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Abstract—Detection and localization of nonline-of-sight (NLOS)
hidden target in complex urban environment is a very recent radar
detection problem. In this article, we investigate the possibility
of locating a target in a building corner NLOS region with a
single-input single-output ultra-wideband radar by exploring the
electromagnetic (EM) diffraction propagation path. The EM wave
diffraction phenomenon referring to this single rectangular cor-
ner of the building is analyzed and the diffraction model in this
scenario is established. Assuming that the geometric structure of
the scenario is known earlier, we introduce an application of the
destination location behind the corner based on the propagation
of the EM wave diffraction. Finally, the numerical simulation and
real data results demonstrate that a micromotion target and moving
target can be localized exploiting the proposed approach.

Index Terms—Electromagnetic (EM) diffraction propagation,
nonline-of-sight (NLOS) signal, target localization, urban
environment, ultra-wideband (UWB) radar.

I. INTRODUCTION

HE DETECTION of the hidden target in urban environ-

ment is of great interest in both military and civil security
fields, such as urban battles, antiterrorism actions, and disas-
ter rescues. However, unlike the applications of the traditional
radars, which detect the targets within the line-of-sight (LOS)
scale. Thus, detecting anon-LOS (NLOS) target is a challenging
work, especially for the complex urban environment sensing,
and has been receiving more and more attentions.

Although the wall detection is a typical urban NLOS target
detection method, as the name suggests, the location information
of the NLOS targets are acquired by electromagnetic (EM)
penetrating signals. In [1]-[3], multipath exploitation is applied
to through-the-wall radar (TWR) imaging and urban sensing.
In [4]-[6], several multipath suppression algorithms based on
TWR are proposed in multipath environment. The detection with
the TWR works well for only a single wall. However, because
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the EM wave will be refracted when it penetrates through the
wall, results in the target position shift and defocus the image. In
particular, the multipath caused by multibounce echoes that are
reflected and diffracted by a target and its surroundings is usually
a nuisance signal for the through the wall radar systems, which
is liable to cause false targets. Moreover, when the EM wave
penetrates the whole room or building corner, the penetrating
signals are very weak because of the strong attenuation. As
a result, detection of targets hidden behind the corner of the
building by the penetrating signal will be severely limited.

To detect the hidden target behind the corner of the building,
several methods that exploit the reflection and corner diffrac-
tion signals are gradually developed [7]-[13]. Swedish Defence
Research Agency (FOI) initiated a project entitled “Radar for
detection of human activities around corners,” and carried out
a series of research works about detection of target behind a
corner. Specifically, literatures [7]-[9] provided the target range
profile results of a real experiment conducted in multipath prop-
agation environment. Two localization algorithms for locating
of targets behind corners using an X-band radar were presented
in [10] and [11], respectively. In addition, they extracted the
microdoppler signature of human and unmanned aerial vehicle
behind the corner of the wall using a ‘“‘sensing-behind-the-
corner” radar [12], [13].

In some other works [14]-[19], multipath exploitation was
investigated in the urban environment. Multipath was considered
in [14] for a synthetic aperture radar with a ground-based L-band
radar. Two multipath exploitation target imaging techniques
were proposed based on two different geometry city models
(urban canyon scenario and T-junction scenario). The real data
results aiming at exploiting multipath information are presented
in [15] for airborne multipath exploitation radar technologies.
In[16], atarget position estimation algorithm based on multipath
tracking of first-order reflection path was proposed. In [17], the
generalized likelihood ratio test particle filter is employed to
provide the most efficient NLOS targets localization results.
In [18] and [19], Thai et al. carried out the work of detecting
and locating targets in NLOS areas with a single portable radar
by exploiting reflection multipath. In [18], an around-the-corner
hidden target localization algorithm based on multipath sub-
space matched filter by using a portable millimeter-wave radar
was proposed. Based on the previous work, they proposed
two algorithms, which handle the information provided by
multipath returns in different ways to detect and estimate the
NLOS target position in [19]. In the present article, we also
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Fig. 1. EM diffraction propagation geometry model around building corner.

consider the problem of detecting and locating a moving target
behind a corner exploiting reflected multipath returns [20]-[22].
Note that the detection problem of NLOS target aforemen-
tioned mainly rely on the EM wave reflection in corridors
environment.

