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Microwave Power Absorption in a Biological

Specimen Inside a Standing-Wave

Irradiation Waveguide

OSAMU FUJIWARA AND YOSHIFUMI AMEMIYA

Abstract —An irradiation system consisting of a standing-wave in a

wavegoide is a convenient way to study biological effects of the individual

components of the microwave fields. This paper describes microwave power

absorption in a’ biological specimen exposed to standing waves inside the

waveguide with a reflection plate. A method is presented to obtain the

absorbed power dktribution and total power absorption in a prolate

spheroidal model of a specimen having small dimensions compared to the
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guide wavelength. Numerical results on the pupa of Tenebrio molitor are

given, and also verified experimentally.

I. INTRODUCTION

In investigating biological effects and potential hazards of

electromagnetic (EM) radiation, many detailed theoretical

analyses of the EM power absorption in various tissue-equivalent

models have recently been performed. In this type of analysis,

either plane-wave irradiation in free space [1 ]–[5] or traveling-

wave exposure in waveguide [6], [7] has usually been considered,

and thus electric and magnetic fields were assumed to interact

simultaneously with the biological tissue.

Of particular interest here are interactions of individual electric

and magnetic field components of microwave fields with the

tissue, for which no theoretical analyses have previously been

made.

In order to investigate separately the effects of the electric and

magnetic fields on biological specimens such as animal, insect,

bacteria, etc., a standing-wave irradiation waveguide system is

convenient. This paper presents a method for calculating the

absorbed power density and total absorbed power in such speci-

mens modeled as prolate spheroids inside the waveguide with a

reflection plate, when the guide wavelength is long compared to

the spheroidal dimensions.

Numerical calculations on the Tenebtio pupa, which has often

been used to study the microwave biological effects [8]-[1 1], are

given as au example, and the results are compared with experi-

mental measurements.

II. THEORY

A. Standing-Wave Irradiation Waveguide

Fig. 1 shows a standing-wave irradiation system using a rectan-

gular waveguide. Biological specimens are mounted in styrofoam

and inserted along the center line of the waveguide at half

intervals of a guide wavelength A ~.

In terms of the rectangular coordinates shown in Fig. 1,

standing-wave fields inside the empty wavegtside which operates

in TEIO mode can be written by

E,=(-j2Ef)cos(7rx/a) sin[2vr(z-d)/L,]

. exp( jwt – j2vrd/A8)j

U+, = (–2Ef/qo)(A/~g) cos(~~/a)

.cos[2w-(z -d)/Ag] exp(jut-j2nd/Xg)2

+(–2~f/~0)(~/2a)

. sin(wx/a)sin[2T(z – d)/Lg] exp(jkri – j2Td/Ax)2

where E, and l+, are electric and magnetic field vectors, respec-

tively. q. is the free-space intrinsic impedance, A is the free-space

wavelength, and Q is the angular frequency. Ef represents the

amplitude of the incident electric field, which can be calculated

simply from Ef = 2 ( X~/X) ( I“. qo/ab) where Pf is a forward

power into the waveguide. 2, j, and f are the unit vectors in the

x, y, and z directions, respectively.

When the biological specimen has dimensions small enough

compared to the guide wavelength X ~ and the waveguide width a,

the specimen placed at the origin is exposed to the following
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Fig, 1. Standing-wave irradiation waveguide.

Fig. 2. Prolate spheroidal model of biologic~ specimen and its coordinate
systems.

uniform electromagnetic fields:

E,= E,j = (j2Ef )sin(2nd/Ag)exp (jcot – j2m.i/Xg)j

H.= H,i=(-2Ef/qo)(~ /~g)

. eos(2mi/Ag)exp(jut – j2mi/Ag)2. (1)

B. Microwave Power Absorption

Fig. 2 shows a prolate spheroidal model of the biological

specimen and its rectangular coordinate systems.

The coordinate system of O-x’y’z’ in which the -y’-axis coin-

cides with the major axis of the spheroid is chosen here. This

system is obtained by rotating a system of O– xy”z’ counter-

clockwise to an angle@ on the z’-axis, where the O– xy “z’ system

is given by a left-handed rotation of the O– xyz system to an

angle O on the x-axis. Then, the relationship between the coordi-

nates of (x, y, z) and (x’, y’, z’) can be formulated as

11[
x Cos + sin $ 0

1[1

x’

Y= –cos(?.sin~ Cos e .Cos $ sinfl * y’ . (2)

z sin e.sin ~ –sin O.cos* Cose z’

From (2), the standing-wave fields of (1) can be changed in

terms of the system O-x ‘y ‘z’ into

E,= E,(–cos O.sin@’ +cos6. cos@j’+sin02’) (3)

ltil~ = lf~(cos+f ’+sin+j’) (4)

where x’, y‘, and z‘ are the unit vectors parallel to the coordinate

axes of the O– x’Y’z’.

