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Abstract: To tackle the problems of Doppler spectrum, aliasing caused by azimuth beam scanning and
azimuthal serious non-uniform sampling in squint sliding spotlight synthetic aperture radar (SAR)
with varying repetition frequency technology, the azimuth sampling method of sub-aperture block-
varying pulse repetition frequency (SBV-PRF) is proposed, where the sub-aperture division judgement
makes the azimuth acquisition time of each sub-block small enough so that the Doppler bandwidth
caused by the Doppler center change can be ignored. Based on the echo signal characteristics of a
SBV-PRF transmission scheme, an azimuth pre-processing method combining SBV-PRF transmission
scheme with sub-aperture division is proposed. Using this method, de-skewing is first performed
on each set of sub-aperture data to eliminate the additional Doppler bandwidth introduced by the
squint angle, and then the azimuth signal resampling is performed to ensure different sub-aperture
data have the same sampling rate. The SBV-PRF technology reduces the difficulty of azimuth signal
pre-processing while ensuring the complete acquisition of the complete echo data of the squint sliding
spotlight mode. The effectiveness of the SBV-PRF system design and the signal processing method is
verified by the point target echo simulation and imaging simulation results.

Keywords: synthetic aperture radar; sliding spotlight; squint; varying pulse repetition frequency;
sub-aperture division

1. Introduction

By steering azimuth beams, the sliding spotlight mode [1] leads to the moving speed
of the azimuth beam-illuminated area on the ground being lower than the speed of the
satellite platform, thereby extending the time period for synthetic aperture to improve the
azimuth resolution. However, in real-world applications such as military reconnaissance
and long-range target surveillance, the sliding spotlight mode working for the side-looking
mode is restricted by the imaging geometric relationship, and the imaging characteristics
of the region of interest cannot be obtained. Therefore, the squint sliding spotlight mode
emerges. By flexibly steering the azimuth beam, the multi-azimuth high-resolution imaging
of targets on both sides of the scene can be obtained [2]. Therefore, spaceborne squint
sliding spotlight synthetic aperture radar (SAR) has great practical application value in
future SAR systems [3].

As the instantaneous azimuth scanning angle increases, the problem of large range
cell migration (RCM) is caused [4,5]. In recent years, many studies have been conducted on
the pulse repetition frequency (PRF) design of a system for the RCM problem caused by
the spaceborne squint mode [6-8]. The fixed-pulse repetition frequency (F-PRF) scheme
was applied to the spaceborne squint imaging mode, but the edge echo pulse cannot be
completely received within the azimuth data acquisition time [9]. To obtain complete echo
data, it is necessary to ensure that the receiving window is consistent with the slant range
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change of the point target. In reference [10], two varying PRF techniques, one for achieving
high resolution and one for achieving a wide swath, were proposed and applied to the
squint spotlight/sliding spotlight mode. It was concluded that the proportion of RCM in
the echo receiving window could be eliminated for the first technique with the premise
of ensuring high resolution. For the second technique, the problem of the receiving blind
area in the F-PRF scheme can be eliminated with the premise of ensuring wide imaging.
The application of a new type of PRI variation technology for squint spotlight SAR is
focused on in reference [11], to eliminate the effect of RCM on the range-wide swath while
ensuring high resolution. In reference [12], for the problem of spectrum aliasing and false
targets caused by the application of the PRF variation azimuth sampling method to the
squint spotlight mode, an echo uniform reconstruction method combining the improved
sinc interpolation algorithm with the two-step method is proposed. However, as the
azimuth sampling data volume increases, the reconstruction of the azimuth non-uniform
sampling signal into the azimuth uniform sampling signal needs to be realized by multiple
interpolations of the total azimuth sampling points.

