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Abstract: The ultra-wideband (UWB) multi-input multi-output (MIMO) radar technique is playing
a more and more important role in the application of through-wall detection because of its high
resolution, lower antenna requirements, and efficient data capturing ability. This paper develops
a novel UWB MIMO radar system using a stepped-frequency continuous-wave (SFCW) signal,
which is designed to detect human targets behind the regular brick and concrete wall. In order to
balance high range resolution and wall-penetration depth, a novel miniaturized Vivaldi antenna
with desired bandwidth of 0.5–2.5 GHz was designed, simulated, manufactured, and successfully
used in through-wall imaging. To suppress the artifacts in the focused image and reduce the
computing complexity, the cross-correlation-based time domain back projection (CC-TDBP) algorithm
was developed. In addition, a through-wall imaging model was established, based on which the
effects of the wall on the refraction of electromagnetic (EM) waves and the reduction of velocity are
compensated. Finally, different experiments were conducted for multiple stationary targets utilizing
the designed radar system, and the improved BP-based algorithms are applied to focus the targets
behind the wall more accurately. The reconstructed two-dimensional (2D) images illustrate that the
designed MIMO radar system can successfully detect and image human targets in the air and behind
the wall.

Keywords: MIMO radar; through-wall imaging; ultrawideband signal; SFCW; sparse array; back
projection algorithm; Vivaldi antenna

1. Introduction

Ultra-wideband (UWB) through-wall radar (TWR), as an emerging technology, is used to detect
targets blocked by obstacles. It has wide application prospects in military and civil fields, such as
urban combat, antiterrorism, vigilance, security inspection, disaster rescue, and so on [1–6]. According
to the working mode, TWR can be divided into synthetic aperture radar (SAR) systems and MIMO
radar systems [7–13]. Conventionally, to get a high azimuth resolution, the synthetic aperture method
(SAR) is extensively used. The transceiver of a SAR system is sequentially sled on a rail to provide
synthetic aperture scanning imaging. However, this method requires long data acquisition times and
its azimuth resolution is limited by the length of the rail. In addition, the TWR of the SAR mode has the
disadvantage of large scale and high cost [10–13]. In this case, the MIMO radar technology provides a
new platform to solve the above problems [7–9,14–20].
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The MIMO radar technology was proposed in 2003 and 2004 [14,15]. It uses multiple transmitting
and receiving antennas and transmits orthogonal waveforms, which can expand the aperture of the
actual array elements and confer a better spatial sampling ability. In addition, the sparse MIMO array
design of switched antenna can also meet the requirements of high scanning speed and detection
ability in the practical application of through-wall imaging. Therefore, the switched antenna array
radar is often considered as the MIMO radar. In recent years, the MIMO radar system has received
extensive attention of scholars. Amin et al. [1,4] proposed the ‘co-array’. The azimuth resolution
of the imaging is improved by expanding the aperture of the virtual array which is formed by the
transceiver array. Zhuge et al. [18,19] studied the equivalence of a UWB MIMO array using the point
spread function (PSF). It is pointed out that the equivalent array is the spatial convolution of the PSF
of the transmitting array and the receiving array in the far field. Based on this, a linear array design
was proposed. Feng et al. [20] developed a MIMO array-based radar system using a SFCW signal,
which can effectively improve the data sampling speed, maintain the azimuth resolution, and reduce
the hardware costs. However, due to the high frequency range of the antenna used, the penetration
depth of the radar system is too shallow for through-wall imaging. Yılmaz et al. [6] designed and
manufactured a uniform array radar system to detect and image targets behind a wall with a monostatic
configuration controlled by a switcher. However, the effect of the wall on the refraction of EM waves,
which produces a position shift of the targets behind the wall, was ignored.

Based on the advantages and limitations of the above research results, a UWB MIMO sparse
array radar system with eight pairs of transmitting and receiving miniaturized Vivaldi antennas is
studied in this paper and is mainly used for 2D imaging of multiple targets behind a wall. The UWB
MIMO system combines UWB technology with MIMO technology. On one hand, UWB technology
can improve range resolution [21,22]. On the other hand, the sparse topology of the MIMO system
can obtain larger array aperture and smaller element spacing by using fewer antennas. Moreover,
higher azimuth resolution and better main/side lobe control are obtained. Therefore, the MIMO radar
system only needs a few physical elements to achieve the same imaging effect as SAR. In this way,
the number of array elements and the system cost are greatly reduced, while the aperture length is
maintained. In addition, the electronic switching mode used in the MIMO radar system can improve
the data acquisition speed.