In order to obtain internal electric fields in the prolate spheroid

exposed to the standing-waves of (3) and (4), quasi-static ap-

proaches developed by Dumey et al. [2] and Shiau and Valentino

[12]’ could be applied independently.

Assuming that the spheroid consists of homogeneous material

with a complex relative permittivity c~= c., – je.,, and a free-space

Fig. 3. Papa of Tenebrio mofitor.

permeability PO, quasi-static solutions are given by,

E== E.(– UhsinQ. sin@’+ U,cos O.cos Gj’+ UhsinOi’)

IEfi = jOpOH~{– (z’/2)sin@2’+ (tf~/2u~ – l)z’sin$j’

+[(x’/2)sin@ –(u&l/2u~- l)y’sin@]2’}

where

U,=l/{l +(~r-l)(u; -l)[uOcoth-’(uO) -l]}

uh=l/{l+ (1–c,)(uo/2)[(sf 3Jl)cotl#(uo)-uo]}

u~ = I/4m .

E. and !E~ represent internal electric fields induced electrically by

(3) and magnetically by (4), respectively. A total internal electric

field E is given by a sum of the above quasi-static solutions, i.e.,

E=lEe+Eh.

A time-average absorbed power density P which represents the

absorbed power distribution in the spheroid can be calculated

from

P = (u/2)lEl* (5)

where o is a conductivity y of the spheroid denoted as u = o c~C~,,

(6.: free-space permittivity).

A time-average absorbed power Pa (that is, the total absorbed

power) is given by the volumetric integral: Pa= JvPdo, which

can be reduced to

P 167rc,<r
-.s=

(
, * [lU,12cos20sin2@ +KJ,\2cos2@cos2@

‘f m

()

2

+lUk12sin2t9] sin2(27rd/Ag)+ ~ ~
g

“(
~r’sin’++ ‘
2 )

- COS2 @ xcos2(2md/&)

}

(6)

where V is the spheroidal volume V= 4 mlr2/3.

C. Nu;erical Calctdations

In order to give numerical calculations on the microwave

power absorption described above, consider a pupa of Tenebrio

tnolitor shown in Fig. 3, which has often been used in experi-

ments for microwave irradiation studies [8]–[ 11].

A typical pupa has a 15-mm length and a 5-mm diameter with

a mass of 150 mg. The exposure electromagnetic field is taken as

2-G& band microwave, the wavelength of which is long enough

compared to the pupal dimensions. Thus, the waveguide unit

considered here is WRJ-2 (equivalent WR-430) waveguide with

a = 10.922 cm and b = 5.461 cm in cross section, which is de-
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Fig. 4. Pupa orientations for exposure.

signed to operate in the TE,0 mode within the frequency range of

1.7-2.6 GHz.

Fig. 4 shows the three primary orientations of the pupa for

exposure in the waveguide, whose definitions are as follows. The

A and B orientations are obtained in Fig. 2 by 6’=+= O, 9 = O,

and $ = r/2, respectively. The pupae placed in these orientations

are exposed to electric and magnetic fields in parallel with the

pupal major axes, respectively. The C orientation is given in Fig.

2 by O = 7r/2 and @= O. In this case, both the electric and

magnetic field vectors are perpendicular to the major axis of the

pupa.

The relative permittivity at a given frequency for the Tenebrio

pupa might be estimated under the assumption that the pupal

perrnittivity has the same kind of Debye-type dispersion char-

acteristics that body tissues have [13].

Using the values of c,= 30 – jl 8 at 9 GHz measured by

Lindauer et al. [9] and Schwan’s equations that express well the

electrical properties of nearly all body tissues with high water

content [14], the relative permittivit y c, = c,, – jc ,,7 as a function

of frequency for the pupa can be expressed by

c,J=5+30/[l +( f/fo)2]

crj=13+ 30x( f/fo)2/[l+(f/fo)2] (7)

where ~0 = 20 GHz.

Fig. 5 shows numerical values of the total power absorption in

the pupa simulated by the prolate spheroid placed in each ex-

posure orientation of Fig. 4, which were calculated from (6). The

ordinate shows the total absorbed power in the spheroid normal-

ized to the forward power into the waveguide. Notice that the

2-GHz band microwave power absorbed by the spheroid is

extremely small compared to the forward waveguide power.

