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INTRODUCTION

In engineering and medical applications of ultra-
sound, it is often necessary to generate high-amplitude
ultrasonic waves. Because the maximum acoustic pres-
sure on the surface of an actual acoustic source is lim-
ited, high-intensity fields are usually produced by spa-
tial focusing. A concave shape of the transducer or
acoustic lenses or mirrors create such conditions that
ultrasonic energy distributed over a large area becomes
concentrated in a small (focal) region. The wave is
thereby amplified in the sense that its amplitude notice-
ably increases. Clearly, the total energy of the wave
does not change, it is only redistributed in space. The
wave focusing is used in acoustics and optics, its effi-
ciency being evident. However, the potentialities of the
passive wave amplification are not limited to spatial
focusing. Formally, the four-dimensional space–time
domain, in which the wave process is analyzed, allows
focusing not only in the spatial coordinates, but also in
time. By analogy with focusing in space, which collects
the wave energy from a large region into a small one,
focusing in time collects the energy from a long time
interval into a short one. In other words, it is necessary
to somehow compress the wave signal in time. Work in
this direction was started not long ago. This approach
was most thoroughly developed in optics, where laser
pulses were compressed by transmitting frequency
modulated signals through a dispersive medium, which
was represented by optical fiber or by a diffraction grat-
ing [1]. In acoustics, investigations in this direction are
as yet rare. Note that signals may be compressed not

only for their amplification, but also for increasing the
resolution of diagnostic systems.

The time compression of acoustic signals is closely
related to the new method in acoustics, namely, the time
reversal of waves [2–4]. The progress in this area is pri-
marily due to M. Fink and his disciples, who proposed
and implemented the 

 

time-reversal mirror

 

 [2]. At
present, such a mirror is implemented as a two-dimen-
sional multielement array of broadband transceiving
transducers. The transducers are controlled by an elec-
tronic device, which records the entire waveforms
received by the transducers, reverses these signals in
time, amplifies them, and applies them again to the
same transducers for transmitting. Clearly, this time-
reversal mirror reflects the wave with a certain delay,
because the signal must be recorded within a certain
time interval. This electronic device is an important
component of the wave reversal system. The develop-
ment of a time-reversal mirror based on other princi-
ples, for example, on nonlinear wave effects in the
material of the mirror, has as yet been successful only
for sinusoidal waves [5], although research into the
time reversal of nonharmonic waves is also being con-
ducted [6]. In the case of sinusoidal waves, their time
reversal is equivalent to wave front reversal, which is
thoroughly studied in optics [7, 8].

Systems that rely on the time reversal principle
compensate for spatial and temporal distortions of a
wave that passes through a lossless inhomogeneous
medium. Applications of this method are numerous:
problems of underwater acoustics [9, 10], nondestruc-
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tive testing [11], and ultrasonic surgery [12, 13] are
among them. However, in this paper, we focus on
another feature offered by the time reversal of waves:
the possibility to compress and amplify signals. The
idea of signal compression through the time reversal is
rather simple. Let a short acoustic pulse pass through an
inhomogeneous layer. Due to multiple reflections, the
pulse not only suffers spatial distortions, but also
becomes longer. Let this long signal be recorded,
reversed in time, and emitted back into the medium.
Then, after it passes through the inhomogeneous layer
again, the signal must become shorter and acquire the
waveform of the original pulse. In this case, the role of
the compression device is played by the passive inho-
mogeneous layer. Note, however, that this layer com-
presses not an arbitrary signal, but an appropriately
chosen one. An interesting illustration of this principle
can be found in [14], where an 

 

ultrasonic bazooka

 

, i.e.,
a device that produces an intense pulse focused at a
given point by transmitting the radiation emitted by a
multielement source through a pipe whose walls pro-
vide multiple reflections, is described.

The use of an arbitrary inhomogeneous medium can
produce a shorter pulse, but such a system may be not
the optimal one. An efficient compression system must
employ a specially tailored inhomogeneity. This aspect
of systems based on the time reversal of waves is stud-
ied in the present paper.

