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ABSTRACT This paper develops a microwave/mmw (millimeter-wave) imaging method for moving objects
of non-rigid body which can be used in the heavy traffic scenarios. This method is proposed with a 2D sparse
MIMO (multiple-input multiple-output) array composed of two orthogonal linear arrays. In comparison to
the RX antennas, a smaller number of TX antennas is used to decrease the data acquisition time of this
system when using TDM (time division multiplexing) signal transmitting technique. The 2D sparse MIMO
array is deployed with wide-band signals transmitted to reconstruct the backscattering coefficient in 3D
space using synthetic aperture imaging technique. Then a series of synthesized 3D snapshot images are
generated during the motion of the target. The non-rigid human body target is decomposed into 25 joints
tracked by an optical device which is Kinect in this paper. After the decomposition, the movement of each
joint can be described as a space-time trajectory tracked by Kinect, providing a preliminary indication of the
3D position of each joint. With the indication, we divide every microwave/mmw image into 25 sub-images
corresponding to the joints’ position to form an image sequence of each joint. Subsequently, a segmental
joint estimation method is proposed to estimate the accurate motion parameters of each joint from the
image sequence. The decorrelation of the images in large angle observation can be significantly reduced
by the segmental estimation which leads global optimized motion parameters. Consequently, the estimated
parameters are taken into the effective movement compensation of each component. Meanwhile, the image
refocusingmethod is presented to generate the well-focused image of each component. Finally, all the images
of components are fused into one image of the whole target to reconstruct the 3D high-resolution image.
Imaging simulations and measuring data experiments show that this method is efficient.

INDEX TERMS Microwave imaging, non-rigid moving target, 2D sparse MIMO array.

I. INTRODUCTION
The increasing incidents of terrorist activity have driven
development of advanced security screening technologies,
where microwave/millimeter-wave (mmw) imaging is one
of the most important techniques [1]. In comparison with
X-ray scanner [2], microwave/mmw imaging is considered
a safer method for the operators and the targets. Meanwhile,
microwave/mmw radiation can penetrate through many com-
monly used nonpolar dielectric materials and ceramic with
little attenuation, and obtain high-resolution imagery for the
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detection of concealed weapons, explosives and other threats.
The range resolution of microwave/mmw image is propor-
tional to the frequency bandwidth, while the cross-range
resolution is proportional to the aperture size. In order to
achieve high resolution in cross-range, the general method is
to increase the aperture size, which can be either achieved by
using a large size antenna array or taking advantage of relative
motion between antenna and target to form large synthetic
aperture.

The most successful microwave/mmw imaging systems
are currently deployed in airport and other port security
scenarios. One example of the commercial usages is the
security system with two 1D electrical scanning arrays for
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cylindrically scanning developed by Pacific Northwest
National Laboratory [3]. Measurement time of this system
is about several seconds and thus each person must stand in
the system for several seconds. This leads a limited range of
application because the system is not suitable for heavy traffic
scenarios, such as public facilities and public gatherings.

However, the major threats of violent terrorist usually
occur in the placeswith a large flow of people, such as subway
stations, squares and open public spaces. In recent years,
a number of major terrorist attacks happened around the
world fall into this category. To address this problem, we first
need to implement security screening of non-cooperative tar-
gets, i.e. an ideal screening system should not interfere the
normal traffic. Specifically, the system should not apply any
limitation to the behaviors of human body and conduct screen
without awareness of the target. Secondly, the system should
be compact or even portable so that the operator may be able
to inspect at the vicinity of any suspicious target.

The conventional approach of non-cooperative target
microwave imaging takes fast snapshot of moving targets,
where the target is considered stationary in a short period
of time. It requires rapid parallel data acquisition over a
very large array to realize high resolution imaging. One
such method is imaging with large planar antenna array and
millimeter-wave focusing lens [4]. The system is bulky and
expensive because a huge 2D array is required behind the
lens. Therefore, it is not widely deployed in practical appli-
cations. Recently, Rohde & Schwarz company in German
has developed a fast imaging system based on MIMO sparse
array [5], [6]. The system has powerful digital signal process-
ing (DSP) capability with a highly integrated active electronic
scanning array. The system integrates 3072 TX channels
and 3072 RX channels, in which the TX channels transmit
signals via time division multiplexing (TDM) and it requires
about 25ms to complete a whole frame data acquisition. The
operating frequency of the system is between 70 and 80 GHz
and the lateral resolution is about 2 mm in both azimuth and
elevation. Although the number of array elements has been
reduced greatly by using a sparse MIMO array, thousands
of antennas and channels means extremely high system cost
and complexity. In addition, TDM of thousands TXs still
takes sub-second of time which means the quality of the
image will degrade if the target moves too fast. Many other
studies try to build security imaging systems through MIMO
array [7]–[10]. These methods aim at cooperative target and
their main purpose is to reduce the array size and thus reduce
the system complexity and construction cost.

Suppose a MIMO system works in TDM mode has N TX
antennas. The switching time between two TX channels is τ
and the total measurement time T can be calculated by

T = N · τ (1)

Large aperture size requires a large N which results in
long measurement time. Thus, the requirement of high res-
olution is inherently contradictory with the requirement of
fast imaging. To solve the fundamental contradiction between

high resolution and fast imaging,MIMO systems transmitting
orthogonal frequency division multiplexing (OFDM) signals
has been proposed to replace TDM systems in order to reduce
measurement time. Some methods for orthogonal signals
design ofMIMO radar have been proposed [11]–[13], and the
purpose is to find optimized signals whose sidelobe of auto-
correlation function and energy of cross-correlation function
both are as low as possible. It is a NP (non-deterministic poly-
nomial) problem to obtain OFDM signals through optimizing
the objective function. For a MIMO system with a large
number of channels, a set of sufficient orthogonal signals
is usually not tractable. In practical applications, the sup-
pression of cross-correlation function in OFDM is limited,
which leads to a limited dynamic range of the system. Hence,
new methods should be proposed for imaging of fast moving
non-cooperative target in real time.

This paper addresses this issue with inverse synthetic aper-
ture radar (ISAR) imaging taking advantage of target motion
to form a synthetic aperture in azimuth. That means the target
is moving and the system is stationary. Thus, the number
of antennas can be reduced greatly and the measurement
time of the system can be improved while still obtaining the
high resolution images through ISAR imaging. Note that the
actual array size along the moving direction is also reduced
accordingly. Thus, we can purposely design a MIMO system
in such a way that the number of TX elements is small
along the moving direction. Such a system would have a
slim physical aperture and thus can meet the requirement of
compact system size.

The key of ISAR imaging is to estimate the target motion
parameters. Once target motion parameters are known,
the equivalent aperture can be synthesized to generate a
well-focused image [14]–[16]. Jaime et al. [17] develop a 3D
microwave imaging system equipped with an optical depth
camera, synchronizing acquisitions from different views of
the moving human body. They applied non-coherent integra-
tion method into the imaging procedure and the microwave
image is blurry so that only the profile of the concealed
weapon can be obtained.