Different from those multipath scenarios aforementioned, we
consider a single rectangular building corner scenario where
only EM wave diffraction can be occurred,, in which the prelim-
inary research results have been reported in [23]. In this article,
the deep analysis and results are presented to characterize the
diffraction propagation in a single rectangular building corner
scenario. First, two EM wave diffraction propagation paths are
analyzed. Therein, one is the feasibility model of EM diffraction
propagation without target and the antenna splitting, another is
the diffraction echo model with the target and the transmitting
and receiving antennas in the same position. The model-based
diffraction of a single rectangular building corner is verified
by simulation and real data experiment. Then, a target location
algorithm is proposed based on the diffraction echo models
for behind the corner environment. Finally, the feasibility of
using diffraction to locate target behind the corner is verified by
simulation and real data.

The rest of this article is organized as follows. In Section II,
the EM diffraction propagation models around the building
corner are introduced. Section III presents an application of EM
diffraction propagation. Section IV concludes this article.

II. EM DIFFRACTION PROPAGATION MODEL AROUND
BUILDING CORNER

A. NLOS Propagation Model

We consider a single building corner scenario, as shown
in Fig. 1. Specifically, the corner structure is composed of
wall-1 and wall-2. The origin of coordinates is marked as
O = [z0,y0]". A transmitter Tz is located behind one side
of the corner with the coordinates vector Tz = [z, yr]". A
receiver Rx is placed at the other side of the corner with the
coordinates vector Rz = [z, yg]" . Due to the obstruction of
the wall corner, the EM wave signal transmitted by 7'z cannot
reach the Rx directly. The NLOS region of interest is marked
in Fig. 1 (shadow region). For any point (g, yr) in the NLOS

region, the following relations are satisfied:

TR < Zo,

— 1
YR > Yo — (yr —yo) (xr + xo). (D
rT —XO

(vayR)T S

Although the EM wave cannot propagate along LOS path to
the NLOS region, it can propagate to the receiving antenna Rx
by corner edge diffraction along the path Tz — O — Rz, as
shown in Fig. 1.

In order to verify that EM wave can propagate from 7'z to
Rz by diffraction path in the single building corner scenario,
an EM simulation experiment is conducted. The simulation
is completed with XFDTD software, which is based on the
finite-difference time-domain solver [24]. We consider a 10 mx
10 m building corner scenario, in which the transmitting antenna
Tz is located at (1.0 m, —1.0 m) and the receiving antenna Rx
is located at (—1.0 m, 3.0 m). The relative dielectric constant of
the building is 6 and the conductivity is 0.05 S/m. The transmit-
ted signal is stepped-frequency continuous wave [25] with the
frequency starting from 1.0 to 2.0 GHz and the frequency step
is 2.0 MHz.

In Fig. 2, the EM field intensities at four different moments
are given. The transmitted signal is first emitted from the trans-
mitter in the form of a spherical wave, as shown in Fig. 2(a)
(moment-1). Then, the EM wave will reflect at the wall-1 surface
to form the wall reflection wave (1) and diffracts at the corner to
form the diffraction wave (2), as shown in Fig. 2(b) (moment-2).
Finally, the EM wave passes around corner O via diffraction to
reach the receiver, as shown in Fig. 2(c) and 2(d) (moment-3 and
moment-4). InFig. 3, we give the time-domain signal received by
Rz. According to the layout of the scenario and the diffraction
propagation path of the EM wave, the physical length of the
diffraction path can be expressed as

Laier = \/(JTT —20)* + (yr — vo0)*

+ \/(xo —zr)* + (Yo — yr)*. )

Based on EM simulation parameters, {4 = 4.58 m.

From the above results, it can be seen that the diffraction
signal can indeed be propagated to NLOS region by corner edge
diffraction.

In order to better describe the law of EM wave diffraction,
uniform geometrical theory of diffraction (UTD) is introduced
in this article [26], [27]. According to the UTD, the diffracted
field in NLOS region can be given by

Eq = Ei(0)Aa(r)D (¢,¢') e 7*" ?3)

where k = 27 /A represents the propagation constant, A denotes
the wavelength, A4(r) is the spreading factor ensuring the proper
attenuation rate and can be expressed as

T‘l

)

“

where 7’ and r are the distance values from the corner edge to
the transmitter 7'z and receiver Rz, respectively. E;(O) is the
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Fig. 3. Received signal of Rx behind the building corner corresponding to
results of Fig. 2.

incident field on the corner edge, which can be denoted by

efjkr’

Ei(O) = Eo (&)

,rl

Specifically, the product of A4, E;i(O) and e7*" is invariant.
Assume that the E-field parallel to the building corner edge,
then the diffraction coefficient D(¢, ¢’) can be calculated as

[ (0= 9))
2k 2mksing 2k

+ cot (7r + (f: (b/)) — cot (W _ (;i_ ¢l))

ot (’T‘(;’b:‘“ﬂ ©)

D(¢,¢') =

where ¢ denotes diffraction angle, ¢’ represents the included
angle between the line connected 7'z and the corner O and the
surface of wall-1, and p is the interior angle of the corner edge.
The exterior angle of the corner edge is k7, x € [0, 2]. Since
the right angle edge corner is considered in this article, it is
readily derived that the values of x and n are 90° and 3/2,
respectively.

