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ABSTRACT In the process of synthetic aperture radar (SAR) data acquisition, aircraft are susceptible to
various disturbances during flight, resulting in the loss or destruction of azimuth echo data, which leads
to blurring of SAR images. To solve the problem of imaging blurring caused by missing data in azimuth,
an imaging algorithm integrated with spectrum reconstruction based on adaptive beamforming is proposed.
First, the multi-channel SAR azimuth missing data model is analyzed, and the multiple spatial freedoms
provided by the multi-channel SAR system are applied to construct the spatial domain filter. Second, spatial
adaptive beamforming is used for spatial filtering of each range-Doppler cell, and the spectrum of azimuth
random missing data is reconstructed. Finally, the reconstructed spectrum data is imaged using the polar
format algorithm (PFA). The point target simulation data and airborne multi-channel SAR real data are
separately processed under the condition of both random and uniform missing data. Compared with the
results of only PFA processing, the algorithm can eliminate false targets caused by periodic missing data and
significantly improve the serious defocusing of point targets caused by random missing data. The entropy
and the contrast of the real data image obtained by the proposed algorithm are improved by approximately

15% and 12%, respectively. The results verify the effectiveness of the algorithm.

INDEX TERMS
reconstruction.

I. INTRODUCTION

Synthetic aperture radar (SAR) is an active microwave
detection sensor capable of obtaining high-resolution, two-
dimensional images of the ground in all weather and all
times [1]. It has been widely used in both military and civilian
fields. Range pulse compression technology and azimuth
synthetic aperture technology are used in SAR to achieve
two-dimensional focusing imaging. The azimuth requires
long coherent accumulation to create a virtual aperture; there-
fore, aircraft is susceptible to various disturbances during
flight, which leads to the loss or destruction of azimuth echo
data. Based on the type of lost data, it can be divided into
periodic and random losses. The periodic loss of data mainly
exists in specific situations, such as rotor occlusion echoes
and specific working modes. The random loss of data is
more common, often resulting from active interference with

The associate editor coordinating the review of this manuscript and

approving it for publication was Xuebo Zhang

Multi-channel SAR, azimuth missing data, adaptive beamforming, spectrum

SAR radar, which can pollute and destroy the azimuth echo.
Incompleteness of azimuth echo data leads to the defocusing
of ground scene targets and seriously affects the imaging
quality. Therefore, addressing the issue of missing SAR data
in imaging is of great research value.

To address the problem of imaging ambiguity caused by
the lack of SAR azimuth echo data, many scholars have
begun to study and propose solutions. In [2], the interpo-
lation method combined with linear prediction was used
to complete the missing echo data, but the interpolation
method required continuous data blocks, while the amount
of missing data was small. In [3] and [4], Burg methods and
the least-squares method were used to calculate the predic-
tion coefficients, and then combined with the interpolation
method to recover the missing data. These algorithms are
sensitive to the prediction model and the signal-to-clutter
ratio. When the missing signal is relatively large, the recov-
ery of the missing data becomes exponentially attenuated,
resulting in the radar image still exhibiting ghosting. Broersen
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and Waeles [5] used the approximate maximum likelihood
predictor with an autoregressive (AR) model to recover miss-
ing data. This type of algorithm, based on the AR model,
is limited by model parameters. Owing to the lack of SAR
echo data, it is usually difficult to determine the model param-
eters, resulting in poor quality of reconstructed imaging.
In view of the shortcomings of parametric model methods,
some scholars have proposed nonparametric adaptive filter-
ing methods. These nonparametric algorithms mainly include
the gapped data amplitude and phase estimation (GAPES)
algorithm [6], [7] and the missing data iterative adaptive
algorithm (MIAA) [8], [9]. These two algorithms are highly
robust non-parametric missing data recovery methods based
on spectral estimation. However, when they are applied to
SAR, the problem of a large amount of data exists and
cannot solve the problem of spectrum ambiguity. In [10],
a method consists of phase compensation and recovering
raw data in range doppler domain via generalised orthogonal
matching pursuit to propose high-resolution SAR imaging
from azimuth periodically gapped raw data. Jiang et al. [11]
proposed a Sub-echo segmentation and reconstruction for
azimuth missing data SAR imaging algorithm to solve the
problem of incomplete echo SAR imaging. In [12], a method
based on the Richardson-Lucy deconvolution algorithm is
applied to spaceborne azimuth interrupted frequency mod-
ulation continuous wave SAR imaging to suppress ghost
targets. In [13], a novel SAR imaging method for mov-
ing target with azimuth missing data, which can estimate
and reconstruct the noncooperative moving target’s complete
echo from the azimuth incomplete echo based on its sparsity.
These methods solve the problem of SAR imaging with miss-
ing azimuth data from different angles and all have unique
advantages.

