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Abstract: Four improved chirp scaling algorithms (CSAs) are proposed to reconstruct images from synthetic aperture radar
(SAR) data received at high squint angles, in which a larger synthetic aperture is required to receive sufficient amount of data for
image reconstruction, and the range migration also becomes more serious, demanding more computational load and larger
memory size. The proposed methods reconstruct better SAR images with less computational load and memory than the
conventional CSA, which are verified by simulations.

1

Introduction

Conventional imaging algorithms for synthetic aperture radar
(SAR) work properly when the squint angle is small. As the squint
angle becomes large, more terms are required to approximate the
slant range, leading to more complicated algorithms such as
azimuth non-linear chirp scaling (ANCS) [1–3], frequency nonlinear chirp scaling [4], fractional chirp scaling algorithm (FrCSA)
[5], modified chirp scaling algorithm (CSA) [6, 7], range migration
algorithm (RMA) [8, 9], improved step transform (IST) [10],
azimuth overlapped subaperture algorithm (AOSA) [11] and so on.
In [1], an algorithm was proposed to handle space-variant
quadratic range-cell migration (RCM). An ANCS algorithm was
proposed to correct the azimuth-dependent component of quadratic
phase and quadratic RCM in the range–frequency domain, then a
unified quadratic RCM was corrected in the two-dimensional (2D)
frequency domain. In [2], an ANCS algorithm was used to not only
eliminate the azimuth space variation of residual RCM and the
frequency modulation (FM) rate, but also remove the azimuth
misregistration. In addition, the range chirp scaling operation was
applied to correct the range-dependent RCM. In [3], a derampingbased technique and an ANCS technique were proposed. A linear
range walk correction (LRWC) technique was applied for
removing the squint-angle impacts on azimuth coarse focusing. A
modified ANCS algorithm was proposed to overcome the depth-offocus limitation imposed by the LRWC.
In [4], a SAR imaging algorithm for squint terrain observation
by progressive scan was introduced. Due to its special imaging
geometry, problems such as serious range–azimuth coupling,
azimuth-variant of RCM and aliasing in Doppler domain occur in
data focusing. In [5], an FrCSA was proposed for highly squinted
missile-borne SAR imaging to deal with large RCM and strong
space-variant characteristics. The FrCSA was implemented by
properly choosing the rotation angle of a fractional Fourier
transform in the range–azimuth domain.
In [6], a modified non-linear CSA was proposed to deal with
high-order motion errors and azimuth-variant errors under high
squint angles. When the squint angle becomes larger, the chirp
coupling may seriously influence the estimation of Doppler
centroid and hence the final image. In [7], both the 2D spatialvariant RCM and the azimuth-dependent Doppler parameters were
studied. A reference-range linear RCMC was used to remove most
of the linear RCM components and to mitigate range–azimuth
coupling in the 2D spectrum, and a modified CSA was proposed to
remove both the inherent range-dependent RCM and the linear
RCM caused by the range-dependent squint angle.
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In [8], an azimuth multichannel data preprocessing was applied
to resolve the aliased Doppler spectrum caused by azimuth subsampling at high squint angles. Then, a modified RMA was applied
to focus the equivalent monostatic squinted SAR data. In [9], a
modified reference signal was introduced, on the basis of
coordinate transformation and an extended Taylor approximation,
to transform the squint-mode data to broadside-mode data. The
proposed method was also extended, on the basis of a subarea
technique, to compensate for curvature errors.
In [10], an IST algorithm was developed for stripmap SAR
imaging in the X-band, under a squint angle up to 75∘. In [11], an
AOSA was proposed to compensate for the azimuth space-variant
phases in the Doppler frequency domain.
The Doppler centroid in a highly squinted SAR scenario
becomes very large, producing a folded spectrum in the Dopplerfrequency domain [12, 13]. The folded-spectrum problem can be
solved by increasing the pulse repetition frequency [12], which
increases the computational load and memory size. It can also be
solved by reducing the azimuthal aperture, at the cost of reduced
azimuth resolution. The memory size and the computational load
can be reduced by rotating the spectrum to reside on a rectangular
domain instead of the original slanted domain [14].
The computational load is determined by the algorithm itself
and the size of matrices used to store the processed signals. In a
highly squinted SAR scenario, a long synthetic aperture is required
to reconstruct a high-resolution image [12]. In addition, the
difference between the maximum and the minimum slant ranges to
the target area becomes very large, which demands larger matrices
to store the received and the processed signals [10]. Recently, an
improved range–Doppler algorithm (RDA) [15] and an improved
frequency-domain algorithm [16] were proposed for SAR imaging
at high squint angles, which reconstructed high-quality images and
required less computational load and memory storage.
In this work, four different CSA-based methods are proposed to
reduce the computational load while enhancing the image quality.
The signals are rotated in the time domain to reduce the memory
storage and the order of fast Fourier transform (FFT) required to
process the signals. This paper is organised as follows. The four
proposed methods, designed for spaceborne SAR imaging at high
squint angles, are presented in Sections 2–4, respectively. The
simulation results, including image quality, computational load and
memory size, are discussed in Section 5. Finally, some conclusions
are drawn in Section 6.
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where A0(x, y) is a complex amplitude, which is arbitrarily set to
one for convenience, and the radiation pattern from the SAR radar
towards the point target is approximated as one.
Next, take the Fourier transform of the baseband signal in (1)
with respect to τ and η in sequence to have
2

