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Imaging of spaceborne ScanSAR with multiple azimuth beams
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Abstract:

This paper proposes a novel work mode of spaceborne ScanSAR with multiple azimuth beams, where the range

swath coverage can be greatly extended while the azimuth high resolution remains unchanged. Based on the analysis of the
characteristics and main phase errors of this mode, the compensating methods for these errors are given. Then the echo data

simulating methods for this mode are introduced and the corresponding imaging algorithms are discussed as well. Thus the fea-
sibility of this mode and the validity of the compensating methods are proved by simulation.
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1 INTRODUCTION

ScanSAR is a wide-swath spaceborne SAR mode. But the
performance of wide swath is at the expense of the greatly de-
clined azimuth resolution (Andrea et al, 1996; Eldhuset et
al.,1995; Jurgen et al.,2002). The technique of displaced phase
centers multiple azimuth beams (DPCMAB) can improve the
azimuth resolution greatly on the premise of maintaining a low
pulse repetition frequency (PRF) (Currie et al.,1992; Gerhard et
al., 2004; Kou et al., 2009). If we combine these two modes,
the performance which can not be obtained by single mode is
achieved. Based on this idea, a new mode (MAB- ScanSAR) is
proposed which adopts six azimuth beams and five elevation
subswaths. The overall swath width is extended five times while
the same azimuth resolution as conventional stripmap SAR is
remained. Firstly, the principle and main phase errors of MAB-
ScanSAR are analyzed and the corresponding compensating equa-
tions are deduced. Secondly, the raw data simulation methods
under different conditions are presented and several imaging
algorithms fit for MAB-ScanSAR are discussed too. Lastly, the
effectiveness of this mode is proved by simulation.

2 BASIC PRINCIPLE OF MAB-SCANSAR

2.1 Principle of DPCMAB

The essential idea of DPCMAB is to substitute high samp-
ling frequency in space domain for high sampling frequency in
time domain. Hence, a higher effective azimuth sampling rate
can be obtained for a certain system operating PRF. The system
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operating PRF is the actual pulse transmitting frequency in
SAR system and corresponding to it is the equivalent PRF. If
there are N receivers in azimuth direction, then N echoes can be
received for every transmitted pulse. From the view of the re-
ceiver, the PRF is improved N times and the improved PRF is
called equivalent PRF.

Fig. 1 illustrates the antenna principle of six azimuth beams
SAR. The transmitter (S) is at the middle of the antenna and the
receivers are at its two sides. Assuming the overall antenna
length is L, the distances of transmitter to respective receivers
are displayed in Fig.1. The left side receivers are denoted by
negative sign in the figure. The azimuth aperture is extended
six times by the weighted antenna (Doppler bandwidth is
broadened six times) when the system works. Meanwhile, the
equivalent PRF is improved six times by the six receivers, but
the system operating PRF is still kept unchanged. In the end,
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Fig. 1 Antenna principle of six azimuth beams SAR
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the azimuth resolution is improved six times than the conven-
tional stripmap SAR.

2.2 Principle of ScanSAR

Fig. 2 displays the principle of a single-look ScanSAR with
five subswaths. Ty, is the dwell time of subswath j and it deter-
mines the real azimuth resolution. 7§ is the signal cycle and it is
defined as the time interval between the beginnings of two ad-
jacent bursts at a given subswath.

Fig. 2 Principle of five subswaths ScanSAR

Assume Ty, expresses the synthetic aperture time of every
subswath, to achieve continuous along-track image, the prece-
ding times should satisfy

Tyw ZTr +Tp;  j=l..Np (1)
where NVp is total number of subswaths and 7x meets Eq.(2).
NB
Ty =2 (Tp; +T;) @)

Jj=1
where 7, is the beam switching time between subswaths. As-
sume the dwell times are equal and 7, is neglected (7p>>T,),
Eq. (1) can be rewritten as follows.
Tyn = (Ng + DTy (3)

Since azimuth resolution py,,, is determined by real ban-
dwidth f3,-Tp, based on the preceding relations we can obtain
the following equation.

v v, (Ng+1)
Pourst = ﬁ = Jg‘;u Xl;;y" =(Ng+ 1)pstrip 4)

where fy.is Doppler rate, v, is the velocity of beam footprint,
and Py, is the azimuth resolution of conventional stripmap
SAR. Eq.(4) shows that the azimuth resolution in the ScanSAR
which has Np subswaths will be degraded at least Ng+1 times
than the corresponding stripmap SAR. But if we ignore the
overlap between the subswaths, the overall swath width is ex-
tended Ny times.

