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ABSTRACT
In medical applications of microwave thermography an apparent
microwave temperature is obtained from a sample of the thermal
radiation flux generated in body tissues and measured at the body’s
surface. The temperature variation over the human body reflects the
effects of blood perfusion, metabolism and environmental temperature,
therefore any disease which causes changes in the physiological
properties of the human body also changes the measured microwave
temperature and can be investigated using microwave thermography.
The Glasgow radiometer operates at a frequency of 3GHz where
tissues are relatively transparent to electromagnetic radiation. The
choice of measurement frequency strongly influences the lateral spatial
resolution and depth of penetration of radiation. The equipment consists
of three-basic parts, a microwave antenna designed for operation in
contact with the skin where it feeds the tissue thermal radiation signal to
a measuring radio receiver. The received signal is passed through a
signal processor to produce output information calibrated in degrees

Celsius.

The tissue temperature distribution, 7 is assumed to be determined by

a heat supply due to arterial blood perfusion, w, at 7, , and metabolic
activity , Q, in total @,(T —T)+ Q, the tissue thermal conductivity and

the region thermal boundary conditions. This tissue temperature
distribution with the microwave propagation properties of the tissues
determines the microwave radiation temperatures measured at the skin
surface. n By measuring the infra-red surface and microwave
temperatures it is then possible to make estimates of the physiological

heat supply to a volume of tissue.



Microwave thermography has been used for the objective assessment
of inflammation in the knee joints and wrist and finger joints of patients
suffering with rheumatoid arthritis by comparison with similar
information obtained from a control group of subjects. Combined
microwave and thermal modelling has been used to estimate the
effective blood supply to the anterior intra-articular region of the
patella, and the perfusion of the quadriceps muscle in both groups. 2-D
numerical modelling was compared with results obtained using 1-D
modelling.

Microwave thermography has also been used for the detection of
breast cancer. However, problems such as high false positive detection
rates have occurred due to natural cyclical breast temperature changes.
The thermal behaviour of the normal breast throughout the menstrual
cycle has been investigated and it is shown that microwave
thermography is capable of detecting temperature variations in the
female breast corresponding to the ovulatory and luteal phase of the
menstrual cycle. Combined microwave and thermal modelling

estimated the effective perfusion of the normal breast to be in the range

0.2 -~2 kgm”s’. This is consistent with previous work.

Microwave thermography is a quick, simple technique which
clinicians can easily use. It is non-invasive, passive and causes the
patient no distress. By using combined microwave and thermal
modelling it is possible to estimate tissue blood perfusions and water
contents and compare them with expected values. The technique has

many potential applications and will hopefully find a secure niche in

clinical medicine.



CHAPTER 1.0 GENERAL INTRODUCTION.

1.0 Introduction.

In general, detection and definition of medical conditions (diagnosis)
requires the clinician to use his experience to bring together various
disparate pieces of information - some subjective (pain, etc), some quasi-
objective (history of symptoms), some objective (biochemical test, X-ray
images). He will often have to make a differential diagnosis on the basis
of incomplete or uncertain pieces of information. Therefore, there is
clearly a need for more reliable clinical information in order to provide a

greater chance of correct diagnosis. Objective measures giving clear

information are the most useful.

An obvious aim should be to make maximum use of the information
provided naturally by the body, thereby reducing the need for invasive
techniques, which may have undesirable side effects (e.g.
jection/ingestion of radio-active material). Body tissue temperature
behaviour is "naturally" available information; is it possible to measure it
non-mvasively? Yes, by using infra-red and microwave thermography
techmques, thermal images can be obtained. Thermal imaging can })rbvide
the clinician with an inherently safe, well tolerated, objective assessment
technique.

Over the last 20 years thermal imaging techniques have proven to be
useful 1n clinical medicine. The measurement of naturally emitted heat
energy from the body is a non-invasive and inherently safe technique.
Extensive studies have been performed on infra-red imaging techniques

(Collins et al, 1974). However, this technique has a number of drawbacks



because the measurement of infra-red wavelength thermal radiation,
emitted from essentially the skin surface, requires that for reproducible
results, the environmental conditions must be very closely controlled. In
comparison microwave radiation thermography uses a wavelength of
approximately 10cm, so microwaves having a greater penetration depth
than nfra-red radiation, therefore _infonnation about internal body
temperatures can be obtamned.

Microwave thermography obtains information about the temperature of
internal body tissues by a spectral measurement of the intensity of the
natural thermally generated radiation emitted by body tissues. At lower
microwave frequencies microwave radiation is able to pass through
medically useful thicknesses of human tissue , up to a few centimetres, and
therefore the subcutaneous temperature may be measured non-invasively.
(Fig. 1.0) The temperature variation over the human body reflects the
effects of blood perfusion, metabolism and environmental temperature
therefore any disease which causes changes in physiological properties
may be investigated using microwave thermography.

Microwave thermography is both an objective and a quantitative
measure, 1t provides the possibility of assessing the degree or severity of
disease activity, and monitoring of therapeutic intervention.

Throughout the last 10 - 15 years clinical studies using microwave
thermography have included osteo-articular diseases, vascular disorders,
diseases of the abdomen and cancers of the breast, thyroid and brain
(Brown, 1989). A review of clinical microwave thermography is given in

1.5.
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The aim of this research was to determine the usefulness of using
microwave thermography in a clinical environment on various body parts,
and 1ts ability to provide clinicians with useful information. The object of
the knee work was to show that simple combined thermal and microwave
radiation modelling may give a useful estimate of the blood supply to the

anterior intra-articular region of the patella and the quadriceps muscle of

both normal controls and in patients suffering from rheumatoid arthritis
(RA). The increase in temperature over the knee joimnt has been shown to
be due primarily to an increase in blood perfusion to the affected area. A
2-dimensional numerical modelling technique was developed by Dr. Paul
Harness (UMIST, 1994), this model was compared with the 1 dimensional
analytical and numerical models used previously. A pilot study was
carried out at the Centre for Rheumatic Diseases, Glasgow Royal
Infirmary, to assess the usefulness of microwave thermography for the
monitoring and assessment of disease activity in the hand and finger joints
of patients suffering from rheumatoid arthritis.

Fmally the application of microwave thermography to the study of breast
disease was considered. Variations in thermal and microwave properties
in the breast during the menstrual cycle were investigated as this
knowledge 1s essential if changes in the breast due to disease are to be
detected. Combined thermal heat transport and microwave radiation
modelling was used to estimate the effective perfusion in breasts.

This thesis 1s structured as follows. Chapter 1 gives an introduction to
microwave thennography and discusses other imaging techniques. Basic

principles behind microwave thermography are explained in Chapter 2.



Chapter 3 looks at tissue properties which affect microwave thermographic
measurements. The microwave radiometer used in this work 1s described
in Chapter 4. This is followed by a discussion of temperature distributions
In the human body and combined modelling in Chapter 5. Chapters 6 & 7

look at the application of microwave thermography to the study of joint

and breast disease and finally conclusions are considered in Chapter 8.

1.1 Introduction to blackbody radiation.

At all temperatures above absolute zero objects radiate energy in the
form of electromagnetic waves by virtue of the thermal vibration of the
electrical charges of the object material. This is "thermal radiation”. Since
a good absorber of radiation is a good emitter, it follows that the best
emitter 1s a surface that is the best absorber. A surface which absorbs all
the incident energy falling on it at all wavelengths is called a "black body”
surface.

