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Abstract: Millimeter-wave (MMW ) imaging is of interest as it has played an essential role in personal surveil-
lance. The existing MMW short-range imaging mechanisms in personal surveillance can be mainly divided into
SISO and MIMO. The SISO mechanism can achieve fast and accurate imaging. However, as the operating fre-
quency increases, the number of antennas required increases rapidly, and the antenna spacing decreases, which
not only causes an increase in system cost, but also makes it difficult to suppress antenna coupling. Although the
MIMO mechanism reduces the number of antennas required for imaging and increases the antenna spacing, it is
currently unable to achieve rapid and accurate reconstruction comparable to the SISO mechanism. In this paper, a
MIMO short-range imaging mechanism has been proposed, which is well-suitable for fast and accurate reconstruc-
tion, and the applicable conditions of the mechanism were given quantitatively. Unlike the traditional MIMO
short-range imaging mechanism, the proposed MIMO imaging mechanism satisfies the principle of equivalent
phase center (EPC) in short-range imaging by ingeniously designing MIMO sub-arrays. Therefore, it can directly
use various accurate and fast imaging algorithms developed for SISO mechanism to reconstruct images, such as
range migration algorithm (RMA). It means that the algorithm has the advantages of both SISO mechanism and
MIMO mechanism. The demonstrations in E-band show that the proposed MIMO mechanism exhibits the same
level of imaging quality and reconstruction speed as SISO mechanism in short-range imaging, but the antenna uti-
lization rate and the antenna spacing can be increased by more than 4 times. When compared with the traditional
MIMO imaging mechanism, the proposed MIMO mechanism not only has better imaging quality but also greatly
improves the reconstruction speed, which is nearly 200,000 times faster than the traditional MIMO mechanism in
a typical imaging scene of ImXI1mx0. 2m volume with a voxel size of 1. 85 mm?®. Both simulation and experimen-
tal results verify the effectiveness of the proposed MIMO mechanism.
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Introduction

Due to the characteristics of nonionizing radiation,
high resolution and good penetrability, active MMW im-
aging applied to personnel surveillance has been exten-
sively studied over the past decades '™'. The most classi-
cal MMW imaging mechanism is what we called SISO in
which transmitting antenna (T) and receiving antenna
(R) are co-located, and a two-dimensional (2D) aper-
ture is achieved by scanning electrically or mechanical-
ly*®. Researchers have developed various fast imaging
algorithms for SISO mechanism in the past de-
cades'">”. Range migration algorithm (RMA) is one of
them. And this FFT-based imaging method is thought to
be a standard imaging algorithm for SISO mechanism be-
cause of both high accuracy and rapid computation
speed. When imaging a volume that consists of N X N X
N points, the computational complexity of RMA is
O(N’log,N). Combined with broadband signal and
RMA, SISO imaging system can achieve good 3D imag-
ing results in short-range and has been widely used in
personnel surveillance B However, SISO setup re-
quires that the spacing of transceivers is less than half of
wavelength because of the limitation of Nyquist criterion.
Since spatial resolution has a consistent dependence re-
garding the frequency and the aperture size, to improve
the resolution of images, higher central frequency and
larger aperture must be used, making the number of an-
tennas increases rapidly. And more antennas contribute
to the systems cost and complexity arising. Besides, the
decrease of the interval between transceivers has an ad-
verse effect on antenna design and coupling suppression.

Therefore, some researchers have set their sights on
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Fig. 1 Schematic diagram of SISO imaging mechanism
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the mechanism of MIMO in which transmitting and re-
ceiving antennas are not co-located. MIMO antenna ar-
ray operates sequentially or simultaneously, when one
transmitting antenna emits signal, multiple receiving an-
tennas receive the echo signal. Compared with the SISO
imaging system, the MIMO imaging system requires few-
er antennas, has faster scanning speed, and the anten-
nas can be sparsely arranged. We noticed that there are
some research focusing on MIMO array topology design
1216 However, MIMO mechanism faces a main chal-
lenge of fast image reconstruction. Most of researches
usually use the back-projection algorithm (BPA) to re-
construct images. While BPA is accurate and suitable for
any MIMO array configuration, its computational com-
plexity is too tremendous. Especially in 3D cases, the
computational complexity of BPA can reach O(N°).
RMA has long been used efficiently in SISO setup but
cannot be directly used in MIMO configuration. Recent-
ly, another FFT-based imaging algorithm for MIMO con-
figuration was proposed in Ref. [17], but as the paper
shows, when compared with traditional RMA used in
SISO, the speed of image reconstruction is still slow,
and the computational complexity of the algorithm is
O(N*log,N).

