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Abstract: For a single-channel spaceborne synthetic aperture radar (SAR), the usage of a low pulse
repetition frequency (PRF) is an effective technical way to extend the range swath. The sub-aperture
imaging strategy is usually used to solve the problem of azimuth spectrum aliasing under the
condition of a low PRF. However, the required up-sampling processing before the coherent synthesis
of sub-images will lead to spectrum discontinuity between adjacent sub-images, which leads to an
obvious grating lobe phenomenon after the process of sub-image synthesis, resulting in a significant
decrease in image quality. For this issue, a high-resolution wide-swath (HRWS) imaging algorithm
for a spaceborne SAR with a low PRF is proposed in this paper based on optimal spectrum shift
processing. First, each sub-aperture is imaged using the typical range migration algorithm (RMA),
and then all sub-images are up-sampled at the same time. Then, based on the criterion of the
minimum grating lobe, the optimal spectrum shift is estimated. Finally, the spectrum of all sub-
images is shifted and then all the shifted sub-images are synthesized coherently. The simulation data
processing results verify the effectiveness of the proposed method.

Keywords: synthetic aperture radar (SAR); high-resolution wide-swath (HRWS); sliding spotlight;
low pulse repetition frequency (PRF); sub-aperture; grating lobe

1. Introduction

Spaceborne synthetic aperture radar (SAR) can actively achieve high-resolution, wide-
swath, all-day, and all-weather imaging of the observation area [1–7]. Therefore, it has been
widely used in military reconnaissance, mapping, resource surveys, and other fields. It is
well known that high-resolution and wide-range swaths have always been two important
imaging indicators of spaceborne SAR. With the continuous increase in the demand for
radar imaging, one usually hopes to meet the demand for high resolutions and a large
range swath simultaneously, so that high-resolution wide-swath (HRWS) SAR has become
a hot issue in spaceborne SAR technology research [8–12].

However, in traditional single-channel spaceborne SAR, the limitation on the minimum
antenna area makes it impossible to enhance the azimuth resolution and enlarge the range
swath simultaneously. For this problem, one method is to use azimuth multi-channel
technology, that is, to first obtain the radar echo signal with no aliasing of the azimuth
spectrum through azimuth multi-channel signal reconstruction and then use standard
imaging algorithms to achieve precise focusing, therefore achieving HRWS imaging [13–17].
However, with the continuous improvement in imaging indicators, the number of azimuth
channels may increase significantly, and it will be insufficient to rely on azimuth multi-
channel technology to improve imaging performance. At the same time, the amplitude and
phase errors between multiple channels can adversely affect image quality [18–20]. Another
method is to use a single-channel, low pulse repetition frequency (PRF) technique. Under
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the premise of avoiding range ambiguity and azimuth instantaneous bandwidth ambiguity,
the lowest possible PRF can be selected to maximize the range swath. Compared with the
multi-channel imaging system, the single-channel low-PRF imaging system greatly reduces
the hardware cost and system complexity, so the low-PRF SAR could become a research
hotspot in the future.

For a single-channel low-PRF imaging system, the sliding spotlight mode is usually
required to meet the requirements of a high resolution and a wide range swath, which
will make the entire Doppler bandwidth much larger than the PRF, resulting in serious
aliasing in the azimuth spectrum. To solve the problem of azimuth spectrum aliasing,
there are currently two types of mainstream methods: the classical two-step method [21]
and the baseband azimuth scaling (BAS) method [22]. The two-step method is a full-
aperture method based on a two-step processing strategy, which first performs azimuth
filtering via spectrum analysis to remove azimuth aliasing and then uses the traditional
striping algorithm to process it. The BAS method belongs to the sub-aperture method.
It divides the radar echo data into multiple sub-apertures in the azimuth direction for
range cell migration correction (RCMC), stitches together the multiple sub-aperture data
after RCMC to obtain the full-aperture data, and finally performs azimuth compression
on the full-aperture data to obtain full-aperture SAR images. Both methods are based on
a full-aperture strategy during the final azimuth compression process, so their real-time
imaging performance may be poor. Alternatively, this paper adopts the idea of sub-image
synthesis. In the algorithm, the sub-aperture data are first imaged, and then all sub-images
are coherently synthesized. It should be noted that the azimuth resolution unit of each
sub-image is much larger than the azimuth resolution of the full-aperture image, so if one
directly synthesizes all the sub-images, the resolution of the final image cannot be enhanced.
Therefore, all the sub-images are required to be up-sampled before synthesis. However, the
up-sampling of sub-images may lead to discontinuities in the spectrum between adjacent
sub-images, resulting in obvious grating lobes in the synthesized image. To solve this
problem, an HRWS SAR imaging algorithm with a low PRF based on the minimum gating
lobe is proposed, which can effectively suppress the gating lobe phenomenon after sub-
image synthesis through the optimal spectrum shift of adjacent sub-images. Here, the
spectrum shift of adjacent sub-images is estimated by optimal modeling, and the estimation
criterion is the optimal image quality criterion, which can maximize the imaging quality of
spaceborne HRWS SAR. In summary, the contribution of this paper is that we proposed
an HRWS SAR imaging algorithm with a low PRF based on the minimum grating lobe, in
which, by using sub-aperture processing and optimal spectrum shift, the grating lobe in
the image can be maximally suppressed.