In this paper, human body is modeled as a non-rigid mov-
ing target consisting of several rigid bodies. First, auxiliary
optical sensor, Kinect, is used to track the moving human
skeleton joints. With the tracking information, a coarse
motion estimation of each rigid body component is obtained.
Then a small real aperture sparse MIMO array is used to
capture a local snapshot of each rigid body component.
Subsequently, the accurate trajectory of each component is
estimated by cross-correlation of consecutive snapshots, with
which the final ISAR image of each component can be
obtained by refocusing all snapshots data. At last, the human
target image can be obtained by fusing the images of all
components.

This paper is organized as follows. Section 2 reviews some
related studies of detecting and imaging of moving targets.
Section 3 describes the system design and analyzes the design
principle and the imaging flow. Section 4 demonstrates the
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segmental joint estimation method for the motion parameters
of non-rigid body target and the refocus imaging method for
the target. Imaging simulations and measuring data experi-
ments are given in section 5. Finally, this paper is concluded
in section 6.

II. RELEVANT STUDIES
For motion compensation of ISAR, targets are often treated
as rigid body composed of point scatterers [18]. Chen et al.
present a method of range alignment and motion com-
pensation to image a moving aircraft from a stationary
ground-based radar, using the correlation information of the
adjacent echoes [19]. In the case that the rotate angle of
the target is less than 0.01◦, the correlation coefficient of
adjacent echoes is generally over 0.95. The envelop shifts
are obtained through the operation of adjacent echoes cor-
relation and the motion of the target can be compensated by
shifting the echoes such that the signals from the same scat-
terer are centered at the same range bin in different echoes.
The principle of envelope correlation of two adjacent echoes
is sensitive to noise and target scintillation. In real cases,
the scintillation of the target causes a sudden change between
the echo envelopes and leads to inaccurate estimation. Mean-
while, the existence of noise leads to the defect of error
accumulation which will get worse during the operation of
continuous adjacent echoes correlation. Delisle et al. present
a range-bin alignment method for moving target imagingwith
a two-receiver ISAR radar in use of the envelope correlation
feature of different echoes, while the reference envelope is
obtained by exponentially averaging the previously received
envelopes [20]. The reliability of the system is improved by
the joint use of the correlation information of two antennas.
However, this method does not effectively solve the defects
of target scintillation and error accumulation. Wang et al.
propose a polynomial model for the shifts made to the echoes,
and the coefficients of this polynomial are chosen to optimize
a global quality measurement of range alignment. The global
method shows better performance against noise, target scin-
tillation and error accumulation than the method of envelope
correlation with adjacent echoes [21].

The envelope alignment method cannot be used to adjust
the Doppler phase caused by target movement. The general
way is to keep the signal structure unchanged during the enve-
lope shifting and then remove the translational component
by extracting the initial phase of the range bin. Considering
the effect on the phase compensation, the envelope alignment
must not exceed 1/2 ∼ 1/4 range bin. In practical appli-
cations, the signal is usually not an ideal rectangular wave
signal and the waveform is distorted after bandpass filter.
Therefore, the error of envelope alignment is required not to
exceed 1/4 ∼ 1/8 range bin. The phase gradient autofocus
(PGA) technique is the most classical method for phase error
compensation [22], [23]. PGA provides a good performance
over the entire scene content but has to rely on the existence
of dominant scattering points to estimate the phase error of
the image with the assumption that the phase error is not

spatial-variant. For ISAR imaging of maneuvering targets, a
spatial-variant autofocus algorithm is proposed in [24], based
on optimizing a polynomial model to maximize the image
contrast.

Conventional 2D ISAR systems has the inherent ambiguity
of the image projection plane and image scale in azimuth
direction. A system generating 3D ISAR images can elimi-
nate the problem completely. 3D images also provide robust
characterization and feature identification of the point scat-
terers on the target. In theory, the 2D images of different
projection planes produced by the 3Dmotion of the target are
equivalent to the 2D images observed from different angles
of view. The positions of point scatterers in 3D space can
be determined through connecting the same point scatterer
in the 2D ISAR image sequence of the target. In literatures
[25], [26], 3D ISAR images of moving target are formed
by exploiting single antenna system. The system has the
advantage of requiring a single antenna, but it relies on long
observation time and require the target to have motion in all
dimensions.

Interferometric inverse synthetic aperture radar (InISAR)
imaging is a 3D imaging technique combining the inter-
foremetric technique and ISAR. The 3D image of target
scattering centers is reconstructed by interferometric phase
processing of different 2D ISAR images from the various
projection planes. The principle of InISAR is similar to
InSAR (Interferometric synthetic aperture radar) and the third
dimension information can be obtained through the interfore-
metric technique when the moving direction of projection
planes is perpendicular to the direction of the baseline of the
antennas. A minimally required number of antennas is two.
However, the projection plane is not necessarily perpendicu-
lar to the baseline and the height information cannot always
be obtained by just two antennas [27], [28]. In [29], a 3D
ISAR imaging system is proposed and a series of images
with different view angles are obtained by using the same
received data. Then, the 3D information is obtained from the
series of images. A multichannel InISAR system composed
of three TX/RX antennas lying on two orthogonal baselines
with an L-shape is proposed in [30], [31].Ma et al. analyze the
3D imaging method using the cross MIMO array, the square
MIMO array and the interforemetric MIMO array in [32]
and generate the ISAR image of the moving target using
the square MIMO array in [33]. The simulation shows the
3D imaging of moving target can be effectively carried out
using MIMO+ISAR method. More studies [34]–[38] have
shown thatMIMO+ISARmethod can effectively perform 3D
imaging of the target.

The aforementioned methods are based on the principle
that the target is rigid body. That means the target is treated
as several permanent scattering centers between which the
relative positions are fixed. However, this condition cannot
be satisfied in the case of non-rigid body. Especially the
permanent scattering centers are hardly to be extracted with-
out obvious geometric structure in human body imaging.
Then these methods are not suitable for imaging moving
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target of non-rigid body (such as the moving human body).
In this paper, a microwave/mmw imaging method for moving
objects of non-rigid body using 2D sparse MIMO array is
proposed. A space-time trajectory model is introduced to
describe the motion of the non-rigid target which is decom-
posed into several joints. Auxiliary optical sensor, Kinect,
is used to obtain preliminary estimation of the 3D positions
of human skeleton. With the sparse MIMO array, the 3D
snapshot of each component dominated by a certain joint is
synthesized and the image sequence is generated during the
motion of the component. The accurate motion parameters
of each component is estimated from the image sequence
by the segmental joint estimation method and the refocused
image of each component is reconstructed with movement
compensation. Finally, all the images of components are
fused into a 3D focused image of the whole target. The major
innovations and contributions of this paper are summarized as
follows.

