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Abstract—The signal processing technologies of synthetic aper-
ture radar (SAR) have been vastly studied as diverse measure-
ment modes for various applications. One of the technologies is
Video-SAR (ViSAR). It is a land-imaging mode where a sequence of
images is continuously formed on the spotlight mode. We propose
a new signal processing method to generate the multi-frames of
ViSAR using Doppler shifting technique via sub-aperture process-
ing. The method is based on our designed wide-angle antenna,
which is a corrugated horn shape with low side lobe and Gaussian
beam pattern. This wide-angle antenna receives a wide Doppler
band along the azimuth direction. Based on the characteristics of
the antenna, we separate the wide Doppler band into each chirp
pulse signal. Each of these separated signals has a different center
time. Through each chirp pulse signal in Doppler domain, the
proposed method generates each frame of video at a high frame
rate. The proposed ViSAR processing can show high efficiency with
low computation and without a fixed coordinate system. Moreover,
it can also visualize a wider area on stripmap mode than the
conventional ViSAR mode, and can derive the video results based
on Range Doppler Algorithm (RDA). These advantages can lead to
reduce economic costs and simplify the operating ViSAR system.
We have performed the practical experiments using X-band chirp
pulse SAR system mounted on an airplane to verify the proposed
method.

Index Terms—Airborne SAR, Sub-aperture processing, ViSAR,
Wide Angle Antenna, Doppler shifting technique.

I. INTRODUCTION

IN ORDER to overcome the disadvantages of optical surveil-
lance system, which is greatly influenced by climate chang-

ing and the brightness of light, SAR has been studied as a
solution for accurate detection. The reason is that SAR is able
to monitor the area of interest throughout day and night under
all weather conditions. In addition, the SAR can be diversely
applied depending on the purpose, such as a stripmap mode (or
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standard mode), a spotlight mode (or high-resolution mode), a
scan mode, enhanced mode, etc. In the recent research of SAR,
ViSAR has been studied for monitoring the area of interest
and moving target detection in real-time. In contrast to the
conventional SAR image, which focuses on a specific area at
a time, ViSAR shows the video image using SAR measurement
along the sequential time. Moreover, ViSAR is mostly used to
sense a scene of interest while the airborne radar platform is
either flying by or circling it in spotlight mode [5], [13], [19],
[20]. An airborne radar platform for ViSAR is widely used in
military service and space science fields. It is the most effective
method than other SAR platforms (e.g., automobile, satellites)
in scouting and detecting the area of interest in the air without
the restriction of movement.

One of the method for ViSAR processing is to generate sub-
apertures for producing frames of video with a fixed coordinate
system [31]. Sub-aperture in ViSAR have the advantage to avoid
the duplication of signal processing in each frame and hence
it reduces the computation complexity. And it can be applied
into diverse fields by finding the information of the signal in
the sub-aperture [17], [18], [29]. However, there still requires
an enormous amount of computation to generate all frames, as
the number of scenes in video increases. In order to arrange the
continuous frames of ViSAR from sub-aperture, all of frames are
constructed with the same resolution and image quality based on
a fixed coordinate system such as the common ground output co-
ordinate system (GOCS) [5] and local output coordinate system
(LOCS) [3], [5]. The coordinate system is also used for SAR
imaging process in range-Doppler domain, which is verified
between the scene center and the aperture center with range
direction. However, there are still some issues and additional
process [22], [23] to be supplemented in geometric correction
for consecutive images [26], [27]. Moreover, ViSAR systems
form an image in a fixed ground coordinate system and provide
feasibility and flexibility with arbitrary flight formation by ap-
plying back-projection (BP) algorithm. It has the advantage of
persistent sub-aperture processing [18], [20]. However, BP algo-
rithm requires the large amount of computation overhead in SAR
signal processing due to the azimuth-wise interpolation loops
and pixel-wise accumulation loops therein. To overcome the dis-
advantage of general BP algorithm, fast back-projection (FBP)
[19]–[21], [24] and fast-factorized back-projection (FFBP) [25]
have been studied for simple and efficient signal processing.
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In this paper, we have proposed a new signal processing
method to generate the frames of ViSAR on airborne SAR
platform, using the multi-segment application without a fixed
coordinate system, i.e. Doppler shifting technique. In other
words, we separate the received Doppler frequency band of each
chirp pulse signal by the shifted windowing technique. To obtain
more frames in the proposed method, it is advantageous that
SAR raw data have a wide Doppler band along the azimuth
direction. Therefore, we design a wide-angle antenna, which
has a Gaussian-beam pattern with low side lobes. In general, the
azimuth and range data are neither processed nor compressible
in the frequency domain without an arrangement of each frame.
However, we apply this method to extract the frames for ViSAR
only by separating the received Doppler band and it shows that
each frame has a different center time [34], which indicates the
time order of the video image. In addition, the results can be
generated without a fixed coordinate system in each frame. It also
leads to a high frame rate of ViSAR. In other words, the proposed
method offers a convenient signal processing with a high frame
rate as compared to other conventional methods [5], [12], [18],
[20]. This method executes a multi-frame signal processing,
based on a Range Doppler Algorithm (RDA). Although the
conventional RDA uses a serial process, we improve it to the
parallel process for the proposed ViSAR signal processing. And
RDA can reduce the amount of computation as compared to BP
algorithm for ViSAR. While the required operation number of
traditional BP algorithm is proportional to N3 [20], traditional
RDA requires the amount of 5N. It can lead to increase speed
and be a better approach to implementing real-time processing
technology in future work. To verify our proposed method, we
have performed experiments using an airborne X-band radar
system to obtain ViSAR raw data. With the benefit of wide
scanning and multi-segment of Doppler shifting technique on
an airplane platform, we were able to arrange successive frames
along the azimuth direction, called as time-sequential images
[2]. To that end, we have proposed a new frame construction
for ViSAR, which is a shifting the Doppler window from
sup-apertures and improve the efficiency and performance of
the signal processing. Moreover, the proposed method has the
advantages that we can obtain ViSAR in an easy-to-use stripmap
mode, which is standard operating SAR mode. And also, we
can apply it to real-time observation with a small amount of
computation which can achieve reducing economic costs with
minimizing the constraints of the target frequency band. Thus,
reducing the burden on hardware system design.