2.3 Principle of MAB-ScanSAR

If five elevation subswaths are adopted in the six azimuth
beams SAR, then MAB-ScanSAR proposed in the paper is
achieved. The azimuth resolution is improved six times on the
premise of maintaining the operating PRF unchanged by six
azimuth beams. Meanwhile, the azimuth resolution is degraded
six times because of the five subswaths (the resolution is equal
to conventional stripmap SAR again) while the overall swath
width is extended five times now.

Generalizing MAB-ScanSAR further, the relations of azi-
muth receivers number Ny, elevation subswaths number Ng,
and performance of the system can be described as following:
the swath width can be extended Ny times regardless of the
value of Ng. However, the azimuth resolution will vary with the
value of Np. If Ng=Np+1, the same azimuth resolution as strip-
map SAR is obtained. If Ng>Np+1, a better azimuth reso- lution
than conventional stripmap SAR is achieved. If Ng<Npt1, the
resolution is degraded. The choices of Ny and Ngcan be deter-
mined by the preceding relations during system design. In spite
of different scenarios, the analysis of phase errors is same to the
instance discussed in the paper.

3 PHASE ERRERS AND COMPENSATIONS IN MAB-
SCANSAR

The process methods of conventional ScanSAR can be used
directly in MAB-ScanSAR, if the phase errors due to multiple
azimuth beams are corrected.

3.1 Analysis of the phase errors caused by six azimuth
beams

Main phase errors due to multiple azimuth beams are dif-
ferential path error (Kou ef al., 2009) and nonuniform sampling
error (Currie et al., 1992). Differential path error is caused by
the Earth rotation. This error occurs between the real signal
propagation path and the equivalent signal propagation path. It
has significant effect on the imaging quality in high frequency
SAR.

Fig. 3 displays the relative positions of the antenna and the
ground target at a certain moment in the six azimuth beams
SAR. S is the transmitter phase center, E; are effective phase
centers, R; are receiver phase centers, Py is ground point target’s
position at current time, 4; are equivalent ground target’s posi-
tion on the rotational Earth when the equivalent single channel
SAR locates at E;, and i = -3, -2, —1, 1, 2, 3 (negative sign
denotes left side). The six received echoes in six azimuth beams
SAR will be used to mimic six receiving operations of the sin-
gle beam SAR at the corresponding effective phase center E;.
The movements of antenna and ground point target at each
transmitting-receiving are continuous in single beam SAR.
However, the phase histories are discontinuous and six echoes
are set as one group in six beams SAR. The difference of these
phase histories is the basic cause of differential path error. This
phase error is generated by the difference between|SyPoR;| and
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Fig. 3 Differential path error in six azimuth beams SAR

2|E:A,| in Fig. 3. They can be approximated by 2|E;Py|-2|E;A4, as
the difference between 2|E;Py| and |SoPyR;| can be ignored at all
(Currie et al., 1992). To keep the figure clear, only right side
equivalent propagation paths are plotted in Fig. 3. The distances
of the transmitter to the receivers and the effective phase cen-
ters are marked on the figure, where r is half length of the
equivalent antenna. If the overall antenna length is L, the
equivalent antenna length in six beams SAR is L/6 m. As a
result »=L/12 m.

The nonuniform sampling error means the azimuth nonuni-
form which the antenna moving distance does not equal to L/2
within an interval of pulse repetition. In Fig. 3, this error occurs
when the distance between the leftmost effective phase center
E_; at next moment and the rightmost effective phase center E;
at current time does not equal to . The phase history of multi-
ple beams can be expressed as follows.

