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Abstract—Precursor field theory has been developed to de-
scribe the dynamics of electromagnetic field evolution in causally
attenuative and dispersive media. In Debye dielectrics, the so-
called Brillouin precursor exhibits an algebraic attenuation rate
that makes it an ideal pulse waveform for communication,
sensing and imaging applications. Inspired by these studies in
the electromagnetic domain, the present paper explores the
propagation of acoustic precursors in dispersive media, with
emphasis on biological media. To this end, a recently proposed
causal, dispersive model is employed, based on its interpretation
as the acoustic counterpart of the Debye model for dielectrics.
The model stems from the fractional stress-strain relation, which
is consistent with the empirically known frequency power-law
attenuation in viscoelastic media. It is shown that viscoelastic
media described by this model, including human blood, support
the formation and propagation of Brillouin precursors, with
sub-exponential attenuation rate. The precursors identified in
this work facilitate the design of “optimal” waveforms for
propagation in complex media, creating new possibilities for
acoustic pulse based communication and imaging systems.

Index Terms—Acoustic propagation, dispersion.

I. INTRODUCTION

Propagation of electromagnetic waves in isotropic, causally
dispersive media gives rise to rich and interesting transient
phenomena known as precursor fields. The formation of the
first and second precursors associated with a step-modulated
sinusoidal plane wave propagating in a dielectric medium
described by the Lorentz model has been investigated since
the pioneering work by Sommerfeld and Brillouin [1], [2], [3],
[4]. The description of the dynamics of the precursor fields has
been greatly enhanced using modern asymptotic analysis [5],
[6]. The second precursor, known as the Brillouin precursor,
has an algebraic attenuation rate in its peak amplitude as it
propagates in Lorentz and Debye media [7], as well as good
conductors [8].

Similar to electromagnetics, several acoustic applications,
such as underwater communications and ultrasound imag-
ing, rely on the comprehensive understanding of acoustic
wave propagation in attenuative, dispersive media. Relevant
studies have been performed on the formation of precursors
as acoustic pulses propagate through liquids containing air
bubbles [9], accompanied by an experimental observation of
acoustic precursors in bubbly water, excited by photoacousti-
cally generated nanosecond pulse [10].

C. D. Sarris and M. Mojahedi are with the Department of Electrical and
Computer Engineering, University of Toronto, Toronto, ON, M5S 3G4 Canada
e-mail: costas.sarris@utoronto.ca, mojahedi@waves.utoronto.ca.

G. K. Zhu was with the Department of Electrical and Computer Engineer-
ing, University of Toronto. He is currently with Ansys Inc., Pittsburgh, PA,
15219 USA e-mail:kevin.zhu@ansys.com.

A question of interest is whether precursor fields can be
excited in biological media, for applications such as ultrasound
imaging. Laboratory measurements over a limited frequency
range reveal that the acoustic wave attenuation has a power-
law frequency dependence in biological soft tissues. The
assumption that this functional form of attenuation is equally
applicable beyond the frequency range of measurements leads
to an acoustic model with an unbounded phase velocity, which
clearly violates causality [11, Ch. 1]. Numerous modifications
have been introduced to the model with the objective of
preserving the functional form of attenuation within the range
of measured data and simultaneously satisfying the causality
condition. However, they either have a limited frequency range
of applicability [12], [13], [14], [15], [16] or assume a slow
variation of attenuation and dispersion over the frequency
range of interest [17]. Consequently, they are not useful for
the development of a consistent theory for precursor fields in
biological soft tissues.

Recently, a model for dispersive viscoelastic media was
proposed by Holm and Näsholmin (HN model [18], [19]).
It was constructed from first principles – mass conservation,
momentum conservation, and the fractional stress-strain re-
lation. It was shown that the model dictates a power-law
attenuation in the low-frequency limit and a bounded phase
velocity in the high-frequency limit, which makes it an ideal
candidate to model the propagation of precursors in biological
soft tissues.

This paper employs the HN model to investigate acoustic
wave propagation in dispersive, attenuative media. Emphasis
is placed on extending the precursor field theory of electro-
magnetics to acoustics and on showing that the HN media
support the formation and propagation of Brillouin precursors,
which retain similar propagation characteristics as in electro-
magnetics. Consequently, the acoustic Brillouin precursor can
facilitate the design of optimally low attenuation waveforms in
HN media, in a fashion similar to that in electromagnetics [20].

