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ABSTRACT: This paper presents a Time Reversal (TR) application to mitigate the grating lobes of an arbitrarily spaced array for a through-
the-wall imaging radar (TWIR). Analytical modeling and simulation of array of arbitrarily located elements with (i) conventional and (ii)
time reversal beamforming have been carried out. The results are analysed and compared. The array is used to image a target using the
multipaths in a typical TWIR environment. The Time Reversal technique as spatial correlator improves the performance of the arbitrarily
located array which is akin to the array thinning of conventional array processing. It is demonstrated that the TR beamforming can
mitigate the grating lobes of large sparse array with a fewer elements. The performance metrics are captured in terms of Side Lobe
Levels (SLLs) and image radius. The SLL performance and image radius are benchmarked for different configurations of array. It is
shown that a fewer-element sparse array with Time Reversal is feasible for practical TWIRs.

1. INTRODUCTION

Ultra-wideband (UWB) radars [1,2] with MIMO configu-
rations are used for imaging applications such as Ground
Penetrating Radar (GPR), Through-the-Wall-Imaging Radar
(TWIR), and also urban sensing applications. The low fre-
quency component of UWB waveform easily penetrates the
barrier while the high frequency component aids in finer reso-
lution. UWB TWIRs [3] are used by police and military forces
for hostage rescue operation, rescue of earth quake victims, and
fire-fighting personnel. The use of such radars is extended for
other civilian applications like detection of human fall and hu-
man gait movement in a room [4]. Finer resolution both in
down range and cross range is of paramount importance for tar-
get detection, tracking, and classification. The larger the band-
width is, the finer the range resolution is. Due to the advent
of wideband waveform, it is easy to generate high bandwidth
waveform. The major issue is to obtain high cross range res-
olution, that is, in both azimuthal and elevational dimensions.
The larger the size of the array is, the finer the resolution is [5].
The design of TWIR array antenna has been attempted with
various techniques. In order to have high resolution, a UWB
radar needs a large antenna array with real or synthetic aper-
ture. The commonly used TWIR configurations are monos-
tatic, bistatic/multistatic, and Multiple Input Multiple Output
(MIMO). In recent years, MIMO radars [6, 7] have been used
for TWIR application. Applications of UWB MIMO sparse ar-
ray for both impulse and Stepped Frequency Continuous Wave
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(SFCW) types have been reported in [2]. The research attempts
have been to use thinned, sparse and MIMO arrays to reduce the
number of elements. Sparse array results in poor side lobe and
grating lobe [5]. The objective of TWIR is to obtain clean im-
age of targets in the presence of clutter. The primary cause of
image artefacts is due to poor side lobe and grating lobe per-
formance of an array. Usually, the side lobes are controlled
by using either a standard window technique or modern opti-
misation scheme, namely genetic algorithms [8]. The grating
lobe performance of an array is the direct function of the spac-
ing between array elements, steering angle, and the bandwidth
of the waveform [5]. The MIMO co-array technique [9] for
UWB SFCW radar is one such technique, where superior grat-
ing lobe performance can be obtained through suitable place-
ment of transmitting and receiving elements, but it is limited by
the size of the co-array. The Time Reversal technique based vir-
tual arrays are proposed for the passive direction finding [10].
Compressive sensing (CS) technique is usually used for the di-
rection of arrival (DoA) estimation in sparse antenna array in
L-shaped antenna [11, 12]. The wideband sparse array design
is formulated using quadratically constraint quadratic program
based on tapped delayline and DFT techniques. The semidefi-
nite relaxation (SDR) is used to achieve the sparse array and to
yield better performance than a sub-optimal sparse array [13].
Deep learning (DL) based sparse array antenna using hole-free
co-arrays can improve the beam pattern and DoA [14]. The
Time Reversal (TR) is an emerging signal processing technique,
which promises superresolution in the multipath-rich environ-
ment. By the use of TR, the multipath reflections result in a
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virtual array which provides better resolution. The virtual ar-
ray size is a function of the distribution of multipaths. All the
scatterers result in virtual transmitters and receivers. So after
the application of TR, as the virtual array randomisation of the
elements happens, there will not be any periodicity in the array
pattern, and hence the grating lobes get reduced.