To reduce the interpolation calculation and improve subsequent signal processing
efficiency, an SBV-PRF azimuth signal time-series design method is proposed in this article.
The advantages of this method can be summarized in two points. Firstly, with the judgment
of whether the transmitted pulse slides out of the echo receiving window condition, the
number of PRF changes in SBV-PRF transmission scheme is reduced compared to the
variable PRF technique. Secondly, the generated sub-block data satisfy the sub-aperture
division condition, and during the separate processes of different sub-aperture data, the
Doppler spectrum aliasing caused by azimuth beam scanning can be eliminated [13,14],
not only improving the subsequent signal processing efficiency but also greatly reducing
the computational cost of azimuth non-uniform signal reconstruction [15,16].

When SBV-PRF technology is applied to the spaceborne squint sliding spotlight SAR,
there are still problems of Doppler spectrum aliasing caused by squint angle and block
varying non-uniform sampling in the azimuth-adjacent sub-aperture data [17-19]. Based
on the characteristics of the SBV-PRF squint sliding spotlight SAR echo signal, a squint
sliding spotlight SAR signal processing method combining SBV-PRF and sub-aperture
division is proposed in this paper. In this method, firstly, the sub-apertures are divided
according to the number of sub-blocks designed to generate sub-aperture echo signals.
Then, the total Doppler bandwidth of each sub-aperture signal is compressed through
range frequency domain de-skewing processing and the RCM recovery operation [20].
Furthermore, the azimuth resampling operation is performed on each set of sub-aperture
data to output azimuth uniform sampling signal and the sub-aperture splicing process is
carried out. Finally, through azimuth up-sampling and the re-skewing processing, the raw
Doppler spectrum of the point target in squint sliding spotlight mode is recovered.

The design and echo signal property analysis of the SBV-PRF scheme applied to squint
sliding spotlight SAR is introduced in Section 2. The azimuth pre-processing flow of SBV-
PRF squint sliding spotlight SAR data is described in detail in Section 3. The corresponding
simulation experiment is presented in Section 4. The conclusion is given in Section 5.

2. Design and Echo Signal Properties Analysis of the SBV-PRF Scheme
2.1. Design of the SBV-PRF Scheme

The design of an SBV-PRF varying scheme is presented in this section, the key to which
is the addition of the judgment conditions of whether the scattered echo slides out of the
echo receiving window [21] and whether it meets the sub-aperture division based on the
variation repetition frequency. If the azimuth scanning angle of the squint sliding spotlight
mode changes from large to small within the observation range, the specific design process
of the SBV-PRF scheme is as shown in Figure 1.
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Figure 1. Flowchart of the design of the SBV-PRF sequence.

Step 1: If the satellite platform velocity vs, the length of the azimuth antenna L,, the
oversampling rate a;, and the central squint angle 054 of the squint sliding spotlight SAR
are known, then the initial pulse repetition frequency PRF;,; can be calculated as:

1.77205 cos b5q

PRFini = Ng * L
a

@

To ensure that the PRF corresponding to each block of data designed meets the
sampling rate requirements in the subsequent azimuth signal processing, «; is usually a
value from 1.3 to 1.5;

Step 2: As the scanning angle decreases, the leading edge of the instantaneous echo
gradually slides out of the receiving window and even aliases with the transmitting pulse.
Therefore, it is necessary to determine the near-end slant range R(y,, —0,/2;1) of the
instantaneous echo at any azimuth time #:

R(yn, —02/2;77) = \/(Re + H)? + R2 = 2R.(H + R,) cos(a(yn, —64/2;7))  (2)
where

‘x(')/n/ —6,1/2,'77) = 'qu(')’n/ _611/2/'77) - ﬁ(')’n/ —b, /2/'77) (3)

W) )

B(vn, —0a/2;1) = arcsin (sin('yeq('yn, —0./2;17)) i

Yeq(Yn, —0a/2;17) = arccos(cos v, cos (0sq + wrt] — 6/2)) ©)
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where 7y, is the near-end looking angle, 0, is the azimuth beam width, R, is the orbit radius,
and H is the orbit height;

Step 3: According to Equation (2), the minimum value min(R(7y,, —6,/2;1)) cor-
responding to the near-end slant range at all azimuth times is determined. Then the
integer number of pulses 7; experienced by the pulse from transmitting to receiving can be
expressed as:

— {Zmin(R(’Yn/—Ga/Z;q))
s c

: PRFiniJ (6)

where |- | represents the floor operation and c represents the speed of light;
Step 4: The pulse repetition frequencies corresponding to all azimuth times are calcu-
lated to determine the value range of the pulse repetition frequency:

PRFin =
PRFmax =

ng
2. R(vn,—0a/2; — T
max (R (=80 /2 /e~ )
2-min(R(yn,~0a/2;1))/ c—Tr—Tp

where T, represents the duration of the transmission pulse and 7, is the guard interval;

Step 5: As the instantaneous scanning angle decreases, the instantaneous echo gradu-
ally moves forward in the receiving window. If the transmitted pulse in the observation
range satisfies the following conditions, PRF,, remains unchanged:

ns < (2-R(yn,—0a/21)/c — T — Tp) - PREy, < (ns +1) (8)

where PRF,, = 1/PRL,,(m =1,2,3,..., M) represents the pulse repetition frequency corre-
sponding to each block of data that meets the judgment criterion, M represents the total
number of sub-blocks, and PRI, represents the corresponding pulse repetition interval.

If the above judgment criterion is not met, it means that the sequence corresponding
to each data block with pulse repetition frequency PRF,, has been generated, the number
of sampling points N, ;; satisfying Equation (8) can be obtained, and the central squint
angle and beam scanning angle of each sub-block can be determined. At the same time, it
is necessary to adjust PRF,, to 1/ (PRI, — APRI,,) and then make the following judgments:

2-R(vn,—0a/2;1)/c— T —Tp

s < PRI, — APRI,

< (ns+1) )

where APRI,, in the range of (0, PRIpmax — PRIpin) is the pulse repetition interval increment
corresponding to each block of data;

Step 6: To reduce the azimuth acquisition time of each block of data designed enough
to eliminate the additional Doppler aliasing bandwidth caused by the change in the Doppler
center in the squint sliding spotlight mode, it is necessary to combine the sub-aperture
division to make the judgment. If the azimuth acquisition time designed by the system
satisfies the following conditions, the process returns to Equation (8). If the following
conditions are not met, APRI,, needs to be adjusted and the process returns to Equation (9):

Now _ (PRFmi—Bf>

10
PRFm | krot ’ ( )

where By is the azimuth beam bandwidth and kyot is the varying rate of the Doppler center
of the instantaneous azimuth beam;

Step 7: According to the two judging criteria, the designed SBV-PRF sequence can be
finally obtained.

The results according to the design flow of the SBV-PRF transmission scheme are
illustrated in Figure 2. It can be seen that the operated values of the varying PRF technique
continuously change with the squint angle, while the number of PRFs in the SBV-PRF
transmission scheme is reduced. Figure 2b show that the number of azimuth sampling
points of the adjacent sub-aperture data of the SBV-PRF transmission scheme is roughly
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equal, and under the condition that the azimuth acquisition time of each set of sub-aperture
data is sufficiently short, the corresponding change in kot is less than 10 Hz/s. Therefore,
Doppler spectrum aliasing caused by the varying of the Doppler center is eliminated.
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Figure 2. Design results of SBV-PRF scheme and varying PRF technique. (a) The change in varying
PRF technique with squint angle; (b) the change in SBV-PRF with squint angle; (c) the change in kot
with scanning angle.

2.2. Properties of Echo Signal with SBV-PRF Scheme

The imaging geometry model of the SBV-PRF scheme applied to spaceborne squint
sliding spotlight SAR is shown in Figure 3. The azimuth antenna beam traverses the data
blocks corresponding to different PRFs during scanning from the start scanning angle 6, to
the end scanning angle 6,. O is the virtual rotation point where the center of each azimuth
beam points farther than the imaging swath. During data acquisition, the satellite platform
velocity vs and the azimuth beam scanning rate w, remain unchanged. 654 is the central
squint angle, 0s(#plock) is the instantaneous squint angle corresponding to the target at
time #pock- Hblock 1S the time series generated by the SBV-PRF scheme. For any point target
P(x,1p), ignoring the amplitude weighting of the signal envelopes in the range and the
azimuth, the echo signal received by the SBV-PRF sliding spotlight SAR in the squint scene
is expressed as [22,23]:

. 2R 2 47R
SSblock (Tolock block) = eXP{]TfKr <T{>10ck - W) } eXP{ —](bed()} (11)

where K, is the transmitted pulse modulation frequency, c is the speed of light, A is the
wavelength, and R(#p1ock) is the instantaneous slant range corresponding to the SBV-PRF
transmission scheme.
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Figure 3. Imaging geometry of squinted sliding spotlight SAR with SBV-PRE.