In the MIMO radar system, the antenna is of great importance as it radiates power to the wall and
detects the signals of the targets. UWB signals are suitable for the radar system while the through-wall
penetration losses for general wall materials increase with frequency. On the other hand, lower working
frequency band for antennas can provide better through-wall penetration but this also implies a larger
size of the antenna [23]. Hence, the antenna working frequency range of 0.5–2.5 GHz is considered to
balance good resolution and strong penetration even for thick walls. In this paper, we apply Vivaldi
antennas in a MIMO radar system for through-wall detection because of its many advantages, such as
high gain, wide band, steady radiation patterns, simple structure, and simplicity of processing [24].
The low-frequency characteristic of antennas generally results in larger size. Inspired by [25,26], we use
a slotted approach to change the surface current distribution to optimize performance throughout the
band, expand the low frequency bandwidth, and reduce its size. Finally, the low-frequency UWB
miniaturized Vivaldi antenna was designed and fabricated with dimensions of 250 mm × 200 mm
× 1.6 mm, and a working band (the S11 is less than—10 dB) of 0.5–2.5 GHz, good end-fire radiation
behavior, and acceptable gain. The Vivaldi antenna designed in this paper is one of the contributions
to the imaging research of through-wall radar technology. The proposed antenna is simple, easy to
fabricate, and is made of inexpensive FR4 substrate. The experiments show that the designed antenna
has good through-wall penetration ability and resolution.

2D imaging is one of the most important signal processing steps for a through-wall MIMO
radar system. The small imaging area is located in the near field of the radar. At the same time,
EM waves produce reflections, attenuations, and velocity changes when they penetrate the wall.
Therefore, the back projection (BP) imaging algorithm [9,20], which has no requirement for the array
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configuration, is one of the most practical through-wall imaging methods due to its convenience and
robustness. However, reconstructed images of targets by the BP method may have some artifacts.
In this paper, the cross-correlation-based time-domain BP algorithm (CC-TDBP) is applied to suppress
artifacts [27,28]. Moreover, considering the effect of walls on the refraction and velocity of EM waves,
an improved BP-based algorithm is proposed in Section 3. The experimental results validate that the
designed MIMO radar system with the proposed BP-based algorithm can accurately reconstruct the
human locations behind the wall.

The structure of the paper is organized as follows: In Section 2, the design process of the UWB
MIMO array radar system is described. The imaging signal model and CC-TDBP algorithm are
reviewed. The topology, array pattern of the designed MIMO array, and the 2D simulation imaging
results are given. Moreover, the design methods of the miniaturized Vivaldi antenna are introduced.
Finally, the prototype of the MIMO radar system is presented. In Section 3, the through-wall imaging
model is constructed and the improved CC-TDBP algorithm, considering the effect of the wall,
is illustrated. In Section 4, three experiments are conducted to assess the effectiveness of the developed
MIMO radar system and imaging methods. To summarize, Sections 5 and 6 give discussion and
conclusions, respectively.

2. UWB MIMO Radar System

The block diagram of the designed UWB MIMO radar system is shown in Figure 1. The system
includes: a PC, a two-port VNA (Agilent N9925A, working from 30 kHz to 9 GHz), two 1–8 radio
frequency (RF) switchers with one microcontroller, a 16-Vivaldi-antenna MIMO array with about 1.1
m aperture. As the master controller, the PC connects the VNA and microcontroller. A set of RF
cables and two switchers connect eight transmitting antennas and eight receiving antennas to the VNA.
The eight transmitting antennas are fixed in the middle of the array, and the eight receiving antennas
are separately fixed on the upper and lower sides of the array (shown in Figure 1).
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The working principle of the designed radar system is briefly explained here: the VNA is
responsible for sending and receiving SFCW signals. The PC is not only used to save and process
the received data, but also to remotely operate the microcontroller and VNA. During one period of
every S12 measurement by the VNA, only one pair of transmitting and receiving antennas collects
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data, corresponding to two paths of switcher system staying open and all other paths turning off. By
switching on and off the switchers to control the data acquisition, the total amount of data obtained in
one sampling period is 64 channels.

2.1. SFCW Signal Model and Conventional BP Algorithm

For the SFCW based radar system, the range resolution is determined by the frequency bandwidth.
The UWB signal can be used to obtain higher range resolution with a low hardware requirement.
Therefore, we utilize the UWB SFCW signal model in this paper.

