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This study discusses a smart radar antenna scanning mode that combines features of both the sector-scan mode used for
conventional radar and the line-scan mode used for synthetic aperture radar (SAR) and achieves an application of the synthetic
aperture technique in the conventional sector-scan (mechanically scanned) radar, andwe refer to thismode as sector-scan synthetic
aperture radar (SSAR). The mathematical model is presented based on the principle of SSAR, and a signal processing algorithm
is proposed based on the idea of two-dimensional (2D) matched filtering. The influences of the line-scan range and speed on the
SSAR system are analyzed, and the solution to the problem that the target velocity is very high is given. The performance of the
proposed algorithm is evaluated through computer simulations.The simulation results indicate that the proposed signal processing
algorithm of SSAR can gather the signal energy of targets, thereby improving the ability to detect dim targets.

1. Introduction

When the radar detects the target remotely, the target is
normally assumed to be a point located in a resolution cell,
and the energy of the target echo is assumed to be evenly
distributed in the resolution cell.The synthetic aperture tech-
nique is used to improve the resolution of a radar system by
reducing the resolution cell size and concentrating the signal
energy that contains information about the target. Because
the energy density of the noise remains constant but the
energy density of the target increases in the same resolution
cell, the signal-to-noise ratio (SNR) is improved, which helps
to detect a dim target. However, themajority of existing early-
warning radar systems are ground-based radar (GBR). Syn-
thetic aperture radar (SAR) requires a moving platform with
a sufficiently high speed, which GBR systems lack. Supposing
that a GBR system could perform a long-range fast line-scan
relative to the target, this system would not meet the tactical
requirements for a radar system. Therefore, it is not realistic
to copy the working scene of airborne radar to that of GBR.
In addition, the majority of existing early-warning radar sys-
tems use the mechanical scanning mode, which makes them
lose the synthetic aperture function. Applying the synthetic

aperture technique in a conventional mechanically scanned
radar system remains an urgent problem.

Sector-scan synthetic aperture radar (SSAR) provides an
effective approach for solving the mentioned problem above.
SSAR is the improvement of ground-based sector-scan radar,
which combines the advantages of the sector-scan method
and the line-scan method. And the line-scan method is a
beammoving transversely along the antenna surface quickly.
In [1], the working mode and implementation method of
SSAR are given. And it is found that when the radar is line-
scanning quickly, regardless of whether the target is moving,
the target has radial velocity relative to the receiving point,
which is not the same as the ISAR. ISAR must wait for the
plane to cross the beam transversely, so that it becomes pas-
sive. But SSAR can find target actively. It is also pointed out in
[1] that SSAR can achieve wideband signals in slow-time
dimension (i.e., azimuth dimension) by line-scan method,
which provides the necessary conditions for compression in
slow-time dimension. In this paper, we mainly study the
signal processing algorithm of SSAR, so that the energy of
target echo signal is obviously gathered to detect the weak
point target.That is the fundamental purpose of SSAR. How-
ever, SAR and ISAR aremainly for high-resolution imaging of
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target. Therefore, the purpose of SSAR is different from that
of SAR and ISAR.

Because SSAR is derived from the traditional SAR
approach, the SSAR signal processing procedure is devel-
oped based on the basic SAR algorithm, the range-Doppler
algorithm [2], to achieve bidirectional (radial and transverse)
pulse compression and to maximize the SNR.Themain diffi-
culty in signal processing lies in the range migration problem
in the slow-time dimension for targets with high acceleration
and a low SNR, that is, the fast- and slow-time dimension
coupling problem. Existing methods for correcting range
migration (caused by the maneuvering target) are generally
to compensate the estimated parameters of the target [3–5].
These methods are highly effective for targets with high SNR
but are ineffective for targets with low SNR. In addition, some
documents have also proposed methods for targets with low
SNR. For example, Chen et al. [6] proposed a method that
eliminates the linear range migration caused by the target
velocity using the keystone transform and increases the SNR
by accumulating adjacent range profiles using the envelope-
correlation algorithm [7] or the phase gradient autofocus
(PGA) algorithm [8] to compensate for higher-order motion.
These methods are effective when the acceleration is not par-
ticularly high and the SNR is not particularly low.However, to
obtain a high transverse compression ratio, a relatively high
acceleration is artificially generated by the SSAR method. In
addition, dim targets have extremely low SNR. In this case,
the method of Chen et al. cannot significantly increase the
SNR by accumulating adjacent range profiles, and therefore,
this method is limited to low-acceleration cases and is less
effective for SSAR signal processing. Li et al. [9] proposed
a method for correcting range migration (caused by the
maneuvering target) for low-SNR targets. This method also
involves parameter estimation, and a transverse correlation
function is used to increase the SNR prior to the parameter
estimation step. Therefore, this method applies to only cases
in which the SNR is not too low. Tian et al. [10] and Dai
and Zhang [11] proposed the generalized keystone transform,
which can eliminate rangemigration caused by target motion
of the second order and above (acceleration and jerk). Li
et al. [12] proposed a fast algorithm to process the result of
the generalized keystone transform.This algorithm performs
a fast Fourier transform (FFT) in the transverse direction
rather than pulse compression to eliminate range migration,
and thus, this method does not increase the SNR. Wu et al.
[13] and Zhu et al. [14, 15] proposed a two-dimensional (2D)
matched-filter method that simultaneously performs radial
and transverse compression and then estimates the target
parameters. This method requires estimation of only the
acceleration and is very effective.