PLANE-LAYERED MEDIUM FOR PULSE 
COMPRESSION

The use of multielement sensors considerably com-
plicates time reversal systems. At the same time, many
effects, including the pulse compression, can be real-
ized with one transducer if the wave propagates in one
dimension. (Compression with one transducer is basi-
cally possible when the wave propagation is not one-
dimensional, but this approach is difficult to imple-
ment.) One-dimensional waves are observed in the field
produced by a planar transducer whose dimensions are
much greater than the wavelength. In the near-field
zone of the transducer, diffraction effects can be
neglected and the wave can be considered as a plane
wave. For this wave to remain a plane wave as it prop-
agates through an inhomogeneous medium, the
medium must be one-dimensional, i.e., plane-layered.
As the inhomogeneous medium, our experimental
study employs a structure consisting of one or several
plane-parallel solid plates immersed in water. This sys-
tem is characterized by high dispersion, which distorts
the signals propagating in it. Because the coefficient of
ultrasonic absorption in the plates and water is low, the
energy loss in the reflected wave is small.

To compress the waveform, the reflection from each
of the individual plates that compose the reflecting
inhomogeneous medium must be weak. Indeed, this
condition is necessary for the set of plates to convert a
short incident pulse into a long reflected signal of a

smaller amplitude and, after the time reversal, to con-
vert the long pulse into a short high-amplitude pulse.
Weakly reflecting plates may be produced in two ways.
The first way is to use thin plates, i.e., plates whose
thickness is much smaller than the acoustic wavelength.
The reflection coefficient of a thin layer is a linear func-
tion of its thickness; i.e., it may be arbitrarily small. The
second way is to use resonant plates, i.e., plates whose
thickness is an integer multiple of the half-wavelength
in the material of the plate. Such plates are known to
totally transmit the incident wave at the resonant fre-
quency; i.e., the reflection coefficient of a harmonic sig-
nal is zero. By detuning the plate from its resonance or
by increasing the bandwidth of the signal, one obtains
a desired reflection coefficient.

In the megahertz frequency range, which we use in
our study, the thin plates must be several hundredth of
a millimeter thick and several centimeters in diameter.
It is therefore impossible to use glass, while metal lay-
ers (foil) are difficult to make plane and parallel. The
situation with resonant plates is much more favorable:
the thickness of half-wavelength plates is on the order
of one millimeter. The single disadvantage of the reso-
nant plates when compared to the thin plates is that the
low reflection coefficient can only be achieved with
narrowband signals, i.e., radio pulses. These plates can-
not be used to compress video pulses. Therefore, the
experiments described below were performed with
radio pulses reflected from a stack of resonant plates.

EXPERIMENTAL SETUP

The schematic diagram of the setup is shown in
Fig. 1. The acoustic pulses were emitted and received
by the same circular planar transducer 25 mm in diam-
eter (Panametrics V194). The transducer operated in
the frequency band from 3 to 6 MHz. Electric voltage
was supplied to the transducer from a broadband signal
source that was capable of synthesizing arbitrary wave-
forms using up to 65536 samples within a specified
time interval (Agilent 33250A). The acoustic signal
reflected from the inhomogeneous layer was received
by the transducer and applied to a digital oscilloscope
(Tektronix TDS 520A). The digitized signal was then
fed into a computer through a GPIB bus and was appro-
priately processed, in particular, time reversed. The
computer also controlled the signal source.

In the experiments, we also used relatively broad-
band signals. It was therefore necessary to take into
account the transducer’s frequency response. To this
end, we measured the amplitude of a harmonic wave
reflected from a thick aluminum plate as a function of
frequency. To measure this characteristic, we excited
the transducer by a rectangular-envelope radio pulse at
a given frequency. The duration of the signal was cho-
sen such that it was long enough for the amplitude to
reach the steady state and also such that the radiation
terminated by the time the return signal arrived. We
measured the amplitudes of the incident and reflected
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pulses on the intervals where the envelope reached its
steady state (was constant). The frequency response (on
receive and transmit) obtained in this way was used in
calculations and to compare the original signal with
that after two reflections. In addition to the frequency-
dependent effect on the signal amplitude, the electric
circuit and acoustic transducer also introduced a fre-
quency-dependent phase shift. However, the additional
phase advance 

 

ϕ

 

 occurred in the experiments twice:
when the original signal was transmitted and received
and when the time-reversed reflected signal was trans-
mitted and received. Therefore, the phase advance
introduced into the original signal, after the signal was
reversed in time, became equal to 

 

–

 

ϕ

 

 and completely
compensated for the second phase advance. Thus, the
frequency dependence of the phase had no effect on the
signal reflected twice.

