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FDTD Analysis of Microwave Hearing Effect
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Abstract—This paper presents a numerical analysis of the been shown thatthe complex shape and dielectric heterogeneity
thermoelastic waves excited by the absorbed energy of pulsedof the human head significantly affect the SAR distribution in
microwaves in a human head. First, we calculate the distribution e yyman head exposed to microwaves [16], [17]. Moreover,
of the specific absorption rate using a conventional finite-differ- - . .
ence time-domain (FDTD) algorithm for the Maxwell’'s equation. the hetemgene'ty_Of me?han'cal properueg ShOl:I|d also ‘T"ffeCt
We then calculate the elastic waves excited by the absorbedthe e|aStIC waves In the tissue. These ConSIderatlonS m0t|Vated
microwave energy. The FDTD method is again applied to solve us to make numerical studies on the microwave hearing effect,
the elastic-wave equations. The validity of the analysis for elastic assuming realistic head models taking the anatomical hetero-
waves is confirmed through comparison of the FDTD results with geneity into account.

the analytical solutions in a sphere model. Two anatomically based In thi lculate the th lasti .
human head models are employed for numerical calculations. n this pape.r, we _ca.cuae € thermoelas '(,: vyavgs In ‘T"
The waveforms of the calculated pressure waves are different human head with realistic shape and heterogeneity in dielectric
from the previously reported ones. It is especially shown that the and mechanical properties of tissues. These calculations are
surface heating is important in exciting the fundamental mode accomplished by the numerical method of finite-difference
8; ttrk:ee lf’)[je;rfgsrg (‘;‘]ﬁar‘:]?;o'\r/‘v;cg E:;‘ghJ!”Secf’eua'lz‘;‘/"‘ggg‘a?nee%eEsetﬂgytime—domain (FDTD) calculation both on the electromagnetic
simulation with realistic head models. The peak pressure of elastic and elastic waves. The effects of the.reallstlc proper.tles of the
waves in the realistic head models is of the same order as theuman _head on the'generatEd e'QSt'C waves aré discussed by
previously reported values obtained with a homogeneous sphere comparing the obtained results with the previously reported
model. The strength of elastic wave is discussed in consideration analytical results. The discussion on the safety of microwave
of the safety of this phenomenon. hearing effect with respect to the strength of elastic waves are

Index Terms—Microwave hearing, microwave auditory effect, updated based on the numerical results obtained in this paper.
FDTD methods, thermoelasticity.

Il. METHOD OF ANALYSIS

I. INTRODUCTION We decomposed the analysis into two steps of FDTD calcu-

VER 20 YEARS, a considerable number of studies ha\l,gtions to compute thermoelastic waves generated by pulsed
been made on the microwave auditory effect, or mb_nicrowaves.Asthefirststep,wecalculatethe SAR distributions

crowave hearing effect, which is an effect of auditory sensatio QSEd ﬁn Maﬁwellsl equation. The SAR pr_odl;]ces. tempefturhe
produced by appropriately modulated microwaves [1]-[1 Ise, whose thermal energy exerts stress in the tissues. As the

Thermoelastic expansion has been proposed as a hypothesi 6P nd step, we calculate the thermqelastlc waves.ger)erated by
the mechanism of this phenomenon. The absorbed energ thermal stress based on the elastic-wave equation in lossless

pulsed microwaves produce small, but rapid temperature rise dia. We assume in this analysis that the duration of the incident

the tissue, which generates thermoelastic waves to be dete{fig OWVave pulse is muc_h sr_nallert_han the time constants of heat
&nductlon and convection in the tissues, so that the temperature

at the cochlea of the inner ear. Experimental and theoreti& . . ) .
studies have shown the plausibility of this hypothesis [2], [9 Ise takes place adiabatically [5]. Although propagating elastic
' “waves may cause temperature change due to mechanical defor-

Consequently, it is now recognized as an established non-.. . ) . .
. . ; {ngmon of elastic media, we assume thatthis effect can be ignored.
thermal biological effect. This phenomenon has been adopte

as the basis for limiting exposure to pulsed microwaves in the

human safety guidelines [14], [15]. A. Numerical Models of the Head
However, those theoretical studies have assumed simplified

head models such as a homogeneous sphere. In addition to thigvo different anatomically based models of a human head
simplification, a symmetrical pattern of a specific absorptioff€re used in our study. The first model (i.e., Model 1) is a mag-
rate (SAR) was assumed to calculate the thermoelastic wal4ic resonance imaging (MRI)-based head model for the com-
generated in the sphere model so that the analytical solutf@y§rcial software X-FDTD provided by REMCOM Inc., State
could be found [5], [6], [12]. A human head has an anatomicalfy®!l€ge. PA, which has a resolution 0833 x 3 mn?’ and con-

complex structure in shape and in heterogeneity of tissues. It F52S Of bone, brain, cartilage, eye, muscle, and skin. The second
model (i.e., Model 2) is another anatomically based head model
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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