In this study, a MIMO short-range imaging mecha-
nism of MMW for fast and accurate reconstruction is pre-
sented. The proposed MIMO imaging mechanism adopts
a mechanical scanning MIMO linear array in order to bal-
ance the system cost and scanning speed. Through the
sparse design of antenna array and control technology,
the data acquisition speed and the utilization rate of an-
tenna can be greatly improved. Meanwhile, the antennas
in the MIMO array are arranged sparsely, which helps to
couple suppression and hardware complexity reduction.
More importantly, the MIMO mechanism could use accu-
rate and fast imaging algorithms developed for SISO
mechanism, such as RMA, to reconstruct images, which
significantly improves the speed of reconstruction. It
must be noted that RMA is just one type of fast imaging
algorithms, and we choose it to verify the effectiveness of
our mechanism for its generality. In essence, the pro-
posed MIMO mechanism is suitable for a variety of fast
imaging algorithms developed based on SISO mecha-
nism, such as phase shift migration algorithm (PSMA)
7', range resolution enhancement algorithm (RREA) *'.
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The applicability of the proposed MIMO mechanism will
not be affected by the change of algorithm.
1 Method
1.1 Background: SISO imaging mechanism

Before discussing the MIMO mechanism, we first re-
view the SISO imaging mechanism and its image recon-
struction algorithms. As shown in Fig. 1, transmitting
and receiving antennas are co-located and a 2D aperture
are formed to build 3D images by electrical or mechani-
cal scanning technology. And the 2D aperture is located
on the plane at Z=0 in Cartesian coordination. The tar-
gets are located in the area of Z>0, and under Born ap-
proximation " and ignore the propagation attenuation,
then the scattering data collected by 2D-SISO antenna ap-
erture can be expressed as:

$(%gsy0k) = mf(x,y,z)exp (=2jkr)dxdydz, (1)

where r = \/(xo - %)’ +(y, — ¥)* + 2° represents the dis-
tance between the antenna at (x,, y,, 0) with the target at
(x,,2). k represents the wavenumber, and f(x,y,z) is
the reflectivity distribution of the target.

Typically, the antennas are evenly distributed in 2D
aperture. According to the sampling requirement, the in-
terval between antennas should satisfy the Nyquist criteri-

on 1192:
L. +D.)
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where Ax and Ay are the sampling step in the cross-range
plane, A, represents the shortest wavelength within fre-
quency band. L and L, are the width and height of anten-
na array. D, and D are the width and height of imaging
domain. Z, represents the front surface of the target on
the Z-axis. However, due to the beam-width of antenna
is limited, usually setting the internal as A /2 is suffi-
cient. Because the sampling of antenna is uniform, so
RMA can be used. The imaging process can be de-
scribed as Ref. [1]:
S(ayz) = FT [ FTy[s(x0,y0k) ]

, (3
exp (—jZ /K -k’ G)

FT;, and FT,, represent the 3D Fourier inverse converter
and 2D Fourier transform operator, respectively. £, and
k stand for the spatial wavenumbers in x- and y- direc-
tions, respectively.
1.2 Dimension Reduction for MIMO imaging
mechanism

For MIMO imaging mechanism, transmitting and re-
ceiving antennas are not co-located. The process of scat-
tering data acquirement can be written as:

sy reynk) = [[f (eoz)exp (<jhry)exp (=jhro)dxdydsz,
4

where r, stands for the distance between the transmitter
at (x4, ¥4, 0) and the target at (x, y,z). r, the represents
the distance between receiver at (xg, y4, 0) and target at
(%, v, 2).

