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Time-Reversal MUSIC Imaging with Time-Domain Gating
Technique

Heedong CHOI†a), Nonmember, Yasutaka OGAWA†, Fellow, Toshihiko NISHIMURA†,
and Takeo OHGANE†, Members

SUMMARY A time-reversal (TR) approach with multiple signal clas-
sification (MUSIC) provides super-resolution for detection and localization
using multistatic data collected from an array antenna system. The theory
of TR-MUSIC assumes that the number of antenna elements is greater than
that of scatterers (targets). Furthermore, it requires many sets of frequency-
domain data (snapshots) in seriously noisy environments. Unfortunately,
these conditions are not practical for real environments due to the restric-
tion of a reasonable antenna structure as well as limited measurement time.
We propose an approach that treats both noise reduction and relaxation of
the transceiver restriction by using a time-domain gating technique accom-
panied with the Fourier transform before applying the TR-MUSIC imag-
ing algorithm. Instead of utilizing the conventional multistatic data matrix
(MDM), we employ a modified MDM obtained from the gating technique.
The resulting imaging functions yield more reliable images with only a few
snapshots regardless of the limitation of the antenna arrays.
key words: time-reversal (TR) technique, TR-MUSIC imaging, ultra wide-
band (UWB), gating technique

1. Introduction

One promising candidate for locating and detecting ob-
scured scatterers (targets) is time-reversal (TR) imaging [1].
TR techniques exploiting the invariance of the wave equa-
tion for remote sensing were initially developed for use in
acoustics [1], [2]. Later, they were applied to electromag-
netic waves using time-harmonic waves and a time rever-
sal array (TRA) [3]–[13]. Due to the classical diffraction
limit, the focusing spot size (focusing region) in conven-
tional imaging techniques is severely restricted by the an-
tenna aperture length. TR-based techniques, on the other
hand, provide better focusing resolution by effectively in-
creasing the antenna aperture length [13]. The developed
TR imaging methodology conducts eigenvalue decomposi-
tion of the time reversal operator (TRO) obtained from a
multi-static data matrix (MDM) by a limited-aspect antenna
array. For well-resolved (orthogonal) point-like scatterers,
the conventional decomposition of the TRO works well be-
cause each eigenvalue corresponds to each scatterer. Unfor-
tunately, the performance of TR-based techniques greatly
deteriorates if this resolution condition is not met and/or the
antenna array is sparse [5].

A time-reversal multiple signal classification (TR-
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MUSIC) technique has been proposed to overcome the
problem of inadequate resolution. TR-MUSIC imaging pro-
vides super-resolution for detection and localization by us-
ing the noise subspace of the TRO, which is orthogonal to
the signal subspace [5]. Studies on TR imaging have been
conducted, such as general configuration [3] and extension
to multiple (non-point-like) targets [9], multiple scattering
scenarios [4], [7], measurements and experiments in various
background media [6], [8], single-frequency [5] and ultra-
wideband (UWB) signals [10], a variety of matrices of the
space-space [5] and the space-frequency [11], and imaging
with a single antenna [12].

Theoretically, any TR-MUSIC technique must satisfy
the prerequisite of providing more transceivers N than tar-
gets M (N > M). Regretfully, it may be difficult to satisfy
this condition because we cannot have a large number of an-
tenna elements. In addition, the TR-MUSIC technique ne-
cessitates many sets of frequency-domain data (snapshots)
in heavy noise environments since the received signals are
largely corrupted by noise. However, it is not preferable to
require many snapshots because a long measurement time is
required.

