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In this paper, we demonstrate the use of a time reversal (TR) technique to effectively
focus an arbitrary RF pulse at a remote location from a single-feed aperture for
directed energy applications. The TR focusing is achieved by backing the aperture
with a reverberating cavity, whose multipath environment enables the reconstruction
of the aperture field distribution needed for directing the energy to the target
location. Here, we use the impulse response between the target location and the
time-reversal mirror (TRM) located inside the cavity to enable the effective
transmission of arbitrary RF pulses, which are convolved with the time-reversed
impulse response before transmission. The demonstration is carried out both numeri-
cally and experimentally for various RF pulses. The results show good temporal and
spatial focusing at the target location. This approach could be an efficient selective
“beamforming” method for directed energy, where it only requires a single feed and
the impulse response between the TRM and target location or direction to effectively
deliver an RF pulse of choice within an ultra-wide bandwidth of the impulse
response.

1. Introduction

Due to the inherent spatial and temporal focusing capability, the use of electromagnetic
time reversal (TR) has been investigated for various applications.[1-14] Taking
advantage of the time-reversal symmetry in the wave equation, TR techniques utilize
the concept of a time-reversal mirror (TRM), which captures the wave emitted from a
source and retransmits the time-reversed version of the captured signal back into the
propagation medium allowing for the waves to converge back to the source both in
space and time.

Depending on the application, a TRM can consist of multi-element array or a single
antenna in order to realize TR focusing. For applications such as wireless communica-
tions [2—7] or sensors [10—12] in rich scattering or high-multipath environment, a single
element TRM was shown to be sufficient for TR focusing, although a TRM consisting
of multiple antennas could improve TR focusing.[7]

The potential use of a TRM for directed energy applications was demonstrated by
utilizing a reverberating box with an aperture to focus an RF pulse at a distance outside
the box.[14] It is possible to spatiotemporally focus microwaves from an aperture
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without the use of a TRM. For instance, a beamforming technique that gives control
over the angular and temporal dimensions of an array pattern has been proposed.[16]
Besides, wavefront shaping has been used to focus waves spatiotemporally through
complex scattering media.[17] However, the use of TRM may be preferred due to its
minimal computational cost to achieve focusing. The spatiotemporal focusing capability
of TRMs has already been investigated in depth.[18,19]

In this paper, we present a technique to effectively focus an arbitrary RF pulse at a
desired distant location from a single-feed aperture over an ultra-wide bandwidth. This
technique uniquely builds upon the work in Ref. [14], by enabling the use of an RF
pulse with an arbitrary shape. Here, the time-reversed impulse response between a given
target location and the TRM is convolved with an arbitrary RF pulse, such that when
transmitted through the TRM port, the RF pulse will focus at the target location as it
exits the cavity through the aperture. Our method suggests that it requires only the
impulse response between the ports to effectively apply TRM with an arbitrary pulse at
any frequency within the bandwidth of the impulse response, which essentially is lim-
ited only by the bandwidth of the feed and the source electronics. Using a TRM in a
leaky reverberating cavity with an aperture, we demonstrate the focusing of an RF pulse
at a given target location using both numerical simulations and measurements. TRMs
have already been applied for optimum beamforming [20]; our approach explores
selective beamforming using a reverberating cavity.
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Figure 1. Potential directed energy applications using TR techniques: (a) Use of different TR
waveforms to focus energy at different locations or directions and (b) use of TR waveforms to
reconstruct a strong pulse at a key location inside an enclosure.
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The results show that the focusing takes place both in time and space, indicating
that an arbitrary RF pulse can be effectively delivered to the target location using our
single-feed TRM. This approach provides an efficient selective “beamforming” method
for directed energy over an ultra-wide bandwidth, where it requires a single feed, and
only the impulse response (pre-stored or obtained on the fly) between the TRM and
target location or direction to effectively deliver an RF pulse of choice within the
bandwidth of the impulse response (Figure 1(a)). Due to the spatial reciprocity of this
problem, this approach also shows that TR focusing can be done at a specific location
in an enclosed system with a finite number of entry ports or apertures as shown in
Figure 1(b). One potential application would be to target electronic devices inside an
enclosure through the use of nonlinear time reversal.[21] Another example would be,
indoor to outdoor communications, where windows or openings can be regarded as
apertures backed by rich scattering indoor environment.

