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Abstract—In space-borne synthetic aperture radar (SAR), the
sliding spotlight mode can acquire images with both high-resolution
and wide-swath in azimuth direction. Due to the significant two-
dimensional spatial variance of Doppler parameters, the tradi-
tional imaging algorithms based on the conventional range mod-
els is not available. In this article, the strategy of continuously
varying pulse repetition interval (CVPRI) is likely to lead to a
novel approach to dealing with the azimuth variance problem to
realize high-resolution wide-swath (HRWS) imaging in azimuth
direction for sliding spotlight SAR. First, the eighth-order Taylor
expansion of the modified equivalent squint range model (MESRM-
TE8) is adopted, and the accuracy of MESRM-TE8 is accordingly
explained. Then, the properties of the spatial variance for the
MESRM-TE8 are analyzed in detail, based on which the strategy
of CVPRI is given theoretically to eliminate the azimuth variance.
An improved imaging algorithm based on CVPRI is subsequently
proposed to address the azimuthal-variant Doppler parameters
and realize a batch data processing of a large scene in azimuth
frequency domain. The extended scaling method is integrated in
this algorithm to uniformly compensate cubic phase modulation
introduced by CVPRI and circumvent azimuth time folding caused
by subaperture processing in the focused image. Finally, the ef-
fectiveness of the CVPRI strategy and the proposed algorithm is
demonstrated by the simulation results.

Index Terms—Continuously varying pulse repetition interval
(CVPRI), high-resolution wide-swath (HRWS), imaging algorithm,
sliding spotlight SAR, spatial variance, synthetic aperture radar
(SAR).

I. INTRODUCTION

SYNTHETIC aperture radar (SAR) is a powerful mi-
crowave remote sensing technique that can acquire the

two-dimensional (2-D) images of the Earth’s surface. Different
from optical remote sensing, which passively utilizes sunlight
as its illumination source, SAR relies on its own radiation and
thus can adapt to bad weather and night environment. Because
of these advantages, SAR has been highly valued in both civilian
and military fields [1], [2]. Great progress has been made since
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the first space-borne SAR mission was launched in 1978 [3].
Nowadays, high-resolution wide-swath (HRWS) have become
one of the most significant directions of SAR development [4],
[5], [6], [7], [8], [9]. For example, the very high-resolution mode
of the TerraSAR-X Next Generation (TSX-NG) mission will
allow a spatial resolution of 0.25 m [10], [11]. Typically, the
sliding spotlight mode [12], [13] is utilized to achieve the HRWS
in space-borne SAR. For the sliding spotlight mode, “spotlight”
allows a long synthetic aperture without excessively reducing
the antenna length, whereas “sliding” allows a wide-swath in
azimuth direction. In addition to the improvement of SAR sensor
technology, the imaging algorithm should also be adopted to
the HRWS condition. Generally, two challenges are faced in
the HRWS space-borne SAR data processing. The first is the
accurate formulation of the range history in a long integration
time, and the second is the compensation of the 2-D spatial
variance in Doppler parameters.

Due to the curvature of the satellite orbit and the rotation of
the earth, the complex spatial geometry of HRWS space-borne
SAR will lead to the failure of the traditional range models.
The classical rang models assume that the platform moves
along a straight track, such as the hyperbolic range equation
model or the equivalent squint range model (ESRM) [14], [15].
These range models can properly formulate the relative slant
range between the satellite platform and the scene center in
the low and medium resolution cases. The fourth-order Doppler
range model (DRM4) is then given a fourth-order polynomial
function form to approximate the real range history in relatively
high-resolution case [16], [17]. The polynomial function has
a rather concise form which indicates the convenience for the
derivation of 2-D spectrum and the analysis of spatial variance.
However, in the very high-resolution space-borne SAR system,
as the synthetic aperture time further increases, the fit between
the real range history and the DRM4 range model drops rapidly.
Therefore, the modified ESRM (MESRM) in [18] was developed
by introducing the equivalent radar acceleration into the range
equation. The first four-order terms and the higher-order terms of
the real slant range can be described by MESRM accurately and
partially, respectively. However, the root form of the MESRM
range equation implies the inconvenience and the complexity of
the spatial variance analysis. So, a range model with both accu-
rate and brief form should be applied for the HRWS space-borne
SAR imaging.

The 2-D spatial variance of the system is another serious
challenge for the HRWS space-borne SAR data processing.
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The conventional frequency domain imaging algorithms assume
that the range history as well as the Doppler phase history
of the targets appearing in the same range cell are identi-
cal, and therefore, the echoes of these targets can be focused
via a bulk processing in the azimuth frequency domain. This
assumption could be called “azimuthal-invariant.” Commonly
used algorithms include the range Doppler algorithm [19], [20],
[21], the chirp scaling algorithm [22], [23], [24], etc. However,
the premise of azimuth invariance is untenable for the HRWS
space-borne SAR system working in sliding spotlight mode,
which means the Doppler phase errors for the marginal targets
will become non-negligible. The nonlinear chirp scaling (NCS)
algorithm is a most widely adopted method in handling the
azimuth variance problem [25], [26], [27], [28]. The main idea
is utilizing a cubic phase perturbation to equalize the azimuth-
varying Doppler parameters. High computational efficiency is its
greatest advantage, which is attributed to the simple operation of
eliminating azimuth variance by complex multiplication. How-
ever, the drawback is that an undesired azimuthal-variant linear
term is introduced into the Doppler phase history, which results
in a Doppler centroid frequency shift. This shift will lead to the
mismatch of azimuth matched filtering and hence a degradation
in the focusing precision for the marginal targets. Moreover, an
azimuth resampling method was proposed to remove the azimuth
variance in Doppler parameters [29], [30], [31]. The resampling
method can alleviate the mismatch of the azimuth matched filter-
ing, but the resampling process is relatively time-consuming and
the truncation of the interpolation kernel will also cause losses in
accuracy. In this article, a continuously varying pulse repetition
interval (CVPRI) scheme is proposed to cope with the azimuth
variance problem of the HRWS space-borne SAR. Instead of a
constant PRI, the CVPRI scheme utilizes a specially designed
time-varying PRI to compensate the azimuth variance of the
Doppler parameters. The azimuthal-invariant SAR echo data
can then be efficiently processed in the frequency domain. The
CVPRI scheme can significantly reduce the Doppler spectrum
shift and filter mismatch problems intrinsically introduced by
the NCS algorithm, thus achieving higher focusing precision
for the marginal targets.

