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Abstract—This paper presents a numerical analysis of the
thermoelastic waves excited by the absorbed energy of pulsed
microwaves in a human head. First, we calculate the distribution
of the specific absorption rate using a conventional finite-differ-
ence time-domain (FDTD) algorithm for the Maxwell’s equation.
We then calculate the elastic waves excited by the absorbed
microwave energy. The FDTD method is again applied to solve
the elastic-wave equations. The validity of the analysis for elastic
waves is confirmed through comparison of the FDTD results with
the analytical solutions in a sphere model. Two anatomically based
human head models are employed for numerical calculations.
The waveforms of the calculated pressure waves are different
from the previously reported ones. It is especially shown that the
surface heating is important in exciting the fundamental mode
of the pressure waves in the head. The pulsewidth dependency
of the loudness of microwave hearing is clearly explained by the
simulation with realistic head models. The peak pressure of elastic
waves in the realistic head models is of the same order as the
previously reported values obtained with a homogeneous sphere
model. The strength of elastic wave is discussed in consideration
of the safety of this phenomenon.

Index Terms—Microwave hearing, microwave auditory effect,
FDTD methods, thermoelasticity.

I. INTRODUCTION

OVER 20 YEARS, a considerable number of studies have
been made on the microwave auditory effect, or mi-

crowave hearing effect, which is an effect of auditory sensations
produced by appropriately modulated microwaves [1]–[13].
Thermoelastic expansion has been proposed as a hypothesis for
the mechanism of this phenomenon. The absorbed energy of
pulsed microwaves produce small, but rapid temperature rise in
the tissue, which generates thermoelastic waves to be detected
at the cochlea of the inner ear. Experimental and theoretical
studies have shown the plausibility of this hypothesis [2], [9].
Consequently, it is now recognized as an established non-
thermal biological effect. This phenomenon has been adopted
as the basis for limiting exposure to pulsed microwaves in the
human safety guidelines [14], [15].

However, those theoretical studies have assumed simplified
head models such as a homogeneous sphere. In addition to this
simplification, a symmetrical pattern of a specific absorption
rate (SAR) was assumed to calculate the thermoelastic waves
generated in the sphere model so that the analytical solution
could be found [5], [6], [12]. A human head has an anatomically
complex structure in shape and in heterogeneity of tissues. It has
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been shown that the complex shape and dielectric heterogeneity
of the human head significantly affect the SAR distribution in
the human head exposed to microwaves [16], [17]. Moreover,
the heterogeneity of mechanical properties should also affect
the elastic waves in the tissue. These considerations motivated
us to make numerical studies on the microwave hearing effect,
assuming realistic head models taking the anatomical hetero-
geneity into account.

In this paper, we calculate the thermoelastic waves in a
human head with realistic shape and heterogeneity in dielectric
and mechanical properties of tissues. These calculations are
accomplished by the numerical method of finite-difference
time-domain (FDTD) calculation both on the electromagnetic
and elastic waves. The effects of the realistic properties of the
human head on the generated elastic waves are discussed by
comparing the obtained results with the previously reported
analytical results. The discussion on the safety of microwave
hearing effect with respect to the strength of elastic waves are
updated based on the numerical results obtained in this paper.

II. M ETHOD OFANALYSIS

We decomposed the analysis into two steps of FDTD calcu-
lations to compute thermoelastic waves generated by pulsed
microwaves. As the first step, we calculate the SAR distributions
based on Maxwell’s equation. The SAR produces temperature
rise, whose thermal energy exerts stress in the tissues. As the
second step, we calculate the thermoelastic waves generated by
the thermal stress based on the elastic-wave equation in lossless
media.Weassume in thisanalysis that thedurationof the incident
microwave pulse is much smaller than the time constants of heat
conduction and convection in the tissues, so that the temperature
rise takes place adiabatically [5]. Although propagating elastic
waves may cause temperature change due to mechanical defor-
mationofelasticmedia,weassumethat thiseffectcanbe ignored.

A. Numerical Models of the Head

Two different anatomically based models of a human head
were used in our study. The first model (i.e., Model 1) is a mag-
netic resonance imaging (MRI)-based head model for the com-
mercial software X-FDTD provided by REMCOM Inc., State
College, PA, which has a resolution of 33 3 mm and con-
sists of bone, brain, cartilage, eye, muscle, and skin. The second
model (i.e., Model 2) is another anatomically based head model
based on an anatomical chart of a Japanese male, which has a
resolution of 2.5 2.5 2.5 mm and consists of bone, brain,
muscle, eye, fat, lens, and skin [18]. Figs. 1 and 2 show the cross
sections of these models. To reduce numerical dispersion, we
converted the resolution of these models from 3 to 1.5 mm and
2.5 to 1.25 mm, respectively.
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Fig. 1. Shape and cross sections of Model 1.