This paper organized as follows. Section II introduces the
fundamental theory of RDA processing for SAR. Section III pro-
vides a new frame construction scheme for ViSAR on airplane
platform. Section IV presents the processed results to verify the
proposed technique in the practical experiment with the designed
wide-angle antenna. Finally, we demonstrate the conclusions for
the proposed method in Section V.

II. SAR SIGNAL ANALYSIS MODEL IN RDA

The RDA is one of the methods to compress a SAR raw data
using the matched filters of the range direction and azimuth

Fig. 1. Airborne-SAR flight mode for chirp pulse radar.

Fig. 2. Conventional Range Doppler Algorithm.

direction. As shown in Fig. 1, RDA has been used in a stripmap
mode with chirp pulse signals. The basic signal processing of
RDA consists of range and azimuth compressions, and range cell
migration (RCM), as shown in Fig. 2. The estimation method
of Doppler signal can also be applied to obtain high-resolution
images in SAR experiment. Although the image quality caused
by the Doppler frequency variation is insignificant for the
ground experiment (Automobile-SAR), it is critical to estimate
the accurate Doppler frequency in the case of airborne and
spaceborne SAR. The reason is that fast measurement speed
and large distance from the target to radar cause an inaccurate
change in Doppler chirp band [1]. Therefore, it is important to
estimate Doppler chirp pulse signal, using the magnitude and
phase information of received signal from the algorithm such as
average cross-correlation coefficient (ACCC), multi-look cross-
correlation (MLCC) and multi-look beat frequency (MLBF) [1],
[2]. The received chirp pulse signals in the range and azimuth
directions, respectively, are described as follows:

Srange (τ, η)=Arωr

[
τ − 2R (η)

c

]
e

j4πf0R(η)
c ejπKr[τ− 2R(η)

c ]
2

(1)

Sazimuth (τ, η) = Aaωa (η − ηc) e
j2πfηc (τ)ejπKa(τ)η

2

(2)
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where, τ and η are the range and azimuth time, respectively. ωr

and ωa are the window functions of each chirp pulse signals, Ar

and Aa are the amplitude, f0 and fηc
are the center frequency of

chirp pulse signal, andKr andKa are the chirp rate of the signal.
In the previous sentence, subscript r and a stand for range and
azimuth direction, respectively. R(η) in (1) is the instantaneous
slant range. For the range matched filter, the system parameters
such as center frequency and chirp rate of pulse signal are
used to compress the raw data in the range direction. Likewise,
after RCM of SAR data, the performance of resolution for the
matched filter in azimuth direction can be determined according
to Ka and fηc

. Hence, based on RDA signal processing [1], the
final SAR image signal, Sfinal(τ, η) is derived as follows:

Sfinal (τ, η) = A0pr

(
τ − 2R0

c

)
pa (η) e

(−j
4πf0R0

c )ej2πfηcη

(3)
where, R0 is the distance of the first signal in range-direction.
As an airplane platform for SAR, the errors of the matched filter
in azimuth direction are vulnerable by the SAR measurement
environment such as actual speed, changing rate in distance from
the radar to target, and motion vibrating conditions. Whereas,
the matched filter of range direction is verified accurately from
the transmitted system parameter and the loop-back chirp pulse
signal. Therefore, it is more important to estimate the accurate
‘matched filter’ in the azimuth direction (Doppler direction) than
the range direction. In other words, accurate estimation results
lead to the high quality of the video frames from the received
Doppler band. For this reason, we focus on the accurate estima-
tion method to obtain a clear ViSAR image from a wide-Doppler
band.