For targets with a low SNR, it is not applicable for SSAR to
use ordinary parameter estimation and compensation meth-
ods. Inspired by the idea of 2D matched filtering [13–15], the
present study proposes a signal processing algorithm based
on the principles of SSAR.The performance of this algorithm
is verified through computer simulations, and this study lays
a solid foundation for the practical application of SSAR.

2. Echo Signal Model

Zhang [16] noted that there are usually three types of radar
echomodels: the accurate model, the first-order approximate

model, and the “stop-go” model. In the present study, the
“stop-go” model is used. The “stop-go” model is also known
as the “stop-and-hop” model and is obtained by further sim-
plifying the first-order approximate model of the radar echo.

Supposing that the transmitting signal of the radar is 𝑆(𝑡),
the receiving signal is 𝑆𝑟(𝑡) = 𝑘𝑆(𝑡−𝑡𝑑) (𝑘 is the echo attenua-
tion coefficient). In addition, let 𝑅0 and V denote the range
and the velocity of the target at time 0, respectively, and
assume that the target is moving toward the radar system
along the normal direction. Supposing that the transmitting
signal is 𝑆(𝑡) = 𝑎(𝑡) exp(𝑗2𝜋𝑓0𝑡), the echo signal received by
the radar can be expressed as follows:

𝑆 (𝑡𝑘, 𝑡𝑚)
= 𝑘𝑎(𝑡𝑘 − 2𝑅 (𝑡𝑚)𝐶 ) exp[𝑗2𝜋𝑓0 (𝑡𝑘 − 2𝑅 (𝑡𝑚)𝐶 )] , (1)

where 𝑡𝑘 and 𝑡𝑚 indicate fast-time and slow-time, respec-
tively, 𝑓0 represents the carrier frequency of the signal, 𝑅(𝑡𝑚)
represents the range of the target at time 𝑡𝑚, and𝐶 represents
the speed of light.

Whenwe use the slow-time dimension information of the
target, we assume a total of 𝑀 pulse repetition intervals
(PRIs). The slow-time 𝑡𝑚 of the 𝑚th transmitting pulse is𝑚𝑇𝑟 (𝑇𝑟 represents the PRI of the radar system). The relation
between the fast-time and slow-time is as follows:

𝑡𝑚 = 𝑚𝑇𝑟,
𝑡 = 𝑡𝑚 + 𝑡𝑘.

(2)

Zhang [16] showed that if LFM signals are used, the “stop-
go” radar echomodelmust satisfy the following conditions to
replace the accurate model:

Vmax < √ 𝜆𝐶8𝑇𝑎 ,
V (𝑡𝑚) 𝑇𝑝 < 𝐶2𝐵,

𝑎max < 𝜆4𝑇𝑝𝑇𝑎 ,

(3)

where Vmax represents the maximum velocity of the target,𝑎max represents the maximum acceleration of the target, 𝑇𝑎
represents the correlation time in the slow-time dimension,𝑇𝑝 represents the pulse width of the signal transmitted by the
radar system, and 𝜆 represents the wavelength of the signal.

The “stop-go” model has a broad range of applications,
and this model is almost always effective for radar systems,
but it cannot be used for sonar systems [9].



Mathematical Problems in Engineering 3

3. SSAR Signal Processing Algorithm

Supposing that the transmitting signal is expressed as

𝑆𝑇 (𝑡) = rect( 𝑡𝑇𝑃) exp [𝑗2𝜋 (𝑓0𝑡 + 12𝜇𝑡2)]
= rect( 𝑡𝑇𝑃) exp (𝑗𝜋𝜇𝑡2) exp (𝑗2𝜋𝑓0𝑡)
= 𝑝 (𝑡) exp (𝑗2𝜋𝑓0𝑡) ,

(4)

where 𝑝(𝑡) = rect(𝑡/𝑇𝑃) exp(𝑗𝜋𝜇𝑡2), the receiving signal can
be expressed as

𝑆𝑟 (𝑡, 𝑡𝑚)
= 𝑝(𝑡 − 2𝑅 (𝑡𝑚)𝐶 ) exp[𝑗2𝜋𝑓0 (𝑡 − 2𝑅 (𝑡𝑚)𝐶 )] . (5)

Here, only the signal is considered, and noise is ignored.
In this case, the “stop-go” model is used as the signal model.
Because the amplitude of the receiving signal is a constant,
normalization is performed.