2. Approach
2.1. TRM process and TRM in a leaky box

The conventional TRM process involves four steps as shown in Figure 2. First, Port 1
(source) transmits a pulsed waveform, x;(¢), and Port 2 (receiver, which consists of a
single or multiple antenna elements) records the response, y(¢), that is spread in time
due to the signals following multiple ray paths. The recorded signal is then time-
reversed and re-transmitted from Port 2. The time-reversed signal will then “backpropa-
gate” to Port 1, focusing (both in time and space) waves back to the source, thereby
generating a signal x,(¢) that is very close to a time-reversed version of the original
pulse.

Recently, Davy et al. have applied a TRM with an aperture backed by a reverberat-
ing box to focus a broadband RF pulse outside the box, at some distance away from
the aperture.[10] As shown in Figure 3, the focusing is made possible due to the rever-
berating box that allows much of the signal x;(z) transmitted from Port 1 to enter
through the aperture (spread in time due to multiple ray paths in the box) and to be
captured at Port 2 inside the box. When the TRM is applied and y(—¢) is re-transmitted
from Port 2, the aperture field distribution is reconstructed for the energy to be re-direc-
ted to Port 1. In [10], a parametric study was also performed regarding the peak power
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Figure 2. Overview of four-step process of TRM.
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Figure 3. TRM in a reverberating box with an aperture (leaky box).

of the reconstructed pulse as a function of aperture size, pulsewidth (PW) and number
of TRM antenna elements. In this paper, we study the spatial and temporal focusing of
the time-reversed pulse, whose shape can be arbitrarily defined, through numerical sim-
ulation and experiment. Our technique utilizes a much larger bandwidth than Ref. [14],
and takes advantage of the complex scattering environment to simplify the experiment
by using just a single recording channel in the TRM.

2.2. Linear system representation of TRM process

Here we describe the TRM process in terms of a linear time-invariant system and the
corresponding impulse response. Considering Ports 1 and 2 as the input and output
ports of the system, respectively, the output signal, y(¢), can be represented as

(1) = xi(t)xhan (1) (1)

where x;(¢) is the input and A (¢) is the impulse response of the system. The output
recorded for a finite time duration of 7 is represented as

Y(t;T) = x;(¢) % hay (8, T), (2)

where /1 (;T) is now an approximate impulse response between the two ports for a
finite time duration of 7 and represents an approximation to the Green’s function that
satisfies the wave equation. The usual spatial dependence of the Green’s function is not
explicitly specified to simplify the notation. Due to the spatial reciprocity in the system,
hy1(¢) remains unchanged when the transport process reverses its direction (i.e.
hy1(2) = h2(2)). When y(£;T) is time-reversed and re-transmitted, the signal received at
Port 1 is

x(t) =y(T —;T) * hy (t) (3)

and the energy is compressed in time to peak around ¢ = T, resulting in a pulse very
close to a time reversed version of x;(¢). Spatial focusing also occurs at Port 1, such
that the amplitude peak of the signal observed at locations other than Port 1 decreases
as a function of distance from Port 1, due to the variation of the impulse response
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function at that location from #,;(¢). The spatial focal area is diffraction limited and the
minimum half-power focal area can be approximated by using the radiated pattern from
a rectangular aperture [22], from which a one-dimensional resolution is estimated as

A, = 0.9D}/A, (4)

where D, A, and 4 are the distance of Port 1 from the aperture, wavelength, and a
dimension (height or width) of the aperture, respectively. This estimate is expected to
apply in the far-field. In the near-field, the minimum half-power focal area is approxi-
mated by the wavelength squared, which is the diffraction limit for time-reversed wave
focusing.[23]

If x;(t) = 6(¢), then Equation (3) becomes

X (1) = hor(T = ;T) 5 han (1) (5)

where x,.(¢) now represents the autocorrelation function of %, (¢), which peaks at ¢t = 7.
For locations other than Port 1, x,.(¢) simply becomes a cross-correlation function that
has a relatively lower peak at ¢ = T, since the impulse response of the re-transmission
channel differs from the original impulse response. This implies that the TR process
can be viewed as a temporal and spatial correlator.[23]

2.3. Sending an arbitrary pulse

Now we introduce an arbitrary RF pulse, x, (). When x,(#)is convolved with the time-
reversed impulse response and transmitted through Port 2, the representation of x,(¢) as
in Equation (5) is modified to

X:(t) = x,(8) % hoy (T — 6, T) % iy (2) (6)

In Equation (6), due to temporal compression in the autocorrelation term, the origi-
nal pulse shape of x,(¢) is preserved and peaks around = 7. The essence of this
approach lies in the time-reversal impulse response, which is capable of undoing the
phase changes and distortions at all frequencies. Therefore, when convolved with an
arbitrary RF pulse and transmitted from Port 2, the RF pulse will be effectively deliv-
ered to Port 1 in its original pulse shape. Spatial focusing of the peak power should
also take place at Port 1 in the same manner as previously mentioned. From a practical
perspective, where the “impulse response” has a finite bandwidth due to the pulse width
of the excitation pulse, as well as the bandwidth of transmit and receive system (i.c.
ports and reverberating box), the frequency bandwidth of an arbitrary RF pulse must be
within the spectrum of the impulse response.