III. PROPOSED VISAR GENERATION SCHEME THROUGH

MULTI-SEGMENT APPLICATION

This section describes the proposed technique that is well
suited in ViSAR signal processing. The conventional ViSAR
creates the video image using a type of BP algorithm in spotlight
mode with a coordinate system and sorted raw data in chronolog-
ical order. In this paper, we generate the multi-segment frames of
ViSAR by estimating Doppler parameters and applying them to
Doppler shifting technique. It is operated on RDA while the radar
platform is flying by side looking at the scene. To demonstrate
our proposed process, we will explain the overall process of
technology at III-A. And then, at III-B, the important mathe-
matical Doppler formation in received data is analyzed before
understanding the proposed method. At III-C, we describe the
generation method of the final ViSAR image processing, based
on the analysis of III-B.

A. Overall Progress of Proposed Method

Different from the conventional processing method for
ViSAR, we present a modification of the RDA algorithm suitable
for ViSAR. To apply this modified RDA in ViSAR, the first step
is to fabricate a wide-angle antenna as shown in Fig. 3. This
antenna is properly designed to have a wider beam angle with low
side level than a conventional SAR antenna. In SAR processing,

Fig. 3. The radiation pattern of the proposed antenna for wide-angle at X-band.

the total beam angle of antenna is related to the resolution of
an image, quadratic phase error, and interference of unexpected
signal. Therefore, the narrow beam angle of antenna improves
the performance of SAR processing in general. However, this
type of antenna has limitations in narrowing the measurement
range and producing multiple scenes of ViSAR. In this work,
we have generated multiple frames using an antenna with a
wide beam angle, by utilizing its wide Doppler band. The
following sections B and C will introduce how to generate the
frames in detail. Therefore, we designed a new antenna with
a wide-angle and low side lobe to minimize the disadvantage
of a general wide-angle antenna. In particular, our designed
antenna can receive clear Doppler information, since the low
side lobe level reduces the interference from an unexpected
direction. In addition, it causes expanding the available angle
of aperture due to low sidelobe gain. Fig. 3. shows the radiation
pattern of the proposed antenna. Thus, the raw data, which have
various Doppler information from a wide-angle antenna, can
be processed to multiple frames for the video image. Fig. 4
illustrates the phenomenon caused by the expansion of the
antenna beam angle. In a squint mode, Doppler bandwidth from
the antenna can be described as follows [1]:

Δfdop =

∣∣∣∣2Vs cos θs
λ

θbw

∣∣∣∣ (4)
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Fig. 4. Geometry of airborne-SAR with wide-angle antenna.

Fig. 5. Block diagram of the Proposed ViSAR algorithm based on RDA.

where θbw is the 3-dB width of the antenna beam width, θs
is squint angle for measuring the target, Vs is the velocity of
the measurement platform and λ is the wavelength of center
frequency in the chirp pulse signal. Equation (4) indicates that
the expansion of the antenna beam width can be proportional to
the wide Doppler frequency band. Thus, to utilize the received
data from a wide-angle antenna, we need to study an accurate
Doppler estimation method to separate the wide Doppler band as
one of the segments for the frame of ViSAR. In our case, Doppler
data are received as several superimposed chirp pulse signals
because of the wide reception range of the antenna, shown as
Fig. 6(a). Therefore, we need to apply an accurate estimation
algorithm for the separation of the received Doppler data along
each azimuth direction. Accurate estimated Doppler parameters
become an important foundation to generate the frames of video
in our proposed method. Among the various Doppler estimation
methods, we utilize the modified ACCC and MLBF algorithm
with the weighted window for generating each sub-frames. For
this reason, in the received signals by our wide-angle antenna,
Doppler chirp pulses can be represented by the sum of equation
(2) in the azimuth direction, shown as (5):

sazimuth (τ, η) =
m∑

n=1

Aaωa (η − ηc) e
j2πfηc (τ,n)ejπKa(τ,n)η

2

(5)