The intensity of the radiation from a black body is governed by Planck’s

radiation law, which is

2hv |
B = e ———

where B 1s the intensity of radiation per unit wavelength, 7 is the absolute
temperature and v is the frequency of the radiation, 4 is Planck's constant,
K 1s Boltzmann's constant and c is the velocity of light. Figure 1.1 shows

that maximum emission of radiation occurs at around 10" Hz for a surface
at 300K.
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Fig. 1.1 Intensity spectrum of a black body at a temperature of 300K



No surfaces are ideal black bodies, however the human body is an
excellent radiator, therefore it follows that it must be a good absorber of
radiation. Human skin has an emmissivity of ~ 0.98 (Mitchell, 1967), It
can be assumed that the human body behaves very close to a black body in
the wavelength range of (0.2 - 20)um.

If the infra-red absorption of radiation takes place over a depth of tissue

of the order of 0.1mm, so the emission of infra-red radiation i1s from this
superficial layer of tissue, i.e. infra-red measurements give a surface
temperature, which may or may not, through internal heat conduction,
reflect body interior temperatures.

In contrast, the longer centimetric microwaves are absorbed over a depth
of a few centimetres, and so are emitted from tissues extending in from the
skin surface of a similar distance, 1. body tissues can be thought of as
being modestly transparent to centimetric microwave radiation, so that
some of the microwave component of the thermal radiation, generated by
Internal tissues, reaches the surface where it can be measured. The body
can be considered to have a "microwave temperature" at the skin surface,
and through the partial transparency of the tissues this will provide some
information about internal, as distinct from superficial tissue temperatures.

Human tissue properties are such that for medical applications the
optimum measurement frequency is approximately 3GHz, 10cm free space
wavelength, at which frequency temperature pattern information can be
obtamned for tissues at clinically useful depths of several centimetres within

the body and a thermal pattern resolution at the surface of 1 - 2 cm.  Figure



1.0 shows the general form of the transmission of microwave radiation
through body tissues.

The tissue attenuation constant for the microwave radiation gives the
measure of the depth within the body from which useful temperature
information can be obtained. The attenuation constant is defined as the
thickness of tissue which will absorb €' or 37% of the power incident
plane wave radiation. Because of the resonant absorption of microwave
radiation by the polar water molecule at about 26GHz, tissue water content
determines the radiation attenuation constant. Fat and bone have a low
water content and so have a lower power attenuation constant, whereas ,

high water content tissue such as muscle and skin have a higher

attenuation constant.

1.2 Microwave thermography equipment.

The radiometer used in this study operates at a frequency of 3GHz
where tissues are relatively transparent to electromagnetic radiation. As
mentioned above the spatial resolution is about 10mm to 20mm, and tissue
radiation transmission distances are about 10mm to 40mm. These values
are well suited to the examination of major articulations and breasts, but
are larger than optimum for the smaller dimensions of the finger. This will
be discussed further in Chapter 6. The equipment consists of three basic
parts.a microwave antenna designed for operation in contact with the skin
which feeds a tissue thermal radiation signal to a measuring radio receiver.

The received signal which 1s a result of the summation of the emitted

radiation at all interior points reduced by a weighting factor taking into



account the tissue microwave attenuation is then passed through a signal

processor to produce output "microwave temperatures” calibrated 1n
degrees Celsius. Skin surface temperature measurements were made using

a commercial pyroelectric element infra-red thermometer. Measurement

data was recorded using a small computer.

1.3 Background of thermometry.

The correlation between disease and an increase in body temperature
was accepted as for back as 400 a.c when Hippocrate used his hand as a
thermometer when assessing patients. In 1595 Gallilei in Pisa devised the
thermometer but it was not widely used until 1612, Fahrenheit’s scale of
temperature was adopted in 1708 followed by the centigrade scale in 1742.
Throughout the 1800°s the thermometer was used for many studies and by
1870 1t was an accepted measure in medical circles.(Solonsa et al, 1978)

Skin temperature is a reflection of the state of the vascular system, so
diseases of the vascular system often result in regional or local temperature
changes. The diseases under investigation in this thesis being rheumatoid
arthritis and breast disease. Both of these conditions resulting in an
Increase in temperature over the affected area. The remainder of this
chapter will look at various clinical imaging techniques currently in use
throughout the medical world at present and a review of microwave

thermography will be given in 1.5.



1.4 Imaging techniques.

The following techniques are probably the most widely used in clinical
medicine.
e Infra-red thermography
Infra-red thermography detects the infra-red radiation being emitted from
the skin, and can be used to quantify changes in blood flow and
inflammation in Iimbs and joints. This technique is also used to evaluate
and monitor disease activity.
e (Conventional X-ray imaging
When a beam of X-rays pass through the human body, the X-rays are
differentially attenuated according to the physical nature of the matenal.
The X-ray beam is altered in two ways as it passes through the body.
Energy 1s absorbed from the beam into the tissue of the subject. The beam
is then differentially attenuated according to the thickness, atomic number
and density of the material in its path. The radiation interacts with the
body tissue by photoelectric absorption and Compton scattering.

Possible hazardous effects of radiation on living tissue

however means that it is essential to obtain the required information with
the lowest X-ray dose possible.
e X-ray computed tomography
The change in tissue density and hence absorption of the X-rays can
provide a technique with an estimated resolution of 1C. (Fallone et al,
1982) '



e Ultra-sound-coded doppler imaging

Ultrasound 1s used to obtain information from within the body about the
movement of structures and about the flow of blood. A shift in frequency
1s observed by a receiving transducer when a moving target scatters or
reflects ultrasound from an isonifying beam. The doppler shifted
information associated with a specific location can be detected and
displayed as an image.(Duck, F.A, 1989)

e Nuclear magnetic relaxation imaging

In nuclear magnetic relaxation imaging the tissue temperature depends on

the nuclear magnetic relaxation mechanism for moments in a static
magnetic field involving thermal interactions with the ' surrounding

environment.

e Multiple Gamma ray imaging

The spatial distnibution in the body of gamma-ray emitting injected or
ingested radionuclides can be measured by an array of radiation detectors
forming a "gamma camera". Modermn gamma cameras are provided with
two or three energy channels so that simultaneous images of different
radio nuclides can be obtained. A problem however is the withdrawal,
manipulation and re-injection of blood components involve hazards to both
the patient and the radio pharmacist. - The spatial resolution of the
technique is relatively poor.

e Microwave thermography

Microwave thermography is the technique of observing the natural thermal

radiation emitted from body tissues at centimetric wavelengths to obtain
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information about internal body temperatures. The technique will be

discussed further in the following chapters.

1.5 Review of Microwave radiometry for medical applications.

Research into the clinical use of microwave radiometry began 20 years
ago when Enander and Larsen (1974) measured temperatures regions of
the abdominal cavity inside the human body using a system which
operated in the frequency band 0.9 - 1.2 GHz. A loop contact antenna was
used for this application. They concluded that “measurements of this type
may have applications in medicine for diagnostic purposes”.
Approximately 4 years later Ludeke, Schiek and Kohler (1978) published a
papef describing an improved radiometer that they had developed which
was capable of measuring physical microwave temperature independently
of any mismatch between the radiation emitting object and recerving
antenna. Also in 1978, Edrich and Smyth were investigating the new
technique of remote sensing at centimetre and millimetre wavelengths.
This solid state scanner operated at 68GHz and had a temperature
resolution of 0.25C. They concluded that this system was capable of
distinguishing between normal knees and knees affected with rheumatoid
arthritis and that it could be used to monitor the effectiveness of drug
treatments that patients were receiving. In 1980, Edrich, Jobe et al
published findings from research carried out on the use of the remote
scanning system for the detection of breast cancer, arthritis and scanning

of the head and neck region. They suggested that the long wavelength



11

thermography may be suited for the detection of thermally active brain
tumours.