S2( f τ, f η) = c1c2 A0(x, y)W e( f τ)e− jπ f τ / Kre− j2π f η(y / V p)
exp − j

f τ2
4πR(x) f 0 2 2 f τ
D +
+ 2
c
f0
f0

(2)

where W e( f τ) = we( f τ /Kr), c1 and c2 are constants of integration,
2fτ
f τ2
and D = 1 − (c2 f η2 /4V 2p f 02). Typically, D2 ≫
+ 2 , thus the
f0
f0
square-root term in (2) can be approximated as
D2 +

2fτ
f τ2
fτ
c2 f η2 f τ2
c2 f η2 f τ3
+ 2 ≃ D+
−
3 2 4 +
f0
D f 0 8D V p f 0 8D5V 2p f 05
f0

(3)

Note that the expansion is only up to f τ2 in the conventional CSA.
By substituting (3) into (2), we have
2

S2( f τ, f η) ≃ c1c2 A0(x, y)W e( f τ)e− jπ f τ / Kre− j2π f η(y / V p)
exp − j

fτ
c2 f η2 f τ2
c2 f η2 f τ3
4πR(x) f 0
D+
−
3 2 4 +
c
D f 0 8D V p f 0 8D5V 2p f 05
(4)

To compensate for the f τ3-term in the exponent of (4), a coupling
compensation filter is devised as
Hcc( f τ, f η) = exp j

Fig. 1 Flow charts of
(a) Method A, (b) Method B for high-squint SAR imaging. The processes enclosed
with parentheses are different from those in the conventional CSA

2

Method A

The platform carrying a SAR radar is assumed to fly in the y
direction from (0, yb, h) to (0, ye, h), with a constant velocity V p and
at an altitude of h. The SAR radar points at a look angle θl and a
squint angle θs towards the target area. The beam centre point
(BCP) falls at (xc, yc, 0), with xc = htan θl and yc = htan θs /cos θl.
The instantaneous slant range between a target at (x, y, 0) and the
platform, at the azimuth time η, can be represented as
Rs2(η, x, y) = R2(x) + (ηV p − y)2, where R(x) = x2 + h2 is the range
between the flight path and the target.
Fig. 1a shows the flow chart of method A for high-squint SAR
imaging, and the processes different from those in the conventional
CSA are enclosed with parentheses [17]. The coupling
compensation is essential for high-squint SAR imaging, which is
implemented in the 2D frequency domain, requiring additional
range FFT and range inverse FFT (IFFT).
The transmitted linear frequency-modulation (LFM) signal can
2
be represented as st(τ) = we(τ)e j2π f 0τ + jπKrτ , where f 0 is the carrier
frequency, Kr is the FM rate of the LFM pulse, τ is the range (fast)
time, we(τ) = rect(τ/T r) is the range envelope with duration T r, and
rect(τ) is a rectangular function, which has unity amplitude in
|τ | ≤ 1/2 and zero otherwise. The demodulated scattering signal, at
range time τ and azimuth time η, from a point target at (x, y, 0) can
be expressed as
srb(τ, η) = A0(x, y)we(τ − 2Rs(η, x, y)/c)
2

e− j4π f 0Rs(η, x, y)/ c + jπKr[τ − 2Rs(η, x, y)/ c]
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(1)