After the receiving signal is mixed, (5) can be expressed
as

𝑆𝑟,ℎ (𝑡, 𝑡𝑚) = 𝑝(𝑡 − 2𝑅 (𝑡𝑚)𝐶 ) exp[−𝑗2𝜋𝑓0 2𝑅 (𝑡𝑚)𝐶 ] . (6)

Considering the effect of the beam width, (6) can be
expressed as

𝑆𝑟,ℎ (𝑡, 𝑡𝑚) = 𝑝(𝑡 − 2𝑅 (𝑡𝑚)𝐶 )
⋅ exp[−𝑗2𝜋𝑓0 2𝑅 (𝑡𝑚)𝐶 ] rect(𝑡𝑚 − 𝑡0,𝑚𝑇𝐵 ) ,

(7)

where 𝑡0,𝑚 represents the location of the target in the slow-
time dimension, that is, the slow-time location of the target
when the target is alignedwith the normal axis of the antenna,
and 𝑇𝐵 represents the duration of the target echo in the slow-
time dimension (𝑇𝐵 = 𝜃3 dB/Ω𝐴, where 𝜃3 dB represents the
beam width of the antenna and Ω𝐴 represents the rotational
speed of the antenna).

Assume that the target is moving toward the radar in the
radial direction at a uniform speed and its absolute velocity
is V0. Let the line-scan speed resulting from SSAR be denoted
by V𝐴 and the midpoint of the slow-time duration of the echo
signal be used as the reference point. Thus, the slow-time
instantaneous radial velocity of the target at the reference
point for the SSAR system is V𝑟,𝑀 = V0 + (1/2)V𝐴Ω𝐴𝑇𝐵.
According to the SSAR theory, the corresponding slow-time
instantaneous range of the target is

𝑅 (𝑡𝑚) = 𝑅0 − V𝑟,𝑀 (𝑡𝑚 − 𝑡0,𝑚) − 12V𝐴Ω𝐴 (𝑡𝑚 − 𝑡0,𝑚)2 , (8)

where 𝑅0 represents the reference distance, that is, the slant
range of the target at the slow-time instant 𝑡0,𝑚.

According to the stationary phase principle, the Fourier
transform corresponding to 𝑝(𝑡) = rect(𝑡/𝑇𝑃) exp(𝑗𝜋𝜇𝑡2) is𝑝(𝑓) = rect(𝑓/𝜇𝑇𝑝) exp(−𝑗𝜋(𝑓2/𝜇)).

Performing a Fourier transform on (7) with respect to
fast-time (𝑡), we can obtain

𝑆𝑟,ℎ (𝑓, 𝑡𝑚) = 𝑝 (𝑓) exp[−𝑗2𝜋𝑓2𝑅 (𝑡𝑚)𝐶 ]
⋅ exp[−𝑗2𝜋𝑓0 2𝑅 (𝑡𝑚)𝐶 ] rect(𝑡𝑚 − 𝑡0,𝑚𝑇𝐵 ) .

(9)

Applyingmatched filtering and substituting𝑝(𝑓) into (9),
we can obtain

𝑆𝑀𝑟,ℎ (𝑓, 𝑡𝑚) = rect( 𝑓𝜇𝑇𝑝) exp[−𝑗2𝜋𝑓2𝑅 (𝑡𝑚)𝐶 ]

⋅ rect(𝑡𝑚 − 𝑡0,𝑚𝑇𝐵 ) exp[−𝑗2𝜋𝑓0 2𝑅 (𝑡𝑚)𝐶 ] .
(10)

Performingan inverse Fourier transform (IFT) on 𝑆𝑀𝑟,ℎ(𝑓,𝑡𝑚), we can obtain

𝑆𝑀𝑟,ℎ (𝑡, 𝑡𝑚) = 𝜇𝑇𝑝 sin 𝑐 [𝜇𝑇𝑝𝜋(𝑡 − 2𝑅 (𝑡𝑚)𝐶 )]
⋅ rect(𝑡𝑚 − 𝑡0,𝑚𝑇𝐵 ) exp[−𝑗2𝜋𝑓0 2𝑅 (𝑡𝑚)𝐶 ] .

(11)

The expression for 𝑆𝑀𝑟,ℎ(𝑡, 𝑡𝑚) is also the result generated
after using a matched filter.

Performing a Fourier transform with respect to fast-time(𝑡) on 𝑆𝑀𝑟,ℎ(𝑡, 𝑡𝑚) again, we can obtain

𝑆𝑀𝑟,ℎ (𝑓, 𝑡𝑚) = rect( 𝑓𝜇𝑇𝑝) exp[−𝑗2𝜋𝑓2𝑅 (𝑡𝑚)𝐶 ]

⋅ rect(𝑡𝑚 − 𝑡0,𝑚𝑇𝐵 ) exp[−𝑗2𝜋𝑓0 2𝑅 (𝑡𝑚)𝐶 ]
= rect( 𝑓𝜇𝑇𝑝) rect(𝑡𝑚 − 𝑡0,𝑚𝑇𝐵 )

⋅ exp[−𝑗2𝜋 (𝑓 + 𝑓0) 2𝑅 (𝑡𝑚)𝐶 ] .