The reflecting structure was fabricated from artifi-
cial sapphire plates characterized by the velocity of lon-
gitudinal waves 

 

c

 

 = 11080 m/s and by the density 

 

ρ

 

 =
3850 kg/m

 

3

 

. Note that, due to the high velocity and
acoustic impedance of sapphire, the frequency range, in
which reflection from the plates is small, is narrow; i.e.,
it is necessary to work with relatively narrowband sig-
nals. However, when our experiments were performed
with aluminum, which is more suitable in this sense
(

 

c

 

 = 6320 m/s and 

 

ρ

 

 = 2700 kg/m

 

3

 

), we found that the
reflecting structure did not possess the property of
invariance under time reversal. The possible origin of
this effect may be the loss due to the scattering of the
ultrasonic wave from the granular aluminum structure
or the fact that the plates were insufficiently plane and
homogenous in thickness. The sapphire plates were
lossless and, to a high accuracy, plane-parallel. They
were about 1 mm thick. To provide the total reflection,
the bottom plate was loaded by an air layer (Fig. 1). The
planes were adjusted to be parallel to the working sur-
face of the transducer using special leveling screws.
The adjustment procedure started with the plate that
was farthest from the transducer; the criterion for the
parallelism was maximization of the amplitude of the
reflected signal. The experiment used ultrasonic signals
with a center frequency of about 5.5 MHz, which satis-
fied the condition of half-wavelength resonance in the
plates.

PULSE COMPRESSION USING A ONE-LAYER 
REFLECTOR

Invariance of the processes studied in the experi-
ment with respect to the time reversal procedure was
first examined using a reflector consisting of one plate.
With this configuration, a low loss could be achieved in
the experiment and simple formulas could be used in
the theory.

First, let us theoretically consider the process of
reflection from one plate. Let a wave be incident from
the medium with an acoustic impedance 

 

z

 

0

 

 onto the
plate with a thickness 

 

h

 

 and an impedance 

 

z

 

. Behind the

plate, there is the third medium with an impedance 

 

z

 

load

 

.
In our study, the first medium is water, the second
medium is sapphire, and the third medium is air. The
coefficient of reflection of a harmonic wave from the
plate is given by the formula [15]

 

(1)

 

where 

 

R

 

0

 

 = (

 

z

 

 

 

– 

 

z

 

0

 

)/(

 

z

 

 + 

 

z

 

0
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 and 

 

R

 

load

 

 = (

 

z
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 – 

 

z
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z
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 + 

 

z
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are the coefficients of reflection from the interfaces of
the respective half-spaces. For the water-to-sapphire
interface, the reflection coefficient is close to 1 (

 

R

 

0

 

 

 

≈

 

0.932

 

); therefore, broadband short signals are almost
totally reflected from this interface. However, for suffi-
ciently long radio pulses, the amplitude of the reflected
wave may be reduced due to the interference of waves
reflected from the plate’s surfaces. Denote the incident
and reflected waveforms as 

 

p

 

inc

 

(

 

t

 

)

 

 and 

 

p

 

ref

 

(

 

t

 

)

 

. To be spe-
cific, consider the Gaussian pulse

 

p

 

inc

 

(

 

t

 

) = 

 

A

 

inc

 

exp sin
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π

 

f

 

0

 

t

 

). (2)

 

Let the plate be half-wavelength thick at the central fre-
quency of the signal: 

 

f

 

0

 

 =

 

 c

 

/(2

 

h

 

)

 

. Let us introduce the
quantity

Q

 

 = 

 

f

 

0

 

τ

 

, (3)
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 Schematic diagram of the experimental setup.
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which has the meaning of the number of periods that
fit within half of the pulse duration. We consider the
case important for applications in which the plate is
acoustically loaded by a softer medium (e.g., water or
air): 

 

z

 

load

 

 

 

�

 

 

 

z

 

. In this case, 

 

R

 

load

 

 

 

≈

 