πλ0R(x) f τ3 f η2
2D5 f 03V 2p

which takes the same form as in the conventional squinted RDA
[18]. The coupling compensation filter, which can be ignored in
low-squint SAR imaging, is essential under high squint angles. The
signal after applying the coupling compensation filter becomes
2

S3( f τ, f η) = c1c2 A0(x, y)W e( f τ)e− jπ f τ / Kre− j2π f η(y / V p)
exp − j

fτ
c2 f η2 f τ2
4πR(x) f 0
D+
−
c
D f 0 8D3V 2p f 04

which is inverse Fourier transformed with respect to f τ to have
S4(τ, f η) = c1c2c3 A0(x, y)e− j2π f η(y / V p)
we

4πR(x) f 0D
1
2R(x)
τ−
exp − j
1 − Kr Z
cD
c

exp jπKm τ −

2R(x)
cD

(5)

2

where c3 is a constant of integration, Km = Kr /1 − KrZ and
Z = cR(x) f η2 /2D3V 2p f 03 .
A slant range in the range–Doppler domain is defined as
rs(R(x), f η) = R(x)/D( f η), and a total RCM of a point target is
defined as RCMt(R(x), f η) = rs(R(x), f η) − rs(R(x), f ηr), where f ηr is
commonly chosen at the Doppler centroid. The total RCM is
further decomposed into a bulk RCM RCMb( f η) = RCMt(Rr, f η)
determined at a reference range Rr, which is commonly chosen as
the range to the BCP, R0 = xc2 + h2, as well as a differential RCM
RCMd(R(x), f η) = RCMt(R(x), f η) − RCMb( f η). The range time to
the point target, after compensating the differential RCM, becomes
2
τ = rs(R(x), f η) − RCMd( f η) , and the range time to the reference
c
2
point is τr = rs(Rr, f η) . With these variables, the time shift
c
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corresponding to the differential RCM can be represented as
D( f ηr)
2
Δτ = × RCMd(R(x), f η) =
− 1 τ′,
where
c
D( f η)
τ′ = τ − τr = τ − (2Rr /cD( f η)).
To compensate for the differential RCM, a chirp scaling
function is devised as
Hsc(τ′, f η) = exp j2π

∫

0

τ′

Hac( f η) = exp j

Hrpc( f η) = exp − j

D( f ηr)
2Rr
−1 τ−
D
cD

4πR(x) f 0D
c

4πKm R(x) Rr
−
D
D
c2

2

1−

Frsinc Fr τ −

2R(x)
cD( f ηr)

which is inverse Fourier transformed with respect to f η to obtain

S5(τ, f η) = c1c2c3 A0(x, y)e

s10(τ, η) = c1c2c3 A0(x, y)Frsinc Fr τ −

1
2R(x) − j4πR(x) f 0D / c
we
τ−
e
1 − Kr Z
cD

D( f ηr)
2Rr
−1 τ−
D
cD

exp jπKm

πD
exp − j
f2
KmD( f ηr) τ

− j4πR( x) f 0D / c

exp j

4πRr 1
4πR(x)
1
−j
−
f
cD( f ηr)
c D D( f ηr) τ

4πKm R(x) Rr
−
D
D
c2

2

1−

D
D( f ηr)

which is multiplied with a range-compensation filter
πD
f2
KmD( f ηr) τ

Hrc( f τ, f η) = exp j

4πRr 1
1
−
f
c D D( f ηr) τ

exp j

mapped to the x–y coordinates of x =
y = V pη.

3

S6( f τ, f η) = c1c2c3 A0(x, y)W e( f τ)e− j2π f η(y / V p)

exp − j

(10)

where −Fa /2 < f η < Fa /2 − Fa /Na, and Fa is the azimuth sampling
rate. Based on (10), the τ-η coordinates of the point target are
estimated as τ = (2R(x)/cD( f ηr)) and η = (y/V p), which are

2

Next, by taking the Fourier transform of the scaled signal in (6)
with respect to τ, and imposing the approximations that Z ≃ 0 and
f ηr ≃ f η, we obtain

e

2R(x)
cD( f ηr)

Fasinc Fa η − y/V p

(6)

2

(9)

S9(τ, f η) = c1c2c3 A0(x, y)e− j2π f η(y / V p)