In recent years, some scholars have proposed the use of
compressed sensing theory to reconstruct missing SAR echo
data [14], [15], [16]. The compressed sensing theory of the
sparse optimization method shows that, under the condition
of for a sparse signal in a certain transform domain, the data
obtained below the Nyquist sampling frequency can be recon-
structed to recover the original signal. To address the problem
of high computational complexity in compressed sensing
SAR imaging algorithms, scholars have proposed a variety
of improved algorithms. Fang et al. [17] proposed a sparse
SAR imaging framework based on an approximate observa-
tional model. Yang et al. [18] proposed a two-dimensional
sparse sampling algorithm that uses range-block process-
ing to obtain a complete image. Duan et al. divided the
original missing strip data into multiple sub-apertures, recov-
ered each sub-aperture separately, and stitched them to
obtain strip data [19]. Kang and Kim proposed a novel
approach to compressed sensing SAR imaging based on
improved Tikhonov regularization coupled with an adaptive
strategy using iterative reweighted matrix to solve the com-
pressed sensing reconstruction problem of SAR images with
sparsity [20]. Kang and Baek presented an efficient compres-
sive sensing based SAR imaging integrated with autofocus
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technique to improve the quality of imaging [21]. Bi et al.
introduced sparse synthetic aperture radar imaging with
£1-norm regularization-based approximated observation
method to recover the large-scale considered scene for
down-sampled periodic data [22]. In [23], an incremental
SAR imaging approach based on estimating the sensing
dictionary matrix in the pursuit of sparsity is presented,
which can address the issue that the irregular loss of received
data and the nonuniformly under sampling yield the SAR
azimuth ambiguity (SAA) resulting in the degradation in
image quality. These improved algorithms for compressed
sensing theory greatly reduce the amount of data calculation
and improve computational efficiency.

Currently, the problem of recovering missing SAR echo
data is primarily addressed in the single-channel dimension
by using the algorithms mentioned above. Inspired by mul-
tichannel SAR digital beam-forming technology [24], [25],
[26], this paper introduces the problem of missing SAR
echo data recovery into multichannel SAR systems. Adaptive
beam-forming methods can be used for spatial filtering on
each range-Doppler cell, owing to the multiple spatial degrees
of freedom provided by the multi-channel SAR system. The
main lobe of spatial filtering is directed towards the direc-
tion corresponding to a spectral component while forming
nulls in the directions of other spectral components, thereby
isolating the Doppler spectrum component of that direc-
tion. After processing all the range-Doppler cells, the SAR
echo spectrum can be reconstructed, enabling high-resolution
imaging. To verify the effectiveness of the proposed method,
point target simulations and actual data processing were
performed for both periodic and random missing-data sce-
narios. The results show well-focused images, indicating that
the algorithm proposed in this study can effectively address
the problem of azimuth echo data loss in multichannel
SAR.

The remainder of this paper is structured as follows.
In Section II, a multi-channel SAR azimuth missing data
model is established. Section III introduces the spectrum
reconstruction algorithm based on adaptive beamforming,
and the signal processing chain of the proposed imaging
algorithm for multi-channel SAR azimuth missing data is
presented. Based on the research in the previous sections,
the processing results of the simulated data and real SAR
radar data are discussed in Section IV. Finally, the paper is
summarized and concluded in Section V.