The paper is organized as follows. Section II reviews the
derivation of the HN model and the quantities that are associ-
ated with wave dispersion. Section III compares the HN model
with the dielectric models in electromagnetics and shows that
the HN model is a natural extension of the Debye model to
fractional orders. Section IV studies the time and frequency
domain response of the HN medium as a function of the HN
model parameters. Section V investigates wave propagation
in HN media and the formation and propagation of Brillouin
precursors. Section VI shows that the HN model can be nicely
fit to the measured dispersion properties of human blood [21],
and derives the corresponding Brillouin precursor waveform,
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as an example of precursor fields in biological media.

II. THE DISPERSIVE HN MODEL

In this section, we briefly review the derivation of the
HN model for a homogeneous viscoelastic medium proposed
in [18] using the stress-velocity formulation. The mass con-
servation law in one dimension is given by:

∂

∂z
v(t) =

∂

∂t
ε(t) (1)

where v denotes the particle velocity, and ε denotes the strain.
The momentum conservation law is given by:

∂

∂z
σ(t) = ρ

∂

∂t
v(t) (2)

where σ denotes the stress, and ρ denotes the density. The
Standard Linear Solid model, also known as the Zener model,
for the constitutive stress-strain relation is given by:

σ(t) + τε
∂

∂t
σ(t) = E0

[
ε(t) + τσ

∂

∂t
ε(t)

]
(3)

where τε denotes the relaxation time, τσ denotes the
retardation time, and E0 denotes the elastic modulus at zero
frequency. The Standard Linear Solid model is generalized
using fractional derivatives, as:

σ(t) + τ bε
∂b

∂tb
σ(t) = E0

[
ε(t) + τaσ

∂a

∂ta
ε(t)

]
(4)

where a and b are empirically determined rational numbers.
In the frequency domain, the mass conservation law, the
momentum conservation law, and the constitutive relation are
given by:

∂

∂z
v(ω) =− iωε(ω) (5a)

∂

∂z
σ(ω) =− iωρv(ω) (5b)

ε(ω) =er(ω)σ(ω) (5c)

where

er(ω) =
1 + (−iωτε)b

E0(1 + (−iωτσ)a)
(6)

There are constraints on the permissible parameter values
of the constitutive relation in (6) due to physical consider-
ations [22]. In particular, thermodynamic considerations re-
quire that the rate of internal work and the rate of energy
dissipation of the viscoelastic process remain positive. These
translate to the conditions that the real and imaginary part
of er(ω) remain positive for all positive frequencies. These
further lead to the conditions E0 > 0 and τσ ≥ τε ≥ 0.
Another consideration is that the stress relaxation needs to
be a monotonically decreasing function in the presence of a
unit-step strain change. This translates to the condition a = b.
Furthermore, a ∈ (0, 1) for biological soft tissues [23]. In
the following analysis, we assume that these aforementioned
conditions are satisfied by the parameter values of the HN
model.

The complex wave number k(ω) of the HN model is:

k(ω) = β(ω) + iα(ω) =
ω√
E0/ρ

√
1 + (−iωτε)a
1 + (−iωτσ)a

(7)

where β(ω) denotes the phase constant and α(ω) denotes
the attenuation constant. When (ωτε)

a � 1, the phase and
attenuation constants are approximated by:

β(ω) ≈ ω√
E0/ρ

(
1− 1

2
cos
(πa

2

)
((ωτσ)

a − (ωτε)
a)

)
(8)

α(ω) ≈ ω

2
√
E0/ρ

sin
(πa

2

)
((ωτσ)

a − (ωτε)
a) (9)

When (ωτε)
a � 1, the phase and attenuation constants are

approximated by:

β(ω) ≈ ω√
E0/ρ

(
τε
τσ

) a
2

(
1− 1

2
cos
(πa

2

)( 1

(ωτε)a
− 1

(ωτσ)a

))
(10)

α(ω) ≈ ω

2
√
E0/ρ

(
τε
τσ

) a
2

sin
(πa

2

)( 1

(ωτε)a
− 1

(ωτσ)a

)
(11)

The phase velocity is defined as vp(ω) = ω/β(ω). Then, the
phase velocity at zero frequency is:

c0 =
√
E0/ρ (12)

The phase velocity as ω →∞ becomes:

c∞ =
√
E0/ρ (τσ/τε)

a
2 (13)

The HN model has three prominent advantages, which make it
ideal for analyzing the dynamic field evolution in dispersive,
attenuative viscoelastic media. First of all, the model is derived
from first principles and the fractional stress-strain relation,
which give a concise dispersion relation. Second, the model
follows the power-law attenuation commonly observed in
biological soft tissues in the low frequency range. Clearly,
the low-frequency approximation of the attenuation constant
in (9) is proportional to ω1+a, which is in agreement with the
dispersion measurements. Third, the model predicts a finite
phase velocity over all frequencies.

