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Analysis of Thermal Radiation from an

Inhomogeneous Cylindrical Human
Body Model

NIKOLAOS K. UZUNOGLU, MEMBER, IEEE, P. G. COTTIS, AND PETROS S. PAPAKONSTANTINOU

Abstract —The thermal radiation from a cylindrical human body model
at microwave frequencies is treated analytically. The human body model
is taken to be a homogeneous cylinder at temperature T having a local-
ized internal thermal inhomogeneity at temperature 7 + AT. The mean
energy density for the near field outside the cylinder is determined by
employing the dyadic Green’s function of the homogeneous cylinder and
the fluctuation-dissipation theorem. Analytical results are derived for the
contributions of the homogeneous cylinder and the inhomogeneity region.
Numerical results are presented for several geometries at low microwave
frequencies where a reasonable transparency of tissues is expected. The
possibility of using microwave radiometry techniques to measure tempera-
ture distributions in depth is discussed in relation to hyperthermia and the
development of noninvasive diagnostic techniques. It is shown that the
emission from surrounding tissues limits the detectability of thermal
inhomogeneities inside the body and that by using low microwave frequen-
cies ( ~1 GHz), temperature measurement at depths up to 2 cm can be
performed.

I. INTRODUCTION

HE POSSIBILITY of employing passive microwave

radiometry techniques to measure temperature distri-
butions deep inside biological systems has recently been
suggested by several researchers [1]-[5]. Several experimen-
tal radiometry systems have been constructed and tested
[51-{71.

The increasing use of hyperthermia techniques in the
treatment of cancer, where accurate temperature measure-
ments are needed, and the inability of infrared radiometers
to provide in-depth temperature profiles for diagnostic
purposes call for the search of new noninvasive thermome-
try techniques. In addition to microwave thermography,
several other noninvasive techniques have been proposed,
such as microwave tomography [8], ultrasonic tomography,
nuclear magnetic resonance, and computer tomography
91

In this paper, temperature measurement based on micro-
wave radiometry is investigated by employing analytical
techniques. A full electromagnetic wave analysis is pursued
to treat the thermal microwave emission from a cylindrical
human body model with an internal inhomogeneity. The
low-frequency microwave spectrum is thought to be suit-
able, since at 0.5-3 GHz frequencies reasonable trans-
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parency of tissues can be achieved, while reasonable reso-
lution can be obtained with antennas of manageable size.
Up to now the theory of radiative transfer has been
employed to estimate the performance of proposed radi-
ometry systems [10].

According to thermodynamic principles, absorption of
electromagnetic energy by a material medium is the trans-
formation of radiation into thermal energy, which is
accompanied by a rise in the thermometric temperature of
the material. The reverse process, that of thermal emission,
serves to create the balance between absorbed external
radiation and radiation emitted by the material surface. A
common example is the absorption of solar radiation from
the earth’s surface and the thermal radiation from the
earth’s surface. These transformation processes have been
treated in the past by applying the theory of radiative
transfer for infrared and visible electromagnetic waves
[11]. Recently, corrections to the classical radiative transfer
theory have been introduced when analyzing the perfor-
mance of passive microwave remote sensing systems [12].

The radiative transfer theory makes extensive use of the
basic ideas of geometrical optics. In remote sensing sys-
tems, this assumption is valid, since the observed media
are in the far field and only average properties of the
emitting surfaces need to be known. For the problem
addressed in this paper, the observed medium and its
internal inhomogeneity dimensions are of the order of the
detected radiation wavelength. Furthermore, nearfield
measurements are performed concerning the thermal radi-
ation. Therefore, the classical radiative transfer theory can
only be used approximately to estimate either the resolu-
tion or the penetration depth of microwave radiometers in
noninvasive thermometry systems.

Based on the fluctuation theory, Rytov [13] considered
the case of an infinite isotropic medium. The emission
from a homogeneous isothermal sphere has been treated
by Kattawar and Eisner [14].