Fig. 5(a) shows the power absorption due to the electric field

given by d = (2 n + 1) Ag/4 in (1) where n is a nonnegative

integer. As seen from the figure, the exposure in the A orientation

causes the highest power absorption in the spheroid. This can be

explained qualitatively by the electric field coupling to the

spheroid [2], which is strongest in the A orientation because of

the field boundary conditions such that the tangential electric

field must be continuous at the spheroidal surface.

Fig. 5(b) shows the power absorption due to the magnetic field

given by d = nA~/2 (n *O) in (l). Note that the magnetic field

exposure in all orientations causes smaller power absorption than

the electric field exposure. It is found in Fig. 5(b) that the

exposure in the B orientation causes the lowest power absorption

in the spheroid. This is qualitatively because the spheroid in the B

orientation intercepts less magnetic flux than those in the A and

C orientations [2].

Fig. 6 shows numerical values of the absorbed power density

along the x, y, and z axes of the spheroid, which were calculated

from (5). The ordinate shows the relative absorbed power density

in the spheroid normalized to the total absorbed power per unit
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Fig. 5 Calculated 2450-MHz microwave power absorption in pupa simulated
by a prolate spheroid exposed to (a) electric field aud (b) magnetic field.
Relative permittitity calculated for the pupa is 6,=35 – J 13 at 2450 MHz.

volume of the spheroid. Notice that the absorbed power density

and the totaf absorbed power can be controlled independently by

the distance from the spheroid to the shorting plunger and by the

forward waveguide power, respectively.

The dotted lines of Fig. 6 show the cases of the spheroid

exposed to the electric field. The broken curves show the cases of

the spheroid exposed to both the electric and magnetic fields, the

magnitudes of which are Z times larger than those in the case of

the traveling-wave irradiation inside a terminated waveguide. The

solid curves show the cases of the spheroid exposed to the

magnetic field.

The calculated results in the case of d/AF = 0.375 are qualita-

tively similar to those on the spheroid irradiated by plane waves,

which were obtained by Johnson et al. [15]. However, the results

in other cases are quite different.

As seen from Fig. 6, the absorbed power density in the case of

d/ Ag = 0.250 is uniform inside the spheroid and thus the electric

field exposure causes the homogeneous heating in the spheroid.

On the other hand, in the case of d/Xg = 0.500, the absorbed

power density is significantly small in the vicinity of the ongin

inside the spheroid and high on the spheroidal surface. Thus, the

magnetic field exposure causes the inhomogeneous heating simi-

lar to the conventional caloric heating.

It is concluded from the above results that the 2-GHz band

standing-wave fields significantly produce the different absorbed

power distributions, which might cause the different biological
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Fig. 6. Calculated spatial distribution of 2450-MHz microwave power
absorption in a pupa equivalent to a prolate spheroid with f = 6.8 mm and
r= 2.3 mm (V= 150 mm3).

effects on the pupa, even though the total

to each exposure field are all the same.

III. EXPERIMENTS

A. Experimental Method

absorbed powers due

In order to confirm the numerical results described in the

previous section, experiments on the 2-GH2 band microwave

exposure are carried out by using the standing-wave irradiation

waveguide as shown in Fig. 1. The waveguide unit used was the

WRJ-2 waveguide. One-day-old living pupae were chosen for

exposure samples.

The total power absorbed by the pupa is obtained by measur-

ing the gradient of an initial temperature rise due to the exposure

standing-wave. The temperature rise is monitored by imbedding a

fine chromelalumel thermocouple (diameter: 76 pm+) in the

abdomen of the sample pupa. Exposure of the thermocouple

itself to the standing-waves inside the waveguide produces no

measurable temperature rise, since the lead wires are placed

perpendicularly to the electric field vector.

B. Results and Discussion

Fig. 7 shows measurements of the initial temperature rise in the

pupa exposed to the electric field given by d/Xg = 0.75. The

f f I I 1 r , 1 I 1 I

o: A O~TI@?
● : B OP.D3?3ATI@? } MEASURED

A: C O~T2c14
/

— EMPIRICAL
EQUATION

(=0.999)

(FO.999)

CORRELATION
COEFFICIENT

J 1 1 1 I 1 # 1 , I

1 2 5 10 20

EXPOSURE TIME t (s) ‘

2011

Fig. 7. Measurements of initial temperature rise in pupa exposed to the
electric field given by d/Ag = 0.75. Pupa mass= 157 mg, f= 2485 MHz,
P,=lo w.