− j2π f η( y / V p)

2R(x)
cD

D
D( f ηr)

to S8(τ, f η), we obtain

2

which is multiplied with (5) to derive a scaled signal in the range–
Doppler domain as

exp jπKm τ −

(8)

and a residual-phase compensation filter

f sc(u, f η) du

where f sc(u, f η) = KmΔτ(u, f η). If Km is approximated as
independent of range, the scaling function can be reduced to
Hsc(τ, f η) = exp jπKm

where −Fr /2 < f τ < Fr /2 − Fr /Nr, with Fr the range sampling rate.
By applying an azimuth-compensation filter

(7)

cD( f ηr)τ 2
− h2 and
2

Method B

Fig. 1b shows the flow chart of method B for high-squint SAR
imaging. The processes before chirp scaling remain the same. The
2D similarity theorem will be used to reduce the computational
load and memory size, which states that by rotating the signals in
the τ–η plane, the corresponding Fourier-transformed signals in the
f τ– f η plane will be rotated by the same amount.
The received baseband signals, represented in (1), are stored in
a matrix of dimension Na × Nr, where the azimuth sampling
number Na determines the resolution in the azimuthal direction,
and the range sampling number Nr should be large enough to
store all the scattered signals from the target area. For the
convenience of applying the FFT algorithm, both Na and Nr are
incremented, respectively, to the nearest integers that are powers of
two.
3.1 Rotation of coordinates
By taking an inverse Fourier transform of the scaled signal in (6)
with respect to f η, we have

to derive
S7( f τ, f η) = c1c2c3 A0(x, y)W e( f τ)e− j2π f η(y / V p)

ssc(τ, η) = Fη−1 S5(τ, f η)

4πR(x)
exp − j
f
cD( f ηr) τ

− j4πR( x) f 0D / c

e

exp j

4πKm R(x) Rr
−
D
D
c2

2

1−

D
D( f ηr)

which is then inverse Fourier transformed with respect to f τ to
have
S8(τ, f η) = c1c2c3 A0(x, y)e− j2π f η(y / V p)e− j4πR(x) f 0D / c
exp j

4πKm R(x) Rr
−
D
D
c2

Frsinc Fr τ −

2

1−

Fig. 2 shows two coordinate systems, (τ − τ0, η) and (τ′ − τ0, η′),
where τ0 = 2Rs0 /c. The rotation angle θr between these two
coordinate systems is chosen as θr = tan−1((2D/c)/L/V p), where
L = ye − yb is the total length of the flight path, and

D = xc2 + (yc − yb)2 + h2 − xc2 + (yc − ye)2 + h2 is the length
difference between the two line segments that connect the starting
point and the ending point, respectively, of the flight path to the
BCP. Thus, (τ − τ0, η) can be represented in terms of (τ′ − τ0, η′) as

D
D( f ηr)

2R(x)
cD( f ηr)
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Fig. 2 Coordinates (τ − τ0, η) and (τ′ − τ0, η′)

cos θr
τ − τ0
=
sin θr
η
=

−sin θr τ′ − τ0
cos θr
η′

(τ′ − τ0)cos θr − η′sin θr

(11)

(τ′ − τ0)sin θr + η′cos θr

or
(τ′ − τ0)cos θr − η′sin θr + τ0
τ
=
η
(τ′ − τ0)sin θr + η′cos θr
=

g(τ′, η′)
h(τ′, η′)

The scaled signals originally presented in the (τ, η) coordinates
can now be presented in the (τ′, η′) coordinates as
ssc(τ′, η′) = ssc(τ, η) τ = g(τ′, η′), η = h(τ′, η′)
which are stored in a matrix of dimension Na′ × Nr′, with Na′ and Nr′
incremented, respectively, to the nearest integers that are powers of
two. Without loss of generality, we choose Δτ′ = Δτ and
Δη′ = Δη.
3.2 Relevant filters
The filters Hac( f η) in (8) and Hrpc( f η) in (9) can also be applied to
S7( f τ, f η) in the f τ– f η plane. Thus, they can be relabelled as
Hac( f τ, f η) and Hrpc( f τ, f η), respectively. Both filters and the rangecompensation filter in (7) are rotated to the f τ′– f η′ plane as
Hrc( f ′τ, f ′η) = Hrc( f τ, f η)

f τ = g1( f ′τ, f ′η), f η = h1( f ′τ, f ′η)