The multipath reflections from scatterers like walls, floors,
and ceiling are treated as nuisance for conventional TWIR pro-
cessing. High resolution waveform and frequency diversity,
popularly used by the radar community [15] to suppress or mit-
igate the multipath effects, are directly used in TWIR. There is
entirely an opposite view to develop a technique which exploits
the presence of the multipaths, that is, the more the multipaths
are, the better the performance is. In the opinion of the au-
thors, two distinct classes of multipath exploitation techniques
are used in TWIR. One technique is based on the known ge-
ometry of the room [16, 17] from which the ghost target can be
mapped back to the original target position to improve the sig-
nal to clutter ratio (SCR). The other technique is the one that
is TR based and does not assume the geometry of the build-
ing. The Time Reversal (TR) concept [18-22] uses the time
invariant properties of wave equation. It was initially used in
acoustics and is now becoming popular in electromagnetics as
well. In the case of non-homogeneous multipath environment,
TR promises super-resolution better than the Rayleigh resolu-
tion limit [20, 23]. The transmitting and receiving array lengths
of a TWIR are based on the resolution requirement. The smaller
the antenna size is, the poorer the angular resolution is, but the
larger array increases the weight of the radar. Under such cir-
cumstance, a sparse array is the best solution, as it provides
better resolution due to large size and moreover, less weight
due to a few elements in the array. The major concern is due
to the grating lobe of a sparse array, as it results in ghost tar-
gets and poorer imaging quality. The image of a typical TWIR
target, e.g., human being, merges in multipath reflections from
scatterers like household furniture such as tables, cupboards,
chairs, walls, floors, and ceiling. Ghost targets are also gener-
ated due to a large number of multipaths. Time Reversal (TR)
technique exploits multipaths to provide an improved resolu-
tion. The grating lobe performance using TR has been studied
analytically [24]. To the best of our knowledge, the develop-
ment of TR based grating lobe suppression for an arbitrarily
spaced array of UWB radar is a novel technique.

In this paper, a real aperture MIMO SFCW radar with ar-
bitrary location of receivers and transmitters is used to study
the effect of TR on grating lobe processing. The proposed TR
based signal processing scheme is used in a sparse MIMO ar-
ray in a TWIR like propagation through the wall and scatter-
ing of multiple objects and wall. The grating lobes are sup-
pressed and quantified both in the presence and absence of the
multipaths. It is an important finding that can potentially re-
duce the weight and size of TWIR without compromising its
performance. To validate the grating lobe performance of TR
technique for TWIR, multiple scatterers and targets have been
modeled using analytical electromagnetic equations in order to
mimic a through-the-wall (TTW) imaging scenario. The organ-
isation of the paper is as follows.
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Section 2 introduces the features of antenna arrays for TWIR
imaging, particularly consisting of widely separated antennas.
The Time Reversal focusing with array antenna is detailed in
Section 3. Section 4 presents the MATLAB simulation results.
The conclusion of the work is given in Section 5.

2. WIDELY SEPARATED ANTENNA ARRAY FOR IMAG-
ING

The uniform linear array (ULA), spatial sampling, and theory of
gating are presented here. Widely spaced antenna array where
the element spacing is more than one wavelength A generates
grating lobes [5]. The array samples the electromagnetic fields
spatially at the locations denoted as r;; ¢ = 0,1,2,... N — 1.
The received signal at the arbitrarily located array can be given
by Equation (1).

s(t,r) = [s(t,ro), s(t, 1), s(t,r3) ..., s(t,rN_l)]T €))

With reference to the nonuniform linear array (non-ULA)
shown in Figure 1, the relationship between direction cosines
and angle of arrival can be expressed as,

u = sin@,

2)
where u represents the direction cosines with respect to the ar-

ray axis, and 6 is the angle of arrival with respect to the array
normal.
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FIGURE 1. Non-uniform linear array.

