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A bstract— The power absorption characteristics of the prolate spheroidal
model of an average man have been studied when the model is exposed to
the near fields of an arbitrarily located small loop antenna. An integral
equation is formulated and the fields radiated by the loop are expanded in
terms of the vector spherical harmonics. This equation is then solved using
the extended boundary condition method (EBCM).

For three different loop-spheroid configurations, the power distribution
and the average SAR have been calculated as a function of the frequency
and the separation distance. It is shown that the results obtained for
separation distances larger than A /2 agree well with those obtained from
the plane wave exposure case. Furthermore, the average SAR values
calculated as a function of separation distance for the case where the
magnetic dipole moment is aligned parallel to the major axis of the
spheroid are found to oscillate around the constant value obtained from the
H-polarized plane wave exposure case. On the other hand, the average
SAR values for the E-polarization case (inagnetic dipole is parallel to the
spheroidal minor axis) are found to increase monotonically with the
decrease in separation distance. It is also shown that despite the com-
plicated nature of the near fields, the absorption characteristics can still be
explained in terms of the variations of the incident radiation. These loop
results, together with those obtained from other simple soures [1], [2], can
be used as building blocks in arriving at a qualitative understanding of the
near-field absorption characteristics for more general exposure cases.

I. INTRODUCTION

ANY MEDICAL and industrial applications utilize

radiofrequency sources operating at lower frequen-
cies (typically, around 27 MHz). The near fields of these
sources extend over large distances from the source, and
hence the operating personnel are exposed mainly to near-
field radiation. The hazardous effects due to these near
fields, however, are different and less understood than
those due to the extensively studied plane wave exposure.
This is because of the complex characteristics of the near
field, including the arbitrary angle between E- and H-fields,
a wave impedance that is different from 377 Q, and the
general presence of the reactive energy components [3], [4].
Therefore there has recently been an increasing interest in
the near-field absorption characteristics of biological ob-
jects.

In an attempt to study the absorption characteristics of
near-field exposure, Iskander et al. [1], studied the ex-
posure of a prolate spheroidal model to the near field of a
short electric dipole. They observed that the average SAR
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oscillates about the plane wave results, and indicated possi-
ble SAR enhancement in the regions of small radii of
curvature. Along the same lines, the same model was
exposed to the near field of a small current loop antenna
aligned coaxially about the major axis of the spheroid [2].
The distinguishing feature of the latter configuration is the
absence of the electric field along the major axis, which
results in significantly different radiation fields than those
involved in the electric dipole case. From the coaxial loop
results it was observed that there is no power absorbed
along the major axis of the spheroid and that the heating is
mainly confined to the vicinity of its surface. These results
are of particular importance in hyperthermia, where exten-
sive efforts are being directed towards achieving deep
tissue heating by a coaxial coil carrying RF power at about
27 MHz [5]. Furthermore, in both of the above cases, it was
possible to qualitatively explain the near-field absorption
characteristics in terms of the characteristics of the incident
fields.

In order to study the absorption characteristics of the
block model of an average man being illuminated by
realistic sources, the plane wave spectrum approach [6], [7]
was used by Chatterjee er al. [8], to decompose the electric
field, measured near a 27-MHz RF sealer, into an angular
spectrum of plane waves, and the power distribution in the
block model was calculated. It was observed that the SAR
is not highly sensitive to spatial variations in the phase of
the incident field, a result of major importance in near-field
dosimetry since phase measurements are much more dif-
ficult than magnitude measurements to make. Their results
also indicate that good estimates of the SAR may be
obtained by using a convenient mathematical function to
approximate the actual incident field distribution, which
may itself be difficult to handle.

Although these results present a promising step towards
analyzing the possible near-field effects, no general conclu-
sions can be drawn from these simplified and special
exposure cases. The characteristics of near fields vary
greatly from source-to-source, since they depend on the
specific dimensions and characteristics of their sources.
Therefore, it is difficult to categorize these near fields and
to classify their absorption characteristics. Consequently, it
is very important to obtain as much qualitative under-
standing about the near-field absorption characteristics as

0018-9480 /81 /0600-0588%00.75 ©1981 IEEE



LAKHTAKIA et al.: NEAR-FIELD ABSORPTION IN PROLATE SPHEROIDAL MODELS

at

R e e e e ™
<

Fig. 1. Schematic diagram illustrating the position of the current loop
source irradiating the spheroidal model; a and b are the semimajor and
semiminor axes, respectively.