Hac( f ′τ, f ′η) = Hac( f τ, f η)

f τ = g1( f ′τ, f ′η), f η = h1( f ′τ, f ′η)

Hrpc( f ′τ, f ′η) = Hrpc( f τ, f η)

f τ = g1( f ′τ, f ′η), f η = h1( f ′τ, f ′η)

where ( f τ, f η − f dc) are related to ( f τ′, f η′ − f dc) by the same
rotational matrix in (11) as
fτ
f η − f dc

=
=

cos θr

−sin θr

f ′τ

sin θr

cos θr

f ′η − f dc

f ′τcos θr − ( f ′η − f dc)sin θr
f ′τsin θr + ( f ′η − f dc)cos θr

or
fτ
fη

=
=
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f ′τcos θr − ( f ′η − f dc)sin θr
f ′τsin θr + ( f ′η − f dc)cos θr + f dc
g1( f ′τ, f ′η)
h1( f ′τ, f ′η)

Fig. 3 Flow charts of
(a) Method C, (b) Method D for high-squint SAR imaging. The processes enclosed
with parentheses are different from those in the conventional CSA

4

Methods C and D

Figs. 3a and b show the flow charts of methods C and D,
respectively, for high-squint SAR imaging. Method C is revised
from method A by implementing the range-compensation process
right after the coupling-compensation process, eliminating a range
FFT and a range IFFT processes. Method D takes advantages of
the rotation property in method B and implements the rangecompensation process right after the coupling-compensation
process, as in method C. In addition, the coupling compensation
filter is implemented in the rotated coordinates, further reducing
the computational load.

5

Simulations and discussions

Two missions with squint angles of 60∘ and 80∘, respectively, will
be simulated to verify the efficacy of the proposed methods.
5.1 Mission with θs = 60∘
Table 1 lists the parameters of SAR missions simulated in this
work [17]. Fig. 4a shows the received signals, computed by using
(1), in the τ–η plane. Fig. 4b shows the image reconstructed with
method A, in which local maxima are observed along the x-axis
and a y′-axis.
Fig. 5a shows the scaled signals in the τ–η plane, Fig. 5b shows
the scaled signals in the τ′–η′ plane and Fig. 5c shows the image
reconstructed with method B. The number of range samples is
reduced to Nr′ = 4096, which is large enough to store the received
baseband signals after rotation; and the number of azimuth samples
remains as Na′ = 16, 384.
Figs. 6a and b show the magnitude profiles along x- and y′axes, respectively, which are extracted from the reconstructed
images shown in Figs. 4b and 5c. The image reconstructed with
IET Radar Sonar Navig., 2017, Vol. 11 Iss. 11, pp. 1629-1636
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Fig. 4 Received signals and reconstructed image
(a) Received signals in τ–η plane, (b) Image reconstructed with method A, θs = 60∘,
Nr = 16, 384, Na = 16, 384

Table 1 Parameters of SAR mission [17]
Parameter
Symbol Magnitude

Unit

effective radar velocity

Vp

7100

m/s

carrier frequency

f0

5.3

GHz

chirp pulse duration

Tr

40

μs

range chirp rate

Kr

500

GHz/s

bandwidth

Br

20

MHz

range sampling rate

Fr

96/24*

MHz

Δτ
Nr

10.42/41.67*
16,384

ns

(a) Scaled signals in τ–η plane, (b) Scaled signals in τ′–η′ plane, (c) Image

Fa

of Nr × Na, and that required by method D is on the order of
Nr′ × Na′.
Table 4 lists the quality parameters of SAR imaging, with
θs = 60∘. The impulse response width (IRW) is the separation
between two half-power points, one on each side of the peakintensity point; the peak sidelobe ratio (PSLR) is the ratio between
the peak intensity and that of the strongest sidelobe; the integrated
sidelobe ratio (ISLR) is the ratio of energy in the main-lobe and
that in all the sidelobes; and the target offset (TO) is the offset of
the peak-intensity point in the reconstructed image from the actual
point target. Four methods provide similar results in IRW, PSLR,
ISLR and TO, in both x and y′ directions. However, methods B and
D take only 25% of memory as compared to methods A and C, due
to the signal-rotation scheme. The NOMs required by methods A,
B, C and D are in the ratio of 1 : 0.884 : 0.687 : 0.568. Method D
outperforms the other three in NOMs and memory.