Il. MULTI-CHANNEL SAR AZIMUTH MISSING DATA
MODEL

In an airborne multichannel SAR system, multiple receiving
channels are arranged along a track. The full aperture is used
to transmit signals, and all the receiving channels receive echo
signals simultaneously. In this study, it is assumed that the
multichannel SAR antenna array is a uniform linear array,
with N receiving channels and a carrier aircraft speed of v.
The transmitted signal of a multichannel SAR system can be
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expressed as defined by Equation (1).

s (t) = rect (Ti) - COS (271f0r + JTKr‘L'Z) €))
r

where fj is the center frequency of the transmitted signal, K,

is the frequency modulation slope of the transmitted signal,

T is the distance dimension time, 7, is the pulse repetition

period, and rect(-) represents a rectangular function as defined

in Equation (2).

rect (x) = [ L xI=05 )
0, else
Because multiple receiving antennas are arranged in a lin-
ear array, the echo signals from each receiving channel exhibit
a fixed time-delay phase difference. The range-Doppler
domain expression of the received echo signal for the mth
channel is given by Equation (3).

.
Sm (T fa) = 50 (T, ) - xp (’ ’Zx fd) 3)

where s (7, fz) is the echo signal received by the first receiv-
ing channel, x,, is the distance between the mth receiving
channel and the first receiving channel, and f; is the Doppler
frequency of the target, which can be expressed as show in
Equation (4).

2vsing - sinf

fa = T

where A is the wavelength of the radar-transmitting pulse,
¢ is the elevation angle of the radar beam pointing, and 6
is the azimuth angle of the radar beam pointing. Therefore,
there is a linear relationship between the Doppler frequency
and the sine value of the azimuth angle of the beam pointing.

When there is missing data in the azimuth direction, the
echo signal is modulated by multiple spectra in the azimuth
frequency domain, resulting in the echo signal of each
range-Doppler unit being superimposed by the echo signals
from multiple range-Doppler units with different azimuths.
The echo signal of the nth receiving channel can be expressed
using Equation (5).

“

k—1

sy (T fa) =D st fa+f) ~eXP(

k=0

Jj2m

Xn
(fa +fk)) (%)

v

where k is the number of times the spectrum is modulated and
fx is the kth modulated spectrum component.

Let the column vector ay (fy) represent the spatial steering
vector corresponding to the kth modulated spectral compo-
nent. Then, the column vector a; (fy) can be expressed as
show in Equation (6):

Jj2n

ar (fy) = [eﬂ%d(fd-i-fk), e Vnd(fd'i‘fk), o

; T
7 eﬂ”f\/d (fd-i-fk)]

(6)

where superscript T represents the rank operation and d is the
distance between two adjacent channels. The received data
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vector of the array can then be expressed in Equation (7).

x(t,fa) = A p (. fa) A (fa) +e(z,fu) 7

where e (7, f;) denotes the white noise component of each
receiving channel, and the expressions for A (f;) and p (7, fz)
are shown in Equation(8) and Equation(9), respectively.

A (fa) =lao (fa) a1 (Fa) -+, ak—1 (fa)] 8)
P f) = f) . p(T fa+fi), - p @ fa+fic))
)

IIl. SPECTRUM RECONSTRUCTION ALGORITHM AND
IMAGING ALGORITHM FLOW

A. SPECTRUM RECONSTRUCTION ALGORITHM PRINCIPLE
According to the signal model of the multi-channel SAR
azimuth missing data introduced in the previous section,
spectrum reconstruction can be achieved by adaptive beam-
forming technology using multiple degrees of freedom
provided by the multichannel SAR system. In the range-
Doppler unit, to extract the Doppler spectrum component
in a certain direction, the main beam of the array response
points in the direction corresponding to the spectrum com-
ponent, and beam nulls are formed in the directions of the
other spectrum component. Then, the Doppler spectrum fre-
quency in all directions can be reconstructed by processing
the range-Doppler units one by one. In spatial adaptive beam-
forming [27], the minimum variance distortionless response
(MVDR) beamformer proposed by Capon [28] is a typical
representative of beamforming algorithms that can be used to
solve the problem of spectrum reconstruction of multichannel
SAR data. The array weight vector of the Capon beamformer
is obtained using Equation (10).

