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FOREWORD

The research on this three-phase program was carried out by
personnel of the Biomedical Group of the Electromagnetic Effectiveness
Division of the Systems and Techniques Laboratory of the Engineering
Experiment Station at the Georgia Institute of Technology, Atlanta,
Georgia 30332, Mr. F.L. Cain served as Principal Investigator. The
program, which was sponsored by the U.S. Army Research Office (ARO),
Research Triangle Park, North Carolina 27709, under Grant No. DAAG29-75-
G-0182, was designated by Georgia Tech as Project A-1755.

This Final Technical Report covers the work which was performed
from 30 June 1975 through 31 December 1978. As requested by the Chief

of the Information ice at ARO, two comprehensive annual reports on

results obtained during the first two phases of the this three-phase

program were previously submitted. The results of those two reports are
also summarized in this Final Technical Report; in addition, specific
details are presented where appropriate.

This work was made possible through the combined efforts of many
people at the U.S. Army Research Offfice, at the Medical College of
Georgia, at the Emory University School of Medicine, and at the Georgia
Institute of Technology. The authors would especially like to thank Dr.
F.W. Morthland at ARO, Dr. A.M. Karow at the Medical College of Georgia,
Mr. E.J. Malveaux at the Emory University School of Medicine, and Mr.

J.R. Jones at Georgia Tech, all of whom contributed to the success of

this research program.

Respectfully submitted,

_Fped E Coiw

Fred L. Cain
Principal Investigator
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SECTION I
INTRODUCTION

The research présented 1in this Final Report is the conclusion of
efforts initiated during the first two years of the program.
Comprehensive annual reports [1,2] detailing the results of the
investigations performed during the first two years were submitted
previously; consequently, only those aspects of previously performed
research pertinent for clearly illustrating current results will be
included in this report. The basic purpose of the overall research
investigation was to study and develop an in-vivo measurement techanique
for determining dielectric properties of 1living tissues over a wide
range of frequencies from which power absorption may be calculated. The
successful conclusion to this development is important because dosimetry
that is based on an accurate knowledge of in-vivo tissue electrical
properties 1is of paramount importance both in beneficial medical
applications of electromagnetic (EM) energy [3-7] and in the
determination of radiation hazards with respect to personnel safety
[8,9].

Many attempts to determine power absorbed in living tissues have
been made through the measurement of powef entering and leaving an
enclosed cavity in which an animal is placed as well as by implanting
various types of probes in the animal (or tissue sample) either to
measure the temperature of the tissue or to measure directly the
internal field intensity. Although many techniques have been
investigated, no one suitable well-accepted technique has been
developed. The problem that plagues most investigators who attempt to
use probes for direct internal field measurement is that of direct
interaction with the applied EM field. Conventional thermocouples and
thermistors have proven to be generally unusable [10], and although
other probes have been developed which minimize the interaction with

incident EM fields [11,12], their usefulness is not only confined to

somewhat limited temperature ranges, they must also be calibrated before




m«cﬁtﬁwaﬂ&a e E

each use. Further, only one of these probes is commercially available

at this time.

Although direct minimally perturbing temperature and EM field
measurement techniques are currently under investigation, another
approach would be to develop a realistic analytical model capable of
accurate dosimetry determination for complex and arbitrary geometries
upon which arbitrary fieid configurations are incident [13]. Such a
model would require extensive experimental validation, but once
completed, the model could provide extremely useful data in a very short
time period which would result in a significant savings over the costs
in time and equipment to obtain the same information experimentally.
However, the most important factor both in direct field and temperature
measurements and in analytical modelling is 2 knowledge of the in-vivo
electrical properties of the tissues under study. Because the power
absorption associated with electromagnetic exposure of tissue depends on
the electrical properties of the tissue, it is important that these
properties be known in-vivo rather than in-vitro and over a wide range

of frequencies rather than at a few "spot" frequencies.

A. Research Objectives

The objectives of this research program are to investigate and
develop a simple, flexible, and accurate method for determining the
dielectric properties and power absorption of living tissues over a wide
frequency range extending from the VHF region well into the microwave
region (£10 GHz) and to use this method to obtain basic data for various
tissues over this wide frequency range. The efforts in this program are
directed toward the analysis and development of a suitable probe for
performing in-vivo dielectric measurements over the frequency range from
100 MHz to 10 GHz or above, which in turn will permit the calculation
of microwave absorption characteristics of various tissues. Specific
areas of investigation include (1) extension of the frequency range of
the probe, (2) elimination of sample volume effects on measured data,
(3) development of swept frequency measurement techniques which permit
performing rapid measurements, (4) determination of probe accuracy, (5)

development of a simple measurement procedure, and (6) determination of




the in-vivo electrical properties of various tissues. A long term
objective would be to utilize these results in the detection and
treatment of cancer, in the establishment of an electromagnetic
radiation safety level with respect to personnel, and in the eventual
development of a radiation simulator with direct readout of power

absorption,

B. Summary of Phase I Efforts

The investigations performed under Phase I were carried out during
the first year of this research program and are detailed in the first
Annual Report [l1]. The primary tasks performed during the first year of
the program were (1) mathematical investigations to confirm the validity
of existing equations, (2) extension of the theoretical aspects of the
single monopole probe technique to the microwave frequency range, (3)
limited measurements on standard materials and in-vitro tissues, and (4)
limited investigation of a needle-like dual probe technique for power
absorption measurement. Once the validity of the antenna modeling
theorem upoa which the probe development 1is based was confirmed, a
series o1 single (needle-like) monopole probes were fabricated and
tested at UHF and microwave frequencies. Since the validity of the
probe impedance expression was dependent upon both the probe length as
it appears in the medium and the probe's length to diameter ratio, it
was found that even probes as short as 0.49 cm were limited to an upper
useful frequency of approximately 1.0 GHz in tissue. This led to the
initial development of an infinitesimal monopole probe which has an
impedance which 1is entirely capacitive. This probe was wused for
measurements of certain standard dielectric materials at frequencies up
to 4.0 GHz and in-vivo canine kidney tissue up to 2.0 GHz. A second
probe measurement technique which could possibly be used for direct
power absorption measurements was also briefly investigated. This dual
probe technique employed two needle-like probes, tightly coupled
electrically, one of which is wused for transmitting and one for
receiving. The results obtained using both probe measurement techniques
for measurements of standard dielectric materials and in-vitro tissue

were extremely encouraging.
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C. Summary of Phase II Efforts

The investigations performed under Phase II were carried out during
the second year of the program and are detailed in the second Annual
Report [2]. The primary research efforts performed during the second
year were directed toward (1) further development of the in-vivo
infinitesimal monopole measurement probe and instrumentation, (2)
frequency extension to 10 GHz or higher, (3) determination of the
measurement accuracy of the probe/instrumentation through detailed
measurements of standard dielectric materials, and (4) in-vivo
measurements of a number of tissue types including muscle, kidney,
brain, and blood as well as six malignant tumor lines. Fvrther
development of the infinitesimal monopole measurement probe included (1)
the verification of the analytical treatment of the probe in which it
was viewed essentially as an open-circuited coaxial line whose impedance
is totally reactive and (2) the determination of the radiation
conductance fringing field of the probe. The effects of sample size
variation were also investigated, and it was determined that even very
small sample volumes of 0.03 in3 (0.5 cm3) could be accurately measured
because the fringing field from the small 0.085-inch diameter probe
placed against lossy tissue was essentially negligible.

Investigations were also conducted to extend the usable frequency
range of the probe above that achieved in the first year's efforts and
to initiate the development of swept-frequency measurement techaniques.
These efforts resulted in the extension of the usable frequency range of
the probe to above 10 GHz and in improvements in the measurement
instrumentation and in the data processing techniques. Sources of
measurement errors at microwave frequencies were analyzed, and through a
first iteration, the instrumentation was improved to minimize these
errors.

The accuracy of the in-vivo electrical property measurement system,
consisting of the infinitesimal monopole probe and the impedance

measurement instrumentation, was determined over the 100 MHz to 10 GHz

frequency range through a series of measurements using standard




dielectric materials. These materials included water, methanol,
ethylene glycol, and two different saline solutions. Not only were the
results good, but the repeatability of these measurements was also
determined with a resulting standard-error-of-the-mean (SEM) of only a
few percent over the entire frequency range.

Finally, both the in-vitro and in-vivo measurements of several

tissues were also performed. These included in-vitro and in-vivo canine

kidney tissue measurements, in-vivo canine muscle and fat measurements,

in-vivo rat muscle, brain, and blood measurements, and measurements of

six strains of subcutaneously transplanted tumors (mammary, glioma,
carcinoma -- two types of each) in mice. These measurements have

yielded data that heretofore have been unavailable.

D. Summary Phase III Efforts

The overall research program under this grant was initiated as a
three-phase, three-year program. However, the third phase of the
research was extended an additional six months through a no-cost time
extension to permit the study and design of a semi-automated data
acquisition and processing system to be used in conjunction with the in-
vivo probe measurement technique. The tasks performed during the third
phase of the grant include the implementation of a microprocessor-based
data acquisition/data processing system, the investigation of microwave
measurement error correction techniques suitable for use with the probe
measurement system, investigation of probe design factors which limit
measurement accuracy, and further probe dielectric measurements. These
efforts are summarized below.

An investigation of the problems associated with data acquisition
and processing of in-vivo probe measurements led to the conclusion that
a microprocessor-based, automated or semi-automated system was needed to
increase the speed and to minimize the human involvement in the data
collection process. In Phases I and II, data resulting from in-vivo
probe measurements were obtained either by recording the information
from a network analyzer phase/magnitude display or by extracting the

experimental values from swept-frequency X-Y recordings. Both of these

e A G o A5/ e 2t M B NS P B AR a0 e s B o R b P s o s et s RN S ‘

—




T L TR SN NP Vi

S c«m

data collection processes are tedious, time-consuming, and vulnerable to
human error.

Because of these limitations with manual data collection and
processing, a semi-automated data collection and processing system was
designed around a Commodore PET computer which uses a MOSTEK 6502
microprocessor. This data acquisition system permits rapid, accurate,
data collection and at the same time also permits correction of the
inherent directivity, .source match, and frequency tracking microwave
measurement  errors present in the measured data. The system
automatically collects measured reflection coefficient data from the
probe, processes these data, and outputs computed dielectric property
data. Measurements are made over swept-frequency bands of 0.1 to 1 GHz,
1 to 2 GHz, 2 to 4 GHz, 4 to 6 GHz, 6 to 9 GHz, and 9 to 12 GHz. The
semi-automated data acqusition system samples swept measurements at 10
to 20 discrete frequencies per sweep band and records the resulting
dielectric data on magnetic tape. Manual data collection required
pulling points from a graph by hand, and typically, data were processed
for only 5 to 8 frequencies per band. The resolution of the semi-
automated system exceeds that attainable by reading points off graphs.
The present data acquisition system measures the amplitude of the
reflection coefficient to within about 0.04 dB and phase to within about
0.2 degrees. Further, the system is automated to the extent that the
only human involvement is in the initializing of parameters, the
interchanging of program and data tapes, and the handling of probes,
calibration terminations, and test samples.

