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Abstract: Ground-based multiple-input multiple-output synthetic aperture radar (MIMO-SAR) is a
new type of deformation monitoring sensor that has the advantages of no mechanical motion and fast
echo acquisition. Ground-based MIMO-SAR can significantly improve the data rate of deformation
monitoring. In this paper, a fast imaging algorithm tailored for ground-based MIMO-SAR data is
proposed, which can be applied in both far-field and near-field scenarios. First, the phase center
approximation error of the non-collinear array in the near field is analyzed. Then, a fast imaging
algorithm based on geometric transformation for the coherent synthesis of subimages is put forward.
The algorithm uses the geometric transformation to convert the subaperture imaging results into the
full aperture coordinate system, which avoids the point-by-point interpolation calculation and further
reduces the computational cost of the subimage coherent synthesis algorithm. Simulations and
experiments show that the algorithm can achieve high-precision focusing imaging, and its operation
efficiency is significantly improved compared with the algorithm based on interpolation.

Keywords: ground-based synthetic aperture radar; multiple-input multiple-output; phase center
approximation error; subaperture imaging; geometric transformation

1. Introduction

Ground-based interferometric synthetic aperture radar (InSAR) is a new technique
developed in recent years for monitoring surface deformation [1–3]. It shows good perfor-
mance in monitoring both the displacement of natural terrain and the change of man-made
structures [4–7]. When ground-based synthetic aperture radar is used for deformation
monitoring, the deformation data rate is one of the key factors affecting the monitoring
accuracy. In order to achieve the goal of high deformation data rate, data collection and
processing need to be completed in the shortest possible time. The data collection speed of
conventional linear orbit or arc scanning ground-based synthetic aperture radar systems
is not satisfactory [8,9]. To improve the data collection speed, researchers have proposed
a new type of deformation monitoring sensor, called multiple-input multiple-output syn-
thetic aperture radar (MIMO-SAR) [10]. MIMO-SAR uses electrical scanning instead of
mechanical scanning, which has a higher data collection speed [11,12]. The higher data
collection speed of MIMO-SAR also results in higher requirements for real-time data pro-
cessing. However, the data processing efficiency is still the bottleneck of MIMO-SAR in
engineering applications.

Finding a high-performance imaging algorithm for MIMO-SAR is a current research
hotspot [13]. Classical imaging algorithms such as the chirp scaling (CS) algorithm and
range doppler (RD) algorithm are based on the full aperture imaging theory. However,
the aperture length of ground-based MIMO-SAR is usually very short, which means that
classical imaging algorithms are not suitable for ground-based MIMO-SAR. In response to
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this problem, researchers have conducted a series of studies [14,15]. In [16], the coherent
synthesis of multi-channel signals is proposed to obtain the equivalent observation of
the target scattering function in the two-dimensional support domain. The 2D image of
the target scene can be inverted after supporting domain reshaping and data resampling.
However, this method is only applicable to the far field and is difficult to extend to the
near field. In [17], the author proposes a fusion imaging processing method under the
far-field assumption. This method establishes the correspondence between the Fourier
transformation of the target scattering field and the spatial spectral domain. In [18], the
author proposes an improved Kirchhoff migration method to realize the near-field target
imaging of MIMO radar. However, due to the complexity of the Kirchhoff migration
algorithm, it is limited in practical application. In [19], the author proposes the omega-k
algorithm, which realizes near-field target imaging through Stolt interpolation. The disad-
vantage of this algorithm is the high computational cost, which is only suitable for small
area imaging. The improved wavenumber domain (WN) algorithm exploits a modified
Stolt interpolation and space-varying resampling [20], but the WN algorithm is still not
efficient enough. In [21], the author presents a more comprehensive study of the classical
back-projection (BP) imaging algorithm. The classical BP imaging algorithm is not affected
by the antenna topology and can be directly applied to ground-based MIMO-SAR. This
algorithm has high accuracy and is applicable to both far-field and near-field monitoring
scenarios. However, its drawback is the high computational cost, which makes it difficult
to meet the real-time requirements of large scene imaging. In recent years, compressed
sensing theory has been introduced into the imaging processing of MIMO-SAR. In [22], the
application of compressed sensing theory to the two-dimensional imaging of MIMO radar
is preliminarily studied to improve the one-dimensional azimuth imaging performance
under sparse array conditions. In [23], the author proposes an imaging method based
on the inverse Fourier transform and hybrid matching pursuit algorithm. The algorithm
uses the compressed sensing algorithm based on the delay compensation factor to achieve
azimuth compression. In [24], the author proposes a fast reconstruction algorithm that is
applicable to frequency diversity MIMO-SAR system. In [25], the author proposes a fast
imaging algorithm for ground-based MIMO-SAR. The algorithm realizes azimuth focusing
by applying dechirp to each block. The algorithm has high imaging accuracy and is more
efficient than BP algorithm. However, when applied to near-field data, too many blocks
will seriously affect its real-time performance.