In Fig. 1, the geometry of the cylindrical human body
model is given. The cylindrical body is taken to be of
infinite length and its radius is designated by «. The
frequency-dependent electromagnetic properties of the
body are assumed to be known and are defined in terms of
the relative dielectric permittivity €, and the conductivity
o (S/m) [15]. Therefore, the human body is taken to be
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Fig. 1.

electromagnetically homogeneous. Extension to three-layer
cylindrical bodies can be easily performed by modifying
the present analysis. The values of €, and ¢ are taken
equal to those of high-water-content tissues (muscle), since
the human body consists mainly of tissues of this type. The
whole space is magnetically homogeneous and the mag-
netic permeability is equal to that of free space p,=47-
1077 (H/m). The cylinder is surrounded by air with a
dielectric permittivity e, =10"°/(367) (F/m).

A uniform temperature distribution T'="T, is assumed
throughout the human body model, except that inside the
body a localized inhomogeneity- of finite volume ¥, at
temperature T, + AT is considered, as shown in Fig. 1. In
the following section, the average thermal energy density is
computed at an external point 4 (see Fig. 1). The Green’s
functions theory for the infinite cylinder is utilized to take
into account the boundary conditions on the cylinder
surface. An analytical relation is derived for the radiation
energy density, which requires extensive numerical integra-
tions to produce numerical results. The computed results
are compared with those obtained by applying the classical
radiative transfer theory. Finally, the resolution capability
of microwave radiometers is also discussed.

In the following analysis, the field quantities are as-
sumed to have an exp(— jwt) time dependence.

Ju(x)
Z(x) = { Y(x)
HP(x) =
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II. MATHEMATICAL FORMULATION OF THE PROBLEM

The tissues, being linear conductive media, support
fluctuating currents creating thermal radiation. The corre-
sponding weak current densities J(r) (A/m?) can only be
described statistically by means of the dyadic correlation
function [12]

(J(r)*(r)) = (1)

where I is the unit dyadic, 8(# — #') the three-dimensional
delta function, k,=1.38x10"%J/K the Boltzmann con-
stant, Aw the measured bandwidth around the center
frequency « (Aw << w being assumed), 7(r) the tempera-
ture at point r, and o(r) the corresponding conductivity.
Note that in (1) the current density J is a phasor quantity
(in A/m?) and not a Fourier transform, usually denoted in
the literature by J(#, ) [12].

The fluctuating random current densities J(r) are
radiating in the presence of a lossy dielectric cylinder.
Then, if the field induced at an external point due to an
elementary current excitation J=I8(r— ') inside the
body is known, the total field can be computed by using
the superposition principle. The response to this excitation
is the dyadic Green’s function G(r,r’) of the infinite
dielectric cylinder already treated in the literature [16],
[17]. The dyadic Green’s function G(r, r’), when the source
point r’ is inside and the observation point r is outside the
cylindrical body, can be written as follows:

—__4kBT(r)a(r) Aw8(r—r)I

- Jopre . & (=D
G(r,r)=— dk
()= f X
.(am(k)Mrsl3,)k(r’kO)M92n,k(r/akl)
ky
| 1 [Ba(MD(r k)N, (r, k)
0
+ b ()N (1, k)M, _ (1, ky)
+cm(k)N,,‘,3,)k(r,ko)N9,’n,k(r’,kl)) (2)
where
im 0Z(D(a,
M9 (r, k)= j_Zr(nq)(a,P)ﬁ — M@ e/ MPoIkz
’ P dp
(i=01) (3)
1
Nrr(l?l)((r? kl) = —v XMISI?)k(r’ kl) (4)

k,

are the conventional cylindrical vector wave functions
expressed in terms of the cylindrical coordinates p, ¢, z
shown in Fig. 1. The symbols p, ¢, and £ are to show the
unit vectors along the p, ¢, and z coordinates, respec-
tively. The radial wave solutions Z{% in (3) and (4) are

(Bessel function) for g =1
(Neumann function) for g=2  (5)

J,(x)+jY, (x) (Hankel function) for g = 3.
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Furthermore

ko= w/eqp

(6)
(7)

with Re(ay), Im(a,) > 0, so that the radiation conditions
are satisfied when p—oco. The expansion coefficients
a,(k), b,(k), and c, (k) are given in the Appendix.