(10)

minw (f7 + ) R (f1 + ) w (fa + fi)
subjectw (fz + fi)™ ar (fa) = 1

where the superscript H represents the conjugate rank opera-
tion, and R(z, fy) is the autocorrelation matrix of the received
echo data, as shown in Equation (11).

R (7, f1) = x(z, f2) x (z, f)? (11)

Combining equation (10) and equation (11), we can obtain
the weight vector, as shown in Equation (12):

R~ (v, f0) a ()
a! (f) RV (z, f) ax (fa)

The extraction of the kth Doppler spectrum component is
expressed by Equation (13).

w(fy +fx) = (12)

P fu+ 1) =w(fa + )" x(x.fa) 13)

The spectrum of multichannel SAR data can be recon-
structed after processing all range-Doppler units according
to Equation (13).
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B. IMAGING ALGORITHM FLOW FOR MULTI-CHANNEL
SAR AZIMUTH MISSING DATA

In this study, spatial adaptive beamforming technology was
used to reconstruct the azimuth spectrum, and the spec-
trum reconstruction was integrated into the Polar Format
Algorithm (PFA) imaging [29], [30]. The flowchart of the
algorithm is shown in Figure 1.

rawdata of the
Nth channel

rawdata of the
2th channel

rawdata of the
1th channel

channel error
calibration

Range pulse Range pulse | Range pulse
compression compression compression
Distance Distance | Distance
alignment alignment alignment
Missing data Missing data | ______ Missing data
zero-filled zero-filled zero-filled
Azimuth FFT Azimuth FFT Azimuth FFT
e ______________ B _ weight vector
: calculation
h e -
Doppler spectrum reconstruction of each range unit
/

2-D IFFT & Azimuth Interpolation & 2-D FFT & PGA

l

Well-focused SAR image

FIGURE 1. Flowchart of imaging algorithm for azimuth missing data.

The detailed steps are as follows:

1) Process the original echo data in the distance dimen-
sion, which includes channel error calibration, pulse
compression, and range alignment (interpolation and
phase compensation).

2) Set the missing or destroyed azimuth echo data to zero.

3) Azimuth FFT is performed on the echo data of each
channel obtained by preprocessing to obtain the range
Doppler domain image data expressed as (3).

4) The optimal weight vector of the MVDR beamformer
is calculated according to (8). Each Doppler component
is calculated according to (9), and then combined to
obtain the complete Doppler spectrum. The adaptive
reconstruction of the Doppler spectrum is performed
for each range unit.

5) A two-dimensional Fourier inverse transform is
applied to the resulting data of the fourth step,
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and then interpolation processing is performed in
the azimuth. The coarse-focused image is obtained
a two-dimensional Fourier transform. Finally, the
well-focused SAR image can be obtained by the phase
gradient autofocus (PGA) processing.

IV. SIMULATION AND REAL DATA PROCESSING

In this section, the effectiveness of the proposed algorithm is
verified by processing point-target simulation echo data and
multi-channel airborne SAR actual echo data. The robustness
of the spectrum reconstruction algorithm based on adaptive
beamforming was tested for two cases of azimuth periodic
missing data and random missing data.

A. SIMULATION RESULTS

First, we focused on processing the simulated data. The
SAR parameters are listed in Table 1. In the simulation
experiment, it was assumed that there were three point tar-
gets in the radar observation scene and had the same radar
cross-sectional area. The 2-D SAR original echo data of
4096 x 4096 pixels were obtained without adding noise.
We modified the echo data to periodically missing and ran-
domly missing by setting the pulse echo to zero periodically
and randomly, respectively.

TABLE 1. Parameters of the multi-channel SAR.