 –1

 

 and the following
approximate analytical solution can be obtained for the
reflected waveform:

 

(4)

 

where erf

 

(

 

z

 

) = 

 

 is the error integral. The

analysis of expression (4) shows that the envelope

 

|

 

p

 

ref

 

(

 

t

 

)

 

|

 

 is a double-humped function with two maxima
separated by an interval of about 

 

2τ wide and with a

long tail, which decays as exp Q ln(–R0Rload) . For

the optimal compression, it is necessary that the
amplitudes of the maxima be equal. For the air load
(Rload = –1), formula (4) imposes the following condi-
tion on the number of periods in the initial Gaussian
pulse: Q ≈ 3.9. To choose the signal parameters more
accurately, we used a numerical technique based on the
spectral approach (see below) and obtained the refined
value of Q ≈ 4.4.

In the experiment, the transducer emitted the
Gaussian pulse given by Eq. (2) with the parameters
f0 = 5.5 MHz and τ = 0.8 µs (Q = 4.4). The distance to
the reflector was 14 cm, so that the reflected signal
arrived at the transducer after the emission process was
terminated. The results are shown in Fig. 2. Figure 2a
displays the initial Gaussian pulse, and Fig. 2b, the
reflected pulse. The reflected waveform is in good
agreement with that predicted by approximate Eq. (4).
As will be shown below, more accurate calculations
give almost perfect agreement with the experiment. The
reflected signal is by a factor of approximately 1.6
smaller in amplitude than the initial pulse and is almost
3 times longer.

The received reflected signal was digitized, time
reversed, and increased in amplitude to the level of the
initial signal (Fig. 2c). After that, the signal obtained
was emitted again and received by the transducer after
the second reflection from the plate. The result with
allowance for two multiplications by the system’s fre-
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Fig. 2. Experimental results for the one-layer structure:
(a) initial pulse, (b) pulse obtained as a result of reflection
of the initial pulse, (c) pulse obtained from the reflected
pulse by time reversal and amplification to the level of the
initial pulse, and (d) compressed pulse obtained as a result
of reflection of the time-reversed pulse.
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quency response is plotted in Fig. 2d. It can be seen that
the signal has become shorter and its waveform proves
to be identical to that of the initial Gaussian pulse.
Thus, we managed to compress the pulse while com-
pletely reconstructing its waveform and to increase its
peak pressure by a factor of 1.6. Consequently, the
wave processes in the system under study were indeed
invariant with respect to the change of sign of the time
variable.

To independently verify the results of acoustic mea-
surements of the signal waveforms, we performed an
additional experiment using optical visualization of the
pulses under study by the shadowgraph method (Toe-
pler method) [16]. To reduce optical aberrations, a par-
allel beam of light was formed and focused with the
help of wide-aperture parabolic mirrors. As a source of
light, we used a diode laser, which produced short 10-
to 100-ns-long flashes synchronized with the ultrasonic
signal. During such a short illumination time, the
acoustic wave traveled a distance much smaller than the
wavelength; therefore, the shadowgraph image mapped
a frozen picture of the ultrasonic field. This image was
observed with the help of a digital video camera. Fig-
ure 3 shows two such pictures. Figure 3a is a shadow-
graph image of the long double-humped pulse that
propagates from top downwards to the reflector (at the
bottom). One can clearly see not only the region occu-
pied by the ultrasonic signal, but also individual wave
fronts. Expectedly, the fronts have the form of straight
segments; i.e., the wave is a plane wave within the beam
boundaries. The theoretical spatial distribution of
acoustic pressure is shown in the right-hand panel. The
lower plot shows the same signal after its reflection
from the sapphire plate loaded by air. Now, the signal
propagates upwards. The main result is that the
reflected pulse really became shorter, as predicted by
the theory (the waveform on the right-hand side). Thus,
the fact of signal compression as a result of reflection
from the one-layer structure is corroborated.