In addition to the implementation of computerized data acquisition
teechniques, efforts were directed toward minimizing the effects of
residual microwave measurement errors associated with the network
analyzer measurement system. An error correction model which reduces
microwave measurement errors (directivity, source match, frequency
tracking) associated with reflection measurements was developed and
added to the microprocessor-based semi-automated system. The data pro-
cessing is performed in two steps. First, the calibration/error

correction algorithm involves measurements of terminations (short
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circuits, open circuits, and matched loads) for which the reflection
coefficients are known. From these data, the error correction model
computes the different measurement error terms and then uses these terms
to correct the raw data by solving for the value of the reflection
coefficient which would have been measured had none of the errors been
present. Second, the corrected experimental data are processed by an
algorithm which computes the dielectric properties of the sample under
test. Both the error correction terms and computed dielectric
properties are displayed on the CRT and can be stored on magnetic tape
for later retrieval.

During Phase 1III, attention has also been given to probe design
factors and fabrication techniques. Probe fabrication techniques are
extremely important in the overall probe design. Errors in measurement
accuracy have resulted from factors such as imperfect attachment of
connectors and even from minor variations in the materials used for the
probe itself. These factors have also resulted in limitations on the
useful frequency range of several probe designs. In an effort to
minimize degradation of probe performance, extreme care was taken during
the fabrication process to ensure proper connector attachment, extremely
smooth contact surfaces, and a number of other factors which are
detailed in Section II., Gold and nickel plating were also employed to
minimize possible probe/sample chemical interactions and to reduce
possible electrode polarization effects at the lower frequencies.

Finally, additional measurements of lossy dielectric materials were
performed as part of the investigation of probe design factors,
fabrication techniques, and evaluation of the semi-automated data
acqusition/data processing system. Probes of different sizes, including
a probe having a diameter comparable to that of a No. 18 hypodermic
needle, were evaluated via measurements of deionized water and other
standard liquid dielectrics. A limited number of tissue measurements
were performed, and these are summarized together with measurements

performed during earlier phases in Section IV,
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SECTION II
PROBE MEASUREMENT SYSTEM DEVELOPMENT

In this section, the development of the in-vivo dielectric property
measurement system, consisting of the probe and the associated
instrumentation, is discussed. First a brief review of different
measurement techniques is presented. This is followed by a discussion
of the theoretical basis of the in-vivo measurement probe and a
description of microwave measurement errors associated with
reflectometer measurements. A method for measurement error correction
is presented, and finally, probe design factors and fabrication

techniques are discussed.

A. Review of Dielectric Characteristics and Measurement Techniques

The interaction of EM fields with tissue is highly dependent upon
the dielectric properties of the tissue. These properties are often
expressed in terms of the complex permittivity, e* =¢' - je". This
parameter is a complex mathematical quantity whose real part ¢' is
conventionally expressed relative to the permittivity of free space
€, by the ratioe'/ €5 which is the relative dielectric constant K',
The imaginary part €" of the complex permittivity is the loss factor
which is equal to the product €'tan8, where tan$ is defined to be the
loss tangent of the material. It can be seen that tand =¢'/e". The
conductivity O of a material is usually defined as ¢ = (2rf)e'tans,
where f is the frequency in hertz.

The relative dielectric constant of a material influences the
velocity and the wavelegnth of an EM wave propagating through that
material. It also influences the amount of energy that can be stored in
a dielectric medium. The loss tangent (tan ) influences the attenuation
of an EM field propagating through that medium and is associated with
the amount of energy that can be dissipated in a medium as heat [14].
The differences between the dielectric properties of free space and
tissue can be attributed to the presence of various polarization

mechanisms in the tissue. A large number of polarizable elements
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results in a large dielectric constant and vice versa.

Measurement techniques that may be utilized to determine tissue
dielectric properties are based upon measuring the effects of these
polarization mechanisms at a specific frequency. Several standard
techniques for measuring tissue dielectric properties utilize impedance
bridges, resonant circuits, transmission lines/waveguides, and resonant
cavities. A detailed analysis of these techniques [15,16] indicates
that only transmission line/waveguide techniques can be utililzed over a
relatively wide band of frequencies for a single physical configuration.
Most tissue measurements in the past have been performed using
transmission line techniques.

Although the short-circuited coaxial transmission line and
waveguide techniques have been the most widely used for tissue
dielectric measurements, a number of features of these techniques make
them less than optimal for determining the dielectric characteristics of
tissues. First, standard methods require the excision of the tissue
sample to be measured. Second, the exact dimensions of the sample are
critical to the computation of correct dielectric information. In the
case of waveguide measurements, the tissue samples are often diced,
ground, chopped, etc., and then placed or even poured into the waveguide
sample holder ([17]. However, the accuracy of the measured data is
affected by factors such as sample surface smoothness. Similar problems
also exist for the case of coaxial transmission line measurements except
that the sample size is often significantly smaller than that required
for waveguide measurements. However, it is not possible to obtain in-
vivo data using the above measurement techniques.

Recently, techniques suitable for in-vivo dielectric property
measurements have been reported. Initial investigations at Georgia Tech
[18] resulted in the investigation of an in-vivo measurement technique
which is based upon an antenna modeling theorem. The measurement
technique employed a monopole probe approximately one centimeter in
length which appeared as an electrically-short antenna over the 0.01 -
0.1 GHz operating range of the measurement system. At higher

frequencies, the technique was not suitable because the short monopole




impedance expression used to describe the terminal impedance of the

antenna was no longer valid.

An additional technique which has been used for performing in-vivo

measurements of skin is referred to as an "open transmission line
resonator"” and is based on changing the resonance of a stripline circuit
by perturbing the fringing field of an open-ended transmission line
[19]. This technique, however, is limited to measurements of tissues
that contact the surface. Further, because the area occupied by the
l.5-cm diameter tranmission line is so great, insertion into tissue is
impossible. A truly in-vivo probe measurement technique capable of
performing accurate dielectric measurements over a wide frequency range
did not result until the work initiated under this ARO grant was

performed.

B. Theoretical Basis

The theoretical basis of the in-vivo measurement probe stems from
the application of an antenna modeling theorem to the characterization
of unknown dielectric media [(20]. For short monopole probes, the
radiated power depends directly upon the extended length of the center
conductor of the probe. When the length of the probe is approximately
one-tenth wavelength, factors such as penetration depth in the medium
under study at a given frequency must be considered along with other
factors such as significant changes in relative probe length in high
dielectric media, because the wavelength is smaller in media other than
air. Further, care must be taken to ensure the validity of the
analytical impedance expression for the probe when it is inserted into a
lossy dielectric medium. When the length of the probe becomes
infinitesimally short, the impedance becomes entirely reactive, and the
above factors become less important because they do not cause a problem.
In either case, the antenna modeling theorem 1is valid. In a non-
magnetic medium where p = My the antenna modeling theorem can be
expressed mathematically as

Z(wye*) _

n nO

Z(nm,eo)

s (1)
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results in a large dielectric constant and vice versa.

Measurement techniques that may be utilized to determine tissue
dielectric properties are based upon measuring the effects of these
polarization mechanisms at a specific frequency. Several standard
techniques for measuring tissue dielectric properties utilize impedance
bridges, resonant circuits, transmission lines/waveguides, and resonant
cavities. A detailed analysis of these techniques [15,16] indicates
that only transmission line/waveguide techniques can be utililzed over a
relatively wide band of frequencies for a single physical configuration.
Most tissue measurements in the past have been performed using
transmission line techmniques.

Although the short-circuited <coaxial transmission 1line and
waveguide techniques have been the most widely used for tissue
dielectric measurements, a number of features of these techniques make
them less than optimal for determining the dielectric characteristics of
tissues. First, standard methods require the excision of the tissue
sample to be measured. Second, the exact dimensions of the sample are
critical to the computation of correct dielectric information. In the
case of waveguide measurements, the tissue samples are often diced,
ground, chopped, etc., and then placed or even poured into the waveguide
sample holder [17]. However, the accuracy of the measured data is
affected by factors such as sample surface smoothness. Similar problems
also exist for the case of coaxial transmission line measurements except
that the sample size is often significantly smaller than that required
for waveguide measurements. However, it is not possible to obtain in-
vivo data using the above measurement techniques.

Recently, techniques suitable for in-vivo dielectric property
measurements have been reported. Initial investigations at Georgia Tech
[18] resulted in the investigation of an in-vivo measurement technique
which is based upon an antenna modeling theorem. The measurement
technique employed a monopole probe approximately one centimeter in
length which appeared as an electrically-short antenna over the 0.0l -
0.1 GHz operating range of the measurement system. At higher

frequencies, the technique was not suitable because the short monopole
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where w = 2nf angular frequency (radians),

n = Vuole* = the complex intrinsic impedance of the dielectric
medium,

L N Vuoleo = the intrinsic impedance of free space, and

n= /e*/eo = the complex index of refraction of the medium
relative to that of air.
This theorem is valid as 1long as the probe's field is contained
completely within the medium and the analytical expression which
describes the probe impedance is the same, in both the medium and free

space. For a short monopole antenna, the impedance is given by [21]

Z = A" + — (2)

where A and C are physical constants determined by the probe dimensions.
Utilizing the form of antenna impedance given in Equation (2) in the
modeling theorem of Equation (1) and redefining the complex index of
refraction n in terms of the loss tangent of the medium, it is possible
to obtain a pair of equations in two unknowns which can be iteratively
solved. This analysis is presented in detail in the first Annual
Technical Report [1].

To determine the dielectric properties of small sample volumes, it
is necessary to use a probe having very poor radiation efficiency. For
the case of the infinitesimal probe where the extended length approaches
zero, the impedance is a totally reactive complex capacitance. In that
case, the radiation resistance Rr of the probe is zero and no power
(Pr'IZRr) is radiated. This is more clearly illustrated by examining
the radiation resistance of the monopole expressed in terms of the

length of the probe as

R (monopole) = 40n2(%)2 " (3)
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where A is the wavelength and % is the length of the monopole [21]. By

expressing the terminal impedance of the probe in the form

Z=R_-jX, (4)

it can be seen that as Rr + 0, the probe impedance becomes

Z = -jX, (5)

where Z is totally reactive (X is the reactance).

The infinitesimal monopole probe 1looks 1like an open-circuited
coaxial line which has been previously analyzed [22-24]. The impedance
of an open-circuited line is

1
Juck (6)

where C* = e*C and C is as defined in Equation (2). Expanding this

impedance expression in the antenna modeling theorem yields the result

1
jwC[K'(1 - jtand)] °*

Z(w,e) = (7

which is the same expression as the imaginary part of Equation (5) in
the First Annual Technical Report [l]. Therefore, for the case of an
open-circuit transmission line, the antenna modeling theorem reduces to
Equation (7). A somewhat more extensive treatment of the infinitesimal
probe opening onto a ground plane is presented in the Second Annual

Technical Report [2].

C. Measurement System

A number of probe configurations have been investigated during the

course of this three-phase research program. These probes have ranged

12




in length from infinitesimal probes of essentially zero length to probes
1 cm in length., Probes have been fabricated which range in diameter
from the size of a #18 hypodermic needle toc 0.l4l-inch diameter semi-
rigid coaxial cable. Several infinitesimal monopole measurement probes
have been fabricated from 0.085-inch diameter semi-rigid coaxial cable.
The two basic probe configurations which have been used most extensively
are schematically illustrated in Figure 1. Both probes are fabricated
from 0.085-inch diameter semi-rigid coaxial <cable which was
disassembled, gold plated, and then reassembled. If a circular ground
plane, such as the one illustrated in Figure 1(a), was attached to the
probe, this was done before plating and reassembly. Probes of this type
as well as probes which have smaller and larger diameters were used to
perform in-vivo dielectric measurements of tissues.