Figure 2 shows a linear MIMO sparse array with an SFCW signal, which contains M transmitters
and N receivers. Assuming the m-th transmitter and n-th receiver are located at (xm,0) and (xn,0),
where m = 1, 2, . . . , M and n = 1, 2, . . . , N. Given a point target located at (x0,y0), the average distance
between the target and the l-th pair of transmitter and receiver (l-th sampling point) is given by

Rl = (Rm + Rn)/2 =

[√
(xm − x0)

2 + y2
0 +

√
(xn − x0)

2 + y2
0

]/
2 (1)

where l = (m− 1)N + n = 1, 2, . . . , MN.
Then, we assume that the whole imaging scene is discretized by I grids in the x axis and J grids in

the y axis. There are a set of targets and each one is located at a given grid in the x-y coordinate. For
the l-th sampling point and the q-th frequency fq = f0 + (q− 1)∆ f the demodulated received signal
can be expressed as

S(l, q) =
I∑

i=1

J∑
j=1

α(xi, y j) exp(− j2kqRl(xi, y j)) + n(l, q) (2)

where kq = 2πfq/c is the wavenumber, Rl(xi,yi) is the average distance between the grid at (xi,yj) and the
l-th sampling point; f 0 is the start frequency, ∆f is the frequency step, α(xi,yj) is the reflection coefficient
of target, c is the velocity of light, and n(l,q) is the noise.
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The traditional BP algorithm is applied in the case of free space or uniform medium, and the
target echo delay directly corresponds to the linear distance between the target and the antenna. One
of the typical BP methods is the frequency-domain back projection (FDBP) method. It coherently sums
the received signals from all the frequencies and sampling points to estimate the reflection coefficients
of targets. With the received signal S(l,q), the reflection coefficient of a point (xi,yj) is estimated by
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α̃(xi, y j) =
1

QL

Q∑
q=1

L∑
l=1

S(l, q) exp(+j2kqRl(xi, y j)) (3)

In practice, the time-domain implementation of BP method (TDBP) [9,20] is most commonly used
in the highly suboptimal aperture length case for its simplicity. It can significantly save computing
time. The formulation of TDBP can be written as

α̃(xi, y j) =
1
L

L∑
l=1

St(l, 2Rl(xi, y j)/c) (4)

where

St(l, 2Rl(xi, y j)/c) =
1
Q

Q∑
q=1

S(l, q) exp(+j2kqRl(xi, y j)) (5)

Equations (4) and (5) are the range compressed signal of the l-th sampling point, which can be
easily obtained by the inverse fast Fourier transformation (IFFT) and interpolation process.

Although TDBP imaging methods are simple and convenient to implement, their imaging results
may have high-level artifacts. Strong artifacts make weak targets undetectable and artifacts of many
targets produce spurious peaks, leading to negative effects on 2D imaging. In order to effectively
suppress artifacts, the cross-correlation-based TDBP (CC-TDBP) algorithm is applied [27,28], which can
be expressed as

α̃(xi, y j) =
MN−1∑
l1=1

MN∑
l2=l1+1

St(l1, τ(l1, xi, y j))St(l2, τ(l2, xi, y j)) (6)

where τ(l1, xi, y j) = 2Rl1(xi, y j)/c and τ(l2, xi, y j) = 2Rl2(xi, y j)/c.

2.2. MIMO Array Topology Design

The design of the MIMO array is related to the complexity and cost of the radar system and
directly affects the imaging quality. In designing MIMO array configurations, sparse array designs are
often used to reduce system complexity and the number of antenna elements. In order to simplify the
design of MIMO arrays, we first discuss the design factors from the following aspects.

Firstly, the azimuth resolution is determined by the aperture length of the array. Therefore,
the azimuth resolution can be improved by properly increasing the aperture length of the array.

Secondly, after increasing the length of the array aperture, in order to satisfy the ideal imaging
performance, the spacing and total number of antenna elements will also change. Specifically, due
to the sparsity of the MIMO array, grating lobes and sidelobes may be generated in the imaging
results, which seriously affect the quality of radar imaging. According to Nyquist sampling theory,
the element spacing should be less than half of the radar wavelength in order to prevent unwanted
grating lobes. On the other hand, with the decrease of the element spacing and the increase of the
number of antennas, the direct coupling among the antennas will become stronger and high-level
sidelobes will occur [29,30]. Therefore, considering the above factors, the antennas should keep a
certain distance and the number of antennas should not be too large.

Finally, the imaging performance of UWB MIMO radar is related not only to the array configuration
and number of elements, but also to the form of transmitted signals and application scenes. In this paper,
a UWB SFCW signal is used to detect the short-range targets behind the wall. Therefore, it is necessary to
consider the applicability of near-field conditions in through-wall detection. Generally, the longitudinal
distance from the target to the MIMO array is much larger than the lateral distance between the
target and the array elements. According to the verification results of [20,29–32], the focused SAR
imaging and PSF results of MIMO sparse arrays and monostatic uniform arrays have almost the same
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performance in near-field conditions. Therefore, as for the MIMO through-wall radar system in this
paper, the virtual array theory is applied to simplify the design and analysis of the MIMO sparse array.