According to the above analysis, we can see that the distribu-
tion of diffraction field intensity is mainly related to the diffrac-
tion angle ¢ and propagation distance r when the coordinates of
the radar and the wall corner are known a priori. To conduct a
quantitative analysis, anumerical simulation based on MATLAB
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Propagation process of EM wave around the single building corner without target (view from +Z). (a) Moment-1. (b) Moment-2. (¢) Moment-3.
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Fig. 4. Relation curves of EM wave diffraction field intensity.

is implemented. We first determine that ¢’ corresponding to the
receiving antenna Rz equals 21.8°(¢" = arctan(yr/xr)), and
¢ € [180°,270°]. To simplify the analysis, we map ¢ to [0°, 90°]
and use 6 to represent them (6 = m+¢' — ¢, see Fig. 1). Further-
more, six different values of 6 (18°,27°,36°,45°,54°,63°) are
considered when the transmitting antenna 7'x is located at the
same position. The received signal amplitudes of these angles at
different distances from the corner O are obtained.

Fig. 4 shows the corresponding curves of diffraction field
intensity Ey with the diffraction angle 6 and distance r. Specif-
ically, when the value of r is fixed, the diffraction intensity
received by Rz at six different locations satisfy the following re-
lationships: Eq g — 130 > Eqg—27° > Eq =36 > Eq =45 >
Eq,0 = 540 > Eq,9 = 630, that is, the larger the diffraction angle,
the worse the diffraction effect. Similarly, when the value of 6
is fixed, we can obtain another conclusion, namely, the larger
the distance between the target and the corner O, the weaker the
intensity of the received diffraction signal.

According to (3), the diffracted field E4 and the diffraction
propagation area are determined by the diffraction angle ¢
and range 7. In order to explain the relationship between the
diffraction angle and range and the diffraction propagation area
intuitively, the simulation of the diffraction path loss coverage
is developed in a single building corner scenario. The simu-
lation parameters are consistent with the simulation in Fig. 2.
Cover simulation is carried out for 22 500 receiver positions
at z = 0.067 m,...,10 m and y = 0.067 m,...,10 m with a
step size of Az = Ay = 0.067 m. The transmit antenna 7'z and
corner O are located at (9 m, 1 m) and (7 m, 2 m), respectively.
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Fig. 6. EM diffraction propagation geometry model in the present of target
around building corner.

Fig. 5 shows the result of the path loss for the single building
corner scenario. The maximum path loss under LOS conditions
is 39 dB, as shown in white A point in Fig. 5. For NLOS area, the
signal can completely cover the NLOS area with a different path
loss. It can be seen that the color map deepens gradually with the
increase of diffraction angle and range, that is, the diffraction
path loss increases gradually with the increase of diffraction
angle and range. The maximum loss is 93 dB, as shown in white
B point in Fig. 5.

B. NLOS Propagation Model in the Present of Target

In this section, we consider the scenario where there is a target
in the same building structure as NLOS propagation model in
Section-II, as shown in Fig. 6. The coordinates of the target
are P = [xp, yp]T in the NLOS region. Unlike the scenario
of NLOS propagation model in Section-II, the transmitter and
the receiver are placed in the same place with the coordinates
TR = [xTR, YT R]T in this section.

Based on the characteristics of EM wave diffraction, we know
that the EM wave can be propagated to the target position by
corner edge diffraction. When there is a target in the scene,
the EM wave will reflect on the surface of the target when
it propagates by the corner diffraction to the NLOS region.
A part of the reflected EM wave will be diffracted back to

the receiving antenna TR. Thus, the propagation path of EM
wave in this processis TR — O — P — O — TR, as shownin
Fig. 6. In addition, the EM wave reflected from the target surface
propagates to the surface of wall-2 and reflects again. Suppose
that the reflection point of EM wave on the surface of wall-2 is
denoted as Q = [z, yQ]T. The corresponding propagation path
isTR— 0O — P —Q — P— O — TR, as shown in Fig. 6.
Hence, the echoes of these two propagation paths are included
in the returns. In order to verify the existence of these paths,
the following several EM simulation and real data collection
experiments are carried out.