(12)

Substituting (8) into (12), we can obtain

𝑆𝑀𝑟,ℎ (𝑓, 𝑡𝑚) = rect( 𝑓𝜇𝑇𝑝) rect(𝑡𝑚 − 𝑡0,𝑚𝑇𝐵 )
⋅ exp {−𝑗2𝜋 (𝑓 + 𝑓0) 2𝐶 [𝑅0 − V𝑟,𝑀 (𝑡𝑚 − 𝑡0,𝑚)
− 12V𝐴Ω𝐴 (𝑡𝑚 − 𝑡0,𝑚)2]} .

(13)
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Substituting V𝑟,𝑀 = V0 + (1/2)V𝐴Ω𝐴𝑇𝐵 into (13), we can
obtain

𝑆𝑀𝑟,ℎ (𝑓, 𝑡𝑚) = rect( 𝑓𝜇𝑇𝑝) rect(𝑡𝑚 − 𝑡0,𝑚𝑇𝐵 )
⋅ exp [−𝑗2𝜋 (𝑓 + 𝑓0) 2𝐶𝑅0] × exp [𝑗2𝜋 (𝑓 + 𝑓0) 2𝐶
⋅ V𝑟,𝑀 (𝑡𝑚 − 𝑡0,𝑚)]
⋅ exp {𝑗2𝜋 (𝑓 + 𝑓0) 2𝐶 [12V𝐴Ω𝐴 (𝑡𝑚 − 𝑡0,𝑚)2]}
= rect( 𝑓𝜇𝑇𝑝) rect(𝑡𝑚 − 𝑡0,𝑚𝑇𝐵 )
⋅ exp [−𝑗2𝜋 (𝑓 + 𝑓0) 2𝐶𝑅0] × exp [𝑗2𝜋 (𝑓 + 𝑓0)
⋅ 2𝐶 (V0 + 12V𝐴Ω𝐴𝑇𝐵) (𝑡𝑚 − 𝑡0,𝑚)]
⋅ exp {𝑗2𝜋 (𝑓 + 𝑓0) 2𝐶 [12V𝐴Ω𝐴 (𝑡𝑚 − 𝑡0,𝑚)2]} .

(14)

Because exp[−𝑗2𝜋(𝑓 + 𝑓0)(2/𝐶)(1/2)V𝐴Ω𝐴𝑇𝐵𝑡𝑚] =
exp[−𝑗𝜋(𝑓 + 𝑓0)(2/𝐶)V𝐴Ω𝐴𝑇𝐵𝑡𝑚], we have
𝑆𝑀𝑟,ℎ (𝑓, 𝑡𝑚) = 𝑆𝑀𝑟,ℎ (𝑓, 𝑡𝑚) exp [−𝑗𝜋 (𝑓 + 𝑓0) 2𝐶

⋅ V𝐴Ω𝐴𝑇𝐵𝑡𝑚] = rect( 𝑓𝜇𝑇𝑝) rect(𝑡𝑚 − 𝑡0,𝑚𝑇𝐵 )
⋅ exp [−𝑗2𝜋 (𝑓 + 𝑓0) ( 2𝐶𝑅0 + 1𝐶V𝐴Ω𝐴𝑇𝐵𝑡0,𝑚)]
× exp {𝑗2𝜋 (𝑓 + 𝑓0)
⋅ 2𝐶 [V0 (𝑡𝑚 − 𝑡0,𝑚) + 12V𝐴Ω𝐴 (𝑡𝑚 − 𝑡0,𝑚)2]}
= rect( 𝑓𝜇𝑇𝑝) exp [−𝑗2𝜋 (𝑓 + 𝑓0)
⋅ ( 2𝐶𝑅0 + 1𝐶V𝐴Ω𝐴𝑇𝐵𝑡0,𝑚)] × {rect( 𝑡𝑚𝑇𝐵)
⋅ exp [𝑗2𝜋 (𝑓 + 𝑓0) 2𝐶 (V0𝑡𝑚 + 12V𝐴Ω𝐴𝑡𝑚2)]
⊗ 𝛿 (𝑡𝑚 − 𝑡0,𝑚)} = rect( 𝑓𝜇𝑇𝑝) exp [−𝑗2𝜋 (𝑓 + 𝑓0)
⋅ ( 2𝐶𝑅0 + 1𝐶V𝐴Ω𝐴𝑇𝐵𝑡0,𝑚)]𝐹 (𝑡𝑚) ,

(15)

where 𝐹(𝑡𝑚) = rect(𝑡𝑚/𝑇𝐵) exp[𝑗2𝜋(𝑓 + 𝑓0)(2/𝐶)(V0𝑡𝑚 + (1/2)V𝐴Ω𝐴𝑡𝑚2)] ⊗ 𝛿(𝑡𝑚 − 𝑡0,𝑚).

Performing a Fourier transformwith respect to slow-time
(𝑡𝑚) on 𝐹(𝑡𝑚), we can obtain

𝐹 (𝑡𝑚) 𝑓𝑚←→ 𝐹(𝑓𝑚)
= {rect( 𝑓𝑚(𝑓 + 𝑓0) (2/𝐶) V𝐴Ω𝐴𝑇𝐵)
⋅ exp[−𝑗𝜋 𝑓2𝑚(𝑓 + 𝑓0) (2/𝐶) V𝐴Ω𝐴]
⊗ 𝛿 (𝑓𝑚 − (𝑓 + 𝑓0) 2𝐶V0)} exp (−𝑗2𝜋𝑡0,𝑚𝑓𝑚) .

