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Multiangle Method for Temperature Measurement
of Biological Tissues by Microwave Radiometry

Jean Montreuil and Manfred Nachman

Abstract —A new approach for deriving the temperature distribution
in biolegical tissues by microwave radiometry is proposed. It consists in
the measurement of the thermal radiation of the body, at a given
frequency, as a function of the observation angle, for two mutually
orthogonal polarizations, Theoretically, this method yields results com-
parable to those obtained with the multispectral method. In order to
derive the relations between the body temperature and the emitted
thermal signal, the biological body is modeled by a set of parallel planar
layers, each characterized by constant permittivity and temperature.

I. INTRODUCTION

Microwave radiometry is used to evaluate, noninvasively, the
subcutaneous temperature distribution in biological tissues. Un-
fortunately, no detailed theoretical studies have been carried
out, so far, on the effect of the uncertainty in the geometrical
and electrical parameters of the biological tissues on the uncer-
tainty with which the subcutaneous temperature can be deter-
mined. Moreover, different configurations of biological tissues
with different temperature distributions may produce the same
radiometric signal. One possible solution to this problem is to
perform the measurements at several frequencies (multispectral
method). The raw data have to be subsequently processed by an
inversion technique, so as to yield the temperature profile inside
the tissues [1]-[3]. The application of this method requires a
rather complex radiometer, with an antenna matched to the
body over a wide range of frequencies.

In what follows we present a new approach (multiangle
method) for obtaining the temperature distribution in biological
tissues by microwave radiometry. It is based on the measure-
ment, for a fixed frequency, of the thermal signal emitted by the
tissues as a function of the observation angle (Fig. 1). The
proposed method consists in the following steps:

¢ modeling of the biological body;

e computation of the thermal signal emitted as a function of
tissue parameters, observation angle, and polarization;

e retrieval of the thermal field in the tissues by the inversion
of the radiometric data.

Theoretical studies of the thermal emission from layered
media as a function of the observation angle and polarization
have been published by Wilheit [4] for a geological structure and
by Bardati [5] for a biological multilayered planar configuration.
Based on these studies, we have developed a method for the
retrieval of the temperature profile in a biological structure
from the radiometric data. At the same time we carried out an
analysis of the effect of tissue parameters on the thermal signal
(for more details, see [6]).

II. THERMAL EMISSION

The biological tissues are simulated by a structure of three
planar layers, with known permittivities and thicknesses (Fig. 1).
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Fig. 1. Schematic diagram of the proposed multiangle method. The

biological tissues are simulated here by three planar layers.

As was shown in [7], this configuration represents fairly well the
actual biological structure investigated. The permittivities are
taken from [8]. Assuming a constant temperature within each
layer, the brightness temperature, T, measured by the antenna
is given by

4

Tp(f,8,p0l) = Y w;(f,0,pol.)T;
i=1

(K) €y

where w; is the weighting factor of the ith layer, calculated’
according to Wilheit’s method [4], 7, is the temperature of the
ith layer, f is the frequency, and 8 is the observation angle. The
term pol. stands for vertical or horizontal polarization,! i=1
indicates the external medium, i =2 the skin, and so on. The
weighting factor, w,, is the percentage of energy received by the
antenna from the ith layer, provided that all the layers arc at
the same temperature. The w, can be determined by the re-
ciprocity principle; they represent the fraction of energy ab-
sorbed by each layer when the antenna is in the radiating mode.
To simplify the problem, Wilheit assumes that the radiation
pattern of the antenna is that of an unbounded (infinite) plane
wave. We analyzed the validity of this hypothesis by carrying out
the calculations for a more realistic model for the antenna
radiation pattern, namely assuming that the beam cross section
is finite in one direction. We found that under certain condi-
tions, these two models yield similar results (see the Appendix
for further details). This justifies the use of Wilheit’s model in
our calculation of w,, which requires less computing time.

In Fig. 2, the computed w; are plotted versus the observation
angle at 3 GHz (similar plots can be easily derived for other

.frequencies). The relative permittivity of the external medium

was chosen to be ¢,; =5 5o as to ensure a better match to the
body than that obtained with air. As may be inferred from Fig.

LA vertically polarized wave has its electric field in the plane deter-
mined by the propagation direction and the normal to the interfaces. In
a horizontally polarized wave the electric field is parallel to the inter-
faces.
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Fig. 2. Weighting factors versus observation angle; frequency = 3 GHz,
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Fig. 3. Weighting function for an antenna in contact with the body and
for a remote antenna (e,; = 5) at 3 GHz. The parameters used for the
biological tissues are shown in Fig. 1.

