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Numerical Simulation of Pressure Waves in
the Cochlea Induced by a Microwave Pulse

Nir M.Yitzhak, Raphael Ruppin,* and Ronen Hareuveny

Radiation Safety Division, Soreq Nuclear Research Center,Yavne, Israel

The pressure waves developing at the cochlea by the irradiation of the body with a plane wave
microwave pulse are obtained by numerical simulation, employing a two-step finite-difference time-
domain (FDTD) algorithm. First, the specific absorption rate (SAR) distribution is obtained by
solving the Maxwell equations on a FDTD grid. Second, the temperature rise due to this SAR
distribution is used to formulate the thermoelastic equations of motion, which are discretized
and solved by the FDTD method. The calculations are performed for anatomically based full body
human models, as well as for a head model. The dependence of the pressure amplitude at the cochlea
on the frequency, the direction of propagation, and the polarization of the incident electromagnetic
radiation, as well as on the pulse width, was investigated. Bioelectromagnetics 35:491-496, 2014.
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INTRODUCTION

Pulsed microwave radiation can produce a hear-
ing sensation in human beings, which manifests itself
as a clicking, buzzing, or hissing sound. The first
systematic experimental studies of this effect were
performed by Frey [1961, 1962], and the correct
identification of the thermoelastic expansion as the
mechanism responsible for the effect has been pro-
posed by Foster and Finch [1974]. The absorption of
the microwave energy produces a rapid thermal
expansion, resulting from a small temperature rise of
107°°C. This launches a thermoelastic wave of
acoustic pressure that travels to the cochlea. An early
detailed review of the auditory effect has been
presented by Lin [1978], and more recently, the
subject has been reviewed by Elder and Chou [2003]
and by Lin and Wang [2007].

The first analytic models for calculating the
sound pressure amplitude inside the head due to a
microwave pulse using a homogeneous spherical
model of the head, and assuming a specific spherically
symmetric heating pattern peaked at the sphere center
were developed by Lin [1977a, b]. Shibata et al.
[1986] employed Lin’s method, but with an improved
specific heating pattern. A generalization of the
analytic method, again using a homogeneous sphere
head model, but with an arbitrary microwave absorp-
tion pattern of spherical symmetry, has been presented
by Yitzhak et al. [2009]. The work of Watanabe et al.
[2000] is the first in which anatomically based head
models were used to calculate the pressure waves
generated by the thermoelastic expansion. This finite-
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difference time-domain (FDTD) calculation was per-
formed at only one frequency, 915 MHz, with plane
wave irradiation. Lin and Wang [2010] used the
FDTD method to calculate the pressure generated in
an anatomic head model placed inside a birdcage MRI
coil, driven by a rectangular current pulse. The use of
a head model for calculating the effects of external
electromagnetic fields, rather than using a whole body
model, is justified when the fields arise from a
localized source located near the head. This is the case
for birdcage magnetic resonance imaging (MRI) coils
[Lin and Wang, 2010] and also for mobile phones, for
which many specific absorption rate (SAR) calcula-
tions have been performed using detailed anatomical
head (or head and shoulders) models [Martinez-
Burdalo et al., 2004; Keshvari and Lang, 2005; Christ
et al., 2010; Lu and Ueno, 2012]. However, when the
electromagnetic source is not too close to the irradiated
body, so that the incident fields can be represented by
plane waves, a whole body model has to be used in
order to correctly analyze the problem. In the context
of the microwave hearing effect, this has not been
implemented before. Here we employ full body
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models for FDTD calculations of the SAR and the
subsequent excitation of pressure waves by the
thermoelastic effect. For comparison, some computa-
tions for a head model will also be presented. This
study covers a wide electromagnetic frequency range,
between 40 MHz and 3 GHz.