Fig. 6. (a) The characteristics of received bandwidth 1) from the conventional
antenna and 2) the proposed antenna with wide-angle, (b) the separated chirp
signals in wide-angle of antenna.

where, ‘n’ is the Doppler chirp number along the azimuth
direction and ηc is the beam center offset time. Doppler chirp
pulse signal is approximate as exponentials based on the Doppler
centroid frequency and Doppler Chirp rate. As the squint angle
of antenna changes, the relative range of the radar and target
on the same platform also changes. Thus, the Doppler centroid
frequency and the Doppler chirp rate are defined in (6) along
the azimuth direction, respectively. Also, in Fig. 6(b), we illus-
trate the picture of Doppler chirp signals through a wide-angle
antenna.

fηc
(τ, n) =

2Vs sin
(
θs(n)

)
λ

,Ka (τ, n) ∼=
2V 2

s cos
3θs(n)

λR0 (τ)

n=1, 2, 3, 4,· · ·(shift order along the azimuth direction)
(6)

where, R0(τ) is the slant range along the range sample time.
These parameters are important to explain the multi-segment
application method for generating the frames of ViSAR. In other
words, each Doppler chirp pulse signal generates each frame of
video through the Doppler shifting technique. Fig. 2 and Fig. 6
show the analysis difference between the conventional method
and the proposed method. We will describe the detailed genera-
tion process in Section III-B and III-C. Additionally, considering
the residual phase error in the estimated Doppler information,
the cross-correlation technique [6]–[8] is applied for the com-
pensation in each frame. After finishing the compensation, we
propose the modified process of RCM and azimuth compression,
based on the Doppler information. To help in understanding the
overall process, the proposed RDA algorithm is shown in Fig. 5.
After this section, we will introduce the formulations of the
method in Fig. 5, called Doppler shifting technique, in detail to
demonstrate the enhanced performance.

Authorized licensed use limited to: Korea Advanced Inst of Science & Tech - KAIST. Downloaded on September 08,2020 at 07:31:01 UTC from IEEE Xplore.  Restrictions apply. 



3994 IEEE TRANSACTIONS ON SIGNAL PROCESSING, VOL. 68, 2020

B. Doppler Formulation for ViSAR imaging

As mentioned above, one of the important points in the
proposed technique is to estimate and arrange each Doppler
frequency within the whole aperture of a wide-angle antenna.
This Section III-B is important to lead the parameters for the
azimuth-matched filter in the part of azimuth compression.
Therefore, as shown in Fig. 5, there are 8 steps before dividing
into a number of frames of ViSAR.

1) Pre-Processing: removing the interference signals caused
by transmitting and receiving antennas.

2) ACCC Processing: estimating Doppler centroid fre-
quency of each sub-aperture based on the modified ACCC
algorithm.

3) Range Compression: convolution between raw data and
range matched filter.

4) MLBF Processing: Measuring the ambiguity of Doppler
frequency through the modified MLBF algorithm.

5) Cross-correlation Technique: Compensating the resid-
ual phase error in each Doppler chirp signal by cross-
correlation technique.

6) Range Cell migration with SRC: Range phase interpo-
lation with a squint-angle through RCM.

7) 2D windowing & Azimuth Compression: Convolution
the received Doppler signals with azimuth matched filters
along the azimuth angle in each sub-aperture.

8) In addition, the phase gradient algorithm (PGA) is
added in the case, the motion compensation is required
due to the unexpected measurement environment.

We estimate the Doppler parameters (by 2)the modified ACCC
and 3)MLBF) so that raw-data is separated into each frame
of ViSAR after 3)Range compression. And, based on these
estimated parameters, the process of generating a ViSAR image
will be described in 7)Azimuth Compression. Steps 1), 5), 6) and
8) are the additional procedures required to obtain high-quality
SAR images. Thus, we focus on how to generate the frames of
ViSAR in the proposed multi-frame signal processing as follow.

First, as shown in Fig. 6(a), the received signal is constructed
by the sum of the Doppler frequencies in a wide aperture of the
antenna:

s (τ, η) =

Aωre
j4πf0R(r,η)

c ejπKr[τ− 2R(r,η)
c ]

2∑
n

ωne
j2πfηc (τ,n)ejπKa(τ,n)η

2

(7)

We use a squinted equivalent range model in (7) to reduce the
error of relative distance between radar and target [9], [14]–[16].
The total slant ranges for Doppler band between airplane and
target in each sub-aperture can be expressed as