The beam pattern B(w, 6) of the above nonuniform linear
array at frequency w and angle 6 can be given by,

N-1
B(w,@) _ Z we*jnkdn sine’ (3)
n=0

where d,, is the inter element distance, and IV is the number of
elements in the array.

2.1. Theory of Array Synthesis and Grating Lobe

Considering a uniform linear array (ULA) of element spacing,
d, and direction of arrival, 6, as shown in Figure 2, its array
factor as reported in [5] is given by Equation (4).

By = % )
v B Nsin%7
2 .
where, Y = Tdsm@. 6)
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FIGURE 2. Uniform linear array.

The grating lobe is of the same height as the main lobe. It
appears corresponding to 6.

% =mm (6)
From Equations (2), (5), and (6), we get,
mA
=TT @

If wavelength \ > d, then, the peak of the grating lobe occurs
within the propagation space of the signal, that is, when |u| < 1.
In the case of steering, the grating lobe gets shifted into the
visible region. If the array is required to be steered over the
range, 0 < 0 < 180°, the required spacing is d < % The
grating lobe problem is similar to the aliasing problem of the
time series.

2.2. Beam Pattern of SFCW Waveform

In the case of an SFCW waveform, the grating lobe of each step
gets averaged out in the UWB beamforming operation. The
patterns of the start, center, and end frequencies are shown in
Figure 3 in order to explain the grating lobe effect of SFCW
waveform. SFCW mitigates the side lobes naturally; however,
for arbitrarily spaced elements, the side lobe performance is not
very useful for practical sparse array based TWIR.

Grating lobe pattern of few steps of SFCW waveform
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FIGURE 3. Beam pattern for spot frequency of SFCW waveform.

The beam pattern of SFCW waveform due to the interference
of the grating lobes corresponding to each individual frequency
reduces the amplitude of the array grating lobes. The resultant
grating lobe of SFCW beam is depicted in Figure 4.

Further, the suppression of grating lobes using TR technique
is described in Section 3.

0 Grating lobe pattern of SFCW waveform
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FIGURE 4. Beam pattern of SFCW UWB beamforming.

3. TIME REVERSAL FOCUSING WITH ARRAY AN-
TENNA

In Figure 5, r, (x,, Yo) represents the point source or target
locations. The receiving array r; (z;, y;) receives the signal
from the point source (active) or reflections from the passive
target. The time-reversal array (TRA) receives the signals and
then transmits. 74 (x4, ¥4) denotes the arbitrary locations in
image domain.

4999499009000
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FIGURE 5. Imaging with time reversal array.

Let s7(t) be the transmit signal and St(w) be its spectrum.
Then, it can be written that,

ST (t)

% / Sp(w)e?“tdw, ®)
and Sp(w) = /sT(t)e*j“’tdt 9)

Now, the received signal spectrum can be expressed as,
SR(w)z/Gi(ri,ro,w)ST(w), (10)

where G;(r;, 79, w) is the Green’s function between r( and 7;.
For r; locations, Equation (10) can be written as,

SR(ri,w) :/Gi(ri,ro,w)ST(w) (11)
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Image formed by widely spaced array with BP-BS
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FIGURE 6. Grating lobe with BP-BS (three-element array).

Image formed by widely spaced array with BP-BS
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FIGURE 8. Grating/side lobe with BP-BS (five-element array).

Then, in time domain,

snlr=0) = 5 [ Gilrrw) Si@) (2
sg(ri, —t) is the time reversal of s,.(r;,t) and is denoted as
str(ri,t). Thus,

sTr(ri,t) = sy (ri, —t) 13)
In frequency domain,
str(ri,w) = G (ri,ro,w)ST (W) (14)

The time reversed pulse observed at the location r4 is given by,

sTR(rq, T3, t)

/ Gilrg, s,

The general formula for the time reversal of an array can be
given by,

(ri,ro,w)S}(w)ej‘”tdw (15)

str(rg,t) =Y sra(re,ri,t) (16)
Using g4 (G0, Gg2,...Ggn-1)] and go =
[Go, Ga,...GNn_1]T, we can have,

N-—1
1 —juwt
sra(ret Z{)%/gqgo et (17)
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Image formation with widely separated receive antenna array TR
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FIGURE 7. Grating lobe with BP-TR (three-element array).