This article begins with an analysis on the precision of the
range models for the central point target under different spatial
resolutions. The eighth-order Taylor expansion of MESRM
(MESRM-TE8) is adopted according to the analysis to pre-
cisely formulate the range history for the HRWS space-borne
SAR. Then, the spatial variance in azimuth direction is further
analyzed for the MESRM-TE8, based on which the CVPRI
strategy is accordingly put forward to compensate the azimuth
variance. An improved hybrid correlation (HC) imaging algo-
rithm, especially for the CVPRI scheme is then proposed. The
accurate RCM correction and phase compensation are uniformly
accomplished by an improved HC focusing processing for the
full scene echo data. Ultimately, an extended scaling method
is implemented to uniformly compensate the cubic phase term
introduced by CVPRI and remove the azimuth time aliasing in
the focused image. On the basis of spatial variance elimination
by CVPRI strategy, the proposed imaging algorithm integrated
with improved HC processing and extended scaling processing
is utilized to complete high-resolution and high-precision batch

imaging processing of the full scene echo data in Doppler
frequency domain.

This article is organized as follows. In Section II, the analyses
of the range model and signal model are explained. Additionally,
the CVPRI strategy is also theoretically analyzed in this section.
Section III illustrates the details of the improved HC algorithm
based on CVPRI. Section IV presents the simulation results
to demonstrate the effectiveness of the CVPRI strategy and
the improved imaging algorithm. The conclusions are drawn
in Section V.

II. ANALYSES OF RANGE MODEL AND SIGNAL MODEL FOR

SPATIAL-VARIANT SYSTEM

A. Range Model Accuracy Analysis

For space-borne SAR, the accuracy of the range model is the
premise of refined focusing. The MESRM model proposed in
[18] is given by

R (t, r0) =
√
r20 + v20t

2 − 2r0v0t cosϕ0+Δa3t3 +Δa4t4

(1)
where⎧⎪⎪⎪⎪⎪⎪⎨
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where t is the azimuth slow time, r0 is the slant range at the
Doppler center time, v0 is the equivalent velocity, ϕ0 represents
the equivalent squint angle, fr3 and fr4 denote the Doppler
frequency modulation (FM) rate and its second-order derivative,
respectively. For the target positioned at x0 in azimuth direction,
the beam-center-time is defined as t0. The range history of
this target can be formulated as R (t, r0, x0) = R (t–t0, r0).
The MESRM-TE8 for target positioned at x0 is then could be
expressed as follows:

R (t, r0, x0) = r0 +

8∑
i=1

fi(t− t0)
i (3)

where fi, {i= 1, 2, 3, 4, 5, 6, 7, 8} are eight expansion coefficients
of the MESRM model in (1).

Fig. 1 shows the phase errors of the ESRM, DRM4, MESRM,
and MESRM-TE8 as a function of azimuth time using the
parameters listed in Table I. As can be observed from Fig. 1,
the ESRM and the DRM4 range models will bring excessive
phase errors with the increasing of synthetic aperture time,
which is caused by the evident range deviations between the
satellite platform and the scene center. By contrast, it can be
noted that the MESRM and MESRM-TE8 range models are
more accurate to formulate the actual range history. Even if
the synthetic aperture time is up to 30 s, the maximum phase
error of the MESRM range model is still less than the criteria
of 0.25π, which can be explained by the terms from the fifth
to eighth order in formula (3). The partial enlarged view in
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Fig. 1. Phase errors caused by range deviation as a function of azimuth time
in ESRM/DRM4/MESRM/MESRM-TE-8.

TABLE I
SIMULATION PARAMETERS

Fig. 1 illustrates that the MESRM-TE8 maintains the description
accuracy of the MESRM range model. It can be found in [18]
that all parameter in formula (1) in this article are determined
by the first-order to fourth-order Doppler parameters, which
means that the construction of the MESRM range model does
not increase the accuracy requirements of the orbit, platform
and other parameters in the radar system compared with the
DRM4 range model. Therefore, the MESRM-TE8 model in (3)
can ensure very high-resolution requirement without increasing
the complexity of the system, which is attributed to the charac-
teristics of the MESRM model. Besides, the polynomial form of
the MESRM-TE8 facilitates the analysis of the spatial variance
properties. As a result, the MESRM-TE8 is adopted in this article
to approximate the actual range history.

B. Spatial Variance Analysis

Based on the selected rang model MESRM-TE8, the spatial
variance analysis in azimuth dimension is given in this part by
using the simulation parameters listed in Table I. Assuming that

Fig. 2. Phase errors and the corresponding slant range errors as a function of
azimuth time caused by MESRM-TE8. Lines with different colors represent the
errors of different targets with a constant interval of 1 km along the azimuth
dimension at the central range cell.

there are eleven targets, and they are located at the same range
cell and uniformly distributed in the azimuth dimension with a
constant interval of 1 km, which means the imaging swath in
azimuth direction is set to be 10 km. The range deviations of
these targets are then be simulated separately. Different from
the stripmap mode, the rotation of the beam center in the sliding
spotlight mode is also should be considered in the azimuth
variance analysis of MESRM-TE8 range model. The phase
errors and slant range errors of different targets are displayed
in Fig. 2, which are caused by the range deviations between the
real range histories and MESRM-TE8 range model. The azimuth
slow time is the horizontal axis, while the phase errors and the
corresponding slant range errors are represented by the left and
right vertical axes, respectively.