R (r, η) =
∑
n

√
r2 + (V η)2 − 2rV ηcosθn (8)

where r is the distance between the sub-aperture center and
target, θn is the corresponding equivalent squint angle, V is
the equivalent speed of an radar platform. Based on equation
(7), Doppler centroid frequency can be estimated by the ACCC
algorithm in the 2D-FFT domain. ACCC algorithm is one of

the developed methods for estimating the Doppler centroid
frequency. The advantage of the ACCC algorithm is that it can
estimate the phase difference without phase wrapping problem
[1]–[4]. The ACCC formulation is defined as the sum of the
correlation between two successive azimuth signals from raw
data. Since our designed antenna receives a wide Doppler band,
we estimated each center frequency of each interval in Doppler
domain. We construct the weighted signal in case of subsampled
data, as our main concept:

sn (η) = IFFT [windown {FFT (s (η))}]
(n = θ1, θ2, . . . , θn−1θn)

(9)

Each weighted signal by the window can be estimated at the
respective center frequency by the ACCC algorithm. In addition,
the interference of the overlapping signals can be minimized due
to the windowing sized by the calculated Doppler bandwidth [1].

Therefore, the ACCC algorithm, as follows (10), expresses
the correlation phase of the weighted signals:

∑
n

φaccc,n =
dφ (η)

dη
|η=η1,η2,η3···ηn

Δη

∑
n

f ′
ηc,n

=
PRF

2π

∑
n

φaccc,n

(n = θ1, θ2, . . . , θn−1θn) (10)

where f ′
ηc

is baseband Doppler centroid frequency and PRF
indicates abbreviation of ‘Pulse Repetition Frequency’. Δη is a
sampling interval,φaccc is the average phase increment, wrapped
within the interval (−π,+π]. Some results of the estimated
Doppler centroid frequency are shown as the orange line in
Fig. 7(a), which has an ambiguous signal. These ambiguous
signals occur when the frequency is generated beyond the band-
width of PRF. Therefore, after range compression, we estimate
the ambiguity number to recover the exact signals by MLBF
algorithm [1], [2], [4], [11], [12]. In the proposed method, we
need to modify the MLBF algorithm of FFT type [10] to estimate
the accurate ambiguity number in frequency domain.

∑
n

fabsolute,ηc,n
= −

∑
n

f0
Δfr

fbeat,n

(n = θ1, θ2, . . . , θn−1θn) (11)

where fabsolute,ηc
is absolute Doppler centroid frequency, Δfr

is a look size of chirp pulse bandwidth and fbeat is the beat
frequency from the MLBF algorithm. Processing MLBF al-
gorithm, we determine the parameters of the received signals
to introduce a beat frequency in equation (11). One of the
parameters is the cutoff look size of the signal. It needs to define
the size of a weighted windowing, considering the interference
of the surrounding signals. The power of the interested chirp
signal is similar to the unexpected peripheral signals. It leads
inaccuracy to estimate the beat frequency. Thus, we guard the
target signal with windowing from the interference of the unex-
pected peripheral signals. Based on experimental data, this study
estimates the beat frequency after 1) setting the look size to near
the peak energy and 2) cover the weighting function in each
look of chirp. The final step in the modified MLBF algorithm,
it chooses the significantly high magnitude sample to estimate
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Fig. 7. The result of Doppler centroid frequency from ACCC algorithm in
the measured data of practical experiment. (a) Comparison with and without
ambiguity, (b) Doppler centroid frequency after ACCC and MLBF processing,
and (c) Configuration of estimated Doppler signals with windowing in the
aperture of a wide-angle antenna.

the beat frequency. Fig. 8(a) and (b) show the results between
the conventional MLBF and the proposed MLBF, respectively.
It is clear that the beat frequency estimated by the modified
MLBF algorithm is a more accurate result than the conventional
MLBF algorithm. Doppler ambiguity number is determined by
the difference between baseband Doppler centroid frequency
and absolute Doppler centroid frequency [1]. Based on these
results, we can arrange the exact Doppler centroid frequency in
each chirp pulse band as follow:

∑
n

fηc,n
=

∑
n

(
f ′
ηc,n

+Mamb,nPRF
)

(n = θ1, θ2, · · · , θn−1θn)
(12)