Image formation with widely separated receive antenna array TR
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FIGURE 9. Grating lobe with BP-TR (five-element array).

Here, g4 and gg are the Green’s functions using the matrix rep-
resentations.
The above analysis is then implemented in MATLAB.

4. SIMULATION RESULTS AND DISCUSSION

The simulation setup is established for one target and a few scat-
terers assuming that the scatterers are close to the wall. The
closeness of the scatterers to the target and the superresolution
performance of TR array are studied. The details of the pa-
rameters used for the simulation are presented in Table 1. The
simulation results corresponding to the widely spaced receive
antenna arrays for grating lobes with back projection (BP) of
different profiles like BS and TR are obtained and plotted as
shown in Figure 6 through Figure 13. The variations of the
amplitude gain with the distance from the active source are ob-
tained from the simulations of the cross-range profiles for the

TABLE 1. Distributed array simulation parameters.

parameters value parameters value
Room size 2m x 2m Af 10 MHz

Length of array 2.5m Range (unambiguous) 15m

No. of Tx 1 Target 0.9m
No. of Rx 3,5,7 BW 2-4 GHz

Www.jpier.org



Progress In Electromagnetics Research C, Vol. 150, 89-95, 2024

PIER C

Image formed by widely spaced array with BP-BS
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FIGURE 10. Grating/side lobe with BP-BS (seven-element array).

Comparision of cross range profile
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FIGURE 12. Comparison of cross range profiles for conventional BP-
BS, BP-TR and beam pattern (non-ULA).

5 Ci ision of Sidelobe Level 3,57 element Sparse Array
- T T T T T T I
- + =SLL(Avg)-Conv. BF|
o - =a=S5_ | (rme}-Conv. BP|
e - #-SLL(Avg)-TR
D ,,___7__‘_L_:__k—I—SLL[rm5]-TH
=TT
>
@
-
4}
a-15} |
]
4}
‘_g C
w
-20 ’
Bl e pap *
.05 | | L I 1 1
3 35 4 45 5 55 6 6.5 7

Number of elements

FIGURE 14. Improvement of side-lobe level for 3, 5, and 7 element
non-ULA.

(i) conventional back projection-back scatter (BP-BS), (ii) back
projection-time reversal (BP-TR), and (iii) beampattern (non-
ULA) as shown in Figure 14. Finally, the variations of the im-
age intensity with the cross range are obtained from the simu-
lations of the cross-range profiles; BP and TR for (i) 3-, (ii) 5-,
and (iii) 7-element sparse array and the superimposed results
are shown in Figure 13 and Figure 14.

The summary of comparison (Figure 12) is shown in Table 2.
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Image formation with widely separated receive antenna array TR
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FIGURE 11. Grating/side lobe with BP-TR (seven-element array).

Image profile in Cross Range 3,5,7 element Sparse Array
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FIGURE 13. Cross-range profiles, BP and TR applied to a non-ULA.

TABLE 2. Cross-range resolution and SLL of non-ULA TWIR (five-
element).

Parameters BP-BS TR-correlator Beam
pattern
C
ross range 0.1m 0.018m 0.075m
resolution
LL at 0.
SLLat03m ~10dB ~14dB ~10dB
from the center
LL .
SLLat0Sm | s ciap | —14.4dB ~13dB
from the center

4.1. Discussion

The typical imaging of non-ULA with five elements is shown
in Figure 8. It is evident that the image artifacts due to the
grating/side lobes are more. But with the application of TR,
the grating/side lobe is minimized as depicted in Figure 9. The
comparison of (a) theoretical beam pattern of UWB non-ULA,
(b) imaging by back-projection, and (c) TR spatial focusing has
been performed. It is observed that the TR not only provides
superresolution, but also suppresses the grating lobes or side
lobes. Firstly, the nonuniform array with UWB SFCW wave-
form reduces the grating lobe. The random scattering media
with TR reduces the grating lobe to an extent more than the
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interfering pattern of the grating lobes pertaining to each fre-
quency step of the SFCW waveform. The parameterization
for the comparison of grating/side lobes is described in Sec-
tion 4.1.1.