The instrumentation used to measure the impedance of the
measurement probe was identical to that described in the previous Annual
Technical Reports [1,2]. The measurement system consists basically of a
reflectometer and a network analyzer (Hewlett-Packard 8410B). The
network analyzer measures the complex reflection coefficieat data which
are subsequently used as input data to a computer algorithm which
computes the dielectric property information. During Phase III of the
program, a semi-automated microcomputer-based data acquisition/data
processing system was designed and implemented. The computer algorithm
for computing dielectric properties from in-vivo probe measurements now
resides in the microcomputer. An overall block diagram of the
measurement system, including the data acquisition interface and
microcomputer, is shown in Figure 2. The system operates as follows:

1. A sweep band is selected between 0.1 GHz and 10.0 GHz,

2. The endpoint frequencies are logged into the microcomputer,

3. The sweep is manually triggered and the data acquisition
system samples the amplitude and phase of the reflection
coefficient at any desired number (up to 40) of equally-spaced
frequencies within the sweep band,

4, The measured data are stored temporarily in memory and from
there are processed to yield dielectric property information,
and

S The results are displayed on a CRT screen and are stored on
magnetic tape for later use.

13
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Coaxial Outer Conductor Grqund Plane

Connector \ l —§'= 65 on

———t e g

Coaxial Inner Conductor

(a) Monopole dielectric measurement probe with ground plane.

d = .22 cm (09.985 in)

Connector __,

===————————9

ey

Coaxial Inner Conductor

Coaxial
Outer Conductor

(b) Monopole dielectric measurement probe without ground plane.

Figure 1. Two configurations of the infinitesimal probe.
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The data acquisition/data processing system is described in detail in
the following section. However, at this point it should be noted that
the data processing 1includes a calibration/error correction routine
which takes into account and corrects for systemic measurement errors

associated with the network analyzer system.

D. Microwave Measurement Error Correction and Calibration

As described in the Second Annual Technical Report [2], measurement
errors associated with the network analyzer can be separated into two
categories: instrument errors and test set/connection errors. Instrument
errors are measurement variations due to noise, imperfect conversions
in such equipment as the frequency converter, crosstalk, inaccurate
logarithmic conversion, non-linearity in displays, and overall drift of
the system. Test set/connection errors are due to the directional
couplers in the reflectometer, imperfect cables, and the use of
connector adapters. The instrument errors exhibited by the 8410B network
analyzer are very small. Noise is specified to be less than -78 dBm
equivalent input noise, and the isolation between channels is > 65 dB
from 0.1 - 6.0 GHz and > 60 dB from 6.0 - 12.4 GHz. Reference and test
channels track within +0.3-dB amplitude and + 1° phase over auy octave
band from 0.1 GHz to 8.0 GHz with only a slight degradation at 12.4 GHz.
Drift 1is specified to be within +0.05 dB/°C and + 0.1°phase/°C. The
primary source of measurement uncertainty is due to test set/connectors
at UHF and microwave frequencies. These uncertainities are quantified
as directivity, source match, and frequency tracking errors.

During the second phase of the program, an effort was initiated to
determine the cause of variations in the raw data which appeared as
“ripples". In Phase III, an analytical model for correcting test
set/correction errors was derived based on the model used by Hewlett-
Packard for correcting reflectivity measurements on their semi-automatic
network analyzer system [25]. This model accouants for directivity,
frequency tracking, and source match errors. A detailed description of
these systemic measurement errors is presented in the Second Annual

Technical Report [2]. Here, the modeling efforts will be reported.
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Each of the three types of test set/correction errors are shown

schematically in Figure 3. The term Sllm is the measured reflection
coefficient, and slla is the actual reflection coefficient. The
directivity error Ell is due primarily to direct leakage of the

incident signal into the reflected signal channel. The source match
error 522 is caused by the re-reflection of the reflected signal back to
the test port. EZIEIZ’ the frequency tracking error, is caused by
small variations in gain and phase flatness between the test and
reference channels of the analyzer as a function of frequency. If all
of the three errors are known at each frequency, it is possible to
remove them mathematically. These three error terms are determined by
calibrating the system using three independent standard terminations

whose actual reflection coeffcieint is known at all frequencies

Slla

of interest. The measured reflection coefficient Sllm expressed as a
function of the error terms and the actual reflection coefficient
slla e
PRI L .
1lm 11 1 - E22811a

The calibratioa process is depicted in Figure 4. The directivity
error Ell is determined by measuring a sliding matched load termination
for a number of different path lengths. Because no matched load is
truly perfectly matched, multiple load measurements are made. The loci
of these points form a circle whose center is the true directivity error
vector. The remaining error terms are determined in like manner through
the solution of Equation (8). A short circuit and an open circuit
termination provide the two necessary conditions for determining

and E, . E _ (Figure 4). Once the measurement error terms are known

Ey2 21512

at each frequency, S can be determined from S

lla 1lm® Solving
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(c¢) Frequency tracking error model

Figure 3. Error models used for test set/connection errors.
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(c) Open circuit calibration condition (with
capacitance compensation) used in determination
of Source Match and Frequency Tracking errors.

Figure 4. Calibration conditions used to determine
directivity, source match, and frequency
tracking errors.
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Equation (8) for S ., , one obtains

lla

ST b

B - ; 9)
Ha  Epp(Syy, = Epy) + ExEpy

Equation (9) is implemented in the error correction routine which is
part of the data processing software on the microcomputer system. Once
the measured data are corrected, the remaining data processing software
computes the dielectric properties of the test material.

The error correction/calibration model was tested on deionized
water data measured in the 2 to 4-GHz frequency range. The results of

these tests are presented in Section IV.

E. Probe Fabrication

Methods for improved probe fabrication were also investigated
during the third phase of the program. Laboratory measurements of
standard liquid dielectric materials performed with different probes of
similar design revealed that the measurement accuracy and frequency
response of the probe are functions of how carefully and accurately the
probe itself was fabricated. Therefore, a number of specific steps were
taken to improve the repeatability of accurate probe fabrication.

A cutaway diagram of the in-vivo measurement probe is shown in
Figure 5. The probe is fabricated from a section of open-ended semi-
rigid coaxial cable with a slightly extended center conductor. The
small circular ground plane minimizes fringing effects. The SMA
connector 1is attached to the probe by first removing the center
conductor and teflon dielectric material. The connector is then
soldered to the outer conductor followed by reassembly of the probe
using the center conductor as the center pin of the connector, thus
avoiding additional soldering. In this manner, it is possible to attach
the SMA connector without heating the teflon dielectric. While

disassembled, the center and outer conductors of the probe are first
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flashed with nickel plating and then gold plated. Plating the probe
with an inert metal, such as gold, greatly reduces chemical reactions
between the probe and the electrolyte in the tissue. This process
virtually eliminates oxidation of the probe's metallic surfaces and
helps to minimize electrode polarization effects at lower frequencies
(0.01 - 0.05 GHz).

A probe fabrication method which has worked well is summarized in
the following steps:

Step 1. Remove the Teflon dielectric and center conductor from a

short piece (approximately three centimeters length) of
semi-rigid coaxial cable.

Step 2. Silver solder a small circular disk to one end of the
tube formed by the now-empty outer conductor. Machine
the surface of this disk smooth.

Step 3. Electroplate the resulting item and the center conductor
that was previously removed. Use either nickel, gold, or
platinum plating.

Step 4. Solder a connector to the other end of the outer
conductor tube.

Step Replace the Teflon dielectric and the plated center
conductor, leaving the center conductor slightly
extended.

Step 6. Finally, trim any excess Teflon away from the extended
center conductor.
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SECTION III

SEMI-AUTOMATED DATA ACQUISITION/DATA PROCESSING SYSTEM
DEVELOPMENT AND TESTING

A significant portion of the technical effort expended during the
third year of this research program was directed toward the development
of a prototype semi-automated data acquisition/data processing (SDADP)
system. The decision to emphasize development of a SDADP system was
made after it was observed that the existing manual technique for
collecting and analyzing in-vivo probe data was tedious, time consuming,
and hindering further advancement of the in-vivo probe concept.
Construction of the prototype SDADP system was successfully completed,
and preliminary tests have shown it to be capable of satisfactorily

performing the data acquisition/data processing operations necessary for

in-vivo probe measurements. The remainder of this section of the report

details pertinent information about the prototype SDADP system including
discussions of the overall system design concept, system development,

and preliminary test results.

A. System Design Concept

Factors considered during the design of the semi-automated data
acquisition/data processing (SDADP) system included the basic functions
that the system would have to be able to perform and the shortcomings of
the existing manual technique that would have to be eliminated. The
basic performance function of the SDADP system is to accurately measure
the parameters needed for computing the dielectric properties of the
material being tested. These parameters are the frequency of the RF
signal being employed and the amplitude and phase of the complex
reflection coefficient of the in-vivo probe. The network analyzer
system (see Figure 2) utilized to perform the in-vivo probe
measurements provides the values of these unknown parameters through
three signal ports: SWEEPOUT, AMP, and PHASE. The outputs of these
three ports are DC voltages that are calibrated to be linearly

proportional to the aforementioned frequency, amplitude, and phase
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parameters, respectively. Therefore, it 1is necessary that the SDADP
system be capable of accurately measuring and interpreting the
information available at these ports.

Although measurements could be made with the existing manual
technique, it had several shortcomings that made it cumbersome to use.
One of 1its major drawbacks was the inordinately large amount of time
required for the overall process of determining a material's dielectric
properties. This fact limited the number of in-vivo probe measurements
that could be made which in turn limited the time available for
advancement and refinement of the in-vivo probe concept. Additional
drawbacks of the manual technique included susceptibility to human
errors in reading the recorded data and its inability to determine a
material's dielectric properties on a real-time basis.

The following 1is a summary description of the manual technique.
This description will aid one in identifying the causes of the manual-
technique drawbacks as well as indicate some specific capabilities that
must be incorporated into the SDADP to eliminate these drawbacks.

(1) 1Initially, the measurement system must be set up. This

involves tasks such as setting the endpoint frequencies on the

sweep generator and selecting the appropriate calibration
ranges on the X-Y recorder.

(2) During the actual data acquisition process, the SWEEPOUT
signal 1is used to drive the X channel (horizontal) omn the X-Y
recorder. The AMP and PHASE signals are used (on alternating
frequency sweeps) to drive the corresponding Y channel
(vertical) of the recorder. The resulting recordings
represent plots of the awmplitude and phase of the complex
reflection coefficient as functions of frequency.

(3) After all the required amplitude and phase plots are obtained,
an architect's scale is wused to manually extract the
frequency, amplitude, and phase information, which is then
tabulated.

(4) The tabulated data are typed into a computer where it is used

to compute the desired dielectric property information.
The majority of the time required when using the manual technique is
expended in Items (1), (3), and (4), respectively, in setting up the

measurement equipment, manually extracting and tabulating the data from
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the X-Y recordings, and typing the tabulated data into the computer.
However, only a small percentage of the time is expended by the actual
data acquisition process, which does not depend on human performance.
Also, questionable data often results because of the dependence of the
operations on human performance, and as a result, rechecking and/or
repeating the measurement process is often necessary in the manual mode.

Determination of the basic performance functions for the SDADP
system were studied as well as the re-evaluation of the performance of
the existing manual technique. This study led to the establishment of
the following design guidelines for the SDADP system.

(1) SDADP system accuracy must be comparable to or better than

that obtained with the existing manual technique.

(2) Set-up and calibration time for the equipment must be
minimized.

(3) Manual extraction, tabulation, and data typing must be
eliminated in order to minimize measurement time, maximize
data reliability, and increase data taking capacity.