Obviously, the scattering data set is a 5-D matrix in
MIMO imaging system. To reconstruct a 3-D image by
RMA, the operation of dimension reduction must be
done. Equivalent phase center (EPC) principle is a sim-
ple and effective method for spatial dimension reduc-
tion'®’. Based on the principle, each pair of transmitter-
receiver form an EPC, which lies on the midpoint of the
two antennas. Therefore, in Cartesian coordination, the
coordinate of EPC can be expressed as:

Xyt X Yr + ¥e
.= 5
2 9}/(‘ 2 ” ()

Then, the 5D data s(x;, y;, X, ¥z, k) is rewritten as
a 3-D data s(x, v, k). Hence, RMA can be used, a 3-D
image can be formed with the following expression :

S(xyz) = FT;DI[FTZU[S(xC’yOk)]
E -k -k ’

Xe =

6

exp (/2 ©
Nevertheless, the EPC principle is valid only under the
far-field condition, i. e., the imaging distance is much
larger than the size of MIMO array, which can be ex-
pressed as Rayleigh’s far-field criterion *;

217
R = 7
=, )

min

where R is the distance between target with MIMO array,
L represents the length of MIMO array. However, the
condition fails to be met in traditional MIMO shot-range
imaging mechanism. For example, the imaging area of
MMW human security inspection system is about 1 mx2
m and the operating wavelength usually less than
0.01m. However, the maximum detection distance of
the system is usually under 1 meter because of the low
power of sources. In this paper, a MIMO mechanism that
uses several sub-arrays is proposed, which can use vari-
ous accurate and fast imaging algorithms developed for
SISO mechanism to reconstruct images without obvious
image degradation.
1.3 MIMO linear array topology design

The MIMO linear array adopted by the presented MI-
MO mechanism is depicted as Fig. 2 (N, =2, N, =3 is
shown). Array 1 has N, elements over unit cell length D
for spacing of D/N,. Array 2 has N, elements over unit
cell length D for spacing D/N,. We assume N, < N, and
no common factor is shared between N, and N, for sam-
pling uniformly. Usually, array 1 are set as transmitter
array and array 2 are set as receiver array. To satisfy the
requirement of far-field condition, when one transmitter
emits signal, only the receivers whose separation with
the transmitter is less than or equal toDare used to re-
ceive the echo signal. The largest separation D should
meet the formula:

D <

RA ., g
: . ®)

As shown in the Fig. 2, except for those elements
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in the end cells, each element in array 1 forms 2N, sam-
pling data. To meet the requirement of uniform sam-
pling, only EPCs whose position = D/2 are adopted in
left end cell and only EPCs whose position < D/2 are ad-
opted in right end cell.

D
Array | N
N, D m -
N,

Array 2
N,

Fig. 2 Diagram of MIMO linear array configuration adopted by
the proposed new MIMO mechanism
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We define the number of cells as N, then the num-
ber of elements in array 1 and array 2 can be written as
N,N_,N,N.. The interval of EPC is D/(2N,N,) and length
of EPC array can be expressed as:

L, =(N. - )D .9

Hence, compared with SISO array, the antenna uti-
lization rate in this MIMO array can be expressed as:

2NN, (N, - 1) + 1

= . (10

TN, + NN, (10)

Since the interval of EPC usually was set as A /2,
then Eq. (8) can be conducted as:
R

N,N, € | — 11

Nos |5 (i

min

Formula (11) quantitively gives the applicable con-
dition of the proposed MIMO mechanism. Furthermore,
(11) indicates that the utilization rate of antenna in the
MIMO array can be improved by the increase of imaging
distance and frequency. It means that the advantages of
the MIMO array will be more obvious when working at
high frequency.

In addition, the traditional MIMO imaging mecha-
nism in Ref. [22] is introduced for comparation. As
shown in Fig. 3, the traditional MIMO imaging mecha-
nism can use less antennas to form same number of EPCs
when compared with our MIMO imaging mechanism.
However, those fast and accurate imaging algorithms,
which are developed based on SISO mechanism, are not
applicable for traditional MIMO linear arrays. This will
be demonstrated in the next section.