(1) This system combines 2D sparse MIMO array and
ISAR technique to perform 3D microwave/mmw imaging of
the moving targets of non-rigid body.

(2) The 3D image of the non-rigid target is reconstructed
by fusing together all the decomposed components which
are considered as rigid bodies and imaged with movement
compensation and refocusing.

(3) The imaging process uses Kinect as auxiliary opti-
cal sensor to obtain a preliminary coarse estimation of
the positions of scatterers. Such coarse estimation is used
to determine the imaging regions of each scatterer, which
can reduce the load and improve the efficiency of data
processing.

(4) The joint estimation method is proposed to estimate
global optimal motion parameters of each scatterer from the
image sequence.

III. SYSTEM DESIGN
A. OVERALL ARCHITECTURE
We design the system with a 2D planar array to realize the
3D imaging for moving targets of non-rigid body. The system
design is an improvement on our related study [39]. This
paper takes moving human body as an example. Suppose that
the human target moves in horizontal direction. Respectively,
x, y and z denotes the human walking direction, the ver-
tical direction and the radar looking direction, as depicted
in Fig. 1. We adopt a 2D sparse MIMO array with ‘cross’
shape arrangement in the system whose geometry is shown
in Fig. 1. This MIMO array is consisted of two perpendic-
ular linear arrays and the TX antennas are located in the x
direction while the RX antennas are located in the y deriction.
TDM is employed to switch among the TX antennas radiating
electromagnetic signals sequentially while the RX antennas
receive signals simultaneously. Noted that the array size in the
x direction (the direction of human motion) is much shorter.
Thus, the number of TX is greatly reduced resulting in short
observation time and high frame rate. Note that the final
imaging resolution along x direction would not be reduced as

FIGURE 1. 3D geometry of MIMO array imaging system.

the final synthesized aperture will be increased due to human
movement in the x direction, thereby balancing the resolution
of the refocused image in the x and z directions.

In terms of system size, the structure of such antenna array
can be easily made up of two linear arrays which are detach-
able and reassemble in the field. Therefore, the system can
be used in a temporary check point if needed. It is applicable
to detect concealed threats carried by pedestrian. The ISAR
image of the human body is generated through the motion
parameter estimation, movement compensation and refocus-
ing. The advantages of such system includes transportable,
deployable in temporary place, without interfering human
traffic, etc.

Mathematically, the backscattering coefficient of the target
can be derivedwith the time domain algorithm [39], described
as

Ô (x, y, z) =
L∑
l=1

N∑
n=1

M∑
m=1

s
(
xtm , ytm , xrn , yrn , kl

)
· exp

(
jklRtm

)
· exp

(
jklRrn

)
(2)

where M , N and L represent the number of TX anten-
nas, Rx antennas and frequency sample points respectively.
za is the planar array position in z axis. The TX and
Rx antenna positions are represented as (xt , yt , za) and
(xr , yr , za) respectively.O (x, y, z) is the backscattering coef-
ficient of the target. k is the wavenumber of the transmit-
ted signal.

(
xtm , ytm , za

)
and

(
xrn , yrn , za

)
are the positions

of the mth TX antenna and the nth RX antenna respec-
tively. kl is the lth wavenumber of the transmitted signal.
Ô (x, y, z) represents the processed backscattering coefficient

of the target. Rtm =
√(

xtm − x
)2
+
(
ytm − y

)2
+ (za − z)2

represents the range from the mth TX antenna to the target.

Rrn =
√(

xrn − x
)2
+
(
yrn − y

)2
+ (za − z)2 represents the

range from the nth RX antenna to the target.
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The backscattering coefficient of the target also can be
solved with the frequency domain algorithm, described as

Ô (x, y, z) = IFT3D
{
S
(
kx , ky, kz

)
· exp (−jkzza)

}
(3)

where S (·) is the wavenumber domain expression of s (·) and
can be written as

S
(
kx , ky, kz

)
= exp (jkzza) ·

∫
x

∫
y

∫
z

O (x, y, z) · exp (−jkxx)

· exp
(
−jkyy

)
· exp (−jkzz) · dx dy dz (4)

with

kx = kxt + kxr
ky = kyt + kyr

kz =
√
k2 − k2xt − k

2
yt +

√
k2 − k2xr − k

2
yr (5)

where kxt , kyt , kxr and kyr represent the wavenumber of TX
antennas and RX antennas in x direction and y direction
respectively.

The frequency domain algorithm utilizes a dimension-
reducing rearrangement operation to transfer the 5D
wavenumber domain

(
kxt , kyt , kxr , kyr , k

)
data into 3D

wavenumber domain
(
kx , ky, kz

)
. To facilitate the rearrange-

ment, it is required that the sampling steps should be the same
in kxt and kxr and also the same in kyt and kyr . Moreover,
kx and ky are required uniform along the x and y direction
respectively.

The planar cross MIMO array is adopted in 3D microwave
imaging since it has spatial degrees of freedom in three
dimensions with wideband illumination [40], [41]. According
to the frequency domain algorithm, the image resolution of
the planar cross MIMO array system can be written as

δx =
2π
1kx

δy =
2π
1ky

δz =
2π
1kz

(6)

Especially, suppose a point target Ptgt in front of the
antenna array and its resolution in vertical direction can be
further calculated as

δx ≈
2π

kc (sinθ1 + sinθ2)
(7)

where kc represents the wavenumber of the carrier frequency.
θ1 and θ2 are the angles between the z axis and the line from
Ptgt to each edge of the TX antennas array along the x axis,
as described in Fig. 1.

According to the derivation above, the target resolution in
xy plane can be simplified as

δx ≈
π

kcsin (θ/2)

δy ≈
π

kcsin (ϕ/2)
(8)

where θ and ϕ are the accumulated angles of the point tar-
get along vertical and horizontal direction respectively, with
the assumption that the target is located in the center of the
scene.

In the far field condition, the target resolution in xy plane
can be derived as

δx ≈
λ

θ

δy ≈
λ

ϕ
(9)

Thus it is can be seen that the relationship between the
resolution of the planar crossMIMO array and the monostatic
radar in far filed condition is

δx_mimo = 2δx_mono

δy_mimo = 2δy_mono (10)

In literature [42], the resolution δx,y in xy plane is given
with aperture size as

δx,y ≈
λ

Lx,y
R (11)

where Lx,y represents the length of the aperture in the cor-
responding direction. λ is the wavelength of the transmitted
signal. R denotes the distance between the target and the
antenna. The range resolution δz is determined by the fre-
quency bandwidth B, and can be written as

δz ≈
c0
2B

(12)

where c0 is the speed of light.
Obviously, (10) is adapted in the condition R � Lx,z.