range sampling interval
number of range samples
azimuth sampling rate

6800/1700*

Hz

azimuth sampling interval
number of azimuth samples

Δη
Na

0.15/0.59*
16,384

ms

height of the platform
look angle

h
θl

800
19.75

km
deg

squint angle

θs

60/80*

deg

*a/b: a is used at θs = 60∘ and b is used at θs = 80∘.

method B has similar quality to that with method A because the
lengths of synthetic aperture are similar.
Table 2 lists the number of multiplications (NOMs) required by
methods A and B, respectively. The memory required by method A
to store the received signals is on the order of Nr × Na, and that
required by method B is on the order of Nr′ × Na′.
Note that to transform the scaled signal in the τ–η plane to that
in the τ′–η′ plane, the nearest-neighbour interpolation scheme is
applied, which requires no additional multiplications. The
reconstructed image in the τ′–η′ plane is mapped to the τ–η plane,
without interpolation, hence no additional computational load is
invoked.
The reconstructed images with methods C and D have similar
quality to those obtained with methods A and B. Table 3 lists the
NOMs required by methods C and D, respectively. The memory
required by method C to store the received signals is on the order
IET Radar Sonar Navig., 2017, Vol. 11 Iss. 11, pp. 1629-1636
© The Institution of Engineering and Technology 2017

Fig. 5 Scaled signals and reconstructed image
reconstructed with method B, θs = 60∘, Nr′ = 4096, Na′ = 16, 384

5.2 Mission with θs = 80∘
Fig. 7a shows the received signals in the τ–η plane. Fig. 7b shows
the image reconstructed with method A, in which local maxima are
observed along the x-axis and a y′-axis. When method B is applied,
the number of range samples is reduced to Nr′ = 1024, and the
number of azimuth samples remains as Na′ = 16, 384. Figs. 8a and
b show the magnitude profiles along x- and y′-axes, respectively.
The image reconstructed with method B has similar quality to that
1633

Table 3 NOMs in methods C and D
Operation
Method C

Method D

2NaNrlog2 Nr

2Na Nrlog2 Nr

azimuth FFT

f η2

Na

Na

D

12Na

12Na

D2, D3
Z

2Na

2Na

2Na

2Na

Km

2Na

2Na

Hsc

4Na + 3Nr Na

4Na + 3Nr Na

azimuth IFFT

none

2NaNrlog2 Nr

signal rotation

none

4Nr′Na′

spectrum rotation

none

4Nr′Na′

azimuth FFT

none

2Na′Nr′log2Nr′

2Nr Nalog2 Na

2Nr′Na′log2Na′

range FFT

f τ2, f τ3, f η2
D

Fig. 6 Reconstructed profiles along
(a) x-axis, (b) y′-axis, extracted from Fig. 4b (dashed curve) and Fig. 5c (solid curve)

Table 2 NOMs in methods A and B
Operation
Method A

Method B

azimuth FFT

2Na Nrlog2 Nr

2Na Nrlog2 Nr

range FFT

2Nr Nalog2 Na

2Nr Nalog2 Na

2Nr + Na

2Nr + Na

12Na

12Na

f τ2, f τ3, f η2
D

2Nr

3Nr′Na′

none

12Nr′Na′

D2, D3, D5
Z

Na

3Nr′Na′

none

2Nr′Na′

Km

none

2Nr′Na′

Hrc

4Na + 4Nr Na

8Nr′Na′

Hcc

2Na + 2Nr Na

4Nr′Na′

Hac

Na + NrNa

2Nr′Na′

Hrpc

7Na + Nr Na

8Nr′Na′

range IFFT

2Nr Nalog2 Na

2Nr′Na′log2Na′

azimuth FFT

2NaNrlog2 Nr

2Na′Nr′log2Nr′

Na + 14Nr

15Nr′Na′

coordinate mapping

Table 4 Quality parameters of SAR imaging, θs = 60∘
Parameter
Method A Method B Method C Method D
IRWx, m