Fig. 1. Shape and cross sections of Model 1.

do v v, dv, orT
T (A4 20) = AL+ A — a3+ 2u)—
ot~ A TG F A F AT —eBA
(2)
0oy, vy, av, v, aT
A+ (A +20) =2 + A — a3+ 2p)—
Fig. 2. Shape and cross sections of Model 2. ot Ox dy 0z ot
3)
do ., duv v, dv., aT
TABLE | FE N F it Z -
RESOLUTION OFHEAD MODELS gt A oz +A 8y + ()\ + 2N) Oz a(3)\ + 2N) ot
. (4)
cell size modeled space
Model 1 15 mm 306 x 236 x 240 9oy —u vy + dvy (5)
Model 2 1.25 mm 200 x 200 x 210 ot dy oz
Sphere model 1.75 mm 80 x 80 x 80 9
Ty v,  Ov, ©)
a M\ oz T oy
TABLE 1l
DIELECTRIC PROPERTIES OF THETISSUES AT915 MHz [19] % =pu % + vy (7)
ot dx Oz
tissue e, 0 [S/m] . . .
bone 16.6 0.244 and the second is the equations of motion
brain 45.7 0.772 P P P P
cartilage 42.6 0.789 Uz  OO0zg Ozy Ozz
muscle 559  0.975 Por = ox T ay T, (8)
eyeball 689 1.64 )
fat 1.3 0.110 p% _ 90y Oy 00y )
skin 46.0  0.850 ot dx dy Oz
lens 35.8 0.489 Sv. do. do... 9o ..
rUZ _ O—zac O—yz + 0—44 (10)

ot = 9z ' oy | o2

In addition to the anatomically based models, we used a 7-cmF1 : . . .
. . where(o;;) is the stress tensoy; is the particle velocityA and
radius homogeneous sphere model, which has the known ana-

X . : . ickare the Lamé’s constants,s the coefficient of linear thermal
lytical solutions of thermoelastic waves for certain symmetric : . . .
expansion, ang is the mass density of the tissue.

SAR d|s_tr|but|9ns [5], [6], [1.2]. The analytical solutions _allow We assume that the temperature 3 given by
comparison with the numerical results. Table | summarizes the

specifications of these models. SAR(z,y, 2)
70(35”7) 0<t<t
B. Calculation of the SAR T(z,y,2,t) = SA}i%(afg;;z)t o (11)
The SAR is given by Crlz,y,2) = To
_ oE? whereC},(z,y, ) is the specific heat of the tissue at the point
SAR = — Q) . : ;
2p (z,y, z) andty is the pulse duration. These two sets of governing

. . . . .. equations are discretized to the FDTD form. Following Yee's
wherekF is the amplitude of electric fields; is the conductivity, notation [20], a point in a Cartesian grid is expressed as