As the distances from the scene center gradually increase
in azimuth dimension, the phase errors increase as well as the
corresponding slant range errors. For the marginal point targets
located at 5 km away from the scene center, the absolute values
of the maximum phase errors are approximately 0.65π as is
shown in Fig. 2, which illustrates the degree of deterioration in
the focusing quality for the edge points. Additionally, it should
also be noted that the phase error of each point target is mainly
composed by the quadratic term. After quantitative analysis, it
is found that the amplitude of this quadratic term for each point
target is almost proportional to its beam-center-time t0. There-
fore, the corresponding slant range error and the second-order
Doppler parameter could be analytically related by

ΔR (t, r0, x0) = Δf2 (t0) (t− t0)
2 (4)

where Δf2 (t0) is the error of second-order Doppler parameter
for target positioned at x0. In order to limit the phase mismatch of
the signal within 0.25π at any endpoint of the synthetic aperture,
the amplitude ofΔf2 (t0) should satisfy the following inequality:

|Δf2 (t0)| ≤ λ

4
· 1

T 2
s

(5)

where |·| is an absolute value operator, Ts is the synthetic
aperture time, and λ represents the signal wavelength of the
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Fig. 3. Doppler FM rate error as a function of azimuth time caused by
MESRM-TE8. The magenta dots denote the eleven targets evenly positioned
along the azimuth dimension at the central range cell.

carrier. Furthermore, the Doppler FM rate error introduced by
MESRM-TE8 is shown in Fig. 3. The fitting result in Fig. 3
indicates that the mapping relationship between Δf2 (t0) and the
beam-center-time t0 could be described as quasi-linear, which
can be formulated as the following equation:

Δf2 (t0) =
λ

4
α (r0) t0 (6)

where α (r0) is the first-order fitting coefficient. Actually, α
(r0) is nearly range-invariant in the whole imaging scene, so it
can then be simplified as α. The actual second-order Doppler
parameter can then be modeled by

f2,actual (t, r0, x0) = f2 (t, r0, x0) +
λ

4
αt0 (7)

where f2 (t, r0, x0) denotes the instantaneous second-order
Doppler parameter of MESRM-TE8 at each azimuth time, which
can be calculated by

f2 (t, r0, x0) =
1

2

{
8∑

i=2

[
i (i− 1) fi(t− t0)

i−2
]}

. (8)

Besides, constrained by the maximum phase error of 0.25π,
the maximum increment of Δf2 (t0) can be determined by
formula (5). Then, the maximum azimuth imaging time range Te

could be approximately derived from the quasi-linear mapping
relationship by formula (6). The corresponding imaging swath
in azimuth dimension can then be approximately expressed as
follows:

Swa = Tevg (9)

where vg represents the ground velocity of the antenna beam.
It can be concluded that the effective azimuth imaging swath is
nearly limited within 4 km as indicated by the red dotted lines in
Fig. 3. Significant deterioration will happen for marginal targets
due to the non-negligible errors of the second-order Doppler
parameter.

C. Strategy of CVPRI

The azimuth signals generated by a group of point targets,
which are laid on a given range cell, have azimuthal-variant
Doppler FM rate. Therefore, it would be inaccurate to compress
the whole azimuth signals using one single azimuth frequency
domain matched filter, and the defocus phenomenon will occur
for marginal targets. Since the azimuth variance is significant
and almost range-invariant, the consistent azimuth variance
compensation is necessary and feasible for imaging processing.
Therefore, the CVPRI strategy is proposed to tackle this problem
and subsequently realize HRWS data processing in azimuth
frequency domain.

Assuming the relationship between the newly defined azimuth
time η and the original azimuth time t could be formulated as
follows:

η = t+ ξ1t
2 (10)

when the reference azimuth time is set to be zero for conve-
nience. ξ1 is the coefficient of the quadratic term. Thereafter,
the slant range history can be expressed as follows:

R (η, r0, x0) = r0 +

8∑
i=1

fi(η − η0)
i (11)

where η0 = t0 + ξ1t
2
0. Only the analysis of the quadratic part

for range history is sufficient to derive the scheme of CVPRI.
Substituting (10) into the quadratic term of the newly defined

range history (11) and expanding the corresponding term (Ap-
pendix A), the quadratic term in (11) can be derived as follows:

f2(η − η0)
2 = f2 (1 + 4ξ1t0) (t− t0)

2 + 2f2ξ1(t− t0)
3.
(12)

It could be found that ξ1 is the primary azimuthal-variant
component of the quadratic term. Additionally, a constant cubic
modulation is introduced in the azimuth time domain, which
will lead to obvious asymmetric side lobes for azimuth profile
and should be considered in the imaging processing.

According to the previous analyses, the value of ξ1 can be
acquired by using the analytical fitting parameter in azimuth
direction, which can be calculated by the following equation:

4f2ξ1t0 = Δf2 (t0) . (13)

In fact, there exists f2 = f2_ref at the reference range cell.
Substituting (6) into (13) leads to the following relationship:

ξ1 =
λ

16f2_ref
α. (14)

Combine formula (10) with formula (14), the relation between
η and t can be updated as follows:

η = t+
λ

16f2_ref
αt2. (15)

Due to the correlation between the newly defined azimuth
time η and the original azimuth time t in (15), the relationship
between the (i + 1)th transmitted pulse interval PRIi+1 and the
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Fig. 4. Variation of PRI and PRF with respect to azimuth time.

ith transmitted pulse interval PRIi can be revised as follows:

PRIi+1 =
λ

8f2_ref
α ·

(
1

PRF

)2

+ PRIi (16)

where PRF represents the pulse repetition frequency. Fig. 4
shows the PRI and PRF variation respecting to the azimuth
time using parameters listed in Table I in Section IV-A. In
order to simplify the illustration of CVPRI, the relationship
between the instantaneous second-order Doppler parameter f ′

2

and the azimuth time t when the rotating radar beam center
points to the set target is shown in Fig. 5. By introducing CVPRI
strategy, the azimuth sample positions keep changing and the
dominant azimuthal-variant second-order Doppler parameter
can be adjusted to be time-invariant, as in shown in Fig. 5. It is
worth noting that the cubic phase and the high-order phase terms
in formula (11) are almost immune to the CVPRI operation,
and can be regarded as unaltered in the azimuth compression
processing. Practically, when the squint angle approaches zero,
the quadratic modulation phase in (A.1) introduced by the first-
order term is so small that it could be ignored (Appendix A). In
contrast, the continuous PRI variation has apparent influence on
the second-order terms and should be considered seriously.