@,(n) =—4n/ AR(nPRI/6) + ¢, (n) + ¢, (n) =
—4n/ AR(nPRI,) + ¢, (n) + ¢, (n) 5)
where n=0, 1, 2, 1

lent single beam SAR, PRI is system operating pulse repetition

is azimuth pulse number in the equiva-

interval, PRI, is equivalent pulse repetition interval, ¢@,(n) is
differential path error, and ¢,(n) is nonuniform sampling error.
Based on the geometry of the satellite and the Earth, ¢,(n) can
be expressed as follows.
e (n) = {[2m0d(n,6) - S)Lm 0, X

R, cos@, coso}/(6Avy) (6)
where mod(n,6)=0, , 5 denotes the beam number starting from
left side, @, is the Earth rotation velocity, R is radius of the

Earth, @, is latitude of the ground point target, 4 is wavelength
of radar carrier, v is satellite velocity, o is the angle between
radar beam and ground target velocity.

coso = (R /Rst)\/cos(cbS +@,)+cosa x
\/cos((DS —@,)—cosa /cosP, @)

where R; is radius of the satellite orbit, R is the distance be-

tween the satellite and the ground point target, @; is latitude of
nadir, and « is Earth centre angle (between spacecraft radius
vector and scatter location vector).

Azimuth nonuniform sampling error can be compensated by
spectrum reconstruction (Kou et al., 2009; Yin, 1997) etc. Cer-
tainly, the analytic expression of @,(n) can be written out based
on the specific orbit and Earth model and compensated as a
phase error. However, the radar satellites nowadays almost all
have yaw steering which reduces the effect of nonuniform sam-
pling error significantly. The simulation analysis of the prece-
ding errors is presented in section 6.

3.2 Problems due to scan in elevation

In MAB-ScanSAR, problems due to scan in elevation direc-
tion are the same as the conventional ScanSAR. They are the
stitching of image blocks inside or outside the subswath, varia-
tion of ground resolution in range direction etc.

4 ECHO DATA SIMULATION IN MAB-SCANSAR

A local sphere Earth and circle orbit model is adopted. The
geometry relationships are represented by eight coordinates and
echo data under different conditions can be generated by the
following methods.

4.1 Simulation of yaw steering

Yaw steering is a technique which can maintain the Doppler
centric frequency f;. at zero all the time. It is realized by adjust-
ting the yaw angle along the orbit continuously. In simulation,
the yaw angles at different orbit positions can be calculated by
Eq.(8) (Raney, 1986).

tana = &(w, / @, —cosy)/(cos Bsiny) ®)
where a is yaw angle, f is satellite latitude, &=1(—1) denotes
radar works in left & right side looking mode,  is the orbit
inclination angle, a; is the satellite orbital rotation rate, and w,
is the Earth rotation rate.

4.2 Simulation of multiple azimuth beams

The simulation of six azimuth beams in Fig.3 can be distin-
guished into following three categories: (1) only differ- rential
path error is considered; (2) only nonuniform sampling error is
taken into account; (3) both errors are considered. In category
(1), the round trip signal propagation distance of i channel is
calculated by |SyPoR/|, and the idea PRF (the dis- tances of the
SAR antenna moving in every pulse repetition interval are
equal to L/2m) adopted. The round trip signal propagation dis-
tance of 7 channel should be calculated by 2|E;4,| in category (2).
In category (3), the signal propagation distance is calculated as
category (1), however, the system operating PRF does not equal
to ideal PRF.

4.3 Simulation of the mode with multiple azimuth
beams and scan in elevation

Neglecting azimuth phase errors, the point target impulse
function generated in section 4.2 of the multiple azimuth beams
SAR can be expressed by the equivalent single beam SAR’s
impulse function (Andrea ef al., 1996; Jurgen et al., 2002).
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where 7 is fast time in range direction, fis slow time in azi-

muth direction of the equivalent single beam SAR, and (ry, &) is
the point target position. If scan mode is adopted, the response
function can be expressed as follows.

hsean (7,879, &) = hgar X W (1) (10)
where W (¢) is rectangle function corresponding to the subswath
illumination time 7p, and can be expressed as follows.