In order to compute the random electric field E(r) out
of the cylinder due to the random current density J(r), the
superposition principle is employed, that is,

E(r) = jou, [[[ &' G(r,r)-3(r)

ky=koye, + jo/(we;)
ao=(kZ—k2)"" o =(k2-k?)"

(8)

where V; is the infinite cylinder’s volume. Then it is of
interest to compute the average value ( E(r)-E*(r)), which
can be related to the stored energy density W (J/m®) at an
arbitrary point r outside the cylinder. Introducing (8) into
the average value (E-E*) and rewriting G(r, r’) in com-
pact form as

5(r,r')=if_+:dk +i° (_12)m

87 m=—c0 &y

Y X

s=p,9,z5' =p,¢,2

e /M@= 9)gsk(z=2)

gk (o, 088 (9)
it is found that
(E(r)-E*(r))
=(%)2 [[f @ [[f ar | /_+:dk f_+:dk’
Ve A
oo —1)mt
*Z 5 (-1)

o m (ay(k)ag (k)

X ) )

=P s =p" 902 $3=p,9,2 55 =p".9",2"
(it (0 00381-9()- (g2 (0, 07) 8285 7))

@M= ) g ym (9= 9") g jk(z—2") k' (z=2")

+ o0

(10)

Writing the terms inside the brackets explicitly and
using (1), the integration over the " variable can be
readily performed due to the &(#'— ") function. Then,
taking into account the temperature distribution inside the
cylinder:

AT

when r €V,
T(r)=TO+{0

when r& vV (11)
we can separate the integral with respect to »’ (see (10))
into two parts. These two independent terms correspond to
the contribution of the isothermal infinite cylinder and
that of the inhomogeneity region. The former term is
considerably simplified by employing the orthogonality
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relations
fo M dgre =m0 (12)
+ o0 . N,
f dz'e 7V *K = 208(k — k7). (13)
— o0
Then
(E(r)-E*(r)),
(o) kpTyoAw -+ to g 1
= dk p’dp’
4 f‘w m=zzoo'/f."=0 P |aOI4

)V

- -
s=p,¢,z5=p" 9,2

(14)

gk (o, 0) gk (p, p)

where the subscript 0 in (), is to denote the homogeneous
isothermal cylinder contribution. As will be shown in the
next section, the integration over the p’ variable in (14) can
be performed analytically. Then a single integration over k
and a single summation over m should be computed to
obtain the numerical value of { E-E*),.

In computing the contribution of the inhomogeneity
region, the relations (12) and (13) cannot be used. Essen-
tially, in addition to the integrations with respect to the
k,k’ variables and the summations over the m,m’ in-
tegers, it is required to compute the integral over the
inhomogeneity volume V,. Considering the computer power
limitations, it is clear that some form of approximation
should be used. Taking into account the fact that in most
cases the dimensions of the inhomogeneities are signifi-
cantly smaller than the wavelength, and also that several V,
inhomogeneity regions could be used to model a larger
inhomogeneity region, the integral over the volume V, can
be approximated as follows:

JI[ d F(r) =V.F(r) (15)

where r, = p,(cos g X +sing,$)+ 2,2 is the center of the
inhomogeneity region and F(r) is the integrand function.
Then the inhomogeneity region contribution (E-E*), is
found to be

Wl )2V 4k AToAw

(E(r)-E*(r)),= 52

-f+oodk/+°odk' §° 45

—® % m=—00 m'=—o00

ki

1

(ap(k) a3 ()

-exp { j[(m—m)(p-o)+(k-k)z-2)]}
)y Y g (p,p)8x" (p,p,). (16)

$5=p,9.z25=p,P,.z

Then the final result giving the total average value
{E(r)-E*(r)) can be written as follows:

(E(r)-E*(r)) = (E(r)-E*(r))o+(E(r)-E*(r)),. (17) -
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The electromagnetic energy stored per unit volume at an
arbitrary point » outside the cylinder is computed from

W=W,+W, (18)
with

(19)
(20)

being the contributions of the (E-E*), and (E-E*),
terms, respectively. Furthermore, in writing (19) and (20),
the electric and magnetic energy densities are assumed to
be equal (equipartition theorem).