FDTD METHOD OF CALCULATION
SAR Calculation

The interaction of an incident electromagnetic
plane wave with three different biological models was
calculated numerically using the Yee FDTD algorithm
[Yee, 1966] for solving Maxwell’s curl equations. For
this step, the commercial software XFDTD (Remcom,
State College, PA) was employed. The following
models, also supplied by Remcom, were used: (1)
Male body, with the height of 1.875m, resolution of
5x5x5mm’ and 39 different tissue types; (2)
Female body, with the height of 1.725 m, resolution of
5% 5 x 5mm’ and 32 different tissue types; (3) Male
head and shoulders, with the height of 0.348m,
resolution of 2 x 2 x2mm’® and 26 different tissue
types. The meshes of these models were converted
directly from the data generated by the Visible Human
Project sponsored by the U.S. National Library of
Medicine. Using the calculated SAR distribution, the
temperature rise 6(x,y,z,f) caused by a rectangular pulse
of width 7 is given by 6 =SAR - #/C;, for 0 <¢ <t and
by 6=SAR-t/C}, for t>1, where C, is the tissue
specific heat. The temperature decay processes can be
neglected, because they are slow in comparison with
the time durations considered herein, 1 ms.

Thermoelastic Equations

The thermoelastic equations of motion are given
by [Landau and Lifshitz, 1986]

L
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where the FEinstein summation convention is used.
Here, o;; are the rectangular components of the stress
tensor, v; are the components of the particle velocity, A
and u are the Lamé elastic coefficients and « is the
coefficient of linear thermal expansion. The six
equations represented by (1) have to be solved
together with the three Newton equations
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where p is the tissue mass density. The systems of
Equations (1) and (2) are discretized and solved
numerically using the FDTD method. A Yee type
explicit leapfrog time stepping scheme is employed, in
which the stress tensor components and the velocity
components are alternately updated [Watanabe
et al., 2000]. The pressure is obtained from the stress
tensor by p = 03;/3. Since a rectangular pulse contains
high frequency components that cannot be handled by
the FDTD method, we used a slightly rounded pulse,
with
09 SAR

%= 2, erf(at) — erf(a(t — 7))]

(3)
where the value a =4 x 10°s™" is chosen for the pulse
steepness parameter [Watanabe et al., 2000]. Whenev-
er the boundary of the biological model is surrounded
by air, the stress free boundary condition is used. This
is not appropriate for the bottom layer of the head
model, so in this case, an absorbing perfectly matched
layer (PML; with a 10 cell thickness) was added
[Chew and Liu, 1996]. We verified the accuracy of the
elastic FDTD algorithm by applying it to the homoge-
neous sphere case, for which analytic solutions are
available for comparison [Yitzhak et al., 2009].

Choice of Physical Parameters

The electromagnetic parameters, that is, the
frequency dependent conductivities and permittivities
of the tissues, were supplied by Remcom with the
biological models, as were the densities and the
specific heats, which are needed for the temperature
rise calculation. For the Lamé elastic parameters of the
soft tissues, the values A =2.1 GPa and u =22.3kPa
will be employed [Margulies and Meaney, 1998]. For
the bone tissues, the values A =6.9 GPa and ©=4.6
GPa have been employed in previous FDTD calcu-
lations [Watanabe et al., 2000; Lin and Wang, 2010].
However, this choice (based on data of Goel et al.
[1994]), with A > u, does not seem to be representa-
tive, since it is usually found that for bone tissues
w>X [Chu et al, 1994; Zhang et al., 2001; Gong
et al., 2008]: We will employ the values L = 1.8 GPa
and u =2.7 GPa [Chu et al., 1994]. For the coefficient
of linear thermal expansion, the values o« =13 x 10~/
°C for soft tissues, & =2.7 x 107>/°C for bone tissues,
and a=31x107/°C for fat will be used
[Duck, 1990]. In his analytic calculations, and in the
absence of experimental data, Lin [1977a, b] used a
value equal to 60% of the corresponding value for
water, that is, « = 4.1 x 1075/°C for the coefficient of
thermal expansion of soft tissues. In subsequent FDTD
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Fig. 1. Electromagnetic frequency dependence of the average
SARintheheadascalculatedfor the male body model.

calculations of the microwave auditory effect [ Watanabe
et al., 2000; Lin and Wang, 2010], this value was again
employed. However, experimental data [Duck, 1990]
indicate that the thermal expansion coefficient of soft
tissues is in fact higher than that of water. Since the
thermal expansion coefficient appears in Equation (1) in
the source term of the thermoelastic effect, the pressure
levels calculated here with an experimentally based
parameter choice will be higher than those obtained
previously for the head model [Watanabe et al., 2000].