The timing diagram of the SBV-PRF is shown in Figure 4, where the SBV-PRF pulse
transmission time #7p0ck is represented by a solid line arrow, the uniform pulse transmission
time #7yn; arrow is represented by a dotted line arrow, and the interval between the two is
ATplock- Thjock 18 the range time relative to the SBV-PRF azimuth sampling time. However,
in subsequent signal processing, it is necessary to convert 7, , into the distance time T
corresponding to the uniform pulse emission time. Then the relationship between 7/,
and T is T 4 = T+ ATplock, Where ATyjcok = uni — Mbleok- In addition, it is the block
change ATock that changes the position of the transmission pulse interference, which can
further improve the signal processing efficiency based on the effective acquisition of the
echo data.

A Az A A A A
block,2 | ! : ; T, :
o H ; block,3

Thtock 1

\ 4

TTbtock 2

»
>

»
>

Thlock,1 Thlock,2

Figure 4. Schematic diagram of the SBV-PRF transmitting sequence.

According to the SBV-PRF pulse transmission timing diagram in Figure 4, the echo
signal expressed by ATk is derived as:

, 2R (b1ock) \ 2 AR (Mpjoc
SSblock (T, Mblock) = eXP{JTCKr (T + ATplock — (Ublk)) } eXP{](ZHk)} (12)

c

where

R(1block) = \/ 73+ 02 (1plock — 11e)” — 2005 (Mplock — 1c) SinBsq (13)

where 77, = x /v, is the azimuth position of the point target and v, is the beam footprint
velocity without considering the azimuth beam rotation.

The echo signal of sub-aperture m at the sampling frequency PRF,; can be expressed
as [24]:
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+A oc m_R m ock,m —tc A
5 (X, 703 Tblockm) = rect{ T+ATplock, T (Mbtock,m ) /¢ }rect { Hblock, - e/ }
2 (14)
H 2R Tblock,m 47mR Tblock,m
. exp{]nKr <T + ATplockm — (C)> } exp (—](A>>

where #ylockm = Hm + tm, fm = (=Na/2,...,N4/2 — 1) /PRFy, is the azimuth time series
of sub-aperture m, N, is the number of azimuth samples for each set of sub-aperture data,
PRF,;, is the azimuth sampling frequency of the sub-aperture m, t,, is the time delay of
the sub-aperture m relative to the entire signal bandwidth, T, is the transmission pulse
duration, A = vy /vy is the sliding factor, vy is the beam-illuminated area velocity when
considering the azimuth beam scanning, T; = 0.886Ar/ (L,vg cos? 0sqA) is the synthetic
aperture time of the squint sliding spotlight SAR, L, is the azimuth antenna length, and
ATpjock,m is the change value of the uniform pulse transmission time relative to the m-th
sub-aperture pulse transmission time.

According to the principle of the stationary phase (POSP), the range Fourier transform
is performed on Equation (14) and is expressed in the range-frequency domain as:

T ock,m —'[c A j %
Ssm (fT/ Wblock,m) = red(%)red(W) . exp(—%)
_ JAT(fetfo)R (Motockm)

(15)
c ) exp{znfTATblock,m }

-exp

where B, is the bandwidth of the transmitted signal and f: is the range frequency. To ana-
lyze the azimuth spectrum characteristics of each set of sub-aperture data, the instantaneous
azimuth Doppler frequency corresponding to the sub-aperture m is expressed as:

Fom(Fer Totockm) = (fe Jcrfr) . a(R(gk;;;ck,m)) _20(fet fT)SirL(QS,m(nblock,m))