In general, achieving an efficient and high-precision imaging algorithm is still an
urgent problem to be solved in engineering applications of MIMO-SAR. In this paper, the
single frame data collection time of the radar system used in the experiment is only 0.16 s.
In order to improve the deformation data rate, a fast imaging algorithm tailored for ground-
based MIMO-SAR data is proposed, which can be applied in both far-field and near-field
scenarios. First, the phase center approximation error of the non-collinear array in the
near field is analyzed. Then, a fast imaging algorithm based on geometric transformation
for the coherent synthesis of subimages is put forward. The algorithm uses the geometric
transformation to convert the subaperture imaging results into the full aperture coordinate
system, which avoids the point-by-point interpolation calculation and further reduces the
computational cost. Simulations and experiments show that the algorithm can achieve
high-precision focusing imaging, and its operation efficiency is significantly improved
compared with the algorithm based on interpolation.

2. MIMO-SAR System and Signal Model

Ground-based MIMO-SAR with multiple transmitting antennas and multiple receiving
antennas can form multiple pairs of combined receiving and transmitting channels to obtain
a longer equivalent aperture with fewer antennas. The combination of M transmitting
units and N receiving units can provide MN equivalent virtual antenna units. In the far
field, it can be equated that the signal is transmitted and received by the same virtual
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antenna unit. However, in the near field, the phase center approximation error needs to be
compensated [26,27], as discussed below.

The main parameters of the MIMO-SAR designed by our team are shown in Table 1.
The photograph of the radar system used for data collection is shown in Figure 1. The struc-
ture of the MIMO-SAR array is shown in Figure 2. The MIMO-SAR system consists of
16 transmitting antennas and 8 receiving antennas. The value of d in Figure 2 is 3.2 mm.

Table 1. Main parameters of MIMO-SAR system.

Parameter Value

Carrier frequency 20 GHz
Bandwidth 200 MHz

Number of transmitting antenna 16
Number of receiving antenna 8

Aperture length 0.4064 m
Range 20 m–2000 m

Azimuth angle −45◦–+45◦

Figure 1. Photograph of MIMO-SAR.

Figure 2. Structure of MIMO-SAR array.

The echo received by MIMO-SAR in a pulse period after range compression can be
expressed as

sr(t) = rect(
x
L
)pr

(
t− (R

(ρ0,θ0)

t,m + R
(ρ0,θ0)

r,n )/c
)
· exp

[
−j2π fc(R

(ρ0,θ0)

t,m + R
(ρ0,θ0)

r,n )/c
]

(1)
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where rect(x/L) is the azimuth envelope, and L is the aperture length. pr(�) is the com-
pressed range envelope, c is the speed of light, and fc is the carrier frequency. Suppose
the target is located at (ρ0, θ0), ρ0 is the distance from the target to the center of the radar
array, θ0 is the angle between the target and the center of the radar array, R

(ρ0,θ0)

t,m is the

distance from the m-th transmitting unit to the target, and R
(ρ0,θ0)
r,n is the distance from the

n-th receiving unit to the target.