(16)

Performing a Fourier transform on 𝑆𝑀𝑟,ℎ (𝑓, 𝑡𝑚) with res-
pect to slow-time (𝑡𝑚) and substituting the result into 𝐹(𝑓𝑚),
we can obtain

𝑆𝑀𝑟,ℎ (𝑓, 𝑓𝑚) = rect( 𝑓𝜇𝑇𝑝)

⋅ exp[−𝑗2𝜋𝑓( 2𝐶𝑅0 + 1𝐶V𝐴Ω𝐴𝑇𝐵𝑡0,𝑚 + V20𝐶V𝐴Ω𝐴)]
⋅ exp[−𝑗2𝜋𝑓0 ( 2𝐶𝑅0 + 1𝐶V𝐴Ω𝐴𝑇𝐵𝑡0,𝑚 + V20𝐶V𝐴Ω𝐴)]
× rect( 𝑓𝑚 − (𝑓 + 𝑓0) (2/𝐶) V0(𝑓 + 𝑓0) (2/𝐶) V𝐴Ω𝐴𝑇𝐵)
⋅ exp[−𝑗𝜋 𝑓2𝑚(𝑓 + 𝑓0) (2/𝐶) V𝐴Ω𝐴]
⋅ exp(𝑗2𝜋 V0

V𝐴Ω𝐴𝑓𝑚) exp (−𝑗2𝜋𝑡0,𝑚𝑓𝑚) .

(17)

Compensating (17) by exp[𝑗𝜋𝑓2𝑚/((𝑓 + 𝑓0)(2/𝐶)V𝐴Ω𝐴)],
we can obtain

𝑆𝑀𝑟,ℎ (𝑓, 𝑓𝑚) = 𝑆𝑀𝑟,ℎ (𝑓, 𝑓𝑚) exp[𝑗𝜋
⋅ 𝑓2𝑚(𝑓 + 𝑓0) (2/𝐶) V𝐴Ω𝐴] = rect( 𝑓𝜇𝑇𝑝)

⋅ exp[−𝑗2𝜋𝑓( 2𝐶𝑅0 + 1𝐶V𝐴Ω𝐴𝑇𝐵𝑡0,𝑚

+ V20𝐶V𝐴Ω𝐴)] × exp[−𝑗2𝜋𝑓0 ( 2𝐶𝑅0
+ 1𝐶V𝐴Ω𝐴𝑇𝐵𝑡0,𝑚 + V20𝐶V𝐴Ω𝐴)]

× rect( 𝑓𝑚 − (𝑓 + 𝑓0) (2/𝐶) V0(𝑓 + 𝑓0) (2/𝐶) V𝐴Ω𝐴𝑇𝐵) exp(𝑗2𝜋 V0
V𝐴Ω𝐴

⋅ 𝑓𝑚) exp (−𝑗2𝜋𝑡0,𝑚𝑓𝑚) .

(18)
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In (18), the term rect((𝑓𝑚 − (𝑓+𝑓0)(2/𝐶)V0)/((𝑓+𝑓0)(2/𝐶)V𝐴Ω𝐴𝑇𝐵)), which is denoted by (∗), affects the final
compression.

Clearly, the (∗) term is related to the velocity of the
target, the bandwidth of the transmitting signal, the line-scan
speed of the system, and the beamwidth.The line-scan speed
and the beam width each have a positive effect on the final
compression, that is, increasing the line-scan speed of the
system and the beam width can improve the compression.
Increasing the line-scan speed is limited by the antenna size,
and the beam width has an upper limit of approximately 38∘
according to the SSAR theory. Thus, the improving space of
the line-scan speed is larger than that of the beam width.The
velocity of the target and the bandwidth of the transmitting
signal have a negative effect on the final compression (under
the same condition as the Δ ≪ 1 condition described in the
following sections). For different fast-time frequencies, the
slow-time frequencies are distributed in different centers
(which are modulated by the velocity of the target) and dif-
ferent widths (which are modulated by the bandwidth of the
transmitting signal). The more discrete the distribution cen-
ters are and the greater the variations in the distribution
widths are, the greater their effect on the final compression
is.