III. RELATION OF THE HN MODEL TO DISPERSION
MODELS FOR DIELECTRICS

There exists a correspondence between the laws for
viscoelastic waves and the laws for electromagnetic waves.
The time-harmonic Maxwell equations for the 1-D wave prop-
agation in a homogeneous non-magnetic dielectric medium
are:

∂

∂z
H(ω) =iωD(ω) (14a)

∂

∂z
E(ω) =iωµ0H(ω) (14b)

D(ω) =ε0εr(ω)E(ω) (14c)
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Fig. 1. Imaginary part of er(ω) versus real part of er(ω) for τε = 1 s,
E0 = 1 m/N and the frequency varying from zero to infinity; (a) variation
due to τσ/τε when a = 0.5, and (b) variation due to a when τσ/τε = 10.

where E and H denote the electric and magnetic field, D
denotes the electric flux density, ε0 and µ0 are the free
space permittivity and permeability, and εr denotes the relative
permittivity of the dielectric medium. When (5) and (14)
are compared, direct analogies are observed between the
mass conservation law in (5a) and Ampere’s law in (14a),
and between the momentum conservation law in (5b) and
Faraday’s law in (14b).

The Debye model is a linear constitutive relation commonly
used to characterize the relaxation of the induced polarization
currents due to an externally applied electromagnetic field in
dielectric media. It is given by

εr(ω) = εs
1− iωτp ε∞εs
1− iωτp

(15)

where εs and ε∞ are the relative permittivity at zero and
infinite frequency, and τp is the characteristic relaxation time
constant. A comparison of (15) and (6) reveals that the Debye
model can be regarded as a special case of the HN model.
The Debye model has an integer-order temporal derivative,
i.e. a = b = 1. The values of the Debye parameters satisfy the
thermodynamic conditions of the HN model, since εs ≥ 1 and
εs > ε∞. Notice that the Debye model becomes the Cole-Cole
model for a and b being rational numbers. Thus, the Cole-Cole
model can be regarded as the electromagnetic analog of the
HN model applicable to dielectric media.

IV. WAVE PROPAGATION IN AN HN MEDIUM

In this section, we consider wave propagation in a homo-
geneous HN medium, occupying the half-space z ≥ 0, in the

frequency and time-domain, as a prerequisite for the study of
precursors that follows next.

A. Frequency Response

In the HN medium, the ratio between the phase velocity
at zero and infinite frequency is equal to (τσ/τε)

a
2 as shown

in (12) and (13). The ratio between the elastic modulus at zero
and infinite frequency is equal to (τσ/τε)

a. Figure 1a shows
the relation between the real and imaginary parts of er(ω) as
the ratio between the two time constants varies. The trace that
relates the real and imaginary parts is an arc that originates at
er = 1 for ω = 0 and terminates at er = (τε/τσ)

a for ω →∞.
This represents the transition of the medium phase velocity
from being its smallest to its largest value, as well as the
transition of the medium’s elasticity from corresponding to that
of a rubbery to corresponding to that of a glassy medium. As
the time constant ratio decreases, the medium properties at low
frequencies remain largely unchanged, while the properties at
high frequencies decrease. This implies decreasing spans of
the transitions of the medium phase velocity and elasticity.
Figure 1b shows the relation between the real and imaginary
parts of er(ω) as the fractional exponent varies. Note that when
a = 1, the trace is a perfect semicircle, denoting the case
of a Debye medium. Decreasing the value of the fractional
exponent also reduces the transition spans of the medium
properties from low to high frequencies.