9.6926

9.7044

9.7518

9.741

D,D,D
Hcc

3Na

3Na

PSLRx, dB

−13.2483

−13.3807

−13.2082

−13.2435

2Na + 2Nr Na

2Na + 2Nr Na

ISLRx, dB

−9.8324

−9.8727

−9.6109

−9.6539

range IFFT

2Nr Nalog2 Na

2Nr Nalog2 Na

TOx, m

−1.0139

0.6690

−1.0139

0.6690

2Na

2Na

IRWy′, m

15.8738

16.1828

15.8711

16.1835
−13.2461

2

3

5

Z

Km

2Na

2Na

PSLRy′, dB

−13.3249

−13.2313

−13.3439

Hsc

4Na + 3Nr Na

4Na + 3Nr Na

ISLRy′, dB

−10.6284

−9.7876

−9.8878

−9.8111

azimuth IFFT

none

2Na Nrlog2 Nr

TOy′, m

0.5221

−0.5221

−0.5221

−0.5221

NOM (million)
Memory, GB

48,050
4

42,480
1

33,018
4

27,313
1

signal rotation

none

4Nr′Na′

spectrum rotation

none

4Nr′Na′

azimuth FFT

none

2Na′Nr′log2Nr′

2Nr Nalog2 Na

2Nr′Na′log2Na′

f τ2, f η2

none

2Nr′Na′

D

none

12Nr′Na′

D,D
Z

none

2Nr′Na′

none

2Nr′Na′

Km

none

2Nr′Na′

Hrc

4Na + 4Nr Na

8Nr′Na′

range FFT

2

3

Hac

Na + NrNa

2Nr′Na′

Hrpc

7Na + Nr Na

8Nr′Na′

range IFFT

2Nr Nalog2 Na

2Nr′Na′log2Na′

azimuth FFT

2Na Nrlog2 Nr

2Na′Nr′log2Nr′

Na + 14Nr

15Nr′Na′

coordinate mapping

with method A because the lengths of synthetic aperture are
similar.
Table 5 lists the quality parameters of SAR imaging, with
θs = 80∘. The IRWs in the x-direction (IRWx) with methods A and
1634

B are smaller than those with methods C and D. The images
reconstructed with the four methods have similar IRWy′, PSLRy′,
ISLRy′, TOx and TOy′. However, methods B and D take only 6.25%
of memory as compared to methods A and C, due to signal
rotation. The NOMs required by methods A, B, C and D are in the
ratio of 1 : 0.708 : 0.687 : 0.387. Method D outperforms the other
three in NOMs and memory, but poorer than methods A and B in
IRWx.
The proposed methods can also be applied to detect distributed
targets. Fig. 9 shows the reconstructed image of five point targets
by using method A, with θs = 60∘, Nr = 16, 384 and Na = 16, 384.
The images reconstructed with methods B, C and D have similar
quality to that shown in Fig. 9.

6

Conclusion

Four improved CSAs have been proposed to improve the quality of
SAR imaging under high squint angles. Several steps in the
conventional CSA are modified and signals in the τ–η domain are
rotated to save the memory required to store the received and
IET Radar Sonar Navig., 2017, Vol. 11 Iss. 11, pp. 1629-1636
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Table 5 Quality parameters of SAR imaging, θs = 80∘
Parameter
Method A Method B Method C Method D

Fig. 7 Received signals and reconstructed image
(a) Received signals in τ–η plane, (b) Image reconstructed with method A, θs = 80∘,
Nr = 16, 384, Na = 16, 384

IRWx, m

17.3514

17.2602

23.1362

23.1751

TOx, m

1.5876

1.0568

1.5876

−1.0568

IRWy′, m

66.2745

66.9248

66.1876

66.6461

PSLRy′, dB

−12.9808

−13.216

−13.0324

−13.2466

ISLRy′, dB

−11.3791

−10.0151

−11.3496

−9.8239

TOy′, m

−2.0882

2.0882

−2.0882

2.0882

NOM (million)
Memory, GB

48,050
4

34,014
0.25

33,018
4

18,572
0.25

Fig. 9 Reconstructed image of five point targets with method A, θs = 60∘,
Nr = 16, 384, Na = 16, 384
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Fig. 8 Reconstructed profiles along
(a) x-axis, (b) y′-axis, dashed curve: method A, solid curve: method B

processed signals. High squint angles of 60∘ and 80∘ have been
simulated to demonstrate the efficacy of the proposed methods in
terms of spatial resolution, computational load and memory size.
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