Barret, Myers and Sadowsky (1980) performed a breast cancer detection
study of approximately 5000 patients using microwave thermography. The
equipment operated at wavelengths of 23cm and 9.1cm and was used to
examine 1000 and 4000 patients respectively. In addition each patient

underwent infra-red thermography, mammography and clinical

examinations. By using statistical analysis techniques they decided that

the most effective detection criteria was to determine the maximum

temperature difference between symmetrically opposite points on the right
and left breast. Unfortunately at a wavelength of 23cm they discovered
that this detection criteria was ineffective. The performance of the above
~ systems indicated that microwave thermography at a wavelength of 23cm
has true-positive and true-negative detection rates of 0.8 and 0.6
respectively for this application and detection criteria. This result 1s
similar to infra-red thermography (0.7), but is less than xeromammography
(0.9). They also noted that the microwave and infra-red imaging
techniques disagreed in 41% of the cancer cases.

In 1983, Mamouni, Leroy, Van de Velde and Bellarbi proposed a new
microwave technique known as correlation microwave thermography.
This technique will be briefly described. Two identical radiometer
channels and antennas are used. Both antennas viewing a common
volume of tissue inside the body. Now since the signal in each channel 1s

composed of two components, one from the common region and the other

from the rest of the antennas field of view it is possible to separate the
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common component out. The radiometric signal received will then be due
to a signal originating at a depth inside the body. It is possible to change
the depth viewed inside the tissue by altering the relative orientation of the
antennas. Using this technique they hoped to improve the processes of
localisation of the thermal gradients in living tissues.

Iskander and Dumey (1983) decided to investigate the use of
microwaves In measuring changes in lung water content as techniques
available to measure such changes lacked either the reliability or
sensitivity to monitor early changes in water content. The techniques they
stated were also "elaborate, expensive and impractical for clinical use".
They looked at two methods. The first was based on measuring changes
in the phase of an active microwave signal transmitted through the thorax-
the frequency band being 700MHz - 1.5GHz. The second technique being
based on measuring the natural radiation emitted by the body. They
constructed a 1GHz Dicke radiometer and made measurements on
phantoms to further demonstrate the usefulness of the radiometer for
measuring changes in lung water content.

In 1987, Abdul Razzack and colleagues built a scanning microwave
thermograph operating in the frequency band, 9 - 10 GHz. This system
produces a video display of the variations in the emission temperature of
the human body. To assess the clinical usefulness of the system studies
were carried out at St. James Hospital, Leeds in the Vascular Surgery
Department. It was concluded that the technique 1s accurate in the

detection of occlusive vascular disease and may provide useful information
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in the investigation of patients with occlusive disease and especially in the
prediction of amputation levels.

Also 1n 1987 Fraser, Land and Sturrock carried out an investigation into
the use of microwave thermography as an index of inflammatory joint
disease in patients suffering with rheumatoid arthritis. Fifty-two knees
affected were scanned and a microwave thermographic index was
calculated for each knee. A strong correlation was found between the
microwave thermographic index and the clinical and laboratory parameters
measured.

Marr, 1992, camed out an investigation to determine whether
microwave thermography could be used for the investigation of injury of
the superficial digital flexor tendon in the horse. The microwave
radiometer used in this investigation was developed by Land (1987).
Microwave profiles were recorded from 77 normal horses. These profiles
could be separated in specific profile types. In 48 horses with acute injury
of the superficial digital flexor tendon and 12 horses with acute injury of
the soft tissues of the palmar meta-carpal region, it was found that an
elevation of temperature was present over the injured areas.

Another use of microwave thermography was investigated by al-Alousi
et al, 1994 in which they used the system to estimate the time after death.
Using the microwave radiometer they were able to measure temperatures
of internal organs of the body by placing the antenna on the skin, therefore
estimating the time of death. This method provides an ethical, non-

invasive technique for determining. such a measurement.
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McDonald et al, 1994, carried out a study to determine the usefulness of
microwave thermography as a non-invasive assessment of disease activity
in inflammatory arthritis. The equipment used was again developed by
Land(1987). This study confirmed previous work suggesting that
microwave thermography may well be a useful tool for the assessment of
local joint disease.

Clinical studies of the application of microwave thermography continue
at several centres in the UK and other European countries. The
microwave thermography group at the University of Glasgow continues to
carry out clinical investigations to consider the usefulness of microwave
thermography in rheumatology, oncology, gastro-enterology as a
diagnostic aid for heat producing disease. n However, microwave
thermography "has yet to find a secure niche in the medical world".(Foster
and Cheever, 1992).
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CHAPTER 2.0 BASIC CONCEPTS OF RADIATION THEORY.

2.0 Introduction.

This chapter discusses the basic principles on which the technique of

microwave thermography 1s based.

2.1 Definition of terms.

The amount of radiant power, di¥, in a specified frequency window or
bandwidth, dv which is transported across an element of surface area, do

and in directions confined to an element of solid angle d€2 1s given below.

The specific intensity, / , is related to this radiant power, di¥” by

dW =1 Cos@dQdodyv | 2.1.1

where @ is the angle between normal to do and d€2.
Radiation is commonly defined in terms of spectral intensity, I, or

specific intensity, /.. Specific intensity refers to the combined radiation

emitted at all frequencies whereas spectral intensity refers to radiation
emitted 1n a specified radiaﬁ;ﬁ“\;ilgdow. Quite often the term “brightness™
1s used instead of intensity.

In microwave thermography it is the spectral intensity in a limited range
of ﬁequenciés of the microwave region of the electromagnetic spectrum

which 1s important.
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2.2 Black body radiation.

As previously explained in Chapter 1, at temperatures above absolute
zero all objects radiate energy in the form of electromagnetic waves. In
1859 Kirchoff showed that a good absorber of radiation is also a good

emitter. Absorption occurs when there is a transfer of energy to matter

from radiation passing through matter. The process of a body losing

energy to its surroundings by radiation is known as emission. A perfect
absorber 1s known as a blackbody, and so it must also be a perfect emitter.
A black body is one which absorbs completely any radiation reaching it

and reflects none. It remains in equilibrium with the radiation reaching
and leaving it, and at a given steady temperature emits radiation with a flux
density and spectral energy distribution which are characteristic of that

temperature and 1s described by Plank's radiation formula.

2hv 1

hv/

¢’ ekt ]

2.2.1

B(T)=

where B (T) is the power per unit frequency emitted per unit area of

radiating surface at absolute temperature T, (brightness), normal to that
surface, v is the frequency, h is Planks constant, K is boltzmanns constant

and c 1s the velocity of light.

. h
At frequencies 7{-;;- << 1, the plank function can be simplified to the

Rayleigh -Jeans relation

_2hV KT _2KTV _2KT

¢ hv & 2 222
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So according to the Rayleigh-Jeans radiation law, the Intensity varies

inversely as the square of the wavelength.

2.3 Radiative transfer.
It the specific intensity, / changes, it can do this only by the absorption

or emuttance of radiation. This change of specific intensity is described by

the equation of transfer, Eqn. 2.4.5.

2.3.1 Absorption.

It a pencil of radiation passes through a material it will be reduced by its

interaction with the matter. It follows that the specific intensity, /

becomes I +dI  after passing through a distance dz of the material

therefore

dl =-k pl dz 2.3.1.1
where p is the density of the material, &, is the mass absorption coefficient

for radiation at a frequency, V.

2.3.2 Emussion.
The amount of radiant energy emitted by an element of mass, dm in
directions confined to an element of solid angle dQ, in the frequency

terval vto v+dvin atime dr is given by

J . dmdQddvdt 2.3.2.1
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where j_ is the emission coefficient.