Section 2 of this paper mainly presents the design of the system parameters of the
low-PRF spaceborne SAR. Section 3 discusses the imaging algorithm proposed in this paper
in detail based on parameter design. Section 4 verifies the effectiveness of the proposed
algorithm using simulation data. Section 5 summarizes the content of this paper.

2. Parameter Design of the Low-PRF SAR System
2.1. Parameter Design Process

A practical spaceborne SAR system usually needs to consider many parameters in the
system design, and there is a certain relationship between the various parameters. Before
the design of system parameters, it is necessary to analyze the radar system in combination
with the task requirements. Firstly, the optimal working mode is determined according to
the application requirements, and then some simple parameters such as the frequency band,
antenna size, and pulse width are determined. Finally, based on the established parameters
and imaging indicators, the PRF, transmitted signal bandwidth, and some undetermined
parameters are determined for a specific working mode. At present, the modes of the SAR
system mainly include the strip-map mode, spotlight mode, and sliding spotlight mode, etc.
Considering that its scene size is wider than that of the spotlight mode, and its resolution
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is finer than that of the strip-map mode with the same antenna size, the sliding spotlight
mode is adopted to achieve spaceborne HRWS SAR imaging.

After the sliding spotlight mode is determined, TerraSAR-X, currently in orbit, is used
as a reference to set the system parameters and imaging indicators, as shown in Table 1.
In Table 1, Wr, Wa, ρa, ρr are the defined imaging indicators, and H, Tp, fc, Da are the
established parameters, where Wr represents the range swath, Wa is the azimuth swath,
ρa represents the azimuth resolution, and ρr represents the range resolution. Furthermore,
H is the satellite altitude, Tp denotes the pulse width, fc is the signal carrier frequency,
and Da denotes the antenna azimuth size. The overall design flowchart of specific system
parameters is shown in Figure 1. Firstly, the working mode of the sliding spotlight is
determined based on application requirements. Then, the PRF is optimized. Finally, the
other main azimuth scanning parameters corresponding to the sliding spotlight mode are
optimized. It should be emphasized that there is no significant difference between the
parameter design in this section and the traditional design methods. The main purpose of
presenting the parameter design is to provide the optimal system parameters for subsequent
imaging processing.

Figure 1. Parameter design flowchart.

Table 1. Imaging indicators and parameter design results.

Image Indicators Values Established Parameters Values Designed Parameters Values

Wr 20 km H 400 km Rrot 982 km
Wa 12 km fc 35 GHz vg 979 m/s
ρa 0.3 m Tp 0.2 µs PRF 3000 Hz
ρr 0.3 m Da 4.5 m Br 1.1 GHz

Ts 11s

2.2. Design of PRF

The selection of PRF is key to system parameter design. The design goal of this paper
is to select the lowest PRF under the premise of meeting the imaging indicators and imaging
feasibility. Choosing the appropriate PRF mainly requires the consideration of three aspects:
firstly, the mask of the emission pulse should be avoided (see 1© in Equation (1)); secondly,
it needs to avoid the influence of the echo from the sub-satellite point (see 2© in Equation
(1)); thirdly, the PRF should be bigger than the instantaneous Doppler bandwidth (see 3© in
Equation (1)). Therefore, this paper models the problem of PRF design as the following
optimization problem:
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min PRF

s.t.



