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Abstract

In highly scattering environments waves still obey
under very general conditions time reversal and reci-
procity symmetry. These universal symmetry properties
can be exploited to code signals for efficient data trans-
fer in scattering media. The concept of time reversed
coding and the use in data transfer is demonstrated in
a 2D cavity consisting of a thin silicon wafer. Arbi-
trary modulated compression waves at≤ 1 MHz are
generated and detected by small ultrasonic transducers.
The strong mode mixing in the wafer between shear and
compression waves is not destroying the time reversal
and reciprocity symmetry in the system. The reverber-
ation time of the cavity is in the millisecond range. By
using time reversal coding of a pulsed signal, increased
data transfer rates 200 fold in excess of the inverse of
the reverberation time are achieved.

Introduction

Strong scattering of waves between transmitter and
receiver need not be detrimental in obtaining high com-
munication rates. By using multiple receivers and trans-
mitters in strongly scattering environments a consider-
able rate enhancements can be achieved by appropriate
(de)coding of the signal [1], [2]. Essential in achiev-
ing the enhancement is that the multiple scattered sig-
nals form independent and de-correlated communica-
tion channels. According to information theory the
maximum attainable transfer rate scales with the num-
ber of available independent channels [3]. In a strongly
scattering medium were the scattering mean-free-path
of the waves is much shorter than the transmitter to re-
ceiver distance, antennas that are further apart than the
wavelength act as independent channels. Recent results
in wireless radio communication at 2GHz demonstrate
enhancements using multiple antenna arrays and a spe-
cial encoding and decoding algorithm [4]. The trans-
fer matrix describing the coupling between all possible
transmitter and receiver combination contains the nec-
essary information for the coding. The wave propaga-
tion in the scattering medium determines these coupling
strengths including effects of scattering, diffraction ab-
sorption etc. Apart from spatial de-correlation of chan-
nels also diversification in polarization, direction and
time can be exploited to increase the number of inde-
pendent channels [5].

In highly scattering environment waves still obey
under very general conditions time reversal and reci-
procity symmetry. These universal symmetry properties
may be exploited for efficient data transfer in scattering
media. Recently this was demonstrated in an ultrasonic
experiment probing the transfer matrix between multi-
ple antennas in a strongly scattering medium [6].

The data transfer by elastic waves in a two-
dimensional solid-state cavity is studied here experi-
mentally. Robust time-reversal reconstruction of pulsed
signals in a 2D chaotic cavity system has been demon-
strated earlier [7], [8], [9]. In an irregular and slightly
dissipative cavity strong mode mixing leads to multi
mode coupling between any two points in the cavity. In
particular if the shape of the cavity fulfills the criteria to
form a classical chaotic system, time-reversal with one
channel [7], modified enhanced back-scattering [8], and
sub-wavelength focusing [9] has been achieved.

The multiple scattering in the cavity assists in decou-
pling signals from transducers further apart than typi-
cally a wavelength distance. I.e. the size the typical
size of a speckle spot. Perfect time reversal behavior
is only possible in a dissipation free system. However,
even in systems with dissipation reversibility is partially
maintained. Furthermore, the dissipation is essential for
efficient data transfer to avoid saturation of the emitted
signal.

Method

The concept of time reversed coding and the use in
data transfer is demonstrated here in a chaotic cavity
consisting of a0.35mm thin 76mm diameter silicon
wafer [7], [8], [9], [10]. Arbitrary modulated compres-
sion waves at≤ 1 MHz are generated and detected by
ultrasonic transducers connected to sharp needles that
act as point-like transmitters and receivers (see figure 1)
[11]. A typical experimental recorded signal is shown
in figure 2. A single cycle excitation (left) results in a
strongly dispersed arriving pulse (right) and a long last-
ing ’coda’ build up by multiple reflections inside the
wafer. In addition, the transfer from the needle to the
ultrasonic transducers also causes dispersion. The re-
verberation timetr in the cavity is in the millisecond
range.

The strong mode mixing between the lamb modes
and the shear horizontal modes in the thin wafer and
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Figure 1: Schematic set up for quasi two-dimensional
ultrasound experiments in a Silicon wafer. Arbitrary

modulated compression waves at≤ 1 MHz are
generated by an ultrasonic transducer (Panametrics

V103-RM) with a computer controlled wave generator
(HP 33120A). The transmitted waves are detected by a

similar ultrasonic transducer, pre-amplified (EG&G
5113) and recorded on a digital oscilloscope

(Tektronix TDS440).
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Figure 2: Recorded signal after excitation with a short
pulse (blue curve) shows strongly dispersed first arrival

and a millisecond relaxation (red curve). On the top
details of the transmitted and received pulse are shown.

the strong anisotropy of silicon is not destroying the
time reversal and reciprocity symmetry in the system.
An example of a time reversal reconstruction is shown
in figure 3.