Array |
N gm...mm TR ]
AAAAAAAAAAAAAAAAAAAA vevnes AAAAAAAAAAAAAAAL
Array 2 ) ° ° ° ° L EEEE ° ° ° [}

N,

Fig. 3 Diagram of MIMO linear array configuration adopted by
the traditional MIMO mechanism
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2 Verification process
In this section, we did both simulations and experi-
ments to verify the MIMO imaging mechanism. As shown

in Fig. 4, a 2D test pattern is set as the imaging target in
numerical simulations. And a 3D mannequin whose ma-
terial was set as perfect electrical conductor (PEC)
serves as target in electromagnetic simulations.

4.63 mm
3.70 mm

2.78 mm

1.85 mm

X /mm

Fig. 4 Drawing of resolution chart
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2.1 Numerical Simulations

The adopted MMW source is 70~82 GHz with a sam-
pling interval of 0.25 GHz. The imaging range is 0.3
meter and the holographic data are obtained by (4).
Based on the design method in section II, we design a set
of MIMO linear arrays with different/V,: N,: N_ but nearly
identical EPC array in order to testify the effectiveness of
the proposed MIMO imaging mechanism. From Eq.
(11), we can deduce that N, N, < 6.36. So, the N,: N,:
N, of those MIMO arrays are set as 1:4:69, 2:3:47, 1:
8:35, 1:10: 28. And the traditional MIMO imaging
mechanism that adopts 20 transmitters and 27 receivers
is used for comparation. Every MIMO linear array can
form a I-meter-long and 0. 5-A; -spaced EPC linear ar-
ray. Similarly, the classical SISO mechanism with a lin-
ear array whose elements located at the EPC of the MIMO
array is also introduced for comparation. All linear ar-
rays are uniformly moved in vertical direction with
0. 5A,;, step to form a 1 mX1 m scanning aperture.

min

Y
|4
X

Fig. 5 Illustration of mannequin
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Fig. 6 shows the maximum value projection of the
imaging results of the resolution chart. Not surprisingly,
traditional MIMO array leads to unfocused images when
imaging with RMA. In addition, the imaging quality of
traditional MIMO array with BPA is not satisfactory be-
cause overly spare MIMO array brings obvious artifact in
horizontal direction. And as shown in Fig. (a) and (e),
by imaging with RMA , the reconstructed images of the 2:
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Fig. 6 Reconstructed images (maximum projection) of resolution chart via numerical simulattons (a) SISO array with RMA (b) tradition-
al MIMO array with RMA (c) traditional MIMO array with BPA (d) 1:4:69 MIMO array with RMA (e) 2:3:47 MIMO array with RMA (f)

1:8:35 MIMO array with RMA (g) 1:10:28 MIMO array with RMA
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3:47 MIMO array and SISO array are of high consisten-
cy. However, the total number of antennas in the 2:3:
47 MIMO drops by more than 78. 7% and the interval be-
tween antennas in the 2:3:47 MIMO array increases four-
fold when compared with the SISO array. Comparing
Fig. 6(a), (d), (e), (f),and (g) , one can see that the
lateral resolution of MIMO arrays is equal to that of the
SISO array while N, N, < 6.36. However, when it comes
to N,N, > 6.36, the lateral resolution and imaging quali-
ty of MIMO array deteriorate rapidly with the increase of
N, N,. This is because the EPC principle is no longer val-
id and the phase errors caused by it increase dramatically
with the increase of N,N,. The simulation results intui-
tively demonstrate the effectiveness of the proposed MI-
MO imaging mechanism and its applicational condition.

To quantitatively compare the imaging quality of dif-
ferent imaging mechanism, we adopt the index of peak
side-lobe ratio (PSLR). An ideal scattering point that is
located at (0,0,0. 3) serves as the imaging target. After
imaging, 3D imaging result is projected in x-y plane,
then the PSFs in the array direction are plotted in Fig. 7.
Table 1 lists the antenna utilization rate, the PSLR corre-
sponding Fig. 7 and the computational time of those ar-
rays for imaging a 1mX1mX0.2m volume with a voxel
size of 1. 85mm®. The data are obtained on a PC with In-
tel 17-7560U platform using MATLAB codes and no par-
allel computing or GPU acceleration techniques are used.