(4) SDADP system must be capable of performing dielectric property
measurements on a real-time basis.

The primary improvement gained through the SDADP system, of course, is
to minimize or eliminate human involvement in the in-vivo probe
measurement process. The design concept that was chosen for the SDADP
system from the preceeding guidelines consists of a computer-controlled
multiplexer, analog-to-digital converter unit, and a microprocessor
based computer. The following subsections present details about the
specific etages and components that comprise the SDADP system as well as
the structure and philosophy of the software used for controlling the

overall measurement process.

B. Hardware Selection

The selection of the hardware components to be utilized in
implementing the SDADP system was based on two criteria: (1) the
components would have to be able to operate within specified speed and
accuracy limits and (2) the interfacing of these components (with each

other and with the existing network analyzer system) should require
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minimal effort. The major hardware components selected were a
microprocessor-based desk-top computer (Commodore PET - Model 2001) and
a subminiature multiplexer/analog-to-digital converter (Analogic-Model
MP6812). Initially, some consideration was given to either purchasing a
commercially available semi-automated network analyzer system (Hewlett
Packard 8409A) or developing a dedicated microprocessor-based system
from ground level. However, the tremendous cost and/or development time
required for implementing either of these possibilities eliminated them
from further consideration.

The Commodore PET is a complete stand-alone digital computer that
has two I/0 ports for interfacing with peripheral devices, a 1000
character CRT display, and built in cassette storage (for storing
program or data files). It has a resident BASIC interpreter and can be
alternatively programmed directly in machine code. It has a powerful
feature that allows programming in mixed mode (i.e., a single program
can contain both BASIC and machine language routines) when desired. The
PET is a highly versatile instrument which can perform several functions
in the SDADP system including control of other components, processing of
all data, and data storage. The Analogic Model MP6812 unit is a
microprocessor compatible combination multiplexer and analog-to-digital
(A-D) converter unit. It can accept as many as 16 separate analog
signals which can be individually multiplexed to a precision 12-bit A-D
converter. The purpose of the MP6812 interface unit is to digitize the
outputs of the SWEEPOUT, AMP, and PHASE signals from the network
analyzer so that the parameter values can be accepted by the PET. A
simplified diagram of the SDADP system is presented in Figure 6. The
system operates in the following manner:

(1) To initiate the measurement process, the PET sends out a pulse
to the external trigger input of the sweep generator.

(2) The PET then transmits a sequence of pulses to signal the
MP6812 to begin sampling the SWEEPOUT signal.

(3) The PET continuously samples the corresponding binary output
of the MP6812 until it determines that the sweep generator is
at the desired frequency.

(4) Once the proper frequency is found, the PET sends out a
different set of pulses to the MP6812 that signal it to
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sequentially sample the signals from the SWEEPOUT, AMP and
PHASE ports. The corresponding binary numbers are then stored
in the PET computer.

(5) Steps 2, 3, and 4 are then repeated until data have been
obtained at all ¢f the desired frequencies.

(6) At the completion of a data run, the PET retrieves the
frequency, amplitude, and phase data from its memory and uses
it to compute the dielectric properties of the dielectric
material being measured.

(7) The computed dielectric properties are then displayed on the

CRT as well as stored permanently on a cassette tape.
These steps are summarized by the flow chart in Figure 7. It should be
noted that this is a highly simplified view of the measurement process,
which does not include pertinent aspects of the measurement process such
as 1initialization of the measurement equipment and computation of error
correction terms. A more detailed explanation of the complete operation

of the SDADP system is presented later in this section.

C. Hardware Interconnection and Operation

Although one of the reasons for selecting the PET and the MP6812
was their compatibility, interconnecting these devices required a
considerable effort involving approximately 200 separate wiring
connections (either wire-wrap or solder). In additiom, various
cable/connector assemblies were fabricated, and the MP6812, a triple D-C
power supply, and various switches, connectors, etc. were mounted in
an appropriate housing. The essential features of the SDADP system
interconnections are presented in Figure 8. The analog signals from the
network analyzer's SWEEPOUT, AMP, and PHASE ports are routed to the
first three ANALOG INPUT channels (CH O, CH 1, and CH 2, respectively)
of the MP6812, A multiplexer (controlled by the PET) in the MP6812
selects one of the three channels and switches it to the internal
precision (12-bit) A-D converter. The 12-bit binary output of the A-D
is then fed to the PET through BINARY OUTPUT lines Bl through Bl2 where
Bl represents the most significant bit (MSB) of the 12 bit word. The
PET inputs the 12-bit binary word through two parallel I/0 ports. The
lower 8 bits are inputted through data lines DIOl through DIO8 on the
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PET's IEEE Standard 488 interface port. The upper 4 bits are inputted
through data lines PAO through PA3 of the PET's auxiliary port. The two
1/0 ports are utilized because the microprocessor (MOS TECHNOLOGY 6502)
in the PET microcomputer can conly process 8-bit words, and therefore,
each 12-bit data point must be converted to two 8-bit words for storage
and processing.

The function of the lines indicated as HANDSHAKING is to provide
the appropriate signals for synchronizing the operations of the PET, the
MP6812, and the network analyzer system. The MP6812 will perform a
measurement only when it receives a negative going pulse on its STROBE
input. The PET 1is able to provide this signal through its CB2
handshaking line. CB2 can be initially setup so that it is normally in
a "high" (or '"logical 1") state. The peripheral interface adapter (a
chip used for interfacing the microprocessor with peripheral devices)
controlling CB2 can then be programmed so that CB2 generates the
required negative going pulse whenever the microprocessor performs a
"write" operation to the memory location corresponding to the peripheral
interface adapter.

When the MP6812 receives a STROBE pulse and begins the analog-
digital conversion process, it must signal the PET that it is currently
"busy". This information is pertinent to the PET since the data on the
MP6812's BINARY OUTPUT lines are not valid until the A-D conversion
process has been completed. Also, it is undesirable to re-strobe the
MP6812 while it 1is still busy from a previous strobe. The MP6812
accomplishes this signalling through its end of conversion (EOC) output
which has two possible logic states. EOC is in a "low" (or "logical 0")
state when the A-D converter is idle and in a "high" state when the A-D
converter is operating. Therefore, before accepting data from or re-
strobing the MP6812, the PET always checks the status of the EOC signal.
If a "busy" is indicated, the PET will continuously recheck EOC until a
"low" state is detected. It can be noted that the EOC signal is tied to
the PA7 1line (PA7 1is one of the eight I/0 l.ines, PAO to PA7, through
which 8-bit binary data is passed to and from the microprocessor in the

PET) on the PET's auxiliary I/0 port. PA7 was selected in order to make
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use of the capability of the PET's microprocessor to perform branch
instructions based on the current status of the flag bits comprising the
microprocessor's condition code (CC) register. One of the flag bits
(the "N" flag bit) 1is set or cleared depending on whether the last
operation performed by the microprocessor resulted in a negative or
positive value. Since PA7 represents the sign bit of the binary word
present at the PET's auxiliary I/O port, the "N" flag will be set
whenever EOC is high (A-D busy) or cleared whenever EOC is low (A-D
idle). This enables the PET to check the status of EOC (and hence the
A-D) by simply reading the binary word present on I/O lines PAO to PA7,
then performing the appropriate branch instruction on the basis of the
status of the "N" flag.

The CLEAR handshaking line is used by the PET to specify to the
MP6812 the ANALOG INPUT channel that is to be multiplexed to the A-D
converter. When the MP68]12 detects a "low" state on its CLEAR line, it
will keep the multiplexer switched to channel CH 0. Therefore, during
the time that the PET wishes to sample only the SWEEPOUT signal (as when
testing for the frequency of the RF signal from the sweep generator),
PA6 is wused to reset CLEAR "low". After the PET has detected that the
sweep generator 1is at the proper frequency, PA6 is used to set CLEAR
"high". The multiplexer will then advance sequentially to CH 1 (AMP)
and CH 2 (PHASE) on successive strobe pulses from the PET. Once the AMP
and PHASE data are stored in the PET, PA6 is used to reset CLEAR "low",
and the PET then samples for the next desired frequency. The remaining
handshaking line, PA5, is used by the PET to provide a pulse for
externally triggering the sweep generator in the network analyzer

system.

D. Evaluation of Accuracy and Speed of Hardware in the SDADP System

The primary performance criteria considered in selecting the
Commodore PET and Analogic Model MP6812 were resolution, accuracy, and
speed. The resolution and accuracy of the hardware are very important
in determining the frequency, amplitude, and phase parameters which

subsequently determine the preciseness of the computed dielectric
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property values. The operating speed for the hardware 1is also
important, particularly during the actual data acquisition process which
is a dynamic process.

The resolution and accuracy of the system is dependent on the A-D
converter in the MP6812. Because of the variability of the output
voltage levels of the SWEEPOUT, AMP, and PHASE ports, the A-D was
designed to handle voltages in the range of -10 to 10 volts. The A-D is
a 12-bit device which means that the analog 20-volt range (-10 to 10
volts) can be divided into 4095 increments, where each increment (binary
bit) 1is equivalent to 4.884 millivolts (mV). Since the inherent

uncertainty of the A-D converter's output is plus or minus one half

kol

bit, the resolution of the A-D converter is * 2,442 mV. The AMP and

PHASE outputs have calibration factors of 50 mV/dB and 10 mV/degree,
respectively. Therefore, in terms of decibels and degrees (the units
used in measuring the complex reflection coefficient), the resolution

of the amplitude data is * 0.049 dB and the resolution of the phase data

-

is * 0.244 degrees. The dynamic range of the network anlayzer is 70 dB
in amplitude and 360 degrees in phase. Therefore, the resultaat
amplitude and phase resolutions of the A-D converter are 0.07% and
: 0.067%, respectively, of the analyzer's total dynamic range.

Computation of the resolution of the A-D with regard to frequency
measurements is more complicated. This complication stems from the
manner in which the SWEEPOUT voltage levels are related to the frequency
of the signal being transmitted by the sweep generator. The SWEEPOUT
voltage 1is always a 10-volt linear ramp function (with an initial level
of 0 volt and a final level of 10 volts). Regardless of the particular

sweep frequency band, the initial frequency in the sweep band will

correspond to the O-volt level of the SWEEPOUT signal, while the final

frequency in the sweep band will always correspond to the 10-volt level.
Therefore, the frequency resolution of the system depeands on the total
width of the frequency band being swept. For example, if the sweep band
were 1800 MHz to 4200 MHz (which is a difference of 2400 MHz), the
frequency resolution would be approximately + 0.6 MHz., This is

determined from the fact that one bit is equivalent to approximately
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l.17 MHz, and the inherent uncertainty is plus or minus one half bit.
Alternatively, if the sweep band were 1800 to 2400 MHz (which is a
difference of 600 MHz), the frequency resolution would increase to
within 0.15 MHz,.