For a bistatic MIMO sparse array which contains M transmitters and N receivers, according to the
theory of displaced phase center (DPC) approximation [18,33], two paths of the m-th transmitter at
the xm-th position and the n-th receiver at xn-th position are switched on, while all the other paths
are switched off. This is equivalent (in far field) to transmitting and receiving with one single ‘virtual’
antenna in the median position (xm + xn)/2 of the axis. The midpoints of each transmit and receive
element are regarded as virtual elements for a linear equivalent monostatic array. Hence, for each
combination of the m-th and n-th antennas, a specific pattern along the median axis is defined. As a
result, we can first obtain an equivalent uniform array with MN (MN = M×N) monostatic transceivers,
which has expected resolution and low-level grating/side lobes. Then, corresponding to the reverse
thinking process mentioned above, the MIMO sparse array can be designed by factorization. In this
case, a synthetic aperture imaging algorithm, such as the BP-based imaging algorithm, can be directly
used to image the targets.

Based on the above analysis, the design steps of the MIMO array, which are illustrated in
Figure 3, are as follows: Firstly, we begin with designing a linear monostatic uniform equivalent array.
The effective aperture size L relative to the wavelength of the center frequency is determined by the
required cross-range resolution δa = λR0/2L, where λ is wavelength, L is equivalent uniform array
length, and R0 represents the potential distance of the target. Then, the required ideal sidelobe level
(SL) is limited by the lower bound SL = −20 log(K) (dB) [21], which helps to derive the minimal
number of the virtual elements K = MN required within the effective aperture, where K refers to the
channels of the radar array. The next step is to determine the configuration of MIMO array, which is the
factorization of a desired equivalent uniform array into topologies of transmitting and receiving MIMO
arrays. The number of transmitting and receiving antennas can be obtained from the relation K = M ×N
(the total number of antenna elements is Num = M + N). The total number of antennas is minimized by
selecting an equal or as close as possible number of elements in both transmitting and receiving arrays.
For example, the number of virtual elements in the paper is 64; therefore, four different combinations
of transmitting and receiving antenna element numbers can be obtained, which are: 1 × 64, 2 × 32,
4 × 16, and 8 × 8. The result with the minimal number of antennas is eight transmitters and eight
receivers (8 × 8). At last, based on the polynomial factorization (PF) method in our previous research
work [20], a MIMO array with eight pairs of transmitters and receivers was achieved, which satisfies
the desired resolution and sidelobe level. The length of aperture is about 1.1 m. The operational center
frequency is 1.5 GHz. The array possesses 6.8 cm range resolution and 5.8 rad azimuth resolution,
with an equivalent aperture length of 1 m.
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The designed MIMO array with 16 antennas can be used to collect 64 channels of raw data by
switching on and off all antennas in a sampling period. This array design method can bring about great
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reduction in the total number of antenna elements and improve aperture efficiency while maintaining
the aperture size. The topology of the designed MIMO array is shown in Figure 4. To assess the
capacity of the designed MIMO array, given a point target located at (0,5), the point spread function
(PSF) [20] of a sparse array in the azimuth direction is calculated, as given in Figure 5. We can see that
the designed MIMO array can achieve low sidelobe level.Remote Sens. 2019, 11, x FOR PEER REVIEW 7 of 21 
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In order to assess the imaging quality of the above array design results and imaging methods,
simple numerical simulations were carried out. The simulation parameters (Table 1) are consistent
with the setting parameters of the actual system. Three targets located at different positions, which are
(−1,3), (0,1) and (1.5,5), were simulated. Figure 6 shows the 2D imaging performance of the TDBP
algorithm and the CC-TDBP algorithm from the designed layout of the MIMO array, respectively. It
can be seen that the targets can be well focused. The artifacts in Figure 6b are suppressed compared
with those in Figure 6a.

Table 1. System parameters.