3. Numerical simulation

A model of the reverberating box with an aperture was simulated using SEMCAD®, a
Finite Difference Time Domain based computer code. As shown in Figure 4, the dimen-
sions of the box were 1.8m x 1.2m x 1.1m (W x H x L). The aperture was placed on
the broad side of the box with dimensions of 1 m x 0.4m (W, x Ha). The box parame-
ters used in the model are similar to those used in [14]. Port 1 was modeled as a fat
dipole, and is located at a distance of 1.5 m from the aperture and 0.55m to the right of



Downloaded by [University Of Maryland] at 06:39 05 August 2013

Journal of Electromagnetic Waves and Applications 1267

( Top View

Sensor
Plane

H

‘"I;ort 1

N D
(" Side View

=

{.i.:i
Port 1

Sensor
Plane

i

“TPort 1

D Port 2
€ £33
3 D =P

N

Figure 4. Numerical simulation setup of the TRM in a reverberating box with an aperture.
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Figure 5. Simulated impulse response, %, (¢; T), at Port 2.

the boresight axis. Along the plane perpendicular to the boresight axis at 1.5m from
the aperture, sensors were placed to record the signal at locations other than Port 1 to
examine the degree of spatial focusing. Port 2 (TRM) was modeled as a monocone
antenna and is located on the bottom inside, near the back left corner of the box. The
walls of the box were assumed to be perfectly conducting.

The approximate impulse response, /,1(¢;7T), was simulated by transmitting a
300 ps Gaussian pulse from Port 1, and recording the response at Port 2 for 7=400ns
(see Figure 5). /iy, (¢; T) was then time reversed and retransmitted from Port 2, and the
signals were recorded at Port 1 and along the sensor plane to examine the temporal
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(reconstruction of the short pulse) and spatial focusing. Figure 6(a) shows the signal
received at Portl, which corresponds to x,(¢) in Equation (5). In the figure, a short
pulse that peaks near =T with the pulse width of 300 ps, which resembles the original
pulse, is observed with the peak to “noise” ratio, P/N, of ~15dB, indicating a good
temporal compression of the TR impulse response. Note that the signal amplitude is not
quantified, since the purpose of this paper is to examine the focusing properties in a rel-
ative sense. In Figure 6(b), the peak power levels (max{|xr(t)|2}) recorded across the
planar sensors are shown. Spatial focusing is clearly observed around the Port 1 loca-
tion (x=y=0), with the half-power focal area of approximately 0.3 x 0.4 m?,

Next, a particular RF pulse, x,(¢), of 5ns PW at 2.3 GHz frequency was chosen and
convolved with the time-reversed impulse response, /(T — ¢;T). The convolved sig-
nal, x,(¢) * h21 (T —¢;T), was then transmitted from Port 2 and recorded at Port 1. The
reconstructed signal, x, (), resembles a time-reversed version of x,(¢) with good fidelity.
The spatiotemporal focusing achieved by the signal received at Port 1 is summarized in
Table 1, along with experimental results.
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Figure 6. Simulated results of retransmitting the time-reversed impulse response, /(7 — #; T):
(a) Received signal, x,(¢), at Port 1, and (b) Peak values recorded across the sensor plane (perpen-
dicular to the boresight direction), where the location of Port 1 is (0, 0).
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4. Experiment

Measurements were made with a reverberating box with an aperture placed in a large
anechoic chamber as shown in Figure 7. The dimensions of the box were
1.22mx 1.27m x 0.65m (Wx HxL). The TRM (Port 2) in the box was a small
monocone antenna placed in the bottom of the box left of center. The aperture dimen-
sions were 0.7m x 0.4m (W, x Hy). At a distance of 1.9m from the aperture in the
boresight direction, an ultra-wideband antenna was placed in a 2D scanner to measure
the response at different locations. The original Port 1 location was set to 0.5 m above
and 0.4 m to the right of the boresight axis. In this experiment, a network analyzer was
used to measure the S,; frequency response (from 0.01 to 15 GHz) between the ports.
The measured frequency response is the frequency response of the cavity compounded
with that of the antennas. The frequency response was then inverse Fourier transformed
into the time domain to obtain the approximate time-domain impulse response. The
frequency step was set to 2.34 MHz, which yielded the equivalent record time, 7, of
about 427 ns.