3. Phase Center Approximation Error Analysis and Compensation for MIMO-SAR

The data processing of MIMO-SAR usually adopts an equivalent array to simplify the
signal model. However, phase center approximation error will inevitably be introduced
in the equivalent array. This error will lead to false peaks in the azimuth compression
result, which will seriously affect the imaging quality. In [28], the author analyzes the
phase center approximation error in a linear array. In [29], the author analyzes the phase
center approximation error in the square boundary array, but the author does not consider
the influence of range. In [30], the author analyzes the influence of height differences in a
non-collinear array on radar design. In this paper, the phase center approximation error of
a non-collinear array is analyzed. First, the phase center approximation error of a linear
array is briefly introduced, and then the influence of height difference in a non-collinear
array is analyzed. Finally, the phase compensation results are given.

3.1. Phase Center Approximation Error in Linear Array

The principle of the one-dimensional linear array MIMO radar is shown in Figure 3.
The MIMO-SAR one-dimensional linear array is composed of M transmitting units and N
receiving units, which can provide MN observation channels and increase the freedom of
MIMO-SAR to form a longer equivalent aperture. Take the position of the linear equivalent
array as the x-axis, denoting the position of the transmitting unit as xt,m(m = 1, 2, ..., M)
and the position of the receiving antenna unit as xr,n(n = 1, 2, ..., N). When the radar signal
is transmitted from the m-th transmitting unit, reflected by the target P(ρ0, θ0) and then
received by the n-th receiving unit, the two distances can be expressed as

Figure 3. Geometric model of data collection for one-dimensional linear array MIMO radar.

R
(ρ0,θ0)

t,m =
√

ρ2
0 + x2

t,m − 2ρ0xt,m sin θ0 (2)

R
(ρ0,θ0)

r,n =
√

ρ2
0 + x2

r,n − 2ρ0xr,n sin θ0 (3)
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The corresponding time delay can be expressed as

τ
(ρ0,θ0)
mn =

R
(ρ0,θ0)

t,m + R
(ρ0,θ0)
r,n

c
(4)

For a radar system with separate transmitters and receivers, the virtual array theory
demonstrates that it can be equivalent to the virtual antenna unit transmits and receives
the signal at the midpoint of the line connecting the transmitting unit and the receiving
unit. In the far field, this is reasonable, but in the near field, a phase center approximation
error will be introduced in the equivalent array, and this error will lead to false peaks in
the azimuth compression result, which will affect the final imaging quality. As shown in
Figure 4, when the signal transmitted by the m-th transmitting unit is received by the n-th
receiving unit, then the position of the equivalent antenna unit can be expressed as

xk =
xt,m + xr,n

2
, k = 1, 2, ..., MN (5)

Figure 4. Phase center approximation in one-dimensional linear array.

Therefore, the distance error caused by the phase center approximation can be cal-
culated. By Taylor expansion and neglecting the high-order terms, it can be expressed as

∆R = R
(ρ0,θ0)

t,m + R
(ρ0,θ0)

r,n − 2R
(ρ0,θ0)

k

=
√

ρ2
0 + x2

t,m − 2ρ0xt,m sin θ0 +
√

ρ2
0 + x2

r,n − 2ρ0xr,n sin θ0

− 2
√

ρ2
0 + x2

k − 2ρ0xk sin θ0

≈ cos2θ0

4ρ0
(xt,m − xr,n)

2

(6)

3.2. Analysis of Non-Collinear Array

In the actual MIMO-SAR system, there is usually a height difference between the
transmitting and receiving arrays. The principle of non-collinear array MIMO radar is
shown in Figure 5. The position of the equivalent virtual array is taken as the x-axis,
denoting the position of the transmitting unit as xt,m(m = 1, 2, ..., M) and the position of the
receiving unit as xr,n(n = 1, 2, ..., N). The radar center axis is taken as the z-axis, denoting
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the position of the transmitting unit as zt,m(m = 1, 2, ..., M) and the position of the receiving
unit as zr,n(n = 1, 2, ..., N).