Parameters Value

Start frequency 0.4 GHz
Stop frequency 2.6 GHz

Number of frequencies 256
Number of transmitters/receivers 8/8

Range resolution 0.068 m
Azimuth resolution 5.8 rad

Maximum range 17.4 m
Length of aperture 1.1 m
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2.3. Low-Frequency UWB Miniaturized Vivaldi Antenna

The Vivaldi antenna is a kind of UWB tapered slot antenna. It has the advantages of wide
bandwidth, symmetrical pattern, stable gain, simple structure, low profile, and easy integration [23,24].
Generally speaking, the size of antenna is determined by its working wavelength, and the wavelength
λ can be obtained from the relationship (λ = c/ f ) between the wave velocity c and frequency f in
free space. Therefore, it can be clearly seen from the above relationship that the lower the operating
frequency of the antenna, the larger the size of the antenna required. According to the needs of some
specific applications, such as a portable MIMO antenna array for TWR imaging in this paper, we plan
to use the UWB Vivaldi antenna with low frequency characteristics, so it is necessary to study the
miniaturization of Vivaldi antenna. Through a series of studies and discussions [23–26,34–36], it can
be concluded that most antenna sizes are reduced but many aspects of performance will be affected,
such as narrowing of the working frequency band and decreasing of gain. As a result, the research on
antenna miniaturization is to ensure that the performance of the antenna is minimally changed.

A miniaturization technique commonly used with Vivaldi antennas is to etch shorting slots with
different shapes on the nonradiative sides of the metal patch [25,26,34,35]. Firstly, according to the
structural analysis of the conventional tapered slot Vivaldi antenna, the radiation mechanism consists
of current flowing effectively along the edge of the mid-tapered slot line and radiating outward.
However, surface current and edge current also exist in the nonradiating metal areas on both sides of
the antenna, which will affect the antenna gain and directivity. Then, some regular rectangle slots are
etched on the nonradiative sides and the direction of the rectangle slot is perpendicular to the direction
of the current. In this case, the flow path of the current is significantly increased. The rectangle slot
edge structure on both sides of the antenna has infinite impedance for surface waves. It can effectively
suppress the radiation of surface waves at the nonradiation sides so that the current flows along the
mid-tapered slot line. As a result, the operating frequency of the antenna can be lowered without
changing the size of the antenna and the operating mode.

Above all, the final dimensions of optimized Vivaldi antenna structure in the results simulated by
HFSS 15.0 are 250 mm × 200 mm × 1.6 mm, which is designed to work across the desired bandwidth
of 0.5–2.5 GHz. Figure 7 shows the final design and fabrication result of the Vivaldi antenna. It is
made of the low-cost FR4 substrate for which the dielectric constant is about 4.6. The feeding of the
antenna is achieved by a subminiature version A (SMA) connector. Figure 8 plots both the E-plane
and H-plane radiation patterns of the designed antenna at 0.5 GHz, 1.5 GHz, and 2.5 GHz, which are
simulated using HFSS 15.0. It can be seen that the proposed Vivaldi antenna has good end fire radiation
behavior and acceptable directivity in bandwidth of 0.5–2.5 GHz. Then, the antenna is measured by
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vector network analyzer (VNA) FieldFox N9925A. A comparison between the measured S11 with
shorting slots and simulated S11 with and without shorting slots for the antenna is shown in Figure 9a.
The −10 dB frequency bandwidth of 0.5–2.5 GHz is apparent. The measured result agrees well with
the designed wideband except for the slight degradation of the low frequency starting band and the
band near 2.0 GHz, where the S11 parameter rises to be a slightly higher than −10 dB. To see the tailing
effect of the antennas for the time domain signal, we placed two identical Vivaldi antennas at the
same altitude in parallel and face to face in the air, and then collected data once in the VNA’s S12
measurement mode. After simple IFFT processing, the single channel time domain wavelet is obtained.
Figure 9b shows the one-channel wavelet pulse signal of the designed antenna in the time domain.
Figure 10 shows the simulated total gain in the direction of the maximum radiation as a function of
frequency for the designed Vivaldi antenna. We can see that the gain of the designed antenna increases
as the frequency gets higher and it varies between 5.1 dB and 10.1 dB across the desired 0.5 to 2.5 GHz
bandwidth. Compared with the UWB antennas for similar applications in [23], higher values of gain
are provided in this paper (5–10 dB versus 2–7 dB).Remote Sens. 2019, 11, x FOR PEER REVIEW 9 of 21 
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2.4. Radar Prototyping Result

According to the above antenna design method, 16 identical Vivaldi antennas were fabricated.
Then, the array was assembled by the proposed design method. All antenna elements were connected
to each terminal of the RF switch through SMA connectors and RF cables. For the switch at the center
frequency of 1.5 GHz, the insertion loss was about 1.8 dB, and the isolation was greater than 48 dB.
The control and the synchronization of VNA and the RF switch were realized by a microcontroller
with the help of the PC. Finally, a MIMO radar system for through-wall detection was manufactured.
Corresponding to the radar design block diagram in Figure 1, Figure 11 displays the photography of
the designed MIMO radar system.
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The time delay and phase difference among the 64 (8 × 8) channels of the designed MIMO
array radar system were compensated by using mechanical calibration of the VNA. To avoid further
calibration procedures, all the paths between each antenna and the VNA were of the same EM length.
Therefore, only one path required calibration. The designed parameters of the TWR system are given
in Table 1.