where fηc
is Doppler centroid frequency of chirp pulse band,

Mamb is ambiguity number. To analyze the above equation, we
exploit the actual experimental raw data that will be verified
in the next section. Fig. 7(a) demonstrates that the estimation
process as shown by the blue line can recover accurate Doppler
centroid frequency. In Fig. 7(b), the estimated Doppler value
without the windowing shows a large deviation of 450 Hz, which
varies from 800 to 1250 Hz. The large deviation decreases the
quality of SAR image through RCM, secondary range com-
pression (SRC), and azimuth compression. Therefore, based on
our main concept, superimposed Doppler chirp pulse signals
can be estimated, having a deviation of about 20 Hz in the
bandwidth between 850 and 1250 Hz as shown in Fig. 7(c).
In other words, the estimated Doppler centroid frequencies of
each chirp pulse signal are obtained by shifting the window
through the polynomial fitting as shown in Fig. 7(b) and (c). In
this section, we show each Doppler band from the superimposed
signals from a wide-angle antenna to generate frames of ViSAR.
Fig. 9 shows one of the frames in ViSAR, comparing the results
with/without our proposed method. For the above reason, it leads
to large Doppler variation and each frame of ViSAR cannot
be focused accurately. Thus, the wide Doppler band can be
separated into the exact several bands. The estimated Doppler
signals are defined from (6) to the following equation:

fηc(total)
(τ)

=fηc
(τ, θ1)+fηc

(τ, θ2)+· · ·+fηc
(τ, θn−1)+fηc

(τ, θn)

=
∑
n

fηc
(r, θn)

n=1, 2, 3, 4,. . .(shift order along the azimuth direction)
(13)

where, θn is the beam angle in the wide-beam antenna, as shown
in Fig. 6(b). Based on the accurate Doppler centroid estimation,
it also requires to apply the exact Doppler chirp rate, Ka(τ, n)
under variable environmental conditions [3]–[5]. It leads the
expected resolution of each frame of video, using the azimuth-
matched filter that fits with each Doppler chirp pulse signal.
Shown as (6), the velocity of the airplane (Vs) is one of the key
parameters to introduce the Doppler parameters. Therefore, we
need to find accurate velocity in Doppler parameters to increase
the quality of SAR images. In this method, the incident velocity
in each Doppler band is different because each Doppler band
has a different incident angle of the antenna. In other words,
the correction of velocity is necessary to improve image quality
for each frame. To find the accurate Vs, the proposed algorithm
includes a cross-correlation technique for estimation Doppler
chirp rate in each frame. If S(τ, η) is a 2-D signal constructed
in range and azimuth, the cross-correlation function is defined
as follows [7], [8].

(sLook1 ∗ sLook2)(τn, η) def

∫ ∞

−∞
s∗Look1(τn)sLook2(τn, η+ω) dω

(n=1, 2, 3, 4, . . . ,maximum range cell)
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Fig. 8. Estimation of beat frequency in azimuth plane from overlapped Doppler band. (a) The conventional MLBF and (b) the proposed MLBF.

Fig. 9. Output frame of ViSAR using (a) accurate and (b) inaccurate Doppler
parameter estimation.

After the range compression, the cross-correlation function
divides the chirp pulse frequency into two looks (look-1 and
look-2) based on the Doppler centroid frequency. These looks
have different phase information, having Vs +ΔVerror [33].
To compensate for this phase difference, the cross-correlation
values between the two looks are compared until the smallest
correlation value is reached. The modification of velocity in
each range line optimizes the cross-correlation value to remove
ΔVerror. The final estimated Vs can be variable over a range,
such as a vector component. RCM, SRC and azimuth compres-
sion are performed by the Doppler parameters from the result of
the cross-correlation estimation.

In the next step, we introduced how the estimated Doppler
information in a wide-angle angle of antenna is arranged in
the time sequence of video and how to calculate the azimuth-
matched filters, which produce the frames of ViSAR based on
the estimated Doppler parameters. Finally, we will generate the
final ViSAR image via the proposed technique in detail.

C. ViSAR Imaging Process

After the Doppler estimation process to separate each chirp
pulse signals in the azimuth frequency band, we propose a way to
generate frames of ViSAR along the azimuth direction. Fig. 10
shows the principle and process for video frames according to
the antenna beam angle. In Fig. 10(a), the elapsed time between
the radar and target is proportional to the angle of an antenna
in wide beam width. It means that the angle of the antenna
(from ϑ1 to ϑ2) increases the elapsed time (t1 to t2) along
the azimuth direction. Thus, considering this phenomenon, the
Doppler parameters in equation (6) can also be redefined as a
function, which varies with time:

fηc
(τ) =

∑
n

f ′
ηc

(r, θ (tn)) =
∑
n

2Vs sin (θ (tn))

λ
,

Ka (τ, n) ∼= 2V 2
s cos

3θ (tn)

λR0 (τ)
n = 1, 2, 3, 4, · · · (shift order)

(14)

By this concept, the Doppler centroid frequency, which varies
with angle, follows the time sequence. Besides, the range equa-
tion of RCM (14) and the form of cross-coupling of SRC (16)
must be calculated with Doppler frequency changes, considering
a high order model caused by the high squint [1]. These processes
help to get high-quality images of the squinted raw data. It is also
the time-ordered equations as shown below:

∑
n

Rrd (fη (tn))−R0 = R0

∑
n

[
1−D (fη (tn) , Vr (τ))

D (fη (tn) , Vr (τ))

]

(15)

Hsrc (fτ ) =
∑
n

e
−jπ

f2
τ

Ksrc(R0,fη(tn)) (16)

To generate the sub-images of ViSAR, the azimuth-matched
filters for each Doppler chirp pulse signal are derived as shown
in the following equation:

Hazimuth (fη, tn) =
∑
n

ej
4πR0(τ)D(fη(tn),Vr(τ))fc

c (17)
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Fig. 10. (a) The elapsed time from the airplane to ground according to the angle (b) the process structure after the Doppler estimation.

where, fη is Doppler frequency, fc is the center frequency and
c is light speed, and D(fη(tn), Vr(τ)) is migration factor in
high-squint mode [1]. The convolution between the processed
signals and the azimuth-matched filters generate each desired
scene in time-order. It means that each Doppler chirp signal
is separated by the azimuth-compression. Thus, it produces
continuous frames of a video with a time sequence according
to the angles because each frame has a different elapsed time
[34]. To help understand the process, we describe the process
of generating frames in Fig. 10(b). As it makes Doppler chirp
bands according to the beam angles, we can separate them
from the total received Doppler frequency spectrum. Overlapped
Doppler chirp pulse bands in Part A are signal-processed into the
sub-images of Part B according to the angles of sub-aperture in
antenna. After part B, each sub-image produce frames of ViSAR,
through azimuth-compression. Under the results of part B, we
can reconstruct the frames as a continuous display. Continuous
display of images in Part C indicates ViSAR in the observed area.
In the end, we can apply the phase compensation algorithm,
called PGA [35], to minimize the phase error of the received
signal. However, in the verification experiment, PGA cannot
show a significant difference in the results because of the stable
measurement conditions in the airplane. Thus, this paper focuses
on the analysis of the proposed ViSAR frame generation method.
Nevertheless, a phase compensation algorithm is necessary at a
higher resolution SAR image and unstable measurement envi-
ronment.

In addition, analyzing the final results, we can also determine
the frame rate of ViSAR by our proposed concept as follow:

Frame rate = γnσres

∣∣∣∣2Vs cos θs
λ

∣∣∣∣ θbw 1

T0
(18)

where γn is the overlapping number, σres is azimuth resolution
andT0 is the exposure time of target in a wide-angle antenna. θbw
is a beam width that can be received by the antenna used in the
ViSAR experiment. The frame rate of (18) indicates how many
images can be generated in the area of interest for a second,
shown as Fig. 11. In the proposed multi-segment method, the

Fig. 11. The overlapped Doppler region for the area of interest.

frame rate is proportional to how many frames are overlapped
at the target during the exposure time (T0). Azimuth resolution
is a parameter that determines the interval between overlapped
Doppler bands. Moreover, it is also very important how much
the antenna for ViSAR can receive the signals from the target.
In our experiment, we can generate the high-frame rate (5Hz
at X-band in the airborne platform) in the desired wide band
based on the proposed method. It has a higher result than the
frame rate calculated by a typical equation in [5], [32] (2 Hz at
X-band in the same condition of the airborne platform). From
these results of the overall process, the proposed technique can
derive video SAR images efficiently at a high frame rate without
a fixed coordinate system.

IV. EXPERIMENT AND RESULTS

To evaluate the proposed algorithm, the X-band SAR system
is designed for the practical experiment. The X-band radar sys-
tem is commonly used for military and government systems. We
carried out the experiments on an airplane to observe the terrain
in the Republic of Korea such as fields, sea, and mountains.
Table I shows the specifications of the X-band SAR system for
the measurement of ViSAR. Based on the system, we cover
a 1.7 km in stripe range line by one-pixel resolution (0.5 m).
Simultaneously, each range resolution of a target is supported
by 0.75 m resolution. In azimuth direction, a one-pixel resolution
is 0.042 m and each azimuth resolution is supported by 0.15 m.

As shown in Fig. 12, two antennas are installed, one is for the
transmitter and the other is for the receiver, respectively. The
stop-and-go method produces the azimuth frames of a ViSAR
image. To prove the validity of the proposed technique in the
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TABLE I
X-BAND SAR SYSTEM SPECIFICATION

Fig. 12. The picture of SAR measurement setup: (a) Airplane appearance, (b)
inside view, and (c) outside view.

diverse experiments, we obtain the data at the flying height of
1 km, 1.2 km and 1.5 km for 1 hour and record the airplane
route by GPS, illustrated in Fig. 13(a) and (b), respectively.
Scene #1 and #2 are places to fly through the rice field and
small mountains, Scene #3 is the airfield, which has the moving
components and Scene #4 is the place for solar power plant. The
measured raw data of scene #1, #2, #3 and #4 are clear evidence
that the proposed method is valid for ViSAR processing.