Fig. 2. Shape and cross sections of Model 2.

TABLE I
RESOLUTION OFHEAD MODELS

TABLE II
DIELECTRIC PROPERTIES OF THETISSUES AT915 MHz [19]

In addition to the anatomically based models, we used a 7-cm-
radius homogeneous sphere model, which has the known ana-
lytical solutions of thermoelastic waves for certain symmetrical
SAR distributions [5], [6], [12]. The analytical solutions allow
comparison with the numerical results. Table I summarizes the
specifications of these models.

B. Calculation of the SAR

The SAR is given by

(1)

where is the amplitude of electric field, is the conductivity,
and is the mass density of the tissue. Table II gives the dielec-
tric properties of each tissue.

An -polarized electromagnetic plane wave is assumed to
incident on the back of the head models. The frequency of
the microwave is 915 MHz and the incident power density is
1 mW/cm .

We calculated the SAR distributions by using the FDTD
method for Maxwell’s equation [20]. The computational space
was truncated by a perfectly matched layer (PML) [21] to
minimize unnecessary reflection. We used an eight-cell PML
with a parabolic conductivity profile. The theoretical reflection
coefficient at normal incidence is100 dB.

C. FDTD Method for Elastic Waves

We used the FDTD method for elastic waves to compute
thermoelastic waves generated by the calculated SAR distribu-
tions. The FDTD formulation for elastic waves is derived by
descretizing the following equations.

First is the Hooke’s law with the thermal stress term

(2)

(3)

(4)

(5)

(6)

(7)

and the second is the equations of motion

(8)

(9)

(10)

where is the stress tensor, is the particle velocity, and
are the Lamé’s constants,is the coefficient of linear thermal

expansion, and is the mass density of the tissue.
We assume that the temperature riseis given by

(11)

where is the specific heat of the tissue at the point
and is the pulse duration. These two sets of governing

equations are discretized to the FDTD form. Following Yee’s
notation [20], a point in a Cartesian grid is expressed as

(12)

and any field value of discrete space and time is expressed as

(13)
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Fig. 3. Staggered cell geometry for elastic-wave computation.

where is time increment, and, , , are integers. The
staggered cell for the FDTD method for elastic waves is shown
in Fig. 3.

The field equations are discretized using Yee’s leapfrog
scheme with centered finite difference, and then the update
equations are obtained. For example, from (2), (5), and (8) we
have

(14)

(15)

Fig. 4. Shape of (17) for 20-�s pulse used in the FDTD calculation.

(16)

The source term should be derived from (11). Instead of
simply taking a time derivative of (11), we used the following
functional form for this term in order to reduce higher frequency
components that cannot be efficiently computed by the finite-
difference method:

(17)

The parameter in (17) represents the steepness of the mi-
crowave pulse. We assumed in the following
analysis (Fig. 4). In a similar way, the corresponding equations
for updating other field values can be obtained by discretizing
(3), (4), (6), (7), (9), and (10).

In these calculations, the stress-free condition was
applied as the boundary condition at the surface of the models.
As it may not be realistic to assume the stress-free condition
on the bottom of the head models, we employed the PML ab-
sorbing boundary on those boundaries. We used a ten-cell PML
with a parabolic profile of a stretching coefficient of attenuation
[22]. The theoretical reflection coefficient at normal incidence
is 60 dB for the wave.

Table III gives elastic and thermal properties assumed in our
simulation. Lin [5] assumed the coefficient of the thermal ex-
pansion of soft tissue to be 60% of the corresponding value for
water. We assumed the same value for the soft tissues. We used
the coefficient of thermal expansion of dentine [23] for that of
bone.
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TABLE III
ELASTIC PROPERTIES OF THETISSUES[5], [23]–[25]

Fig. 5. Normalized symmetrical SAR distributions. (a) Assumed by [5], [6].
(b) Assumed by [12].