2.4 Equation of transfer.

In order to develop the equation of transfer the source function must be

defined as the ratio of the emission to absorption coefficients

s =Jv 241

The equation of transfer governs the loss of intensity due to absorption and
the gain 1n intensity from emission.

Considering a small cylindrical element of cross section do, length dz
which has a radiation intensity / incident in the z-direction on one face

and / +dI emerging from the second face in the same normal direction.

It follows that both faces will absorb and emit part of the incident

radiation.

The amount of radiation absorbed is given by

k pdzI dvdodQdt 242

and the amount emitted is

j pdodzd vdQt 2.4.3
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So the total change in the radiation during its traversal of the cylinder 1s

given by
dl

¥ ==k pl +jp 244

Using Eqn. 2.4.1, the above equation becomes

L,
k pdz

=1 -8, 2.4.5

This is the equation of radiative transfer.

2.5 Formal solution to the equation of transfer.

The formal solution to Eqn. 2.4.5 1s given as

I(z) = 1(0)e™® + [ S (2)e "k pdz 2.5.1

where 17(z,z') is known as the optical thickness of the material between the

points z and z and is given by
o(z,2) = [k pdz 2.5.2

From Eqn. 2.5.1 it follows that the intensity at any point in a giveh

direction is the summation of the emitted radiation at all anterior points, z,
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reduced by a factor e”***’, which allows for absorption by the intervening

material.

2.6 Equation of radiative transfer in relation to the human body.

In relation to the human tissue, Eqn. 2.5.2 can be rewritten as

(z,z2)=k p(z—-2) 2.6.1

due to the uniform density of tissue.

It follows that Eqn. 2.5.1 can be written as

I(z) =1(0)e™ + [S()e™* k pdz 2.6.2

By comparing Eqn 2.6.2 with the solution to the wave equation obtamed
for a wave propagating in a material with conduction or dielectnc

absorption losses, Eqn. 3.2.1.5, it is clear that

kp=2a 2.6.3

where 2« is the radiation power attenuation constant determined by the
dielectric properties of tissue.
By considering the human body to be in thermal equilibrium when at rest

In a room at constant temperature, 1t can be assumed that Kirchoffs law
holds
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.}J{__ =S =B (T) 2.6.4

| 4

where B (T) is the Plank function, Eqn. 2.2.1, and S, is the source
function, Eqn. 2.4.1.

However, as shown earlier the Planck function simplifies to the
Rayleigh-Jeans relation, Eqn. 2.2.2, at microwave frequencies, so Eqn.

2.6.2 becomes

21/1('

1(2) = 1(0)e™ + Wy 2.6.5

The physical meaning of Egqn. 2.6.5 is that the microwave temperature
observed on the skin surface is a result of the summation of the emitted
radiation at all interior points reduced by a weighting factor of the form
e** which takes into account the tissue microwave attenuation factor.
However, it should be noted that Eqn. 2.6.5 is for a single matenal region
and does not include surface emissivity . due to material discontinuity.

The resultant intensity from several different regions e.g. skin, muscle
and fat can be calculated by a simple extension of Eqn. 2.6.5 taking into
account the inter-regional reflections due to impedance changes and signal
attenuation across different tissue regions giving

2VK .

I(z) = g2 j 20, T(2)e  dz+e -

2 ‘}K I2a T(z)e‘ 2e4ddz +
l CZ

2.6.6
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where o], a» are power attenuation constants. Theoretical modelling of
radiometer antenna spatial response shows a more complex behaviour than
Eqn. 2.6.6 close to the antenna, but experimental measurements have
shown that the dominant features of the response are of this form, (Land,
1987 & Mamouni, 1988).

If the temperature, T, 1s uniform throughout the matenal the intensity
emitted by a homogeneous piece of thickness, d 1s given from Eqn. 2.6.6 to
be

2VKT

CZ

(1 —_ e'zm) 2.6.7

Now if the optical depth is large (az 1s large), If follows that the intensity
emitted is approximately equal to that emitted by a black body at the same
temperature (Eqn. 2.2.2). On the other hand if az << 1, the intensity

emitted is of the approximate form

2VKT

CZ

20z | 2.6.8

and 1s less than that emitted by a black body at the same
temperature.(Brown, 1989)

2.7 Antenna response function.
In 1928 Nyquist showed that the noise power per unit bandwidth at the

terminals of a resistor, R, and temperature, T, is given by
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W=KT 2.7.1

where W is the spectral power per unit bandwidth, K is boltzmanns
constant and T 1s the absolute temperature of the resistor.

If the resistor 1s replaced by a lossless antenna of radiation resistance, R,
in contact with a lossy material of the same impedance and is connected to
a terminating resistor of a lossless transmission line then the terminating
load radiates an average power of KT watts per unit bandwidth through the
transmission line and into the lossy material if the system is in thermal
equilibrium. If this condition holds then the antenna must also receive KT
watts per unit bandwidth from the lossy material. However if the antenna,
transmission line and load are not in thermal equilibrium with the lossy
medium the antenna must still receive the same power per unit bandwidth.
The power per unit bandwidth, P, received by the antenna can be

expressed as

P = -;- [1()P(r)dV 2.7.2

where I (r) is the intensity of radiation at a position 7, with origin at the

position of the antenna. P (r) is the normalised power response pattern of

the antenna given by

P(r)
P(F) e

P(r)= 2.7.3
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where P(r) is the relative antenna power pattern and P(r)_, represents the
maximum power response pattern of the antenna (Kraus,-1961).

Any antenna 1s responsive to only one polarisation component, so since
thermal radiation is of an incoherent, unpolarized nature, only half of the
total incident power is present in Eqn. 2.7.2.

For a radiating antenna, the propagation power density of the wave is

given by

P==——2 2.74

where E, is the electric field strength and ¢ is the intrinsic wave

impedance.

The noise power per unit band width received by the antenna is then

given by

- VK
==

p A[2aT(D)E() dV 2.7.5

for an impedance matched, uniform material.

The reciprocity theorem (Slater, 1942) provides a way of measuring the
normalised power response pattern. The theorem states "that if there is a
four terminal network, which may include radiation as part of its elements,
and a given voltage impressed on two of the terminals produces a given
current at the other two, then the same voltage impressed on the second set

of terminals will produce the same current on the first set. When
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discussing a system of two antennas, each with its two terminals, the
theorem is used to compare the radiation from the first antenna toward the
second, and the radiation from the second toward the first." Following the
above argument the transmitting and receiving power pattems of an
antenna hmust be identical. Therefore the power dissipated in an element
when an antenna 1s radiating into the lossy medium is proportional to the
power received from that element when the antenna is receiving. The

power dissipation density is thus given by

P=%oﬂ§(r) 2.7.6

where o is the conductivity (Q-1m-1) and E=FE o e'™ 1s the electric field.

So by reciprocity the power response pattern must be proportional to the

power dissipation density, Eqn. 2.7.6 which gives

P(r)=AE(@) 2.7.7

where A is a constant of proportionality.
Considering Eqn. 2.6.8 the intensity of radiation emitted by a small

thickness, dz of homogeneous material is given by

I (r) =2ﬁ521(-£—)-2adz 2.7.8

C
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By substituting Eqns. 2.7.7 and 2.7.8 into Eqn. 2.7.2, the power per unit

bandwidth received by the antenna can be expressed as (Eqn 2.7.5)

VK

‘dv 2.7.5

for an impedance matched, uniform material.

