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Reflection-Compensating Radiometer

Microwave thermography measures the brightness temperature of a human
subject but the clinician desires a knowledge of the physical temperature.
Since the brightness temperature is the product of the emissivity and the
physical temperature, it is important to develop a system which simultaneously
measures both the emissivity and brightness temperature so that the physical
temperature may be accurately determined. In turn, the emissivity &€ is

related to the reflection coefficient p, a quantity more easily measured, by
the simple relation € = (1-p).

We have developed a radiometer, operating at 1.4 GHz, capable of
determinig both the tissue temperature and the emissivity of the tissue.
Designs for such reflection-compensating radiometers have been proposed by
several groups and we initially followed their designs closely. Basically two
measurements must be made to determine both the temperaure and emissivity and
this is accomplished by measuring (1) the emission from the subject and (2)
the emission from the subject plus the reflected power from the subject when a
small amount of power is directed at the subject. A block diagram of the
final system is shown in Figure 1. The system is calibrated by taking two
measurements with the calibration switch on the short, one with the noise tube
on and one with the noise tube off. Two measurements are then made with the
calibration switch on the antenna, again one with the noise tube on and one
with the noise tube off. These data are then used to compute the reflection
coefficient and the microwave temperature incident on the antenna as shown in
Figure 2. The calibration and measurement procedures are controlled by the
microprocessor, which also controls the Dicke switch, and the results are

displayed on a video terminal.
The system differs from many previously proposed in that it operates

in an unbalanced mode at all times. Other systems have incorporated a servo

loop to drive one of the observed signals to zero. We found this incovenient
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because of the minimum step available with a motor-driven attenuator and the

time delay in making an observation as the attenuator was driven toward
balance. Our present radiometer has sufficient gain stability that operation

in an unbalanced mode is not detrimental.

We subsequently modified our standard Dicke radiometers, operating at

3 and 6 GHz to conform to our reflection-compensating design.

A minor modification was made to the radiometers which has been
helpful in improving the overall repeatability of the radiometers. The
microprocessor computes the reflection coefficient and the microwave
temperature incident on the antenna. The physical temperature of the
circulator enters into this computation and it had been our practice to use a
nominal value for this temperature for all times. However, when looking at
various heated dummy loads, either matched or mismatched, at an elevated
temperature, the radiometer consistently computed a temperature differing from
the true temperature by 1-2 C. This difference varied slowly during the day
and is believed to have resulted from temperature changes of the circulator,
due to variations in the ambient temperature and heating of the circulator by
other components of the radiometer. We incorporated a temperature sensor on
the circulator so that its temperature is read during each observation and
used in each calculation of the reflection coefficient and microwave
temperature. This has resulted in a significant reduction in the drift of the

radiometer with time.

The ability of a reflection-compensating radiometer to correct for the
effects of an impedance mismatch at the antenna-tissue interface is shown in
Figure 3. For a multi-purpose radiometer used for microwave thermography,
reflection compensation is vital because of the varying dielectric properties

of tissue, fat, and muscle in different parts of the body.

Aperture Size and Penetration Depth

Many investigators of microwave thermnography have utilized open-end
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!
dielectric-filled, waveguides as the antenna, coupling the body emission to ;ﬁ
the radiometer. Since the penetration depth is greater for longer wavelengths -k
most thermographic studies have been done in the 1-6 GHz range. However, this .'
relatively low frequency range requires unduly large waveguide apertures ;ﬂ
thereby destroying spatial resolution. By filling the guide with a dielectric 3
one effectively decreases the wavelength in the medium and permits the 'q§
propagation of 1-6 GHz radiation in a waveguide of reduced dimensions. !N
Furthemore, the impedance match of the antenna to the body, necessary for 3?
optimum power transfer, is improved by the addition of the dielectric. ‘35
%
However, estimates of the penetration depth using the usual plane wave .
formula are overly optimistic and in need of drastic revision when applied to gf
a waveguide aperture in direct contact with human tissue. The reason is not %g
difficult to envision. The plane wave case is applicable only when the Eﬁ
distance from the aperture to the subject is large so that waves emanating i
from the aperture may be approximated as plane waves at the subject. This is f;
clearly not the case when the antenna aperture is in contact with the subject. ﬁg
i
Even the difinition of penetration depth is not applicable for contact !/
antennas because the electromagnetic fields do not fall off exponentially with aﬁ
increasing distance from the aperture until the far-field (plane wave) region Zz
is reached. Nevertheless, one can define the penetration depth as the {&
distance where the power is el or 0.368 (4.34 db) of the value at the "
surface. This distance will depend on the angle with respect to the axis of <$i
the aperture because the surface of constant power is not spherical. f%
2
In Figure 4 we show the results of our calculations of the on-axis :5
penetration depth as a function of aperture size, measured in wavelengths in 2?
the medium, for several frequencies commonly used in microwave thermography. 35
The calculations assumed a skin thickness of 1.5 mm overlying breast tissue ;&
and that only the TEjy mode was excited in the antenna even though the
dimensions were large enough to permit other modes to propagate. Similar g?
computations for a single aperture size have been done by others and their éé
conclusion, like ours, is that the penetration depth strongly depends on the ﬁ
characteristics of the antenna and that plane wave penetration depth grossly 4
overestimates the actual case unless the aperture dimensions exceed one %:

10 2
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wavelength or the tissue being examined is very lossy, i.e. high in water
content. For example, the plane wave penetration depth would be at leat two
times the values given in Figure 4 for a/Ap = 1. Thus one sees how the
penetration depth is seriously compromised for aperture dimension less than a

wavelegth in size.