2, the weighting factors present rather large variations with the
observation angle (especially for the vertical polarization). This
effect may be used for increasing the precision with which the
temperature distribution is determined. In Fig. 3, the weighting
function? of an antenna in contact with the biological body, the
observation angle being 0° (the configuration usually employed
in radiometry), is compared with the one of the antenna not in
direct contact with the body. The observation angle for the
latter is chosen close to the pseudo-Brewster angle.®> We as-

2The weighting function represents the weighting factor of a layer of
infinitesimal thickness, situated at a depth z. For example, the integral
of the weighting function between the skin—fat and fat-muscle inter-
faces gives the weighting factor of the fat layer.

The pseudo-Brewster angle is defined as the angle for which the
reflectivity is minimum.
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sumed that the antenna in contact with the body was filled with
a dielectric of relative permittivity €, =30 and was perfectly
matched to the body. It is seen that for the remote antenna, the
weighting factor of the muscles is greater by 22% than that for
the antenna in contact with the body. It may therefore be
concluded that more information on deep-seated tissues can be
extracted from the radiometric data supplied by the remote
antenna.

III. InvERSION PROCEDURE FOR THE TEMPERATURE OF
THE LAYERS

The retrieval, from the radiometric data, of the temperatures
of the layers simulating the biological tissues is performed by an
inversion procedure. The linear equations (1) are solved by
applying a matrix method similar to that employed by
Edenhofer [9] for analyzing multispectral data. The only differ-
ence here is that our data are taken for several observation
angles, instead of for several frequencies. For a given frequency
and polarization,*

Tp(0)| [wi(81) wa01) wi(61) we(0y)| [T,
T5(6,) _ wi(6,)  wy(02) wi(8;) wu(8;) N T, (K)
T5(63) wi(83)  wy(03) wi(83) wi(85)| |15
T5(8,) wi(0s)  wy(8,) ws(8,) wi(8s) I,

@

where @, to 8, are four different observation angles. By invert-
ing the weighting factors matrix [W ], we obtain

[T1=[W]17'[T;]  (K) 3)

where [T] and [T,] are the vectors representing the tempera-
tures of the layers and the brightness temperatures, respectively.
For more stability, the system can be overdetermined. The
inversion is carried out by the Gaussian least-squares method:

[T1=(WIWD ' IWIIT:] (K) 4)

where the asterisk indicates the transposed matrix.

The standard deviations of the temperatures of the layers,
o, are evaluated with the known relations for independent and
random errors:

2
or; = \/btzla%B +bhoty+biofs +bjoiy Xy &
where o,z is the standard deviation of measurement noise
(usually 0.1 K), and b;; arc the elements of the matrix product

(WPHWDH YW=

1V. RESULTS

Table I summarizes the standard deviations of the tempera-
tures of the layers, which can be obtained theoretically by
radiometric measurements. The data are presented here for
observation angles of 0°, 20°, 40°, 60°, and 80°, for horizontal and
vertical polarizations, for f=3 GHz, and for several low-loss
materials as the external medium. For the case €, = 30, data for
only three observation angles (0°, 10°, and 20°) are given because
a total internal reflection occurs above 25.7°. Since the tempera-
ture of the external medium, T, can be easily found experimen-

4For simplicity, the dependence on frequency and polarization is not
indicated explicitly in (2).
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TABLE 1
STANDARD DEVIATIONS OF THE TEMPERATURES OF THE BioLoGical TissUEs OBTAINED
a) WITH THE MULTIANGLE METHOD (MEASUREMENTS CARRIED OUT AT A FIXED
FREQUENCY, FOR SEVERAL OBSERVATION ANGLES, AND FOR VERTICAL AND
. HORIZONTAL POLARIZATIONS) AND b) WITH THE MULTISPECTRAL METHOD
(MEASUREMENTS CARRIED OUT AT SEVERAL FREQUENCIES)
Standard Deviation of
the Temperature (K)
External Medium Skin Fat Muscle
a) Air 2.1 56.7 26.2
€,1=25 0.7 8.4 5.0
€,=5 0.32 13 12
€,1=30 0.26 22 15
b) _ 0.12 . 1.1 1.7
tally, we assumed it to be known, in order to reduce the number
of un}(nown parameters. ' o ANTENNA
It is seen from Table I that for relative permittivities of the
external medium, ¢,,, up to 2.5, the standard deviations are too .
high for most medical applications. For the other cases, they are N
comparable to the standard deviations derived theoretically by , \\
the multispectral method [9] for an antenna in contact with the \ \
biological body at frequencies around 3, 5, 10, and 32 GHz. The \ \
results of these calculations are also listed in Table L. ‘\ BEAM \\ /9-
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V1. CONCLUSION vZ '