From thermodynamical considerations the power received per unit

bandwidth 1s equal to KT thus Eqn 2.7.5 can be written as

I?2a

2.7.9

In general for a lossy material, it is difficult to determine theoretically the
distribution of E(r). However, the antenna pattern may be described
approximately by an exponential variation in the direction of the central
axis of the antenna in a single region of tissue. The effect of the varying
lateral response, over an area slightly greater than that of the antenna, is

often removed by considering the viewed temperature pattern to be uniform
over this area.

Because of the above reciprocity relationship, "active" field measuring
techniques can be used to find the weighting functions of practical

antennas:

1. by field sensing with a very small probe, essentially a small antenna
(Mamouni, 1988).
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and

2. by field perturbation by small conducting or dielectric objects (Land,
1988).

Both these techniques have been used to measure dielectric phantom
matenals with properties simulating body tissues. A further discussion of

the antenna response function 1s given in Chapter 4, section 4.5.2.
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CHAPTER 3.0 DIELECTRIC PROPERTIES OF BIOLOGICAL
TISSUE.

3.0 Introduction.

In this chapter a brief outline of the processes which give rise to the
absorption of energy from microwave radiation propagated in biological
materials will be given. In the microwave region of the electromagnetic
spectrum body tissues behave as lossy dielectric material. However
biological tissue is a complex mixture of water, 1ons and membranes, so

prior to the discussion of tissue dielectric properties, tissue structure

and composition will be discussed.

3.1 Biological tissue structure.

Within the human body, biological tissues consist of cells which have
undergone various developments in order to perform different
functions. Cells consist of a mass of protoplasm which contains
proteins, polysaccharides, nucleic acids and lipids which are bound by a
delicate membrane. Molecules of the protoplasm are suspended in
intra-cellular electrolyte.  Cells are suspended in an aqueous
environment of intercellular electrolyte. Intracellular water contributes
approximately 67% of the body total water content, intercellular fluid
25%, and the remaining 8% 1s accounted for by plasma (extra cellular).
These fluids are basically electrolytic solutions. However, the fluids
differ in that plasma and intercellular water may be treated as 0.9%
sodium chloride, NaCl, solution, where as the intracellular water has a

high concentration of potassium ions. In contrast to fat and protein,
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water has strong dielectric properties and thus dominates the dielectric

behaviour of tissues.

3.2 Behawviour of electromagnetic radiation in lossy dielectric matenal.
The behaviour of electromagnetic radiation 1n a dielectric depends on

the electrical conductivity, o (Sm™), and the dielectric constant, €
(Fm™'). The pemmittivity or "dielectric constant" of a material is a
measure of the extent to which-the electric charge distribution in the
material can be 'distorted' or polarized by the application of an electric
field. The displacement of charges within the atoms or molecules of a
dielectric mékes each atom or molecule a dipole with a particular

moment, p. It p 1s the average dielectric dipole moment per molecule

in @ small volume, 7. and N is the number of molecules per unit

volume, then

In other words, the electric polarization , P, is the dipole moment per

unit volume at a given point (Corson & Lorrain). At radio/microwave

frequencies the use of a complex dielectric constant is common as in
this frequency band a phase lag between the field and the dipole.
orientation develops, and energy is drawn from the electrical source by
the material and is dissipated as heat. This is dielectric loss. The

complex dielectric constant. can be written in terms of real and

imaginary parts

E=E —IE 3.2.2
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where ¢ is the "relative permittivity” and & the loss factor.
The loss tangent of a dielectric matenal 1s defined to be

tano=2=-2 3.2.3

& A

where ¢ 1s taken to be the equivalent conductivity for all loss forms.

At electrolyte concentrations found in body tissues, the equivalent
conductivity for dielectric power loss in water by the Debye relaxation
process 1s similar to the electrolytic ionic conductivity at the lower
microwave frequencies . (Land, 1987). The water dielectric constant is
nearly constant close to its low frequency value and so a pronounced
minimum occurs of the electrolyte loss tangent at about 3GHz for
clectrolyte temperatures of 35 - 37C. In body tissue, since conductivity
and dielectric constant tend to show similar variations with water
content, tissue loss tangents can be expected to show a similar
mmimum. Fig. 3.0 shows the variation of loss tangent of human tissue
at 37C at microwave frequencies. From this figure a pronounced

minimum 1in the loss tangent at 3GHz can be seen.

3.2.1 Wave propagation in a lossy dielectric.

By considering a time harmonic plane-wave propagating along the z-
axis in an infinite, homogeneous, isotropic, linear medium a wave
equation can be deduced using Maxwell's equations. In a material with
dielectric losses, o > 0 and so Joule heating occurs and the wave
energy decreases. To obtain the wave equation the following Maxwell

Equations are used:
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Maxwell 3: 3911
CurlE =—-iou,H

Maxwell 4. 3919
CurlH = oE +iwek

This gives the Helmholtz wave equation
7)) OE
VE=uo— — 3.2.1.3
LT o T 5t

where the first term on the left hand side is the damping term of the
power loss to the material (Corson & Lorrain). The solution to Eqn

3.2.1.3, split into its real and imaginary parts, can be written as

2RV
W+ HE o)
= 1+ — | +1 3.2.14
AN ) I' (a)é) }
with the imaginary part, a given by
. _ y
W+ LUE o
= 1+ — | -1 3.2.1.5
V2 { (wb‘) ]

The mmagmary part 1s the field attenuation constant mentioned 1n
section 2.6.3 and 1s related to the power penetration depth by Eqn

4,5.2.1. In a perfect dielectric o =0, so there is no attenuation of the
wave. The real part 1s then equal to 27 f) where A 1s the wavelength 1n

the matenal.
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Considering the dielectric properties of tissues at the frequencies of

interest, Eqn. 3.2.1.5, can be approximated to by

20 = Z"(_T 3.2.1.6
Iz
where 2a is the wave power attenuation coefficient and Z, = ,—’gi, 1S
0

the vacuum wave impedance. The wave power attenuation coeflicient

can also be written as

2am%—r\/2{tan5 3.2.1.7
0

where A, 1s the vacuum wavelength.

3.3 Diuelectric loss mechanisms of water and electrolytes.

In order to determine the plane wave power penetration at a given
frequency it is essential to know the dielectric properties €, ¢ of the
tissue at that frequency. The frequency dependent dielectric behaviour
1s charactenised by the presence of 4 dispersions, Fig 3.1, covering the
audio to infra-red frequency range. The dispersions being labelled a, f3,
0, Y.

The o - dispersion i1s most probably due to counterion polanzation
around the cell membrane and i1s important over the 100Hz to 100KHz
range. - *

The B - dispersion 1s a result of the non-homogeneity of biological

material which causes charge accumulation at interfaces between media



'anss1) [eoI30[01q
10J ° 2 “Jue)suod SI3[aIp Jo Aouanbay yum uoneuep ¢ Sy

(Aduanbaiy)3org

ZHOST

ZHO1°0 ZHM00S ZHO01

(JueISu0d OLIJII[AIP)307]



33

of differing dielectric properties. This dispersion occurs in the

megahertz range.

The o - dispersion 1s a small dispersion which takes place between 0.1
to 1 GHz and 1s due to relaxation of bound water, rotational relaxation
of polar side chains and contributions from small polar molecules.

Finally the y - dispersion occurs at approximately 26GHz and i1s a
result of the dipole relaxation of the water component of plasma, and
intracellular and interstitial fluids in tissues.

From the above description of the relaxation processes which occur it
can be assumed that in the microwave frequency range it is the water

dependent processes which are important 1.e. the  and y dispersions.

3.3.1 Losses in electrolytic solutions.

Two main power loss mechanisms may be applied to describe the
frequency dependent nature of the dielectric properties of polar fluids.
These are the Debye or polarization loss and the ionic conductivity of
intercellular fluids.