Wet) = 3 rect((t — kT )/ Tp) (1n

k
Thus, the echo data simulation of the same subswath in

MAB-ScanSAR can be realized as following. At first, the mul-
tiple beams stripmap mode echo data corresponding to this
subswath is generated where the ScanSAR parameters are
adopted. Then, the temporal relation of each subswath is used
to intercept the corresponding burst data directly. However, if
the overlapping and stitching of adjacent subswaths are simu-
lated, the echo data should be generated by adjusting the an-
tenna direction based on the working process of scan mode.

5 DISCUSSION OF IMAGING ALGORITHMS IN
MAB-SCANSAR

5.1 Characteristics comparison of three common
ScanSAR imaging algorithms

SPECAN, full aperture RD and full aperture CS are com-
mon imaging algorithms in ScanSAR. Among them SPECAN
is the first choice for low resolution quick look processing of
ScanSAR. Since only linear range migration item is corrected
in SPECAN, it is not fit for high resolution imaging (refer to
simulation analysis in section 6.1). If SPECAN is used in high
resolution imaging, the effect of range curvature should be
considered. Thus the priority of high computing efficient is lost.
Full aperture algorithm is known as coherent multiple bursts
algorithm too. It firstly fills zeros to the gaps of the ScanSAR
echo data, and then the common stripmap imaging algorithms is
used. The biggest merit of this method is that it can be obtained
from conventional stripmap imaging processor easily. But the
computing efficiency will be degraded to a certain degree be-
cause of the zero padding operation. Furthermore, the image
quality is degraded because of the cross modulation among
azimuth bursts. For amplitude image, this effect can be re-
strained by a subsequent low passing filter (Cumming et al.,
2005).

5.2 Computational analysis of three imaging algo-
rithms

The flowcharts of processing one subswath in MAB- Scan-
SAR with the algorithms discussed in section 5.1 are displayed
in Fig. 4, where the operation of azimuth phase error compen-
sation is to remove the phase errors introduced by multiple
azimuth beams. The subswaths stitching are same to
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i Azimuth phase
[ A phase e |
Y
Azimuth FFT |
2
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Fig.4 The flowchart of three imaging algorithms
(a) RD algorithm; (b) CS algorithm; (c) SPECAN algorithm

17 | FFT focusing to
Azimuth compression, | effective data

conventional ScanSAR. For the high resolution in MAB-
ScanSAR, the effect of range curvature should be considered
(refer to section 6.1). Hence, the flowchart of conventional
SPECAN (Sack et al., 1985) changes to Fig. 4(c). Although RD
algorithm has a simple structure, the small range migration is
also required. However, CS algorithm can get accurate imaging
result under the condition of big squint angle and big range
migration. So, CS is well used in high resolution imaging.

Using the parameters of section 6.1, the computation com-
parisons of the preceding three imaging algorithms are listed at
below. Since the first steps of phase error compen- sation are
the same, they can be neglected when we compare the compu-
tation differences. Assume the number of input range lines are
N,~=65536, the sampling number of each input range line is
N,;=16384, the sampling number of each output range line is
Ny u=15360, and the interpolation kernel M,.~8, then the
total number of floating operations in RD can be approximated
by (12) (Cumming et al., 2005).
FLOPg[, = 5N, Ny, 10g) Nyg X2+ 6Np Ny +6N g Ny +

SNrgfoutNaZIOgZNaz X 242(2M ;-1 )NrgfoutNaz =
354.0664 (GFLOP) (12)
The total number of floating operations in CS is
FLOPcg = 5NN, 10g) Npy x3+ 6Ny Ny, x 2+
6Nrg70utNaz JFS]\'/vrgiout NaZIOgZNaZ =

324.9411 (GFLOP) (13)

Assume the processing length of each burst is Np,=8192,
even if the floating operations of image stitching and phase
errors compensation are neglected, the additional floating op-
erations of SPECAN (Fig. 4(c)) relative to RD still can be ex-
pressed as

FLOPadd = 6N

rgfoutN Burst % 2+

5Nrg_outNBurstlogZNBurst x2=
17.8677 (GFLOP) (14)
Preceding comparisons show that CS algorithm has supe-
riority in MAB-ScanSAR on computation too. Certainly, the
choice of specific algorithm should give an integrated consi-

deration of the already existing imaging processors and the
computing complexity etc.
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6 SIMULATION ANALYSIS

Nowadays, almost all radar satellites have yaw steering
which can reduce azimuth phase errors effectively and simplify
the signal processing. So yaw steering is added to all the simula-
tions in the paper. Other main parameters are listed in Table 1.