1) EM Simulation Analysis: In XFDTD-based simulation,
the target is set as a perfect electric conductor (PEC) cylinder
with radius of 0.2 m, and the coordinates are (—1.75 m, 3.25 m).
The relative dielectric constant of the target is 55 and the conduc-
tivity is 1.05 S/m. The radar system is located at (1.0 m, —1.0 m)
to detect the concealed target. Other parameters including the
wall, and the transmitted signal are consistent with those of the
simulation of NLOS propagation model in Section-II.

Fig. 7 shows that the EM field distribution of eight different
moments for the propagation progress of EM wave. First, the EM
wave is transmitted from 7'R and can be seen as a spherical EM
wave in Fig. 7(a). Fig. 7(b) shows that the EM wave is reflected
at the surface of wall-1 to form echo (1). In Fig. 7(b) and (c),
EM wave diffraction occurs at the corner O to form diffraction
EM wave (2), and the EM wave continue to propagate forward.
Then, the EM wave @ reflects on the target surface to form
target reflection wave (3) in Fig. 7(d). Subsequently, the target
reflection wave (3) forms diffraction EM wave (5) by diffracting
again on corner O, and returns to the location of the radar, as
shown in Fig. 7(e) and (). Note that there is also echo (4), that s,
the wall-2 surface reflected wave, as shown in Fig. 7(e). Then,
the EM wave (4) is reflected again on the target surface to form
the wave (), as shown in Fig. 7(f). Finally, the EM wave (6)
propagates back to the radar by corner diffraction, as shown
in Fig. 7(g) and (h). Due to the strong attenuation caused by
multiple reflections between the target and the surface of wall-2,
the echo (8) and (9) can be ignored.

Furthermore, the range profile results in the above simulation
experiment are given in Fig. 8. Specifically, Fig. 8(a) shows
the original echo signal. Note that there is a peak with the
strongest amplitude, namely, the echo peak related to the antenna
coupling. Because the transmitting antenna and the receiving
antenna are located in the same position, the peak of antenna
coupling appears at zero.

In order to detect the weak target signals that are overlaid
by strong antenna coupling and reflections from walls or other
dominant static objects in indoor scenarios, the moving target in-
dication (MTI) method is employed. Two pulse subtraction [28]
and average subtraction [29] are commonly used in MTT. In this
article, two-pulse subtraction method is employed. Suppose that
s(™) and s(™*1) denote the corresponding original echo range
profile with respect to the mth and m + 1th period, respectively,
m =1,2,..., M. Then, the operation of two-pulse subtraction
cab be expressed as

g(m) — S('m) _ S(m-‘rl) (7)
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(a) Original echo signal. (b) Target echoes signal after two-pulse subtraction.

where 3™ represents the range profile after two-pulse
subtraction.

The target range profile after two-pulse subtraction is shown in
Fig. 8(b). Note that there are two peaks with strong amplitudes,
in which the strongest peak (Peak-1) is associated with wave
(3 in Fig. 7(e), while the secondary strength peak (Peak-2)
corresponds to the wave (6) in Fig. 7(g).

In this article, we define the propagation paths of these
two peaks as Path-1 and Path-2, respectively. According to
the propagation characteristics of EM wave, we know that the
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Propagation process of EM wave around the single building corner in the present of target (view from +Z), (a) moment-1, (b) moment-2, (c) moment-3,
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Fig.9. Plane of simulation scene with different target moving states. (a) Case-

1: target moves along a straight line gradually close to the corner. (b) Case-2:
target moves along straight line parallel to the surface of wall-2 and gradually
closes to the corner.

propagation path lengths of Path-1 and Path-2 satisfy the fol-
lowing relationship:

Ilpath—1 — lparn—2| = ||PQ|| 3

where denotes absolute value symbol, represents Eu-
clidean distance, and lp,n—1 and lpyy—o represent lengths of
Path-1 and Path-2, respectively.

In order to further verify the existence of the above EM wave
diffraction propagation paths, an EM simulation considering
multiple target test points is conducted based on the same sim-
ulation scenario with NLOS propagation model in the present
of target in Section II. The acquisition of EM simulation data
of moving target is realized by gprMax software with graphics
processing unit multithreaded parallel calculation [30]. In this
simulation, we consider two different moving cases of the target.
In case-1, the target moves from (—2.0 m, 2.0 m) to (—0.4 m,
0.4 m) along a straight line, as shown in Fig. 9(a). While, in
case-2, the target moves from (—0.4 m, 1.8 m) to (—0.4 m,
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TABLE 1
KEY PARAMETERS OF UWB RADAR

Parameters Value
Starting frequency 1.6 GHz
Ending frequency 2.2 GHz
Bandwidth 600 MHz
Number of steps 301
Frequency step 2 MHz
Radiation power 18 dBm

0.4 m) along straight line parallel to the surface of wall-2, what
is closed to the wall, as shown in Fig. 9(b).

