6 width increases slightly with squint.
AR~ B Tret tan(f) (26)
cos(6) Lcos(0) V. DATA SPECTRUM

where the first term is due to the viewing angle and the Assuming precision processing in the 2-D frequency do-

zecond temf1 IS _duetr:obran(?e_(lj’\:rl]gra_t;ﬁn. Tc_) ?cconlwmoldtatFe) gin, at high squint the region of support of the data spectrum
ecrease of azimu anawi with squint angle, 1€ oses an interesting problem, which arises from the depen-

:I PR::OtCtO;’(e)’ wfgjere PRE'S the tht? vallute taht zte_ro SSutmt'dence of the Doppler centroid on range frequengy, in
S0, let Ine guard space be proportional 1o the imeé beWegh, . gata. To see this, note that the relationship between

pulses, S.O?SPB: g,ot/tc?s(e)t,hwhere Tspo IS the. vtalu25at tE)oppler centroid and squint angle in (2) was defined at the
Zero squint. By substituting these expressions into (25), cdrrier frequencyfo = ¢/A. In the 2-D frequency domain,

maximum closgst approach range swath that can be Imagl’\%‘\j/vever, the Doppler centroid can be determined for each
for a given squint angle can be shown to be

range-frequency component as [8]

_ 20(fo+ £-)sin(0)

PRF, Fe ; . (28)

+ [cT(l — cos(6)) — Alreg tan(e)} 27) This results'in a.skewed region of support of the datg spectrum,
L as shown in Fig. 7. Also, because of the sampling of the
where the first term is the swath width at zero squint. As squiazimuth signal, this skew can cause parts of the spectrum
increases, the allowable swath width depends on the opposiagcross into the adjacent PRF band. Note that since all the
effects represented by the last two terms in this equatioepeated spectra are skewed the same way, there is no actual
Without range migration, as the PRF decreases with increasalgsing of signal energy at this point. However, after range
squint there is proportionally more room for the received ecto@ll migration correction and inverse transformation to the
since the transmitted pulse length stays the same. Howevenge-Doppler domain, the signal energy from the repeated
the increase in range migration with squint, increases the edpectra are all aligned in the same range bin, and the corrected
length and reduces the allowable swath width. trajectories interfere with each other. This results in aliasing
This was investigated by calculating the maximum available azimuth-frequency, and prevents the application of the
swath width as a function of squint angl& R was calculated azimuth compression filter over all the azimuth frequencies
by finding R(#;ro) at the closest and farthest points in thén the signal. Finally, the PRF cannot generally be increased

Ar < g { — (2T + Tspo)}
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frecuency Although squint mode has not been previously used in
f g?g%@t;?uﬁ” spaceborne, strip-map SAR, it has been shown that with proper

attitude control, such data can be collected accurately, such
that typical SAR properties are preserved, and in way that

azimuth

VAN
7 ]

Fig. 8. Replication of parts of spectrum to expand azimuth bandwidth.

(1]
(2]

enough to alleviate this problem, because of the SAR imagin
constraints discussed earlier. Thus, while the SAR data can be
collected with an azimuth sampling rate that decreases Witg1
squint angle, the processing of the data into an image requir é
extra azimuth bandwidth to avoid aliasing. This problem[5]
occurs for any SAR processing algorithm, since the potenti%]
for aliasing is inherent in the signal.

This problem can be accommodated during processing]
by replicating the parts of the spectrum that overlap, a
illustrated in Fig. 8. This produces a 2-D spectrum without
overlap, removing the potential for aliasing during processing.
Essentially, the azimuth bandwidth is expanded to accom-
modate the nature of the squinted SAR signal. Also, this
replication of range lines can be done in the range-Doppler
domain, before the range Fourier transform. This allows ¢
processing steps that depend on azimuth-frequency, suct
range-migration correction, to be performed correctly for a
azimuth-frequencies in the signal. Then, the unwanted piec
of duplicated spectrum, shown in the figure, can be remov
in the 2-D frequency domain by applying a window.

VI. CONCLUSION

allows efficient processing in the 2-D frequency domain.
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