3. Through-Wall Imaging Method with the Improved BP-Based Algorithm

The traditional cross-correlation based TDBP algorithm is simple and practical in free space.
However, when considering the existence of a concrete wall with 22.5 cm thickness, the imaging results
focused directly by the BP imaging algorithm will cause errors between the imaged positions and the
true positions.

Generally speaking, the influence of the wall on the location of target imaging is mainly due to
the following two reasons: firstly, the slow propagation of EM waves in the wall produce additional
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time delay. This causes the targets’ positions in the imaging results to be farther from than their actual
positions. Secondly, the refraction and scattering of EM waves inside and outside the wall mean that
the original propagation path is not a straight line. These errors are mainly affected by the relative
dielectric constant of the wall. The above two points are briefly illustrated in Figure 12. In this paper,
we propose an improved TDBP algorithm to reconstruct target locations behind the wall from MIMO
sparse array radar data.
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In the TDBP algorithm, the travel time for the wave field to propagate from the transmitter to
the target and scatter back to the receiver must be known. In [37], we used ray tracing methods to
efficiently calculate travel time in the TDBP algorithm for SIMO radar data. Assume that there are M
paths passing through the wall from one antenna. The point p in the imaging area is a pixel on the m-th
path. The incident angle is α1. The refraction angle is α2. The average propagation velocity of an EM
wave inside the wall is vw. The relative dielectric constant of the wall is εw. The thickness of the wall is
d2. The distance from the equivalent phase center of MIMO antenna array to the surface of the wall is
d3. The distance from the point p to the wall is d1. According to Snell’s law, we can obtain

sinα1

sinα2
=

c
vw

(7)

where vw = c
√

1/εw.
The travel time from the one antenna to the point p is

Tp =

(
d1 + d3

cosα1
+

d2
√
εw

cosα2

)
1
c

(8)

Then, the one-way travel time of all M propagation paths can be calculated in the same way,
and the travel time of any point behind the wall can be obtained by interpolation from the M paths.
The one-way travel time of any antenna can be computed similarly. Considering that there may be a
large number of antennas in a MIMO array (16 in this paper), we designed a parallel algorithm on the
MATLAB platform to improve the computational efficiency of one-way travel time (Figure 13, Part I).
Assume the one-way travel time in the imaging area from the transmitter Tx1 is Tt1 and the receiver
Rx1 is Tr1. For a pair of transmitting and receiving antennas, Tx1 and Rx1, the whole travel time behind
the wall can be obtained by T1 = Tr1 + Tt1. According to the designed sparse MIMO array, we can
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obtain the whole travel time from all transmitters and receivers (at the pair of Tx1-Rx2, Rx3, . . . Rx8 to
Tx8 − Rx8) to the imaging area behind the wall (Figure 13, Part II).
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based on the parallel algorithm; Part II: the whole travel time for the MIMO sparse array; Part III:
TDBP imaging.

Finally, the TDBP algorithm can be directly applied to focus the data received from the MIMO
antennas and reconstruct the target location (Figure 13, Part III). In this paper, M = 501 ray paths for
every antenna are constructed, and the imaging range does not include the wall.

4. Experiment Results

In this section, three experiments are conducted to illustrate the performance and effectiveness of
the designed MIMO radar system for 2D imaging. All parameters used in the experiments are the
same as given in Table 1. The frequency range B of the radar system is 0.4–2.6 GHz, which results
in the range resolution of δr = c/(2B) = 6.8 cm. The number of frequencies is 256, which causes
the unambiguous range to be 17.4 m. The S12 measurement mode for the Agilent N9925a VNA
is selected. The imaging method is mainly based on the BP algorithm. In order to suppress the
artifacts, the CC-TDBP method is also applied for comparison with the traditional TDBP algorithm.
To make the target imaging clearer, background subtraction and direct coupling subtraction are also
conducted for the real experimental data before applying the imaging algorithm. The direct coupling
wave signal is obtained by collecting data while facing the MIMO array towards the open sky in an
open area. Therefore, the received signal only contains the direct coupling component between the
antenna elements. In general, the direct coupling data of one measurement result can be directly
subtracted and applied to most 2D imaging of experimental scenes. The method of obtaining the
background component is to measure the data without the real targets (human or corner reflector) in
the experimental scene. Then, we can simply subtract the saved signal containing the background
when we do the real measurement. This background removal method can eliminate the reflections of
the wall, other stationary clutter, and the direct coupling between the antenna elements. It is relatively
complicated and may be limited by the actual imaging situation. Because the background data are
different for each specific imaging scene, the background data of each new experimental scene needs
to be measured.