The speed of operation of the PET computer and MP6812 multiplexer
and A-D converter was another important performance criterion. The
SWEEPOUT, AMP, and PHASE signals are constantly changing as the
frequency band is swept during the measurement process. Because all in-
vivo probe impedance measurements are performed dynamically, the SDADP
system must operate at a speed fast enough to perform any required
measurement before any discernable frequency change occurs. This
requirement 1is particularly true when the PET is sampling and testing
the SWEEPOUT signal in search of a particular frequency. WNormally, the
length of a single frequency-sweep is 10 seconds for a frequency band
covering approximately 2000 MHz. Therefore, frequency will be
increasing at a rate of 0.0002 MHz/microsecond (where 1 microsecond =
10-6 seconds). The rate at which the SWEEPOUT signal can be acquired
and sampled is once every 32 microseconds. This 32-microsecond period
is comprised of the A-D conversion time plus the strobe time. As a
result, the SDADP system is capable of sampling the frequency every
0.0064 MHz. Alternatively, during the time that it takes the binary
SWEEPOUT signal to change by 1 bit, the PET computer could sample and
test the SWEEPOUT value 150 times. In addition to testing the SWEEPOUT
signal, once the desired frequency 1is located, the data acquisition
hardware and microcomputer must be able to sample and store the
SWEEPOUT, AMP, and PHASE signals before any significant frequency change
occurs. The sequence of machine level instructions necessary for this
task requires approximately 80 microseconds. Based on the computed rate
of frequency change of 0.0002 MHz/microsecond during a sweep, the
frequency change from the time the SWEEPOUT information is read and
stored and the time that the PHASE information is read and stored is
less than 0.02 MHz. This change is less that 0.001% of the total

frequency band being swept. Therefore, measurement accuracy for
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frequency, amplitude, and phase of the complex reflection coefficient
measured by the probe is significantly improved using the microprocessor-

based data acquisition system.

E. Software Development

As stated earlier in this section, a unique feature of the PET
microcomputer is 1its ability to be programmed in either BASIC or
directly in machine code. BASIC is a higher level language and has many
useful functions (arithmetic, logical, I/0, etc.) in its instruction set
that cannot easily be duplicated with machine level instructions.
Although the machine level instructions are in a simpler assembly
language format, which is much less powerful on a per instruction basis,
the fact that the execution time of machine level instructions is much
shorter than the corresponding BASIC instruction makes it advantageous
to use machine language in certain applications where speed is required.
As an example, consider the execution times of two equivalent
instructions "POKE" (BASIC) and "STA" (machine level) for sending a byte
(8 bits) of data through one of the PET's I/0 ports. The execution time
of the "POKE" instruction is 10 milliseconds, whereas the execution time
of the "STA" instruction 1is only 0.004 millisecond. In this case, the
machine language instruction 1is 2500 times faster than the BASIC
instruction. The fact that the PET microcomputer can be programmed in a
mixed-mode is an extremely useful feature. '"Mixed-mode" programming
means that software can be written to take advantage of both the
power ful computing ability of the PET's BASIC instructions and the speed
of the PET's machine level instructions. Therefore, in developing the
software for the semi-automated data acquisition/data processing (SDADP)
system, data acquisition routines were written primarily in machine
code, whereas data processing routines were written primarily in BASIC.

Since the PET is the main controller in the SDADP system, its
software must be capable of controlling a variety of functions. These
functions include the following:

o Provide operating instructions to personnel using the SDADP
system,
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o Control operation of the network analyzer system and the
MP6812 multiplexer/A-D converter during the data acquisition
process,

o Insure that all required setup information is specified and
stored (e.g., endpoint frequencies, number of data points,
identification of sample material, etc.),

o Insure that all required measurements are performed (e.g.,
reference data and error correction data when requested),

o Manage all intermediate data until they are needed for data
processing,

o Perform all required data processing operations (error
correction, dielectric property computations, etc.), and

o Store all computed results and relative information (e.g.,
dielectric properties, identification information, etc.) on
cassette tape.

Because of the complexity and magnitu&e of these functions, development
of the software for the SDADP system was an extensive effort.
Consideration was given to factors such as whether BASIC or machine code
was appropriate for a particular application and how interactive the
system should be with a user. Also, memory allocation was a severe
constraint since only 8K bytes of random access memory (RAM) were
available for storing all program codes as well as intermediate and
computed data.

In order to simplify the development and evaluation of the
software, it was divided into four subroutines: Initialization, Data
Acquisition, Error Correction, and Dielectric Property Computation. A
flow chart that summarizes the software developed for the SDADP system
is presented in Figure 9. The following descriptions summarize the
purpose and functions of these subroutines.

l. Initialization Subroutine

One purpose of this subroutine is to read and store all
pertinent initialization parameters. These include identification
parameters such as the material being tested, the date, and the
temperature in addition to specification parameters such as the
frequency band and the information needed to compute the frequencies at

which data are to be taken. The identification information 1is
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straightforward, and it 1is used to document the final dielectric
property output information, which is recorded on cassette tape.

One of the most important functions of this subroutine is to
provide the information required to determine the relationship between
frequency and the binary output of the MP6812. Because the PET must
sample and test the SWEEPOUT port voltage uantil that voltage corresponds
with the voltage level for the desired measurement frequency during the
data acquisition process and because the PET can only read binary data,
this information is provided through the Initialization Subroutine.
Figure 10 depicts how this is accomplished. FA and FB are the endpoints
of the sweep frequency band of interest. FS and FL are the first and
last frequencies at which dielectric measurement data are to be
acquired. BA, BB, BS, and BL are the corresponding binary numbers,
respectively. FA, FB, FS, and FL are specified to the PET microcomputer
by the system user. The PET will read BA and BB through its I/0 port.
The system then computes BS, BL and the binary voltages at which
measurements  are to be performed. With the exception of the
instructions for reading BA and BB, the Initialization Subroutine is
programmed in BASIC.

2. Data Acquisition Subroutine

The Data Acquisition subroutine coantrols the actual process of
sampling the probe measurement data and storing them in memory. Its
functions include the following:

o Setting up the I/0 ports on the PET microcomputer,

o Triggering the sweep generator to initiate the
measurement process,

o Providing handshaking signals to the MP6812 for control
of data sampling,

o Computing the frequencies at which data are to be taken,
and

o Continuously testing SWEEPOUT and sampling and storing
the frequency, amplitude, and phase parameters at the
times corresponding to the desired measurement frequen-
cies.

Because of the speed that is required, the Data Acquisition Subroutine

is programmed primarily in machine code. In order to help conserve the
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amount of wemory used, the measured data (sampled during the data
acquisition process) are stored 1in tables of two-byte integer words
instead of in the floating point format used by the BASIC programming
language. This technique preserves the accuracy of the data while
reducing by a factor of four the amount of memory required for data
storage.

3. Error Correction Subroutine

The purpose of this subroutine is to measure and store the
frequency, amplitude, and phase parameters for various calibrated
terminations (open circut, short circuit, and matched loads). These
data are then used to compute the error correction terms corresponding
to directivity, source match, and frequency tracking errors, which are
needed for correcting the measured in-vivo probe data. (The theoretical
basis of the error correction process was discussed in Section II).
Because of the complex computations that must be performed, this
subroutine is primarily programmed in BASIC.

4. Dielectric Property Computation Subroutine

The primary purpose of this subroutine is to retrieve the in-

vivo probe data from memory and to utilize them to compute the

dielectric properties of the sample material. In addition, when
requested by the user, this subroutine corrects the in-vivo probe data
using the computed error correction data. The corrected measurement
data are then used to compute the dielectric properties of the material.

After the dielectric property information is computed, this subroutine

displays the results and appropriate identification information on the

CRT. If the user requests that these values be permanently stored, this
subroutine will load the data onto a cassette data tape. Again, because
of its data processing and computational requirements, this subroutine
is also programmed in BASIC.

F. Preliminary Test Results

Although theoretical <considerations indicated that the semi-
automated data acquisition/data processing (SDADP) system would be

capable of meeting all necessary performance criteria for determining
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tissue dielectric properties, two experimental tests were performed in
order to evaluate the system's actual performance. The purpose of the
first test was to examine the ability of the SDADP system to accurately
measure frequency. The purpose of the second test was to determine
reliable data sampling rates for the SDADP system during the data
acquisition process.

The first test was adapted from the Initialization Subroutine
described previously, and is conducted as follows. First, the user is
requested to enter the values of the endpoint frequencies of a desired
sweep band (FA and FB in Figure 10) into the PET. The PET reads the
corresponding values for the number of bits (BA and BB) from the MP6812
multiplexer/A-D Converter. These parameters are then used by the PET to
determine the coefficients of an equation that theoretically describes
the relationship between frequency and the SWEEPOUT signal. The PET
then instructs the user to manually sweep (change frequency by hand) the
generator over the entire frequency band from FA to FB. At several
points during this manual sweep, the user is instructed to stop and use
a frequency meter (or frequency counter) to measure the frequency of the
RF output of the sweep generator. This information is then entered into
the PET from the keyboard. The PET simultaneously reads the current
SWEEPOUT 1level and uses it to compute and store a corresponding
frequency value. If the dependent parameters of the equation are
exactly correct, the equation perfectly describes the relationship
beteween frequency and SWEEPOUT voltage. In this case, the computed
frequency would exactly duplicate the frequencies measured with the
frequency meter. After the entire frequency band from FA to FB is
examined, the PET displays the frequency values measured with the
frequency meter and the corresponding frequency values computed by the
PET based on the SWEEPOUT voltage. (It should be noted that the
frequency measuring accuracy of the SDADP system is dependent on the
width of the frequency band being swept. Therefore, the results of
these tests are computed in terms of the equivalent numbers of bits

rather than in more conventional units such as megahertz.)
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A typical result of the first test is presented in Table I. These
data show that the frequency values computed by the PET are within plus
or minus 3 bits of the frequencies measured with the frequency meter.
Since the frequency range in this example corresponds to 2045 bits
(i.e., BB - BA = 2045 bits), these test results show that the SDADP
system can measure frequency within plus or minus 0.15 percent of the
width of the frequency band being swept. For example, if the frequency
band were 2000-MHz wide, the accuracy with which a desired frequency
would be sampled would be plus or minus 3 MHz, whereas, if the frequency
band were only 500-MHz wide, the sampling accuracy would be plus or
minus 0.73  MHz. In general, obtaining accurate in-vivo probe
measurements requires that the frequency be measured with approximately
two percent of full scale accuracy. Therefore, the results of this test
indicate that the relationship of SWEEPOUT voltage to measured frequency
is nearly linear and that the PET microcomputer can utilize a linear
parametric equation to accurately determine sampling frequency from
SWEEPOUT data.

The second exparimental test was adapted from the Initialization
and Data Acquisition subroutines described previously, and it simulates

;-

the data acquisition process performed by the SDADP system. For
performing this test, the three analog input channels (CH 0, CH 1, and
CH 2 as indicated in Figure 8) of the MP6812 multiplexer/A-D converter
were all connected to the SWEEPQUT signal port. During the test, the
PET triggers the sweep generator to initiate the data acquisition
process then monitors CH 0 in search of the frequencies at which data is
to be sampled. When one of these frequencies is detected by the SDADP
system, the PET sequentially samples and stores the data from CH 0, CH
1, and CH 2. This latter process requires exactly the same amount of
time required by the SDADP system to sample and store the frequency,
amplitude, and phase parameters during an actual in-vivo probe
measurement. At the end of a complete frequency band sweep, the PET
displays each of the frequencies sampled from CH 0, CH 1, and CH 2. If
the values for each desired measurement frequency are nearly identical

for all three channels, this indicates that the sweep rate is slow
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TABLE I

RESULTS OF TEST TO DETERMINE THE ACCQRACY
OF THE SDADP IN MEASURING FREQUENCY

Frequency Measured Frequency Measured Error

by Meter (F,) by SDADP System (F,) IFZ - Fli
173 173 0
343 343 0
SE3 513 0
683 683 0
854 853 1
1024 1024 0
1194 1195 1
1364 1365 1
1535 1532 3
1705 1703 2
1875 1875 0

* All frequency data are in units of bits
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enough for frequency, amplitude, and phase data to be measured at
exactly each desired frequency within the band.