D. Signal Model Analysis

After introducing the data acquisition strategy of CVPRI, the
signal model of the system is accordingly altered. Based on the
newly defined slant range history in (11), the received signal
after down-converting to baseband could be expressed in terms
of the range time and azimuth time as follows:

S (τ, η) = σ0ωa (η − η0) exp

{
−j

4π

λ
R (η)

}

·ωr

(
τ − 2R (η)

c

)
exp

{
jπKr

[
τ − 2R (η)

c

]2}

(17)

where R(η) is the new slant range history of signal received
via the CVPRI data acquisition strategy, σ0 is the scattering

coefficient, c is the propagation speed of light, τ is the fast time
in range direction, Kr represents the chirp rate of the transmitted
signal,ωa(·) andωr(·) denote the antenna pattern functions in the
azimuth and range directions, respectively. The difference from
the traditional signal model is that the newly defined azimuth
time is nonuniform as illustrated in formulas (10) and (15).
Therefore, the influence of CVPRI strategy on the 2-D spectrum
is mainly reflected in the history of slant range.

The signal in range frequency domain, using the POSP
method, can be derived as follows:

S (fτ , η) = σ0ωr (fτ ) exp

{
−j

π

Kr
f2
τ

}

·ωa (η − η0) exp

{
−j

4π (fc+fτ )

c
R (η)

}
. (18)

Then, the POSP method combined with the series reversion
(MSR) [32] is applied to derive an accurate 2-D point target
spectrum (PTS) based on the CVPRI strategy, which can be
obtained as follows:

S (fτ , fa) = σ0ωa (ηa (fa, fτ )) · ωr (fτ )

· exp
{
−j4π

(
fc + fτ

c

)(
r0+

8∑
i=1

fiη
i
a (fa, fτ )

)}

· exp {−j2πfaηa (fa, fτ )} · exp
{
−j

π

Kr
f2
τ

}
(19)

where

ηa (fa, fτ ) = ta (fa, fτ ) + ξ1t
2
a (fa, fτ ) (20)

where fa and fτ represent the azimuth and range frequency,
respectively, and fc is carrier frequency. ta (fa, fτ ) is the stationary
phase point and could be derived from the following equation:

2

(
fc + fτ

c

)
∂R (ta (fa, fτ ))

∂t
+ fa = 0. (21)

By solving formula (21), the azimuth frequency fa and the
original azimuth time t are now related by

ta (fa, fτ ) = t′a

(
fa +

2 (fc + fτ )

c
f1, fτ

)
(22)

t′a (fa, fτ ) =
7∑

i=2

AiP (fa, fτ )
i−1, P (fa, fτ )=− cfa

2 (fc + fτ )

(23)

where⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
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A3 = (−a3)
/
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)/
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+84a33a4a2 − 42a53 − a7a
4
2

)/
a112

.

(24)
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Fig. 5. (a) Ideal and actual relationships between the azimuth time t and the instantaneous second-order Doppler parameter f ′
2 when the constant PRI is adopted.

(b) Linear azimuth variance correction of f ′
2 by using CVPRI strategy. (c) Result of linear azimuth variance correction of f ′

2 after using CVPRI strategy. The
green dots identify the eleven targets evenly positioned along the azimuth direction at the central range cell.

Fig. 6. Range history when working in sliding spotlight mode in (a) 2-D
time domain and (b) range Doppler domain. The range history when working
in stripmap mode in (c) 2-D time domain and (d) range Doppler domain. Lines
with different colors represent the range history of targets distributed in different
azimuth positions at the central range cell.

In formula (24), ai = i · fi, where i represents the number
from 2 to 7. Substituting (20) into (19), the desired 2-D PTS
can be acquired. The accuracy of the spectrum formulated in
(19) is limited by the number of terms used in (23), and its high
precision will be verified in subsequent simulation experiments.

In Section II-C, it is noted that the second term in (12)
is a cubic phase modulation, which is caused by the scheme
of CVPRI and consistent for all targets. Fig. 6 illustrates the
difference of range history when the satellite works in sliding
spotlight mode (a)-(b) and stripmap mode (c)-(d). Due to the
introduction of CVPRI strategy, a cubic term is added to the
slant range histories in both the 2-D time domain and range
Doppler domain, as shown in the right part of each subpicture.

Fig. 6(a) and (c) explain that the cubic phase terms are com-
pletely consistent in 2-D time domain for differently positioned
point targets whether the system operates in sliding spotlight
mode or stripmap mode. By comparing Fig. 6(b) and (d), it
can be noticed that the cubic terms of differently positioned
point targets have identical amplitude no matter which mode the
system works in. However, in the azimuth frequency domain,
there are still some differences in the cubic terms for differ-
ent operating modes. Different point targets occupy different
azimuth spectrum ranges for the sliding spotlight mode shown
in Fig. 6(b), whereas an identical azimuth spectrum scope is
occupied for stripmap mode shown in Fig. 6(d).

Accordingly, for the edge point target, when working in
sliding spotlight mode, the azimuth signal associated with the
introduced cubic term can be written as follows:

h3th (t− t0) = ωa(t− t0) exp {j2πfdc (t− t0)}

· exp
{
−jπ

α

2
(t− t0)

3
}

(25)

where fdc is the Doppler centroid frequency for the edge target.
Applying an azimuth Fourier transform (FT) to the signal in
(25), the Doppler signal of the edge point target becomes

H3th (fa) = ωa (ta (fa)) · exp {−j2πft0}

· exp
{
−jπ

α

2
t3 (fa − fdc)

}
(26)

where ta (fa) represent the azimuth stationary phase point. Com-
bined Fig. 6 with formula (26) for analysis, the introduced cubic
phase terms for different targets are distinguished by distinct fdc
in the azimuth frequency dimension.

III. IMPROVED HC ALGORITHM BASED ON CVPRI

The analyses of range model and signal model for spatial-
variant system have been displayed in Section II, and simulta-
neously, the strategy of CVPRI is also exhibited to eliminate
the complex azimuth variance. An efficient imaging algorithm
is then proposed here for the HRWS space-borne SAR data
processing working in sliding spotlight mode.