To overcome the above obstacles, we have proposed
the basic concept of a TR-MUSIC imaging approach using
a time-domain gating technique, and conducted preliminary
performance evaluations [15], [16]. In this paper, we ad-
dress the formulation of our approach, and discuss its per-
formance in more detail. The concept of time-domain gating
has been examined for radio frequency measurement fields
such as antenna measurement [14]. Measured frequency-
domain data are transformed into time-domain ones with the
inverse Fourier transform. Time-domain gating can mathe-
matically eliminate unwanted signal responses using a gat-
ing filter (window) in the time domain. This technique can
also reduce random noise components outside the gate. By
applying the Fourier transform to the gated time-domain
data, we obtain frequency-domain data that have no contri-
bution of signals and noise components outside the time-
domain gate. When the time-domain gating technique is
used in TR-MUSIC, the response resolution of the inverse
Fourier transform depends on the frequency bandwidth of
the measured data. Thus, it is difficult to resolve received
signals in traditional narrowband cases due to the limited
range resolution. Recent developments in UWB provide
the potential to surpass the conventional range limitation by
means of unprecedented resolution capability. If we extract
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time-domain response(s) with wideband data around a cer-
tain time without damaging the target signal(s) by using gat-
ing, we can not only suppress the noise components but also
eliminate target response(s) outside gating filter (window) in
the time domain. This can increase the signal to noise ratio
(SNR). In addition, we can obtain a new MDM that has con-
tributions from fewer targets. If we choose an adequate gate
width, we have fewer targets than the number of antennas.
In other words, if we use the modified MDM obtained from
the time-domain gating technique instead of using the con-
ventional MDM, we can simultaneously improve the perfor-
mance of TR-MUSIC imaging and overcome the restricted
condition. We repeat this TR imaging process by chang-
ing the center time of the gate. We can then obtain the TR
imaging of the entire region. The process combining time-
domain gating and TR-MUSIC is relatively simple, but it is
considerably effective in performance enhancement by elim-
inating undesirable effects such as noise and response(s).

The remainder of this paper is organized as follows.
First, we briefly introduce the TR process and the formu-
lation of the TR-MUSIC imaging technique in Sect. 2. In
Sect. 3, we formulate the problem of TR-MUSIC and pro-
pose a super-resolution technique developed with the gating
technique. In Sect. 4, we discuss the performances of the
proposed TR-MUSIC approach using computer simulation
results. Finally, we give conclusions in Sect. 5.

2. Overview of TR-MUSIC Imaging

In this section, we review the TR-MUSIC imaging tech-
nique for multiple scatterers. The developed TR-MUSIC
uses the eigenvalue decomposition of the TRO obtained
from the MDM. Due to utilization of its null steering, the
TR-MUSIC imaging technique provides better detection
and localization properties in non-well-resolved cases as
well as well-resolved ones.

An N element TRA produces an N × N symmetric
(due to the reciprocity principle) MDM denoted as K(ω) =
{ki, j(ω) for i, j = 1, 2, . . ., N}, where ω is an angular fre-
quency of the wave. Bold letters denote vectors or matrices.
The MDM is obtained as follows: we send a signal from
the first element in the TRA and record the reflected wave-
form in each TRA element to obtain the first column of the
MDM. We repeat this process to the end of the TRA to ob-
tain all the columns. Using the obtained MDM, the TRO is
defined as a self-adjoint matrix: T(ω)=K†(ω)K(ω), where
the superscript † denotes the Hermitian conjugate. We then
apply singular value decomposition (SVD) to the MDM to
obtain: K(ω)=U(ω)Λ(ω)V†(ω), where U(ω) and V(ω) are
unitary matrices, Λ(ω) is a diagonal and real-valued ma-
trix with singular values λ1(ω), λ2(ω), . . ., λN(ω). Sim-
ilarly, we can rewrite the TRO using SVD of the MDM:
T(ω)=V(ω)S(ω)V†(ω), where S(ω)=Λ†(ω)Λ(ω) is the real-
valued diagonal matrix with eigenvalues λ2

1(ω), λ2
2(ω), . . .,

λ2
N(ω). The eigenvectors of the TRO coincide with the

columns of the unitary matrix V(ω), which are composed
of vi(ω) for i = 1, 2, . . ., N. Therefore, the signal subspace

