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Abstract: The F-SCAN principle is a better alternative to the scan-on-receive technique (SCORE)
based on digital beamforming (DBF), which can avoid low gain caused by a conventional broad beam
in the case of a wide swath. In F-SCAN SAR, a pencil beam scans the entire target area from far to
near, providing high energy independent of the position and ensuring a low range ambiguity-to-
signal ratio (RASR). Moreover, echo compression can be achieved via appropriate system parameter
configuration, significantly shortening the receive window and reducing the amount of data. A
wider range swath can, therefore, be achieved. However, for this novel F-SCAN SAR working mode,
signal modeling and imaging processing are key issues that needed to be addressed. In this paper,
the far-field synthetic antenna pattern of the space–time coding array (STCA) is first derived and
analyzed, based on which the signal modeling of the F-SCAN SAR is carried out. Then, according to
the signal model and echo characteristics, a novel imaging processing method based on the hybrid
correlation algorithm is presented for the F-SCAN SAR. First, the dechirp operation is performed
to compensate for the quadratic phase of the range time. The range compressed result is obtained
after a range Fourier transform, where different range targets are successfully separated and range
aliasing is avoided. Then, the modified azimuth reference function is correlated with the echo at
each range cell to complete range cell migration correction (RCMC) and azimuth compensation. The
received signal parameters and the Doppler parameters of each range cell are derived to update the
azimuth reference function. Finally, accurate focused results are obtained in the range-frequency,
azimuth-time domain. The simulation results indicate that the signal model based on the STCA can
satisfy the requirements of the F-SCAN principle, and the proposed imaging algorithm can complete
the precise focusing processing of the F-SCAN SAR echo.

Keywords: Synthetic Aperture Radar (SAR); space–time coding array; imaging algorithm; hybrid
correlation algorithm; F-SCAN; wide swath

1. Introduction

Synthetic Aperture Radar (SAR) is a tool for earth observation with unique advan-
tages. Its imaging process is independent of sunlight and weather conditions, and it has a
certain ability to penetrate ground objects [1,2]. High-resolution and wide-swath (HRWS)
imaging is an important research direction for SAR. A wider swath means that a larger
area is covered in the across track direction on a single satellite pass, and more objects are
illuminated by a broad beam. A reduced revisit time is also achieved, which is conducive
to improving observation efficiency and realizing real-time observation. In conventional
SAR, the elevation beamwidth is broadened to cover a wider area by reducing the antenna
size, but this also results in low transmitted power that is insufficient to separate the useful
information from the noise. The large amount of data generated by the wide swath also

Remote Sens. 2023, 15, 4276. https://doi.org/10.3390/rs15174276 https://www.mdpi.com/journal/remotesensing

https://doi.org/10.3390/rs15174276
https://doi.org/10.3390/rs15174276
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com
https://orcid.org/0000-0003-4658-7559
https://doi.org/10.3390/rs15174276
https://www.mdpi.com/journal/remotesensing
https://www.mdpi.com/article/10.3390/rs15174276?type=check_update&version=1


Remote Sens. 2023, 15, 4276 2 of 21

puts pressure on the transmission link and real-time data processing. A multiple elevation
beam (MEB) SAR [3,4], based on the phased array, has been developed to achieve a wide
swath. However, it suffers from blind zones and severe range ambiguity due to the discon-
tinuity between multiple static beams. The scan-on-receive (SCORE) technique, based on
digital beamforming (DBF) [5–12], is more flexible, but has higher hardware complexity
and channel performance requirements.

The F-SCAN principle [13,14] is a recently proposed analog beamforming technology
that realizes echo compression and reduces the amount of data by using the frequency
scanning effect, making it easier to achieve a wide swath. Unlike conventional SAR, which
illuminates the entire target area simultaneously with a broad beam in the range direction,
the F-SCAN SAR transmits a pencil beam to scan from the far end of the swath to the
near end during the pulse duration. Compared to MEB or SCORE, which also transmit
a wide beam, a higher signal-to-noise ratio (SNR) can be obtained and the peak power
requirement can be alleviated. Furthermore, the range ambiguity-to-signal ratio (RASR)
can be effectively reduced [15]. Liu et al. propose that range–frequency bandpass filters
can effectively isolate range ambiguities introduced by pencil beam scanning, and they
provide well-considered waveform design criteria [16]. If the pulse duration is equal to the
difference between the two-way travel time of signals from the far end and the near end of
the swath, echoes from all positions of the swath will reach the radar simultaneously [13,14].
Echo compression is achieved. The receive window, shorter than the pulse duration, is
sufficient to receive all echoes. A comparison of the time–frequency diagrams in stripmap
and the F-SCAN SAR is presented in [17], highlighting the advantage of receive window
length reduction caused by echo compression: decreasing the data volume. The F-SCAN
principle, with numerous unique advantages, has promising developments [18–21].