The Debye polarization loss can be described as the transfer of energy
when polarizing the molecules to align them with the radiation electric
field, then the transfer of this energy to thermal vibration of the
molecules as they "relax" from alignment. The simple Debye relaxation
theory has been extended by Cole-Cole. In this formulation a spread of
relaxation times for the polar molecules is allowed for, compared to
only a discrete relaxation time in the Debye Theory. However, since in
water the spread of relaxation times is small, the Debye Theory can be
used to give an adequate description of the dielectric properties of

water. (Hasted).
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The Debye equations describing the dielectric behaviour at angular

frequency, w, are commonly given as

. £ — &
=& + S < 3.311
b = e (1+a)zzl)
and
s [ —é&)or 3319
"\ (1+a'?)

where ¢_ is a high frequency limit of the dielectric constant at millimetre

wavelengths, ¢ is the static. or low frequency value of the dielectric

constant, and 7 is the characteristic relaxation time.

Now if 7 is the characteristic time for the relaxation process,
determined by temperature and the viscosity acting on the molecules,
the energy transfer is most efficient when f =1/ 7. From Fig 3.2, the
Debye dielectric dispersion of water, it is clear that over a range of

radio frequencies the complex dielectric constant reduces considerably

from its static value, €g, to its high frequency value, ex. For water the

characteristic frequency of rotation , 1/7 is approximately 26GHz at

37C and the high frequency dielectric constant is about 4.5. The static
dielectric constant is approximately 78. (Hasted). Over the lower
microwave frequencies of interest for microwave imaging ~ 1-6GHz,
the water dielectric constant changes very little from its large static
value.

As mentioned previously in 3.1 the body's fluids can be considered to

be basically electrolytic solutions. These intercellular fluids are close to
0.9 % saline solution. The ohmic heating loss of form %O‘E (=
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density of power dissipation) where E is the wave field amplitude, 1s
due to ionic conductivity of the ions and must be added to the pure

water loss factor due to Debye relaxation. So the total effective
conductivity is of the form
+0

relaxation loss
_ 3.3.1.3
= WE,

O, =0,

electrobytes

where o

relaxation loss

which covers the basic types of loss.

3.4 Behaviour of the dielectric properties of tissues at 3GHz.

A considerable amount of research has been performed looking at the
dielectric behaviour of tissue and its relation to its water content. The
actual relationship between the water content and dielectric properties is
in some cases difficult to define, possibly as a result of some of the
water being 'bound’. It 1s also uncertain as to whether '‘bound' and 'free’
water molecules 1n tissue have the same characteristic frequency of
rotation and high and low frequency limits of dielectric constant.

As explained in section 3.2 the water content of tissues is the
dominant factor in determining the dielectric properties of tissues at
3GHz. However, water in biological systems is present in both 'bound’
forms and as 'free' water depending on its proximity to membranes or
interfaces, 'bound’ water is associated with biological substrate e.g.
protein, DNA. The 'bound’ water compartment is a relatively fixed size
and contains water which is structured by individual binding sites in
tissue. This 'bound’ water is unable to rotate freely in an alternating

electric field.( Kuntz & Cooke, 1974) In comparison the free water
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compartment contains the less strongly held water and 1s thought to be

present as a result of a dipolar interaction.

Mixture equations have been developed (e.g. Maxwell 1881, Fricke
1924, Bruggeman 1935) which attempt to describe the dielectrc
properties of suspensions of particles in terms of the suspended and the
suspending mediums, and the relative volumes of the two mediums
present (Brown, 1989 & Campbell, 1990).

Maxwell, 1881, was first to derive a mixture equation for the thermal

conductivity of a dilute suspension of 1dentical spheres. Maxwell's form
of mixtures for dielectric media can be expressed as

E—-€&,. . & —E&, |
] 2s Ly 25 9 341

e +2e, &,+2¢,

where ¢, 1s the medium of static dielectric constant in which spherical

particles of static dielectric constant & and radius a1 randomly fill a

spherical volume of radius R. @ 1s the volume fraction of medium 1.
The Maxwell form of the mixture equations could be applied to a tissue
model to be a suspension of spherical particles in physiological saline
solution. It 1s assumed that the suspended particles have no effect on
each other.

Fricke, 1924, mtroduced a geometrical form factor x which allowed
the particles to be oblate or prolate spheroids. Fricke's equation can be
written as

é - &, 1 Lah - &,

— = 3.4.2
E+XE, €&, ,+X&,,
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where x 1s a function of the axial ratio of the ellipsoids and the ratio of

the static dielectric constants of the two phases.

In more concentrated dispersions the electrical interactions among
particles are not negligible. Bruggeman, 1935, devised an integral
procedure which consisted of building up the spherical dispersion
system by successive additions of infinitesimal amounts of the disperse

phase. The Brugemann equation is written as

G =8 | &1 3.4.3
82.5' (1_9)

Most biological maternals cannot be categorised as simple two-phase
mixtures, so therefore predictions from the mixture theories must only
be considered as a qualitative guide. However, mixture theory has been
applied successfully to describe the dielectric behaviour of blood and
suspensions of proteins (Cook).

For this study the biological tissues of interest are muscle, skin, and
fat. Table 3.0 gives the water content of these tissues. It is clear from
the table that biological tissues can be separated into three groups from

their water content as follows

Water content Type
low water content (0-30)% Fat, bone
medium " " (30-60)% Skin, some breast tissue

high water content (60-100)% Muscle, blood.



Tissue Water content (% weight)

Whole blood 78.5
Blood plasma 91
Blood corpuscles 68 - 72
Muscle 70 - 80 -
~ Skin 62 - 76
Fat > -20

Table 3.0 Water contents of human organs and tissues.
(Compiled from Brown, 1989).



38

Fig 1.0 in Chapter 1 shows that tissue properties are such that for many
applications the optimum measurement frequency is near 3GHz. At this
frequency temperature pattern information can be obtained for tissues at
clinically useful depths of several centimetres within the body (Land,
1989). It 1s clear from this graph that the transmission of radiation
through tissue varies depending on the tissue water content. Low water
content tissue has a higher penetration depth than high water content

tiSsue.

Dielectric properties of fat, bone, bone marrow, muscle, whole blood
and skin are given in Table 3.1 (Compiled from Brown, 1989). Again
there 1s a distinct difference between the dielectric properties of high
and low water content tissues. A summary of the information given in
Table 3.1 1s given in Table 3.2.

The variation of the dielectric constant at 3GHz with water content for
body tissues 1s shown in Fig 3.3 (Land, 1987). A clear relationship

between dielectric constant and water content is shown.

The effective conductivity, o, or loss factor, &, for power loss will,

through the mixture relations, have a similar dependence on water
content to the dielectric constant, £. This is well shown by Fig. 3.4.

Thus relationship will be discussed further in Chapter 5.0.



Tissue Dielectric Loss Power Reference

type constant  factor penetra-
tion
depth(cm)
Fat 39-7.2 0.67-1.36 2.3-6.2 Herrick
4.92 1.46 2.4 Cook
3.94 0.87 3.7 Cook
7.0 1.75 2.4 Cook
11.6 2.25 2.4 Cook
5.2 1.5 2.4 England
7.2 1.7 2.5 England
Bone 7.5 1.0 4.3 Herrick
8.35 1.32 3.4 Cook
Bone 4.2-5.8 0.7-1.35 2.4-5.6 Hernick
Marrow
Muscle 45-48 13-14 0.77-0.85 Herrick
50 17.1 0.67 Cook
51 18 0.64 Cook .
52 18.9 0.62 Cook
- Whole 55-56 15-18.6 0.65-0.80 Hernck
blood
56 15.9 0.76 Cook
53 15 0.78 England

Table 3.1 Dielectric properties of human tissues at a frequency of 3GHz
and at 37C (Compiled from Brown, 1989).