(16)

where 65 i (block,m) = Osqm + Wrilplock,m + A0 is the instantaneous squint angle of the m-th
sub-aperture, fsq, is the central squint angle of the sub-aperture m, A6 € [—604/2,0,/2] is
the illumination range of the antenna beam, and 6, = 0.886A /L, = 0.886¢/ (fc - La), fc is
the center carrier frequency. According to Equation (16), the total azimuth bandwidth of
sub-aperture m is calculated as:

Btot,m = max{fﬂ,m} - min{f'?rm}
205 0,
= mga + |krot,m Tsub,m +

~ Bf,m + Bsq,m

2v¢B; sin qu,m (17)
c

where Ty, ,, is the data acquisition length corresponding to sub-aperture m. The total
azimuth Doppler bandwidth of the m-th sub-aperture includes two parts: the azimuth
beam bandwidth By, and the additional bandwidth caused by the squint angle Bsq,n.
The simulation of the influence of the squint additional bandwidth on the system
bandwidth are shown in Figure 5. When the azimuth beam bandwidth is greater than
100 MHz, the total Doppler bandwidth is obviously extended, and the system has the
problem of under-sampling. When the azimuth beam bandwidth is 100 MHz, the total
Doppler bandwidth is still greater than the PRF of the intermediate sub-aperture echo
data. It can be seen from Figure 5b that the ratio of the squint additional bandwidth to the
beam bandwidth increases with the transmission bandwidth for different central squint
angles and even exceeds the azimuth beam bandwidth. For the three-block data designed,
the number of azimuth samples of each set of sub-aperture data and the scanning range
of the azimuth beam are equal and the difference in the central squint angles between
adjacent sub-apertures is small. Therefore, through analysis, it can be concluded that each
sub-aperture has a Doppler spectrum aliasing phenomenon caused by squint angle.
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Figure 5. The ratio of squint additional bandwidth to beam bandwidth of middle sub-aperture
data. (a) The change in ratio ® with instantaneous squint angle; (b) the change in ratio ® with
transmitted bandwidth.

3. Signal Processing

According to the SBV-PRF echo signal properties, the sub-aperture division method,
which is an effective method to solve the Doppler spectrum aliasing of squint sliding
spotlight SAR mode, is proposed and applied to process the echo signal of squint sliding
spotlight SAR mode generated SBV-PRF sampling method. The flowchart of the proposed
signal processing method is shown in Figure 6. In this method, firstly, the sub-aperture
division is performed according to the number of sub-block designed by SBV-PRF scheme,
and then a de-skewing operation is performed on each set of sub-aperture echo data to
eliminate the additional bandwidth caused by squint angles. Then, the azimuth resam-
pling is performed on each set of sub-aperture data, azimuth signals with the uniform
sampling are output. Furthermore, sub-aperture splicing and two-dimensional frequency
domain up-sampling operations are performed. Finally, the original Doppler history of the
squint sliding spotlight SAR data is restored through range frequency domain re-skewing
processing [25].

Firstly, the sub-aperture data are divided according to the number of sub-blocks
designed by the SBV-PRF scheme. The expression of the echo data for the sub-aperture
m is shown in Equation (12). According to the simulation results in Figure 5, the range—
azimuth coupling bandwidth caused by the squint angle is relatively large. It is necessary
to perform de-skewing in the range frequency domain to eliminate the problem of the
Doppler spectrum aliasing. The de-skewing function for the sub-aperture m is as follows:

.47'[05 (fc + fT) sin(qu,m) Ublock,m ) (18)

hl,m (fTr Wblock,m) = exp <_] c

Before the azimuth resampling of each set of sub-aperture data, the part of the change
in the SBV-PREF system relative to the uniform pulse sequence need to be compensated in
the range frequency domain. The range filter for recovering the range migration is:

h3,m (fT/ ATblock,m) = exp ( 7].27TfTATblock,m) (19)