In order to realize the application of the F-SCAN SAR system, it is necessary to
construct a transmitted signal model with frequency scanning capability. The waveform
diverse array is a novel technology that can achieve flexible control of the transmitted beam
direction by modulating the carrier frequency, transmitted time, or waveform coding for
each channel [22,23]. Among them, the time diverse array achieves full airspace coverage
with only one waveform by introducing a very small-time delay between the adjacent array
elements. In [24], an F-SCAN acquisition mode is designed using true time delay lines and
phase shifters. It can be noted that the time diverse array can be applied to the frequency
scanning mode. Babur et al. propose the space–time coding array (STCA) to fulfill the
time diversity and combine it with the MIMO radar [25–27]. The simulation results verify
that the transmitted beam of the STCA has a beam scanning effect and tunable angular
coverage capability, and constant high gain of the coverage area can be further achieved.
It is a technically simple way to meet the beam requirements of the F-SCAN SAR. In this
paper, the STCA is utilized to transmit linear frequency modulation signals to realize the
frequency scanning effect of the F-SCAN SAR system. However, the beam scanning effect
will lead to the failure of the traditional signal model, which is attributed to the different
center frequencies and wavelengths of the received signals from targets at different range
cells. In order to establish the signal model of the F-SCAN SAR system, it is necessary to
construct the far-field synthetic antenna pattern of the transmitted signals and analyze the
characteristics of the received signals from different range targets.

The unique characteristics of the F-SCAN SAR echo pose some problems for imaging
processing. Echo compression causes echoes from different range targets to overlap at
the receiver. Inadequate range time causes focused results to be aliased in the range
direction. Few data processing methods for F-SCAN SAR have been presented up to
now. The data processing in [24] is concerned with removing spectral distortions, ensuring
that the impulse response function (IRF) is constant across the swath. The modified
Omega-K algorithm is used to process the raw data in [16]. To avoid range aliasing,
bandpass filtering and range IDFT processing must be employed for each range cell,
significantly increasing the computational burden and processing time. Some applications
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of the frequency scanning technique in the azimuth direction are proposed by them, which
have a high reference value for improving the azimuth dimension performance [28,29].

In this paper, a transmitted signal model that can realize the frequency scanning
effect is first constructed. With each STCA channel transmitting the same chirp signal at
different times, the synthetic antenna pattern in the far field is derived. On this basis, the
construction of the F-SCAN SAR signal model is completed. According to the signal model
and echo characteristics, a novel efficient imaging method based on the hybrid correlation
algorithm [30–32] is proposed to address the issues introduced by elevation beam scanning.
First, a dechirp operation is conducted on the raw data in the range-time domain, followed
by a range Fourier transform to obtain the range compressed result without aliasing. The
applicable azimuth reference function is then developed, which is updated with the range
frequency. The approach for calculating the signal instantaneous parameters and matching
the Doppler parameters at a certain slant range is provided. The data is correlated with
the function at each range sampling cell to straighten the curved target trajectory and to
implement azimuth matched filtering. Finally, well focused results are obtained in the
range-frequency, azimuth-time domain. The simulation results verify the validity of the
proposed theory.

The remainder of this paper is organized as follows. The description of the beam
operation in the F-SCAN SAR and the analysis of the unique system characteristics caused
by frequency scanning are presented in Section 2. In Section 3, the far-field synthetic
antenna pattern of the STCA is derived, and the F-SCAN SAR echo model is established
and analyzed on this foundation. An F-SCAN SAR imaging processing method based on
the hybrid correlation algorithm is proposed in Section 4, including how to obtain signal
instantaneous parameters and matched Doppler parameters. In Section 5, the simulation
experiments are carried out to validate the proposed theoretical content. A discussion
about the computational complexity of the imaging algorithm is presented in Section 6. In
Section 7, conclusions are drawn.

2. System Characteristics of the F-SCAN SAR

The combination of a frequency scanning antenna and chirp waveform allows the
beam pointing to vary with the signal’s frequency, thereby controlling the available cover-
age. In F-SCAN SAR, a pencil beam is used in the range direction, and the beam control
mode is shown in Figure 1. At the beginning of the pulse transmission, the signal’s instanta-
neous frequency is at its lowest and the beam is pointing to the far edge of the range swath.
At the end of the pulse transmission, the beam with the highest instantaneous frequency
points towards the near edge of the swath. This means that the pencil beam scans from the
far range to the near range as the frequency of the up-chirp signal increases.
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It is well known that a conventional SAR transmits a wide beam in the elevation
plane to illuminate different directions across the entire range swath simultaneously. The
echoes generated at the far end and near end of the swath are received by the radar at
different times, as the unequal distances between the radar and different targets result in
unequal travel times. In the case of a wide swath, there is a greater requirement for the
length of the receive window. In the F-SCAN SAR, where the pencil beam scans from far
to near, the signal pointing to the far end is transmitted earlier than the signal pointing to
the near end. The following is relevant, when the transmitted pulse duration satisfies the
following condition:

τp =
2
(

R f − Rn

)
c

(1)

where R f is the slant range of the farthest end of the swath, Rn is the slant range of
the nearest end, and c is the propagation velocity of the electromagnetic wave. The
earlier transmission caused by beam scanning just compensates for the longer propagation
time of the far-range signals, resulting in all the echoes from the different range targets
arriving at the receiver at almost the same time. In contrast to the dispersion of echoes in a
conventional SAR, all the echoes in the F-SCAN SAR can overlap at the same position and
can be effectively compressed. This allows the length of the receive window to be set as
the duration that one target is illuminated by the main lobe of the pencil beam. In pencil
beam scans from far to near during the pulse transmission period, the time each target is
illuminated is much shorter than the pulse duration. The amount of data being recorded
and stored can be greatly reduced by making the sampling window shorter than τp.