In order to handle the azimuth spectrum aliasing issue caused
by the insufficient PRF, two methods, namely, the two-step pro-
cessing method [33] and the subaperture method [13], [18], are
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Fig. 7. Block diagram of the proposed algorithm.

usually implemented. According to [21] and [33], the two-step
method is inappropriate for ultrahigh-resolution case, which is
limited by the transmitted bandwidth. Hence, the subaperture
method in [18] is selected as the azimuth preprocessing method
here. Then, the improved focusing algorithm based on the
MESRM-TE8 rang model is proposed to correct the whole RCM
and compensate the corresponding Doppler phase, which will
achieve the high-precision focusing within the full wide-swath,
and the range compression is also fulfilled at the same time.
Owing to the increased azimuth sampling rate caused by azimuth
preprocessing, the azimuth time axis in focused imaging may be
compressed, and subsequently, imaging aliasing would arise. In
addition, it could be observed from Section II-D that the constant
cubic phase modulation introduced by CVPRI is distributed in
different azimuth frequency bands, thus increasing the difficulty
of unified compensation processing operation. Therefore, in
the last step, an extended scaling method is put forward and
employed in this article to compensate the cubic phase term
caused by CVPRI and eliminate the azimuth time aliasing caused
by subaperture processing in focused image. There is some
analogy with the method which is used in [34], where the
two-step method is utilized to overcome spectrum aliasing.

The block diagram of the improved HC algorithm is revealed
in Fig. 7. In the subsequent sections, each major stage of the
improved HC algorithm will be analyzed and discussed in the
following.

A. Azimuth Preprocessing

In the sliding spotlight mode, the whole azimuth bandwidth is
much larger than PRF. The subaperture method is exploited here
to remove the spectrum aliasing caused by the beam steering.
First, the whole echo signal is divided into several subapertures.
After each echo partition is transformed into the range frequency
domain by performing a range fast Fourier transform (FFT), the

nonlinear shift filtering is employed, which is given by

H1 (fτ , η) = exp

{
−j2π

⌊(
1 +

fτ
fc

)
fd,kTsub

⌋
fprf
Nsub

η

}
(27)

where �·� is rounding down operation of an element, Tsub is the
size of subaperture, Nsub is the azimuth samples in each sub-
aperture, and fprf and fd,k denote the azimuth sampling rate and
the kth subaperture’s Doppler centroid frequency, respectively.

Then, the FFT in azimuth direction is implemented for each
subaperture. The 2-D spectrum of the echo signal can be acquired
without Doppler spectrum aliasing through the recombination
of each subaperture and the compensation of the time delay
phase. The compensation function of time delay phase is given
as follows:

H2 (fτ , k) = exp

{
−j2π

⌊(
1 +

fτ
fc

)
fd,kTsub

⌋
fprf
Nsub

ηk

}
(28)

where ηk is the kth subaperture’s center time.

B. Improved Focusing Processing

After adopting the data acquisition strategy of CVPRI, the
consistent azimuth variance compensation has been accom-
plished. The azimuth matched filtering can then be implemented
in range Doppler domain by the improved HC focusing process-
ing proposed in this article to realize the whole RCM correction
and Doppler phase compensation. The traditional HC algorithm
cannot meet the requirement of efficient imaging processing in
the case of HRWS in azimuth direction [19]. Therefore, the
entire focusing processing should be divided into two parts: the
coarse focusing processing and the refined focusing processing,
to maintain a balance between precision and efficiency. The
details of the focusing processing are described as follows.

The coarse focusing processing is conducted by multiplying
an azimuth reference function which is constructed by the
Doppler parameters in the central range cell, so as to remove
the bulk RCM, Doppler phase modulation, and the high-order
cross-coupling. The azimuth reference function can be described
as follows:

H3 (fτ , fa) = exp {j2πfaηa_ref (fa, fτ )} · exp
{
j
π

Kr
f2
τ

}

· exp
{
j4π

(
fc+fτ

c

)( 8∑
i=1

fi_refη
i
a_ref (fa, fτ)

)}

(29)

where fi_ref represents the Doppler parameters in the reference
range cell and ηa_ref (fa, fτ ) denotes the corresponding station-
ary phase point, which is given by⎧⎨
⎩
ηa_ref (fa, fτ ) = ta_ref (fa, fτ ) + ξ1t

2
a_ref (fa, fτ )

ta_ref (fa, fτ ) = ta_ref ′
(
fa +

2(fc+fτ )
c f1_ref , fτ

) (30)

where the subscript ref represents the reference range cell,
which usually defaults to the central range cell. Note that the
coarse focusing has been fulfilled together with range matched
filtering after the inverse FFT (IFFT) along the range direction.
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There only exists differential RCM and Doppler phase modula-
tion in range Doppler domain for noncentral range cells. Thus,
it is of necessity to employ the HC processing in range Doppler
domain to address these problems.

The kernel length of the sliding window decreases rapidly
since the bulk RCM of the noncentral range cells has been
removed. The “sliding window” refers to the 2-D reference
function constructed to realize azimuth matched filtering, which
is updated in range direction. By updating the reference function
along the range cell, the refined focusing processing can be
efficiently accomplished by HC operation. For the ir0th range
cell, the signal after HC processing becomes

S1 (ir0 , fa) =

m/2∑
i=−m/2+1

S (i+ ir0 , fa) ·H4 (i, fa; r0)

(31)

H4 (i, fa; r0) = Disc
[
conj

(
FT−1

R (H4 (fτ , fa; r0))
)]

(32)

where m is the sliding window length, Disc[·] is the discrete
representation of reference function, conj(·) is complex con-
jugate processing of the signal, FT−1

R (·) represents the rang
inverse FFT (IFFT), S(i+ir0, fa) is the echo signal in range
Doppler domain for the i+ir0th range cell that has completed the
coarse focusing processing, H4(fτ , fa; r0) denotes the reference
function updated along the range cell, which is constructed in
2-D frequency domain, and is given by

H4 (fτ , fa; r0) = exp

{
j4π

(
fc + fτ

c

)(
8∑

i=1

fiηa
i (fa, fτ )

)}

· exp
{
−j4π

(
fc + fτ

c

)

×
(

8∑
i=1

fi_refηa_ref
i (fa, fτ )

)}
. (33)

The step size of the reference function updating along the
range direction and the length of the sliding window need to be
determined according to the application requirements.

C. Extended Scaling Processing

As is analyzed in Section II-D, the compensation of cubic
phase modulation caused by CVPRI in sliding spotlight mode
is more complicated than that in stripmap, since the different
Doppler centroid frequency of each point target positioned at a
given range cell. The unified cubic phase compensation can be
accomplished in azimuth frequency domain only if these targets
occupy identical frequency band, which could be incorporated
into the Doppler phase compensation processing in Section III-
B. Therefore, an extended scaling method is carried out here to
uniformly compensate the cubic phase term, accompanied by
the elimination of time domain aliasing caused by subaperture.