It should be noted that in case of more than one
inhomogeneity region, a summation over (E(r)-E*(r)),
should appear in the right-hand side of (17).

Wy = S (E(r)-E*())y

W,= S (E(r)-EX(r),

I11.

First, the integration with respect to the p’ variable in
(14) is considered. Substituting the expressions for the
g™¥(p, p’) tensor elements, as they are derived from the
dyadic Green’s function, and appropriately grouping the
corresponding terms, standard integrals of Bessel (Hankel)
function products are encountered and are easily com-
puted using well-known formulas [18]. Then, in order to
compute {E(r)-E*(r)), it is necessary to perform the
integration over the k variable plus the summation over
the m integer. A multisegment 16-point Gaussian quadra-
ture numerical integration algorithm is employed. Then,
even—odd symmetries with respect to the integration and
summation variables are utilized to reduce the numerical
computation cost. Convergence is checked automatically
by increasing the number of integration segments and the
truncation order for the summation until convergence is
achieved. The k — +co upper bound is truncated at a
sufficiently large value so that a good convergence is
attained.

In computing the inhomogeneity region contribution
(E-E*), similar numerical techniques are employed. In
order to make the numerical work easier and faster, the
separability of the integration variables k, k¥’ and m, m’ is
utilized. That is,

Zijoodkfjwdk’d)(m,k)tI)*(m’,k’)

m m’

COMPUTATION OF THE INTEGRALS

_ (%fj:dké(m,k))(%f:odk’@*(m’,k’)) (21)

where ®(m, k)®*(m’, k') is the integrand function appear-
ing in (16).

IV. COoMPUTATION OF BLACK BODY RADIATION
FROM AN INFINITE CYLINDER
(RADIATIVE TRANSFER THEORY)

In order to compare the results obtained by applying the
electromagnetic wave theory for the (E-E*);, homoge-
neous term, the thermal emission from a cylindrical body
is computed using the classical radiative transfer concepts.
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TABLE I
NUMERICAL RESULTS FOR THE U(a/xq)
INTEGRAL GIVEN IN (26)

a/xg Ua/xq)
0.10 0.157
0.20 0.317
0.30 0.482
0.40 0.656
0.50 0.843
0.60 1.050
0.70 1292
080 1.596
0.90 2.052
0.99 3.322
0.999 4.332

The observation point is taken to be on the x axis at
r=x,% (see Fig. 1). According to the Rayleigh—Jeans
theory [19], the spectral brightness (Wm ~2Sr~'s) of the
emitting surface is given as
w?k T,
©7 4p¥e?
where ¢ = (epty)” is the free-space electromagnetic
wave propagation velocity. The power passing through a
unit area centered at r = x,X facing the cylinder is com-
puted by summing the power densities originating from
elementary areas dS on the cylinder surface. Then the total
power density P, (W/m?) at r=x,% can be written as
follows:

P, = //dstd9=/+oodz’f(po
/ _w _

obs LN

(22)

12

ady' B,R™%. (23)
0

Here S, 1s the observed cylinder surface,
dQ=1(m?)/R*= (x2+ a® —2ax,cos @'+ z2) '
is the solid angle defined in Fig. 1, and
po=cos " (a/x,) (24)

defines the strip width on the cylinder surface illuminating
the observation point. Substituting (22) into (23) and per-
forming the integration over z’, it is found that

w2k3T0
Pw=mU(a/xo) (25)
where
y @0 y -1/2
U = do’|1-2— cos ¢’ . (26
(y) W'/;)’=O (P( Y+l @ ( )

The last integral can be computed numerically for any
value of the ratio a/x,. The energy stored per unit volume
for an observation band width Aw is computed from

W= (P, /c)Aw.