Figure 5. Geometric model of data collection for non-collinear array MIMO radar.

As shown in Figure 6, the error in the non-collinear array can be decomposed into
three parts. The first part is the error caused by the virtual transmitting unit, the virtual
receiving unit and the equivalent virtual antenna unit. This part of the error caused by the
phase center approximation is similar to that of the linear array. The second part is the error
caused by the transmitting unit and the virtual transmitting unit, and the third part is the
error caused by the receiving unit and the virtual receiving unit.

Figure 6. Phase center approximation in non-collinear array.

The phase center approximation error in the non-collinear array is decomposed into
three parts: the first part of the error is denoted as ∆R1, the second part of the error is
denoted as ∆R2, and the third part of the error is denoted as ∆R3. The geometry relationship
between the transmitting unit and the virtual transmitting unit is shown in Figure 7, and the
geometry relationship between the receiving unit and the virtual receiving unit is similar.
∆R1 is calculated similarly to the linear array case; then, ∆R2 and ∆R3 can be expressed as

∆R2=R
(ρ0,θ0)
t,m −R

(ρ0,θ0)

t,m′
≈ cos2 ϕ0

2R
(ρ0,θ0)

t,m′
h2

∆R3=R
(ρ0,θ0)
r,n −R

(ρ0,θ0)

r,n′
≈ cos2 ϕ0

2R
(ρ0,θ0)

r,n′
h2

(7)



Electronics 2023, 12, 1466 7 of 18

Figure 7. Schematic diagram of transmitting unit and virtual transmitting unit.

In the case of the non-collinear array, the distance error caused by the phase center
approximation can be expressed as

∆R =
cos2θ0

4ρ0
(xt,m − xr,n)

2 +
cos2 ϕ0

2R
(ρ0,θ0)

t,m′
h2 +

cos2 ϕ0

2R
(ρ0,θ0)

r,n′
h2 (8)

In Equation (8), the distance error changes both with the distance and azimuth angle.
However, the azimuth aperture of the MIMO array is usually very short, and the error
varies slowly with the azimuth angle. It is enough to focus only on the influence of distance.
When the observation angle is ±45◦, taking 30◦ as the reference center to minimize the
residual error, the distance error can be reasonably simplified as

∆R ≈ cos2(π/6)
4ρ0

(xt,m − xr,n)
2 +

1
ρ0

h2 (9)

The distance error caused by the height difference in Equation (9) does not change with
the switching of the transceiver channel and has no affect on the imaging. Therefore, only
the first term in Equation (9) needs to be compensated. The error compensation method is
as follows. First, the raw echo data are processed to get the range compression result. Then,
for each range bin, the data are compensated according to the positions of the receiving
and transmitting array unit. The compensated phase error can be expressed as

φ∆R = exp
{

j
2π fc

c
· cos2(π/6)

4ρ0
(xt,m − xr,n)

2
}

(10)

After error compensation, the array sampling can be equivalent to virtual array unit
sampling, which is convenient for imaging processing. Then, the collected data are re-
arranged in the order of the virtual array unit. The full aperture echo data after error
compensation can be expressed as

sr(ρ, x) = rect(
x
L
)pr(ρ− R(x; ρ0, θ0)) · exp[−j4π fcR(x; ρ0, θ0)/c] (11)

where ρ is the range sampling, x is the radar location, L is the aperture length, fc is the
carrier frequency, c is the speed of light, and R(x; ρ0, θ0) is the distance from the current
radar location to the target.