Continuing with the formula (26), neglecting the constant
phase terms and the negligible nonuniformity of the azimuth
sampling time in the subsequent derivation, the residual azimuth
signal after Doppler phase compensation in Section III-B can be

Fig. 8. (a) Spectrum amplitude of the azimuth signal after matched filtering. (b)
Linear Doppler phase modulation of the azimuth signal after matched filtering.
(c) Cubic Doppler phase modulation of the azimuth signal after matched filtering.
(d) Scaling function along the azimuth direction. (e) Quadratic phase modulation
introduced by scaling operation. (f) Residual phase terms in the dual domain of
Doppler domain.

rewritten as follows:

Sres (fa) = rect

(
fa − fdc

Ba

)
exp

{
−j2πfa

(
t0 − fdc

fr

)}

· exp
{
jπ

α

2

(
fa − fdc

fr

)3
}

(34)

where Ba is the Doppler bandwidth of a point target, and fr is
the Doppler FM rate.

Fig. 8 shows the principle of uniformly compensating the
cubic phase using scaling method. It is assumed that targets
A, B, and C lie at the same range cell but different azimuth
positions. Fig. 8(a) shows the spectral position and the amplitude
of the echo signal after compression using a frequency domain
matched filter. Fig. 8(b) and (c) display the corresponding linear
and cubic phase terms of each azimuth signal, respectively.
The three linear phases have different slopes, which are closely
related to the corresponding azimuth positions of these targets,
whereas the cubic terms in Doppler domain are identical for
these targets. The scaling function is given a quadratic form to
compensate the linear phase originating from displacement in
azimuth direction, which is shown in Fig. 8(c). This quadratic
phase is added to the linear phase in (b) along the azimuth
frequency to offset the position shift. Subsequently, the extra
and uniform quadratic terms shown in Fig. 8(e) are introduced.
When transformed into the dual domain, both the cubic and the
quadratic terms take up the same time scope as is shown in
Fig. 8(f), which indicates that the consistent compensation is
achievable for them. Besides, the azimuth time folding in the
focused image, which is caused by the subaperture processing
in azimuth direction, can also be circumvented simultaneously.

To determine the quadratic phase term of the scaling function,
the specific derivation is given in Appendix B. The scaling
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function is introduced to compensate the linear phase in (34),
and it is given by

H5 (fa) = exp

{
jπ

f2
a

ke

}
(35)

ke =
γ · fr,rot

Hf
(36)

where ke is the scaling factor as denoted in (36), γ is calculated
by formula (B.5) in Appendix B and Hf represents the hybrid
factor, which can be expressed as follows:

Hf =
rrot − r0

rrot
(37)

where rrot is the distance from the rotation point to the radar
sensor at the Doppler center time.

After complex multiplication with (35), omitting the constant
amplitude of the spectrum, the signal in (34) changes into

Sres1(fa) = rect

(
fa − fdc

Ba

)
exp

{
jπ

(fa − fdc)
2

ke

}

· exp
{
jπ

α

2

(
fa − fdc

fr

)3
}
. (38)

Next, IFFT along the azimuth direction is performed, the
signal is then transformed into the dual domain and can be
written as follows:

F−1 (Sres1(fa)) = rect

(
ket

Ba

)
exp {j2πfdct}

· exp{−jπket
2
}
exp

{
−jπ

α

2

(
ke
fr

)3

t3

}
.

(39)

All target signals at a given range cell will occupy a unified
azimuth time scope.

Considering the additional quadratic phase introduced by the
scaling processing, the filter of the consistent phase compensa-
tion can be described as follows:

H6 (t) = exp
{
jπket

2
} · exp

{
jπ

α

2

(
ke

fr_ref

)3

t3

}
(40)

where fr_ref is the Doppler FM rate of the reference range
cell. Finally, after an azimuth FFT, the uniform cubic phase
compensation and azimuth time de-aliasing can be completed.
All the scatters in the scene can be well focused without azimuth
time folding.

IV. SIMULATION EXAMPLE

To verify the imaging ability of the improved HC algorithm
based on CVPRI for HRWS space-borne sliding spotlight SAR,
a simulation using the parameters given in Table I is carried out.
An array of 9 targets is used in this simulation, and they are laid
out on a square area of 10 km × 10 km in ground range/azimuth,
as is shown in Fig. 9. The intervals of different targets are 5 km
and the rectangular windows are assumed in both the range and
azimuth dimensions.

Fig. 9. Ground scene layout of the point targets in the simulation.

A. Simulation Results

The simulation results of the echo data received by the CVPRI
strategy and processed by the improved HC algorithm are dis-
played in Figs. 10 and 11, whereas the results of the NCS
algorithm proposed in [25], [26], [27], and [28] for comparison
are shown in Figs. 12 and 13.

The simulation results before employing the CVPRI strategy
are represented by the 2-D contours shown in Fig. 10(a) and
the blue dashed lines shown in Fig. 11. It could be seen that
the reference central point target (PT5) is well focused, and the
azimuth profile is identical with the theoretical profile, while
the edge point targets (PT1 and PT9) 5 km away from the
center of the scene suffer from significant quality deterioration
in both azimuth profiles and 2-D contours. The above-mentioned
phenomenon is also identical with the analyses shown in Sec-
tion II-B, because of the considerable phase errors introduced
by the severe mismatch of the second-order Doppler parameter.
The azimuth focusing performance will be seriously degraded,
including non-negligible azimuth main-lobe broadening and
side-lobe arising. After introducing the data receiving strategy
of CVPRI and the improved HC algorithm, the quality of the
imaging results is improved significantly compared with the
results before using the CVPRI strategy. The 2-D contours
shown in Fig. 10(b) and the black dotted lines shown in Fig. 11
represent the simulation results of the proposed algorithm before
the extended scaling processing. It can be observed that apparent
side-lobe asymmetry phenomenon arises with the elimination of
the azimuth spatial variance after adopting the CVPRI strategy.
There is somewhat similar with the NCS algorithm, in which this
problem may not have been settled so far. The black dotted lines
shown in Fig. 11 indicate that the amplitude of the first side-lobes
on both sides differ by approximately 2.0 dB because of the
additional cubic phase modulation. After applying extended
scaling processing, the difference is reduced considerably and
limited within 0.3 dB, which can be seen from the red solid lines
shown in Fig. 11.