After range frequency domain de-skewing and range migration correction, the echo
signal Ssy; (ft, Nblock,m ) Of the m-th sub-aperture is expressed as:

c

.4 r+fc)R ock,m
Som (e stocom) ~ A Wr(f2) - Wa(Tbiocom) - €XP [—] lfe R (it ﬂ

T fr (frtfe)

(20)
- exp [—] e } - exp [—]477705 sin qu,m C nblock,m}

where A is a complex constant, W; () is the envelope at range frequency fr, and w,(-) is
the envelope of azimuth time #y,ock , for sub-aperture m.
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According to Equation (20), after the range migration correction, the azimuth data cor-
responding to each sub-aperture have the problem of block varying non-uniform sampling,
so azimuth resampling for each set of sub-aperture data must be performed. After each set
of sub-aperture data is interpolated into the azimuth uniform sampling frequency through
up-sampling and down-sampling operations, the sub-aperture combination process is
performed. To restore the non-aliased Doppler spectrum, it is necessary to implement
the up-sampling process with zero padding along the azimuth in the two-dimensional
frequency domain. The amount of zero padding is computed as:

AN; = (fs - Byor — PREy) - T (21)

where «; is the oversampling factor, By, is the total Doppler bandwidth corresponding
to the central squint angle 6sq, PRF;; is the uniform sampling frequency obtained after
azimuth resampling, T = n,/PRF,y,; is the azimuth acquisition data time after sub-aperture
combination, and 1, is the total number of azimuth samples after sub-aperture combination.

As the de-skewing process of the signal in the azimuth time domain-range frequency
domain introduces an additional phase term, the redundant phase term must be compen-
sated after all the sub-aperture data combinations to restore the original Doppler history of
the signal at the uniform azimuth sampling frequency.

SShiock (7 biock )

Sub-aperture division
|

v v v

Sub-aperture 1 with PRF: Sub-aperture m with PRF» =~ | Sub-aperture M with PRFu

v v v

Range FFT Range FFT Range FFT
fr 1TTblock 1 fr 1Tblock,m him fr 1 Tlbtock,m
AThluck 1 2 m f A Tblock m f Az-hlock M
Azimuth resampling Azimuth resampling Azimuth resampling
| | I
v

Sub-aperture combination

v

Azimuth FFT and azimuth upsampling

v

Azimuth IFFT
h3 ( fr 1 Mluni
Range IFFT

Signal after azimuth preprocessing

Figure 6. Flowchart of the proposed azimuth pre-processing method.
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The up-sampled signal is inversely Fourier-transformed and the result is multiplied
by the re-skewing function in the azimuth time domain-range frequency domain to obtain
the echo signal that removes the de-skewing and introduces additional phase item. The
re-skewing function is expressed as follows:

Amos fon! . sinf
ha(fer fans) = exp <] e Sq) (22)
where 7/ . = i Ayl i = —P/2,...,P/2—1, Ay, = 1/PRF,_;, P and PRF,; are

the number of azimuth samples and the azimuth sampling frequency, respectively, after
azimuth up-sampling.

Finally, the azimuth inverse Fourier transform of the signal after re-skewing in
the azimuth time domain-range frequency domain is performed to obtain the complete
original data.

4. Simulation Results

To verify the effectiveness of the azimuth signal processing method of the proposed
SBV-PRF squint sliding spotlight mode, the simulation experiment of a point target is
executed in this section. The simulation parameters are shown in Table 1. Firstly, an
imaging scene containing five-point targets is set up, as shown in Figure 7.

Table 1. Simulation parameters.

Parameter Value
Relative platform velocity 7200 m/s
Slant range of the scene center 700 km
Carrier frequency 5.6 GHz
Azimuth antenna length 6m
Number of PRFs 3
Azimuth beam rotation rate 2.68°/s
Middle squint angle 25°
System PRF 2721/2762/2801 Hz
Pulse bandwidth 100 MHz
Range sampling frequency 120 MHz
Pulse duration 6 us
2 o1 Pre-
€
S
= P
=0 @3
£
N
<
2 |-#Fs e
185 11 0 11 185
Range (km)

Figure 7. The designed imaged scene with five-point targets.