Table 1 Simulation parameters
Satellite height/km 800 Ideal PRF/Hz 1656
Orbit inclination angle/° 98.6 Subswathl PRF /Hz 1680
Antenna length/m 9 Subswath2 PRF /Hz 1665

Wavelength/m 0.05656 Subswath3 PRF/Hz 1680

Bandwidth/MHz 33 Subswath4 PRF/Hz 1665

Sampling frequency /MHz 40 Subswath5 PRF/Hz 1680
Pulse duration /us 20

6.1 Simulation analysis of high resolution SPECAN

To ensure the imaging quality, whether to correct the range
curvature should be analyzed when SPECAN is used to form
high resolution image. As an example, if parameters in Table 1
are used to analyze the first subswath. The range curvature in
MAB-ScanSAR can be approximated by Eq. (15) (Curlander et
al., 1991). The range curvature is 152.5 m (about 5.5 gates)
even in a burst when the satellite is over the equator and the
look angle is 30°. Thus, the effect of range curvature can not be
ignored already.

_ Ayl

Af, | AR
2
quuare - 4dr (t_t()) ~ -

r 2
i Gpy) (15)

where #,is the time when the center of the radar beam crosses
the target, R. is the beam length, D is the equivalent antenna
length, v;is the satellite velocity. The imaging results of a burst
formed by SPECAN are displayed in Fig.5 where the differ-
rential path error is removed. Fig.5(a)(b) are imaging results
when the range curvature is included in range migration correc-
tion (RCMC). The azimuth 3dB resolution is 4.5 m and the slant

% Or % 0
2 <
£ 20 Z 20
g- [=%
g g
g 0 g 40
g 60 Z 60
Z Z
2000 4000 6000 2000 4000 6000
Azimuth samples/cells Range samples/cells
(a) (b)
g o0 g 0
2 -
Z -0 —é‘ -20
L
3 20 »JJ g 40 {‘\Mﬁ“
= =
E 30 E —60
o
Z Z

2000 4000 6000 2000 4000 6000
Azimuth samples/cells Range samples/cells

(© (d

Fig. 5 SPECAN imaging results
(a) Azimuth profile map with accurate RCMC; (b) Range profile map with
accurate RCMC; (c) Azimuth profile map when the range curvature is ig-

nored; (d) Range profile map when the range curvature is ignored

range 3 dB resolution is 4.6 m. So, the point target is focused

well. If the range curvature is neglected, the decoupling in
range and azimuth direction can not be achieved and the point
target can not be focused. The profile maps along azimuth and
range direction are displayed in Fig.5(c)(d), where the azimuth
3 dB resolution changes to 9.3 m, the slant range 3 dB resolu-
tion changes to 6.3 m and the left sidelobe is higher than —7.5 dB.
Hence, simulation results prove that range curvature must be
considered in RCMC when the parameters in Table 1 are used.
Thus, the superiority of SPECAN relative to full aperture RD or
CS does not exist now.

Since the abscissas are interpolated 64 times in Fig. 5, the
range sampling spacing is 4.55/64=0.07 m and azimuth samp-
ling spacing of SPECAN can be determined by Eq. (16) (Cum-
ming et al., 2005).

5, = xPRF,_ (16)

64 Ne/lf g |

where v; is the velocity of satellite, PRF is the equivalent PRF,
N is the FFT length of the focusing operation in SPECAN, f;.
is the Doppler rate. In the instance, v, is 7451.8 m/s, PRF, is
10080 Hz, N is 16384 points, |fy,| is 1890.9 Hz/s, so the azi-
muth sampling interval is 0.04 m. The normalized amplitude
coordinates is calculated by 20log (f/fmax) in the paper, where
fiax 1 the maximum amplitude, f'is real amplitude of the sam-
ples.