According to the principle of phase center approximation
(PCA) [53], the phase center of a TX and RX antenna pair
in the MIMO system can be approximated as the phase of a
virtual antenna at the middle position of the TX antenna and
the RX antenna. With this approximation, the planar cross
MIMO array is equivalent to a rectangular monostatic array
in half size. Thus, (10) and (11) can also be derived from PCA
principle and can be adopted in the condition R� Lx,y.

In order to obtain high resolution image of target, the res-
olution in range direction can be improved by increasing
bandwidth Bwhile the resolution in azimuth can be improved
by increasing the electrical size of the antenna apertures
which are Lx/λ and Ly/λ. The increase of the electrical size
of the apertures means that more antenna units are required to
satisfy the half-wavelength space sampling principle. In this
paper, we obtain the resolution in x and y directions using 2D
sparse MIMO array. Sparse MIMO array can reduce the cost
and weight of the system and break the half-wavelength space
sampling condition but without degrading the image quality.

When imaging the moving human target, it is assumed that
the target moves along the x axis. Therefore, the resolution δx
in x direction is

δx ≈
π

kcsin (θacc/2)
(13)
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where θacc is the accumulated angle caused by the human
movement during the MIMO array observation time. Using
the inverse synthetic aperture technique, a larger virtual
antenna array can be generated from the human movement
to obtain a larger accumulated angle θacc. Note that (13) is
taken from (8) with the assumption that any TX and RX
antenna pair forms a channel, which means the RX antenna
can receive the signal radiated from the TX antenna.

Simultaneously, according (11) and (12) we can see that the
resolutions in y direction and z direction are λ/ϕ and c0/2B,
respectively. Using sparse MIMO array, 3D real-aperture
snapshot image of the target can be obtained. Equation (13)
shows the resolution in target moving direction can be
improved by synthesizing larger aperture through target
motion.

In the real aperture radar system, the imaging resolution in
x direction can be derived from (13). When kc is established
in system design, we can obtain that δx ∝ 1/θacc ≈ R/Lx ∝
1/Lx . That is to say, the minimum of δx is limited by Lx . If the
target is moving in x direction, the relative motion between
the target and the system is equivalent to the case where sys-
tem moving in x direction and the target is stationary. Using
ISAR processing, we can synthesize virtual array positions
over time and form a larger antenna array aperture of length
Lx + Lmove, where Lmove is the movement length in the x
direction. The improved resolution can be written as

δ′x ≈
π

kcsin [(Lx + Lmove) /2R]
(14)

Compared with the real aperture radar system, the same
performance can be achieved with the combination of MIMO
array and synthetic aperture method which requires less num-
ber of antenna elements. In this system, the synthetic aperture
is formed by the motion of the human body. Meanwhile,
a parameter model based on space-time trajectory [47] is
introduced to describe the motion of human body during the
observation time. Simultaneously, the human target is decom-
posed into a series of 3D points to describe the positions of
corresponding scatterers. The target motion is extracted from
the image sequence and recorded as the joint positions with
space-time trajectory.

Based on the kinematic analysis, a human body can
be modeled by a multicomponent system and each inter-
connected component segment is considered as a rigid
body [48]. These component segments represent different
range-Doppler information in return signals of radar sys-
tem when the human body is moving. For a rigid target,
the range and velocity information can be precisely measured
from the radar signals with phase derivation [49]. For more
complex cases, some researches have been studied about
extracting parameters of multicomponent target from radar
signals in [50], [51].

In this paper, the human target is decomposed into
25 components such as the head, neck, shoulder and elbow
in skeleton tracking to reconstruct the 3D motion posi-
tions, as illustrated in Fig. 2. With the introduction of some

FIGURE 2. The model of human skeleton joints.

TABLE 1. The parameters of Kinect v2.

inexpensive 3D information acquisition system, such as
Kinect [52], real-time 3D information extraction can be
obtained. Kinect v2 reconstructs a 3D depth image using the
depth camera [43] with parameters [44] listed in Table 1.
Kinect v2 can detect 25 skeleton joints which satisfies the
initial imaging requirement in our in-lab developed prototype
system, while Kinect v1 can only detect 20. We consider
each component dominated by the skeleton joints as a rigid
body without deformation to simplify the motion model of
the human body. In practice, the movement of human body is
more complicated with the contraction and rotation of mus-
cles. The accurate parameters of more joints can be acquired,
the better imaging quality can be achieved. Since the good
performance of Kinect v2 in the human motion tracking and
its low price, it is easy to get and determined to be used as the
auxiliary optical device.

Considering the field of view and system error of Kinect,
the range from the target to Kinect should be ∼2 m. Then,
the field of view achieves 3.6m× 2.0m(h× v) and the reso-
lution of depth camera is∼5mm. The accuracy of depth value
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is effected by system error and environmental noise such as
light condition. Therefore, the error of the skeleton infor-
mation achieves centimeter-level. When deployed in large
areas, an effective approach is to increase the number of the
developed system to cover these areas and different sizes of
the human body. Another choice is to introduce optical device
with motion tracking function in longer distance as auxiliary.

Consistent with Kinect and as a preliminary validation,
we use the method described in Fig. 2 directly to decompose
the non-rigid target into 25 joints which can be seen as point
satterers, with indices ranging from 1 to 25. Note that the
point scatterers and the joints do not necessarily coincide
with each other in practical applications. We can find that
there are almost no obvious point scatterers at the positions
of the joints from the 3D mm-wave images of human body
in literature [6]. We assume the existence of these scattering
points in order to interpolate them to obtain the accurate
component positions of the human body. It is similar to the
optical processing in literature [45], we consider the human
body consists of several rigid body segments and dominated
by the joints with degrees of freedom (DOFs). Using Kinect
v2 as an auxiliary, 25 joints of the human body can be easily
obtained. However, the relationship between the point scat-
terers and the joint points should be established in practice
to effectively indicate the position of each component. It is
not discussed in this paper which is rather a proof-of-concept
study. Moreover, we just propose a preliminary discussion
about microwave imaging of non-rigid body and the shade
effect of the scatterers is not considered here.

Considering the normal speed of human walk is 1∼2 m/s,
the frame rate of MIMO array snapshot is designed about
10Hz in our work, whichmakes a compact coverage in spatial
sampling along x axis. The resolution δ′x depends on the
movement length Lmove in x direction which can be derived
from (14). That means the best resolution can be achieved
when the movement spanned the entire observation area of
Kinect in x direction, even if the human body does not walk
very fast. Since the frame rate of Kinect is 30Hz which is
faster than the MIMO array snapshot, we adapt linear inter-
polation method in Kinect skeleton data to obtain the skeleton
position corresponding to the MIMO array snapshot.

The components represented by the scatterers are approxi-
mately regarded as rigid bodies.When the human body passes
through the surveillance area, it is considered that the syn-
thesized apertures are formed separately for each component,
as they may move differently relative to radar and thus their
motion parameters should be estimated independently. The
motion parameter of each scatterer is estimated preliminarily
using the correlation operation among the real-aperture snap-
shots at different times.