Tissue Dielectric Loss Power Reference

type constant  factor penetra-
tion
depth(cm)
Skin 40 13.1 0.80 Cook
42.4 13.1 0.80 Cook
51.1 15.2 0.76 Cook
40.9 16.8 0.62 England
50.2 14.8 - 0.77 England
52.2 17 0.68 England

Table 3.1(contd) Dielectric properties of human tissues at a frequency of

Ar———
—



Tissue Water Range Range loss Range

type content dielectric  factor, &  power

constant, penetra-

£ tion

depth(cm)

Fat 0-30 39-116 67225 2.3-6.2
Bone 0-30 7.5-8.35 1.0-1.32 3.4-43
Skin 30-60 40-52.2 13.1-17.0 .62-.80
Muscle  60-100  45-52 13-189  .62-.85
Blood 60-100 53-56 15-18.6 65-.80

Table 3.2 Summary of dielectric properties of human tissue taken at a
frequency of 3GHz at 37C



(dielectric constant)

10

N

0.2 0.4 0.6 0.8 1.0

relative water content

Fig. 3.3 Vanation of dielectric constant at 3GHz with water content
for body tissues.
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" CHAPTER 4.0 MICROWAVE THERMOGRAPHY.

4.0 Introduction.
Microwave thermography is the technique of observing the naturally

emitted thermal radiation from body tissues at centimetric wavelengths.
This method of body temperature measurement using the natural
thermal radiation from the tissues of the body to obtain information
about internal temperatures 1s attractive to clinicians since the technique

IS passive, non-invasive and safe.

The intensity of the natural microwave radiation from the body i1s very
small, giving a signal at the mput of the receiver of only about
107" Watts. The noise power at the same wavelength from most
surroundmgs and from the measuring equipment 1tself 1s of a similar
order, therefore, detection of the signal i1s difficult. These problems
have been overcome by using techniques originally developed for radio

astronomy.

4.1 Basic elements of a microwave thermography system.

In order to provide medically useful information the following points
must be considered when designing a microwave thermography system:
o temperature resolution
« lateral spatial resolution
o tissue penetration depth

e System response time
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Experience has shown that to be of any use to clinicians the

equipment must have a temperature resolution of approximately 0.1C.
The spatial resolution should be 10mm to 20mm and the tissue
penetration depth 10mm to 40mm. Both of these spatial parameters are
dependent upon the frequency at which the measurements are taken.
Finally, the system response time should be as short as possible, though
for simple investigations it can be comparable to that for convenient

hand measurements.

To meet these requirements, a Dicke type comparison radiometer
receiver 1S used, i which the radiation signal being measured 1is
compared with the thermal noise signal from a resistive source of
known temperature close to the tissue temperature.

The remainder of this chapter will consider the optimum
measurement frequency, factors which affect temperature resolution,
the Glasgow design of microwave radiometer and some aspects of

antenna design. Fig. 4.0 shows the basic thermography system.

4.2 Choice of optimum measurement frequency.

The choice of measurement frequency is almost independent of tissue
type. As mentioned in Chapter 3, tissue water content varies from
about 8 - 26% for fat and bone (low water content) to 62 - 80% for
muscle and skin (high water content). Also, the majority of tissue
water 1s present as 0.9% NaCl solution.

As previously mentioned the spatial resolution and penetration depth
are both highly dependent on the measurement frequency. So it follows

that the radiation attenuation constant, o and tissue wavelength, 1. are

important quantities when choosing an optimum measurement
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frequency. The spatial resolution is of the order of 1/2 the wavelength
in the tissue, A, and is given by

A A

T

3—25:

4.2.1

where A, is the free-space wavelength and &, is the relative dielectric
constant. So it is clear that as the operating frequency increases, A,
decreases and as a result the attainable spatial resolution of the source
temperature patterns improves. However, in Chapter 1 it can be seen
from Fig 1.0, that the transmission of radiation decreases as frequency
increases, and for the measurements o provide chinically useful
information the penetration depth must be of the order of 10mm to
40mm. It was shown in Chapter 3 that for electromagnetic radiation
travelling through tissues, the complex propagation constant 1s used.

For practical purposes, o, the wave field attenuation constant i1s given
by

a=:1£\/87;tan5 4.2.2

where tand, 1s the tissue loss tangent and is defined by Eqn. 3.2.3.

and f=— 4.2.3

i1s the phase constant with A, the wavelength in tissue.
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Now the product of equations 4.2.1 and 4.2.2 varies as tand. This is
essentially the product of the spatial resolution and the inverse of the
attenuation length. Therefore 1t can be assumed that an optimum
measurement frequency occurs at a minimum of the loss tangent. As a
result of the dielectric behaviour of physiological saline, discussed in
Chapter 3.0, there 1s a pronounced minimum at around 3GHz.(Fig. 3.0).
It follows that the optimum measurement frequency should be around

3GHz for many potential medical applications. (Land, 1983).

4.3 Factors which affect the temperature resolution.
The two factors which affect the temperature resolution are the
randomly fluctuating nature of the measured noise signals and gain

fluctuations of the measuring radiometer.

4.3.1 Thermal signals.

A radiometer is used to detect a window of frequencies of randomly
fluctuating thermal electromagnetic signals. The temperature resolution

achievable by a radiometer is given by the Gabor relationship,

AT, =KT,..%, 4.3.1.1

rms

where AT = is the root mean square fluctuation of the mean measured

temperature signal, X is the radiometer constant, approximately 2, T°

2 T system

1s the system noise temperature at the antenna terminals where

system source radiometer
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T .. 1s the source temperature at the antenna and 7, . 1s the

Jource

effective noise temperature at the input of the receiver and includes the

effect of antenna and input circuit losses. B, and B are the post and

pre-detection bandwidths of the radiometer.

To obtain optimum combinations of temperature resolution and

system response time, 7° must be minimised and B, - pre-detection

? “radiometer

bandwidth, maximised. However, since the source noise temperature,
I’ at the mput of the receiver 1s close to 310K there is little to be

gained by reducing 7T below about 300K. Pre-detection

radiometer

bandwidth, B 1s set by technical requirements such as antenna

impedance matching and so i1t cannot be increased beyond about 20 %

of the operating frequency. (Land, 1983)

4.3.2 Gain fluctuations.

The gain, G, varies significantly with amplifier ambient temperature
and supply voltage changes. The effect of supply voltage changes is
casily overcome by providing a stabilised supply voltage. However
variations in the gain, G, due to active device temperatures can be only
approximately compensated.

The effect of gain fluctuations can be greatly reduced by using a
Dicke comparator radiometer as shown in Fig 4.1, in which the receiver

produces an output at the input switching frequency that is proportional

to the difference between T and the temperature of an internal

Source

reference load, T, . If the reference temperature is close to the noise

ref °
temperature, the difference signal is relatively small and the effect of
recerver gain fluctuations is reduced. Fig 4.1a shows how the size of

the post-detection square wave signal at the switching frequency
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represents the difference in magnitude between the signal from the
antenna and the reference source. A synchronous detector 1s used to
measure this signal and give an output which 1s directly proportional to

the difference in magnitude between the temperatures.(Brown, 1989)

[t 1s shown 1n Fig 4.1a that

R=G(r, +T,.)-G(T, +T,) 4321

amp source

which simplifies to

R=G(r -T.) 4322

source ref

where R, receiver output reading is proportional to the receiver gain,
and 7, . Thus there is no dependence on 7, . So the average

Source

noise 1s removed and only a much reduced gain dependence remains.