4.1.1. Side Lobe Level (SLL)

The poor side lobes both in down range and cross range di-
mensions create unnecessary image artifacts in the radar based
imaging systems. There are two performance metrics, namely,
average side lobe level (SLL,y,) and RMS side lobe level
(SLL;ys) used to validate the performance improvement in a
widely spaced TWIR array using TR processing. In order to
study the grating lobe performance for a widely separated ar-
ray, the polar plot, that is, the (r, ) domain is introduced for
the analysis.

(1) Average Side Lobe Level (SLL,y,): The average value
of the side lobes excluding the main lobe targets is given by
Equation (18).

1 No
SLLyy = o anl I(re,0,), (18)

where Ny is the number of discrete azimuth angles from —7/2
to 7/2, and I(r4, 6,,) denotes the intensity of the image pixels
at the target locations.

(ii) RMS Side Lobe Level (SLL,): The rms value of the
side lobes excluding the main lobe targets is given by Equa-
tion (19).

1 N,
SLLyp = \/ N Znil 12 (r4,0,,) (19)

The improvement in side and grating lobe performances of
three TWIR array configurations of arbitrary locations such as
TWIR array with (i) 3, (ii) 5, and (iii) 7 receiving elements are
studied. The results are shown in Figure 14 and Table 3.

TABLE 3. SLL of non-ULA TWIR.

SLL (dB) ‘ Back projection (dB) ‘ TR-Correlator (dB)
Three-element array

SLL Avg. —8.98 —18.52

SLL rms —6.95 —17.54
Five-element array

SLL Avg. —-9.44 —23.71

SLL rms —8.11 —22.23
Seven-element array

SLL Avg. —11.25 —24.06

SLL rms —-9.99 —22.7

The side and grating lobe level degradation in arbitrarily
placed arrays is captured in terms of the average side lobe
level difference with respect to the conventional back projec-
tion imaging.

There is improvement of 10, 14, and 13 dB in the 3-, 5-, and
7-element arrays, respectively. This improvement is significant

for imaging applications and thus confirms the robustness of
Time Reversal against the degradation image due to the grating
lobes in a sparse array.

4.1.2. Image Radius

The smearing effect of the images obtained by applying back-
projection and TR-correlator is captured through the measure-
ment of image radius. The image radii are estimated with a
normalized threshold of 0.2 and 10 x 10 pixel around the target
image. The image radii of the same three TWIR array configu-
rations considered as above with (i) 3, (ii) 5, and (iii) 7 receiving
elements are obtained. The results are shown in Table 4. It is
observed that the imaging radius with smaller value yields more
focused image in the case of arrays of more elements.

TABLE 4. Tmage radius of the image formed using non-ULA TWIR.

Back TR
Image L .
i projection-image Correlator-image
radius ) .
radius (cm) radius (cm)
Three-element array
I
nage 20 14
Radius
Five-element array
I
ase 20 13
Radius
Seven-element array
I
mage 18 6
Radius

5. CONCLUSION

In this work, the Time Reversal technique is applied to a non-
uniformly spaced antenna array of a TWIR radar. The image
degradation due to the grating lobes of an arbitrarily spaced ar-
ray with conventional beamformer has been compared with that
of a Time Reversal correlator based beamformer. It is evident
that the proposed Time Reversal correlator improves the grating
lobe performance of an arbitrarily located UWB TWIR radar.
The fewer array elements and arbitrarily spaced TR array for
TWIR are advantageous at solving the problem of cross reso-
lution and providing better portability. These features are sub-
stantiated from analytical methods as well as MATLAB simula-
tions using the metrics such as SLL and image radius of arrays
of different lengths.
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