SS of the TRO is spanned by eigenvectors v1(ω), v2(ω),
. . ., vMS (ω) with significant eigenvalues λ2

1(ω), λ2
2(ω), . . .,

λ2
MS

(ω), and the noise subspace NS is spanned by vMS+1(ω),
vMS+2(ω), . . ., vN(ω), where MS is the number of significant
eigenvalues. For point-like scatterers in homogeneous me-
dia, the number of targets M is identical to that of significant
eigenvalues MS (M = MS ) [1]. In the case where there is al-
most no noise or SNR is very high, the signal subspace SS
is formed by the eigenvectors having non-zero eigenvalues
whereas the noise subspace NS is formed by the eigenvec-
tors having almost zero eigenvalues, i.e.,

SS = {v1(ω), v2(ω), . . . , vM(ω)}
with λ1(ω) > λ2(ω) > . . . > λM(ω) > 0

NS = {vM+1(ω), vM+2(ω), . . . , vN(ω)}
with λM+1(ω) ≈ λM+2(ω) ≈ . . . ≈ λN(ω) ≈ 0. (1)

Since the noise subspace NS is always orthogonal to
the signal subspace SS, the Green’s function vectors corre-
sponding to the scatterers must be orthogonal to the noise
subspace NS. This is the basis of the TR-MUSIC algorithm
and provides the following imaging pseudo-spectra (imag-
ing function) expressed in the form [5], [10]

D(xp, ω) =

⎛⎜⎜⎜⎜⎜⎝
N∑

i=M+1

|< g(xp, ω), v∗i (ω) >|
⎞⎟⎟⎟⎟⎟⎠
−1

, (2)

where xp represents the search point vector, the angular
brackets < · > represent the inner product, the superscript
asterisk ∗ denotes the complex conjugate, and

g(xp, ω) = [G(xp,α1, ω),G(xp,α2, ω),

. . . ,G(xp,αN , ω)]T (3)

is the background steering vector, which is also called the
background Green’s function vector since G(xp,αi, ω) is the
Green’s function, where αi (i = 1, 2, . . ., N) denotes the
position of the ith antenna element, and the superscript T

denotes the transpose. The Green’s function is expressed as

G(r, r′, ω) =
1

4π‖r − r′‖ · exp
(− jω

c
‖r − r′‖

)
, (4)

where r and r′ are the positions of the ends of a propaga-
tion path, ‖ · ‖ denotes the Euclidean norm, and c denotes
the propagation speed. The above equation holds when all
antenna elements are isotropic, and also have the same and
constant frequency characteristics of gain (or pattern) over
the considered frequency band. In this paper, we assume
that these conditions are met.

3. Formulation of Proposed TR-MUSIC Imaging Ap-
proach

In this section, we elaborate on our super-resolution ap-
proach that not only reduces the noise component but also
enables TR-MUSIC imaging to detect more scatterers than
the number of the antenna elements. It is well known that
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Fig. 1 Concept of the time-domain gating technique. (a) schematic illustration of a remote sensing
system (b) raw time-domain responses (c) gated time-domain response.

the time-domain gating technique selects a region of inter-
est in the time domain, eliminating unwanted responses by
applying a window function. The gated response in the time
domain can be transformed to the frequency domain by us-
ing the FFT without affecting the other responses in the time
domain [14]–[16].

The concept of time-domain gating is demonstrated in
Fig. 1. Figure 1(a) illustrates an example of a remote sens-
ing system. We assume that there are M point-like scatter-
ers. We also assume that multiple reflections are negligi-
bly small; therefore, each TRA element receives M signal
responses. In this case, each time-domain element of the
MDM includes a combination of the reflected signals from
all the targets. The signals concentrate around their time de-
lay. For example, if the propagation delays of three signals
are t′1, t′2, and t′3, the inverse Fourier transformed responses
converge around t = t′1, t = t′2, and t = t′3, as shown in
Fig. 1(b). We can extract the time-domain response at t′2 by
using the window function from t′0 to t′0 + τ, as depicted in
Fig. 1(c). This corresponds to the extraction of the target lo-
cated at the position between ct′0/2 and c(t′0+τ)/2, as shown
in Fig. 1(a).