6.2 Simulation analysis of phase errors caused by
multiple azimuth beams

The process of MAB-ScanSAR is same to ScanSAR, if the
azimuth phase errors are compensated well or the effects of
these phase errors can be ignored. Different azimuth phase
errors are generated by the methods of section 4.2 and the im-
aging analysis is done by CS algorithm. To avoid cross modula-
tion among the bursts, the imaging operation is only applied on
the effective burst when the point target is analyzed. Because of
yaw steering, the effect of nonuniform sampling error becomes
marginal and the variation is small along the orbit. For example,
when the parameters of Table 1 and the data of first subswath
are used, the maximum false target amplitude is only about
—42.5 dB (Fig.6(c)) even if the system operating PRF deviates
from ideal PRF (1656 Hz) 200 Hz (corresponding PRF, is
11136 Hz). Thus, the effect of this error on imaging quality can
be ignored at all.

The effect of differential path error is changed greatly along
the orbit because of the Earth rotation. Simulation results are
displayed in Fig.6 when the satellite at 35°N where the effect of
differential path error becomes serious.

The azimuth profile map with combined phase errors is dis-
played in Fig.6(a) and the maximum amplitude of the false
target becomes —9 dB. The false targets are removed effectively
by Eq. (6), SNR has also been greatly improved and the result
is plotted in Fig.6(b). The imaging result only with nonuniform
sampling error is displayed in Fig.6(c). The comparision be-
tween Fig.6(b) and Fig.6(c) shows that the residual false targets
in Fig.6(b) are mainly caused by nonuniform sampling error
and the effect to imaging quality can be neglected. For the con-
venience of analysis the imaging results without both phase
errors is displayed in Fig. 6(d). The sampling spacing of the
abscissas is v¢/PRF.=0.67m in Fig. 6.
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Fig. 6 Simulation analysis of phase errors at 35°N
(a) With both phase errors; (b) Compensated differential path error of (a);
(c) Only with nonuniform sampling error; (d) Without phase errors
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6.3 Comparative analysis of imaging results in
MAB-ScanSAR

The point target image results of stripmap mode, ScanSAR
mode and MAB-ScanSAR (after compensating differential path
error) are presented in Fig.7, where the look angle is 30°, sys-
tem operating PRF is 1680 Hz, and the satellite is over the
equator. Furthermore, the scan mode is single look and five
subswaths.

The horizontal direction is the azimuth direction in Fig.7.
For convenience of comparison the azimuth sampling spacing
is unified to v¢/PRF=4.44 m, and the sampling spacing in range
direction is 4.55 m. The quantitative indexes of the preceding
imaging results are summarized in Table 2.

Table 2 Imaging performance comparison of different modes

Work mode p/m eXint Overall swath width/km
Stripmap mode 4.6 4.5 69.2

Scan mode 4.6 27 346
MAB-ScanSAR 4.6 4.5 346

In Table 2, p, is slant range 3 dB resolution, p, is azimuth

(©)

Fig. 7 Grayscale images of point target for three work mode
(a) Stripmap mode; (b) Scan mode; (c) MAB-ScanSAR mode

3dB resolution. The overall swath width denotes the optimal
width when the overlap between the subswaths is neglected.
Considering the subswath overlaps and the subswath stitching
in real system, the real overall swath width is less than preced-
ing value (Jurgen et al., 2002; Cumming et al., 2005). The
simulation results show that MAB-ScanSAR can extend the
swath width 5 times and keep the azimuth resolution same as
stripmap mode under ideal condition.

7 CONCLUSIONS

To achieve wider swath width and keep the high azimuth
resolution unchanged, a new work mode MAB-ScanSAR is
proposed in the paper. The optimal theory performance is given.
Based on the analysis of the main phase errors, the specific
compensation methods are presented and several imaging algo-
rithms suitable for this mode are studied too. The effectiveness
and feasibility of the proposed methods are proved by the point
target simulation.
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