The medium frequency response is given by H(z, ω) =
eik(ω)z . We have c0 = 1 m/s and τε = 1 s, and the propagation
distance is measured in terms of the skin depth δz , which is
defined as δz = 1/α(ω). The magnitude of frequency response
is given by |H(z, ω)| = e−α(ω)z . Figure 2 shows |H(z, ω)|
of the medium for τσ/τε = 10 and a varying from 0.1 to
0.9, where δz is evaluated at ω = 2π/τε. It is observed that
|H(z, ω)| is a monotonically decreasing function of frequency.
This can be explained by the functional form of α(ω). From
the asymptotic approximation of α(ω) in (9) and (11), we
obtain

lim
ω→0
|H(z, ω)| = 1

lim
ω→∞

|H(z, ω)| = 0

At low frequencies, α(ω) is proportional to ω1+a as in (9).
At high frequencies, α(ω) is proportional to ω1−a as in (11).
At intermediate frequencies where ωτε � 1 � ωτσ , α(ω)
is proportional to ω1−a/2. Therefore, α(ω) and |H(z, ω)| are
monotonically decreasing functions for all frequencies. The
medium behaves as a low-pass filter and becomes increas-
ingly narrowband as the propagation distance increases. A
comparison of the plots in Fig. 2 reveals that the decay rate
of |H(z, ω)| decreases as a increases. This happens because
α(ω) is proportional to ω1−a as ω → ∞ in (11). A larger
value of a leads to a smaller rate of decay.

B. Causality of the HN Model

The impulse response of the propagation medium excited
by a source at z = 0 is given by the Laplace/Fourier integral
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Fig. 2. Magnitude of the frequency response of the HN medium for propagation distance varying from 2δz to 30δz , where δz is evaluated at ω = 2π/τε.
The parameters of the HN model are given as c0 = 1 m/s, τε = 1 s, τσ/τε = 10, and a varies from 0.1 to 0.9.

representation of the field observed at a position z, which is:

A(z, t) =
1

2π

∫ +∞+iξ

−∞+iξ

X(ω)eik(ω)ze−iωtdω (16)

where X(ω) denotes the Laplace/Fourier transform of the
waveform of the incident plane wave at z = 0. The parameter
ξ is greaterbthan the abscissa of absolute convergence for this
integral.

We are interested in finding the impulse response of
the propagation medium, which requires evaluating (16) at
X(ω) = 1. The complex wave number in (7) is a multi-
valued function. Figure 3 shows its domain of analyticity.
The complex wave number has two branch points, one at the
origin and the other at complex infinity. The branch cut in the
complex ω domain is selected as the negative imaginary axis.
The complex wave number has no poles in the principal branch
of the Riemann sheet. Figure 3 also shows the integration
contours for evaluating (16). When t < 0, the integration
contour lies on the upper half plane. The path integrals along
the outer semi-circle and the semi-circle around the origin are

zero, i.e.,

lim
R→∞

∫
x

|ω|=R

eik(ω)ze−iωtdω = 0

lim
δ→0+

∫
y

|ω|=δ

eik(ω)ze−iωtdω = 0

where R denotes the radius of the outer semi-circle and δ
denotes the radius of the semi-circle around the origin. By
the residue theorem, the Laplace/Fourier integral is identically
zero. Causality follows as a result. When t > 0, the integration
contour lies on the lower half plane. As the path integrals
along the semi-circles around the origin and the arc on the
third and fourth quadrant are zero, the impulse response of
the propagation medium evidently consists of the contribution
from the path integrals on the left and right sides of the branch
cut.

C. Medium Impulse Response

To calculate the medium impulse response, we use the
Fast Fourier Transform method to numerically evaluate (16)
for X(ω) = 1. The integration domain over ω is dynami-
cally increased until the moment that the numerical integral
converges within a tolerance of 0.01% between the last two
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iterations. Figure 4 illustrates the impulse responses of the
medium considered in Fig. 2 for various skin depths. They can
be equally regarded as the field evolution of the delta-function
pulse with its energy normalized to 1 J. The medium impulse
response is observed to be a mono-cycle pulse dispersing as
it propagates into the medium. Increasing a has the effect of
reducing the rate of the temporal spread of the waveform.

V. FORMATION AND PROPAGATION OF THE BRILLOUIN
PRECURSOR

In this section, we consider the plane wave propagation
in the HN medium. We show that the Brillouin precursors
are supported in the HN medium, and they exhibit the same
characteristic algebraic peak attenuation rate as the Brillouin
precursors in Debye media.