Consequently, the accurate parameters are estimated using
the joint estimation method to suppress the accumulation
error and target scintillation. Meanwhile, the segmental
motion parameter estimation is used to reduce the decorre-
lation of the images in large angle observation. In practical
applications, motion parameters of component connecting

FIGURE 3. Flowchart of 3D imaging method of non-rigid moving target.

two scatterers, e.g. arm between two joints, can be obtained
by interpolation. Every component is then imaged by refocus-
ing all observation data. Finally, images of all components are
fused to form an image of the whole target. Fig. 3 summarizes
the flowchart of the 3D imaging method of moving non-rigid
target. One case of the moving object imaging is depicted in
the experiments part of this paper. The results of the single
snapshot, the segmental-estimation, the joint-estimation and
the final imaging are shown in figures.

B. 2D SPARSE MIMO ARRAY
In MIMO system with M transmitters and N receivers,
the number of virtual antennas is MN according to the prin-
ciple PCA. As is demonstrated in [43], the equivalent array
factor aE (x, y) can be used to evaluate the performance of the
MIMO system, which is

aE (x, y) = aT (x, y)~ aR(x, y) (15)

where aT (x, y) and aR(x, y) denote the distribution of the
transmitters and the receivers, respectively and denotes the
convolution operation.

The cross MIMO array adopted in this paper is shown
in Fig. 1. M transmitters are located along the x direction
to form a linear periodic array with the interval of 0.75λ,
denoted as T1,T2, . . . .,TM . In the same way, N receivers
are located along the y direction with the interval of 0.75λ,
denoted as R1,R2, . . . .,RN . The corresponding equivalent
array is a uniform 2D square array according to the PCA prin-
ciple. The equivalent aperture intervals in x and y directions
both are 0.375λ. Therefore, the space sampling interval of the
equivalent array satisfies the constraint of < λ/2. Since (15)
is derived under the far-field condition, the equivalent array
interval is designed as 0.375λ to avoid the grating lobe caused
by under-sampling in the near-field region.
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FIGURE 4. In the xz plane, (a) PSF of the transmitter arrays, (b) PSF of the
receiver arrays.

The examples given in this paper are designed for the appli-
cation of human security screening. The carrier frequency is
24GHz. The wavelength is 12.5mm. The bandwidth is 4GHz.
The real aperture sizes in x and y directions are 0.2155m
and 0.89m respectively. The conventional imaging distance
is 2 m. The resolutions estimated according to (8) and (12) in
x, y and z directions are 11.62cm, 2.88cm and 3.75cm respec-
tively. The measurement time for one real-aperture snapshot
is about 0.24ms where a pulse width 10us per channel. The
human body target is seen as stationary when its movement is
negligible during 0.24ms. The snapshot is taken every 96ms,
which means the frame rate of MIMO array snapshot is about
10Hz. Note that all these parameters are chosen according to
specifications of our in-lab developed prototype system.

Under the near-field condition, the received echoes are
spatially non-uniform in theMIMO system and the frequency
domain imaging methods based on Fourier transform are not
directly applicable. In this paper, the back projection (BP)
algorithm based on the time domain imaging method is used
to image the target. 3D BP algorithm is implemented based
on the graphic processing unit (GPU) which can be found in
our related work [39]. The GPU implementation of 3D BP
can be accelerated by over 400 times. With a powerful GPU
station, it takes only∼1s to finish the imaging of one person.
The response function of the ideal point target in the imaging
system is called point spread function (PSF), which can be
used to measure the performance of the imaging system [45].
PSF of the antenna array in xy plane is analyzed using BP
algorithm in Fig. 4, where PSF of the transmitter array is

FIGURE 5. PSF of the 2D sparse MIMO array.

shown in Fig. 4(a) and PSF of the receiver array is shown
in Fig. 4(b). In Fig. 4(a), the PSF has a narrowmain lobe in the
x direction alongwhich the transmitter antennas are located to
form a linear periodic array. Meanwhile, in Fig. 4(b), the PSF
has a narrow main lobe in the y direction along which the
transmitter antennas are located to form a linear periodic
array. The resolution of the z direction is determined by the
bandwidth of the transmit signals.

In this system, the antenna arrays of transmitters and
receivers are sparsely arranged to form a series of transmit-
ter/receiver pairs. The interaction of the transmitter/receiver
pairs makes PSF have narrow main lobes both in two dimen-
sions of the x − y plane. It can be seen that the PSF of
the equivalent array can be roughly seen as the product of
the transmitter array PSF and the receiver array PSF by
transforming the equivalent array factor in (15) to the angular
domain through Fourier transform. This is basically consis-
tent with the results shown in Fig. 5.

In this system, the MIMO array can perform snapshot
imaging of the target, but the resolution along the x direction
is low due to the small array size of the transmitter array.
However, the response capability of the system is improved
with the reduction of the number of transmitters. As a com-
plement to the performance, the system uses the target motion
along the x direction to synthesize a larger aperture, thereby
increasing the resolution in x direction.

IV. JOINT ESTIMATION OF MOTION PARAMETERS
A. CORRELATION OF 3D REAL-APERTURE SNAPSHOTS
The design of the system proposed in this paper has high
frame rate in terms of real-aperture snapshot imaging. Thus,
the target movement between two successive snapshot frames
is small relative to the imaging scale. High correlation
between frames can be guaranteed. The extraction and track-
ing of the target point scatterers are realized using the human
skeleton extraction and tracking technique assisted with
Kinect v2. Then each scatterer is imaged separately using the
method of 3D real aperture imaging. The positions estimated
by Kinect provide coarse position information which can be
used to determine the imaging area of each scatterer, which
can reduce the data amount of processing and improve the
efficiency. The estimated positions of Kinect usually have an
error of centimeter level. In order to obtain accurate motion
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FIGURE 6. Local snapshot images of a single scatterer.

parameters, the 3D correlation of successive image frames
is carried out. The image frames used for correlation are the
localized image patches of the selected scatterer, as shown in
Fig. 6.

The correlation function Rij
(
x ′,y′,z′

)
between two 3D

images gi(x, y, z) and gj(x, y, z) is defined as

Rij
(
x ′, y′, z′

)
=

∫ ∫ ∫
gi(x, y, z)gj(x − x ′, y

− y′, z− z′)dxdydz (16)

It is assumed that there only exists linear translation
(m, n, l) between two frames, i.e.

gj(x, y, z) = gi(x − m, y− n, z− l) (17)

which can be expressed via Fourier transform as

Gj(fx , fy, fz) = Gi(fx , fy, fz)e−2π j(mfx+nfy+lfz) (18)

where Gj and Gi are the Fourier transforms of gj and gi,
respectively. Then, (18) can be written as

Rij (x, y, z) = IFT3D

(
Gi
(
fx , fy, fz

)
G∗j
(
fx , fy, fz

))
= IFT3D

(
F
(
fx , fy, fz

)
e2π j(mfx+nfy+lfz)

)
= f (x − m, y− n, z− l) (19)

where, F
(
fx , fy, fz

)
= Gi

(
fx , fy, fz

)
G∗i (fx , fy, fz) is satisfied

and f is the inverse Fourier transform of F . According to
the characteristic of the autocorrelation function, the maxi-
mum value of f (x, y, z) is located at (0, 0, 0) and Rij (x, y, z)
reaches the maximum value at (m, n, l). Hence, the peak of
the cross-correlation function represents the offset between
two frames.