The interval between the pulse transmission time of the SBV-PRF scheme and the
uniform pulse transmission time is changed in blocks. The real part simulation of the echo
signal acquired with the SBV-PRF applied to the squint sliding spotlight SAR is shown
in Figure 8a. From the figure, it can be clearly seen that the SBV-PRF scheme avoids the
problems of receiving blind area of the F-PRF scheme and serious azimuth non-uniform
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sampling of the varying repetition frequency. The sub-aperture is divided according to the
designed number of sub-blocks. The real parts of the echo signal and the two-dimensional
spectrum of the middle sub-aperture data are shown in Figure 8b. It can be seen that
the Doppler spectrum aliasing phenomenon still exists in the two-dimensional spectrum.
The azimuth absolute Doppler bandwidth of each sub-aperture is restricted within the
azimuth sampling frequency by performing a de-skewing operation in the range frequency
domain. Then, the range migration recovery compensation and azimuth resampling are
performed to interpolate the block varying non-uniform sampling signal into the uniform
azimuth sampling signal. Furthermore, the sub-aperture combination processing is carried
out. The reconstructed two-dimensional spectrum is shown in Figure 8c. Finally, up-
sampling and range frequency-dependent re-skewing are performed, and the non-aliased
two-dimensional spectrum of the original data is obtained, as shown in Figure 8d.
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Figure 8. Azimuth pre-processing results of squint sliding spotlight SAR data with SBV-PRE. (a) Real
part of echo of the whole scene; (b) echo data of the middle sub-aperture data; (c) the 2D spectrum
after sub-aperture combination; (d) the 2D spectrum after azimuth pre-processing.

To further illustrate the effectiveness of the proposed signal process method, Figure 9
shows the lattice imaging results and the contour of the point targets P1, P3, and P5. The
three-point targets are well focused. The performance parameters such as the resolution,
peak sidelobe ratio (PSLR), and integral sidelobe ratio (ISLR) of the proposed method are
listed in Table 2. PSRL represents the ratio of the height of the largest side-lobe to the height
of the main lobe, and ISLR represents ratio between the energy of side-lobe to the energy of
main lobe. From the data in the Table 2, it can be seen that the proposed signal processing
method of squint sliding spotlight SAR combined with the SBV-PRF and sub-aperture
division in this paper is effective.
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Figure 9. Contour plots of three imaged point targets. (a) Imaging results of five-point targets; (b)

contour of Py; (¢) contour of P3; (d) contour of Ps.

Table 2. Performance indicators to measure imaging quality five-point targets.

Target Azimuth Range
Res.(m) PSLR(dB)  ISLR(dB) Res.(m) PSLR(dB)  ISLR(dB)
Py 1.328 —13.27 —10.05 3.558 —-12.97 —9.94
P3 1.328 —13.25 —10.03 3.578 —12.98 —9.95
Ps 1.328 —13.27 —10.04 3.571 —12.96 —9.93

5. Conclusions

The spaceborne squint sliding spotlight SAR system is capable of capturing multi-
angle high-resolution ultra-wide SAR images, presenting important practical application
prospects in future wide-area searches and large-scale surveillance. Firstly, the SBV-PRF
scheme proposed in this paper helps improve the processing efficiency of subsequent
azimuth signal resampling. Based on the characteristics of the SBV-PRF and the charac-
teristics of the squint sliding spotlight echo data, the Doppler aliasing problem caused
by the squint angle is eliminated through range frequency domain-azimuth time domain
de-skewing. Then the range migration is compensated for in the range frequency domain
and the two-dimensional spectrum with uniform sampling frequency is successfully recon-
structed after resampling, which solves the problem of SBV-PRF azimuth block varying
non-uniform sampling. Finally, the non-aliased Doppler history of the target is recovered
through azimuth up-sampling and re-skewing. Compared with the continuously varying
repetition frequency technology, the sub-aperture varying repetition frequency technology
greatly reduces the difficulty of azimuth signal pre-processing while ensuring the complete
acquisition of the complete echo data of the squint sliding spotlight mode.
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