Next, we discuss the procedures for the proposed ap-
proach and the effect. We first obtain the frequency-domain
data with L equally-spaced frequencies using the TRA. The
signal responses ki, j(ωl) in the MDM K(ωl) for the lth angu-
lar frequency can be represented as

ki, j(ωl) =
M∑

m=1

ρm(ωl) G∗(αi, xm, ωl) G(xm,α j, ωl),

(l = 1, 2, . . . , L) (5)

where ρm(ωl) is the scattering coefficient of the mth target
for m = 1, 2, . . . , M. By means of the IFFT, we transform the
frequency-domain response ki, j(ωl) into the time-domain re-
sponse ki, j(tp). We assume that the received signals have dif-
ferent time delays. They then concentrate around the time of
the corresponding delay. When the sampling frequency sep-
aration is δf, the time-domain unambiguous region is given
by 1/δf. Then, the noise component spreads over the entire
region 1/δf.

After the transformation, we extract response(s) in a
certain time region by applying the gating technique to the
time-domain response ki, j(tp). The gate width (gate span)
is determined in such a way that the number of target re-
sponses in the region is less than that of antenna elements
N. A too narrow gate span damages the signal components,
whereas a too wide gate span is less effective for the noise
reduction described below. Moreover, the gate shape needs
to include desired target response(s) without damaging the
mainlobe(s). Therefore, the window function should differ
depending on the scattering scenario. By using the gating
technique, the noise component outside the window is sup-
pressed. If we use a rectangular window function with width
Tg, the noise outside the gate is completely suppressed.
Then, the noise power is reduced by Tg/(1/δ f ) = Tg ·δ f . We
represent the gated response as k′i, j(tp) for i, j = 1, 2, . . . ,N,
as shown in Fig. 1(c). However, if the gating function re-
moves a certain amount of the response(s) of interest or it
cannot suppress the unwanted response(s) almost perfectly,
the gating technique is not effective and the performance
of TR-MUSIC imaging deteriorates. This is the reason we
need wideband data.

Next, we transform the gated response k′i, j(tp) into the
frequency-domain response k′i, j(ωl) using the FFT, and cre-
ate the gated MDM K′(ωl). Compared to the original
frequency-domain data K(ωl), the new frequency-domain
response K′(ωl) not only has much less noise components
but also consists of fewer target responses than the antenna
elements. Finally, we apply the TR-MUSIC imaging tech-
nique to the modified MDM K′(ωl). We repeat this process
for the entire area by changing the gating region. We can
expect that improvement in the SNR generates more reli-
able images. The block diagram of the proposed approach
is shown in Fig. 2.

4. Performance Evaluations

In this section, we show results of computer simulations of
our TR-MUSIC imaging approach described in the previ-
ous section. For the performance evaluation, we considered
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Fig. 2 The block diagram generating the modified MDM using the time-domain gating technique.

Fig. 3 Noise reduction by the gating technique. (a) raw data in the frequency domain (b) raw data in
the time domain (c) gated data in the time domain (d) gated data in the frequency domain.

the following two scattering scenarios: (a) two scatterers are
closely located in the time domain; thus, the gating tech-
nique cannot resolve the responses, and (b) the number of
antenna elements N is less than that of scatterers M (N <M);
therefore, the conventional TR-MUSIC imaging approach
cannot work.