From Fig. 7 and Table 1, we see that the shape of
PSF and the PSLR of the proposed MIMO imaging mecha-

nism are very similar to those of the classical SISO mech-
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anism when N, N, < 6.36. As expected, when N,N, >
6.36, the differences between the proposed MIMO mech-
anism with the SISO mechanism expand rapidly as the in-
crease of N, N,. It demonstrates the effectiveness of Eq.
(11). In addition, the PSLR of the proposed MIMO
mechanism is much lower than traditional MIMO mecha-
nism when N, N, < 6.36. It explains why our MIMO
mechanism has better imaging performance.

2.2 Electromagnetic Simulations

We used the electromagnetic simulation software
FEKO with the Physical-Optics (PO) method to obtain
the results of electromagnetic simulations. The manne-
quin is placed between Z=0.15 m and Z=0.35 m. We
use MMW between 70-82 GHz with an interval of 0. 25
GHz to illuminate the target. One electric dipole is used
as an antenna. Similarly, a l-meter-long MIMO array
and the SISO array whose elements located at the equiva-
lent phase center are chosen for comparation. Based on
Eq. (11), we conclude that N,N, < 4.5. To verify the
accuracy of the proposed MIMO mechanism more com-
prehensively, N;:N,:N_ is set as 1:4:69. By evenly
moving linear array along the vertical direction, a 1 mx1
m scanning aperture is formed to reconstruct images.

Fig. 8 is the maximum projection of imaging results
of the mannequin. We can see that the difference be-
tween Fig. 8 (a) with Fig. 8(b) is very minor. Fig. 9
shows the PSFs of the two mechanisms. And the ideal
scattering point is located at (0, 0, 0.25). One can see
that the PSF of the proposed MIMO mechanism is almost
coincided with that of the SISO mechanism.

The computational time of the two mechanisms for
imaging a 1mX1mX0.2 m volume with an interval of
1. 85 mm and the PSLR corresponding Fig. 9 are listed in
Table 2. The computational time and PSLR of the pro-
posed MIMO imaging mechanism are approximately the
same with those of SISO mechanism. The electromagnet-
ic simulation results further verify the effectiveness of our
MIMO imaging mechanism.

2.3 Experiment Results

In this section, the experiments are designed to
cross-validate with the simulations. As shown in Fig. 10,
a vertical scanning equipment is used to move the MIMO
linear array. The MIMO linear array and MMW source
are set up with the same parameters as electromagnetic
simulations. For the configure of SISO array imaging sys-
tem, the schematic diagram and photograph are shown in
Fig . 11. We just use one pair of transmitter-receiver in
the above MIMO array to form a SISO channel and the
target is moved by the 2D scanner.

A metal resolution test chart, which is very similar
to that in numerical simulations, is used to test the per-
formance of the MIMO imaging system and the SISO im-
aging system. The resolution test chart is placed 0.4 m
in front of the scanning aperture and the scanning aper-
ture is set as IlmX1m with a 1. 85 mm interval in both the
MIMO imaging system and the SISO imaging system.
Fig. 12 shows the imaging results of the resolution test
chart. We can see that the MIMO imaging system and
the SISO imaging system has a comparable lateral resolu-
tion, which is better than 2. 8 mm but worse than 2.5
mm. However, the image reconstructed by the SISO im-
aging system has more speckles noise than the MIMO im-
aging system. This is because in the MIMO imaging sys-
tem, when one transmitter emits signal, multiple receiv-
ers at different positions simultaneously receive the echo
signal to form multiple different observation angles. As
mentioned in reference ', the observation from multiple
different angles will reduce speckles noise.

Since the parameter configurations are the same
with electromagnetic simulations, and the size of data
and the number of antennas are the same. Hence, the
computational time and antenna utilization rate of the pro-
posed MIMO imaging mechanism and the SISO imaging
mechanism are also the same with the results in Table 2,
and we will not repeat it here.

In order to further test the performance of the pro-
posed MIMO imaging mechanism in practical applica-

Table 1 Comparation on Antenna utilization rate, computational time and PSLR of different Imaging mechanisms or

arrays, in numerical simulations

F1 BUEFEDAE GRS E RSB R & F A 58RI E S E

Array Algorithm Antenna utilization rate Computational time (s) PSLR (dB)
SISO RMA 0.5 39.37 -32.69
Traditional MIMO BPA 11.49 7495040. 27 -19.83
1:4:69 MIMO RMA 1.58 39.28 -32.11
2:3:47 MIMO RMA 2.35 39.31 -30. 36
1:8:35 MIMO RMA 1.73 39.89 -19.24
1:10:28 MIMO RMA 1.76 39.30 -13.01

Table 2 Comparation on Antenna utilization rate, computational time and PSLR of different mechanism in electromag-

netic simulations.