Typical results from the second type of experimental test performed
are presented in Table II. The sweep period for this test was ten
seconds, which is the same period used for in-vivo probe measurements.
The data are again presented in number of bits. The first column of
data 1in this table is the specified frequency where the test data were
to be measured. The second, third, and fourth columns of data are the
actual frequencies (expressed in bits), measured through the CH 0, CH 1,
and CH 2 inputs, respectively. Since the frequency values in each row
of data in this table are nearly identical (worst case error is plus or
minus one bit), the table clearly shows that the SDADP system is capable
of operating at a rate high enough for accurate in-vivo probe

measurement data acquisition.
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TABLE II

RESULTS OF TEST TO EVALUATE THE OPERATING
SPEED OF THE DATA ACQUISITION PROCESS

ettt | ot g Aid
From CHO From CHl1 From CH2

56 55 55 55
245 244 244 244
340 239 339 339
434 433 433 433
528 527 527 528
623 622 622 622
717 TR 717 717
812 812 811 811
906 905 906 906
1001 1000 1000 1000
1095 1095 1095 1095
1189 1188 1188 1188
1284 1284 1283 1283
1378 1378 1378 1378
1473 1472 1472 1472
1567 1566 1566 1567
1661 1660 1660 1660
1756 1755 1755 1755
1850 1850 1849 1850
1945 1944 1944 1944

e s

* All frequency data are in units of bits

o
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SECTION IV

SUMMARY OF EXPERIMENTAL RESULTS

During this three-phase research program, a large volume of in-vivo

and in-vitro dielectric property information on various tissue types was
accumulated. Extensive measurements have been performed on standard
liquid dielectric materials in order to evaluate the accuracy and
repeatability of the in-vivo measurement probe technique. Although the
initial work wutilizing the antenna modeling theorem concept was
performed several years ago [18], it was during this current program
that the technique and the measurement probe itself were developed to
the point where accurate in-vivo measurements were made possible over a
frequency range extending from 0.0l GHz to above 10.0 GHz [1,2,26]. In
the course of this work, the parameters affecting probe performance were
identified and optimized, the seemingly insurmountable problem of
extending the technique to the microwave frequency range was solved, and
a significant volume of basic data describing the in-vivo properties of
several tissue types was acquired.

Many different types of in-vivo dielectric measurements were
performed during this program. These 1included measurements on the
following tissue types:

Muscle (dog and rat),

Fat (dog),

Brain (rat),

Kidney (rabbit and dog),

Whole blood (rat),

Granulocytes (human and rat), and
Platelets (human and rat).

© 000 0O O

Additionally, the probe dielectric measurements technique was used to
examine the effects of drugs, particularly dimethylsulfoxide (Mezso),
on tissue dielectric properties, and limited measurements of dielectric
property changes in granulocytes and platelets due to temperature
variations were performed. Preliminary measurements, using the probe
technique, to detect changes in concentration of E. coli in water were

also made.
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The theoretical basis of the monopole probe diel ctric measurement
technique 1is discussed in the first Annual Technical Report [1].
Additional theoretical considerations and the results of extensive
experimental investigations of the probe technique are described in the
Second Annual Technical Report [2]. The in-vivo tissue dielectric
property measurements performed during the second and third phases of
this research program have provided dielectric data that were previously
unavailable, some of which have been presented at scientific conferences
[26,27].

In this section of the report, the most significant results of the
experimental investigations for Phases I and II are presented together
with the results of the work performed during Phase III. First, the
results of sample size effects on measured dielectric properties of
standard dielectric materials and the results of tests using the newly
implemented microwave measurement error corrgction model are presented.
This 1is followed by a discussion of the investigation of temperature
changes and drug effects on the measured dielectric properties of blood
components aund renal tissue. Finally, a summary of the in-vivo tissue

measurements which have been performed is presented.

A. Measurements of Standard Dielectric Materials

Each time a new measurement techinque for obtaining laboratory data

is developed, one of the first queries about the technique concerns its

practicality and its accuracy. Such is also the case for the in-vivo

probe dielectric measurements technique, particularly because of the
great  potential usefulness of this technique. Not only 1is the
measurement procedure simple, but data may be obtained on a swept
frequency basis from frequencies in the HF range (0.0l GHz) to
frequencies well into the microwave region (10 GHz).

The probe measurement technique is practical because it permits
obtaining in~vivo tissue dielectric property information not previously
available and 1is useful for dielectric measurements of most liquids or
semi-solids. To evaluate the accuracy of this measurement technique,

extensive measurements of several standard liquid dielectric materials
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were performed [1,2]. These measurements were performed over the 0.0l
GHz to 10 GHz range, with the greatest emphasis placed on obtaining data
for frequencies above 0.1 GHz. During the third phase of this research,
efforts were directed primarily toward the evaluation of the physically
limiting factors as well as factors associated with the inherent
limitations of the measurement instrumentation. The particular factors
investigated were the effects of sample volume on measurement accuracy
and of microwave measurement test set/connection errors. A discussion
of these factors follows.

l. Sample-Size Effects

The 0.89-cm and 0.49-cm long probes fabricated in the first
year were useful over only a limited frequency range because the
effective length of the probe was increased (by the square root of the
dielectric constant) when it was inserted into a medium of high
dielectric constant, which resulted in a change in terminal impedance
that no longer was accurately described by the short monopole impedance
expressions of Equation (2) (Section II). Even at frequencies where
these probes were useful, the impedance was not completely reactive and
therefore a radiated field existed. This radiated field resulted in a
strong dependence of the probe dielectric measurement accuracy on the
sample size. For probes which are long enough at the operating

frequency to exhibit a radiated field pattern, the error in determining

the relative permittivity and conductivity is significant. This error
approaches zero only as the sample volume becomes infinitely large with
respect to the EM penentration through the sample. For the early 0.49-
cm long probe, the measured dielectric characteristics of saline changed
15 percent when the sample volume was increased twofold. By increasing
the sample volume until no measurable change in dielectric properties
occurred, the required sample volume was defined. The sample volume
determined by the above procedure is one which is greater in size than
the penetration depth of the EM energy at the operating frequency, and
therefore, reflections at the sample boundary (which would cause errors
in the measured dielectric properties) are minimized. A method for

determining the error introduced in the measured antenna impedance for
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small sample sizes when using a probe with a radiation resistance
Rr > 0 1is discussed in the First Annual Technical Report [1]. This
error can be expressed quantitatively by an antenna reaction theorem
[28].

During the investigations performed during the second and third
phases of this research, studies showed that the problems associated
with sample size could be alleviated by modifying the probe design in
such a manner as to reduce the radiation resistance (Rr) essentially
to zero. By substantially reducing the length of the measurement probe,
it appears as an open circuit having a totally reactive impedance.
Results of measurements performed with the 0.22-cm diameter probes
illustrated in Figure 1 (Section II) are summarized in Tables III and
Iv. As seen from these measurement results, the computed dielectric
properties of water and methanol vary less than one percent over the 0.1
10 GHz frequency range for volume changes between 15 ml and 250 ml.
Therefore, the sample volume has virtually no effect upon the computgd
properties. It was experimentally determined that as long as the sample
thickness was between one and two probe diameters, the measured results
were accurate within the overall limitations of the probe technique.

Measurements of water samples of 50 ml and a single drop of water
adhering to the end of the probe were also performed. Using a 0.22-cm
diameter probe, the measured complex reflection coefficient changed less
than 20 percent over the 0.1 - 10 GHz frequency range when a 50-ml
sample was replaced by a drop of water. Similar measurements were
performed using a O0.ll-cm diameter probe which is approximately the
diameter of an 18-guage hypodermic needle. These latter measurements
yielded accurate results for water at 2.0 GHz for sample volumes as
small as a single drop of water. Although this small-diameter probe is
still under development, it offers encouraging hope for deep-seated
tissue dielectric measurements. Preliminary measurements using this
small probe have been performed at frequencies up to 10 GHz. However,
at frequencies above 4 GHz, the accuracy of the measurements performed
using the O0.ll-cm diameter probe were significantly degraded. It is

anticipated that this is due to connector and adapter problems which
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TABLE III
Y
- SAMPLE SIZE EFFECTS ON DIELECTRIC PROPERTIES
: OF DEIONIZED WATER MEASURED WITH INFINITESIMAL PROBE

Pelative Dielectric Constant (K')

f (GHz) 15 ml 50 ml 100 ml 250 ml 400 ml
1 0.5 79.2 79.2 79.2 79.4 79.7
‘ 1.5 78.1 78.1 78.1 78.1 78.4
3.0 76.4 76.4 76.4 76.4 76.7
5.3 731 75.1 73.1 73.1 73.1
10.0 59.9 59.9 59.9 59.9 59.9

CONDUCTIVITY o (mmho/cm)

] 0.5 0.64 0.64 0.64 n.59 0.57
y 1.5 6.2 6.2 6.2 6.1 0.0
3.0 21.3 213 21.3 21.1 21.1

5.3 59.2 59.2 59.2 59.1 59.1

10.0 185.7 185.7 185.7 185.7 185.7
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TABLE 1V

SAMPLE SIZE EFFECTS ON DIELECTRIC PROPERTIES OF METHANOL
MEASURED WITH INFINITESIMAL PROBE

RELATIVE DIELECTRIC CONSTANT (K')

i f (GHz) 15 ml 50 ml 100 ml 250 ml 400 ml
0.5 33.1 33.1 33.1 33.1 33.1

1.0 29.8 29.8 29.8 29.8 30.0

3.0 18.5 18.5 18.5 18.5 18.7

10.0 72 7.2 e 7.2 1.2

CONDUCTIVITY o (mmho/cm)

0.5 1.36 1.36 1.36 1.36 1.36
1.0 4.73 4.73 4.73 4.73 4.75
3.0 23.0 23.0 23.0 23.0 23.2
10.0 43.9 43.9 43.9 43.9 43.9

&
f
¢
.
i

¥
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result from connecting such a small coaxial probe ultimately to an APC
7-mm connector. Although the 0.l11 cm diameter probe is presently
limited in 1its capability, further research and development should
result in hypodermic needle-sized probes which yield accurate results
for deep-seated tissues at frequencies as high as 10 GHz.

2. Error Correction Model

An  analytical model for correcting the in-vivo probe
measurements data for directivity, source match, and frequency tracking
errors was presented in Section 1I. In this subsection, the
implementation of the model and the examination of its effectiveness in
correcting errors associated with the microwave measurement system are
discussed. Examples of unprocessed, swept frequency measured reflection
coefficient data (amplitude and phase) are shown in Figures 11 and 12.
The upper curve in each case is the open circuit reference data. The
lower curve represents the experimentally measured sample data for water
at 23°C. From these data, the difference between the measured sample
impedance and the open circuit impedance 1is wused to compute the
dielectric properties of the sample at desired frequencies within the
sweep band. The semi-automated data acquisition/data processing (SDADP)
system discussed in Section III eliminates the tedious process of
reading data by hand from recorded curves such as those of Figures 11
and 12, thereby greatly reducing the time required for processing the
measured data. However, regardless of the form in which the measured
data are recorded, some method is needed to compensate for systemic
measurement errors.