The reconstruction was obtained by exploiting reci-
procity in the system and use the same transmitter and
receiver configuration for the recording and the recon-
struction. A detail of the reconstructed pulse is shown
in figure 3. The signal is symmetric around the recon-
struction maximum at 2.69 ms. This indicates that be-
fore and after the reconstruction the contributing fre-
quencies are gradually changing their relative phase
until they are fully de-correlated. Hence, the appar-
ent noisy background in the reconstructed signal is not
noise, but is an essential part of the reconstruction. For
the time reversed reconstruction only a small section of
the recorded signal is necessary. As long as the fre-
quency content of that section is enough to represent
the transmitted pulse [12].
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Figure 3: Time reversal reconstruction (b,c) using
part of the recorded signal (a). The transducers were

separated by 4 mm.

Time-reversed keying

Signals represented by a stream of pulses separated
by a fixed relative delaydt will be strongly dispersed
when transmitted. The overall received signal is the
convolution of the pulsed input stream with the re-
sponse to a single pulse as shown in figure 3. Any pulse
sequence withdt shorter than the reverberation timetr
will be difficult to decode by e.g. threshold detection.

Once the impulse response is recorded, deconvolu-
tion of the signal would be possible at the receiver side
in the form of an adaptive deconvolution filter. A more
attractive alternative is time-reversed coding of the sig-
nal at the transmitter. A small section of the recorded
pulse response is time-reversed and used as a key. The
pulse stream is coded by adding time shifted copies of
the key and than transmitted. The receiver will obtain
a reconstructed pulse stream with a contrast between
pulse and background suitable for threshold detection.
An example for a double pulse signal is given in fig-
ure 4. A section of 2000 points is used as the key with
a relative delay of 2500 points (top of figure). The re-
ceived signal shows the reconstructed double pulse on
top of the interference background.

Figure 5 illustrates the reconstruction for different
time delaysdt. At the smallest separation ofdt = 5µs,
the pulses are still resolvable.

By using time reversal coding of transmitted signals,
data rates well in excess of the inverse of the rever-
beration time are achieved. The minimum detectable
separation was≈ 25 points corresponding to 2 oscil-
lations. In comparison with the reverberation time of
2500 points, this is an increase by a factor of 200. In a
data stream the performance is less due to the fact that
the residual reverberation signals of all previous pulses
is contributing to the background signal.

The time reversal reconstruction is specific for one
place in the cavity. The area corresponds to the size of
the speckle generated by the multiple scattered sound
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Figure 4: Double pulse with a relative delay of
dt = 500µs is coded by adding the key of

∆T = 400µs or 2000 recorded points from the
time-reversed recorded signal. Top (blue) the

transmitted signal. Bottom (red) the received signal.
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Figure 5: Reconstruction of a double pulse for
different time delaysdt using the same key as in

figure 4.
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Figure 6: Reconstruction of a double pulse for
different separationy between receiver and transmitter
needle using the same key recorded at a separation of
y = 10 mm (∆y = 0 mm). Key length∆T = 1ms,

separationdt = 0.2ms.

and is typically in the order of a wavelength in diameter.
Figure 6 illustrates the spatial dependence. When the
needle separation is increased by less than a mm, the re-
construction is already lost completely. The spatial de-
pendence of the reconstruction has e.g. been applied in
target specific underwater communication with acoustic
arrays[13]. The spatial decorrelation can be used to im-
plement multiple input multiple output (mimo) schemes
[6].

A more quantitative analysis of the pulse discrimina-
tion can be performed by using the concepts of a ’corre-
lator receiver’ where the position of the received pulses
in a bit stream is assumed to be known [14]. These
concepts are used when gaussian noise is added in the
data transfer. In binary pulse amplitude modulation
(PAM) coding with two key signalss1(t) ands2(t) the
acceptance criterium for reception of a particular sig-
nal in a received signaly(t) is obtained by calculating
Q =< y(t).v(t) >, wherev(t) = s1(t)−s2(t) and the
averaging operation< . > is over the separationdt. By
choosings1 = −s2, the two keys are orthogonal: i.e.
< s1.s2 >= 0. Then the coding is equivalent to phase
modulation The criterium is that forQ > 0, signals1
andQ < 0, signals2 is accepted.

The performance of time-reversal coded signals us-
ing a ’correlator receiver’ principle is illustrated in fig-
ure 7. The keyss1 ands2 are generated by adding a
large cosine series with frequencies randomly chosen
from an interval. The received signals are simulated by
using only a few terms from the same series. A refer-
ence signal is generated by using the same cosine se-
ries with a random phase. The correlation performance
is illustrated in figure 7.b as an histogram. The cor-
relation criterium clearly separates the two signals and
the equivalent noisy reference. Other coding schemes
based on phase shift or amplitude keying [5] can easily
be implemented as well. The test shown here only use
coding of two pulses. To sustain a high capacity bit-
stream, the minimum separation between pulses has to
be enlarged.

Conclusion
By using time-reversal coding and the ability to con-

centrate decoded pulses in the time domain, enhance-
ment data transfer is feasible.
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Figure 7: Simulation of correlation receiver
performance using key signalss1 ands2 generated by
adding 1000cos(2πft) terms withf randomly chosen

from the interval (0.1, 2.9) (s1, top, black). The
received signaly(t) is generated by choosing only 10

frequencies (top, red). The reference signal is 10
frequencies and random phase (top, green). The

correlationQ =< y(t).(s1(t)− s2(t)) > for 200
realization ofy(t) is shown as a histogram (bottom).

The blue, red, and green curve are fors1, s2, and
reference signal realizations respectively.
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