Targets at various range cells on the swath only experience a portion of the whole
chirp signal during beam scanning, hence the effective bandwidth of the echo is smaller
than the overall bandwidth of the transmitted signal. The relationship between the two is
as follows:

Be = Bt ·
θ3dB

θ3dB +
∣∣∣α f − αn

∣∣∣ (2)

where Be is the effective bandwidth of the echo, Bt is the total bandwidth of the transmitted
chirp signal, θ3dB is the 3-dB width of the pencil beam, and α f and αn are the look angles
at the far end and near end of the swath, respectively. The reduced effective bandwidth
results in poorer resolution in the range direction, so it is necessary to transmit a broadband
chirp signal or increase the width of the pencil beam to improve the resolution. In addition,
Doppler parameters can no longer be calculated at a single wavelength because different
range targets receive different sections of the transmitted chirp signal, resulting in varying
center frequencies and wavelengths for different target echoes.

The high-gain pencil beam is used in the F-SCAN SAR to observe the entire target
area, which produces a more uniform energy distribution than the wide beam used in con-
ventional SAR and a higher SNR regardless of the position of the swath. Echo compression
reduces the amount of data and enables a wider range swath. There is great development
potential for the F-SCAN principle, which offers various special advantages. Due to the
unique beam scanning in the F-SCAN SAR, the following problems need to be addressed:
how to implement the beam scanning described in the F-SCAN principle and establish a
signal model; and how to distinguish echoes compressed together from different range
targets and avoid range aliasing to implement the imaging processing of the F-SCAN SAR.

3. Signal Modeling of the F-SCAN SAR
3.1. Modeling of the F-SCAN SAR Transmitted Signal

The space–time coding array automatically realizes beam scanning in space by trans-
mitting the same waveform with a small relative delay from each array element, thus
providing a consistent high gain over the available coverage area [25]. In this section,
considering that each sensor of the STCA transmits the chirp signal that is commonly used
in SAR systems, the synthetic antenna pattern is derived, which varies with the signal
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frequency and the direction. The mathematical relationship between the synthetic beam
pointing angle and time is given in the next section, facilitating the subsequent matching of
the signal parameters and imaging processing in the F-SCAN SAR.

A schematic diagram of the space–time coding array and its transmitted signals is
presented in Figure 2. Each array element transmits exactly the same signal waveform s(t),
and there is a transmission delay ∆τ between the adjacent channels. Taking the first array
element as a reference, the signal transmitted by the mth array element can be expressed
as follows:

sm(t) = s[t− (m− 1)∆τ] (3)
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Figure 2. The model of the space–time coding array and transmitted signals.

In this paper, the STCA is considered as a uniform linear array (ULA) with M ele-
ments, where M is an odd number. The spacing between adjacent elements is d. Take the
middle array element with serial number (M + 1)/2 as the reference and assume that its
transmission time is 0, so the time delay of the mth channel will be [m− (M + 1)/2]∆τ.
The chirp signal is transmitted by each channel, and its expression is:

cp(t) = rect
(
t/τp

)
· exp

{
j
(

2π fct + πbt2
)}

(4)

where τp represents the transmitted pulse duration, fc represents the center frequency, Bt
represents the total bandwidth of the transmitted chirp signal and the chirp rate b = Bt/τp.

Sensors in a ULA are evenly distributed at different positions in space. In the far field
with an angle of β, there is a travel time difference of d sin β/c between the signals from
the adjacent sensors. Still using the middle sensor as the reference, the travel time delay in
the mth sensor is [m− (M + 1)/2]d sin β/c. For a far-field target at angle β, the spatially
synthetic signal in the STCA array with M array elements is:

T(t, β) =
M

∑
m=1

cp(t)⊗ δ

[
t−
(

m− M + 1
2

)
∆τ

]
⊗ δ

[
t−
(

m− M + 1
2

)
d sin β

c

]
(5)

where δ(t) denotes the impulse function, and “⊗” denotes convolution.
The transmission delay ∆τ is much smaller than the pulse duration τp, so the ampli-

tudes of the chirp signals can be approximately considered to be aligned. Sorting out the
phase can obtain:

T(t, β) = rect
(

t
τp

)
· exp

{
j[2π fct + πbt2]

}
·

M
∑

m=1
exp

{
−j2π( fc + bt)

(
m− M+1

2

)(
∆τ + d sin β

c

)
+ jπb

(
m− M+1

2

)2(
∆τ + d sin β

c

)2
}

= cp(t) ·M(t, β)

(6)
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It can be seen that the synthetic signal is the product of the basic chirp signal cp(t) and
M(t, β), which is the modulation effect of the STCA in the far field, and its expression is:

M(t, β) =
M

∑
m=1

exp

{
−j2π( fc + bt)

(
m− M + 1

2

)(
∆τ +

d sin β

c

)
+ jπb

(
m− M + 1

2

)2(
∆τ +

d sin β

c

)2
}

(7)

It can be equivalent to the following expression after Fourier transform, convolution,
summation of the series, and other operations. The detailed derivation is provided in
Appendix A.

M(t, β) =
sin[Mπ(∆τ · c + d sin β)/λ(t)]

sin[π(∆τ · c + d sin β)/λ(t)]
(8)

where the instantaneous wavelength is λ(t) = c
fc+bt . As can be seen, the derivation yields

a phase of 0, and the amplitude determines the shape and pointing angle of the beam.
In summary, the far-field synthetic signal in direction β obtained by transmitting the

chirp waveform from each STCA sensor is as follows:

T(t, β) = cp(t) ·M(t, β)

= rect
(

t
τp

)
· sin[Mπ(∆τ·c+d sin β)/λ(t)]

sin[π(∆τ·c+d sin β)/λ(t)] · exp
{

j[2π fct + πbt2]
} (9)

As the time and signal frequency change, the far-field modulation pattern M(t, β)
produced by the STCA will have peaks at different angles. The beam coverage area can be
controlled by adjusting the STCA parameters, such as the number of sensors, the relative
time offset, and the spacing between adjacent sensors. Combined with the adjustment of
the chirp signal parameters, so that the pulse duration is equal to the difference between
the two-way propagation time of the signals from the far end and the near end of the beam
scanning area, the echo compression described in the F-SCAN principle can be realized.