III. SPHEREMODEL

A. Thermoelastic Waves for Approximated SAR Distributions

Lin [5], [6] and Shibata [12] have derived analytical solutions
of thermoelastic waves generated in a sphere exposed to a plane
microwave pulse assuming that the SAR distributions could be
approximated by spherically symmetric functions. Lin [5] as-
sumed the SAR distribution at 918 MHz for a brain-equivalent
sphere given by

(18)

where is the peak absorbed energy,is the radial variable,
and is the radius of the sphere, which equals 7 cm simulating
an adult human head. Shibata [12] considered surface heating,
and assumed the SAR distribution given by

(19)

These SAR distributions are shown in Fig. 5.
In order to verify the accuracy of the FDTD method for

elastic waves, we compared the pressure waves calculated by
the FDTD method with the analytical solutions of pressure
waves in a sphere assuming the same SAR distributions as they
used. The pressureis defined as follows:

(20)

Figs. 6 and 7 show comparison of the FDTD results and the
analytical solutions of pressure waves at the center of the sphere.
The incident power density was 1 mW/cmand pulse duration
was 20 s. The results agreed well, which confirmed validity of
our FDTD coding.

B. Thermoelastic Waves for the Exact SAR Distribution

Thermoelastic waves are computed by the FDTD method
using the exact SAR distribution calculated by the Mie series

Fig. 6. Comparison of the pressure waveforms of the analytical solution and
of the FDTD result at the center of the sphere with the SAR distribution shown
in Fig. 5(a).

Fig. 7. Comparison of the pressure waveforms of the analytical solution and
of the FDTD result at the center of the sphere with the SAR distribution shown
in Fig. 5(b).

Fig. 8. SAR distribution in a sphere along the three Cartesian coordinates at
1 mW/cm of incident power density obtained by the exact analytical solution
of Mie series.

Fig. 9. Pressure waveform at the center of the sphere calculated by FDTD
method assuming the exact SAR distribution shown in Fig. 8.

solution [26] (Fig. 8). Fig. 9 shows the calculated pressure
waveform at the center of the sphere.

Compared with Figs. 6 and 7, the waveform for the exact SAR
distribution is similar to Fig. 7 rather than Fig. 6. This result sug-
gests that the surface heating is important in generating elastic
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Fig. 10. SAR distribution in Model 1 exposed to 915-MHz plane waves, which
are incident on the back of the head.

Fig. 11. SAR distribution in Model 2 exposed to 915-MHz plane waves, which
are incident on the back of the head.

waves. That is, surface heating excites the fundamental mode
of the elastic waves, while the SAR distribution without surface
heating mainly excites higher modes.

IV. HUMAN HEAD MODELS

Figs. 10 and 11 show the calculated SAR distributions at
915 MHz for the anatomically based models. The peak 1-g av-
eraged SARs for 1 mW/cmare 0.30 and 0.34 W/kg for Model
1 and 2, respectively.

We calculated thermoelastic waves generated in human tissue
from these SAR distributions. Figs. 12 and 13 show the pressure
waveform at the cochlea of the anatomically based models gen-
erated by a single pulse with 20-s duration. The waveforms are
much more complex than those of the sphere model (Fig. 9).
The difference should be attributed to the complex shape and
heterogeneity of the head models. Fig. 14 shows power spectra
of the pressure waves. The dominant frequency components lie
in 7–9 kHz. These peaks correspond to the resonant frequencies
of pressure waves in the head. Figs. 15 and 16 show the se-
quence of the distribution of pressure waves in a cross section
of the head. These figures show that the wavefront is initiated in
the back of the head, where the large SAR appears, focuses on
the center, and then reverberates many times.

The calculated values of peak pressure at the cochlea and the
maximum peak pressure within the head models are shown in
Table IV. The largest pressure appeared near the center of the
head in the anatomically based models as well as in the sphere
model. The maximum peak values were of the same order.

We compared the amplitude of the calculated pressure with
bone conduction hearing, as Lin did [5]. The threshold for
bone conduction hearing was reported to be about 60 dB (

Fig. 12. Pressure waveform at the cochlea of Model 1 exposed to a single
20-�s pulse at 915 MHz, 1 mW/cm.

Fig. 13. Pressure waveform at the cochlea of Model 2 exposed to a single
20-�s pulse at 915 MHz, 1 mW/cm.

(a) (b)

Fig. 14. Power spectra of the elastic waves at the cochlea. (a) Model 1. (b)
Model 2.

Fig. 15. Sequence of the distribution of pressure waves in Model 1.

TABLE IV
CALCULATED VALUES OF PEAK PRESSURE

20 Pa) or 20 000 Pa at frequencies of 5–10 kHz [27]. The
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Fig. 16. Sequence of the distribution of pressure waves in Model 2.