4.1. Preliminary Experimental Tests

In order to test the actual target imaging ability of the designed MIMO radar system,
the experiments were preliminarily carried out in the air. In the first experiment, two small dihedral
corner reflectors (DCR) were used as the targets in an open space. The positions of the two dihedral
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corner reflectors were approximately about 3 m and 5 m away from the equivalent phase-center of the
radar system. The experimental setup is shown in Figure 14 and the imaging results are shown in
Figure 15. It can be observed that the two targets can be focused in 2D imaging. Compared to the
results obtained by background removal (Figure 15c,d), it is obvious that the method of removing
the presampled direct coupling (Figure 15a,b) is simple and can roughly distinguish the positions of
the DCR targets. However, due to the influence of clutter signals, such as ground reflection, there
are more noise points and artifacts in the direct coupling removed images. It is worth noting that
after utilizing the CC-TDBP algorithm, the imaging results can further suppress the artifacts and
clearly distinguish the exact locations of the DCR targets, no matter the methods of removing direct
coupling or background, which are shown in Figure 15) and Figure 15d, respectively. In conclusion,
the CC-TDBP algorithm can significantly improve image quality and suppress artifacts.
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Figure 15. Imaging results of two corner reflectors by: (a) the TDBP algorithm with direct coupling
removal; (b) the CC-TDBP algorithm with direct coupling removal; (c) the TDBP algorithm with
background removal; (d) the CC-TDBP algorithm with background removal.
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In the second experiment, to validate the human imaging performance of the designed radar
system, two humans acted as targets in the near range, as shown in Figure 16. In this case, only the
CC-TDBP algorithm was used, and the imaging results are shown in Figure 17. We can see that the
two human targets marked by the red circle are clearly focused. In this preliminary experiment, even
if the direct wave is removed (Figure 17a), the designed MIMO radar system can clearly detect the
human targets in the air.
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Figure 17. Imaging results obtained by the CC-TDBP algorithm with: (a) direct coupling removal;
(b) background removal.

4.2. Through-Wall Experiment Results

In the third experiment, to assess the through-wall performance of the designed MIMO radar
system and the proposed improved BP algorithms, the scene consisted of two humans hidden behind
a solid wall with thickness of 22.5 cm. The walls are made of brick and concrete. After preliminary
measurement (a former reflection test on the wall was conducted, which estimated that the speed
of electromagnetic waves is 0.137 m/ns, gives a dielectric constant of 4.795 for the wall), the relative
dielectric constant of the wall is about 4.8. The experimental setup is shown in Figure 18. The MIMO
array was placed parallel along the azimuth direction on the side of the wall. The equivalent phase
center line of the array was measured about 15 cm away from the surface of the wall. The original point
of the coordinate system of the imaging region was the midpoint of the equivalent phase center line.
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Figure 18. Experimental setup for the through-wall scene.

First of all, we directly utilized the CC-TDBP algorithm proposed in Section 2.1 to focus the echo
data regardless of the wall effect. Background subtraction was applied to filter the reflections from
the wall and the direct coupling among the antennas. It can be observed that the two targets in 2D
imaging (Figure 19a) can be easily reconstructed and distinguished. The locations of the targets are
marked by the red circle in Figure 19a, which verifies the imaging and detection performance of the
designed MIMO radar system after the EM wave is attenuated due to the wall. However, it is worth
noting that the wall effects, such as refraction dispersion and change of the EM wave speed, will
impact the aforementioned data processing, generating an extra time delay and shifting of the targets.
The intersection of white lines in Figure 19a is the real positions of the targets. It is obvious that the
targets appear more distant compared to the intersection points.

Then, the improved BP imaging algorithm mentioned in Section 3 was applied, which considers
the existence of the wall. The experimental result was improved and the corrected 2D imaging result is
shown in Figure 19b. It can be observed that the positions of the targets in the image basically coincides
with the intersection positions of the white lines. The reconstructed locations of the two human targets
were much closer to the actual positions, which demonstrates the effectiveness of the improved BP
algorithm for more accurate location of human targets behind the wall.
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5. Discussion