andp is the mass density of the tissue. Table Il gives the dielec-
tric properties of each tissue. (i,7,k) = (iAz, jAy, kAz) (12)
An E-polarized electromagnetic plane wave is assumed to
incident on the back of the head models. The frequency &id any field value” of discrete space and time is expressed as
the microwave is 915 MHz and the incident power density is
1 mWicn?. (i, 4, k) = FiAx, jAy, KAz, nAt) (13)
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.Uu(i<1..i<»1/2,k¢1) . ! "___ T L ndegilpﬂs_,e) :
Oz G-12,5, k1) t {' o
Va(-1/2,5+12, k2 1) y2 12+ L keD @ G, = ‘
G,j kD) - B > 06
O 2x G, j+1/2, k+1) A S g
—_— T 04 |
o - @ e ' |
xy( 5, k+1/2) : Vy(i-1/2, j+1, k+1/2) 0.2 :
z A{x(iym:jz_hm):“xy(i,ju,lum) 0 ;
y t """"""""""" (1,41, K 10 5 0 5 10 Ti:;[uszlo 25 30 35 40
.. ot yz (i-1/2, j+1, k) . . .
Gk 6Lk Fig. 4. Shape of (17) for 2@ pulse used in the FDTD calculation.
Cox (i, j+12, k)
Fig. 3. Staggered cell geometry for elastic-wave computation. L HL/2) <L j_,.l k.,.l)
xr 7 27 2
where At is time increment, and, j, k, n are integers. The =2~ (1/2) <i,j+%,k+%)
staggered cell for the FDTD method for elastic waves is shown
in Fia. 3 At A f. 1 1 1
g. o _ _ _ _ +— o i+ =, j+=,k+=
The field equations are discretized using Yee’s leapfrog pAL 272 2
scheme with centered finite difference, and then the update T 1 ,.+1 k+1
equations are obtained. For example, from (2), (5), and (8) we P A
have At [ . (.. 1 n . ., 1
+m |:O—acy <177+17k+§> - O—acy <1777k+§>:|
At 1 1
o, 11 1 + [of}x <i,7’+—,k+1> — <i,j+—,k>} )
O g <L+§71+§7k+§> pAZ - : 2 - : 2
wof. 1 .1 1 (16)
= O Z+§77+§7k+§
The source term¥T’/9t should be derived from (11). Instead of
+ (A2p)At [U:—(l/z) <i+1,j+l, k—i—l) simpl_y taking a time_derivat_ive of (11), we use_d the following
Az 2 2 functional form for this term in order to reduce higher frequency
_ =) [ j+1 k+1 cpmponents that cannot be efficiently computed by the finite-
* IR R difference method:
AAEL 1 1
il P R ORI NN (P ST TSI I A
+Ay [vy <L+2,J+ ) +2
1 1 T (z,y,2,t)  SAR(z,y,2)
_ n_(l/?) - - - ) ) ) — ) ) { ‘f t _ ,f t _ t }'
E <L+2"”k+2)} ot 2Cn(a,y, ) Lo et) — et (ot = o))
AAEL 1 1 17
+X [ug—“/?) <i+§,j+§,k+1> ()
) 1 1 The parameter, in (17) represents the steepness of the mi-
—y (/) <i+§,j+§,k>} crowave pulse. We assumed= 0.4 x 10° in the following
analysis (Fig. 4). In a similar way, the corresponding equations
oT <i+1,j+l, k—l—l) for updating other field values can be obtained by discretizing
_ (3 +2)At 2" 2 2 (14) (3). @, (6), (7), (9), and (10). -
ot In these calculations, the stress-free conditigh= 0 was
e <L j k+1> applied as the boundary condition at the surface of the models.
AT 2 As it may not be realistic to assume the stress-free condition
ot (i 1 on the bottom of the head models, we employed the PML ab-
= ay \ b +§ sorbing boundary on those boundaries. We used a ten-cell PML
At T with a parabolic profile of a stretching coefficient of attenuation
pAL gy (o L ] : : J -
+—Ax Uy 'L+§7J, /f+§ [22]. The theoretical reflection coefficient at normal incidence
3 1 1N is —60 dB for thep wave.
—op= /2 <L - .7 k+—> Table 11l gives elastic and thermal properties assumed in our
) 2 2) ] simulation. Lin [5] assumed the coefficient of the thermal ex-
+ J17AN =1/ <L j+1 k+1> pansion of soft tissue to be 60% of the corresponding value for
Ay | ° 22 water. We assumed the same value for the soft tissues. We used
1 N . ) i
—v;"(l/?) <i,j - k+§> (15) tbhoengoemment of thermal expansion of dentine [23] for that of
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TABLE Il 1200 j analytical solution
ELASTIC PROPERTIES OF THETISSUES[5], [23]-[25] 1000 FOTD --e--
soft tissues bone g wor
density: p ke/m?] 1050 1700 2 o0r
specific heat: Cp [1/kg C) 3860 1600 g 400
Lamé’s constant: A [GPa] 2.240 6.923 & 20
Lamé’s constant: i [GPa] 1.052x10~° 4615 SV ATAVAVAVAVAVAVAVAVAYAY
coefficient of /¢ 41x107%  1.06x107° 200
thermal expansion : a 400 .
0 50 100 150 200
Time [us]
1.2 1.2
« o; @ « 0; ®) Fig. 6. Comparison of the pressure waveforms of the analytical solution and
3 o8 3 e of the FDTD result at the center of the sphere with the SAR distribution shown
¥ oo E oo in Fig. 5(a).
g 02 A g 02
S 0 $ 0
s 02 \VARY < 02 - - .
04 04 1200 analyical sl - 1
6 4 2 0 2 4 8 6 4 -2 0 2 4 6 1000
Radius fcm) Radius {cm}
= 800
a
Fig. 5. Normalized symmetrical SAR distributions. (a) Assumed by [5], [6]. § 600
(b) Assumed by [12]. g 400
£ 200
0
[ll. SPHEREMODEL 200
A. Thermoelastic Waves for Approximated SAR Distributions 00, 50 100 150 200