Here we define

Δ = √Δ 12 + Δ 22 = 𝐵𝑓0√1 + ( V0
V𝐴𝜃3 dB)

2, (19)

where Δ 1 = 𝐵(2/𝐶)V0/𝑓0(2/𝐶)V𝐴Ω𝐴𝑇𝐵 = 𝐵V0/𝑓0V𝐴𝜃3 dB andΔ 2 = 𝐵(2/𝐶)V𝐴Ω𝐴𝑇𝐵/𝑓0(2/𝐶)V𝐴Ω𝐴𝑇𝐵 = 𝐵/𝑓0.
When Δ ≪ 1, the (∗) term is expressed as follows:

rect( 𝑓𝑚 − (𝑓 + 𝑓0) (2/𝐶) V0(𝑓 + 𝑓0) (2/𝐶) V𝐴Ω𝐴𝑇𝐵)

≈ rect( 𝑓𝑚 − 𝑓0 (2/𝐶) V0𝑓0 (2/𝐶) V𝐴Ω𝐴𝑇𝐵) .
(20)

Thus, we can obtain

𝑆𝑀𝑟,ℎ (𝑓, 𝑓𝑚) ≈ rect( 𝑓𝜇𝑇𝑝) exp[−𝑗2𝜋𝑓( 2𝐶𝑅0

+ 1𝐶V𝐴Ω𝐴𝑇𝐵𝑡0,𝑚 + V20𝐶V𝐴Ω𝐴)]

× exp[−𝑗2𝜋𝑓0 ( 2𝐶𝑅0 + 1𝐶V𝐴Ω𝐴𝑇𝐵𝑡0,𝑚

+ V20𝐶V𝐴Ω𝐴)] × rect( 𝑓𝑚 − 𝑓0 (2/𝐶) V0𝑓0 (2/𝐶) V𝐴Ω𝐴𝑇𝐵) exp(𝑗2𝜋

⋅ V0
V𝐴Ω𝐴𝑓𝑚) exp (−𝑗2𝜋𝑡0,𝑚𝑓𝑚) .

(21)

Performing an IFT on (21) with respect to slow-time and
fast-time, we can obtain

𝑆𝑀𝑟,ℎ (𝑓, 𝑓𝑚) 𝑡X𝑡𝑚←→ 𝑆𝑀𝑟,ℎ (𝑡, 𝑡𝑚) = (𝜇𝑇𝑝) sin 𝑐 [𝜇𝑇𝑝𝜋(𝑡

− ( 2𝐶𝑅0 + 1𝐶V𝐴Ω𝐴𝑇𝐵𝑡0,𝑚 + V20𝐶V𝐴Ω𝐴))] × (2𝜆
⋅ V𝐴Ω𝐴𝑇𝐵) sin 𝑐 [ 2𝜆V𝐴Ω𝐴𝑇𝐵𝜋(𝑡𝑚
− (𝑡0,𝑚 − V0

V𝐴Ω𝐴))] × exp(𝑗2𝜋 2𝜆V0𝑡𝑚)

⋅ exp[−𝑗2𝜋𝑓0 ( 2𝐶𝑅0 + 1𝐶V𝐴Ω𝐴𝑇𝐵𝑡0,𝑚 + V20𝐶V𝐴Ω𝐴)] .

(22)

In the final compression, the amplitude of the echo signal
improves (𝜇𝑇𝑝)∗((2/𝜆)V𝐴Ω𝐴𝑇𝐵) times, where𝜇𝑇𝑝 = 𝐵𝑡 is the
bandwidth of the transmitting signal and (2/𝜆)V𝐴Ω𝐴𝑇𝐵 = 𝐵𝑡

𝑚

is the bandwidth of the LFM signal formed by the line-scan
in the azimuth dimension. Thus, the capability of the radar
system to detect dim targets is significantly improved.

From (22), the location of the target obtained following
compression is (2/𝐶)𝑅0 + (1/𝐶)V𝐴Ω𝐴𝑇𝐵𝑡0,𝑚 + V20/𝐶V𝐴Ω𝐴 in
the fast-time dimension, which gives the range, and 𝑡0,𝑚 −
V0/V𝐴Ω𝐴 in the slow-time dimension, which gives the azi-
muth. However, the actual location is ((2/𝐶)𝑅0 𝑡0,𝑚), indi-
cating that there is a large difference, especially in the azimuth
dimension, and this difference is caused by the velocity of the
target.

From (22), we can obtain

2𝐶𝑅0 + 1𝐶V𝐴Ω𝐴𝑇𝐵𝑡0,𝑚 + V20𝐶V𝐴Ω𝐴 = 𝜆1,
𝑡0,𝑚 − V0

V𝐴Ω𝐴 = 𝜆2.
(23)

In (23), there are three unknown variables but only two
equations.Therefore, the precise location of the target cannot
be determined. Another equation that contains the three
unknown variables is required to determine the location of
the target. The difference in the line-scan speed provides two
additional equations, so that we can obtain

2𝐶𝑅0 + 1𝐶V𝐴Ω𝐴𝑇𝐵𝑡0,𝑚 + V20𝐶V𝐴Ω𝐴 = 𝜆1,
𝑡0,𝑚 − V0

V𝐴Ω𝐴 = 𝜆2,
2𝐶𝑅0 + 1𝐶V𝐴Ω𝐴𝑇𝐵𝑡0,𝑚 + V20𝐶V𝐴Ω𝐴 = 𝜆3,

𝑡0,𝑚 − V0
V𝐴Ω𝐴 = 𝜆4.