When data are recorded using the SDADP system, the Error Correction
Subroutine residing in the PET microcomputer computes the directivity,
source match, and frequency tracking errors at each frequency of
interest and corrects the experimental sample data before the dielectric
properties are computed. The same error correction may also be
accomplished manually. Once the open circuit and sample impedance data
are obtained in the form of a complex reflection coefficient (amplitude
and phase) as shown in Figures 11 and 12, similar reflection coefficient

data are obtained for known terminations (short circuit, open circuit,
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and matched loads) as illustrated by Figures 13 and 14. Figures 13 and
14 are the measured amplitude and the measured phase, respectively, of a
short circuit termination, an open circuit termination, and a matched
load (positioned at three different path lengths from the reference
plane). This information is the same information which is stored in the
memory of the PET microcomputer during a semi-automated data run. At
each frequency of interest, the corresponding amplitude and phase data
for each termination are read from the recordings. The matched load
data are used to compute an "error circle." A vector from the origin of
a plane representing the complex reflection coefficient to the center of
that error circle 1is the directivity error Ell’ which is computed
using Equation (8). This error 1is primarily associated with the
directional couplers of the reflectometer (Figure 2). The open circuit
and short circuit data are then used to compute the source match error
(E22) and the frequency tracking error (E21E12) terms in Equation
(8). These results and the measured reflection coefficient data
(Sllm) from Figures 11 and 12 are then used to compute the actual

reflection coefficient, from Equation (9).

slla’

Two computer algorithms exist for computing the error correction
terms. One is written in BASIC for the PET microcomputer, and the other
is written in FORTRAN for the Control Data Cyber 74 computer. An
example printout of the computed error terms and the corrected
reflection coefficient data for the water data from Figures 11 and 12
using the FORTRAN program 1is shown 1in Figure 15. The dielectric
properties are then computed using these corrected reflection
coefficient (slla) data. The computed relative dielectric constant and
conductivity of the "corrected" and "uncorrected" water dielectric data
are shown in Figures 16 and 17, respectively. In both cases, these data
are plotted against an “envelope" which defines the range of normal
dielectric property values for water as characterized by standard
reference sources [15,29-31] and our previous laboratory measurements
[2]. It is noted that accounting for the systemic measurement errors
significantly improves the accuracy of the computed results. Table V

shows the dielectric constant and conductivity of water computed from
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Measured reflection coefficient amplitude data for
open circuit, short circuit, and three matched load
terminations over the 2.0 - 4.0 GHz frequency range.
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probe measurements which had been corrected for systemic measurement
errors compared to reference data available from reliable sources such
as the National Bureau of Standards [29] and from several individual
investigators [15,30,31]. The corrected water data obtained using the
infinitesimal probe are well within the bounds determined by the several
sources of reference data. In fact, the wvariability of the data
measured with the in-vivo probe 1is considerably less than the

variability of the reference data.

B. Investigation of Temperature and Drug Effects on Measured Dielectric

Properties

Detailed knowledge of the effects of perfusate solutions,

cryoprotectant concentration, and temperature on tissue dielectric
properties is extremely important in cryopreservation applications where
electromagnetic energy is used for thawing. Because of this importance,
the in-vivo probe has been investigated as a method for obtaining
accurate dielectric data on changes in tissue dielectric properties due
to cryoprotectant and temperature effects. Physical stress causing
deformations in the teflon dielectric portion of the probe is induced
when the probe is placed in contact with extremely cold materials which
alters the probe's calibration in a undeterminable manner. A special
hermetically sealed probe was developed which alleviated this problem,
It has been tested through measurements of deionized water over a wide
range of temperatures, and it has been used to measure the electrical
properties of platelets, granulocytes, and kidney tissue over the
temperature range from -40°C to +20°C with good results. These results
are summarized in the following paragraphs.

The dielectric properties of rat and human platelets were
determined as a function of temperature in a medium composed of Ringers
Citrate Dextrose (RCD) and plasma both with and without a cryoprotective
drug (HeZSO). The purpose of these measurements was to determine the
effects of a 6% Mezso concentration on (1) the dielectric properties
of rat and human platelets in the frozen and thawed states and (2) the

alteration of the phase change temperature of the platelets in RCD-
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plasma. Measurements were performed both during freezing and during
thawing, and the temperature of the platelets concentrate was
continuously monitored via both a very small thermistor probe and an
alcohol thermometer.

Before making measurements on the solution of rat platelets, the
solution was cooled slowly to a temperature of -40°C. At -40°C, the
relative dielectric constant was 5 in the medium without Me, SO, and 7

2
in the medium with 62 Me,SO. As the temperature was increased, almost

no change in the relativezdielectric constant was measured for the cells
in the medium without Me280 until the phase transition occurred at
0°c. Following the phase transition, the dielectric constant increased
to approximately 75, which represents an order of magnitude change
between the frozen and thawed states. Similar changes occurrred in
conductivity. The platelets in the medium with 6% Me280 also
underwent major changes in relative dielectric constant and conductivity
through the phase change, but (1) the phase change occurrred at a lower
temperature and (2) the 1increase in relative dielectric constant and
conductivity was more gradual up to the temperature where the actual
phase change occurs. These results are represented graphically in
Figures 18 and 19. Note that the phase change temperature for rat
platelets in 6% Me280 is about ~ 8°C, whereas the phase change
temperature for rat platelets without the added cryoprotective drug is
0°c. The loss tangent as a function of temperature for rat platelets
with and without Mest is shown in Figure 20. Note that the presence
of the polar MeZSO increases the peak in the loss tangent nearly
twofold.

Similar dielectric property data for human platelets are displayed
graphically in Figures 21 to 23. Again, order-of-magnitude changes are
seen in the relative dielectric constant and conductivity during the
phase transition from solid to 1liquid. The loss tangent plotted in
Figure 23 also peaks at a greater value when 6% Me280 is preseant in
the medium than when Hezso is not present, although the difference is

not as great as in rat cells.
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The dielectric properties of rat granulocytes in an equal
concentration of gelatin suspension have been determined as a function
of temperature both alone and in combination with a cryoprotectant
concentration of 6% HeZSO. Similar measurements have also been
performed for human granulocytes in a medium containing autologous
serum, 0.02 ml of 10,000-unit Heparin, 0.1 ml of 10% EDTA, and 10 mg
Cortisol both with and without Me2$0. These measurements were
performed as part of a research effort to develop effective EM
illumination systems for rapid, uniform thawing of cryopreserved
granulocytes. The measurements were performed using short-circuited
tranmission line techniques and using the hermetically-sealed
infinitesimal monopole probe. These results have been reported
previously [32,33] and will not be repeated here.

Probe measurements of the dielectric properties of both frozen and
thawed kidney tissue perfused with a K+-Mg++ rich perfusate containing
different concentrations of the cryoprotectant drug Me280 indicate
that the presence of drugs containing polar molecules significantly
affect the tissue dielectric properties. Results of thawed canine
kidney tissue measurements over the 0.1-GHz to 10-GHz frequency range
indicate differences in both dielectric constant and conductivity due to
the presence of the cryoprotectant drug as listed in Table VI.
Measurements of frozen and thawed kidney tissue at 2450 MHz indicate
that the cryoprotectant drug has its most significant effect on the
conductivity in the frozen state. The conductivity of perfused kidney
tissue without Mezso is a factor of seven less than that of renal
tissue perfused with a 10 percent (l.4 molar) drug concentration, which
is approximately 0.07 mmho/cm with HeZSO. At 2450 MHz, increases as
great as 30 percent occur in the relative dielectric constant of frozen
kidney tissue perfused with a cryoprotectant drug. Similar effects of
He2$0 on renal tissue were also measured at 918 MHz. However, the

magnitude of the effect of 10 percent Me_SO on the conductivity of

2
frozen canine kidney tissue at 918 MHz was noticeably reduced, with

approximately a factor of three increase being measured.
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TABLE VI

SUMMARY OF Me250 EFFECTS ON THE DIELECTRIC

CHARACTERISTICS OF CANINE KIDNEY CORTEX

I ——

RELATIVE DIELECTRIC CONSTANT (K')

F(GHz) PERFUSED, NO MeZSO PERFUSED, 107% Me250
0.2 65.7 65.1
0.4 60.0 56.9
0.6 5345 58.2
0.8 51.8 57.4
1.0 50.6 57.0
2.0 47.6 58.4
4.0 43.6 48.9
6.0 41.4 46.0
8.0 38.9 43.3
10.0

CONDUCTIVITY o (mmho/cm)

0.2 7.3 7.3
0.4 8.0 8.0
0.6 8.5 9.0
0.8 9.5 11.0
1.0 10.7 12.0
2.0 15.9 19.4
4.0 29.9 34.4
6.0 50.3 58.4
8.0 75.5 91.7
10.0 101.5 123.0
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A limited number of preliminary measurements were also performed to

investigate whether the in-vivo probe measurement technique, with the
present instrumentation, had the necessary sensitivity to measure
extremely small changes in dielectric characteristics of different
media. To evaluate the sensitivity of the present probe and associated
equipment, measurements of E. coli bacteria of various concentrations in
distilled water were performed. Starting with an initial concentration
of 108 cells/ml of water, serial dilutions were prepared as follows: a
10° power dilution had 108 cells/ml of water, a 10—4 dilution
contained 104 bacterial cells/ml of water, and a 10—8 dilution
contained no bacteria. Measurements were performed using a 0.22-cm
diameter infinitesimal probe over several narrow swept frequency bands,
and the results of the 1.63 to 1.67-GHz band and the 3.98 to 4.00-GHz
band are presented in Figures 24 and 25, respectively. Shown in these
figures are unprocessed reflection coefficient measurements at several
different concentrations. Figure 25(b) shows the phase of two serial
dilutions relative to pure distilled water. The swept measurements of
the 10-2 and 10'“ dilutions were performed twice as seen in the
figure.

Although the measured changes involving the E. coli concentrations
are quite small, these differences in the reflection coefficient are
discernable as a function of bacterial concentration. Other
measurements performed to detect bacterial concentration differences in
a complex nutrient media were not as successful, with most measured
changes 1in reflection coefficient being at or slightly above the system
noise level. This difference in bacterial concentration detection
ability for the two different media is attributed to the fact that the
complex media already contained cellular material and bound water, thus
making the detection of another cellular substance more difficult. On
the other hand, the distilled water medium contained only the bacteria.
It may well be possible to improve the detection of foreign material in
known media (or to detect configurational changes in biochemcial

compounds which result in an alteration of the dipole moment of the
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Figure 24. Measured reflection coefficient, (a) amplitude and (b) phase,

of serially diluted concentrations of E. coli bacteria in
distilled water cover the 1.63 - 1.67 GHz frequency range.

73




0 —
@ e
3 /1/’10’8
% -0.1- «=—107
‘7{\\10_2
il
3.98 4.00

FREQUENCY (GHz)

(a) Amplitude

0
_1% W_,\,_,-_f\_,—'—v-'—’/\,_/‘ QL_ "20
' -0.5-]
“a
o
o
1]
60
)
~
w -1.07
2 4
P T _4___,‘F¢===’J>4=~4-4=
"--__/‘
-1. 54 % q\P\*'-IO'2
Rl
3.98 4.00
FREQUENCY (GHz)
; (b) Phase
¢ Figure 25. Measured reflection coefficient, (a) amplitude and (b) phase,

of serially diluted concentrations of E. coli bacteria in
distilled water over the 3.98 - 4.00 GHz frequency range.

74




compound) by further developing the data processing techniques. Methods
such as data integration, spectral analysis, and auto- and cross-
correlation computation could be used to further improve the signal-to-

noise ratio of the network analyzer measurement system.