Time [us]

Lin [5], [6] and Shibata [12] have derived analytical solutions
of thermoelastic waves generated in a sphere exposed to a plaler. Comparison of the pressure waveforms of the analytical solution and
microwave pulse assuming that the SAR distributions could Béthe FDTD result at the center of the sphere with the SAR distribution shown

approximated by spherically symmetric functions. Lin [5] ad" Fi9- 5().
sumed the SAR distribution at 918 MHz for a brain-equivalent 04
sphere given by 035 Local SAR —
Io sin(6mr/ro) (18) _-o: X
p  6mr/rg g s
. i . . [ 2
wherel; is the peak absorbed energyis the radial variable, 3015
andry is the radius of the sphere, which equals 7 cm simulating 0.1
an adult human head. Shibata [12] considered surface heating, 0.05
and assumed the SAR distribution given by Y E— — 5
Radius {cm]
@ <0-4 + 06%) . (19) Fig. 8. SAR distribution in a sphere along the three Cartesian coordinates at
P o /70 1 mWi/cn¥ of incident power density obtained by the exact analytical solution
These SAR distributions are shown in Fig. 5. of Mie series.
In order to verify the accuracy of the FDTD method for 1200 7 y—
elastic waves, we compared the pressure waves calculated by 1000
the FDTD method with the analytical solutions of pressure a0
waves in a sphere assuming the same SAR distributions as they £ o A A
used. The pressugeis defined as follows: % 400
£ 200
p= % ‘ Z Tig- (20) _202 /\v
PETYE -400
] 50 100 150 200
Figs. 6 and 7 show comparison of the FDTD results and the Time [us)

analytlcal solutions of pressure waves at the center of the Sph‘?rur&'g. Pressure waveform at the center of the sphere calculated by FDTD

The incident power density was 1 mW/€rand pulse duration method assuming the exact SAR distribution shown in Fig. 8.
was 20u:s. The results agreed well, which confirmed validity of

our FDTD coding. solution [26] (Fig. 8). Fig. 9 shows the calculated pressure
. o waveform at the center of the sphere.
B. Thermoelastic Waves for the Exact SAR Distribution Compared with Figs. 6 and 7, the waveform for the exact SAR

Thermoelastic waves are computed by the FDTD methalistribution is similar to Fig. 7 rather than Fig. 6. This result sug-
using the exact SAR distribution calculated by the Mie seriggsts that the surface heating is important in generating elastic
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) o . Fig. 12. Pressure waveform at the cochlea of Model 1 exposed to a single
Fig. 10. SARdistribution in Model 1 exposed to 915-MHz plane waves, whloﬁb_ﬂs pulse at 915 MHz, 1 mWictn

are incident on the back of the head.
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Fig. 13. Pressure waveform at the cochlea of Model 2 exposed to a single
Fig. 11. SAR distribution in Model 2 exposed to 915-MHz plane waves, whick0+S pulse at 915 MHz, 1 mWi/ctn
are incident on the back of the head.

— 5 . 5
waves. That is, surface heating excites the fundamental mode§ . IAAA ? 2 i
of the elastic waves, while the SAR distribution without surface {; . Wi \Hﬁﬁ {; o ﬁLHvﬂmi
heating mainly excites higher modes. T @ AN : a/HH
z = L} : =
1 10 100 1 10 100
IV. HUMAN HEAD MODELS Frequency {kkz] Frequency [kHz]

Figs. 10 and 11 show the calculated SAR distributions at (@ (b)

915 MHz for the anatomically based models. The peak 1-g a¥g. 14. Power spectra of the elastic waves at the cochlea. (a) Model 1. (b)
eraged SARs for 1 mW/cfrare 0.30 and 0.34 W/kg for Model Model 2.
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 265 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  19gus 12045 140ps 160us 180s
in 7-9 kHz. These peaks correspond to the resonant frequencies
of pressure waves in the head. Figs. 15 and 16 show the Bg-15. Sequence of the distribution of pressure waves in Model 1.
guence of the distribution of pressure waves in a cross section
of the head. These figures show that the wavefront is initiated in TABLE IV
the back of the head, where the large SAR appears, focuses on CALCULATED VALUES OF PEAK PRESSURE
the center, and then reverberates many times.

del hl hole head
The calculated values of peak pressure at the cochlea and the o cochea Whoenea
. L . Model 1 83 uPa 270 uPa
maximum peak pressure within the head models are shown in Model 2 70 uPa 590 uPa
Table IV. The largest pressure appeared near the center of the Sphere model - 670 puPa
head in the anatomically based models as well as in the sphere Sphere modell - 120 pPa
model. The maximum peak values were of the same order. Sphere model - 1000 pPa

ttcalculated by analytical solution given in [5], [12] respectively.