i
2Rn

c − tp − ∆t
≤ PRF ≤ i + 1

2R f
c + tp + ∆t

1©

i
2Rn

c − tnadir − ∆t− 2H
c

≤ PRF ≤ i + 1
2R f

c + tp + ∆t− 2H
c

2©

PRF ≥ 4va

λ
sin

θa

2
3©

(1)

where i indicates the ith transmitted pulse, Rn is the nearest slant range, R f denotes the
farthest slant range, tp is the pulse duration, ∆t denotes the protection time between the
transmitted and received signals, tnadir is the time delay of the sub-satellite point echo, H is
the satellite altitude, θa is the azimuth beam width, Va denotes the equivalent speed of the
radar platform, λ denotes the signal wavelength, and c denotes the speed of light.

2.3. Design of Azimuth Sweep Parameters

A schematic of the sliding spotlight SAR is shown in Figure 2. During a short period,
the trajectory of the spaceborne SAR can be approximated as a linear trajectory. In Figure 2,
we assume that the aircraft is flying in the direction x. The radar beam is irradiated at a
point of C on the ground. R0 represents the nearest slant range. Rrot represents the nearest
range from the radar to the rotation center. vg indicates the speed of the radar beam moving
on the ground.

Figure 2. Geometry of the sliding spotlight SAR.

We suppose that the squint angle of the spaceborne SAR is θsc; then, its azimuth
resolution can be expressed as [23]

ρa =
Da

2 cos θsc

Vg

Va
(2)

where Da denotes the azimuth size of the antenna. The beam scanning speed on the ground
can be calculated as follows:

Vg =
2Va · ρa

Da
(3)
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For the sliding spotlight mode, the sliding factor Km is often introduced. The pointing of
the antenna beam can be described by parameter Km as [24]

Km =
Vg

Va
=

Rrot − R0

Rrot
(4)

where Rrot is the rotation radius. From (4), Rrot can be expressed as

Rrot =
R0

1− Km
(5)

We suppose that the spaceborne SAR antenna scanning range is denoted as (−θmax, θmax),
and then its azimuth scene size can be expressed as [25]

Wa =
2θmaxR0∣∣va − vg

∣∣vg + Ls (6)

where Ls is the beam width on the ground. Then, the antenna scanning range can be
obtained according to the azimuth swath:

θmax =
Wa − Ls

2vgR0
�
∣∣va − vg

∣∣ (7)

According to the geometry of Figure 3, the angular velocity of the antenna beam scan is
calculated as

ω ≈
Va −Vg

R
(8)

After that, the synthetic aperture time can be obtained as

Ts =
2θmax

va − vg
R0 (9)

Figure 3. Flowchart of the proposed algorithm.



Remote Sens. 2023, 15, 3811 6 of 12

2.4. Parameter Design Results

In this paper, the minimum PRF to meet the imaging requirements is designed to be
about 3000 Hz. Then, the signal transmission bandwidth is calculated. To meet the range
resolution of 0.3 m, the signal bandwidth designed in this paper should be higher than
1.1 GHz. Subsequently, the azimuth scanning parameters are designed, in which the radar
beam speed on the ground is calculated as 979 m/s, and then the sliding factor is calculated
as 0.13. The rotation radius is calculated as 982 km. Finally, the synthetic aperture time is
designed as 11 s. To date, all the undetermined parameters of the sliding spotlight SAR
that meet the imaging indicators have been calculated, which are summarized in Table 1.

3. Spaceborne HRWS SAR Imaging Algorithm

The flowchart of the proposed algorithm is shown in Figure 3. To solve the problem
of azimuth spectrum aliasing, a sub-aperture processing strategy is required so that the
Doppler bandwidth of the sub-aperture is smaller than the PRF. Firstly, the standard RMA
algorithm is used to process each sub-aperture datum and obtain the sub-aperture image.
Then, the sub-aperture images are up-sampled, and the spectrum of adjacent sub-aperture
images is shifted. Finally, the sub-aperture images after the spectrum shift are synthesized
coherently. To maximize the image quality after the coherent synthesis of sub-aperture
images, the spectrum shift estimation between adjacent sub-aperture images is modeled as
an optimization problem based on the image quality optimization criterion, and the typical
line search method is used to solve the optimization problem.