possible. If a few simple sources of sufficiently different,
but exactly known, near fields are analyzed, general con-
clusions drawn from these analyses may be used as build-
ing blocks in arriving at a qualitative understanding of
near-field absorption for more realistic and complicated
irradiation conditions. We have undertaken the analyses of
a few simple sources [1], [2], [9], and in this paper we
describe the power absorbing characteristics of a prolate
spheroidal model of an average man irradiated by the near
field of an arbitrarily located small loop antenna. The
problem is formulated in terms of an integral equation that
involves the transverse dyadic Green’s function. The fields
radiated by the current loop are expanded in terms of
the vector spherical harmonics, and the electromagnetic
boundary value problem is solved using the extended
boundary condition method (EBCM) {10].

II. FoRMULATION

Consider a small loop carrying a constant current
I,exp(—jwt) and located at a point 7 with respect to a
prolate spheroidal model, as shown in Fig. 1. By using the
equivalence principle, the fields induced inside the spheroid
are replaced by their equivalent electric and magnetic
surface current densities [11]. Therefore, upon applying the
boundary conditions on the surface of the spheroid and
equating the total fields in the interior of the model to zero,
it is easy to obtain the following relationship between the
incident electric field and the surface current densities [11]:

VX/;(ﬁXE)-C_;(kﬂkF’)ds— (ﬁxﬁ)\

G(kr|kr)ds—~E(' 7y (1)

where 7 is the unit outward normal on the surface S of the
spheroid, and (#XE) and (AX H) are the equivalent mag-
netic and electric surface current densities on the surface S.

E'(7,7") is the incident electric field at a point 7 due to the
current loop located at 7'. The transverse dyadic Green’s
function G(kF|k#’) is given by [12]
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where j,(x) and h{D(x) are, respectively, the spherical
Bessel function and the spherical Hankel function of the
first kind, and X,,, (0, ¢) is given by [13]

_ 1 _
Xym(0,0)= ——=LY,,(0,9) (3)
yn(n+1)
where the operator L is defined as
L= —j(Fxv)
2n+1 (n—m)! imo
1n0.0)= [ 2L T paosg)ems (3

and P"(cos #) is the associated Legendre function.

In order to reduce (1) to a system of simultaneous
equations, it is necessary to expand the internal and the
incident fields in terms of the vector spherical harmonics
[14] and to apply the orthogonality properties of those
functions. The unknown expansion coefficients of the in-
ternal fields are then determined by using the EBCM.

For a small current loop with magnetic dipole moment
M, it can be shown that the incident electric field is given
by

Mo
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where the radial dependence takes into account that the
spheroid lies wholly inside the sphere r=r’. The expansion
coefficients az(n, m) and a,,(n, m) are given by [15]
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The expansion in (5) can be expressed in a more con-
venient form by using the vector spherical wave functions
M) and N! = as defined by Stratton [14]. It is easy to

gmn amn . T e . .
show that the incident electric field is given in terms of

these functions by
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Similarly, the internal electric field is expanded in terms
of theM! —and N functions as given by
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Here, C,,,, and D,,, are the unknown expansion coeffi-
cients, and are obtained by using the procedure outlined

earlier in this section.
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ITI. NUMERICAL PROCEDURE AND RESULTS

To obtain the expansion coefficients of the internal
fields, the incident field expansion in (8) is programmed
and used in (1). The program is considerably simplified,
however, by choosing only specific locations for the loop.
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Fig. 2. Comparison between SAR distributions (W /kg) at 27 MHz for
a man model. (a) Current loop located at r’'/A>2, M=M,5p, 8’=90°,
¢'=0°. (b) E-polarized plane wave radiation with incident power
density of 1 mW /cm? [11].
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If, for example, the loop is assumed to be located in the
¢’ =0° plane, the terms involving sin m¢’ in the expansion
coefficients ag(n, m) and a,,(n, m) reduce to zero. This
assumption does not limit the generality of the problem
since the prolate spheroidal model is symmetrical around
the z axis, and so the calculations are not affected by the
choice of a specific ¢’=constant plane. Similarly, if 8’ is
given the value of 90°, it is easier to calculate the spherical
harmonics. The particular value of 8’ is chosen so as to
correspond, if applicable, at large values of r’ /A, to the E-
or H-polarizations for the incident plane wave case [16].

A computer program to solve for the internal field
coefficients on the UNIVAC 1108 computer was written,
and the SAR distribution and the average SAR values were
calculated at different frequencies for the prolate spheroidal
model of an average man (a=0.875 m and a/b=6.34).
Relevant information about the complex permittivity of
the model as a function of frequency was obtained from
the Radiofrequency Radiation Dosimetry Handbook [17).