4.1 Effect of Noise Reduction on TR-MUSIC Imaging

We first discuss in detail the noise reduction effect of the
gating technique. For verifying the effectiveness of our ap-
proach, 2-D computer simulations were conducted under the
following conditions. The frequency band was from 2 to
3 GHz (center frequency fc = 2.5 GHz), and the sampling
frequency separation was δ f = 1 MHz. The linear TRA of
N = 11 was laid parallel to the x-axis and the antenna ele-
ments were separated by λc/2, where λc corresponds to the
wavelength at the center frequency fc. The location of the
central antenna was assumed to be (15 m, 1 m). Two scat-
terers located at (14.5 m, 30 m) and (15.5 m, 30 m) had the
same scattering coefficients ρm = 1 (m = 1, 2). We consid-
ered cases of SNR from 30 to 60 dB. The signal power is
defined as that of the reflection from the target at (14.5 m,
30 m). Also, we assumed that noise is white Gaussian and
has the same power over all the antenna outputs in this pa-
per. SNR was defined as the signal-to-noise power ratio at
each antenna output. The imaging function for TR-MUSIC
was obtained for the center frequency fc. Figure 3 shows
the frequency and time-domain responses of k1,1 with a sin-
gle snapshot for an SNR of 40 dB. As can be observed in
Fig. 3(a), the signal level in the frequency domain ranges
from around −96.8 to around −96.1 dB because of the noise
component. It should be noted that the signal level is given
by 20log|k1,1(ωl)| dB. Thus, if |k1,1(ωl)| = 1, the signal level
is 0 dB. Since the scatterers are located close together, the
two time-domain responses are not resolved, as shown in
Fig. 3(b). From the time-domain response, the gate param-
eters were determined as the gate center T0 = 193.3 ns and

the gate span Tg = 50 ns. We also used the window function
type of the Raised Cosine with the roll-off = 1, as shown
in Fig. 3(c). Due to the sampling frequency separation δ f =
1 MHz, the noise component distributes over 1 μs. We then
can suppress the noise outside the gate by using the time-
domain gating technique. As can be seen in Fig. 3(d), the
noise decreased due to the gating technique.

Figure 4 compares the performance of the TR-MUSIC
pseudo-spectra using the non-gated MDM (conventional ap-
proach) and using the gated MDM (proposed approach).
They were obtained by a single snapshot. In Fig. 4, the fig-
ures in the upper row represent the pseudo-spectra of TR-
MUSIC of the conventional approach, and the figures in the
lower row represent the pseudo-spectra of TR-MUSIC of
the proposed approach. The white squares represent the co-
ordinates of the scatterers, that is, they show true positions.
In addition, Dn in the figure caption represents the number
of dimensions of the noise subspace. The resulting imaging
functions of the proposed approach yield more reliable im-
ages than the conventional approach for all simulation sce-
narios. Although the conventional approach cannot sepa-
rate the two targets for 30 and 40 dB, the proposed approach
overcomes the problem by suppressing the noise component
outside the gating region. This improves SNR, which pro-
duces better results of the TR-MUSIC algorithm. Similarly,
Fig. 5 shows the images obtained using 10 snapshots. We
can see that the images of the TR-MUSIC pseudo-spectra
become stable as the number of snapshots increases. Like
the preceding single snapshot case, the proposed approach
offers more accurately estimated coordinates of the scatter-
ers and more stable images than the conventional approach.
It should be noted that the proposed approach can distin-
guish the two targets independently of these noise condi-
tions (see the figures in the lower row in Fig. 5). From these
results, it can be said that the proposed approach for TR-
MUSIC imaging reduces the noise component and provides
accurate images.
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Fig. 4 Images of the TR-MUSIC pseudo-spectra (1) (the number of snapshot = 1, Dn = 9). (a)–(d)
conventional TR-MUSIC (e)–(h) proposed TR-MUSIC with gating.

Fig. 5 Images of the TR-MUSIC pseudo-spectra (2) (the number of snapshots = 10, Dn = 9). (a)–(d)
conventional TR-MUSIC (e)–(h) proposed TR-MUSIC with gating.
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Fig. 6 Extraction of targets in the time domain.