Consider a 10-cycle rectangular pulse-modulated sinusoidal
waveform at the carrier frequency of 1 MHz launched at z = 0
to excite the the HN medium given as c0 = 1 m/s, τε = 1 s,
τσ/τε = 10, and a = 1 (medium A) and a second medium with
a = 0.8 (medium B). The dynamic field evolution in these
media can be obtained by replacing X(ω) with the Fourier
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Fig. 5. Dynamic field evolution at 0δz , 10δz , and 20δz of a 10-cycle
rectangular pulse-modulated sinusoidal waveform at 1 mHz in (a) medium A
given as c0 = 1 m/s, τε = 1 s, τσ/τε = 10, a = 1.0, and δz = 5.64×103 m
in solid line and (b) medium B given as c0 = 1 m/s, τε = 1 s, τσ/τε = 10,
a = 0.8, and δz = 3.86× 103 m in dashed line. The time lag between the
peaks of the Brillouin precursors at 10, 20 δz within medium A is marked.
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transform of the incident field and numerically evaluating (16).
Figure 5 shows the propagating waveforms observed at z =
0δz , 10δz and 20δz in these two media, where δz is evaluated
at the carrier frequency and it is 5.64× 103 m for medium A
and 3.86× 103 m for medium B .

Since medium A is equivalent to a Debye medium, the main
signal at the carrier frequency carries most of the energy and
it is quickly attenuated as the propagation distance increases.
The Brillouin precursors form at both the leading and the
trailing edges of the main signal. They carry a small portion of
the total energy and persist after a long propagation distance.
The estimated time lag between the peaks of the Brillouin
precursors at the leading edge in medium A is 5.652× 103 s.
This confirms that the Brillouin precursors in a Debye medium
travel at the phase velocity at ω = 0, which is 1 m/s in this
example. Medium B is described by the fractional HN model.
The propagating waveforms observed at 10δz and 20δz exhibit
similar behavior as in medium A. The Brillouin precursors
form at the leading and the trailing edges, and persist after
the main signal dies off.

One prominent feature of the Brillouin precursor with
engineering significance is the algebraic attenuation rate of
its peak amplitude. Its peak amplitude attenuation in a Debye
medium has been shown to be proportional to z−1/2 through
asymptotic analysis [7]. Figure 6 shows the peak amplitude
attenuation of the 10-cycle rectangular pulse-modulated sinu-
soidal waveform as it propagates in several HN media with
the fractional exponent varying from 0.3 to 1.0. Since the
attenuation curves are placed on the log-log scale, their slopes
at large propagation distances give the peak attenuation rates of
the Brillouin precursors. At a = 1, the peak attenuation rate
is −0.53, which approaches its asymptotic value of −1/2.
This figure also suggests a monotonic relation between the
fractional exponent and the peak attenuation rate. As the frac-
tional exponent increases from 0.3 to 1, the peak attenuation
rate also changes from −0.84 to −0.53.

Figure 7 illustrates the relation between the peak attenuation
rate and the fractional exponent in the HN model with the
value of the fractional exponent varying from 0.1 to 1 and the
time constant ratio varying from 4 to 16. The peak attenuation
rates are estimated at the propagation distance of 50δz to
ensure that all transient effects are sufficiently small. The peak
attenuation rate is a monotonically increasing function of the
fractional exponent. In the upper limit, it approaches −1/2
as the fractional exponent approaches 1, which is consistent
with the case of the Debye medium. In the lower limit, it
approaches −1 as the fractional exponent approaches 0.

Our results are based on the numerical evaluation of the
Fourier integral in (16) varying the HN parameters for a
given source excitation. A full theoretical investigation of the
relation between the peak attenuation rate of the Brillouin
precursor and the fractional exponent of the HN model would
require applying asymptotic techniques to approximate this
Fourier integral. The fractional derivatives present in the HN
model lead to expressions including multiple hypergeometric
functions. The evaluation of such expressions is straightfor-
ward for the case of an ideal impulse source excitation, i.e.
X(ω) = 1. However, the full asymptotic analysis for general
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source excitations is beyond the scope of this paper.

VI. WAVE PROPAGATION IN HUMAN BLOOD

In this section, we apply the HN model to describe the
dispersion properties of human blood and study the wave
propagation, with emphasis on precursor phenomena, in this
medium.