The SAR at any point 7 inside the spheroid is calculated
as

(10)

where o is the conductivity of the model. The average SAR,
on the other hand, is obtained by integrating the absorbed
power distribution over the volume of the spheroid and
taking advantage of the symmetry conditions.

Consider the case where the loop is located at ¢'=0°
and 6’=90°, and that the magnetic dipole moment M is
oriented along the y-direction (i.e., the loop is contained in
the x—z plane). This irradiation condition at large r’/A
corresponds to the case of the E-polarized incident plane
wave. The SAR distribution obtained for this case at large
r’ /A is compared with the E-polarized plane wave case in
Fig. 2. In the results given in Fig. 2, the dipole moment M
is normalized so that the average SAR values obtained for
a loop at large distance from the spheroid are equal to
those values obtained from the plane wave irradiation case
with incident power density equal to 1mW /cm?. This
normalization constant does not affect the relative distri-

SAR(7)= —;—a | E=(7, 7)) 2
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Fig. 3. SAR distribution (W /kg) in a spheroidal model of man at 27
MHz and as a function of loop location. M=M, 3, §"=90°, ¢'=0°. (a)
r'/A=2.0. (b) ¥’ /A=0.5. (c) r' /A=0.15.
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Fig. 4. Normalized average SAR values for a spheroidal model of man
at 27 MHz and 45 MHz. The loop has a magnetic dipole moment
M=M,7 and is located at ’=90° and ¢'=0°. The SAR values are
normalized with respect to their plane wave value.

bution since it is used only to scale the absorbed power
values. Furthermore, since the far-field radiated power
density is inversely proportional to the square of the dis-
tance from the loop, the normalization constant is also
used to eliminate this distance dependence in this compari-
son. This procedure thereby ensures that the resulting
differences, if any, can be attributed to the reactive energy
existing in the near zone.

The power distribution in a spheroidal model of an
average man is shown in Fig. 3 for different separation
distances r’ /A at 27MHz. At this frequency the complex
permittivity is € =78.5 and €¢”=270.0. From Fig. 3 it is
clear that at large r’ /A the distribution is similar to that of
the corresponding E-polarized plane wave case [16], while
significant variations are observed for very small values of
r'/A.

The average SAR values are plotted, in Fig. 4, as a
function of the normalized separation r’/A for the man
model. It should be noted that the average SAR for ' /A>
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Fig. 5. Comparison between SAR distributions (W /kg) at 27 MHz for a
man model. (a) Current loop located at »'/A>2, M=M, %, §’=90°,

¢’'=0° (b) H-polarized plane wave radiation with incident power
density of 1 mW /cm? [11].
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Fig. 6. SAR distribution (W /kg) in a spheroidal model of man and as a
function of loop location. M=M, 2, §’=90°, ¢’=0°. (a) r' /A=2.0. (b)
r' /A=0.5. () r' /A=0.15.

0.5 has almost the plane wave value because of the normal-
ization procedure outlined above. Furthermore, the average
SAR continues to increase with the decrease of the normal-
ized distance r’/A.

For the second case, the loop is assumed to be located at
¢'=0° and §’=90° and is oriented in the x-y plane so that
the magnetic dipole moment M points in the z direction.
At large values of r’ /A, this orientation corresponds to that
of H-polarization for an incident plane wave case [16]. Fig.
5 compares the power distribution in the model of an
average man when it is exposed to a current loop oriented
as described above and to an incident H-polarized plane
wave of power density 1 mW /cm?. The dipole moment is
scaled in order to correspond to the plane wave case at
large separation distances.

The SAR distributions in the model of an average man
are shown in Fig. 6 at 27MHz for different separation
distances. It is clear that although the distribution is simi-
lar to the corresponding plane wave SAR distribution at
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Fig. 7. Normalized average SAR values for a spheroidal model of man
at 27 MHz and 45 MHz. The loop has a magnetic dipole moment
M=M,? and is located at #’=90° and ¢’=0°. The SAR values are
normalized with respect to their plane wave value.
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Fig. 8. Normalized SAR (W /kg) distribution in a spheroidal model of
man at 27 MHz as a function of the separation distance r’. The
magnetic dipole moment of the loop is M=M, % and the loop location
is 67=90° and ¢'=0°. (a) r’/A=2.0. (b) r'/A=10. (c) #'/A=0.5. (d)
r/A=02.