Parameter Value Units
signal wavelength 0.3 cm
signal bandwidth 500 MHz
sampling rate 600 MHz
pulse width 6 us
pulse repetition frequency 1600 Hz
airplane speed 120 m/s
transmitter antenna aperture 0.5 m
receiver antenna aperture 0.5 m
receiver antenna array length 1.5 m

1) PERIODIC MISSING DATA IMAGING RESULTS

In the simulation experiment of periodic missing data,
we extracted one pulse every three pulses and set
1365 azimuth pulses to zero. For this periodic missing data,
the azimuth spectrum in the range-Doppler domain is shown
in Figure 2, where the dotted line represents the azimuth
spectrum of the periodic missing data, and the solid line is the
azimuth spectra of the complete data. It can be seen that the
azimuthal periodic missing data cause the azimuth spectrum
to be modulated, and two spectra are superimposed on the
original spectrum. The imaging results for the azimuthal
periodic missing data are shown in Figure 3. Figure 3(a)
shows the image processed only by PFA, from which it can be
seen that each point target is modulated with two false targets,
and the false targets defocuses seriously. Figure 3(b) shows
the image processed by the proposed algorithm in which the
false targets are eliminated.

115105



IEEE Access

W. Song, Y. Yao: Imaging Algorithm for Multi-Channel SAR Azimuth Missing Data

0.035

0.025 - ‘V

0.02 | ik ﬂ;;l“ g
el |

Magnitude

0015 | ‘ g

0.01 - g

0.005 |- I |

0 . .
-800 -600 -400 -200 0 200 400 600 800
Azimuth frequency(Hz)

FIGURE 2. Azimuth spectrum of azimuth periodic missing data and
complete data.

(a)

(b)

FIGURE 3. Imaging results of periodic missing data by using different
algorithms. (a) Only PFA imaging result. (b) Imaging result of the
proposed algorithm.

2) RANDOM MISSING DATA IMAGING RESULTS
We randomly set 1365 azimuth pulses in the original
echo data to zero according to a uniform distribution. For
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this random missing data, the azimuth spectrum in the
range-Doppler domain is shown in Figure 4, where the dotted
line represents the azimuth spectrum of the random miss-
ing data, and the solid line is the azimuth spectrum of the
complete data. We can see that the azimuth spectrum of
random missing data is superimposed with multiple mod-
ulated spectra, and it becomes disorganized. The imaging
results of the azimuthal random missing data are shown in
Figure 5. Figure 5(a) shows the image processed using only
PFA imaging and autofocus, from which it can be seen that
each point target is seriously defocused in the azimuth direc-
tion. Figure 5(b) shows the image processed by the proposed
algorithm, in which the point targets are well-focused.

0.04 T T T

the complete data
-~ random missing data | _|

0.025

0.02

Magnitude

0.015

0.01

-400 -200 o 200 400 600 800
Azimuth frequency(Hz)

ot !
-800 600

FIGURE 4. Azimuth spectrum of azimuth random missing data.

B. REAL DATA PROCESSING RESULTS

In this section, the algorithm of this study is further verified
by processing the experimental data from the actual flight
of an airborne multichannel SAR. The main parameters of
the radar are as follows. The bandwidth of the transmitted
linear frequency modulation signal is 180MHz. Wavelength
is the 0.3 cm, the pulse repetition frequency is 1250 Hz,
and the sampling rate is 200 MHz. Similar to the simulation
experiment, the original echo data were modified to periodic
missing and random missing, and a total of 1365 azimuth
pulses were set to zero. For convenience of display, a part
of the azimuth echo at the scene center distance unit is shown
in Figure 6.

1) PERIODIC MISSING DATA IMAGING RESULTS

The imaging results for the periodic missing data are shown
in Figure 7. Figure 7(a) shows the results of using only
PFA imaging and autofocus, where the scene is blurred.
Figure 7(b) shows the result of periodic missing data pro-
cessing using the algorithm proposed in this paper, where
the image is clear and the target is well-focused. The isolated
strong target in the red box of Figure 7 was selected to analyze
the focusing performance of the strong point target. The
results are shown in Figure 8. we can see that compared with
the imaging results without doppler spectrum reconstruction,
after the doppler spectrum reconstruction algorithm process-
ing, the amplitude value of the point target increased from
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(a)

(b)

FIGURE 5. Imaging results of random missing data by using different
algorithms. (a) Only PFA imaging result. (b) Imaging result of the
proposed algorithm.

about 7 to 15, which proves that the image has a higher signal-
to-noise ratio and that focusing effect is greatly improved.