The retransmission of the TR signals (21 (T — ¢;T) or x,(t) * hoy (T — ¢ T)) in their
full bandwidth requires an arbitrary waveform generator with a sufficient bandwidth.
However, due to the lack of an arbitrary waveform generator with such bandwidth, we
have estimated the reconstructed signals in Equations (5) or (6) by utilizing the mea-
sured channel transfer function (S,; response). In other words, we have predicted the
outcome of the time reversal experiment by convolving the TR signals with the mea-
sured impulse response between the TRM and the scanned positions including the
source location. The spatial reciprocity in the experiment should allow for the predicted
outcome to be an accurate estimate of the actual reconstructed signal.

The impulse response, sy (¢; T = 427 ns), obtained from the network analyzer mea-
surement is shown in Figure 8. The estimated x,(¢) at Portl is shown in Figure 9(a),
where an impulse-like signal that peaks near ¢ = T, is observed with P/N of ~17dB,
indicating a good temporal compression. Note again that the signal amplitude is not

/Tog View

4{ 2D Scanner ]

———
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Figure 7. Measurement setup.
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Figure 8. Experimental impulse response, /,(#7), obtained from the frequency response
(10 MHz-15 GHz).

quantified. Figure 9(b) shows the peak power levels (max{|x,.(r)|*}) at different loca-
tions of the 2D scanner. Spatial focusing is clearly observed around the original Port 1
location with the half-power focal area of approximately 0.3 m x 0.3 m. This measure-
ment area is chosen to be larger than the square of most of the wavelengths within the
bandwidth of the impulse response. This allowed us to observe the spatial focusing
clearly as shown in Figure 9(b).

For examples of arbitrary RF pulses, three different signals, i.e. (1) x},(t) = 7GHz
with Sns PW, (2) xz(t) = 9GHz with 5ns PW, and (3) x;'(t) = 3 GHz with 20ns PW,
were used. Each RF pulse was convolved with the time-reversed impulse response,
ho1 (T — t;T). The resulting signal was then convolved again with the corresponding
impulse responses at each scanned position to estimate the reconstructed signal,
x})(t),xﬁ(t), and x;(t) for each respective RF pulse, as summarized in Table 1. In all
cases, a pulsed RF that resembles the original signal is observed at ¢ = T, with reason-
able P/N values. Spatial focusing occurred near Port 1 for all cases, and the focal area
is found to be proportional to the wavelength (inversely proportional to the RF fre-
quency) as expected — i.e. 0.3 x 0.45m?, 0.15x0.2m?% 0.11 x 0.15m?, for 3, 7, and
9 GHz, respectively. For x;(t), the estimated x’(z) does not seem to resemble the

original pulse as closely as in other cases, which indicates a relatively poorer temporal
compression.

In Table 1, the minimum focal area is estimated using two techniques. For 3 GHz
and 7GHz, the far-field condition, and hence the use of Equation (4) is justified.
Because, Port 1 is within the far-field of the aperture at 3 GHz. At 7GHz, Port 1 is
actually within the radiative near-field region of the aperture, but the far-field term
(1/r term) is dominant enough, such that the far-field aperture diffraction limit can still
be applied. On the other hand, for the experiment with 9 GHz, Port 1 is not within the
far field, and Equation (4) could not be applied; instead, the minimum focal area was
estimated as the square of the wavelength.[23]
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Figure 9. Experimental results of estimating the retransmission of the time-reversed impulse
response, 7y, (7 — #;T): (a) Reconstructed signal x,(7) at Port 1, and (b) Peak values recorded at
different positions of planar scanner (perpendicular to the boresight direction), where the location
of Port 1 is (0,0).

5. Discussion
5.1. Comparison of the Results

Table 1 shows a comparison of the simulation and experimental results discussed so far.
In the table, the estimated minimum spatial focal area using Equation (4) is also shown.
For the impulse responses (results shown in Figures 6 and 9), the minimum focal area
was estimated using the center frequency of the impulse bandwidth. Also, notice that
the estimated and observed focal area are not as close as those from the pulsed RF
results, since Equation (4) only estimates the focal area at one frequency. In all cases,
the observed focal area is slightly larger than the estimated minimum, due to some
approximations used in Equation (4) (i.e. based on a uniform aperture distribution and
A approximated from the arc length of the half-power angle in the aperture radiation
pattern) and the port 1 location being off the boresight axis (i.e. the beamwidth broad-
ens when off the boresight). Note that in all cases the focal area is elongated along the
direction that is expected based on the shape of the rectangular aperture. Overall, the
results are promising and indicate that reasonable temporal and spatial focusing of an
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arbitrary RF pulse can be achieved through the use of a time-reversed impulse
response.