large r’ /A, significant variations are observed for shorter
separation distances. The average SAR values are plotted
against the normalized distance »'/A in Fig. 7, where it
may be seen that for »'/A>0.5, the average SAR agrees
with the plane wave value. As the value for r’ /A continues
to decrease further, the average SAR first drops to a
minimum and then continues to increase monotonically.
Finally, the loop is assumed to be located at ¢’=0° and
#’=90° and oriented such that the magnetic dipole mo-
ment is along the x direction. Consequently, the magnetic
dipole is aligned along a minor axis of the spheroid. The
normalized SAR distributions in the man model are shown
in Fig. 8, at 27 MHz and for different separation distances.
From this figure it is clear that no power is absorbed along
the x axis because the electric field along this axis is zero,
and most of the power is absorbed in the lateral regions of
the model. The latter simply results in an SAR enhance-
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ment at the two ends of the major axis of the spheroid.
Power absorption in the lateral regions, in relation to the
rest of the model, becomes more pronounced as the nor-
malized separation distance r’/A decreases. It should also
be noted that for separation distances larger than A /2, the
SAR distribution agrees with the far-field SAR distribu-
tion.

IV. DiscussioN aAND CONCLUSIONS

The absorbed power distribution in and the average
SAR values of the prolate spheroidal model of an average
man irradiated by the near field of a small loop antenna
are presented. .

Three different orientations of the loop are considered
and the SAR results of each are compared with the corre-
sponding plane wave polarization. It is shown that the
average SAR values for loops located at large distances
(r’'/A>0.5) from the spheroid agree well with their plane
wave counterparts. For smaller values of the separation
distance r’/A, however, the power distribution and the
average SAR values differ significantly from the far-zone
results. This is due to the presence of the reactive energy
components in the near field. .

For the E-polarized current loop case (M=M, y,0"=
90°, ¢’=0°), it is shown that the average SAR increases
continuously as the separation distance decreases. This
contrasts markedly with the oscillations in the average
SAR profile reported for the E-polarized electric dipole [1].
The reason for the initial reduction, observed in the electric
dipole case as r' /A decreases, is explained as being due to
the presence of the radial electric field component E, in the
near field of the short electric dipole. This electric field
component is weakly coupled since it is perpendicular to
the surface of the spheroid [1]. In the present loop case, on
the other hand, the average SAR values increased continu-
ously with the decrease in the separation distance. This can
be explained in terms of the presence of the additional
radial magnetic field component H, in the near field of the
loop. The coupling between this field component and the
spheroid has been shown to be related to the maximum
cross-sectional area the model presents normal to the direc-
tion of H, [2]. Therefore, when this area is small, the
coupling is said to be weak and the average SAR has a low
value. Strong coupling occurs when this area is large, and
then the average SAR has a high value. For the E-polarized
current loop case, H, is perpendicular to the major axis of
the spheroid, and is, therefore, strongly coupled. This
accounts for the continuous increase in the average SAR
values as the value of r'/A decreases.

The calculated relative values of the electric and the
magnetic fields radiated by a small current loop are plotted
in Fig. 9 as a function of distance at 30MHz. It is
interesting to note that the variation of the normalized
average SAR values as a function of »’ /A, as shown in Fig.
4, is similar to the variation of the incident E-field of the
current loop plotted as a function of the normalized dis-
tance (A/x) in Fig. 9. This agrees with the qualitative
understanding obtained from numerical calculations [18],
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Fig. 9. Calculated relative values of fields versus normalized distance
for a current loop at 27 MHz, at a point z=30 cm in the x—z plane.

according to which the contribution of the incident E-field
dominates over the contribution of the incident H-field for
cases where the incident E-field is parallel to the major axis
of the spheroid.

In the second case, where the loop is located at ¢’ =0°
and #=90° and has a magnetic dipole moment parallel to
the z axis, it was shown that the average SAR first falls to a
minimum (below the plane wave value) and then increases
to values above the plane wave result. This behavior of
oscillations about the plane wave result is similar to that in
the E-polarized electric dipole case [1].

It has been shown from numerical computations [18]
that for the case of the incident H-field being parallel to
the major axis of the prolate spheroidal model, the contri-
bution of the incident H-field is the dominant contribu-
tion. Hence, for the H-polarized current loop case (M=
M,2,6"=90° ¢'=90°), the variation of the normalized
average SAR values as a function of ' /A, as shown in Fig,
7, is similar to the variation of the incident magnetic field
strength plotted as a function of the normalized distance in
Fig. 9. This accounts for the oscillation of the average SAR
values about the plane wave result for this loop case.