(24)
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These four equations contain the three unknown vari-
ables. Solving (24) for the unknowns, we can obtain

V0 = (𝜆2 − 𝜆4)Ω𝐴(V𝐴 − V𝐴) /V𝐴V𝐴 = (𝜆2 − 𝜆4)Ω𝐴V𝐴V𝐴
V𝐴 − V𝐴

,
𝑡0,𝑚 = 𝜆2 + V0

V𝐴Ω𝐴 ,
𝑅0 = 𝐶2 (𝜆1 − 1𝐶V𝐴Ω𝐴𝑇𝐵𝑡0,𝑚 − V20𝐶V𝐴Ω𝐴)

= 𝐶2 𝜆1 − 12V𝐴Ω𝐴𝑇𝐵𝑡0,𝑚 − 12
V20

V𝐴Ω𝐴 .

(25)

It is recommended that two slow-time dimension equa-
tions be used. First, the velocity of the target can be deter-
mined. Then, the location of the target in the slow-time
dimension is determined. The range of the target can be
determined using the equationwith a relatively high line-scan
speed. If the difference between the two line-scan speeds
is excessively high, the target detection will be affected. To
improve the solution accuracy, it is recommended that the
fast-time dimension equation with a relatively high line-
scan speed be used to determine the range of the target.
Simulations showed that this algorithm has greater accuracy
when the velocity of the target is within a certain range. The
performance of this algorithm decreases when the velocity of
the target is very high. To address this issue, the velocity range
of the target is divided into intervals, and the interval inwhich
the velocity of the target is the lowest is selected as the basic
interval for processing. When searching in other intervals,
phase compensation is performed with the maximum veloc-
ity in the basic interval as the baseline value (the velocity in
the middle of the other interval is 2𝑛 times the maximum
velocity in the basic interval). The detection results obtained
from all of the intervals are integrated (because of the differ-
ence in the line-scan speed) based on the minimum distance
criterion.

By summing up the above algorithm, the SSAR signal
processing procedure is summarized in Figure 1.

4. Computer Simulation
Experiment and Analysis

Computer simulations are performed, and the SSAR algo-
rithm is used to obtain the spatial distribution of the energy
of the targets, based on which the parameters of the targets
(the azimuth, the range, and the velocity) are determined.
The simulation results are compared with the true values
of the target parameters to evaluate the performance of the
algorithm. In addition, the results of SNR improvement are
analyzed. The whole simulation process is an intermediate-
frequency digital simulation that is performed in MATLAB.

Table 1 lists the parameters of the radar system and the
targets used for the simulations. Window functions can be
used to reduce the effect of the range and angle side-lobes on
the processing results. Common window functions include
the Hanning window, the Hamming window, and the Kaiser

window. In the present study, the Kaiser window function is
used for weighting [17] (time-domain weighting is used for
the range dimension, and frequency-domain weighting is
used for the azimuth dimension).The value of theKaiser win-
dow parameter (𝛽) is 2.5 in the simulations.

4.1. Simulation 1: The Range-Azimuth Energy Distribution of
the Targets at Different Line-Scan Range. Figure 2 shows the
range-azimuth energy distribution at a line-scan range of 1.8
(relative to the half-wavelength) obtained after processing the
radar data generated by the simulations.

Figure 2(a) shows the energy distribution before detect-
ing with the noise gate. To accentuate the effect of the accu-
mulation of the signal energy of the targets in the noise, the
amplitude of the processed signal is normalized and ex-
pressed in dB. To simplify the presentation, all of the values
below −15 dB are shown as −15 dB. Figure 2(b) shows the en-
ergy distribution after detectingwith the noise gate. To accen-
tuate the effect of the accumulation of the signal energy of the
targets, the amplitude of the signal is not expressed in dB.

Figure 3 shows the range-azimuth energy distribution at
a line-scan range of 1.5 (relative to the half-wavelength).

Figure 3(a) shows the energy distribution before detect-
ing with the noise gate, with the settings equal to those used
for the case in Figure 2(a). Figure 3(b) shows the energy dis-
tribution after detecting with the noise gate, with the settings
equal those used for the case in Figure 2(b). In Figures 2 and
3, the azimuth interval is the angle of the antenna rotation
within a PRI, and the range interval is the range correspond-
ing to the sampling time. All the values are obtained by
digitizing the signals.

4.2. Simulation 2: The Parameters (Range, Azimuth, and
Velocity) of the Targets. Figures 2 and 3 show the energy of
the targets accumulated in the range and azimuth dimensions
rather than the actual location of the targets. From the
locations of the targets shown in Figures 2(b) and 3(b), the
difference in the line-scan speed for line-scan ranges of 1.8
and 1.5 (relative to the half-wavelength) is insignificant, and
therefore, the set of equations shown in (24) can be estab-
lished by pairing according to the minimum range principle.
By solving this set of equations, the values of the target
parameters (range, azimuth, and velocity) can be determined.
Table 2 lists the values of the target parameters obtained
from the simulations using the parameters listed in Table 1
(azimuth unit: deg.; range unit: km; velocity unit: m/s).

Table 2 shows that the simulation results are very close
to the true values, which demonstrates that this algorithm is
effective and canmeet the requirements of the warning radar.