RESULTS

SAR Calculations

For all three models, we define the head region
(for the purpose of calculating the average SAR of the
head) as that volume of the model, which is terminated
by a horizontal plane just below the chin. This head
region has a mass of 5.871kg for the female body
model, 6.578 kg for the male body model and 6.390 kg
for the male head and shoulders model. The frequency
dependence of the average SAR in the head, as
calculated for the male model, is shown in Figure 1.
Here, as well as in all other calculations presented in
this paper, an incident power density of 1 mW/cm? is
assumed. The electromagnetic plane wave radiation is
incident from either the front side or the backside, and
its polarization is either vertical or horizontal. For the
vertical polarization there occurs a peak at about
60 MHz, which corresponds to the well known whole
body resonance [Dimbylow, 1997, 2002]. For both
polarizations there occurs a peak at around 200 MHz,
and another broader one around 750 MHz. A compari-
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Fig. 2. Electromagnetic frequency dependence of the average
SARinthe head as calculated for the three models, assumingin-
cidencefromthebackside, withhorizontal polarization.

son of the head average SAR of the three models (male,
female and head and shoulders) for horizontally polar-
ized irradiation from the back is shown in Figure 2. It is
found that for this polarization, the SAR frequency
dependence is similar in the different models.

Pressure Waves and Power Spectra

Typical examples of the pressure waves which
develop in the cochlea in the three models are shown
in Figure 3. These were calculated for a plane wave
pulse of frequency 915 MHz incident from the back
side, with horizontal polarization, pulse width of
70 ws. Figure 4 shows the corresponding power
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Fig.3. Calculated pressure waveform atthe cochleafor thethree

models, for irradiation from the backside by a horizontally polar-
ized 915 MHzpulse of 70 wswidth.
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Fig.4. Calculated power spectra ofthe pressure waves at the co-
chlea for the three models, for irradiation from the backside by a
horizontallypolarized 915 MHz pulse of 70 s width.

spectra, obtained by performing a Fast Fourier Trans-
form (FFT) on the time dependent waves. The FFT
was performed over 1.02 ms after the end of the pulse.
In all models, the strongest acoustic response occurs at
the frequency of about 8 kHz, which represents the
fundamental resonance frequency of sound generation
in the human head [Lin, 1977a,b; Watanabe et al.,
2000; Lin and Wang, 2010]. The occurrence of a peak
in the acoustic power spectrum near 8 kHz persists
also for other electromagnetic frequencies, irradiation
directions, polarizations and pulse widths, although
secondary peaks, in the range between 1kHz and
about 30 kHz also appear. We checked the effect of the
finite integration time on the power spectrum, by
performing an extended time calculation for one
specific case. It was found that the short integration
time result has a similar spectral content, but with a
wider main peak.

Pulse Width Dependence of Pressure
Amplitudes

In the case of the homogeneous spherical head
model, for which analytical solutions have been
derived [Lin, 1977a,b; Yitzhak et al., 2009] it was
found that the pulse width dependence of the induced
pressure amplitude at a given location in the head, and
at an acoustic angular frequency wy, is of the form

P(z) = 4fsin(“2%)] (4)

here, 7 is the pulse width and the amplitude factor A is
independent of the pulse width. We have found that
this dependence on the pulse width holds to a good
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Fig. 5. Pulse width dependence of the amplitude of a number of
acoustic frequencies. The curves were obtained by fitting to the
form of Equation (4), calculated for the male body model irradiat-
edfromthefrontbyavertically polarized 915 MHzpulse.

approximation even for the complicated biological
models treated here. This is exemplified by Figure 5,
in which the pulse width dependence of the amplitudes
of a number of selected acoustic frequencies, as
obtained by a Fourier decomposition of the pressure in
the cochlea, is shown by the discrete points. The
corresponding curves were obtained by fitting the
calculated points to the functional form of Equation (4),
using a nonlinear least squares algorithm.

The pulse width dependence of the pressure
amplitude (RMS value) at the cochlea, due to a
915 MHz pulse, for different irradiation directions and
polarizations, is shown in Figure 6. In comparing to
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Fig.6. Calculatedpulse width dependence ofthe pressureampli-
tude at the cochlea for the male model irradiated by a 915 MHz
pulse, fordifferentincidencedirectionsandpolarizations.
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Fig. 7. Calculated frequency dependence of the pressure ampli-
tude at the cochlea for the male model irradiated by a pulse of a
widthof70 ws.