A new approach in microwave radiometry has been proposed.
It consists in measuring the thermal radiation of the body at a
given frequency, at several observation angles, and at two mutu-
ally orthogonal polarizations. This multiangle method yields
results comparable to those of the multispectral method. It has
also been demonstrated that for all practical purposes the
radiation pattern of the antenna may be approximated by that of
an unbounded plane wave.

APPENDIX

A more realistic model than that of Wilheit [4] is used here
for evaluating the weighting factors of a stratified planar medium
as a function of the observation angle, for an antenna not in
direct contact with the medium. Instead of approximating the
radiation pattern of the antenna by an unbounded plane wave,
its beam cross section is considered to be finite in one direction.

3See, for example, the solution suggested by Haslam [10].

Fig. 4. Representation of the biological structure and of the antenna
beam used for evaluating the weighting factors.

The weighting factors are computed for individual pixels instead
of for infinite layers (see Fig. 4). They are determined using the
reciprocity principle. For a given antenna position, observation
angle, polarization, and frequency, we have

1
w, = 50;|E,12AU,P;,3 (A1)
L mho
o/ = €;€q0 — (A2)

where w; is the weighting factor of the ith pixel, o, its conduc-
tivity, E; the electric field in the ith pixel, and Ay, the volume
associated with the pixel (x-8z-1 m). P, is the total power
emitted by the antenna, and  is the angular frequency. The
problem is to evaluate the electric field in each pixel. We
developed for this purpose the procedure illustrated in Fig. 5. In
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Fig. 5. Representation of the beam trajectory in a stratified medium.

(a) a microwave beam from the antenna penetrates the skin
layer. The computer program calculates the electric field in each
skin pixel with the well-known formulas for wave propagation.
As seen in (b), part of the beam is reflected back into the skin
by the skin—fat interface. The program calculates again the field
in each pixel, and adds it to the previous value, taking into
account the phase. In (c), the two beams indicated in (b) are
again reflected and transmitted, the electric field is again calcu-
lated, and so on until its amplitude becomes smaller than a fixed
value chosen by the user.

Fig. 6 gives an example of the results. In our computation, the
pixel’s area was 1 mm? in the x—z plane.

The weighting factors of the different layers (obtained by
adding the weighting factors of the pixels situated in the same
layer) were compared with the ones obtained with Wilheit’s
method for the same biological structure at 3 GHz. The follow-
ing conclusions may be drawn:

* As expected, the narrower the antenna beam width, the
larger the difference between the data supplied by the two
models.

¢ If the external medium is air and the beam is of minimum
acceptable width (3A,;,), then the weighting factors com-
puted for the two models differ by 1% to 5% for the case of
the vertical polarization and by 1% to 8% for the horizontal
polarization. This difference depends on the observation
angle,

* For €,1 =5, a beam width of 5 cm (1.1 Agyemar medium) and
an observation angle of 60°, the difference for the two
models is in the range from 1% to 5% for the vertical
polarization. :
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Fig. 6. Weighting factors of biological tissues in the x—z plane (ob-
servation angle = 25°% €,;=30; beam width =2 cm; f=3 GHz). Each
node corresponds to the center of a pixel.

* For ¢,, = 30 and a beam width of 2 cm (1.1 A syernal mediums
the weighting factors in the two models may differ by as
much as 10%.

As a general conclusion it may be stated that the thicker the
layers compared with the beam size, the less correct the un-
bounded plane wave approximation for the radiation pattern of
the antenna.
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A Cooled 1-2 GHz Balanced HEMT Amplifier

Stephen Padin and Gerardo G. Ortiz

Abstract —The design details and measurement results for a cooled
L-band balanced HEMT amplifier are presented. The amplifier uses
commercially available packaged HEMT devices (Fujitsu FHRO2FH). At
a physical temperature of 12 K the amplifier achieves noise tempera-
tures between 3 and 6 K over the 1 to 2 GHz band. The associated gain
is ~ 20 dB.