Fig. 10(a) shows the moving target range profile plane of
case-1. Note that there are two different range trajectories, which
correspond to Path-1 and Path-2, respectively (see the dotted line
covered in Fig. 10). It is clear that the peak intensity of Path-1
and Path-2 decreases gradually when the target approaches the
corner. Moreover, we can see that the distance between the two
range trajectories along the X-axis decreases gradually with time.
Similarly, Fig. 10(b) shows the moving target range profile plane
of case-2. Due to the target moves along straight line parallel to
the surface of wall-2, EM wave is not reflected on the surface of
wall-2 (Ipyn—2 = 0 m). Thus, there is only one range trajectory,
which corresponds to Path-1. In particular, the effect of EM
diffraction is very poor for the initial target position in case-2.
Hence, the target echo amplitude intensity is high only near the
corner.

2) Real Data Experiment Analysis: To further verify the
existence of the EM wave propagation phenomena aforemen-
tioned in real environment, real data are collected by using the
stepped frequency continuous wave L-band radar system with
one transmitting antenna (7'x) and one receiving antenna (Rx).
Both antennas are vertically polarized. The distance between
Tz and Rx is 0.075 m. The center coordinates of ultra-wideband
(UWB) radar system are (—0.45 m, 0.35 m). T’z antenna and Rx
antenna are placed at 1.2 m high from the ground, and the antenna
array is directed toward the diffracting corner. Specifically, the
detailed parameters of the radar system are listed in Table 1. The
pictures of the measurement environment and the UWB radar
are shown in Fig. 11. Note that the location of radar is chosen
because it is isolated with no nearby buildings or automobile
traffic to cause backscattered energy.

Transceiver

Target

Fig. 11.  Pictures of the experimental scenario and the SISO UWB radar device.
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Fig. 12.  Scene plan of EM simulation and experiment: (a) micro target and

(b) moving target.
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Fig. 13.  Real data results of micromotion target. (a) Range profile plane with
respect to 600 periods of real data (dB). (b) Echo signal of the 120th period.

Two experiments considering different target move conditions
are conducted, as shown in Fig. 12. In the first experiment, the
person stands at the position (—1.8 m, 3.0 m) at first. Then,
he is swaying back and forth with a small range during the
data collection [see micromotion target in Fig. 12(a)]. A total
of 600 periods of data are collected during the experiment.
The corresponding micromotion target range profile plane is
obtained after background subtraction, as shown in Fig. 13(a).
Note that the two strong range trajectories of the micromotion
target can be seen clearly, one of which at 3.9 m (with respect
to Path-1) and another at 5.7 m (with respect to Path-2). To
prove the above statement intuitively, we give the range profile
result of the 120th period in Fig. 13(b). According to Fig. 13(a)
and Fig. (b), we know that the target distance fluctuates around
a small range and the peak intensity of Path-2 is weaker than
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Fig. 14. Real data result of moving target. (a) Range profile plane with respect
to 500 periods of real data (dB). (b) Echo signal of the 350th period.

that of Path-1. Furthermore, it is readily found that the peak
amplitude corresponding to Path-1 and Path-2 is obviously
higher than the clutter signal. It is worth mentioning that we
can observe some range trajectories other than the target echoes
in the range profile plane, mainly because of the micromotion
of the experimental operator. Considering the weak amplitude
of these echoes, there is no essential influence on target echoes
detection.

Different from the first experiment, the human walks along
straight route from (—3.5 m, 5.2 m) to (—1.0 m, 2.0 m) in the
second experiment [see Fig. 12(b)]. A total of 500 periods of data
are collected in this experiment. Similarly, the MTI technology
is employed to suppress background clutter. According to the
range trajectory shown in Fig. 14(a), there are two inclined
range profile trajectories, the strongest one is with respect to
Path-1 and the second strongest one is related to Path-2. The
range profile trajectory corresponds to Path-1 ranges from 2.78
to 5.62 m, while that of path-2 ranges from 4.22 to 8.13 m.
To prove the above statement intuitively, we give the range
profile result of 350th period in Fig. 14(b). Similarly, there are
also two peaks with high amplitudes corresponding to Path-1
and Path-2, respectively. The characteristic of range profile
trajectory of moving target is consistent with the simulation
results of Fig. 10(a). Due to the expansion characteristics and
the body swing of human targets, it is clear that the range profile
trajectories in Fig. 14(a) has alarger expansion than micromotion
target in Fig. 13(a).

