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Abstract

We present in this paper an experimental study on the focus-
ing property of electromagnetic time reversal (EMTR) in a
scattering medium, in particular when a moderate lumped
mismatch between the forward- and backward-propagation
media occurs. The proposed experimental set-up consists of
a 26 x 17.5 cm? area, in which 20 plexiglass dielectric rods
were evenly disposed in a matrix of 4 x 5 with a separa-
tion distance between two adjacent rods being 6.5 cm. The
objective is to assess the EMTR focusing property when a
limited number of rods are removed from the medium in
the backward phase. The experimental analysis shows that,
in the considered cases of lumped mismatched media, the
original source location could still be identified using the
time-reversal technique, although the focusing performance
is found to be lower than that achieved in matched media.

1 Introduction

The classical applications of time reversal (e.g., in acoustics
and electromagnetics) adhere to the principle of matched
media, namely the backward-propagation medium (in the
reversed time) is strictly identical to the one of the forward-
propagation phase, namely the direct time [1]. However,
this may not be the case in some applications related to, for
instance, biomedicine or communication. Also, when lo-
cating electrical faults, since the location of the transverse
branch representing the fault is unknown, multiple simula-
tion runs are needed to satisfy the principle [2, 3]. In this
regard, the concept of mismatched or changing media has
emerged to describe the scenario where the time-reversed
and back-injected signal, for example, acoustic or electro-
magnetic waves, propagates through a medium different
from the one wherein it has been generated by its original
source [4, 5].

Liu et al. [5] designed an experimental set-up, which con-
sists of a number of movable dielectric rods, to study the
electromagnetic time reversal (EMTR) focusing property
in a highly scattering medium with a particular focus on

the source localization performance in shifted mismatched
media.

In this paper, we present a study, inspired by the research
of Liu et al. [5], investigating the EMTR focusing property
in a scattering medium. In our study, we consider moderate
lumped changes in the backward phase, as opposed to [5]
in which the mismatch was distributed in all the medium.

2 Proposed Experimental Set-up for Analyz-
ing the EMTR Focusing Property in Mis-
matched Media

Unlike the dielectric-rod set-up in [5] wherein the rods were
employed in a large quantity and distributed in an irregular
pattern, we considered a compact set-up. A total of 20 rods
were employed and arranged regularly between the trans-
mitting and receiving antennas, as illustrated in Fig. 1. The
objective is to assess the focusing property when a limited
number of rods (1 or 2 out of 20) are removed from the
medium in the backward phase. Indeed, the number of the
scattering paths being substantially reduced in comparison
with that of the densely-distributed rods in [5], we hypoth-
esize that a moderate lumped mismatch between the two
phases’ media would not impair locating the original source
and the contributions associated with the remaining rods
would still render the focusing property achievable [6, 7].

The experimental set-up shown in Fig. 1 was realized in
the EMC Laboratory of Amirkabir University of Technol-
ogy. It was composed of a 26 x 17.5 cm? area, in which 20
plexiglass dielectric rods were evenly deployed in a matrix
of 4 x 5 with a spacing distance between two adjacent rods
being 6.5 cm. The geometrical and electrical parameters
of the set-up are reported in Table 1. As illustrated in the
bottom figure of Fig. 1, each rod was labeled with a coordi-
nate (r, ¢) according to the row and column numbers of its
location.

Two double-ridged horn antennas separated by a distance
of 30 cm were used as transmitting and receiving antennas.
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Figure 1. Dielectric-rod experimental set-up: picture (top)
and schematic representation of the half-length cross-sec-
tion of the rods (bottom).

Table 1. Geometrical and electrical parameters of the die-
lectric-rod set-up of Fig. 1

Component Parameter Value
Length 1 m
Rod Diameter 1cm
Relative dielectric constant 2.7
Baseboard  Relative dielectric constant 2

The center point of the transmitting/receiving antenna’s ap-
erture was aligned with the half-length cross-section of the
rods. Antenna 2 (i.e., the receiving antenna) was mounted
on a stepper motor and could thus be moved vertically with
a precision of one centimeter.

In the forward phase, the electric field was measured by the
receiving antenna in the presence of all 20 rods. While,
in the backward phase, we considered the following four
experimental cases (summarized in Table 2):

Case 0: The forward- and backward-propagation media
were matched (i.e., no rods removed),

Cases 1 and 2: One rod out of 20 was removed [either (2,3)
or (3,2), see Fig. 1],

Case 3: Two rods out of 20 [(2,3) and (3,2), see Fig. 1]
were removed.

3 Experimental Analysis
The focusing property of EMTR in the proposed lumped-
type mismatched media was investigated experimentally in

the frequency domain.

As illustrated in Fig. 2, in the forward phase, Antenna 1 was

Table 2. Experimental cases for the backward-propagation
medium

Rod(s) removed

Case n in the backward phase

0 Matched None
1 Mismatched (2,3)
2 Mismatched (3,2)
3 Mismatched (2,3) and (3,2)
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Figure 2. Schematic representation of the experimental set-
up in the forward phase.

oriented to generating a vertically-polarized electric field.
The transmission coefficient S»; was measured to quantify
the transmitting-receiving characteristics in the frequency
domain. To this end, a vector network analyzer (VNA) was
used, considering the frequencies ranging from 7 to 18 GHz
to intensify the interaction between the propagated fields
with the rods.