THEORETICAL MODEL OF REFLECTION
FROM A MULTILAYER STRUCTURE

The above analysis of reflection from one plate has
shown that, even in this simple case, to find the wave-
form of the reflected wave, it is necessary to sum infi-
nite series; representation in terms of analytical func-
tions is possible only approximately. At the same time,
the spectral description proves to be simpler because,
for a harmonic wave, its waveform does not change as
it propagates in the layered structure and, therefore, the
process of reflection can be characterized by the reflec-
tion coefficient R(ω) for the complex amplitude. For
one plate, the reflection coefficient is given by Eq. (1).
For a greater number of layers, the solution can be con-
structed using the transfer matrix method [17]. The
general procedure for calculating the reflected wave-
form has the standard form: it begins with calculation
of the incident spectrum, then calculates the reflected

spectrum using the known R(ω), and finally performs
the inverse Fourier transform to calculate the reflected
waveform.

Consider the process of harmonic wave propagation
in the multilayer medium following the transfer matrix

method. Let n be the layer index and  and  be the
complex amplitudes of the waves that propagate right-
wards and leftwards, respectively (Fig. 4). The ampli-
tudes are specified at the left boundary of the layer. The
amplitudes in two adjacent layers are related through
the matrix equation

(5)

where  is the transfer matrix, which depends on
the acoustic impedances zn, velocities of sound cn, and
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Shadowgraph Theory

Fig. 3. Shadowgraphs of the pulse obtained in the compres-
sion experiment with the one-layer structure: (a) before the
reflection and (b) after the reflection. The arrows show the
pulse propagation direction; the reflector is at the bottom of
the figure. The panels at the right show the theoretical wave-
forms of the respective pulses.
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layer thicknesses hn; kn = ω/cn is the wave number; and
ω is the circular frequency. Equations (5) written for all
of the layers yield the following matrix expression,
which relates the incident and reflected waves in water

(  and ) to the incident and reflected waves behind
the stack of plates:

(6)

where the total transfer matrix  = ||mij|| is calculated by
successively multiplying the transfer matrices of all the

layers:  = … . Note that
N = 2N∗, where N∗ is the total number of the plates, is an

even number. Let Rload = /  = (zload – zN)/(zload + zN)
be the coefficient of reflection from the last interface
and zload be the acoustic impedance of the medium to
the right of the last layer. Expression (6) yields the
desired reflection coefficient of the layered structure:

R = /  = (m21 + Rloadm22)/(m11 + Rloadm12). In par-
ticular, in the case of the air load zload ≈ 0 that we
study, we obtain Rload = –1, which yields R = (m21 –
m22)/(m11 – m12). To adjust the system, we also loaded
the last layer with water or a thick metal layer. In this
case, the calculations were performed using the appro-
priate acoustic impedances zload.

In the computer implementation of the above algo-
rithm, the signals were specified on a finite time inter-
val, whose length was long enough for the transients to
terminate; i.e., the signal was close to zero at the ends
of the interval. On this interval, the continuous signal
was sampled with the sampling interval ∆t that was
much shorter than the period of the highest frequency
used. When changing from signals in the time domain
to their spectra and back, we used the fast Fourier trans-
form. The typical values of T and ∆t were 500 µs and
10 ns, respectively; the number of plates in the structure
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+

was up to N∗ = 15. The algorithm and related code writ-
ten in the Delphi language, which were run on a Pen-
tium 4 personal computer, calculated one reflection
event in 1 to 2 s.

OPTIMIZATION OF THE COMPRESSION 
PROCESS

The problem of increasing the amplitude of the
reflected wave at the expense of its compression can be
formulated as follows: let an acoustic source emit a sig-
nal pinc(t) into the medium. The peak pressure in the
signal does not exceed a certain value Ainc, while the
duration τinc of the signal may be arbitrarily long. It is
necessary to design such a plane-layered inhomogene-
ity that increases the peak pressure of the reflected sig-
nal pref(t) to a specified value Aref and reduces its dura-
tion to τref. Basically, the solution to the problem is easy
to find if the system is invariant under the time rever-
sal operation: the desired stratified inhomogeneous
layer must be such that, being illuminated with a short
signal pref(t) that has a peak pressure of Aref and dura-
tion τref, it produces the reflected signal pinc(t) with a
peak pressure of no higher than Ainc. The lower the
amplitude of the reflected signal, the higher the gain
K = Aref/Ainc due to the time reversal processing. It is
clear that the duration τinc of the signal is of no signifi-
cance; the main condition is that the signal be recorded
within this time. However, this simple solution is no
longer valid in practice at long τinc, because the distance
cτinc the wave travels through the multilayer structure in
the process of reflection also becomes considerable
(c is the velocity of the wave). As the distance
increases, the energy lost by the wave unavoidably
grows and the system loses its property of being invari-
ant under time reversal. Consequently, an additional
requirement is that the desired gain K be achieved at the
shortest possible duration τinc.