Human blood consists of blood cells suspended in plasma.
The blood cells consist of red blood cells, white blood cells,
and platelets. The attenuation constant and phase velocity of
saline solutions and plasma solutions with a diverse percentage
of concentration of human and animal red blood cells were
extensively measured at the body temperature [24], [25], [26],
[27]. More recently, human blood samples were collected from
adult volunteers [21]. The attenuation constants and the phase
velocities of these samples were measured over the frequency
range from 0 MHz to 70 MHz at 37◦C. It was determined that
the samples had an average total hemoglobin concentration of
15.1 g/dL.
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Fig. 8. Measured attenuation constants and phase velocities of human blood in [21] and the predictions of the HN model obtained by fitting to the measured
dispersion properties. The boxed regions are enlarged in the insets to highlight their agreement in the 1-100 MHz frequency range.

Mechanisms such as the relaxation of the plasma protein
and the liquid viscosity contribute to the frequency-dependent
attenuation and dispersion of blood. We fit the HN model to
the measured attenuation constants and phase velocities and
estimate values of the model parameters c0, τε, τσ , and a
by minimizing the sum of the squared errors between the
measurements and the model predictions. The problem is
precisely stated as

min
c0,τε,τσ,a

∑
m

∣∣αmeas(ωm)− αHN (ωm)
∣∣2

+
∑
n

∣∣vmeasp (ωn)− vHNp (ωn)
∣∣2 (17)

where m and n are the indices of the discrete frequencies at
which the measured data are available, and the superscripts
(·)meas and (·)HN denote the measured quantities and the
quantities of the HN model.

The cost function in (17) is a nonlinear function of the
parameters. The estimated values of the model parameters are
strongly dependent on the initial guesses. We assume that the
attenuation constant, phase velocity, and elastic modulus of
water are valid at 35 MHz and calculate the values of the
parameters of the HN model. These calculated values become
the initial guesses to solve the minimization problem. In the
meantime, the condition τσ > τε and a ∈ (0, 1) are imposed
as part of the solution process.

The estimated values of the parameters of the HN model
for human blood are given as c0 = 1.589 × 103 m/s, τε =
4.930×10−20 s, τσ = 2.333×10−13 s, and a = 0.587. Figure 8
shows the measured attenuation constants and phase velocities
and those predicted by the HN model, when the blood density
is taken as 1060 kg/m3. In the frequency range in which
the measurements are available, the HN model predicts the
power-law attenuation and an almost constant phase velocity.

81 82 83 84 85
−0.2

0

0.2

z
 =

 3
δ

z

163 164 165 166 167
−0.2

0

0.2

z
 =

 6
δ

z

245 246 247 248 249
−0.1

0

0.1

Time (µs)

z
 =

 9
δ

z

0 1 2 3 4
−1

0

1

z
 =

 0
δ

z

Fig. 9. Dynamic field evolution at 0δz , 3δz , 6δz , and 9δz of a 10-cycle
rectangular pulse-modulated sinusoidal waveform at 10 MHz, where δz =
4.35 cm at 10 MHz.

It extrapolates the measurements to higher frequencies, and
predicts finite phase velocities at all frequencies.

Using the same numerical technique as in the previous
section, we obtain the dynamic field evolution of a 10-cycle
rectangular pulse-modulated sinusoidal waveform at 10 MHz
in human blood, as shown in Fig. 9. The waveforms observed
at several positions inside the medium have a behavior that
is consistent with our observations in the hypothetical HN
medium in Section IV and a striking similarity with the results
of [20] for the electromagnetic pulse propagation in a Debye
medium. A clearly sub-exponential attenuation rate of the peak
of the Brillouin precursor is observed and estimated to be -
0.685, as shown in Fig. 10.
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VII. CONCLUSIONS

In this paper, we have related the dispersive HN model
with the Cole-Cole model and the Debye model (a = 1) for
dielectrics. We have shown that the HN medium behaves as a
low-pass filter, which supports the formation and propagation
of fields similar to the Brillouin precursor in Debye media.
The attenuation rate of the peak of the precursor is also
algebraic and is largely related to the fractional exponent
of the dispersion model. We have also fit the HN model
to the measured dispersion properties of human blood, and
demonstrated the formation and propagation of a Brillouin
precursor. Given this causal dispersive model, the acoustic
precursors identified in this work can lead to the design of
optimal waveforms for propagation in lossy, dispersive media,
potentially enhancing the performance of communication and
imaging systems based on those.
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