After reviewing for missing signals in the received data, the
designed SAR system arranges and preprocesses the raw data
according to the format to decrease the noise. The received raw
data cubes are described in Fig. 14. The raw data consist of
18753 samples in each pulse and 17504 azimuth pulses. The
data, used for the proposed method, can be arranged uniformly

Fig. 13. (a) Flying path and (b) Flying height in practical experiment.

Fig. 14. Received raw data cube from the X-band SAR system.

Fig. 15. (a) The SAR data in time domain after range compression, (b) Range-
Doppler domain, and (c) time domain after RCMC, respectively.

without any missing samples. For accurate signal processing,
the proposed algorithm should be applied after converting it to
a range-Doppler domain. Then, Fig. 15(a) shows that the high
squint angle of antenna tilts the raw data after RC. Fig. 15(b)
in Doppler domain and (c) in time domain show the results of
compensating the squint phase through RCM and SRC based
on the proposed ACCC and MLBF algorithm. Finally, through
azimuth compression with the matched filters for each sub-
frames, we produce the outcome of ViSAR images as shown
in Fig. 16. It leads 5Hz frame rate in each video scene. As seen
in Fig. 16(a)–(d), it can be confirmed that the scenery in the area
of interest moves according to the time order. Since the radar
reproduces the actual observation in real time, we can observe
the area of interest in the video. Particularly from Fig. 17(a) to
(e), moving components in the white circle line can be observed
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Fig. 16. Final Video SAR image (5Hz frame rate): (a) Mountains and fields #1, (b) Mountains and fields #2, (c) Airfield #3, and (d) Solar power plant #4 in
Taean-gun, Republic of Korea.
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Fig. 17. The moving components in scene #3 (a) frame #1, (b) frame #13, (c) frame # 34, (d) frame #55, and (e) frame #90.

on the flight road of scene #3. Since each separated Doppler chirp
signal has a different center time, we can monitor the moving
targets whose position changes [34]. Along with each Doppler
signals, we can not only obtain a video of SAR image but also
detect moving targets. However, if a moving target moves more
than a certain speed compared to the SAR radar, a more advanced
algorithm is needed to detect it [34]. In future work, we will
improve the proposed method for a moving target, based on a
single channel GMTI algorithm [29], [30]. To summarize the
results so far, the proposed method on RDA can generate the
video images at a high frame rate and observe the moving targets
in an easy and less complex manner than other conventional
ViSAR techniques.

V. CONCLUSION

In this paper, we propose a new signal processing method to
generate focusing frames of ViSAR on the airborne platform
through the multi-segment application of Doppler shifting tech-
nique within wide Doppler bandwidth. The proposed technique
introduces the Doppler parameter estimation and Doppler shift-
ing technique to generate the frames of ViSAR. The proposed
focusing algorithm can work with a wide-angle antenna, which
can receive wide Doppler bandwidth. Since the wide Doppler
bandwidth has diverse information, we can also monitor the
wide area of interest along the azimuth direction. For multiple
processing of Doppler centroid frequencies, Doppler parameters
are utilized to construct the sub-frames in parallel through
the azimuth-matched filters. Based on the proposed Doppler
method, it is easy to handle and generate the images of video at
a high frame rate with low complexity and stable performance
without a fixed coordinate system. Moreover, we can apply it
in real-time ViSAR signal processing as implementing ViSAR
without changing mode or operating system. This process can

reduce the burden on the hardware system and the iterative
work, which makes each frame of video. Finally, we can obtain
clear video SAR images and observe the wide-interested area
than conventional spotlight mode. In addition, the real data
experiment also verifies the feasibility of this method in practice.
The combination of ViSAR and multi-segment application of
Doppler shifting technique with a wide-angle antenna could
make the synergy, which is attractive for an advanced ViSAR.
And, it can be applied even on other SAR platforms (e.g., au-
tomobile, satellite) and various operation mode (e.g., spotlight,
enhanced, scanSAR mode, etc.). In line with the global trend
of miniaturized satellites (CubeSat, MicroSat, etc.), this paper
suggests the possibility of developing a cheap cost & small size
system by applying the proposed signal processing. For further
research, the proposed method should be applied on GMTI for
the Doppler shifting technique to obtain the more accurate shape
of moving components in the frames of ViSAR.
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