3.2. Modeling and Analysis of the F-SCAN SAR Echo

The transmitted signal of the F-SCAN SAR is shown in Equation (9). When the pencil
beam illuminates the ground point target with slant range Rb, a part of the backscattered
signal is collected by the SAR system, forming the echo corresponding to the target. Accord-
ing to the mathematical model of the SAR echo response proposed in [30], after two-way
propagation and the modulation of the target scattering coefficient σ and the azimuth beam
pattern Wa(·), the echo for the F-SCAN SAR can be expressed as:

secho(tr, ta) = σWa(ta)T(tr − 2R(ta; Rb)/c, β)

= σWa(ta)rect
(

tr−2R(ta ;Rb)/c
τp

)
M
(

tr − 2R(ta ;Rb)
c , β

)
· exp

{
j
[

2π fc

(
tr − 2R(ta ;Rb)

c

)
+ πb

(
tr − 2R(ta ;Rb)

c

)2
]} (10)

where tr denotes fast time, ta denotes slow time, and R(ta; Rb) denotes the instantaneous
distance between the radar and the point target.

The echo data is then processed by the radar receiver to obtain the demodulated
baseband signal:

secho(tr, ta) = σWa(ta)rect
(

tr−2R(ta ;Rb)/c
τp

)
M
(

tr − 2R(ta ;Rb)
c , β

)
· exp

{
−j 4π fcR(ta ;Rb)

c

}
exp

{
jπb
(

tr − 2R(ta ;Rb)
c

)2
} (11)

The radar transmits the chirp signal for a duration of τp. But the ground target only
receives high energy when it is illuminated by the main lobe of the pencil beam due to the
modulation of M(t, β). The rest of the time it is illuminated by the sidelobes and receives
relatively low energy. As the pencil beam scans from far to near, targets at the far end are
illuminated by the main lobe and reflect high energy earlier, while targets at the near end
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receive high energy and reflect it later. The high amplitude portions of all the target echoes
will reach the radar simultaneously if the beam scanning duration is equal to the difference
between the signal propagation delays of the near-range and the far-range targets, that is,
echo compression. The receive window needs to be opened near the center of the reference
target echo, whose length is only the time when a target is illuminated by the main lobe, as
shown In Figure 3. It can be seen that the phases of the target echoes from different range
targets are different.
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Figure 3. Radar’s receive window and complete echoes from far, middle, and near range targets on
the swath. (1) The green signal represents the echo from the near-range target, which is illuminated
by the pencil beam at a later moment, but its propagation delay is shorter due to the shorter slant
range Rn; (2) the orange signal represents the echo from the far-range target, which is illuminated
earlier by the pencil beam, but has a longer delay due to the longer slant range R f ; (3) the black signal
is the echo from the middle reference target with slant range R0, which is a compromise between the
previous two.

4. Imaging Processing for the F-SCAN SAR
4.1. The Novel Imaging Method Based on the Hybrid Correlation Algorithm

The F-SCAN SAR realizes echo compression using the frequency scanning effect in
the range direction, resulting in a shorter receive window. How to recover the relative
positions of the echoes from different range targets and how to avoid range aliasing caused
by the extremely short length of the receive window are key issues in imaging processing.

The pencil beam scans from far to near as the frequency of the chirp signal increases,
which results in targets at different positions experiencing various phases and unequal
center frequencies. Conventional range processing involves transforming the raw data
into the frequency domain and multiplying it by a uniform matched filter directly. For
F-SCAN SAR data, different phases cause echoes from various range cells to shift to various
positions in the spectrum, which cannot be processed uniformly. Contrary to conventional
SAR data, F-SCAN SAR data from different range targets are aligned in the range-time
domain. First, the dechirp operation is performed in the time domain by multiplication
with a uniform quadratic function along the range dimension, and the expression of the
reference quadratic function is as follows:

gr(tr) = exp

{
−jπb

(
tr −

2
c

Rre f

)2
}

(12)
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where Rre f is the slant range of the reference target when illuminated by the beam center.
The signal data after multiplication is:

ssdechirp(tr, ta) = σWa(ta)rect
(

tr−2R(ta ;Rb)/c
τp

)
M
(

tr − 2R(ta ;Rb)
c , β

)
· exp

{
−j 4π fcR(ta ;Rb)

c

}
exp

{
−j 4πb

c

(
R(ta; Rb)− Rre f

)
tr

}
· exp

{
j 4πb

c2

(
R(ta; Rb)− Rre f

)(
R(ta; Rb) + Rre f

)} (13)

Range compression is accomplished by performing a range Fourier transform on the
signal data after the dechirp operation. Echoes from different range cells have linear terms
with unequal slopes, corresponding to different shifts in the frequency domain. Therefore,
after the range Fourier transform, echoes are focused at various positions on the range–
frequency axis. The compressed echoes are successfully distinguished. Additionally, there
is a large enough bandwidth in the frequency domain to avoid range aliasing. The signal
data in the range-frequency domain is:

sS( fr, ta) = σWa(ta)Fr( fr) exp
{
−j

4π fcR(ta; Rb)

c

}
exp{jΦ(ta; Rb)} (14)

where Φ(ta; Rb) is the additional phase obtained during the range dechirp operation, and
Fr( fr) is the range envelope. Their expressions are, respectively:

Φ(ta; Rb) =
4πb
c2

(
R(ta; Rb)− Rre f

)(
R(ta; Rb) + Rre f

)
(15)

Fr( fr) =
sin
{

πτw

[
fr +

2b
c

(
R(ta; Rb)− Rre f

)]}
πτw

[
fr +

2b
c

(
R(ta; Rb)− Rre f

)] M f ( fr, β) (16)

where τw is the length of the receive window, M f (·) is the result of the range Fourier trans-
form of M(·), which can be simply considered as a window function, and the instantaneous
slant range R(ta; Rb) can be divided into two parts:

R(ta; Rb) = Rb + ∆R(ta; Rb) (17)

where Rb is the distance between the radar and the point target when it is illuminated by the
beam center, and ∆R(ta; Rb) represents the variation in the distance at other azimuth moments.

Combining the expressions in Equations (16) and (17), it can be seen that the echo
from the slant range Rb will be focused on the range frequency ∆ fr(ta; Rb) at the azimuth
time ta, and the expression is:

∆ fr(ta; Rb) = −
2b
c

(
Rb − Rre f

)
− 2b

c
· ∆R(ta; Rb) (18)

The first item determines the actual focused position of the target in the range-
frequency domain when the azimuth time is equal to 0. The second item reflects that
there is a slight shift at other azimuth moments. So, the target trajectory after range
compression is a curve, which is called the range cell migration (RCM).

Range compression has been performed in the previous process, so the next step is to
straighten the curved target trajectory and complete azimuth compensation to achieve a
two-dimensional focus.

Sampling the signal data in the range dimension. Assuming that a target echo with a
slant range R0 is focused at the range frequency fr0, its two-dimensional azimuth reference
function can be expressed as follows:

ha( fr, ta; R0) =
n

∑
i=1

fi( fr, ta; R0)δ( fr − ∆ fr0) (19)
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where n is the number of range sampling units spanned by a curved target trajectory,
and ∆ fr0 is the frequency difference between the sampling point and the reference range
frequency fr0. The azimuth response function expression at the ith range sampling point is
as follows:

fi( fr, ta; R0) = Wa(ta)
sin{πτw[∆ fr0 − ∆ fr(ta; R0)]}

πτw[∆ fr0 − ∆ fr(ta; R0)]
exp

{
−j

4π fcR(ta; R0)

c

}
(20)

According to the hybrid correlation algorithm proposed in [30], correlating the echo
data after range sampling with the azimuth reference function results in the reconstructed
image lines:

l( fr0, ta) =
s

sS(x + fr0, y + ta)ha
∗(x, y; R0)dxdy

=
s

sS(x + fr0, y + ta)
n
∑

i=1
fi
∗(x, y; R0)δ(x− ∆ fr0)dxdy

=
n
∑

i=1

s
sS(x + fr0, y + ta)δ(x− ∆ fr0) fi

∗(x, y; R0)dxdy

=
n
∑

i=1

∫
sS(∆ fr0 + fr0, y + ta) fi

∗(∆ fr0, y; R0)dy

=
n
∑

i=1
sS( fr0 + ∆ fr0, ta)⊗ta fi

∗(∆ fr0,−ta; R0)

(21)

Converting the above formula into the azimuth-frequency domain gives the following
expression:

L( fr0, fa) =
n

∑
i=1

SS( fr0 + ∆ fr0, fa)Fi
∗(∆ fr0, fa; R0) (22)

where L( fr0, fa), SS( fr0 + ∆ fr0, fa), and Fi(∆ fr0, fa; R0) represent the azimuth Fourier trans-
forms of l( fr0, ta), sS( fr0 + ∆ fr0, ta), and fi(∆ fr0, ta; R0), respectively. In the two-dimensional
frequency domain, multiplying the echo data by the conjugate of the azimuth reference func-
tion, and then summing the data in the range dimension gives a straight target trajectory
without a quadratic phase. Performing an azimuth Fourier transform on the reconstructed
image lines gives the focused result in the range-frequency, azimuth-time domain.

The dechirp operation and Fourier transform in the range direction complete the
range focus and recover the relative positions of the compressed echoes. The following
correlation summation completes the range cell migration correction (RCMC) and azimuth
compensation of the signal data, where the azimuth reference function must be updated
with the range gate. The method of obtaining the signal parameters and Doppler parameters
at each range cell is provided later. The general flow of the novel imaging method for
processing the F-SCAN SAR data is shown in Figure 4.

4.2. Analysis of the Doppler Parameters

During observing the ground with SAR, the Doppler frequency histories of the targets
at different range cells are various. Therefore, their Doppler centroid frequencies and
Doppler frequency modulation (FM) rates are unequal. In the echo simulation of spaceborne
SAR, the Doppler parameters are calculated as follows:

fD =
2
λ
· dR(t)

dt

∣∣∣∣
t=0

=
2
→
Vst ·

→
R

λR
(23)

fR =
2
λ
· d2R(t)

dt2

∣∣∣∣∣
t=0

=
2
λ


→
Vst ·

→
Vst

R
+

→
Ast ·

→
R

R
−

(→
Vst ·

→
R
)2

R3

 (24)
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where fD and fR are the Doppler centroid frequency and Doppler FM rate, respectively.
→
R,

→
Vst, and

→
Ast are relative vectors of the position, velocity, and acceleration from the ground

target to the radar when the target is illuminated by the beam center. R =

∣∣∣∣→R∣∣∣∣. And λ is

the center wavelength of the transmitted chirp signal.
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During a pulse transmission of the F-SCAN SAR, the pencil beam scans from the
far end to the near end, and the bandwidth of the transmitted signal is quite large. The
center parameters of the received signals from the targets at different range cells are various.
As a result, the Doppler parameters should be calculated using the actual instantaneous
wavelength of the received signals from each target, rather than using the center wavelength
λ of the transmitted signal. The actual center frequency and instantaneous wavelength
of the received signal can be obtained from the relationship between the pencil beam
pointing angle and the time. It is the modulation pattern of the STCA that determines the
instantaneous beam direction, and its expression is shown in Equation (8).