Then, using (25),
w’k 5Ty Aw
=535 Ula/x).

In Table I, results are given for the U(a/x,) integral for
several values of a/x,. The integral in (26) is computed

7

27)
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numerically by applying Simpson’s rule. The emissivity TABLE II

factor € can be defined for the isothermal cylinder by
dividing (25) with (19):
o
€= (28)
In general, ¢ should be less than unity. It is shown in the
next section that in general this condition is satisfied.
However in case of strong reactive near fields, it is possible
to have e >1.

V. NUMERICAL RESULTS AND DISCUSSION

Numerical computations have been performed by apply-
ing the analytical results presented in Sections IIT and IV.
First, the thermal radiation from a homogeneous isother-
mal cylinder is investigated. In Fig. 2, results are given for
the stored energy densities per unit frequency bandwidth
W,/Aw at several observations points for a cylinder of
radius a=10 cm with ¢, =50, a =13 S/m, T, =310 K,
and center frequency 1.3 GHz. The values of ¢, and o are
complied from [17]. On the same figure, the corresponding
computed black body energy densities are also presented.
It is observed that in the vicinity of the cylinder surface,
the stored energy density is approximately equal to the
corresponding ideal black body value (i.e., ¢ = 1).

COMPUTED ISOTHERMAL STORED ENERGY DENSITIES W, /Aw
(EQ. (19)) AND W' /Aw BLACK BODY RADIATION (EQ. (27))
AT AN OBSERVATION POINT r = x4 =15 cM X FOR
A CYLINDER OF a =10 cM

f=w/27 W, /Aw W' /Aw Iy ¢
(MHz) Om~3/rs7h  (Im~3/rs™h)  (S/m) i’
400 814x107% 6.05x107%° 1.1 52
700 1.20x 1028 1.85x107% 1.3 52
1300 2.61x10™28 6.39x10°28 1.3 50
3000 9.37x10~% 3.4x10~% 22 45

When the distance of the observation point from the
cylinder surface gets larger (x,> 2«), the observed emis-
sivity factor drops rapidly (i.e., W, < W’). Furthermore,
when x, > 2e, the value of e =W, /W’ is almost indepen-
dent of the distance x, (see Fig. 2). We can take advantage
of this fact to perform measurements of the thermal power
very close to the human body surface. The strong energy
density near the body surface is attributed to the reactive
near-field components originating from the random cur-
rent densities inside the body. Computations have also
been performed for homogeneous isothermal cylinders at
other frequencies. In Table II, W, /Aw and W’ /Aw values
are given in the frequency range 400-3000 MHz for a
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TABLE III
VARIATION OF THE W, / W, RATIO WITH THE
OBSERVATION POINT DISTANCE x, FROM THE

Bobpy Axis
(xg—«a

0 W,/ o)
2 1.122%x1073
5 3.19%x107%
8 1.35x107%
12 7.00x1073
16 4.60%1073
20 3.30x107°

The inhomogeneity is located on the x axis 1
cm below the body surface with ¥, =10 cm’
and AT (inhomogeneity region temperature in-
crement) = 5 K. The observation point 1s shd-
g on the x axis. The center frequency is
w/27 =13 GHz and the cylindrical body
charactenistics are =10 cm, ¢, =50, and o =
1.3 S/m.

cylinder of radius a=10 cm. The corresponding tissue
dielectric permittivities €, and conductivities o used in the
computation [15] are also shown in the same table. The
observation point is at a distance x,=15 cm from the
body axis. It is observed that the increase in the W, /Aw
stored energy with the center frequency w is less than that
of the corresponding black body stored energy density
W’ /Aw. Furthermore, at 400 MHz center frequency
numerical results shows that e =1.3. This exceptional re-
sult is explained by the fact that the stored reactive energy
in the vicinity of the cylinder surface gets stronger at lower
frequencies.