RESULTS OF SIMULATION

The mathematical model described above was used
to design multilayer structures that provide efficient
compression. As the signal that was to be obtained as a
result of the compression, we took Gaussian radio
pulse (2). The duration of the pulse was characterized
by the number of periods Q of the fundamental fre-
quency present within the characteristic pulse duration τ
(see Eq. (3)). If Q is given, the determination of the lay-
ered structure necessary for the compression is reduced
to finding the maximum possible amplitude gain and
the number of plates required to achieve this gain. The
design parameters of the reflecting structure that were
to be found were the distances between the plates and
their thicknesses. The material was considered to be
specified, because a smooth variation of the parameters
is difficult to implement in practice.

Note that the structure of the reflected signal is such
that its beginning is formed by the layers of the reflect-
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Fig. 4. Schematic diagram of the multilayer reflecting struc-
ture and notations used in the numerical simulations.
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ing structure that are nearest to the transducer; more
distant layers make their contribution later. Based on
this fact, we chose the following structure design algo-
rithm. We emphasize that the steps described below are
performed in the framework of the mathematical
model.

First, we consider the reflection of the Gaussian sig-
nal of amplitude A0 with the given number of periods Q
from the half-wavelength plate loaded (on the right)
with water. The reflected signal has a lower amplitude
A1 and a longer duration. Its envelope has the form of a
double-humped function and is approximately
described by Eq. (4) with Rload = (z0 – z)/(z0 + z) = –R0.
At this stage, we make a conclusion concerning the
maximum gain of the structure being designed: it is
equal to A0/A1.

Next, we load the plate with air and analyze the
resulting signal. If this signal has no spikes with the
amplitude greater than A1, we terminate the design pro-
cedure, because adding more plates will not improve
the structure’s property to amplify the time-reversed
signal. If high spikes are observed, we make a conclu-
sion that a second plate should be added to suppress
them. The second plate is chosen to have the same
thickness as the first one and is placed as close as pos-
sible to it, but the distance must be no shorter than the
length of the original pulse: only in this case the reflec-
tion from the second plate will not change the ampli-
tude A1 of the first reflection. Due to the second plate,
the reflected signal will be additionally distorted, but,
because its passband is the same as that of the first
plate, the amplitude A2 of the spikes that appear will be
smaller than A1 (otherwise, the plate is too close to the
first one; i.e., the gap should be increased). After that,
we slightly change, say decrease, the thickness of the
plate by keeping its position the same. The plate is
thereby detuned from the half-wavelength resonance
and, as a consequence, its reflectivity increases. We
vary the amplitude until the spike amplitude A2 increases
to the level of the amplitude of the first spike A1. After
that, we load the second plate with air. If no higher-
amplitude spikes appear in the resulting waveform after
the peak A2, we terminate the design procedure. Other-
wise, it is continued in a similar manner: we add the
third plate, and so on.

Note that this algorithm gives a regular technique to
choose the parameters of the reflecting structure that
provides the desired amplitude amplification of the
reflected wave with a small number of plates. In princi-
ple, a slightly more compact arrangement can provide
the same gain with a smaller number of plates. How-
ever, the properties of the structure become very sensi-
tive to the distance between the plates; a very small
change in the distance or speed of sound may suppress
the amplification properties, which should be avoided
in practice.

Figure 5a shows the gain that is calculated by the
above algorithm and is the desired as a result of com-

pression versus the number Q of periods in the signal.
As can be seen from this figure, the longer the resulting
signal, the higher the amplitude gain achieved. As we
noted above, this property is associated with the reso-
nance nature of reflection from the half-wavelength
plate: the longer the signal, the narrower its bandwidth
and the weaker its reflection from an individual plate
are; i.e., the longer the signal being compressed may be.