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 60RB (20 ;.Pa) or 20 00QwPa at frequencies of 5-10 kHz [27]. The
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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 10@s, and then increases again with
longer pulsewidth.
The resonance frequency of pressure waves in the head has
: i been shown to be 7-9 kHz in our analysis. A microwave pulse
100pus 120ps 140ps 160us 180us with duration of a half-cycle of the resonant frequency, i.e.,
about 50us, 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-
16 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.

£

Fig. 16. Sequence of the distribution of pressure waves in Model 2.

Relative loudness [dB)

V. CONCLUSION

1 10 100 1000
Pulse width [us)

Numerical studies on the microwave hearing effect have been
Fig. 17. Pulsewidth dependencies of the calculated peak pressures an ented in this paper. We derived the formulation to update the
perceived loudness obtained experimentally. The experimental data is from ﬁ!ld variables in the elastic-wave equations with thermal stress
which was given in [13]. . .
9 = by the FDTD method. The validity of the FDTD analysis for
elastic waves was confirmed through comparison of the numer-

TABLE V ical results with the analytical solutions in a sphere model.
COMPARISON OF THESTRENGTH OF MICROWAVE-INDUCED SOUND AT The elastic waves excited by microwave pulses were nu-
THRESHOLD OFPERCEPTION ANDULTRASOUND USED IN MEDICAL DIAGNOSIS . . .
merically calculated by the FDTD method developed in this
MW-induced sound _ diagnostic ultrasound paper. Two anatomically based head models were employed.
peak pressure 0.18 Paf 7700 Pa The waveforms of calculated pressure waves were different
power density 1.0 x10™ mW/cm? 2 mW/cm? from the previously reported ones. It was especially shown that

displacement 0.0023 nm 0.33 nm
tpeak pressure at the cochlea is 0.02 Pa.

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
calculated peak pressures at the cochlea are 83 apdP@0in than that in a sphere model. The resonant frequencies in the
Model 1 and Model 2, respectively, for 1-mW/énincident head were estimated to be 7-9 kHz. The pulsewidth depen-
power density and 2@s pulsewidth. Hence, the power densitylency of loudness of microwave hearing was explained by the
of 300 mW/cn? is required to make the same order of the peadimulations with realistic head models.
pressure as the threshold of bone conduction hearing. ThisThe strength of the pressure waves was evaluated to consider
magnitude of power density is near the reported thresholdtbke safety of this phenomenon. The peak pressure of elastic
microwave hearing [8]. waves in the realistic head models were of the same order as
Diagnostic ultrasound generally ranges from 2 tthe previously reported values obtained with a homogeneous
500 mW/cn? in spatial peak temporal average (SPTA¥phere model assuming a symmetrical SAR distribution. The
value [28]. A comparison is given in Table V between thpeak pressure, power density, and displacement of this phenom-
strengths of microwave-induced pressure at the perceptemon were much less than the average values of those quantities
threshold and the ultrasound for medical diagnosis. We assuafeiltrasound used in medical diagnosis. It was suggested that
here a plane wave at 2.5 MHz for diagnostic ultrasound. Tinéicrowave hearing is not likely to be hazardous with regard to
microwave-induced pressure is far smaller than ultrasoutite strength of pressure waves.
for medical diagnosis. We should note that the spatial peakHowever, further studies will be necessary to establish the
temporal power (SPTP) of diagnostic ultrasound is much highsaifety of this effect. Although Lin [4] showed that thermoelastic
than the value in Table V. Hence, it is suggested that microwastess was dominant over strictive force and radiation pressure
hearing effect at the threshold level is not likely to be hazardobased on the calculation with the homogeneous model, we
with regard to the strength of the pressure waves. cannot conclude that it is also true in an actual human head,
It has been reported that the loudness of microwave hearinbich is highly heterogeneous. Direct interaction of high peak
depends on the pulse duration [1], [7]. Fig. 17 shows the calectric field with tissue also cannot be excluded. The numerical
culated peak sound pressures at the cochlea in the head moaletdysis of elastic waves in a heterogeneous structure presented
as a function of pulsewidth. It also shows the experimental rig-this paper will contribute to further studies on the interaction
sult of perceived loudness as a function of pulsewidth obtainbdtween pulsed electromagnetic fields and biological bodies.
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