In the near field, the phase center approximation error introduces paired sidelobes into
the azimuth compression result. In Equation (8), it can be found that the farther the distance
and the larger the angle, the smaller the error that needs to be compensated. The simulation
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parameters are shown in Table 1. Targets are set at (20 m, 0◦) and (20 m,−45◦), and the
corresponding azimuth sine values are 0 and −0.707; then, the echo data are compensated
by Equation (10). The compensation results are shown in Figures 8 and 9. As shown in the
Figure 10, the MIMO-SAR system in this paper consists of 16 transmitting antennas and
8 receiving antennas, which can provide 16× 8 observation channels with numbers from
1 to 128. It can be seen that the phase of the target is clearly modulated by the geometry
of the radar array before the phase error compensation. The phase error variance of the
0◦ target is 0.1 before compensation, and after compensation it is 0.007. The phase error
variance of the −45◦ target is 0.025 before compensation, and after compensation it is 0.005.
After phase error compensation, the paired sidelobes in the azimuth compression result are
lower than −45 dB, which meets the imaging requirements.

Figure 8. (20 m, 0◦) Target compensation result. (a) Phase error before compensation. (b) Phase error
after compensation. (c) Azimuthal profile.

Figure 9. (20 m,−45◦) Target compensation result. (a) Phase error before compensation. (b) Phase
error after compensation. (c) Azimuthal profile.
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Figure 10. Equivalent observation channels diagram.

4. MIMO-SAR Fast Imaging Algorithm

In recent years, ground-based synthetic aperture radar has been widely used in the
field of deformation monitoring. A robust, accurate and fast imaging algorithm is required
to obtain the real-time deformation of the monitoring area. The imaging geometry of
ground-based SAR is different from that of airborne and spaceborne SAR, which will lead to
the linear amplification of azimuth resolution with the distance of the target [31]. Therefore,
ground-based SAR is more suitable for polar format imaging algorithms. In [32], the author
proposes a fast imaging algorithm for subimage coherent synthesis, which can achieve
both near-field and far-field imaging. However, the algorithm uses two one-dimensional
interpolations to realize the transformation of the coordinate system when obtaining the
result of subimage coherent synthesis, which is the main source of the computational cost.
In order to solve this problem, this paper proposes the use of two linear transformations
instead of two one-dimensional interpolations, further improving the processing efficiency
of the algorithm. In the following, the subimage coherent synthesis algorithm using two
one-dimensional interpolations is called the interpolation method to distinguish it from the
algorithm proposed in this paper.

4.1. The Principle of Subimage Coherent Synthesis Fast Imaging Algorithm Based on Interpolation

The synthetic aperture length of ground-based MIMO-SAR is usually very short, and
if the entire synthetic aperture is uniformly divided into several subapertures of shorter
length, the signal model inside the subaperture can be reasonably simplified. Figure 11
shows the schematic diagram of the subaperture model. In Figure 11, the position of the
n-th subaperture center is xn. We denote the distance between target point P and the n-th
subaperture center as ρxn ,0, and the azimuth angle between target point P and the n-th
subaperture center as θxn ,0. The azimuth variable under the subaperture coordinate system
is denoted as xn−0 = x− xn, and then the distance between the target point P and the radar
can be expressed as

R(xn−0; ρxn ,0, θxn ,0) =
√

ρ2
xn ,0 + x2

n−0 − 2ρxn ,0xn−0 sin θxn ,0

≈ ρxn ,0 − sin θxn ,0xn−0 +
(1− sin2θxn ,0)

2ρxn ,0
x2

n−0

(12)

Therefore, the echo inside the n-th subaperture can be expressed as

sr(ρn−0, xn−0) = rect(
xn−0

L∆
)pr(ρn−0 − ρxn ,0 + sin θxn ,0xn−0)

· exp[−j4π fcρxn ,0/c + j4π fc sin θxn ,0xn−0/c]

· exp

[
−j4π fc(

(1− sin2θxn ,0)

2ρxn ,0
x2

n−0)/c

] (13)

Equation (13) indicates that the echo has range migration and high-order phase terms.
To ensure the focus of targets, the range migration should be smaller than a quarter of the
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range resolution, and the high-order phase term should be smaller than π/8. In order to
meet the above two conditions, the length of the subaperture L∆ must be limited.