2) RANDOM MISSING DATA IMAGING RESULTS

The imaging results for the random missing data are shown
in Figure 9. Figure 9(a) shows the results of PFA imaging
and autofocus, and we can see that the target in the image
is seriously defocused. Figure 9(b) shows the results of ran-
dom missing data processing using the proposed algorithm,
where the scene is well-focused. The azimuth slice of the
strong-point target in Figure 9 (the same target at the red
frame position in Figure 7) is shown in Figure 10.

It can be seen that the amplitude of the isolated strong-point
target is approximately 4 in the results without Doppler spec-
trum reconstruction, which is almost equal to the amplitude
of other weak reflection scattering points around it. In the
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FIGURE 6. Part of the azimuth echo of missing 1365 azimuth pulses.
(a) Part of the azimuth echo with periodic missing data. (b) Part of the
azimuth echo with random missing data.

results processed by the algorithm in this study, the amplitude
value of the isolated strong-point target is approximately 15,
which is significantly higher than that of the other scattering
points around. The comparison of the two slices proves that
the proposed method can improve the imaging and focusing
effect of random missing data.

3) THE INFLUENCE OF THE NUMBERS OF MISSING DATA
ON THE IMAGING RESULTS

To further evaluate the performance of the proposed
algorithm and measure the effect of missing azimuth pulses
on the processing results, we randomly set 2730 azimuth
pulses to zero in the original SAR echo data. The SAR
images obtained using the proposed algorithm are shown in
Figure 11. It can be observed from the figure that the entire
image remains clear, but the overall brightness decreases.

The azimuth slices of the isolated strong-point target in the
imaging results of with 1365 missing pulses and 2730 missing
pulses are shown, as shown in Figure 12.

From the azimuth slices shown in Figure 12, we can
see that the targets are all well focused in both cases of
random loss of 1365 and 2730 pulses in the azimuth. How-
ever, the higher the number of lost pulses, the lower is the
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TABLE 2. SAR image quality comparison of different algorithms.

Entropy Contrast
Types of missing data Proposed Improvement Proposed Improvement
PFA - : PFA - .
algorithm ratio algorithm ratio
Periodic missing 44.8 38.0 15.0% 0.57 0.64 12.2%
Random missing 43.5 37.2 14.5% 0.58 0.63 8.6%
16 T T T T
‘ — — — — Without Doppler reconstruction
1al )\ With Doppler reconstruction
12+ ‘ b
10 -
Ei | 1
g’ I

(b)

FIGURE 7. Imaging results of actual periodic missing data by using
different algorithms. (a) Only PFA imaging result. (b) Imaging result of the
proposed algorithm.

signal-to-noise ratio of the target, which is also true in the-
ory. Therefore, in terms of image focusing performance, the
proposed algorithm is insensitive to the number of azimuth
pulse losses and has strong robustness.
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FIGURE 8. Azimuth slice of periodic missing data image.

C. QUANTITATIVE COMPARISON OF IMAGE QUALITY

To quantitatively evaluate the performance of the proposed
algorithm, we assessed the image-focusing quality based
on the entropy and contrast of the image. The calculation
equation for the entropy of a two-dimensional SAR image
is shown in Equation (14).

E() = — Z;Zl > Dig. kDA, k)

Here, Na represents the total number of azimuth pulses in
the SAR image, and Nr denotes the number of range cells
in the SAR image. D(q, k) is the scattering intensity density
of the image, as shown in Equation (14), where I(q, k) is the
intensity of each pixel of the SAR image.

(g, k)I?
S Y g, k)

It can be seen from Equations (14) and (15) that the clearer
the SAR image, the smaller the entropy value. The contrast
of an image is also an important indicator for measuring its
clarity. The contrast value of the well-focused SAR image
is relatively high, and the contrast value of the fully focused
SAR image reaches its maximum. The image contrast expres-
sion is defined by Equation (16).

o VBl @ 0? B @ 07
- E{l (¢. 01}

where E(-) is the expectation operator.