The images operated in practical applications for cross-
correlation consist of discrete values. Thus, interpolation is
needed to improve the accuracy of m, n and l. The operation
of FFT, zero-padding and IFFT is an efficient method to
interpolate digital signals.

When K images are processed, using cross-correlation
function of any two successive images, K−1 peak offsets are
extracted. The offsets represent the movements of the target
in the 3D space. In fact, due to the signal noise, the signal
distortion caused by the system and the target scattering scin-
tillation, the estimation of motion parameters using succes-
sive image correlation method leads to cumulative error and

abrupt change of the motion parameters. This paper proposes
a joint estimation method for the motion parameters. The
least squares estimation of the motion parameters using any
two images are taken to estimate the global optimal solu-
tion. Since this method degrades performance as the image
correlation decreases, we propose to conduct joint estimation
method in a segment-by-segment fashion.

B. SEGMENTAL JOINT ESTIMATION
Assuming the target is moving relative to the radar system and
K images are obtained from the system, the cross-correlation
coefficients Rij and Rji of 3D images gi(x, y, z) and gj(x, y, z)
can be calculated through (16). According to the peak coordi-
nates of the cross-correlation coefficients, the relative offsets
of the images are Pij =

[
1x ij,1yij,1zij

]T and Pji =[
1x ji,1yji,1zji

]T . Thus, the cross-correlation matrix R of
the any pair of images can be written as

R =


P11 P12 · · · P1K
P21 P22 . . . P2K
...

PK1

...

PK2

. . .
...

. . . PKK

 (20)

Assume that Pi =
[
1x i,1yi,1zi

]T is the offset
of gi(x, y, z) relative to the reference image and Pj =[
1x j,1yj,1zj

]T is the offset of gj(x, y, z) relative to the
reference image. We have Pij = Pi − Pj and Pji = Pj − Pi.
Thus, (20) can be written as

R =


P11 P12 · · · P1K
P21 P22 . . . P2K
...

PK1

...

PK2

. . .
...

. . . PKK



=


P1 P1 · · · P1
P2 P2 . . . P2
...

PK

...

PK

. . .
...

. . . PK



−


P1 P2 · · · PK
P1 P2 . . . PK
...

P1

...

P2

. . .
...

. . . PK

 (21)
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FIGURE 7. The segmental joint estimation method of target motion parameters.

The elements in R can be rearranged into a vector y as

y = [P11,P12, . . . ,P1K ,P21,P22, . . . ,P2K ,

. . . ,PK1,PK2, . . . ,PKK ]T (22)

and we introduce x as

x = [P1,P2, . . . ,PK ]T (23)

Therefore, y can be written as

y = Ax (24)

where A is a K 2
× K matrix defined as

A =
{
aij
}K2
×K

,

aij =


1 mod (i,K ) 6= 1& j = mod(i,K )
−1 mod (i,K ) 6= 1& j = ceil(i/K )
0 mod (i,K ) = 1

(25)

where mod(·) denotes modular operation and ceil(·) denotes
round-up operation. Equation (24) is an underdetermined
problem. In (24), x has infinite solutions because rank (A) =
K − 1. Therefore, an additional constraint is introduced as

y
′

=

[
0
y

]
(26)

A′ =
[
A′′

A

]
, A′′ = [1, 0, . . . 0] (27)

Therefore, (24) can be written as

y
′

= A′x (28)

The solution of (27) can be obtained by least squaremethod
as

x̂ =
(
A′TA′

)−1
A′Ty

′

(29)

where x̂ is the estimated value of x.
Due to target angular decorrelation effect, the correlation

coefficient between two images decreases with increased
separation of the two images in time and/or observation angle.
However, in the near-field condition, the imaging system is
usually operated with a wide-angle observation to obtain a

high resolution image of the target. Thus, a segmental joint
estimation method for target motion is proposed in this paper
to solve the problem of angular decorrelation.

Suppose that K images are generated by snapshot imag-
ing of the moving target, denoted as (g1, g2, . . . , gK ). The
distance which the target moves respect to the radar sys-
tem is Lobj. The distance between the imaging area center
and the antenna array center is Robj. The rotate angle of
the target relative to the antenna array is θm and θm ≈
arcsin

(
Lobj/Robj

)
. The snapshot images are divided into k

groups. In each group, there are q = K/k images and the
rotate angle of the target is θk ≈ θm/k . The images in the ith
group are denoted as

(
gi1, gi2, . . . , giq

)
. The image acquisi-

tion interval is denoted as (ti−1, ti). After the joint estimation
of the target motion parameters, the offsets of the images are
Qi = (Qi1,Qi2, . . . ,Qiq),which can describe the trajectory
of the target. Using the target motion parameters, the signals
acquired in (ti−1, ti) can be compensated to generate the
image gi. Consequently, k images are generated, previously
defined as (g1, g2, . . . , gk). Then the joint-estimation method
is used again in the image sequence (g1, g2, . . . , gk) to obtain
a new trajectory Q′ = (Q′1,Q

′
2, . . . ,Q

′
k ). Q

′ is used to
correct the value of Qi, and the corrected value Pi can be
written as

Pi =
(
Q′i + Qi1,Q

′
i + Qi2, . . . ,Q

′
i + Qiq

)
(30)

Therefore, the trajectory of the target during the observa-
tion is (P1,P2,P3, . . . ,PK ). The flow chart of the segmental
joint-estimation method of target motion parameters is shown
in Fig. 7.

C. REFOCUSING
The system performs snapshot imaging during the target
motion, and the K images obtained have relatively low
resolution in the x direction. After the joint estimation
of the motion parameters, the offsets of these images are
(P1,P2, . . . ,PK ). Assuming that the measurement time
of one frame is short enough, the target can be con-
sidered stationary in each frame time. The frame offsets
(P1,P2, . . . ,PK ) are relative to the initial position P̄1.
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FIGURE 8. Synthetic aperture array formed by compensating target’s
relative motion.

FIGURE 9. The PSF of, (a) ISAR, (b) MIMO+ISAR.