Figure 5b shows the theoretical number of plates
required to achieve the gain shown in Fig. 5a. The plot
is not smooth, because the number of plates can only be
integer. The spikes near Q = 5 and 25 are caused by a
certain ambiguity in the choice of the number of plates,
the deviation being no greater than 1.

PULSE COMPRESSION USING A THREE-PLATE 
REFLECTOR

In the experiments with one plate, we managed to
achieve an amplitude gain of 1.6. Theoretically, a
higher gain can be obtained by increasing the number
of plates (see Fig. 5). In particular, three plates can pro-
vide an amplitude gain of more than 2.
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Fig. 5. (a) Maximum gain and (b) number of plates neces-
sary to achieve this gain versus the duration (number of
periods Q) of the pulse being amplified.
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The three-layer structure was composed of sapphire
plates similar to those used in the experiment with one
plate. The thicknesses of the plates were 0.98, 0.99, and
1.00 mm. The fact that the plates differed in their thick-
ness allowed them to reflect different parts of the inci-
dent spectrum. The gaps between the plates were 6.8
and 7.5 mm; i.e., the total thickness of the multilayer
reflecting structure was less than 2 cm. We have found
theoretically that this structure can provide an ampli-
tude gain of 2.7. The experimental results are shown in
Fig. 6. It is seen that the short pulse, after being
reflected from the three-layer structure, increased its
duration (measured between the e–1 points) by a factor
of 10. The amplitude decrease due to the reflection was
slightly greater than the theoretical value, namely, by a
factor of 2.8, which suggests that the system behaves
not as perfect as in the experiment with one plate and
that an energy loss occurs in this system. The signal
obtained was time reversed and increased to the level of
the original signal, and, subsequently, it was com-
pressed and amplified. As a result, the signal was ampli-
fied by a factor of 2.3 and its waveform was adequately
reconstructed. It is seen that, in addition to the main
high-amplitude pulse, the compressed signal contains
unwanted small-amplitude pulses. They appear
because the loss in the system prevents us from exactly
reconstructing the original signal’s waveform. In our
opinion, the loss appears mainly because the plates are
not exactly parallel, which considerably distorts the
amplitude of the recorded multiply reflected pulses.
Additional errors are introduced by the diffraction
effects, which were not taken into account in our
model.

DISCUSSION

We compared the experimental results with those
obtained by numerical simulation (Fig. 7). The compar-
ison was performed for signals reflected from one-layer
(Fig. 7a) and three-layer (Fig. 7b) structures. The com-
parison shows that the experimental results for the one-
layer structure almost perfectly agree with those
obtained with the help of the simplest model of a lay-
ered medium. For the three-layer structure, the agree-
ment between experiment and theory is not as perfect:
the amplitude of the measured signal is seen to be sub-
stantially lower than the theoretical value. This is par-
ticularly seen in the region beyond 30–40 µs. This
region corresponds to multiply reflected pulses, which
are most sensitive to inclination of the interfaces and
are vulnerable to diffraction effects. At first sight, dif-
fraction must not noticeably affect the results when the
reflector is in the near-field zone of the transducer.
However, the effective distance covered by the wave is
in fact somewhat longer than twice the distance to the
reflecting structure, because, in the process of multiple
reflections inside the structure, the signal travels an
additional path. As a result, an additional effect of dif-
fraction divergence appears, which, along with the
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ture. The plots show the same types of signals as those in
Fig. 2: (a) initial pulse, (b) reflected pulse, (c) time-reversed
reflected pulse, and (d) compressed pulse.
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effect of plate inclination, causes the experimental
results for the three-layer structure to slightly differ
from those predicted by the one-dimensional theoreti-
cal model.

CONCLUSIONS

Our study has shown that the simplest one-dimen-
sional multilayer structures are capable of considerably
increasing the amplitude of the wave due to the appro-
priate shortening of the signal. For the compression to
be possible, the signal’s waveform must be specially
tailored to the particular multilayer structure. The
experimental compressing structures consisting of one
and three plates were found to be capable of increasing
the signal amplitude by a factor of 1.6 and 2.3, respec-
tively. An algorithm for designing efficient compres-

sion systems is proposed. A characteristic feature of
these structures is that they not only contain inhomoge-
neous layers, but also that these layers have a specific
spatial distribution of their reflection properties.
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