The presence of inhomogeneities has also been investi-
gated numerically. To this end, the ratios W, /W, of the
inhomogeneity to the isothermal cylinder energy density
have been computed for several values of inhomogeneity
volumes V, and temperature differences A7. Comparison
of W, /W, values for different inhomogeneity positions for
a given observation point provides information for the
detectability of high-temperature regions within the body.
In Table III, results are given for the ratio W,/W, at
several observation points outside the cylinder for an
inhomogeneity of volume ¥, =10 cm® located 1 cm below
the body surface. The temperature difference is AT=5 K
and the center frequency f = w/27 =1.3 GHz. The cylin-
der radius is again a =10 cm with e, =50 and 6 =1.3 S/m.
The inhomogeneity center and the observation points are
taken to be on the x axis. It is shown that when the
observation point is far from the body surface (not more
than two or three times the inhomogeneity depth), the
ratio W, /W, is very small. Significant values of W,/W,
are observed when the observation point is very close
to the body surface. This is explained by considering the
large amount of thermal power emission from the whole
cylindrical body in comparison to the small volume inho-
mogeneity thermal radiation power. Only for observation
points very close to the inhomogeneity region could sig-
nificant values of W,/W, be obtained. Nevertheless,
particular computations advocate the use of microwave
radiometers to estimate temperature distributions within
superficial tissues. In principle, it is possible to argue that,

Wit
WOXIO
4_.
Zz
3 >d e AT=5°K
° ' ) X
To=310 K | %o=15cm
/”’_-N\\\
2_
1 —
[ | ] J I [
1 2 3 4 S d(cm)

Fig. 3.

if the reactive near-field energy densities are measured,
some information could be obtained for the temperature
levels inside superficial tissues.

In Fig. 3, the variation of W,/W, with respect to the
depth 4 of the inhomogeneity center from the body surface
for AT=5 K, V,=10 em’, x,=15 cm, a=10 cm, f=
1.3 GHz center frequency, €, =50, and 6 =1.3 S/m. It is
observed that the computed W, / W, values diminish rapidly
as the inhomogeneity depth gets large. Indeed, when d > 2
cm (see Fig. 3), the variation of W,/W, decreases ex-
ponentially with the inhomogeneity depth. When d <2
cm, there is a very steep increase in the external observed
thermal emission radiation energy density.

Finally, the resolution capability in locating inhomo-
geneities within the human body is investigated by scan-
ning the observation point parallel to cylinder surface.
Again, the center frequency is f =w/27 =1.3 GHz. The
observation point is moving on a cylindrical surface p = p,
(constant) (see Fig. 1) while the inhomogeneity center is on
the x axis 1 cm below the body surface. The cylindrical
body radius is @=10 cm and again ¢, =50 and o=
1.3 S/m. The inhomogeneity volume is ¥,=10 cm’ and
AT =10 K. The maximum total energy density W,, = (W,
+ W,) s is observed when the observation point is also on
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TABLE IV
VARIATION OF (1~ W(gp, 2)/W),) X 10° WHEN THE OBSERVATION
POINT 1S SCANNING ON A p = p, (CONSTANT) SURFACE

A—W(ep,2)/Wy)x10?

z (cm) ag (cm) po =15 cm po =12 cm
0 0 0 0
2 0 0.15 0.53
4 0 0.37 —
0 2 0.07 0.66
0 4 0.21 —

The inhomogeneity volume ¥, =10 cm® and AT =10 K. The homo-
geneous cylinder radius o= 10 cm, ¢,=50, and 6=13 S/m. The
center frequency f=w/27 =13 GHz and the inhomogeneity center
depth is 1 cm below the body surface.

the x axis (i.e, z=0, ¢ =0). In Table IV, the variation of
(1—W(p, z)/W,,) X 10% is given for p, =15 cm and p, =12
cm, where W( ¢, z) is the energy desity observed at r = p,
(cos o +singy + z%) (cm) (see Fig. 1).