C. Summary of In-Vivo Tissue Measurements

In this subsection, the results of the various in-vivo tissue
dielectric measurements performed during the period of this grant are
summarized. Many of the results of in-vivo measurements of dog and rat
tissues are presented in detail in the second Annual Technical Report
[2]. The data presented here are a composite of measured data
accumulated during Phases II and III of this research program. These
data 1include results of (1) canine muscle, fat, and kidney measurements
and (2) rat muscle, brain, and whole blood measurements.

A number of factors have been identified which affect the accuracy
and repeatability of in-vivo tissue dielectric measurements. The most
significant of these factors are associated with tissue/probe contact.
Two additional factors which were found to influence the results
obtained from in-vivo tissue measurements were temperature and probe
positioning. All of the factors identified during this research which
affect the accuracy and/or repeatability of the in-vivo are listed
below:

(1) tissue dehydration at the measurement area resulting ia actual
changes in tissue properties,

(2) accumulation of dried tissue fluids on the contact surface of
the in-vivo probe which effectively insulate the probe from
the tissue,

(3) probe contact pressure variations,

(4) 1improper positioning of the probe on the tissue resulting in
poor repeatability,

(5) changes in tissue temperature resulting in small changes in
dielectric properties, and

(6) actual tissue inhomogeneity in the measurement area.

Steps were taken to minimize each of the above factors which
constitute potential error sources during the performance of the in-vivo

dielectric measurements. Tissue dehydration was minimized in the rat
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muscle measurements by covering the measurement area with the skin
tissue which had been surgically removed. A similar technique was used
for the canine muscle tissue measurements. Tissue dehydration during
in-vivo measurements performed within the chest cavity of the dog was
insignificant; also the chest cavity was covered between measurements.
Dried fluid accumulation at the ¢tip of the measurement probe was
prevented by thoroughly cleansing the probe following each measurement
sequence. The probe was dipped in metal cleaner and then wiped
thoroughly with methanol. Probe contact pressure variations were not a
problem so long as complete contact was maintained between the surface
of the probe and the tissue. The measured reflection coefficient data
were, however, quite sensitive to positioning of the probe on the tissue
under study. Changes as great as 20 percent were observed measurements
of the same tissue if care was not taken to position the probe in the
exact same measurement location for each measurement repetition.
Temperature of the tissues was monitored using a miniature thermistor
probe placed on the tissue in an area adjacent to the measurement area,
but not close enough to be within the fringing field of the dielectric
measurement probe. When a decrease in body temperature due to the
anesthesia was great enough to be of consequence 1in the tissue
measurement region, the heat from a laboratory lamp was used to maintain
the tissue being measured at a constant temperature. Finally, during
in-vivo measurements it is important to select a measurement area of all
one tissue type in order to avoid variations in the measured results due
to inhomogeneity of the sample.

The results of all the in-vivo canine and rat tissue measurements
are summarized in Figures 26 to 3l. The relative dielectric constant
and conductivity of in-vivo rat and canine muscle tissue compared to in-
vitro muscle data from Schwan [34] in Figures 26 and 27. The
uncertainty in'the measured data is expressed as the standard-error-of-
the-mean (SEM) and is indicated in the figures by the error bars. The
differences in the in-vivo experimental data are attributed

both to the actual differences which could exist between the
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different tissue samples and to the difference in tissue sample
temperature. The differences in the results of the in-vitro
measurements of human autopsy material and the in-vivo results could be
due to water content, temperature, or actual physiological differences
which may exist between in-situ and in-vitro tissues. Measurement
results of in-vivo and in-vitro canine kidney cortical tissue are
presented in Figure 28. Again, these results are compared to in-vitro
data from Schwan. Note that although the in-vitro data obtained from

probe measurements are in close agreement with Schwan's data, the in-

vivo data are different from both sets of in-vitro data. The results of

measurements performed on canine fat, rat brain, and rat blood are shown
in Figures 29, 30, and 31, respectively. The canine fat tissue
measurements are compared to results for low water content tissues
reported by Johnson and Guy [8].

The 1in-vivo tissue measurements performed during the course of this
research program have provided informative results which point toward
the need for further and more extensive investigations of the factors
which affect the dielectric properties of biomaterials. Of particular
interest is the quantitization of the observed differences, although
small, between the dielectric characteristics of 1living and dead
tissues., Further research 1is needed to determine if a physiological
basis for measured differences exists and whether that basis could
possibly be manifested in the tissue dielectric characteristics.
Further improvements in the probe measurement technique are needed to
improve its sensitivity and reduce measurement variability. Many of
these improvements would simply be associated with the measurement
protocol itself, while others would require additional development.
Once the necessary improvements are implemented, many questions
concerning biomaterial dielectric property differences and changes could

be answered more fully.
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SECTION V
CONCLUSIONS

The research efforts performed during this three-phase program have
been successfully completed. Two different in-vivo probe techniques and
their associated instrumentation were studied, the accuracy and
repeatability of these techniques were evaluated, and a semi-automated
data acquisition/data processing system was developed. One technique
considered involved needle-like monopole probes of different lengths,
and the second technique involved a dual-probe (two closely-spaced
probes with extended center conductors) configuration.

An infinitesimal monopole measurement probe was developed which is
capable of accurately measuring the dielectric properties measurements
of small sample volumes (= 0.2 cm3) over a frequency range extending
from below 0.1 GHz to above 10 GHz. A number of infinitesimal monopole
probes, both with and without small circular ground planes attached, was
fabricated and experimentally evaluated. These included 0.4l-cm, 0.22-
cm, and 0O.ll-cm diameter probes. Of these, the 0.22-cm diameter probes
were most extensively studied and were found to yield accurate results
from 0.1 GHz to above 10GHz. The probe's measurement accuracy was
determined through measurements of standard liquid dielectric materials
including deionized water, methanol, ethylene glycol, 0.1 molar saline,
and 0.3 molar saline. Although accurate results were obtained up to
above 10 GHz, it may be possible to extend the upper frequency bound
even further by including a real term in the antenna impedance
expression to account for the increasing radiation conductaance of the
probe with increasing frequency and by accounting for traunsmission line
losses.

In-vivo dielectric property measurements were made on a number of
tissue types in dogs, rats, and mice. The types of tissues measured
were canine muscle, canine kidney, canine fat, rat muscle, rat blood,
rat brain, and mouse muscle. Additionally, measurements addressing the

effects of temperature and drugs on dielectric properties were
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performed. Specifically, the effects of dimethylsulfoxide (MeZSO) on
the dielectric properties and on the phase-transition temperature of
canine kidney tissue, human and rat platelets, and human and rat
granulocytes were investigated. The presence of 1.4 M Mezso increases
the conductivity of kidney tissue significantly and lowers the phase-
transition temperature of both kidney tissue and platelets. The in-vivo
dielectric data compiled during the course of this research program
Tepresent, 1in many cases, the only in-vivo dielectric information in
existence on many of these tissues.

The investigations of the monopole probe measurement technique also
showed that a number of factors influence the measurement accuracy at
microwave frequencies. The primary factors are systemic microwave
measurement errors and sample preparation/probe positioning. Systemic
measurement errors include directivity, source match, and frequency
tracking errors. In order to minimize these errors, the measurement
instrumentation was upgraded in such areas as improved coupler
directivity in the relfectometer and improved cables. Also, a
measurement error correction model was developed which permitted
calibration of the system using known terminations (short circuit, open
circuit, and matched loads). The error model thus permitted
compensation for the remaining systemic measurement errors. An ability
to perform swept frequency meagurements was also developed which made it
possible to obtain continuous dielectric property information as a
function of frequency.

During the third phase of these research investigations, a semi-
automated data acquisition/data processing (SDADP) system was developed
which permitted rapid and accurate data acquisition and computation of
the dielectric properties. The SDADP system significantly increased the
overall capability of the probe technique by significantly reducing the
human involvement in the measurement process, and therefore, the
possibility of error associated with reading the data manually from
recordings and typing the data into the computer. Previously,
measurements were repeated and rechecked to reduce the possibility of

human error. Presently, the data acquisition and data processing time
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are greatly reduced because of the microprocessor-based data acquisition
system reads the data, corrects the measured data, and computes the
dielectric properties. All of these tasks are performed in a manner of
seconds as opposed to hours when done manually.

The dual probe measurement technique considered during the Phase I
investigations utilizes two very closely-spaced, needle-like probes.
One of the probes transmits a very low power signal while the other
probe acts as a tightly-coupled receiving anteunna. One dual-probe has
been designed, fabricated, and tested in the microwave frequency range.
Results of measurements performed in the 2.5 to 3.0-GHz range indicate
that the technique 1is wuseful for performing microwave dielectric
measurements. However, the inherent accuracy of this technique may not
be as good as that of the monopole probe. Although an alterncte
measurement technique to the monopole probe is not needed to perform
accurate tissue dielectric measurements, it may still be useful to
further investigate the dual-probe technique because this technique may
be well-suited for direct measurement of power absorption.

The _in-vivo dielectric property measurement system (infinitesimal
monopole probe, measurement instrumentation, and SDADP system),
measurement procedures, and data presented in this report represent an
important advancement in the ability to define the dielectric
characteristics of living tissue. The most significant advantages of
the in-vivo probe technique over any heretofore available dielectric
property measurement techniques are (1) the ability to perform
measurements in-vivo for a wide range of sample volumes, (2) the ability
to obtain continuous electrical property data over a wide range of
frequencies (0.1 GHz - 10 GHz) via swept frequency measurements, (3) the
capability to perform measurements very rapidly, and (4) a very simple
and flexible measurement procedure with respect to other techniques.
With development of data recording and processing techniques, this
ability to accurately determine the dielectric properties of tissues in-
vivo has lead to a capability for determining power absorption in
tissues., These capabilities could be used in dosimetry determinations

for aiding in the establishment of a radiation level with respect to
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personnel safety and in the planning of treatments for applications of
EM hyperthermia to cancer treatment. Further, this measurement
technique represents a potentially useful diagnostic tool for detecting
the occurrence of certain physiological processes, for differentiating

between normal and diseased tissue, or for elucidating deficits due to

drugs.
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SECTION VI
RECOMMENDATIONS

The results and conclusions of the investigations performed during
this three-phase research program indicate that the further development
of the in-vivo electrical property measurement probe would be extremely
useful in applications and investigations of EM interaction with living
systems. The next logical step forward would be to extend the probe
capability to further the state-of-the-art in dielectric property and
dosimetry analysis. However, in order to reach these goals, additional
research is necessary.

A number of additional tasks needs to be addressed if the full
potential of the probe measurement capability is to be realized. Scme
of the potential applications of the in-vivo measurement probe include
establishment of a desperately needed data base, use of these data in
scaling both dielectric and physical characteristics of subjects used in
radiation hazard research to more accurately relate to the human case,
use in designing effective applicators for EM hyperthermia treatment of
cancer, and development of this in-vivo measurement technique as a
diagnostic tool. An important step toward the realization of these
applications would be to perform the following suggested tasks:

o Study the feasibility of performing in-vivo dielectric
measurements on human subjects using the infinitestimal
monopole probe,

o Perform extensive in-vivo electrical property measurements on
animal subjects used in radiation hazards studies and on human
subjects,

o Utilize these in-vivo dielectric properties in the development

of more accurate methods for dosimetry analysis,

o Fully develop the dual-probe technique for direct absorption
measurements,

o Further improve the accuracy and sensitivity of the monopole
measurement probe for use as a diagnostic tool to measure
changes in physiological processes, and

o Fully document differences between 1living and non-living
tissue dielectric properties.
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