To facilitate the description, we refer to the measured S7;-
parameter as a transfer function

T (f) = Sa1(f), (1)

where 0 in the superscript stands for the height of the trans-
mitting antenna (i.e., Antenna 1), which was fixed at 7 =0
(the reference height). The second superscript 4 identifies
the height of the receiving antenna (i.e., Antenna 2), which
in the experiment varied from —5 cm to +5 cm, namely
h=-5-4,...,0,...,+4,45. The subscript n corre-
sponds to one of the experimental cases proposed in Table
2 and thus it takes the following values: 0, 1,2, 3. For ex-
ample, TOOH represents the S;;-parameter being measured
when the receiving antenna is at the height of —1 cm with
all the rods being present (i.e., Case 0 of the matched me-
dia).

In view of the four experimental cases of Table 2 and 11
considered heights for the receiving antenna, a total of 44
transfer functions were measured. The measured magni-
tude spectrum of TOO’71 is depicted in Fig. 3 as an example.

In the following analysis, we assume that the initial exci-

tation signal s,(¢) is a modulated Gaussian pulse (see its
time-domain profile in the top figure of Fig. 4 ) given by

So(t) =cos (2 f,-1) -e‘(’/ﬁ‘s)2 2)

with
6: l/fCa (3)
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Figure 3. Normalized magnitude spectrum of the measured
transfer function (i.e., S»;-parameter) T00,71.
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Figure 4. Morlet wavelet used as an exciting signal at the
input of Antenna 1: time-domain waveform (top) and mag-
nitude spectrum (bottom).

where f, is the center frequency of the Gaussian function
shaped magnitude spectrum of s,(¢). As shown in the bot-
tom figure of Fig. 4, a value of 12.5 GHz was assumed
for f. according to the considered frequency band ranging
from 7 to 18 GHz.

The forward-phase (indicated by the superscript ‘DT as the
abbreviation of direct time) transfer function, in which both
the antennas are at the reference height & = 0, is given by

T (f) = () = S 3(f)- @)
The received signal reads in the frequency domain as
SPT(f) =TPN(f) - So(f), 5)

where, S,(f) is the Fourier transform of s, (¢).

The backward propagation consists of the time-reversed
copy sPT(—¢) being back injected from Antenna 2. Mean-
while, taking Case 3 as an example, the two rods, (2,3) and
(3,2), are removed from the original propagative medium,
as schematically described in Fig. 5.

The time-reversal operation in the frequency domain corre-
sponds to the complex conjugate transformation:
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Figure 5. Schematic representation of the experimental set-
up for mismatched-media Case 3 in the backward phase.

Thus, the frequency spectrum of the field measured by An-
tenna 1 in the backward phase can be calculated by

SYE(f,h) = SPTE(f) - T (f), ()

where n and £ are in the ranges defined earlier.

3.1 Case 0: Matched Media

Because of the low-loss medium, the field measured at the
source location (specified in the present case by the refer-
ence height 7 = 0) is approximately a time-reversed copy
of the original excitation [1, 8]. Thus, the source location
can be identified in the frequency domain by evaluating the
mean square error (MSE) between the source excitation and
the received field in the backward phase:

h, = arg|, Min{ MSE(f,h)} , (®)
and
fupper

MSE(f,h):%- )

lower

Nor{SK(£.m)} = 5,(f) ‘2 . )

where A, is the estimated source location (i.e., the height of
Antenna 1). N is the number of samples in the frequency
band ranging from fiower = 7 GHz to fupper = 18 GHz, be-
ing set to 1601 in the experiment. The normalization oper-
ation with the notation Nor in (9) is given by

_ ST

Nor{S}l‘T* (f,h) } ‘T070(f) ’2
0

(10)

Figure 6 presents the calculated MSE metric as a function
of the height of the receiving antenna for Case 0. As an-
ticipated, the global minimum of the MSE metric in Fig. 6
for the matched-media case obviously corresponds to the
original source location as a result of considering the same
medium in the two propagation phases.

3.2 Cases 1-3: Mismatched Media

For the three considered mismatched cases defined in Table
2, the results of the MSE evaluations are shown in Fig. 7.
It is evident that, for the present study, the number of scat-
tering paths is limited in comparison with that of the set-up
in [5] wherein a total of 750 rods were distributed with an
average inter-rod spacing of 6.5 cm. In spite of that, the
absence of one or two rods in the backward-propagation
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Figure 6. Mean square error metric of (9) as a function of
the alignment of Antenna 1 in the backward phase for the
matched-media case.
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Figure 7. Mean square error metric of (9) as a function of
the alignment of Antenna 1 in the backward phase for the
mismatched-media cases.

medium does not dramatically compromise the EMTR fo-
cusing property. As it can be observed, the source location
can still be identified by means of the MSE metric formu-
lated in (9). Certainly, the focusing performance is lower
than that achieved in matched media (compare Figs. 6 and
7). However, the contributions associated with the fixed
rods still enable the focusing property effective.

4 Conclusion

We presented an experimental study aiming at investigating
the EMTR focusing property in lumped mismatched media.

The proposed experimental set-up consisted of a total of
20 dielectric rods between two double-ridged horn anten-
nas (e.g., transmitting and receiving antennas). The mis-
matched-media scenario specified in the study referred to
removing a limited number of rods (1 or 2 out of 20) from
the medium in the backward phase. The experiment was
performed in the frequency domain using a vector network
analyzer, in the frequency range from 7 to 18 GHz.

The experimental analysis confirmed that, in absence of
one or two rods in the backward-propagation medium, the
original source location could still be identified using the
time-reversal-based metric. It goes without saying that the
lumped-type modification implies a controlled mismatch
between the forward- and backward-propagation media. It

was observed that, as the mismatch is intensified by remov-
ing an increasing number of rods, the focusing quality can
be degraded.
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