In this section, the correctness of the EM wave diffraction
propagation model in single building corner scene has been
verified by simulation and real data experiments. In the next
section, we will introduce one of the application of these two
EM wave propagation model above.

III. APPLICATION OF EM DIFFRACTION

In this section, we will introduce one application of these two
EM wave diffraction propagation paths mentioned in Section-II.
Specifically, an NLOS target localization approach is proposed
for single corner scenario by single-input single-output (SISO)
UWB radar.

A. Signal Model

Let z(t) denote the transmitted signal, which has the follow-
ing form:

N-1
; t— nTO — To / 2

t) = 327 (fo+nAf)t ot - = 9
z(t) Z e rec T )
n=0

where T denotes the pulse repetition interval, K is the number
of frequencies, fj represents the starting frequency, and Af is
the frequency step. rect(x) denotes the rectangle function and

can be expressed as

1, |w\§%

0, otherwise. (10)

rect(z) = {

For the receiver, the mith period echo s{™ (t) can be denoted
by

s{™(t) = iz (t - T;;;;{i) +E() +w(t) +o(t), i =1, 2
11
where o1 and o5 are the complex attenuation coefficients of two
strong different round-trip paths, £(¢) represents echoes from
other complex propagation paths, such as high-order reflection
echo, and w(t) indicates the received direct-coupled signal by
the receiver from the transmitter and summarizes the clutters
caused by the reflections from walls, which is much stronger
than the signal reflected from targets. p(¢) denotes the noises

and interferences in the environment. 713(;31)71 and Tp(;:;]l? are the
round-trip time delays related to path-1 and path-2 for the mth

period of transmitted signal and can be expressed as

l(m)
(m) __ ‘path—1
7-puthfl - c
(12)
l(m)
7_(m) _ path—2
m—2 c

where l;();?h)q and lp(,;?hl2 represent path lengths of path-1 and

path-2, respectively, and ¢ denotes the propagation velocity of
EM wave.

B. Description of Target Location Algorithm

Note that the echoes scattered by hidden target will be
revealed after the two-pulse subtraction algorithm. However,
the ranges with to path-1 and path-2 should be estimated to
obtain the location of the hidden target in NLOS area. Thus,
in the following, we will give the detailed target location
algorithm.

First, in order to accurately extract the peaks correspond
to path-1 and path-2, the median filtering is adopted in this
article. For the range profile of the mth period, the num-
ber of range cells is set as I;. Then, by using the sliding
window method, we can obtain I» range cell windows with
equal length I3 = 2L + 1 (I3 > I3). For a common window,
let the +th moment range cell sequence be denoted as 3™ (i —

L),..., 5" (i),..., 3" (i + L). Then, the process of median
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filtering can be denoted as
G0
= med {g(m) G—L),...,8M™@), ... 80 (i + L)}
(13)

where §§m) denotes the signals after median filtering. med{.}

indicates that all the range cells in the window are arranged in
ascending order, and then takes the median operation.

Based on the data after median filtering, cell aver-
aging constant false alarm rate (CA-CFAR) technique is
utilized to extract the range information of path-1 and
path-2 from the range profiles [31]. The adaptive threshold of
CA-CFAR is given by

Ti(i) = (PFA_l/N - 1) iggm) (4)

i=1

(14)

where N is the number of reference cells, §§m) (i) represents
the ¢th reference cell, and Prs denotes the probability of false
alarm. The threshold detection process is as follows:

3 > 1)
") < T.0).
Repeating the above operations for the whole range cells, the

path propagation time delays T;E;trl?—l and TP(;ZI)_Q are obtained.

Furthermore, the propagation distance difference Al between
the path-1 and the path-2 is given by

1

3" (i) = (15)

0

l(m)

path—2

_ l(m)

Al = a1 - (16)

Meanwhile, with the known building layout and radar posi-
tion, the distance between the radar R and the corner O can be
computed as

lro = \/(@r —70) + e —yo)’. (D)

Then, the coordinates of the hidden target P in the mth data
period can be calculated as

2 —

. e 2 N2 (18)
yED):yO—i_\/(paéhl_lRO) _(Al; )) .

Repeat the steps above, and the target positions for these data
can be obtained. Due to the existence of noises and clutters,
the false target localization results may be computed. To tackle
this problem, several strategies are used to eliminate the false
targets. Based on the known of building layout, the LOS area or
the building area can be expressed as

((e57) =2 2o}

(xgn)’ ygm) Lyp <wo -

AL
To = =5~

(yrr — Yo) (xém)

ITR — O

+ Io)

19)

Hence, the false target positions located at these area can be
eliminated directly.