It is important to note that the difference between the two
line-scan ranges has practical upper and lower limits. Smaller
differences between the two line-scan ranges result in larger
errors in the solution, and larger differences between the two
line-scan ranges may result in the targets not being detected
within the shorter line-scan range. In either case, the third
independent equation cannot be established.

4.3. Simulation 3: Simulation and Analysis of SNR Improve-
ment. Generally, the traditional signal processingmethods of
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Figure 1: SSAR signal processing procedure.
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Figure 2: Range-azimuth-amplitude distribution at a line-scan range of 1.8.
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Figure 3: Range-azimuth-amplitude distribution at a line-scan range of 1.5.
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Table 1: Parameter values for SSAR signal processing simulations.

Radar parameters
Carrier frequency (𝑓0) 300MHz
PRI 1,000 𝜇s
Pulse width (𝜏) 100 𝜇s
Bandwidth (𝐵) 10MHz
Rotational speed of the sector-scan antenna (Ω𝑎) 36∘/s
3 dB beam width 30∘

Transmitting signal power (𝑃𝑡) 10 kW
Transmitting antenna gain (𝐺𝑡) 30 dB
Receiving antenna gain (𝐺𝑟) 30 dB
Initial angle of the antenna rotation 0∘

Line-scan range of the antenna [1.8, 1.5] ∗ wavelength/2
Line-scan cycle of the antenna PRI

Target parameters (true values)
Number 4
Slant range [98, 100, 103, 105] km
Azimuth [18, 20.5, 22, 24]∘

Velocity [100, 150, 180, 200]m/s
Target heading angle (relative to the radial direction) [0, 0, 0, 0]∘
RCS [0.1, 0.1, 0.1, 0.1]m2

Simulation parameters
SNR (receiving point) −33 dB
Range window [0.6, 0.76] ∗ PRI ∗𝐶/2 km
Azimuth window [0, 42]∘
Signal format LFM in the exponential form
Sampling rate (range dimension) 1.2B (analytic signals)
Notes. The noise is assumed to be Gaussian white noise; transmission losses are not considered but can be included in the SNR; and the false-alarm probability
(𝑃𝑓) is set to 10

−6 for range detection. 1.2B: 1.2 times bandwidth (B).

Table 2: Simulation results for SSAR and true values of the targets.

Target number Simulation results True values
Range Azimuth Velocity Range Azimuth Velocity

(1) 98.024 17.964 98.960 98 18 100
(2) 100.021 20.520 149.854 100 20.5 150
(3) 103.014 22.104 180.956 103 22 180
(4) 105.021 23.904 197.920 105 24 200

ground-based sector-scan radar only do signal compression
in fast-time dimension (i.e., range dimension). Supposing
that the farthest target input SNR is −20 dB, the rest of
the simulation parameters are shown in Table 1. Figure 4
shows the range-amplitude distribution of the targets after
signal processing by the traditional methods. SSAR does
signal compression in both fast-time dimension and slow-
time dimension (i.e., azimuth dimension). Supposing that the
farthest target input SNR is −33 dB and the line-scan range
is 1.8 (relative to the half-wavelength), the rest of the simu-
lation parameters are also shown in Table 1. Figure 5 shows
the range-amplitude distribution of the targets after signal
processing by the algorithm proposed in this paper.

It can be seen from Figure 4 that the amplitude of the
farthest target is about −1.2 dB (using −20 log 10( ) mode to

calculate, the same below), and the noise is almost below−3.6 dB. Therefore, after signal processing, SNR is 2.4 dB.
Considering that the input SNR is −20 dB, the signal process-
ing gain of the traditional methods is about 22.4 dB.

It can be seen from Figure 5 that the amplitude of the
farthest target is about −2.5 dB, and the noise is almost below−10.5 dB. Therefore, after signal processing, SNR is 8 dB.
Considering that the input SNR is −33 dB, the total signal
processing gain is about 41 dB with two parts of contribution.
22.4 dB in 41 dB is obtained by the traditional signal compres-
sion in fast-time dimension, and 18.6 dB in 41 dB is obtained
by the signal compression in slow-time dimension, that is,
obtained by line-scan mode.

Compared with the traditional signal processing meth-
ods, the proposed signal processing algorithm improves the
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Figure 4: Range-amplitude distribution of the targets (by the tradi-
tional signal processing methods).
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Figure 5: Range-amplitude distribution of the targets (by the
proposed signal processing algorithm).

SNR by about 18.6 dB. Therefore, the algorithm can improve
the detection performance of dim targets.

5. Conclusions

In the present study, an SSAR echo signal model is developed
based on the “stop-go” model. Next, using the 2D matched
filtering approach, an SSAR signal processing algorithm is
proposed and deduced in detail. The performance of the
algorithm is then verified through simulations. The simula-
tion results show that the SSAR signal processing algorithm
concentrates the signal energy of the targets and increases the
SNR, thereby demonstrating that SSAR can detect dim targets
with high accuracy. In addition, the proposed algorithm pro-
cesses all the data of the radar scanning space.This algorithm

requires a relatively short computation time. Furthermore,
the majority of the complex computations can be performed
by the FFT algorithm, so the computing speed is high.
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