When:
π(∆τ · c + d sin β)/λ(t) = επ (25)

where ε is an integer, the amplitude function reaches its maximum value and the antenna
pattern reaches its peak here. The relationship between the beam pointing angle β and
the time t can be obtained by substituting the expression of λ(t) into Equation (25) and
deducing the outcome. The pencil beam scans to angle β after a period of time t:

t =
ε

b
(

∆τ + d sin β
c

) − fc

b
(26)

The integer ε can be evaluated by the following expression, where round{·} indicates
to obtain the nearest integer:

ε = round
{(

∆τ +
d sin β

c

)
fc

}
(27)
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The STCA is placed as depicted in Figure 5, where αt is the antenna tilt angle. Assum-
ing that the synthetic beam pointing angle is positive on the left side of the array normal
and negative on the right side, the look angle θ of the pencil beam is related to angle β,
as follows:

θ =
π

2
− αt − β (28)
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Combining Equations (26) and (28) yields that a point target with the look angle of θb
is illuminated by the pencil beam at time tb:

tb =
ε

b
(

∆τ + d sin(π/2−αt−θb)
c

) − fc

b
(29)

According to the law that the chirp signal frequency varies linearly with time, the
center frequency fb and wavelength λb of the target are:

fb =
ε(

∆τ + d sin(π/2−αt−θb)
c

) (30)

λb = c/ fb =
(∆τ · c + d sin(π/2− αt − θb))

ε
(31)

Based on the geometric relationship between the spaceborne SAR and the Earth, it is
easy to determine the slant range Rb of the target from the look angle θb. To sum up, in the
echo simulation of the F-SCAN SAR, the Doppler parameters fD, fR at the range gate Rb
need to be calculated with the instantaneous wavelength λb obtained from Equation (31).

The azimuth reference function used in RCMC and azimuth compression processes
involves the instantaneous slant range R(ta; Rb), which is approximated as follows:

R(ta; Rb) =
√

Rb
2 + Vr2 · ta2 − 2RbVr cos ϕr · ta + . . . (32)

It is necessary to acquire the effective radar velocity Vr and effective squint angle ϕr
based on the Doppler parameters of each range gate. The relationship among them is
as follows:

Vr =

√(
λb fD

2

)2
+

λb fRRb
2

(33)

ϕr = arccos
[
−λb fD

2Vr

]
(34)
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It should be noted that the F-SCAN SAR data is imaged in the range-frequency domain
in this paper, which leads to a certain conversion relationship between the focused position
of the signal and the actual slant range of the target. It is necessary to find the matched
Doppler parameters according to the range frequency of the focused position. According to
Equation (18), after range compression, the position fr0 of the signal on the range spectrum
has the following relationship with the slant range R0:

fr0 = −2b
c

(
R0 − Rre f

)
(35)

In other words, the signal focused at the range frequency fr0 is actually the echo of
the target with slant range R0. In the azimuth correlation operation, the slant range of the
target must be determined from its actual focused position on the range spectrum to obtain
the matched Doppler parameters of this range gate, and then update the azimuth reference
function along the range–frequency axis.

5. Simulations and Results
5.1. Transmitted Signal Based on the STCA

Simulation experiments are performed to verify the spatial scanning effect of the
proposed transmitted signal model, including the relationship between the pencil beam
pointing angle and time, and the far-field synthetic antenna pattern in some directions.
Table 1 shows the parameters of the STCA and the reference chirp signal utilized in
the simulation.

Table 1. Simulation parameters of the STCA and chirp signal.

Parameter Value

Number of sensors 51
Relative time offset (ns) −0.1

Spacing between adjacent sensors (m) 0.06
Pulse duration (us) 180

Center frequency (GHz) 10
Chirp bandwidth (MHz) 1400

The antenna patterns synthesized at angles −1◦, 0◦, and 1◦ are shown in Figure 6a–c,
respectively. It can be seen that the point target in the direction of angle −1◦ is illuminated
by the pencil beam and receives high energy earlier, followed by the targets at angles 0◦

and 1◦ in turn.
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The relationship between the pencil beam pointing angle and time is given in Figure 7,
where the beam direction varies approximately linearly with time. It is well known that the
frequency of the chirp signal changes linearly with time, which allows for the frequency
scanning effect described in the F-SCAN principle.
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5.2. Echo Compression and Imaging Results for the Point Targets

To verify the feasibility of echo compression and the effectiveness of the proposed
imaging algorithm, F-SCAN SAR echoes from point targets at different range cells are
obtained through a simulation experiment to analyze the echo compression effect. Then,
the raw data is processed with the proposed imaging algorithm and the focused result is
presented. The parameters of the STCA and transmitted signal are the same as in Table 1.
The radar system parameters are displayed in Table 2.