Antenna Design

Utilization of a reflection-compensating radiometer for microwave
thermography has an important implication for the desing of antennas used in
thermography. In the past, antennas have been designed |using
dielectric-filled waveguides with the dielectric constant chosen to provide a
good match to body tissue. Typical dielectric constants have been about 5.
This has permitted propagation in waveguides V5 times smaller in linear
dimensions than would otherwise be possible for the same frequency. With the
advent of reflection-compensating radiometers, however, the need for good
impedance match at the antenna-tissue interface is alleviated, to a large
degree. This is because the radiometer corrects for the mismatch by computing
the reflection coefficient and using it in the computation of the microwave
temperature. This has made the design and fabrication of the antennas
considerably simpler, and therefore, cheaper. Furthermore, it has allowed one
to wuse rather 1large, air-filled antennas without the complication of
higher-order waveguide modes, as would occur with the same size antenna filled
with a dielectric. The importance of being able to use larger air-filled
waveguides is that the aperture size, measured in terms of wavelengths in
tissue, approaches or exceeds one wavelength and leads to improved penetration
depth. It should be pointed out that the use of large-aperture antennas leads
to a loss of angular resolution, but this should not be detrimental when the
antennas are used in a correlation interferometer because the angular
resolution is determined to a large degree by the linear separation of the
antennas. Under these circumstances the antennas should be optimized for

depth penetration at the expense of lateral resolution.

The above results have been borne out by experimental measurements
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Y
using a Zener diode noise source, slabs of dielectric material which simulate %
tissue, and our reflection-compensating radiometer at 3 GHz. The Zener diode $
noise source is powered by a DC voltage through short resistive leads to "
reduce scattering from the leads. It is a convenient noise source, although &
uncalibrated as a thermal source, stable and easily variable by adjusting the §
DC voltage. For relative measurements, such as antenna power patterns or ﬁ

. ' penetration depth measurements, it has been very satisfactory. The o

3 experimental set-up for our near-field measurements is shown in Figure 5 and é

; some results for various antennas are shown in Figure 6, The dielectric %
constants of the material in the waveguide antennas A, B, and C is 1.0, 4.0, ﬁ
and 8.0, respectively. Note, antenna A is an air-filled antenna. u

]

i ;

¥ ‘:I
Bistatic Measurements ,

A
The potential application of interferometric techniques to microwave i

) thermography is of interest because it will significantly improve the angular ’g

‘ resolution and could provide medical personnel with a thermal image o° the L

) area surveyed. ¥

3 h‘

[ A\

In preparation for experiments related to correlation interferome.ry 4

we made bistatic measurements with one antenna driven by a noise tube or a

signal generator, a second antenna attached to the reflection-compensating

b v e BN
MM

radiometer, and with a scattering object in the field-of-view of both antennas

beneath layers of simulated tissue. The signal input to the radiometer was

v .y -
P e

composed of the direct coupling between the two antennas plus the coherent

¥ %s

) signal scattered off the spherical (or cylindrical) object in the common field

-,

of view. As the antennas are scanned across the scattering object, only the

L

-
-

component of the signal from the scatterer varies. In this manner we found we

™
~

Pi
~

can easily detect variations in dielectric constant at depths of 5 cm or more.
The resulting signal, because of the coherence, is the vector sum of the

directly coupled electric field plus that from the scatterer. This technique

-

may be of importance in the localization of tumors to be sujected to

RNy

hyperthermia. The experimental set-up for our bistatic measurements is shown

; in Figure 7. ¢
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Bistatic scattering experiments represent an extension of microwave
thermography which requires minor hardware additions but offers the potential
of providing significant information about tumor size and the proper frequency
for hyperthermia. Since tumors have different dielectric properties than the
tissue medium in which they are imbedded their presence can be revealed by
backscattering measurements, Furthermore, since the tumor will have a
characteristic size the variation of the backscatter with frequency will
provide information on their size since the radiation scattered in the
backward direction will depend on the ratio of the characteristic size to the
wavelength in the medium, Ap. This can be shown most clearly by considering

the scattering from dielectric spheres. If the radius of the sphere is r then

the backscatter cross section varies as a r% when r/Ap < 0.1. As r/Ay

increases, the cross section wundergoes a series of resonances before
approaching the value predicted by geometrical optics. The wavelengths at

which the resonances occur can give a measure of the radius.

Ao s

The scattering from dielectric particles has been studied

VSRS

-

theoretically and experimentally since the work of Mie, Deby, and Rayleigh in
the early 1900’s. This work has assumed lossless particles, spherical shape,
plane wave illumination of the particle, and observation of the scattered
radiation in the far-field of the particle. None of these assumptions are
applicable to our investigations. Nevertheless, our observations appear to
show characteristic resonances in the scattering cross section which are

related to d/)\;, where d is a measure of the size of the scatterer.

& S - -
P

e
-~

If the difference in dielectric constant between a tumor and the

.3
-,

surrounding regions is large then resonances can also occur in the absorption

o)

of electomagnetic radiation by the tumor. This fact provides a means to
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optimize the frequency to be used for electromagnetic-induced hyperthermia.

It may then be possible to heat the tumor specifically without a detrimental

-"-.

heating of the entire surrounding medium. Furthermore, by reciprocity, a
resonance in absorption implies a resonance in emission, a fact which has not

been exploited in microwave thermography.
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