5.2.  Pulse quality

As previously mentioned, the quality of the reconstructed pulse is largely determined
by losses in the process. In this particular case, the loss is mainly caused by: (1) the
energy lost in the radiation (never captured by the aperture), (2) the energy lost through
the aperture during reverberation in the box, (3) finite duration of the recorded impulse
response, and (4) the conductor loss in the cavity walls and the ports.

By reducing the loss in the process, a better reconstruction may be achieved, partic-
ularly improving the P/N. One way to do so is to reduce the size of the aperture. It was
shown in [14] that the aperture area of ~A° gives the best temporal compression at a
given frequency. However, a smaller aperture size results in a larger spatial focal area
due to the diffraction limit. Moreover, the electrical size of the aperture varies with fre-
quency. Hence, it would be important to determine the parameters that provide optimal
temporal and spatial focusing over the frequency band of interest. For the reverse prob-
lem (focusing the energy at a target in an enclosure), selecting an optimal frequency
band for an effective focusing for given parameters would be of interest. On the other
hand, the spatial focusing area can be controlled using the wavelength if all other con-
ditions are the same.

One of the loss mechanisms discussed above is the finite duration of the recorded
impulse response. This limitation can be overcome by using the so called closed time-
reversal mirror.[24] The closed time-reversal mirror has an ideal comprehensive spatial
coverage using an infinite number of antennas. The closer the system is to the closed
time-reversal mirror, the better the focusing quality. The ray chaotic nature of the rever-
beration chamber results in a wave pattern with multiple polarizations regardless of the
polarization of the initial signal broadcast. Therefore, having an antenna system that can
pick up signals in more than one polarization direction is also expected to improve the
performance of the time-reversal mirror. Both of the antennas used in this experiment
were vertically polarized.

Another limitation of the experiment involves the fact that only the wave field is
measured even when the aperture of the reverberation chamber is within the near field
of the TRM. Based on Ref. [15], both the wave field and the normal derivative of the
wave field need to be measured when time reversal is done in the near field of a source;
our experiment has a limitation because only the wave field is measured.

6. Summary and conclusions

In this paper, we presented a technique to effectively send an arbitrary RF pulse at a
region at a distance from a single aperture using time reversal. Utilizing a TRM in a
leaky cavity, we showed that when the time-reversed impulse response is convolved
with an arbitrary RF pulse and transmitted through the TRM, an effective delivery of
that pulse to the target location takes place. Numerical simulation and laboratory mea-
surements were conducted to examine temporal and spatial focusing of the pulse at Port
1 using RF pulses of different center frequencies and pulse-widths. In all cases, a good
temporal compression occurred at time ¢ = 7 (the record length of the signal) as
expected, with the signal x,(¢) closely resembling a time-reversed version of the original
pulse. Spatial focusing was also observed with the focal area in agreement with



Downloaded by [University Of Maryland] at 06:39 05 August 2013

1274 S.K. Hong et al.

estimates based on the diffraction limit. It was clearly seen from the results that an RF
pulse can be effectively delivered using the TRM, if the impulse response between the
desired location and the TRM can be obtained.

We have shown that we can deliver an RF pulse of choice using the impulse
response for a given target location or direction. This approach could be an efficient
selective “beamforming” method for directed energy over an ultra-wide bandwidth,
where it only requires a single feed and the pre-stored (or obtained on-the-fly) impulse
response between the TRM and target location or direction to effectively deliver an RF
pulse of choice. Alternatively, the system can be used as well to focus energy at a tar-
geted location in an enclosure that has one or more entry points for electromagnetic
energy. One limitation of this method is that the spatial focusing of the signal in a sce-
nario similar to that depicted in Figure 1b will be limited by the aperture size. However
the peak field created in the reconstructed pulse has been shown to be independent of
the aperture size.[14]

Currently under investigation are techniques to improve the quality of the recon-
structed pulse in terms of pulse shape, P/N (temporal focusing), and the spatial focus-
ing. Examining different TRM parameters and structures (i.e. a ray-chaotic box and
different aperture profile), as well as different TR pre-processing are also under investi-
gation and will be the subject of future publications.
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