Table 2. Radar system parameters.

Parameter Value

Orbit height (km) 514
Antenna tilt angle (◦) 60

Observation mode Stripmap
Azimuth antenna (m) 4

Pulse repetition frequency (Hz) 4000
Range antenna the STCA

Range sampling frequency (MHz) 1500
The length of the receive window (us) 22

The layout of point targets T1, T2, and T3 in the ground scene are depicted in Figure 8,
where they are located at different range gates.
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The echoes received by the radar from point targets T1, T2, and T3 are given in Figure 9.
From Figure 9a, it can be seen that their amplitude peaks are aligned at the same range
time, indicating that echoes from a certain azimuth direction can reach the receiver almost
simultaneously, which means echo compression occurs and verifies Figure 3. In Figure 9b,
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the echo spectra from different range targets are at different range positions because the
pencil beams pointing in different directions have various center frequencies. Each point
target receives only a portion of the total transmitted signal, so the bandwidth of an echo is
smaller than the entire transmitted bandwidth.
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Perform a dechirp operation on the raw data and then perform the range Fourier
transform to obtain the range compressed data, as shown in Figure 10. It should be noted
that the residual linear phase of the echo after the dechirp operation makes the signal shift
in the range-frequency domain, which is opposite to the actual position, so the focused
result is mirrored about the range direction. The partial magnification of the image shows
that the target trajectory obtained by the range compression is a curve and the RCMC
is necessary.

The focused image after RCMC and azimuth compression is obtained by the cor-
relation operation between the echo data and the azimuth reference function, which is
updated with the slant range. The results obtained by extracting the partial data centered
on the focal points and expanding by a factor of 16 are shown in Figure 11. The evaluation
results for the focused targets are listed in Table 3. It can be seen that three targets are
well focused and their 2-D contours are standard. The range profiles and azimuth profiles
are consistent with the theoretical results, and the peak sidelobe ratio (PSLR) is less than
−13 dB. There are slight distortions in the azimuth profiles in Figure 11, which are caused
by a slight mismatch in the Doppler parameters in hybrid correlation processing in the
range-frequency domain. Moreover, it can be observed from Table 3 that the deterioration
of the impulse response width (IRW) is less than 2.5% in the range direction, and less than
1.2% in the azimuth direction. The simulation results for the range compressed data and
focused data show that the proposed algorithm is effective; it can separate the compressed
echo and realize the focus of the point targets at different range cells.

Table 3. The evaluation results for the point targets.

Target ID
Range Azimuth

ρr(m) ρr,t(m) 1 PSLR(dB) ISLR(dB) ρa(m) ρa,t(m) 2 PSLR(dB) ISLR(dB)

T1 1.596 1.565 −13.018 −9.810 1.636 1.641 −13.144 −10.002
T2 1.584 1.565 −13.143 −10.010 1.642 1.641 −13.285 −10.000
T3 1.605 1.565 −13.007 −9.636 1.663 1.641 −13.097 −9.953

1 ρr,t represents the theoretical ground range resolution, and ρr,t =
0.886c

2(b·τw) sin η
. 2 ρa,t represents the theoretical

azimuth resolution.
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(a1–a3) The results for the point target T1. (b1–b3) The results of the point target T2. (c1–c3) The
results of point target T3. The results have been oversampled by a factor of 16 to show more details.

5.3. Imaging Results for the Surface Target

Echo simulation and imaging processing of the distributed target are performed to
further validate the effectiveness of the proposed algorithm. The real SAR image acquired
by the GF-3 satellite in China is used for the surface target scattering characteristics. The
red rectangular area in Figure 12 is selected for echo simulation. For real SAR systems,
the scattering coefficients of the scattering elements in the scene are complex numbers
containing amplitudes and random phases. Therefore, random noise is added to simulate
the real echo data in the simulation experiment of the distributed target, which can also
avoid the variation in the signal amplitude caused by the interference phenomenon in
the imaging results. The addition of noise is implemented by adding random phases of
[0, 2π) to all the scattering elements in the scene. The echo of the F-SCAN SAR is obtained.
The raw data is processed with the conventional chirp scaling (CS) algorithm [33] and the
proposed algorithm, respectively. The imaging results are shown in Figure 13. The result in
Figure 13a exhibits aliasing as a result of inadequate range time, where signals within the
green solid rectangle are folded into the green dashed area, and signals within the orange
solid rectangle are aliased into the orange dashed area. The aliasing effect causes certain
targets to focus on incorrect positions and overlap with other targets, preventing accurate
observation. The novel algorithm proposed in this paper successfully avoids this problem,
as shown in Figure 13b, and there is a large enough bandwidth in the range-frequency
domain to deal with a wider swath.
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Figure 13. Imaging results for the simulated echo. (a) The result from the conventional chirp scaling
algorithm. (b) The result from the proposed algorithm (after flipping left and right).