L∆ ≤ min

{
ρr

2 sin(|θ|max)
,

√
λcρmin

2

}
(14)

The signal model inside the subaperture can be simplified as

sr(ρn−0, xn−0) = rect(
xn−0

L∆
)pr(ρn−0 − ρxn ,0)

· exp[−j4π fcρxn ,0/c + j4π fc sin θxn ,0xn−0/c]
(15)

Then, there is no range migration inside the subaperture, and the phase history is
linear.

Figure 11. Subaperture geometric model of ground-based SAR.

The main idea of the subimage coherent synthesis fast imaging algorithm is to di-
vide the entire aperture into several subapertures uniformly and process the subaperture
data individually to get coarse resolution subimages. Then, the imaging results in the
subaperture coordinate system are converted into the full aperture coordinate system by
two one-dimensional interpolations. After coordinate system transformation, the point
target appears in the same pixel unit in each subimage. Finally, the full-resolution imaging
result can be obtained by the coherent synthesis of subimages.

4.2. A Subimage Coherent Synthesis Algorithm Based on Geometric Transformation

Subimages can be obtained by performing azimuth Fourier transformation on the
subaperture data, and the imaging results can be expressed as

In(ρn−0, sin θxn ,0) = FFT(sr(ρn−0, xn−0))

= ρa(sin θn−0 − sin θxn ,0) · ρr(ρn−0 − ρxn ,0)

· exp
(
−j

4π fcρxn ,0

c

) (16)

As shown in Figure 12, the position of the target point P in the full aperture coordinate
system is (ρ0, θ0), and the position offset of the target point P from the subaperture coordi-
nate system to the full aperture coordinate system is denoted as (∆ρ, ∆θ), which includes
the range offset ∆ρ = ρ1 − ρ0 and the angle offset ∆θ = θ1 − θ0.



Electronics 2023, 12, 1466 11 of 18

Figure 12. Schematic diagram of geometric transformation.

The position of the n-th subaperture center is xn. The transformation relation can be
obtained according to the cosine theorem.

ρ0 =
√

ρ2
1 + x2

n − 2ρ1xn sin(θ1) (17)

By truncating the series of Taylor expansion appropriately, the range offset can be
expressed as

ρ1 − ρ0 = sin(θ1)xn (18)

The aperture length of ground-based MIMO-SAR is relatively short, which makes
the second-order term in the Taylor expansion very small. With the radar parameters in
Table 1, the second-order term is about 10−4, which is far less than a quarter of the range
resolution. Therefore, the second-order and higher-order terms can all be ignored. It can be
seen from Equation (18) that the range offset is only related to the azimuth angle. Therefore,
range translation can be achieved by Inverse Fourier transformation (IFFT), linear phase
multiplication and Fourier transformation (FFT). After range translation, the position of
target P is converted to (ρ0, θ1), and the range variable of target P relative to the center of
the subaperture is converted to the range variable relative to the center of the full aperture.

In the azimuth dimension, the transformation relation can be obtained according to
the sine theorem.

xn

sin(θ0 − θ1)
=

ρ0

cos θ1
(19)

The angle offset can be expressed as

θ0 − θ1 = arcsin(xn cos θ1/ρ0) ≈ arcsin(xn/ρ0) (20)

Since xn/ρ0 is very small, the angle rotation after approximation is only related to the
distance, Thus, the angle rotation can be achieved by IFFT, linear phase multiplication and
FFT. After angle rotation, the position of target P is converted to (ρ0, θ0), and the azimuth
variable of target P relative to the subaperture center is converted to the azimuth variable
relative to the full aperture center. Then, the imaging results of the subaperture coordinate
system are converted into the full aperture coordinate system.