According to the feature that the true target is still located
in the NLOS area, we can use the a—f filtering to obtain
smooth target trajectory [32]. Suppose that M periods of data
have been collected, the M localization results are expressed
as X(M),m =1,2,..., M. In the case of a single target, the
prediction state of target is expressed as

X (m + 1jm) = F(m)X(m|m) (20)

where X (m|m) is the state estimate value of the track at the mth
period, X (m + 1|m) denotes the state value of the (m + 1)th
period estimated in the mth period, and F indicates the transition
matrix.

Based on the estimated value above, the state update equation
can be expressed as

X(m+1m+1)=X(m+1m)+K(m+1)v(m+1)
21
where K denotes gain. For an update time 777, the matrix K is
expressed as

K = [a 8/Ty]". (22)
In (23), we give the innovation equation v(m + 1)
vim+1)=Z(m+1)—H(@m+1)X(m+1m) (23)

where H is an observation matrix, and Z(m + 1) indicates the
target position of the (m + 1)th period updated by (21).

C. EM Simulation and Real Data Experiment

In this section, several EM simulation and experimental re-
sults are provided to validate the proposed hidden target local-
ization approach.

1) EM Simulation: The size of simulation zone is 10 m X
10 m, as shown in Fig. 12. All of the simulation data are also
collected by using gprMax software. In particular, the simulation
parameters are the same as those of NLOS propagation model
in the presence of target in Section II. The center of radar
system is located at (1.0 m, —0.5 m). We consider two different
target moving states in the different simulation. Note that the
target is located in the NLOS area of the radar in both different
simulation.

In the first simulation, the micromotion target stands at the
(—1.8 m, 3.0 m) with swaying back and forth with a small
range, as shown in Fig. 12(a). Based on the range profiles, the
two-dimensional (2-D) position of the target can be calculated by
using the proposed algorithm. The locations of the micromotion
target are clearly presented in Fig. 15. The measured mean
position of the target is (—1.64 m, 2.97 m), while the deviation
between the initial position and the mean position is about
0.16 m. In order to verify the effectiveness of the proposed
method more intuitively, the positioning error curve between
the target estimated positions and the true target positions is
given in Fig. 16(a). Therein, the abscissa of Fig. 16 denotes
the period index of range profile while the ordinate represents
the positioning error. According to the error curve, we can see
that the maximum error between the estimated positions and
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Fig. 15. Micromotion target localization results for the simulation data.
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Fig. 16. Hidden target positioning error curve of simulation data. (a) Posi-

tioning error curve of micromotion target. (b) Positioning error curve of moving
target.

the true positions of target is less than 0.28 m. Considering the
radar resolution and the expansibility of human target, the above
positioning errors are acceptable.

Next, we analyze the moving target positioning results for
the second experiment. Specifically, the target moves along
a straight route from (—3.4 m, 5.2 m) to (—1.2 m, 2.0 m)
during the data collection, as shown in Fig. 12(b). By exploiting
the proposed approach, the target estimated positions can be
obtained, as shown in Fig. 17. It can be seen that the calculated
target moving trajectory is located along the real motion route.
A few target estimated positions are deviated from the real route
in the end of the trajectory. For illustration, Fig. 16(b) gives the
positioning error curve with respect to the moving target. Note
that the location deviation is within the range of 0.04-0.32 m.

In order to quantitatively analyze the relationship between
diffraction angle, range, and positional accuracy, several numer-
ical simulations are carried out. As shown in Fig. 1, a case of
the same diffraction range » = 5 m is considered, where the
diffraction angle ¢ is set to {215°,...,265°} with a step of
A¢ = 1°. The curve of the diffraction angle and the positioning
error is shown in Fig. 18(a), from which it can be seen that the
positioning error of the target increases with the diffraction angle

8
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=
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Fig. 17. Moving target localization results for the simulation data.
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Fig. 18.  Curve of the diffraction angle and range with the target positional

accuracy. (a) Diffraction angle ¢. (b) Diffraction range r.

increases. The minimum and maximum positioning errors are
0.19 and 0.41 m, respectively.

The other case with the same diffraction angle ¢ = 225°
is considered, where the diffraction range r is set to {r =
1.13m,...,4.95 m} with a step of Ar =0.08 m. The curve
of diffraction range and positioning error is shown in Fig. 18(b),
from which it can be seen that the positioning error of the
target increases slowly with the diffraction range increases.
The minimum and maximum positioning error are 0.26 and
0.23 m, respectively. The influence of diffraction angle on target
positioning accuracy is greater than that of diffraction range.
Specifically, when the diffraction angle ¢ = 265°, that is, the
target is close to the surface of wall-2, the echo corresponding
to Path-1 and Path-2 may overlap, resulting in the degradation
of positioning performance.