4.2 Environment with More Targets than Antennas

Next, we investigated the proposed approach in an environ-
ment where there are a greater number of scatterers than
antenna elements (N < M). To evaluate the algorithm’s ef-
fectiveness, we used the following simulation scenario. The
array had four antenna elements (N = 4) with λc/2 spacing
and it was placed parallel to the x-axis. The first antenna was
located at the coordinate (15 m, 1 m). Five scatterers (M = 5)
located at (18 m, 20 m), (15 m, 30 m), (17 m, 35 m), (13 m,
40 m), and (16 m, 45 m) had the same scattering coefficients
ρm = 1 (m = 1, 2, 3, 4 and 5). Also, the imaging function for
TR-MUSIC was obtained for the center frequency fc. The
other parameters, such as the frequency and noise variables,
were the same as those in the previous subsection. We also
considered an ideal noiseless scenario. The conventional
TR-MUSIC imaging approach works only for N > M. For
comparing performance, we considered the reference case
when using the conventional TR-MUSIC approach in which
the number of targets in the entire area is the same as that
in the gated region, e.g., if we have two targets in the gated
region, there are only the two targets in the entire region.

Figure 6 shows the time-domain response of k1,1, gated
responses, and window functions in an ideal noiseless envi-
ronment. We can see the five peaks corresponding to their
scatterers in Fig. 6(a) since the scatterers were located far
apart. In addition, we observed the response attenuation
due to the propagation loss obtained from the Green’s func-
tion. In this simulation scenario, the gating process includ-
ing four or more targets could not be used because we had
only four antenna elements. For this reason, we carried out
simulations for extracting a single target at (15 m, 30 m),
two targets at (15 m, 30 m) and (17 m, 35 m) and three tar-
gets at (15 m, 30 m), (17 m, 35 m), and (13 m, 40 m). The
extracted signals correspond to the second, third, and fourth
responses in the time domain shown in Fig. 6(a). The gate
parameters were determined according to the signal circum-
stances, as shown in Figs. 6(b), (c), and (d). In the single
gated target, we had the gate center T0 = 194 ns, the gate
span Tg = 30 ns, and the Raised Cosine window function
with roll-off = 1. Similarly, the gate parameters for extract-
ing the two and three targets are as follows; (1) two targets:
gate center T0 = 206 ns, gate span Tg = 64 ns, and Raised

Cosine window function with roll-off = 0.2, (2) three targets:
gate center T0 = 227 ns, gate span Tg = 97 ns, and Raised
Cosine window function with roll-off = 0.2. As far as we
have tried, the Raised Cosine window function was the most
practical option for extracting multiple targets located apart
without damaging the mainlobes. That is the reason why we
employed it. Furthermore, we used different roll-off factors
for the single and multiple targets. It has been found that if
we use the same window function for these cases, the gated
responses become seriously damaged. That is, if we apply
the Raised Cosine window with roll-off = 1 to the two-target
case, the mainlobes of the 2nd and 3rd responses become se-
riously attenuated. Similarly, the mainlobes of the 2nd and
4th responses become extremely reduced when we utilize
the same window function and roll-off factor. In order to
avoid this problem, we utilized the different roll-off factor =
0.2.