1.0 -0: A 0R3TN3ATICN
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A: C ORIENI’ATICN

@ 0.8 -
A O~TI~

o
Pi

n
M
~ 0.6 -
0
m
!32

— CALCULATED
<

~04 _

~

2

0.2 -

0.0 . I

0.5 0.6 0.7 0.8 0.9 1.0

d/kg

Fig. 8. Relatwe absorbed power in pupa exposed to standing-wave fields.
Pupa mass = 157 mg, f = 2485 MHz, Pf = 10 W,

solid lines shows empirical equations that express the measured

temperature rise AT, which were obtained by a least-squares

method.

The initial temperature rise of Fig. 7 can be assumed to be the

same at all points inside the pupa because of the uniform

absorbed power density. Thus, the totaf absorbed power Pa can

be given by

P.= mC(dAT/dt) (8)

where m is a pupa mass and C is a specific heat of the pupa.

In the case of the magnetic field exposure, (8) is not valid

because the absorbed power density is highly nonuniform. How-

ever, under the assumption that the thermal time constant of the

pupa is sufficiently small compared to the exposure time, (8)
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would also be applicable to the case of the magnetic field

exposure.

Fig. 8 shows experimental results on the total power absorp-

tion in the pupa exposed to the standing waves. The ordinate

shows the relative absorbed power which is obtained from (8) by

normalizing the measured value of the dA T/dt to that in the

A-oriented pupa of Fig. 7. The abscissa shows the relative dis-

tance from the pupa to the shorting plunger normalized to the

guide wavelength. The solid curves show the values of the relative

absorbed power calculated from (6), which approximately agree

with the experimental results.

As regards the parameters for calculations, the pupa mass

m = 157 mg and the pupa diameter 2 r = 4.8 mm were both

measured. The pupa length 1= 6.5 mm was obtained from 1=

3m /4 npr2 where p is a density of the sample pupa assumed to

be 1 mg/mm3. The relative permittivity c,= 35 – j13 at the

experimental frequency ~ = 2485 MHz was calculated from (7).

IV. CONCLUSIONS

The microwave power absorption in the biological specimen

modeled as the prolate spheroid inside the standing-wave irradia-

tion waveguide has been examined theoretically with respect to

the exposure orientation.

The absorbed power distribution and total power absorption in

the spheroid with dimensions small compared to the guide wave-

length were obtained in simple closed form expressions.

Numerical calculations on the Tenebrio pupa were presented,

and the results on the total power absorption were confirmed

experimentally.
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Comparison of AM Noise from a Klystron and an

IMPATT Oscillator at around 90 GHz

G. A. EDISS, N. J. KEEN, AND P. ZIMMERMAN

Abstract —Tfds paper reports comparisons between the ampfitude modu-

lation noise performance of a Plessey IMPA’JT oscillator AT0273 and a

Varian VRB-2113 klystron at millimeter wavelengths.

I. INTRODUCTION

Millimeter-wave radiometers require stable sources of local-

oscillator (LO) power, with low amplitude modulation (AM)

noise levels at ~~o + ~lF. The frequency modulation (FM) and

AM noise close to the carrier is also important, but within

approximately 1 MHz of the carrier this can be greatly reduced

by the use of phase lock loops (PLL) [1], but the use of a PLL

will have no effect upon the oscillator noise outside this range.

The presence and effect of such AM noise far from the carrier

has been demonstrated by Cong and Kerr [2] who showed that

the AM noise-to-carrier ratio of a doubled 57-GHz klystron was

equal or better than that of three klystrons operating between 110

and 114 GHz, and by Tearle and Heath [3] who showed the effect

of sideband noise of IMPATT pumps on parametric amplifier

noise temperatures.

Recent advances in IMPATT diode technology to increase

power capability, lifetime], and the use of high-Q waveguide

circuits to reduce the noise of these devices (see, for example,

Gokgor et al. [4], Berson and Kuno [5], and Bischoff and Schroth

[6]) suggest that IMPATT oscillators can replace klystrons as

local oscillators at frequencies up to 100 GHz.

II. THE MEASUREMENTS

The double sideband noise temperature of a low-noise mixer

was measured using the standard hot-and-cold load technique [7].

As shown in Fig. 1, the local oscillator was coupled into the

mixer through a directional coupler, and two waveguide

resonant-ring filters were used to further reduce the far-from-car-

rier noise. The filters were successively removed and the system

noise temperature was measured with room temperature and

liquid nitrogen loads in front of the horn, and with a noise source
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