Figure 5, this dependence reflects the dominance of
the 8kHz region in the acoustic response (Fig. 4).
Previous calculations on a head model [Watanabe
et al., 2000] as well as experimental data [Tyazhelov
et al., 1979] displayed similar characteristics.

Electromagnetic Frequency Dependence of
Pressure Amplitudes

We have investigated the electromagnetic fre-
quency dependence of the RMS acoustic pressure
developing in the cochlea. The results for the male
body model are shown in Figure 7. For the vertical
polarization, there appear two distinct maxima at
around 60 MHz and close to 200 MHz. In the horizon-
tal polarization case, the low frequency peak disap-
pears completely. These features clearly reflect the
frequency dependence of the average SAR in the head,
as shown in Figure 1. A comparison of the frequency
dependence of the pressure at the cochlea in the three
biological models is shown in Figure 8. Again, the
general features of these spectra exhibit a correlation
with the corresponding average head SAR spectra of
Figure 2, but to a lesser degree for the woman model
at the higher frequencies. The calculations of Figures 7
and 8 refer to a pulse width of 70 ps, but we have
found that the dependence on the electromagnetic
frequency is similar for pulse widths in the range of
10-250 ps.

The pressure threshold value for bone conduction
hearing (which is the mechanism responsible for the
microwave auditory effect) is estimated at about 58 dB
(Re 20 pnPa) for acoustic frequencies around 8 kHz
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Fig. 8. Calculated frequency dependence of the pressure ampli-
tude at the cochlea for the three models for irradiation from the
backsidewithahorizontally polarized pulse of 70 pwswidth.

[Zwislocki, 1957]. However, this value was measured
with a pulse width of 200ms. The corresponding
thresholds for shorter pulses will be estimated using
the experimental data of Thurlow and Bowman
[1957]. They found that a 10-fold decrease in pulse
duration yields an 8 dB increase in threshold. We will
estimate the electromagnetic power density threshold
for the auditory effect for incident pulses of
2450 MHz, widths of 10 and 20 ws, and pulse repeti-
tion rate of 35, as in the experiments of Guy et al.
[1975]. Using the data of Zwislocki [1957] and
correcting for the pulse width and pulse repetition rate,
using the data of Thurlow and Bowman [1957], we
find that the pressure threshold values for bone
conduction hearing are 940 and 715 mPa for 10 and
20 ps pulses, respectively. Our FDTD calculations for
the male model irradiated from the backside at
2450 MHz (vertical polarization) yielded pressures of
88.7 and 144 pPa, for pulse widths of 10 and 20 s,
respectively. Since these values were obtained with an
incident power density of 1mW/cm? the power
density required to induce the auditory effect is about
10600 mW/cm? for the 10 ws pulse width and about
4960 mW/cm? for the 20 ws pulse width. The corre-
sponding threshold levels for the auditory response
measured by Guy et al. [1975] were 4000 and
2150 mW/cm?, respectively.

CONCLUSION

Full body biological models were used to calcu-
late the excitation of pressure waves at the cochlea,

Bioelectromagnetics
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following the irradiation by a microwave pulse. The
dependence of the amplitude of the pressure waves on
the microwave frequency was found to exhibit a
correlation with the average SAR in the head. This
SAR displays a number of peaks, one of them
occurring (for vertically polarized incident radiation)
at the full body resonance (~60MHz for the male
model). Thus, for plane wave excitation, calculations
based on head models (rather than full body models)
cannot fully predict the correct electromagnetic fre-
quency dependence of the auditory effect. On the other
hand, the dependence of the pressure wave amplitude
on the pulse width obtained with full body models is
similar to that derived with head models.

We have shown, by a Fourier decomposition of
the pressure waves in the cochlea, that the pulse width
dependence of the amplitudes at various acoustic
frequencies obeys the simple sinusoidal relation
(Equation 4). This is due to the fact that for the
complicated biological model, there exists an effective
resonant cavity for each acoustic frequency. However,
the power spectra of the pressure waves at the cochlea
are dominated by the acoustic head resonance at about
8 kHz.
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