The system uses M transmitters and N receivers to form a
planar MIMO array. The positions of the transmitter array
and the receiver array are known as

(
PT1 ,PT2 , . . . ,PTM

)
and

(
PR1 ,PR2 , . . . ,PRN

)
, respectively. Where, PTi =[

xTi , 0, 0
]T
, i = 1, 2, . . . ,M and PRj =

[
0,yRj , 0

]T
, j =

1, 2, . . . ,N . The target position is Pti relative to the initial
position P̄1 at time ti. Assuming that the target position is
stationary and the radar is moving, the antenna positions of
the system are compensated. The compensated transmitter
antenna positions are

(
PT1 − Pti ,PT2 − Pti , . . . ,PTM − Pti

)
and the compensated receiver antenna positions are(
PR1 − Pti ,PR2 − Pti , . . . ,PRN − Pti

)
. As a result, a complex

FIGURE 10. With 2cm perturbation error, the absolute estimation error
comparison in (a) x direction, (b) y direction and (c) z direction.

virtual aperture array is synthesized during the target motion,
where the positions of the virtual apertures may be irregularly
located, as shown in Fig. 8.

The quality of the final image depends on the accuracy of
the target motion parameter estimation. However, the phase
error caused by the target motion is not fully compensated
after movement compensation, because its accuracy at the sub
resolution level might not satisfactory to compensate phase
errors. Thus, the target image still has the residual phase error
after imaging procedure.

In this paper, the motion parameters obtained by joint esti-
mation are used as preliminary compensation for the target
motion, andK 3D images are obtained, where the envelope of
the point scatterer is aligned in three dimensions. Based on the
BP algorithm, the image can be coherently synthesized. Espe-
cially, when the peak point of the scatterer is added in phase,
the best performance can be achieved. To implement the syn-
thesis, K images are denoted as gk (x, y, z) , k = 1, 2, . . . ,K

146250 VOLUME 7, 2019



Z. Zhu et al.: Microwave Imaging of Non-Rigid Moving Target Using 2D Sparse MIMO Array

FIGURE 11. With 4cm perturbation error, the absolute estimation error
comparison in (a) x direction, (b) y direction and (c) z direction.

and gk (x, y, z) can be written as

gk (x, y, z) = Ak (x, y, z) ejξk (x,y,z) (31)

where, Ak (x, y, z) is the amplitude of the kth image.
ξk (x, y, z) is the residual phase error caused by the target
motion. In the near-field imaging MIMO system, ξk (x, y, z)
has the spatial variability. x, y and z are assigned from a
small range near the peak point of the scatterer. At this point,
Ak (x, y, z) is considered not vary with k and ξk (x, y, z) is
independent of the values x, y and z. γk (x, y, z) is introduced
and written as

γk (x, y, z) = gk (x, y, z) g∗k−1 (x, y, z) (32)

Assuming that the image noise obeys the Gaussian distri-
bution, the phase error is estimated based on the maximum

FIGURE 12. With 8cm perturbation error, the absolute estimation error
comparison in (a) x direction, (b) y direction and (c) z direction.

likelihood estimation. Then

1ξ̂k = arg

∑
x

∑
y

∑
z

γk (x, y, z)

 (33)

where 1ξ̂k is the estimated value of 1ξk . ξk can be obtained
by accumulating the value of1ξk . The estimated phase error
is compensated to the 3D image and the refocused image is
obtained through the coherent synthesis.

Since the major direction of the target motion is along
x axis, the final image gets an improved resolution in the
x direction. Fig. 9(a) shows the PSF of the virtual array
synthesized by the target motion using a single aperture.
Fig. 9 (b) shows the PSF of the virtual array synthesized
by the target motion using MIMO aperture array. Compared
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FIGURE 13. The comparison of the point target image in xy plane and without phase adjustment with perturbation error of (a) 2cm, (b) 4cm
and (c) 8cm.

FIGURE 14. 1D profile of the point target in (a) x direction with 2cm
perturbation error, (b) y direction with 2cm perturbation error, (c) x
direction with 4cm perturbation error, (d) y direction with 4cm
perturbation error, (e) x direction with 8cm perturbation error and (f) y
direction with 8cm perturbation error.

with the PSF of the real aperture MIMO system in Fig. 5,
the synthetic array using MIMO and target motion has higher
resolution in the target motion direction.

D. COMPUTATION COMPLEXITY
In this security imaging system, the moving target is decom-
posed into 25 components and the components are imaged

separately with guiding of Kinect. The computational of BP
algorithm is [54]

CBP ≈ 8NTNRNxNyNzFLOP (34)

where NT and NR are the numbers of TX antennas and RX
antennas. Nx , Ny and Nz are the pixel numbers of final image
in x, y and z directions respectively.

Then the computation complexity of 25 components is

C1 ≈ 8NTNR
25∑
i=1

NxiNyiNziFLOP (35)

where Nxi , Nyi and Nzi are the pixel numbers of ith compo-
nent image in x, y and z directions respectively. Note that
25∑
i=1

NxiNyiNzi < NxNyNz and the values of Nxi , Nyi and Nzi

depend on the sizes of these components.
When the motion parameters are estimated using joint-

estimation method, there are 3D FFTs, IFFTs, matrix inver-
sions and matrix multiplication which are included in
(19) and (29). Therefore, the computational load for this
step is

C2 ≈ 25×
[
2K log2

(
NxNyNz

)
+ 9K 6

]
FLOP (36)

The computational load of refocusing process depends
on a small range near the peak point and can be consid-
ered as a constant to be neglected. Then the image fusion
can be seen as 25 imaging processes and the computational
complexity is

C3 ≈ 8KNTNR
25∑
i=1

NxiNyiNziFLOP (37)

In summary, the total computational complexity of the
proposed method is

Ctotal ≈ KC1 + C2 + C3

= 16KNTNR
25∑
i=1

NxiNyiNzi + 50K log2
(
NxNyNz

)
+ 225K 6FLOP (38)
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FIGURE 15. Human skeleton in motion.

V. EXPERIMENTS
A. POINT TARGET
In this section, the performance of target imaging using sparse
MIMO array is verified by point target simulation. System
configuration is the same asmentioned in Section 3. The point
target moves in sinusoidal trajectory in the x − y plane and
z = 2m. Stochastic perturbations up to 2cm, 4cm and 8cm
are added to the trajectory respectively to make it realistic.

The baseline sinusoidal trajectory with perturbation in
centimeter-level is assumed to be obtained via Kinect.
Motion estimation is only tasked to estimate the perturba-
tions. The joint estimation method proposed in this paper
is used to estimate the trajectory of the target which
requires a preliminary motion information to image the local
component.