6. Discussion

In this paper, the proposed imaging algorithm successfully separates the compressed
target echoes and avoids range aliasing. The range focused result is obtained directly by
performing a dechirp operation and a range Fourier transform on raw data, which is easy
to operate and does not require spectrum splicing or bandpass filtering. The computational
complexities of the proposed algorithm and the modified Omega-K algorithm in the
paper [16] can be summarized by Equations (36) and (37), respectively:

(K + 1)Nr Na +
1
2

NaNr log2 Nr +

(
K
2
+ 1
)

Nr Na log2 Na (36)

1
2

NaNr log2 Nr + (K + 1)Nr Na +
1
2
(Nr + MNBPF)Na log2 Na +

1
2

MNaNBPF log2 NBPF (37)

where Na and Nr are the numbers of the azimuth and range sampling points, respectively,
K is the length of the interpolation kernel, NBPF is the length of the range-frequency
bandpass filter, and M is the number of range cells of interest in the modified Omega-
K algorithm. With the number of samples in Table 4, it can be calculated that the total
computational burden of the proposed algorithm is 3.80× 1010, and that of the modified
Omega-K algorithm is 1.38× 1013. The computational efficiency of the proposed algorithm
is 362 times higher than that of the modified Omega-K algorithm, and it significantly
improves the data processing speed.

Table 4. Parameter configuration.

Parameter Na Nr K NBPF M

Value 8192 32,768 16 4096 32,768

7. Conclusions

In this paper, the far-field synthetic antenna pattern model formed by combining the
space–time coding array with an up-chirp signal is constructed and used as the transmitted
signal in the F-SCAN SAR to achieve the frequency scanning effect. Each channel in the
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STCA transmits an identical linear up-chirp waveform with a fixed transmission delay. The
mathematical model of the synthetic signal in a certain direction is derived. The synthetic
signal magnitudes in several directions are displayed in the simulation results, which
verifies the scanning effect of the synthetic beam. A plot of the beam pointing angle versus
time is presented, which is approximately linear.

Combined with the established transmitted signal, the mathematical model of the
F-SCAN SAR echo is derived. The positions and phases of the compressed echoes from
different range cells are then analyzed. An imaging algorithm based on the hybrid cor-
relation algorithm is proposed to process the F-SCAN SAR data. The raw data is first
processed by a dechirp operation. Then, the range Fourier transform is performed to obtain
the range focused result, in which the compressed echoes are successfully separated due to
the residual linear phase in the range-time domain and target aliasing is avoided due to
the sufficiently large range sampling frequency. Then, the applicable azimuth reference
function is constructed to correlate with the echo data, implementing RCMC and azimuth
compression. The azimuth reference function must be updated with the range sampling
unit. The mathematical relationship between the beam pointing angle and time is estab-
lished to obtain the instantaneous wavelength of the received signal from the target with a
given slant range. The method for obtaining matched Doppler parameters is given, where
the actual slant range is calculated according to the focused position of the point target in
the range-frequency domain. The simulation results suggest that echoes from various slant
ranges reach the receiver at the same range time, implying that the proposed transmitted
signal model can achieve echo compression with reasonably chosen system parameters.
The range compressed result and the analysis of the focused results verify that the proposed
imaging algorithm can recover the relative positions of the signals from different range
targets and achieve a precise focus on the point targets. Focused results on the surface
target demonstrate that the proposed algorithm can effectively avoid range aliasing. The
focused image is the result of a mirror image of the range direction.
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Appendix A

The derivation process from (7) to (8) is given below.
According to the sifting property of an impulse, (7) can be converted into:

M(t, β) =
M

∑
m=1

g(m− M + 1
2

) =
M

∑
m=1

+∞∫
−∞

g(x)δ
[

x−
(

m− M + 1
2

)]
dx (A1)

where:

g(x) = exp

{
−j2π( fc + bt)x

(
∆τ +

d sin β

c

)
+ jπbx2

(
∆τ +

d sin β

c

)2
}

(A2)



Remote Sens. 2023, 15, 4276 19 of 21

Let y = ( fc + bt)
(

∆τ + d sin β
c

)
, then M(t, β) can be rewritten as:

M(t, β) =

∞∫
−∞

(
M

∑
m=1

δ

[
x−

(
m− M + 1

2

)]
· exp

{
jπb
(

∆τ +
d sin β

c

)2
x2

})
· e−j2πxydx (A3)

The integration of the outer corresponds to the Fourier transform, where x represents
time, and y represents frequency. According to the property of the Fourier transform, the
multiplication in one domain is equivalent to convolution in another. The above expression
is equal to:

M(t, β) =

∞∫
−∞

M

∑
m=1

δ

[
x−

(
m− M + 1

2

)]
· e−j2πxydx⊗

∞∫
−∞

exp

{
jπb
(

∆τ +
d sin β

c

)2
x2

}
· e−j2πxydx (A4)

The above two Fourier transforms can be solved separately by using the shifting the
property and the principle of stationary phase (POSP). The result is:

M(t, β) =
M

∑
m=1

e−j2π(m−M+1
2 )y ⊗ e

−jπ y2

b(∆τ+
d sin β

c )
2

(A5)

Summing the series at the first term gives:

M(t, β) =

[
sin πMy

sin πy

]
⊗ e−jπy2/[b(∆τ+

d sin β
c )

2
] (A6)

The convolution is calculated by means of continuous function integration, and the
following can be obtained:

M(t, β) =

∞∫
−∞

sin Mπx
sin πx

· e−jπ(y−x)2/[b(∆τ+
d sin β

c )
2
]dx (A7)

In this formula, the phase varies slowly near the stationary point x = y = ( fc + bt)(
∆τ + d sin β

c

)
, but it varies rapidly at other positions, and the amplitude is slowly varying

relative to the phase, allowing the integral to be solved using the POSP. The phase part
obtained is exactly 0, and the final expression is:

M(t, β) =
sin[Mπ(∆τ · c + d sin β)/λ(t)]

sin[π(∆τ · c + d sin β)/λ(t)]
(A8)

where the instantaneous wavelength is λ(t) = c
fc+bt .
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