According to the EM propagation process shown in Fig. 7, a
round-trip reflection path between the target and the surface of
wall-2 is observed. In the case of the single rectangular corner
of the building, the reflection angle of the wall corresponding
to the round-trip reflection path is a right angle. Moreover, the
position and length of the reflection path are determined by the
reflection angle of the target. Hence, to analyze the error from
the reflection angle of the target, several EM propagation simu-
lations are carried out with target is located at different positions,
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TABLE II
PROPAGATION PATH ERROR AND POSITIONING ERROR FOR DIFFERENT TARGET POSITION

Target Position P Py Ps Py Ps Ps Pr P Py Pio
€Epath—1 (M) 0.1090 0.1105 0.1090 0.1091 0.1100 0.1090  0.1094 0.1103 0.1095 0.1103
€path—o (m)  0.1855 02028 0.1902 0.1889 0.2019 0.1986 0.1936  0.1968 0.1915  0.1991
ep (m) 0.2722  0.2482 0.2653 0.2678 0.2481 0.2509 0.2607 0.2583 0.2644  0.2543
8
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Fig. 19. Real data localization results of the micromotion target.

which are expressed as P;, P, ..., Pig. The errors €pyn—1 and
epath—2 between the theoretical lengths and extracted locations
of Path-1 and Path-2 are listed in Table II, respectively. The
corresponding positioning errors €p are also listed. According
to Table II, the average errors of €pyp—1 and €pyp—o are 0.1096
and 0.1949 m, respectively. Similarly, the average positioning
errors €p 1s 0.2590 m.

In summary, the errors considered in this article are from
diffraction angle, diffraction range, target reflection, and wall
reflection, which are proved by numerical simulations. In prac-
tice, when considering the size of the target, the above errors
will not have an essential impact on the target location results.
The proposed algorithm can achieve good NLOS corner target
positioning performance.

2) Real Data Experiment: To validate the proposed target
localization algorithm experimentally, real data are collected
by using the SISO UWB radar system. The geometric scene
and experimental scenario have been described in Section II.
Similarly, in order to ensure the validity of the data, the target
sways back and forth with a small range or moves in the NLOS
area of the radar in two different real data experiments.

First, we carry out an experiment considering the case of
micromotion human target, in which the experiment scene plane
is shown in Fig. 12(a). Furthermore, the micromotion human
target range profile plane is shown in Fig. 13. The time delays
of two paths are extracted from range profile. According to the
proposed method, the positions of the micromotion human are
obtained, as shown in Fig. 19. It is clear that the locations of the
target are presented. The human sways back and forth during
the data collection, which results in the expansion of the range
profile trajectories and the positioning results. The measured
mean position of the target is (—1.75 m, 2.92 m), while the

X-direction (m)

Fig. 20. Real data localization results of the moving target.

deviation between the initial position and the mean position
is about 0.09 m. Thus, the 2-D position of the target can be
calculated by using the proposed algorithm.

Next, for the case of moving target, the experiment scene
plane is shown in Fig. 12(b). From this figure, the moving target
range profile plane is shown in Fig. 14. We can see that the
range profile trajectories correspond to Path-1 and Path-2. Then,
the localization results are acquired using the proposed method
based on the calculated path time delay, as shown in Fig. 20.
It can be seen that the calculated target positions are roughly
located along a straight line and there is a good agreement
between the estimated and the true target positions. Due to
the influence of environmental noise and measurement errors,
there are some fluctuations in the target trajectory. Considering
the expansion characteristics and the body swing of the human
target, the above errors are acceptable in practice. Thus, the
proposed approach can be applied to obtain the coordinates of
hidden target.

IV. CONCLUSION

A phenomenon of EM wave diffraction propagation in the
single rectangular corner of the building scene is described in
this article. Specifically, the possibility of detection of targets
hidden behind the corner of the building with a UWB radar by
exploiting EM wave diffraction propagation is analyzed based
on established the single rectangular building corner diffraction
echo models. Suppose that a target is located around a building
corner and the geometric structure is known a priori. NLOS
hidden target localization algorithm based on SISO UWB radar
is proposed. Finally, several experimental results validate the
effectiveness of the proposed algorithm. As the extension of this
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article, possible future research tracks might concern the study
of the multiple hidden targets localization for unknown building
layout in more complicated scenarios.
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