Figure 7 shows the TR-MUSIC pseudo-spectra of the
targets. As can be seen from the discussions in Sect. 2, the
noise subspace is the orthogonal complement of the signal
subspace. Even in an ideal noiseless environment, we have
the orthogonal complement of the signal subspace, and we
consider it as the noise subspace. In this case, the eigen-
vectors in the noise subspace have the eigenvalue of 0, and
can be easily obtained. Unlike in the case in the preced-
ing subsection, we added the 3-D imaging function of the
TR-MUSIC pseudo-spectra. This is because 2-D images are
very difficult to see in an ideal noiseless environment such as
Figs. 7(c) and (f). In 2-D images, the white letters represent
the position errors, that is, they show the error distances be-
tween the true target positions and the estimated coordinates
having the peak value of the TR-MUSIC pseudo-spectra.
In addition, the arrows in 3-D images show the true target
positions, and the coordinates of them are shown numeri-
cally in the figures. As shown in Figs. 7(a)–(c) and (g)–(i),
the reference case provides accurately estimated coordinates
of the scatterers. Similarly, the proposed approach also re-
veals similar images in the single and two gated targets, as
shown in Figs. 7(d), (e), (j), and (k). As for the two gated
targets, one of the peaks had a lower value. On the other
hand, the imaging function obtained from the three targets in
the gated region degraded, as shown in Figs. 7(f) and (l). A
time-domain signal response is in general comprised of one
mainlobe, which contains the maximum power, and many
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Fig. 7 TR-MUSIC pseudo-spectra of targets. (a)–(c) TR-MUSIC with reference case (two dimen-
sional image) (d)–(f) TR-MUSIC with proposed scheme (two dimensional image) (g)–(i) TR-MUSIC
with reference case (three dimensional image) (j)–(l) TR-MUSIC with proposed scheme (three dimen-
sional image).
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Fig. 8 Images of the TR-MUSIC pseudo-spectra of the 2nd target (the number of snapshots = 10,
Dn = 3). (a)–(d) TR-MUSIC with reference case (e)–(h) TR-MUSIC with proposed scheme.

sidelobes. Compared to the mainlobe, sidelobes contain rel-
atively low power and they spread out over the entire re-
gion. The concept is similar to an antenna pattern. Although
the time-domain gating technique can extract the desired re-
sponses without damaging the mainlobe of the signals [14]–
[16], it may distort them slightly by removing the sidelobes.
It is seen from Figs. 7(d), (e), and (f) (or (j), (k), and (l))
that the peak values of the TR-MUSIC pseudo-spectra for
the proposed scheme are less than 1018. These values are
much smaller than those for the reference case in which the
TR-MUSIC pseudo-spectra have the peak values larger than
1032. It is conjectured that the reason why the peak values
for the proposed scheme have smaller values is the effect of
sidelobe suppression by the time-domain gating technique.
However, what is important for the TR-MUSIC imaging is
not peak values, but peak positions. Also, we believe that
if there are sufficient noise subspace vectors, the minor loss
due to the gating technique affects TR-MUSIC imaging less.
As shown in Fig. 7, one- or two-dimensional noise subspace
is not sufficient for TR-MUSIC imaging in this simulation
scenario. On the other hand, we can clearly see that TR-
MUSIC reveals excellent imaging performance for the sin-
gle gated target response. Thus, we discuss TR-MUSIC
imaging for the single gated target in the following para-
graph.

Figure 8 shows the performance comparison of the TR-
MUSIC pseudo-spectra in the reference case with those of
the proposed approach in various noise environments for the
second target at (15 m, 30 m). It should be noted that SNR is
defined as the power ratio of the reflection from the second

target to the noise. The proposed approach provides a more
precisely estimated location of the scatterer and a clearer
image than the reference case, as discussed in the preced-
ing subsection. In particular, the reference images for SNRs
of 40 and 30 dB (Figs. 8(c) and (d)) show deformed image
functions with an erroneous coordinate, while the proposed
approach demonstrates a stable image in the same SNR en-
vironments (Figs. 8(g) and (h)).

From these results, we can say that the proposed ap-
proach with the gating technique not only provides excel-
lent performance but is also powerful in spite of a heavy
noise environment with only a few snapshots.

5. Conclusions

We have proposed a time-reversal super-resolution imag-
ing technique with the gating technique. Although the TR-
MUSIC algorithm was developed for the condition in which
the number of transceivers is larger than that of targets,
the proposed approach enables the algorithm to work even
when this condition is violated. In addition, the proposed
approach suppresses the noise components outside the gate
(window) in the time domain. This leads to an increase in
SNR and improves the imaging performance of TR-MUSIC.

With wider bandwidth data, we can further reduce the
noise component due to a narrower gate span. However, a
too narrow gate span destroys the signal component; there-
fore, the TR-MUSIC algorithm will not work properly. Op-
timum gating parameters should be studied in the future.
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