The 2-D contours shown in Fig. 12 and blue dashed lines
shown in Fig. 13 verify that most of the quadratic phase errors
could been removed when using the NCS algorithm to eliminate
the azimuth spatial variance. In fact, with the elimination of
azimuth variance in Doppler parameters, additional phase terms
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Fig. 10. Evaluated results of the 2-D contours for the chosen targets. (x.1)–(x.3) Results of targets PT1, PT5 and PT9 shown in Fig. 9, respectively. (a) Results
before CVPRI. (b) Results before extended scaling processing. (c) Results after extended scaling processing.

Fig. 11. Evaluated results of the azimuth profiles for the chosen targets. (a)–(c) Results of targets PT1, PT5, and PT9 shown in Fig. 9, respectively. The blue dashed
lines, the black dotted lines and the red solid lines denote the results before CVPRI, before extended scaling processing, and after extended scaling processing,
respectively.

will be introduced, mainly containing the extra cubic phase mod-
ulation and the azimuthal-variant Doppler spectrum shift, which
will become obvious for HRWS space-borne sliding spotlight
SAR system. The cubic phase term introduced by NCS algorithm
is complicated to be uniformly compensated and cannot be
incorporated into azimuth phase compensation in Section III-B.

It could lead to asymmetric side-lobes as is shown in Figs. 12
and 13. Besides, there is still a certain degree of adhesion in
side-lobes for the 2-D contours as is displayed in Fig. 12, which
is caused by the Doppler spectrum shift. Compared the NCS
method to the CVPRI strategy, the contours of main-lobe and
subsequent side-lobes shown in Fig. 10(b) and (c) are obviously
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Fig. 12. Evaluated results of the 2-D contours for the chosen targets after using the NCS algorithm. (a)–(c) Results of targets PT1, PT5, and PT9 shown in Fig. 9,
respectively.

Fig. 13. Evaluated results of azimuth profiles for the chosen targets. (a)–(c) Results of targets PT1, PT5, and PT9 shown in Fig. 9, respectively. The blue dashed
lines and the red dotted lines denote the results after using the NCS algorithm and the proposed algorithm, respectively.

Fig. 14. (a) Results before eliminating azimuth time domain aliasing in the focused image. (b) Results after eliminating azimuth time domain aliasing in the
focused image.

separated from each other, which is attributed to the fact that the
Doppler spectrum shift introduced by CVPRI strategy is much
smaller than that of the NCS method.

Additionally, in order to explain the time de-aliasing, effec-
tiveness of the extended scaling processing, five points targets
are evenly distributed along the azimuth direction at a constant
interval of 2.5 km. The results before and after azimuth time
de-aliasing in the focused image are shown in Fig. 14(a) and
(b), respectively. Then, it can be confirmed that the cubic phase
modulation introduced by CVPRI strategy and the azimuth
time folding caused by the subaperture could be eliminated
simultaneously when using the extended scaling processing.

The imaging performances of all targets shown in Fig. 9 are
displayed in Table II from a quantitative point of view. The
symbols ρa,c and ρr,c denote the ideal resolution values in
azimuth and range directions, respectively. When the rectangular
antenna patterns are assumed both in range and azimuth direc-
tions, the theoretical PSLR and ISLR in these two dimensions
are −13.26 dB and −9.68 dB, respectively. All targets are well

focused in range dimension—the range PSLR deviates less than
0.05 dB from the theoretical value, and the range ISLR is
within 0.22 dB from the expected value. The imaging results
for all targets in azimuth dimension have been significantly
improved—the azimuth broadening is less than 2.0%, and the
PSLR and ISLR have degradations of less than 0.1 dB and 0.9 dB
from the ideal values, respectively.

Overall, the imaging performances have been improved sig-
nificantly after using the data acquisition strategy of CVPRI and
the improved HC algorithm based on CVPRI.

B. Computational Burden

Suppose the final image with full resolution has Nr range sam-
ples and Na azimuth samples. The computational complexity of
the proposed algorithm and the reference algorithm in [28] is
compared in Table III. The length of the HC sliding window is
K1 and the Doppler parameters are updated every K2 range cells
in this article. From the flowchart in Fig. 7, it can be obtained that
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TABLE II
IMAGING PERFORMANCE OF NINE POINT TARGETS

TABLE III
ANALYSIS OF COMPUTATIONAL COMPLEXITY

the total computational complexity of the proposed algorithm is(
3

2
log2 (Na) + log2 (Nr)

)
NaNr + 5NaNr +K1 ·Na · Nr

K2

=

(
3

2
log2 (Na) + log2 (Nr) + 5 +

K1

K2

)
NaNr. (41)

The HC sliding window length K1 and the updated step length
of Doppler parameters K2 are chosen as 32 and 2, respectively, to
maintain satisfactory accuracy. The computational complexities
of the proposed algorithm and the reference algorithm can then
be summarized in (42) and (43), respectively.(

3

2
log2 (Na) + log2 (Nr) + 21

)
NaNr (42)

(
3

2
log2 (Na) + 2log2 (Nr) + 9

)
NaNr. (43)

Assuming Na = Nr = N, the computational complexities of
them could be simplified as follows:(

5

2
log2 (N) + 21

)
N2 (44)

(
7

2
log2 (N) + 9

)
N2. (45)

The computational complexities of the two algorithms with
respect to number of samples are simulated and shown in Fig. 15,
which indicates a slight computational burden improvement
of the proposed algorithm under the premise of ensuring high
focusing performance within the full swath.

Fig. 15. Comparison of computational burden for the proposed algorithm and
the reference algorithm.

C. Discussion

The major error of the imaging algorithm is mainly introduced
by the elimination processing of the azimuth variance, especially
in large squint mode, which determines its maximum applicable
swath width in azimuth dimension.