Thus it is seen that in spite of the complex nature of the
near field of the small current loop, it is possible to
qualitatively explain the near-field power absorption char-
acteristics in terms of the variations of the incident fields.

This conclusion has also been observed in our other near

field analyses [1],[2],[9], the matter which suggests its gen-
erality.
The problem of obtaining convergent solutions for the
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SAR distribution, which has been previously encountered
for near-field irradiation by a short electric dipole [1] and
for plane wave illumination of prolate spheroids [16], oc-
curred for the case of the current loop, too. The matrix size
for a given frequency and the number of values of m
considered increased with the decrease of the separation
distance 7’ /A because more terms were required to calcu-
late the reactive energy components accurately.

However, at small separation distances r’/A<<0.5, the
problem of obtaining convergent solutions became even
more acute. This is because the solution of (1) is conver-
gent only inside the largest sphere inscribed in the spheroid,
where the total fields were equated to zero [11]. Therefore,
the results are not accurate throughout the rest of the
spheroid; and the inaccuracy increases as the observation
point becomes more distant from the center of the sphere
of convergence, so that the least accurate results appear at
the two ends of the model.

In order to overcome this problem, we need to guarantee
null fields throughout the interior volume of the spheroid.
The procedure devised by Waterman [10] (and subse-
quently used by others [1], [16]) assures a convergent
solution by utilizing the concept of analytic continuation.
In brief, if an analytic function can be expanded within a
region of finite radius of convergence, then it is possible to
expand the same function about any origin within the
original region of convergence out to the nearest singular-
ity of the function. This process can be repeated, thereby
resulting in the analytic continuation of the function from
its original region of convergence to other parts of the total
volume being considered. In the present problem, the origi-
nal sphere of convergence is the inscribed sphere of the
spheroid; and, its center was continuously shifted along the
z axis, so that a convergent solution was obtained, section
by section, throughout the interior of the model.
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Reflection by a Sinusoidally Modulated
Surface Reactance at Oblique Incidence

S. R. SESHADRI, SENIOR MEMBER, IEEE

A bstract— The reflection characteristics of the TM and the TE surface
waves by a weak sinusoidal modulation of the surface reactance are
mvestigated for the oblique incidence in which the wavevectors are not
aligned with the grating vector. A superposition of TM and TE wave fields
is needed for the fulfillment of the required boundary conditions. For both
the TM and the TE surface waves, the Brewster phenomenon of total
transmission occurs at the angle of incidence 6 =60z =45°. A modulation in
the surface reactance, in general, causes the TE surface waves to be more
efficiently reflected than the TM surface waves.

I. INTRODUCTION

HE WAVE PROPAGATION in a structure having a

spatially periodic variation of its physical parameters
is a subject of increasing importance in connection with
grating couplers, filters, and distributed feedback oscilla-
tors [1]. A majority of the investigations in this field have
considered only the special case of normal incidence in
which the wavevectors are parallel to the grating vector.
The general case of oblique incidence in which the wave-
vectors are not aligned with the grating vector is important
in integrated millimeter wave and optical circuits in view of
its applications such as Bragg deflectors [2], chirped-grating
demultiplexers [3], and tunable distributed feedback oscil-
lators [4]. An important feature of the oblique incidence is
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the need to use a superposition of transverse magnetic
[TM] and transverse electric [TE] wave fields for the fulfill-
ment of the required boundary conditions. In this paper a
rigorous technique is developed for a systematic treatment
of the coupling of the TM and the TE modes.

A thin dielectric waveguide having a spatially periodic
variation of its permittivity or thickness can be modeled by
a reactance surface having a spatially periodic variation of
its surface reactance [5]. The reflection characteristics of
the TM surface waves by a sinusoidal modulation in the
surface reactance have been investigated previously for the
special case of normal incidence [5], [6]. In this paper, the
reflection characteristics of the surface waves by a
sinusoidal modulation in the surface reactance are treated
for the general case of oblique incidence in which the
wavevectors are inclined at an angle to the grating vector.
The statement of the problem is given in Section II. In
Sections III and IV the TM and the TE surface waves are
treated, respectively. In Section V the important results are
summarized.

II. STATEMENT OF THE PROBLEM

A reactive surface occupying the plane x=0 and
terminating the semi-infinite (c0 > x>>0) dielectric medium
has a reactance which has a sinusoidal variation in the
z-direction as indicated in Fig. 1. Only plane guided waves
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