4.4 Glasgow microwave radiometer system.

The microwave radiometer systems in use in the Glasgow teaching
hospitals have been developed by Dr. D.V. Land since 1981. The
systems are designed for clinical use and as a result are portable, robust
and simple to operate. Fig 4.2 shows a photograph of a typical
Glasgow radiometer. The radiometer operates at 3GHz because as
discussed above at this frequency clinically useful combinations of
spatial resolution and penetration distances can be obtained. (Chs. 3 &

4) An outline of the design of the radiometer is shown in Fig 4.4.



Fig. 4.2 Glasgow chinical microwave thermography system.
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Fig. 4.3 Glasgow antenna design.
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4.4.1 Basic operation.

This section will give a brief description of the operation of the
Glasgow system.

Through the use of a Dicke switch between the antenna and a
reference source, the radiation signal being measured 1s compared with
a thermally generated signal from a.source of known temperature. The
signal from the source cannot pass directly into the radio-frequency

detector because its equivalent noise temperature 1s too high, so it is

necessary to perform "low-noise" microwave amplification between the
antenna and the detector. By referring to Fig 4.4 it is seen that the
signal i1s passed through a low-noise GAs FET pre-amplifier for the
measurement frequency range (3.0 - 3.5)GHz. The signal is then
frequency changed by a mixer and local oscillator at 3GHz to an
intermediate frequency band of (20-500)MHz for further amplification
betfore detection. The above method 1s known as a "super-heterodyne"
system. Detection 1s by a "back-diode" semiconductor diode which is a
form of tunnel diode which has low resistance for good matching to the
preceding amplifier and low sensitivity to ambient temperature
variations. Finally, the amplified and detected input difference signal,
Eqn 4.3.2.2, at the 1KHz switching frequency, is amplified, passed
through a synchronous detector and a low pass filter. Since clinicians
want a "meaningful” output, the microwave temperature difference is
added to the electronically measured reference source temperature
signal and scaled to provide a calibrated antenna microwave
temperature in degrees Celsius.

The reference thermal noise source i1s a microwave S0Q coaxial load

heated to approximately 40C. This temperature is measured using a
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Fig. 4.4 Glasgow microwave radiometer outline.
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semi conductor temperature sensor. When the Dicke switch is on the
antenna position, the noise from the reference source is directed to the
antenna by the microwave circulator (Fig 4.5). When the noise signal
from the reference is directed to the antenna by the circulator some of
the signal 1s reflected at the antenna-skin boundary back mto the
recetver., This partially compensates for the radiation reflected
internally into the tissue. This 1s shown schematically in Fig 4.5 . The
accuracy of this system is dependent on how close the reference and
source temperatures are to one and other. The effective reference
source temperature at the Dicke switch is reduced by the loss in the
circulator and the switch, and attenuation between the circulator and
reference load introduced to balance the mput circuits for ambient
temperature vanation. The effective temperature difference between

source and reference is usually less than 3C.(Land, Electronic Letters,

1983)

4.4.2 Radiometer sensitivity.

As stated in section 4.3.1, the temperature resolution or sensitivity

achievable by a radiometer is governed by Eqn 4.3.1.1

B
AT, =KT,,. /B 43.1.1
Wher C T.system — Zaurcc + j:acﬁamerer 4'3 '1 '2

With reference to the Glasgow system, K is 2 and T is 310K
(approximately equal to the temperature of the human body). T,

1s the effective noise temperature at the input of the receiver and
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Fig. 4.5 Microwave Dicke switch and circulator operation
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includes the effects of input circuit losses (antenna, switch, cables and
circulator) and the GAs FET amplifier and is approximately 400K -
600K for the various Glasgow systems. The system response time is
determined by the post-detection to pre-detection pass band ratio. This
response time 1s optimised by using a cntically or slightly under-
damped filter response. As noted above, 4.3.1, B is determined by the
need for reasonable antenna to 50Q2 coaxial cable matching over the
measurement bandwidth, as well as the avoidance of possible
interference signals. If the fluctuations of the output signal have an
approximately Gaussian distribution, for 95 % of the time the signal
will be in a range of equivalent temperature width 3.92 ATqs . This
value is considered a reasonable measure of the temperature resolution
of the system (Land, 1983). Using the information given in this and

previous sections the following summary information about the

Glasgow radiometer can be given:

o temperature resolution - 0.1C-0.2C
o spatial resolution - 10mm - 20 mm
o tissue penetration - 10mm - 40mm

e system response time - 1s - 3s

This concludes the sections on radiometer design and sensitivity. The

following sections will cover some aspects of antenna design.

4.5 Antenna design.
A wide range of microwave antennas have been designed for use in
direct contact with the skin at frequencies above 200MHz for both
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radiometry and hyperthermia induction. The most commonly used

contact antennas are dielectric loaded rectangular wave guides, with the
dominant mode in the aperture of the antenna being the TE,, mode.

The loading of the wave guide with a dielectric material allows a
reduction in the linear dimensions of the antenna since it reduces the

wavelength by a factor of Jai in the dielectric, and lowers the wave

impedance by the same factor. Typical loading dielectrics have relative

permittivaties in the range 10 - 20.

4.5.1 Glasgow antenna.

The antenna currently being used in the Glasgow Microwave
Thermography systems 1s a cylindncal wave-guide antenna with
dimensions of 22mm diameter x 50mm length. It 1s loaded with a low-
loss dielectric material (Emerson and Cummings, Eccoflo HiK dielectric
powder, g = 12) to achieve good coupling to the body tissues. Fig 4.3
shows how the antenna uses a tapered ﬁﬁ-line type wave-guide to

coaxial line transition. The allowed propagation modes in the operating
bandwidth of 3.0 - 3.5 GHz are TE,, and TM,, with the cut-off

frequency for these propagation modes being 2.3GHz and 3.0GHz
respectively. However, the finline transition will only couple to the
former propagation mode, TE,. (Mimi, 1990). As mentioned in
sec.4.5, the most commonly used contact antennas for clinical
measurements are rectangular wave guides with the dominant
propagation mode , TE,,. Commonly used rectangular wave-guide
antennas (e.g Mamouni, Lille) have 2:1 side ratio. This leads to a
greater spreading of the antenna response in the E-plane (narrow

aperture direction) and reduces response with depth. The circular
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aperture TE,, mode antenna has a nearly circular symmetric response
and a much smaller field discontinuity at the aperture than the
rectangular section antenna. This gives 1t the best of all response with
depth of any antenna. In practice, layering of tissues has a much larger

effect than the vanations between reasonable antennas forms.

4.5.2 Measured properties of antennas.

The microwave radiometer antenna response pattern determines the
contribution of a small volume element of the tissue to the total signal.
However, the antenna pattern is highly dependent on the operating
frequency, dimensions and geometry of the guide, dielectric loading of
the guide, dielectric properties of the observed tissue and tissue
geometry. The anteﬁna response pattern can be determined in two
ways.

1. theoretic;ally

2. experimentally

It 1s very difficult to calculate the response pattern theoretically. In
order to theoretically calculate the pattern, numerical methods are used,
in which the tissue geometry is assumed to be in planar layers.
Theoretical/computational modelling of antenna response pattemns is
being developed by the microwave radiometry research groups at the
University of Lille (Leroy, Mamouni & Borquet) and University of
Rome (Bardati). These models are at the stage of being compared with
experimentally measured response patterns. They appear to show that

tissue layering has a strong influence on the response p