3.1. Signal Model

For spaceborne SAR, the orbit can be approximated as a circular orbit (see Figure 4).
In the figure, the blue line is the actual moving trajectory of the radar. R(ta, r, x) is the
instantaneous range between the radar and an arbitrary target P. (r, x) represents the
two-dimensional coordinates of target P.

Figure 4. Geometric configuration of spaceborne HRWS SAR.
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We assume that the spaceborne HRWS SAR transmits a linear frequency modulation
signal. After range compression, the radar echo signal can be expressed as [21,26,27]

ss(tr, ta; r, x) = sin c
(

Br

(
tr −

2R(ta, r, x)
c

))
exp(−j4π fcR(ta, r, x)/c) (10)

where ta denotes the azimuth time, Br denotes the transmitted signal bandwidth, tr denotes
the range time, c denotes the speed of light, and fc denotes the signal carrier frequency.

3.2. Sub-Aperture Division and Imaging

In the first step, the full-aperture data are divided into several sub-apertures, in which
the sub-aperture division is critical to data processing efficiency and, ultimately, image
quality. The primary issue to be considered in sub-aperture imaging is the choice of sub-
aperture size, and the main principle of division is to ensure that the spectrum bandwidth
of the sub-aperture does not exceed the PRF. The calculation formula of sub-aperture time
length Tsub is

Tsub ≤
PRF− Ba

|krot|
(11)

where Ba is the instantaneous bandwidth and krot is the Doppler tuning frequency for the
center of the rotation. The full aperture is divided into N sub-apertures in the azimuth time
domain, and each sub-aperture echo signal can be represented as

ss(tr, ta; R, x) = sin c

Br

tr −
2R
(

t
′
sub, t

′
k

)
c

 exp
(
−j4π fcR

(
t
′
sub, t

′
k

)
/c
)

(12)

where t
′
sub is the sub-aperture azimuth time and t

′
k denotes the center time of the kth

sub-aperture. The signal of the kth sub-aperture can be expressed as [28–30]

ssk
(
tr, t ′sub, tk

′) = sin c
(

Br

(
tr −

2r
c

))
pa
(
t ′sub + tk

′ − t0
)

(13)

where pa(·) is the sinc function.

3.3. Coherent Synthesis of Sub-Aperture Images

In order to achieve the accurate coherence synthesis of adjacent sub-aperture images,
the focus position and remaining phase of the same target in the two adjacent sub-aperture
images needs to be consistent. As can be seen from Equation (13), no phase difference
between the adjacent sub-aperture images exists. The time-domain focus position is t0 − t

′
k,

which depends on t
′
k. Therefore, the difference in the azimuth focus position is corrected by

H
(

fa, tk
′) = exp

(
j2π fatk

′) (14)

Due to the low PRF, the pixels of each sub-aperture image are much larger than the full-
aperture resolution. If all sub-aperture images are directly synthesized coherently, the image
resolution cannot be improved. Therefore, all sub-aperture images need to be up-sampled
before coherent synthesis. The specific up-sampling factor M should be expressed as

M =
Va

PRF · ρa
(15)

However, the spectrum discontinuity phenomenon will occur after up-sampling processing,
and direct coherent synthesis will cause an obvious grating lobe, resulting in a deterioration
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in image quality. In order to solve the grating lobe problem, a spectrum shift is required,
and the formula of the spectrum shift can be expressed as H1(α, ta) = exp(j2παta), where
α denotes the spectrum shift factor. In this paper, the optimal image quality is taken as the
criterion and the estimation problem of spectrum shift is modeled as

α̂ = max
α

Q{ss(tr, ta; α)} (16)

where ss(tr, ta; α) denotes the image after the coherent synthesis of all sub-aperture images.
The quality of the synthesized images relies on the spectrum shift factor α. Q{} is the image
quality. In this paper, the peak grating lobe ratio (PGLR) is used to evaluate the focusing
quality. The smaller the PGLR, the higher the focusing quality. The PGLR is defined as the
ratio of the grating lobe peak to the main lobe peak, which can be expressed as

PGLR = 20 lg
Pg

Pm
(17)

where Pg is the peak of the first grating lobe and Pm is the peak of the first main lobe. Ac-
cording to Equation (16), the optimal estimation of the spectrum shift is a one-dimensional
optimization problem. Therefore, this problem can be solved by the typical line search
methods. The smaller the grating lobe of the synthesized image, the higher the image
quality. When there is no grating lobe in the synthesized image, the PGLR of the image is
at the minimum, and the algorithm for estimating the spectrum shift can be summarized
in Algorithm 1. It should be noted that establishing an analytical model to calculate the
spectrum shift may also be a feasible approach, but it is currently difficult to obtain the
analytical mapping relationship between the spectrum shift and the grating lobe, making
it difficult to establish an analytical model. This is also a problem that we will solve in
the future.