In this paper, a linear sparse MIMO radar system which can be used for through-wall detection
was designed and analyzed. The array design methods can reduce the number of antennas while
maintaining the azimuth resolution. The traditional Vivaldi antenna was improved by antenna
miniaturization technology, so that the characteristics of high gain, ultra-wideband, and low frequency
were realized. This miniaturization approach may also be utilized to improve the bandwidth
characteristics of other similar printed antennas. Concerning the imaging, the TDBP imaging algorithm
based on cross correlation was presented in detail. The experimental results in Figures 15 and 16 show
that the proposed CC-TDBP algorithm can suppress artifacts better than the traditional TDBP algorithm.
In addition, we considered the effect of the wall on the refraction of EM waves and the changes of
velocity in the through-wall detection experiment (Section 4.2). Based on the principle of Snell’s law
and ray tracing, a new through-wall imaging model is established in Figure 12. The improved BP
algorithm with cross-correlation compensates for the wall’s influence and effectively focuses the targets
behind the wall. Figure 19 shows that the targets’ locations are closer to the real positions measured by
meter stick. Finally, the significance and characteristics of this research are discussed in the following
four points.

(1). The direct significance of the MIMO radar system studied in this paper is to improve
traditional synthetic aperture methods. The designed radar system with optimized UWB Vivaldi
antennas has the characteristics of fast data acquisition speed, required azimuth resolution, low cost,
and can be applied to through-wall detection. The Vivaldi antenna has been designed, simulated,
manufactured, and successfully used in through-wall imaging, which is one of the contributions to the
through-wall radar technology. The period data (64 channels data) acquisition time of the MIMO radar
system is approximately 35 s. However, this relatively long sampling time is due to the specific VNA
that operated as the transceiver. It is an old model (Agilent N9925a) which is not designed for fast
acquisition. In fact, the MIMO radar does not have mechanical moving parts, so it can acquire data
much faster than synthetic aperture radar (SAR) based on the movement of the transceiver along a
rail [17]. In addition, compared with the current research [9,37] which is limited to simulation and
validation, we developed the actual radar system to carry out experimental verification, which is more
conducive to illustrate the effectiveness of the proposed system design and imaging algorithm.

(2). Generally, the dielectric constant of the wall is larger than that of the air. The transmitted EM
waves have to pass the wall twice to reach the radar receivers, which further reduces the energy of the
received target signal. In terms of amplitude attenuation, the first reflection from the front wall is the
strongest and the higher-order reflection can be neglected. The signal information of the targets hidden
behind walls, such as back walls and human targets, are mainly conveyed by the first transmission. It is
worth noting that the reflection of the human body is relatively low compared with wall reflection and
the direct coupling between the antennas. Moreover, the attenuation of the wall makes the collected
human target signal weaker, which certainly increases the difficulty of through-wall imaging [38].
Therefore, in the third experiment, background removal is used to improve the imaging performance.

(3). Based on the VNA platform, the system is more flexible. For example, we can properly change
the operating frequency range and frequency points of the system according to the specific application
scenario. Thus, the range resolution and maximum ambiguity range can be improved. In particular,
when the wall is thicker, the low-frequency UWB range can be chosen to improve the penetration of
EM waves.

(4). As the detection distance increases, the energy received by the radar system will inevitably
be attenuated. As shown in Figures 15 and 19, when multiple targets are distributed at different
distances in the imaging scene, the relatively weak energy of distant targets may be concealed in clutter.
Therefore, we still need to study an effective way to solve this problem, such as adding amplifiers or
shielding devices to the radar system to improve energy in the next step.

In future research, the application of MIMO through-wall radar to extract vital signs (such as
breathing, heartbeat, arm swing) or human micro-Doppler [39,40] will be explored. In addition,
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compressive sensing technology can also be applied to through-wall detection of sparse arrays to
reduce the sampling time and improve the resolution [41]. Moreover, it is worth mentioning that the
existence of multiple walls, the detection of moving targets, real-time positioning imaging, and even
three-dimensional imaging will also be challenging research tasks in our future work.

6. Conclusions

This paper develops a UWB MIMO radar system for through-wall imaging by the cross-
correlation-based TDBP algorithm. Low-frequency UWB miniaturized Vivaldi antennas were designed
and realized to ensure good system performance of wall penetration. The designed antenna, which is
one of this paper’s contributions, has acceptable through-wall imaging performance and is small in
size, low in cost, and easy to manufacture. The system’s working frequency is from 0.4 GHz to 2.6 GHz,
conferring a range resolution of 6.8 cm. The aperture length of the designed MIMO array is about 1.1
m, resulting in an angle resolution of 5.8 rad. It is worth noting that the wall effects, such as refraction
dispersion and change of the EM wave speed, are not ignored for the data processing. The through-wall
imaging model is proposed and human targets were reconstructed more accurately in through-wall
experiments. The results of the experiments demonstrate that, both in range and azimuth direction,
the proposed imaging methods can effectively suppress artifacts and focus the different targets, and
the designed MIMO radar system can detect and localize human targets behind a wall.
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