Fig. 17. Pulsewidth dependencies of the calculated peak pressures and the
perceived loudness obtained experimentally. The experimental data is from [7],
which was given in [13].

TABLE V
COMPARISON OF THESTRENGTH OFMICROWAVE-INDUCED SOUND AT

THRESHOLD OFPERCEPTION ANDULTRASOUND USED IN MEDICAL DIAGNOSIS

calculated peak pressures at the cochlea are 83 and 70Pa in
Model 1 and Model 2, respectively, for 1-mW/cmincident
power density and 20-s pulsewidth. Hence, the power density
of 300 mW/cm is required to make the same order of the peak
pressure as the threshold of bone conduction hearing. This
magnitude of power density is near the reported threshold of
microwave hearing [8].

Diagnostic ultrasound generally ranges from 2 to
500 mW/cm in spatial peak temporal average (SPTA)
value [28]. A comparison is given in Table V between the
strengths of microwave-induced pressure at the perception
threshold and the ultrasound for medical diagnosis. We assume
here a plane wave at 2.5 MHz for diagnostic ultrasound. The
microwave-induced pressure is far smaller than ultrasound
for medical diagnosis. We should note that the spatial peak
temporal power (SPTP) of diagnostic ultrasound is much higher
than the value in Table V. Hence, it is suggested that microwave
hearing effect at the threshold level is not likely to be hazardous
with regard to the strength of the pressure waves.

It has been reported that the loudness of microwave hearing
depends on the pulse duration [1], [7]. Fig. 17 shows the cal-
culated peak sound pressures at the cochlea in the head models
as a function of pulsewidth. It also shows the experimental re-
sult of perceived loudness as a function of pulsewidth obtained

by Tyazhelov [7]. These characteristics are similar to each other.
The peak sound pressure or the loudness increases as pulsewidth
increases from 5 to 50s, then diminishes with further increase
of pulsewidth from 70 to 100s, and then increases again with
longer pulsewidth.

The resonance frequency of pressure waves in the head has
been shown to be 7–9 kHz in our analysis. A microwave pulse
with duration of a half-cycle of the resonant frequency, i.e.,
about 50 s, most efficiently excites thermoelastic waves be-
cause the thermal stress energy is fully integrated into thermo-
elastic waves. If the pulse duration is longer than this, phase can-
cellation of elastic waves occurs. When the pulse duration is one
cycle of the resonance frequency, the phase cancellation is most
remarkable and the elastic waves are not excited efficiently. The
oscillating characteristics seen in Fig. 17 are clearly explained
through the numerical results obtained in this paper.

V. CONCLUSION

Numerical studies on the microwave hearing effect have been
presented in this paper. We derived the formulation to update the
field variables in the elastic-wave equations with thermal stress
by the FDTD method. The validity of the FDTD analysis for
elastic waves was confirmed through comparison of the numer-
ical results with the analytical solutions in a sphere model.

The elastic waves excited by microwave pulses were nu-
merically calculated by the FDTD method developed in this
paper. Two anatomically based head models were employed.
The waveforms of calculated pressure waves were different
from the previously reported ones. It was especially shown that
the surface heating was important in exciting the fundamental
mode of the pressure waves in the head. The waveforms at the
cochlea of realistic head models were much more complex
than that in a sphere model. The resonant frequencies in the
head were estimated to be 7–9 kHz. The pulsewidth depen-
dency of loudness of microwave hearing was explained by the
simulations with realistic head models.

The strength of the pressure waves was evaluated to consider
the safety of this phenomenon. The peak pressure of elastic
waves in the realistic head models were of the same order as
the previously reported values obtained with a homogeneous
sphere model assuming a symmetrical SAR distribution. The
peak pressure, power density, and displacement of this phenom-
enon were much less than the average values of those quantities
of ultrasound used in medical diagnosis. It was suggested that
microwave hearing is not likely to be hazardous with regard to
the strength of pressure waves.

However, further studies will be necessary to establish the
safety of this effect. Although Lin [4] showed that thermoelastic
stress was dominant over strictive force and radiation pressure
based on the calculation with the homogeneous model, we
cannot conclude that it is also true in an actual human head,
which is highly heterogeneous. Direct interaction of high peak
electric field with tissue also cannot be excluded. The numerical
analysis of elastic waves in a heterogeneous structure presented
in this paper will contribute to further studies on the interaction
between pulsed electromagnetic fields and biological bodies.
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