It is shown that there is a 0.1-0.5%0 order variation in

W(e, z) for 2—4 cm lateral displacements from the nearest

point to the inhomogeneity region, where maximum energy
density is observed (i.e., W =W,,). The rather small varia-
tion observed in the percentage variation of W(eg,z) is
attributed to the fact that the global thermal emission from
surrounding tissues is very strong in comparison with the
emission from the inhomogeneity volume thermal sources.

Therefore, the background radiation from the tissues
can mask the emission from a small inhomogeneity region.
It seems that this is the main problem in microwave
radiometry noninvasive thermometry systems rather than
the limited transparency of tissues. A well-designed an-
tenna could enhance the emission from specific points
within the body. Also, extensive experimental data are
needed to estimate the limitation of microwave radiometry
systems as non-invasive thermometers.

VI. CONCLUSIONS

The microwave thermal emission from a cylindrical hu-
man body model has been analyzed by applying electro-
magnetic theory techniques. The radiative transfer theory
is also employed to compare the results obtained by using
the electromagnetic approach for an isothermal homoge-
neous cylinder. Dyadic Green’s function techniques proved
to be suitable in computing the stored energy density of
the thermal microwave radiation. The feasibility of using
microwave radiometry in measuring the in-depth tempera-
ture distributions inside a human body is investigated. It is
shown that in principle it is possible to estimate average
properties of temperature distributions within the body by
measuring the emitted microwave power in the near-field
region of thermal sources. There is a strong energy accu-
mulation in the vicinity of superficial tissues. Especially in
hyperthermia applications, where rather large temperature
gradients (AT) are encountered, microwave radiometry
can provide an effective noninvasive thermometry tech-
nique. )

It is shown that the use of low microwave frequencies
(~1 GHz) could provide a measurement depth of the
order of 1-2 cm. However, the corresponding spatial reso-
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lution capability is rather low, of the order of 3-4 cm. In
this paper, only the stored energy per unit volume of the
thermal power has been investigated. In practice, an an-
tenna should be used to collect and measure the thermal
radiation intensity. The analysis of the received power in
an aperture antenna and the imaging properties of an
experimental 1.3-GHz radiometer with a dielectric loaded
waveguide antenna will be examined elsewhere. The most
suitable receiving antenna seems to be a dielectric loaded
open waveguide. Furthermore, the moderate directivity
properties of the loaded open waveguide would enhance
the received power from thermal inhomogeneities within
the body and suppress the power received from the sur-
rounding isothermal tissues.

APPENDIX
DEFINITION OF THE a,(k), b, (k), AND ¢, (k)
TERMS IN (2)

HO(x,) e, [( 1 J,:,m))z

w8 = 100 |\ o 70 (o)

1 H,(xo) 1 H,(x,)
ag HG(x0) o HP(x,)

1 Hp(xg) 1 J7(x)
oo HiP(x,) &4 J,(x,)

2j 1 (é,——l)mk 1k
WH:S)(XO) Jm(xl) A, afx%

HP(x) 1| Jax) |
m(k)_H(l)(x)A €’(m)

1 H,;(l)(xo) 1 J5(x,)
Qg Hrg)(xo) a Jm(xl)

1 Hrzl(n(xl) 1 Jm(xl)
- o H,S)(xl) o Jm(xl)

b, (k)= -

1 Hr;t(l)(XO) 1 Hr;z(l)(xl)
&o Hr(nl)(xo) @) Hrgtl)(‘xl)

1 dn(x) 1 HP(xg)
"f,al Jm(xl) oy Hr(nl)(xl)

(1 Ti(x) 1 H,%(x,)\?
A’"ze’(a_l Jm(xl)) *(&; HD () )

1 H;M(x,) 1J; (%)

—(é, +1)
o HyP(xo) al J(x1)
 kgm?kP(, -1)?
ajafa’
o]
X = Xy = oy €,=¢,+ j—.
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