Finally, the transformed subimages are phase compensated and coherently synthesized
to obtain the full aperture imaging result. The phase to be compensated for the subimage
can be expressed as

ϕcom(ρ, sin θ) = −4π fc(R(ρ, θ)− Rxn(ρ, θ))

c
≈ −4π fc

c
sin θ · xn (21)
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where Rxn(ρ, θ) is the distance from the target (ρ, θ) to the center of the subaperture . R(ρ, θ)
is the distance from the target (ρ, θ) to the center of the full aperture. The final imaging
result can be expressed as

I(ρ, sin θ) =
N

∑
n=1

In(ρ, sin θ) ˙exp(jϕcom(ρ, sin θ))

= ρa(sin θ − sin θ0) · ρr(ρ− ρ0) · exp
(
−j

4π fcρ0

c

) (22)

The specific operation of this algorithm are given below. The processing flow chart
(with four subapertures) is shown in Figure 13.

1. After phase center approximation (PCA) error compensation, the data are rearranged
in the order of virtual array elements;

2. Then, the rearranged data of each subaperture are extracted and windowed, and
the coarse resolution imaging results in the subaperture coordinate system can
be obtained;

3. The subimages are converted into the full aperture coordinate system by distance
translation and angle rotation;

4. Finally, the transformed subimages are phase compensated and coherently synthe-
sized to obtain the full resolution imaging result of the scene.

Figure 13. The processing flow chart.
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4.3. The Computational Cost Analysis of the Algorithm

In order to analyze the computational cost of the proposed method and compare it
with the interpolation method, the algorithm is decomposed step by step, and the number
of multiplication, addition and other operations required for each step is analyzed. The
process of obtaining coarse resolution subimages is the same, so the computational cost is
not considered; only the number of operations required for azimuth imaging is analyzed.

We assume that the full aperture is divided into n subapertures and the image size
is Na · Nr, Na is the azimuth data size, and Nr is the range data size. The analyses of the
interpolation method are as follows:

1. For a single pixel, the azimuth coordinate mapping is calculated, and then the inter-
polation calculation is applied. It is assumed that the FFT interpolation algorithm is
used. The processing of a pixel requires six multiplications, four additions and one
square root. A total of n · Na · Nr pixels need to be processed;

2. For a single pixel, the range coordinate mapping is calculated, and then the interpola-
tion calculation is applied. The processing of a pixel requires eight multiplications, six
additions and one square root. A total of n · Na · Nr pixels need to be processed;

3. For a single pixel, the compensation phase is calculated. The processing of a pixel
requires two multiplications. A total of n · Na · Nr pixels need to be processed;

4. Finally, the phase compensation and coherent synthesis of subimages require n · Na · Nr
multiplications and n · Na · Nr additions.

For the convenience of comparison, the case of a single pixel is also considered when
analyzing the proposed method. The specific analysis of the methods proposed in this
paper is as follows:

1. For a single pixel, the range offset is calculated according to Equation (18). Range trans-
lation is realized by linear phase multiplication. The processing of a pixel requires
two multiplications. A total of n · Na · Nr pixels need to be processed;

2. For a single pixel, the angle offset is calculated according to Equation (20). Angle ro-
tation is realized by linear phase multiplication. The processing of a pixel requires
two multiplications. A total of n · Na · Nr pixels need to be processed;

3. For a single pixel, the compensation phase is calculated according to Equation (21).
The processing of a pixel requires two multiplications. A total of n · Na · Nr pixels
need to be processed;

4. Finally, the phase compensation and coherent synthesis of subimages require n · Na · Nr
multiplications and n · Na · Nr additions.

As shown in Table 2, the method proposed in this paper replaces the complex interpo-
lation operation by linear multiplication, which greatly reduces the number of operations
required for azimuth imaging, and the number of operations decreases with the increase of
the number of subapertures. Therefore, the computational cost of the proposed method
in this paper is much lower than the interpolation method, and it has better real-time
performance.

Table 2. Computational cost analysis.