®2 BEBAEPARBGESRHREFAE THENERIEEZEL

Array Algorithm Antenna utilization rate Compulational time (s) PSLR (dB)
SISO RMA 0.5 39.20 -30.33
1:4:69 MIMO RMA 1.58 39.39 -30. 35
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Fig. 7 PSFs of different arrays or different mechanisms for nu-
merical simulations. (a) different arrays. (b) different mechanisms
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(a) A AEBED] (b)A 7] A% 44 il Besides, by imaging with RMA,
the computational time of proposed MIMO mechanism is approxi-
mately same with that of SISO mechanism. Compared with the
traditional MIMO mechanism, the proposed MIMO mechanism
not only gets better imaging performance but also faster recon-
struction speed. The computational time of proposed MIMO
mechanism is just about 0.00052% that of the traditional MIMO
mechanism. It verifies the superiority of the proposed MIMO
mechanism.

tion, we choose a child mannequin as a 3D target to rep-
resent the subjects most at risk. Moreover, detection of a
child is harder than an adult for its smaller size. The
child mannequin is located in 0. 2~0. 4 m in front of scan-
ning aperture and the scan length along vertical direction
is set to 1m and the interval is 1. 85 mm. The photograph
and reconstructed image of the child mannequin are
shown in Fig. 13. It can be observed that the details of
the child mannequin are well recognized. Besides, we
can see that there are bright spots in the shoulders and
left leg of the child mannequin, which are caused by the
metal fasteners inside the mannequin. This also proves
the penetrability of MMW used in the MIMO imaging sys-
tem.

From the above imaging results, we see that the ex-
perimental results are highly consistent with the simula-
tion results. For the proposed MIMO imaging mecha-
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Fig. 8 Reconstructed images (maximum projection) of manne-
quin via electromagnetic simulations. (a) SISO array with RMA.
(b)1:4:69 MIMO array with RMA
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Fig. 9 PSFs of different mechanisms for electromagnetic simu-
lation
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nism, both 2D and 3D targets can be completely focused
and accurately imaged by using RMA, which means the
proposed MIMO mechanism is suitable for fast imaging
algorithms developed for SISO mechanism. In addition,
compared with the SISO imaging mechanism, the pro-
posed MIMO imaging mechanism has a comparable imag-
ing resolution, but higher antenna utilization and lower
speckles noise due to the advantages of MIMO mecha-
nism. In other words, the proposed MIMO imaging mech-
anism has the advantages of both SISO mechanism and
MIMO mechanism.
3 Conclusion

A MIMO short-range imaging mechanism of MMW
that can achieve fast and accurate reconstruction is pre-
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Fig. 11  Schematic diagram and photograph of SISO imaging
system (a) Schematic diagram (b) Photograph.
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sented. The applicable conditions of the mechanism are
given quantitatively. The feasibility of the method is veri-
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Fig. 12 Measurement of the resolution test chart (a) Photograph
(b) Reconstructed image of 1:4:69 MIMO array with RMA (c) Re-
constructed image of SISO array with RMA
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Reconstructed image of 1:4:69 MIMO array with RMA

K13 JLE AR LR (a) 22 E R (bR RMA 1 1
4:69 MIMO P51 5 4%

fied by simulations and experiments. The results demon-
strate that the MIMO imaging mechanism presented in
the paper is suitable for RMA and the applicable condi-
tions of the mechanism are effective. When imaging with
RMA, the quality and the computational time of recon-
structed images formed by our MIMO mechanism are sim-
ilar to those formed by the SISO mechanism but the an-
tenna utilization rate and antenna spacing are much bet-
ter than traditional MIMO mechanism. Compared with
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the traditional MIMO imaging mechanism, although the
proposed MIMO mechanism requires more antennas, it
can achieve higher imaging quality and its applicability
to various fast imaging algorithms greatly improves the
imaging speed of the MIMO system.
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