Algorithm 1 Algorithm of spectrum shift estimation

1. Input: Sub-aperture images after up-sampling
2. Initialization: The search interval of α is set as α ∈ [αs, αe]. The iteration termination

condition is set as ε
3. While |αs − αe| > ε do

1. Set α1 = αe + 0.382(αe − αs), and perform spectrum shift in the time domain.
Then, all the sub-aperture images are coherently synthesized and the PGLR of
the image is calculated.

2. Set α2 = αe + 0.618(αe − αs), and perform spectrum shift in the time domain.
Then, all the sub-aperture images are coherently synthesized and the PGLR of
the image is calculated.

3. If α1 ≥ α2, αs = α1
4. Else αe = α2
5. end

4. End while
5. Output: The optimal spectrum shift α̂

4. Simulated Data Processing Results

In this section, a point target distribution containing nine point targets is shown in
Figure 5. The nine point targets have an azimuth interval of 6 km and a range interval of
10 km. Since the sub-aperture segmentation and spectrum shift of the proposed algorithm is
performed in the azimuth direction, the imaging results in the azimuth direction are mainly
verified. Three targets, A, B, and C, were selected for algorithm verification before and after
grating lobe suppression, in which targets A, B, and C are at the left edge, the center, and
the right edge of the scene, respectively. The imaging results before and after grating lobe
suppression are shown in Figure 6. The first to third columns are the contours and azimuth



Remote Sens. 2023, 15, 3811 9 of 12

profiles of target A, target B, and target C, respectively. In Figure 6a–c, denote the contours
of the three-point targets without grating lobe suppression; Figure 6g–i are the contours of
the three point targets with grating lobe suppression; Figure 6d–f are the azimuth profiles
of the three-point targets without grating lobe suppression; and Figure 6j–l are the azimuth
profiles of the three-point targets with grating lobe suppression. By comparing the imaging
results of the two cases, it can be seen that there is a significant grating lobe phenomenon
in the results before the grating lobe suppression, and the grating lobe disappears after the
treatment by the algorithm proposed in this paper.

Figure 5. Target distributions for simulation.

To further analyze the imaging results, we use the peak grating lobe ratio (PGLR) and
impulse response width (IRW) as evaluation indicators. Table 2 shows the quantitative
azimuth evaluation results of the targets A, B, and C. It can be seen that, before grating
lobe suppression, the results of the three targets have an excessively high grating lobe,
leading to an increase in the PGLR. After grating lobe suppression, the PGLRs of the three
point targets significantly decrease. It should be noted that, due to the spectrum shift in the
proposed algorithm, the IRWs of the three-point targets are broadened to some extent.

Table 2. Quantitative evaluation of the azimuth imaging quality before and after grating lobe suppression.

Targets Scenario PGLR (dB) IRW (m)

A
Before suppression −11.05 0.30

After suppression −52.95 0.42

B
Before suppression −13.68 0.31

After suppression −43.57 0.44

C
Before suppression −13.85 0.30

After suppression −52.04 0.42
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Figure 6. Comparative imaging results before and after grating lobe suppression: (a–f) are the results
before grating lobe suppression, and (g–l) are the results after grating lobe suppression.

5. Conclusions

In this paper, a spaceborne HRWS imaging processing algorithm under a low PRF is
proposed, which provides a new technical approach to solving the contradiction between
the range swath and azimuth resolution in spaceborne SAR. The proposed algorithm can
achieve the best imaging effect at the lowest PRF, and the final simulation results also show
that the algorithm has a good effect in the suppression of the grating lobe. The image
quality of the whole scene target is greatly improved, which verifies the effectiveness of the
proposed algorithm.
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