Operational Method Interpolation Method The Method Proposed in
This Paper

Multiplication 17 · n · Na · Nr 7 · n · Na · Nr
addition 12 · n · Na · Nr n · Na · Nr

square root 2 · n · Na · Nr 0

5. Simulation and Experiment
5.1. Simulation

The subimage coherent synthesis algorithm based on geometric transformation pro-
posed in this paper is used to process the near-field single point target simulation data,
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The results are shown in Figure 14, and the focusing performance comparison is shown
in Figure 15. The simulation parameters are shown in Table 1. Then, the single point
target is set at (20 m, 45◦), and the corresponding azimuth sine value is 0.707. The two-
dimensional resolution and peak sidelobe ratio of the imaging results are shown in Table 3.
The simulation results show that both images are focused well.

Figure 14. Imaging results of point target simulation. (a) Imaging results based on interpolation
method. (b) Imaging results of the method proposed in this paper.

Figure 15. Point target profile. (a) Range profile. (b) Azimuthal profile.

Table 3. Point target performance analysis.

Performance Criteria Measured Value Based on
Interpolation Method

Measured Value of the Method
Proposed in This Paper

Range resolution 0.75 m 0.75 m
Azimuth resolution 0.015 0.015

Range PSLR −13.38 dB −13.38 dB
Azimuth PSLR −13.15 dB −13.16 dB

5.2. Experiment

In this section, an in-site experiment result is presented. The data are collected at an
open pit mine, in the ChangSha province of China. The instrument is a Ka-band frequency
modulated continuous wave radar system with a bandwidth of 200 MHz. The azimuthal
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synthetic aperture length of the system is 0.4064 m. In Figure 16, the observed scene is
shown. The slope is located at the range from 200 to 500 m. Some buildings are situated at
about 600 m. The typical structures are clearly imaged in the imaging results. Figure 17
shows the imaging results. The strongly scattered targets marked by red circles in Figure 17
are selected for analysis. As shown in Figures 18 and 19, the two algorithms have similar
focusing performance. The phase difference of the target in the two imaging results is
0.0081 rad, and the results are shown in Table 4. Since the Hamming window has been
applied in the range frequency and azimuth aperture domain, the main lobe of the target
is about 1.2 times wider. The phase difference between the two imaging results is smaller
than 0.01 rad. The time cost of the subimage coherent synthesis imaging algorithm based
on two one-dimensional interpolations is about 12 s, while the subimage coherent synthesis
imaging algorithm based on geometric transformation needs 6 s only.

Figure 16. Experimental scene.

Figure 17. Imaging results of measured data. (a) Imaging results based on interpolation method.
(b) Imaging results of the method proposed in this paper.
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Figure 18. Target analysis of imaging results based on interpolation method. (a) Range profile.
(b) Azimuthal profile.

Figure 19. Target analysis of imaging results based on the method proposed in this paper. (a) Range
profile. (b) Azimuthal profile.

Table 4. Point target performance analysis.

Performance Criteria Measured Value Based on
Interpolation Method

Measured Value of the Method
Proposed in This Paper

Range resolution 0.89 m 0.89 m
Azimuth resolution 0.018 0.018

Range PSLR −24.35 dB −24.37 dB
Azimuth PSLR −26.81 dB −26.84 dB

6. Conclusions

In this paper, a fast imaging algorithm tailored for ground-based MIMO-SAR data is
proposed, which can be applied in both far-field and near-field scenarios. First, the phase
center approximation error of the non-collinear array in the near field is analyzed. Then, a
fast imaging algorithm based on geometric transformation for the coherent synthesis of
subimages is put forward. First, the phase center approximation error of MIMO-SAR is
compensated, and then the full aperture is divided into several subapertures according to
the subaperture division conditions, in which the influence of range migration and high-
order phase terms on focusing imaging can be ignored. The efficiency of the algorithm can
be further improved by using two linear multiplications instead of two one-dimensional
interpolations without affecting the imaging quality. After the geometric transformation,
the subimages are transformed into a full aperture coordinate system, and the full aperture
resolution imaging results can be obtained by the coherent synthesis of subimages. This
algorithm can deal with both near and far-field MIMO-SAR data and obtains the imaging
results in a pseudopolar coordinate system. The algorithm is extensively validated with
simulation data and measured data.
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