The entropy and contrast of the four images in Figure 7 and
Figure 9 were calculated and are shown in Table 2. It can be
seen intuitively from the data in the table that compared with

(14)

D(q, k) = (15)

(16)
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(b)

FIGURE 9. Imaging results of actual random missing data by using
different algorithms. (a) Only PFA imaging result. (b) Imaging result of the
proposed algorithm.
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FIGURE 10. Azimuth slice of random missing data image.

only PFA processing, the entropy of the image obtained by the
proposed algorithm for periodically missing data and random
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FIGURE 11. Imaging results for actual data with random missing
2730 pulses in azimuth.

Random missing 1365 pulses.
14k —— —— Random missing 2370 pulses | _|

Amplitude

140

Azimuth(m)

FIGURE 12. Azimuth slice of strong point target with missing different
number of azimuth pulses.

missing data are reduced from 44.8 to 38.0, from 43.5 to 37.2,
the improvement ratio is approximately 15 %. It can also be
seen that the contrast of the image obtained by the proposed
algorithm for periodically missing data and random missing
data are respectively increased from 0.57 to 0.64, from 0.58 to
0.63, the improvement ratio are respectively12.2%, 8.6%.
The improvement in the two image quality parameters further
indicates that the proposed algorithm can effectively improve
the focusing quality of SAR images.

D. ALGORITHM COMPLEXITY ANALYSI

The proposed algorithm recovers the damaged azimuth
spectrum through spectrum reconstruction, which is then
integrated into PFA imaging. Therefore, compared with the
PFA algorithm, the increased computational complexity is
mainly due to spectrum reconstruction. We use complex mul-
tiplication to measure the computational complexity of the
spectrum reconstruction algorithm. In the spectrum recon-
struction, the sample covariance matrix such as show in
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Formula (11) is first calculated, and the amount of compu-
tation is as shown in Equation (17).

fi = N,N? (17)

where Nr is the number of range cells in the SAR, and N
denotes the number of SAR receiving channels.

The inverse operation of the covariance matrix can decom-
pose the floating-point operations into finer basic multipli-
cation operation, and the calculation amount is shown in
Equation (18).

H=N? (18)

The computational amount of the weight vector shown in
Equation (12) and the beamforming shown in Equation (13)
is expressed in Equation (19).

f5 =4N + N,N (19)

Then the total computational amount can be expressed in
Equation (20)

fF=N.(fi +f2+13)

—N, (N,N2 £ N3 44N + N,N) (20)

where Na is the total number of azimuth pulses of the SAR
image.

It can be seen from Equation (19) that the increased
computational complexity is proportional to the number of
azimuth pulses, the number of range points and the num-
ber of channels. The increased amount of calculation will
increase exponentially with the increase in the number of
channels. Therefore, we need to make a compromise between
the number of channels and the performance of the algorithm.
Parallel processing can be used to improve the computational
efficiency, which is not discussed in this paper further.

V. CONCLUSION

In this study, we attempt to find a solution in the multichannel
SAR system to address the problem of imaging blurring
caused by missing azimuth data. A novel azimuth spectrum
reconstruction algorithm based on spatial domain adaptive
beamforming technology is proposed. The main beam of the
spatial domain filter points in the direction corresponding to
a certain spectral component, whereas beam zeros are formed
in the direction of other spectral components. After azimuth
spectrum filtering of the multichannel data, the Doppler spec-
trum component corresponding to the main beam direction
can be obtained. After processing all range-Doppler cells,
complete and orderly spectra can be reconstructed. This
azimuth spectrum reconstruction is then integrated into a
polar-format imaging algorithm. The processing results of the
point target simulation data and actual multi-channel SAR
airborne echo data demonstrate that the proposed algorithm
can reconstruct the azimuth spectrum in both periodic and
random missing data scenarios, which improves the clarity
of SAR images. The experimental results also demonstrated
that the algorithm was robust.
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The limitations of the algorithm in this study is that, first,
in the operation of azimuth spectrum reconstruction, the
amplitude and phase responses of each channel of the radar
must be consistent [31], [32]. However, in practical engineer-
ing applications, errors exist, such as in antenna installation
and position measurement. These errors inevitably reduce the
performance of the algorithm. Therefore, it is necessary to
further study multichannel amplitude and phase-error correc-
tion technology. Additionally, the algorithm proposed in this
study requires matrix inversion and other operations. It is
necessary to further optimize the algorithm to improve its
real-time performance.
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