In order to compare the performance of successive image
pair correlation and joint estimation method, the absolute
value of motion errors is analyzed in Fig. 10, Fig. 11 and
Fig. 12 with perturbation error of 2cm, 4cm and 8cm respec-
tively. The conventional successive image pair correlation
method can obtain the target trajectory but the cumulative
error is increasing with the movement of the target. The pro-
posed joint-estimationmethod effectively reduce the accumu-
lated error and shows a better performance. Themajor motion
of the target is in the x direction where the cumulative error
increases along x direction. The sinusoidal motion of the tar-
get in the z direction leads sinusoidal oscillation error which
becomes larger with the target motion. The target motion in
the y direction causes the error to vary randomly. Both of the
conventional successive image pair correlation method and
the joint-estimation method can obtain more accurate motion
parameters than the simulated Kinect error. The performance
of joint estimation method is the best in all three dimensions

FIGURE 16. The simulation result of the human skeleton joints.

when the stochastic perturbation error is 2cm, 4cm and 8cm
respectively. From Fig. 10, Fig. 11 and Fig. 12, we can see
the estimation error of joint estimation method is increasing
when the perturbation error added is growing, and achieves
2cm in x direction when the perturbation error is 8cm as
shown in Fig. 12(a).

All signals acquired during the target motion are com-
pensated simultaneously. Finally, the refocused images of
the point target in x − y plane at z = 2m with different
perturbation errors are shown in Fig. 13. According to the
assumption that the phase error is spatially invariant in small
area, the phase adjustment is taken. The 1D image profiles
in x and y dimensions are shown in Fig. 14 with differ-
ent perturbation errors. The profiles in z direction depend
on the signal bandwidth and are not analyzed here. Since
the joint-estimation error achieves 2cm in x direction when
the perturbation error added is 8cm, the 1D profile of the
point target is spread. Therefore, we can conclude that the
joint-estimation method is valid when the perturbation error
is less than 4cm and becomes not valid when the perturbation
error is larger than 8cm.

B. HUMAN SKELETON
In this subsection, the motion of non-rigid body target is
simulated using multiple points. Real data of human skeleton
joints measured by Kinect is used to simulate the human
motion more realistically. Kinect decomposes the human
target into 25 joints, as shown in Fig. 2. In this experiment,
10 frames are interpolated from the original 30 frames, syn-
chronized with the microwave snapshotting time, to extract
the skeleton joints of the human body. Meanwhile, 2cm
stochastic error is added to the joint positions which is taken
as an input parameter for the imaging of non-rigid body
target. The human skeleton motion parameters are shown
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FIGURE 17. (a) The linear TX and RX arrays of measuring system and (b) the measured objects.

FIGURE 18. The multiple snapshots of the objects imaged with multiple
scans.

in Fig. 15. The major movement of the human target is about
1m in the x direction.

The motion parameters of each skeleton scatterer are esti-
mated using the joint estimation method and used to compen-
sate the motion of each scatterer. Then, the images obtained
are refocused separately and merged into one image to recon-
struct the whole image of the human skeleton which is shown
in Fig. 16. The red points present the real position of the
human skeleton and the blue color presents the -10dB profile
of the reconstructed 3D image. As can be seen in Fig. 16,
25 scatterers are imaged and a complete view of human
skeleton are achieved.

C. MOVING OBJECTS
In this subsection, we use real data as measured by an equiv-
alent MIMO scanning system as presented in [55] to further
verify the proposed method in this paper. The system adopts
stepped-frequency (SF) mode and the working frequency is
130GHz ∼ 150GHz. The number of sampling points is 201.
This is an equivalent system without real 2D MIMO antenna
array. As shown in Fig. 17(a), 10 virtual TX antennas and
35 virtual RX antennas are formed by changing the positions
of one real TX antenna and one real RX antenna in the
system. Then, the 2D virtual MIMO array is synthesized
by repeating this formation along the scanning direction in
Fig. 17(a). With the virtual MIMO array, the TX antennas
and RX antennas are paralleled linear arrays with 2.5cm dis-
tance. The spaces of TX antennas and RX antennas are 2mm
and 5mm respectively. The imaging area center is at 30cm
from the system with two objects as shown in Fig. 17(b).
The linear TX and RX arrays are controlled by a stepping
motor to realize the scanning in y direction with accuracy
of 1mm.

The scanning data of the objects are obtained and can be
divided into multiple observations. In detail, we use 20 scans
to image the objects as one snapshot to form multiple snap-
shots with large number of scans. As shown in Fig. 18,
107 scans are used to form 88 snapshots. These scans are
performed sequentially with space of 1mm. For example,
the first snapshot is formed by scans 1 to 20 and the next one
is formed by scans 2 to 21. The snapshots are imaged using
BP algorithm.

In Fig. 18, we can see that the snapshots present differ-
ent features of the objects. These snapshots are randomly
ordered to form a sequence which can be seen the mov-
ing sequence of objects in y direction. Then the succes-
sive image pair correlation and the joint-estimation method
are used to derive the motion parameters of the objects.
In order to avoid the decorrelation caused by the different
features of the snapshots, the joint-estimation method divides
the image sequence into three segments to estimation the
motion parameters. The estimation error of three segments
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FIGURE 19. The estimation error of (a) the first, (b) the second and (c) the third segment in object moving direction.

FIGURE 20. (a) The estimation error and (b) the absolute estimation error comparison in object moving
direction.

FIGURE 21. Imaging results of objects (a) without motion error and with motion parameters estimated by (b) successive image pair correlation and
(c) joint-estimated method.

are shown in Fig. 19(a), Fig. 19(b) and Fig. 19(c) respectively.
Then the joint-estimation is carried out and the estimation
results are shown in Fig. 20.

Using the estimated motion parameters, the final images
of the moving objects can be obtained using BP algorithm,
which are shown in Fig. 21. Fig. 21(a) shows the image
without motion error. Fig. 21(b) and Fig. 21(c) show the
images after movement compensation with the estimated
motion parameters of the successive image pair correlation
and the joint-estimation method respectively.

From Fig. 21, we can see that the proposed method can
effectively using the moving of the target to form larger
equivalent array and archive high resolution imaging of the
moving objects.

VI. CONCLUSION
This paper proposes a microwave/mmw imaging method for
the motion target of non-rigid body based on 2D sparse
MIMO array. In the 2D sparse MIMO array, a small number
of transmitter antennas is used to improve the measurement
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time of the system. The space-time trajectory model is intro-
duced to describe the motion target which decompose the
non-rigid body target as a series of point joints. The com-
ponent of each joint is imaged separately and merged into
one final image to reconstruct the 3D image of the whole
target. The optical device Kinect is used in this method to
measure the positions of human skeleton joints and the mea-
surement are taken as a preliminary estimation of the target
motion parameters, which is used to indicate the local image
positions of the joint components. With the local image series
of each joint component, an accurate motion parameters esti-
mation is taken using the segmental joint estimation method
proposed in this paper. Throughmovement compensation and
refocus imaging, the high resolution 3D image of the moving
target of non-rigid body is obtained. The system design,
the imaging flow and the design principle are illustrated in
this paper. The validity of this method is proved through the
simulations of human skeleton and experiment on measuring
data of real targets.
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