I. INTRODUCTION

Cryogenically cooled high electron mobility transistor (HEMT)
amplifiers have realized noise temperatures as low as the oper-
ating frequency of the amplifier expressed in GHz at frequen-
cies up to 43 GHz [1], [2]. These amplifiers have now become
the standard for radio astronomy applications. Cooled HEMT
amplifiers arc also used as the first IF stage in millimeter-wave
superconductor—insulator—superconductor (SIS) and Schottky
mixer systems. In these receivers the noise performance of the
IF amplifier is very important because the mixer is usually lossy.

Most millimeter-wave receiver systems built for radio astron-
omy use an L-band IF amplifier with a bandwidth of ~ 500
MHz and a noise temperature of ~ 4 K [3], [4]. In a typical 115
GHz SIS receiver, the IF amplifier contributes ~ 30% of the
total receiver noise. A bandwidth of 500 MHz is barely enough
for observations of sources with high velocity dispersion and it
limits the capability of systems which are able to observe several
molecular transitions simultaneously. Increasing the receiver
bandwidth by using a higher frequency IF amplifier is not viable
because this would increase the IF noise contribution and de-
grade the sensitivity of the system. Qur approach to this prob-
lem has been to develop a 1-GHz-bandwidth L-band cooled
HEMT amplifier.

The main problem in the design of a wideband cooled ampli-
fier is obtaining s parameters and noise parameters for transis-
tors at low temperatures. For this work no facilities were avail-
able for measuring low-temperature s parameters, but the
HEMT noise parameters were measured at a physical tempera-
ture of 12 K. The absence of s-parameter information precluded
the design of a feedback amplifier, so a balanced configuration
was adopted. This has the advantage of providing a good input
match even though the amplifiers in the two arms of the
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balanced circuit are poorly matched. However, there are disad-
vantages. The loss of the input hybrid degrades the noise tem-
perature and coupling errors in the hybrids, and differences
between the amplifiers reduce the gain and result in a noise
contribution from the input load. In the amplifier described
here these effects degrade the noise temperature by less than
1K

II. Noise IN A BALANCED AMPLIFIER

The noise contributions in a balanced amplifier are explored
in Fig. 1. Each hybrid directs a fraction, ¢, of the input power to
the 0° port and the remaining power to the 90° port. The
deviation from quadrature at the outputs is 6. To simplify the
analysis the amplifiers are assumed to have similar gains but
different transfer function phases. In practice this situation can
be approached by selecting similar devices and by adjusting the
bias.

The power gain of the balanced amplifier (with the input
terminated in a matched source and the output terminated in a
matched load) is

G=2gc(1—c)(1+cos o) (1)
where g is the power gain of each amplifier in the balanced
structure and ¢ is the phase difference between the amplifier
transfer functions. The output noise temperature with the input
terminated in a matched source at 0 K is

Toue = 8To[(2¢2 —2¢ +1) =2¢(1— c) cos ¢ | + g7,

out

@

where T is the physical temperature of the input hybrid termi-

nation and 7, is the noise temperature of each amplifier. The

first term is the contribution from the input hybrid termination

and the second term represents the noise generated by the

amplifiers. Note that the noise from the two amplifiers is uncor-
related. The noise temperature of the balanced amplifier is

’ Tout

T, = G

_ Ty[(2¢* ~2¢ +1) =2¢(1-c)cos $] + T,

B 2¢(1-¢)(1+cos ¢) - O

The loss of the input hybrid can be modeled as an attenuator
at the amplifier input. Loss in the output hybrid affects only the
overall gain (and hence the noise contribution of the next stage).
With an input hybrid loss L, the noise temperature of the
balanced amplifier is

T,=Ty(L-1)+LT, )

where T, is given by (3). As an example of what might be
achieved, a balanced circuit containing amplifiers with 7, =4 K
and ¢ = 5° and hybrids with coupling errors of 1 dB (¢ = 0.40)
and excess loss of 0.1 dB would have a noise temperature of 5.09
K at a physical temperature of 12 K. If the input load were at 4
K instead of 12 K the noise temperature would be 4.73 K.

III. HEMT Dgvice NoisE PARAMETERS

Device noisec parameters for this work were obtained from
measurements of the noise temperatures of several single-ended
amplifiers, each with a different input matching network. The
same HEMT device was used for the entire set of measure-
ments. Previous work with GaAs FET’s at L-band [5] provided
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