It is noted that the linear term of the newly defined range
history (Appendix A) brings the extra phase terms. Neglecting
the extremely slight quadratic phase modulation, an extra small
spatially varying Doppler centroid frequency shift is introduced
in the echo signal, which is given by

Δfd_1 (r0, x0) =
f1

4f2_ref
αt0. (46)

When the NCS method is used to equalize the second-order
Doppler parameter, the corresponding Doppler centroid fre-
quency shift could be described as follows:

Δfd_2 (r0, x0) = −α

2
t20. (47)
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Naturally, a mismatch on the RCM correction will be caused
by the Doppler centroid frequency shift, which is correspond-
ingly given by

ΔRCM =
λ

2
ΔfdTs. (48)

Under the requirement that ΔRCM does not need to be cor-
rected, the safe line of the RCM error usually be set as follows:

ΔRCM ≤ ρr
4

(49)

where ρr is the spatial resolution in range direction. The max-
imum azimuth swath in azimuth direction is limited by the set
safe line of the RCM correction. Define the ration of ΔRCM and
ρr as κ, then κ can be denoted as follows:

κ =
ΔRCM

ρr
. (50)

With the simulation parameters in Table I, the values of κ
caused by NCS method and CVPRI strategy are approximately
0.17 and 4.05 × 10−5, respectively. By comparison, it reveals
that ΔRCM introduced by CVPRI strategy is rather smaller than
that caused by the NCS method. The effective scene in azimuth
direction should be limited within 11.2 km when using the NCS
method, which can be calculated in (48) and (49). The ΔRCM
can be ignored within tens of kilometers in azimuth direction in
this article when CVPRI scheme is adopted. Beyond that, the
influence of the azimuthal-variant Doppler centroid frequency
shift on azimuth matched filtering is significant and complicated.
Constrained by the phase error of 0.25π, it is found via simula-
tion that the proposed algorithm can still show well performance
when the azimuth swath reaches 14 km under the premise that
the range and azimuth resolution requirements are both 0.15 m.
To summarize, the CVPRI strategy shows great advantages
since the slight Doppler centroid frequency shift caused by it,
especially in the condition of a wider swath in azimuth direction.
These analyses can be confirmed by the simulation results shown
in Section IV-A. For space-borne sliding spotlight SAR system
with large squint angle, the Doppler centroid frequency shift
caused by CVPRI strategy may should be taken into serious
consideration.

V. CONCLUSION

For HRWS space-borne SAR system working in sliding spot-
light mode, the conventional imaging algorithms based on the
traditional range models is not adaptable due to the significant
2-D spatial variance of the Doppler parameters. The CVPRI
strategy is proposed in this article as a novel approach to resolve
the azimuth variance of the system. In comparison with the
existing spatial variance compensation methods, the CVPRI
method guarantees the processing accuracy while taking the
efficiency into account. First, the MESRM-TE8 range model
is adopted to precisely describe the range history of the scene
targets. The properties of the spatial-variant system are also
analyzed for MESRM-TE8, based on which the strategy of the
CVPRI is used to eliminate the azimuth variance in Doppler
parameters. An improved HC algorithm based on CVPRI strat-
egy is then proposed in this article. The improved HC focusing

processing is employed to realize the total RCM correction and
precise phase compensation, which keeps a balance between
the focusing accuracy and efficiency. Subsequently, an extended
scaling method corresponding to subaperture approach is per-
formed to uniformly compensate the cubic phase modulation
introduced by CVPRI strategy and simultaneously circumvent
the azimuth time folding in the focused image. The simulation
results verify the effectiveness of the CVPRI strategy and the
proposed imaging algorithm.

APPENDIX A

Substituting (10) into the first-order to fourth-order slant range
terms of (11), these terms can be written as follows:

f1 (η − η0) = f1
((
t+ ξ1t

2
)− (

t0 + ξ1t
2
0

))
= f1 (1 + 2ξ1t0) (t− t0) + f1ξ1(t− t0)

2. (A.1)

In this article, the quadratic term introduced by f1 (η–η0) is
rather smaller, and so could be neglected during the compensa-
tion processing.

f2(η − η0)
2 = f2

((
t+ ξ1t

2
)− (

t0 + ξ1t
2
0

))2
=f2

(
(t−t0)

2+ξ21(t
2−t20)

2
+2ξ1(t−t0)(t

2−t20)
)
.

(A.2)

Owing to the quantity of ξ1 is relatively small, the square term
of ξ1 in (A.2) has little influence on the modulation phase, and
can be omitted in the following analysis. The residual terms that
contribute significantly to the modulation phase can be expressed
as follows:

f2(η − η0)
2 = f2

(
(t− t0)

2 + 2ξ1 (t− t0)
(
t2 − t20

))
.

(A.3)
Expanding (A.3) at t = t0 leads to

f2(η−η0)
2=f2

(
(t−t0)

2+2ξ1(t− t0)
(
(t−t0)

2+2t0(t−t0)
))

.

(A.4)
After classifying each order term in (A.4), formula (10) can

be obtained.

APPENDIX B

The linear phase of the point target after further refined focus-
ing is written down as follows. Later, the quadratic coefficient
of the scaling function is selected in such a way that the linear
phase modulation could be removed.

The discrete form of the linear phase of the echo signal for a
point target should be

Φa_linear = exp {−j2πn1Δfa_1t
′
0} , t′0 = t0 − fdc

fr
(B.1)

where n1 represents integers from –Nb/2 to Nb/2, Nb is the
number of the FFT points after zero-padding, and Δfa_1 is the
corresponding frequency resolution in azimuth direction and can
be expressed as follows:

Δfa_1 =
fprf_deramp

Nb
(B.2)
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where fprf_deramp is the equivalent sampling rate in azimuth
direction when the de-ramp method in [33] is adopted to com-
pensate the extra Doppler bandwidth caused by antenna steering,
and it could be given by

fprf_deramp =
Nb · fr,rot

fprf
(B.3)

where fr,rot is the slope of the varied Doppler centroid frequency.
However, when using subaperture method to relieve the con-

tradiction between the Doppler bandwidth and PRF, the new
frequency resolution becomes

Δfa_2 =
γ · fr.rot
fprf

(B.4)

γ =
Nburst · f2

prf

Na · fr,rot (B.5)

where Nburst is the number of the subapertures, and Na is the
azimuth point number of the final image. Naturally, the linear
phase in discrete form could be altered as follows:

Φa_linear = exp
{
−j2πn2Δfa_2t

′′
0

}
(B.6)

where n2 represents integers from –Na/2 to Na/2. The new
azimuth position is carried out by comparing formula (B.2) with
(B.4), which is given by

t′′0 =
1

γ

(
t0 − fdc

fr

)
. (B.7)
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