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Abstract

Kleismit, Richard. Msc., Department of Physics, Wright State University, 2008.
Evanescent Microwave Microscopy of Porcine Skin Tissue.

This thesis describes the application of a custom designed A/4 resonant coaxial probe
to measurements of the complex permittivity of in vitro freshly excised porcine skin tissue.
The dielectric properties of the organic material within the near field of the tip of the probe
frustrates the electric field and measurably changes the resonant frequency and quality factor
Q of the coaxial sensor, where the change in resonant frequency and quality factor of a tuned
resonance is measured as a function of tip-sample separation. The design of the probe
enables better spatial resolution than previously developed probes. The following studies
were performed: (1) measurement of the complex permittivity of porcine tissue over a range
of frequencies revealed values consistent with published literature; (2) the change in quality
factor from the probe measurements was compared to a visual microscope analysis of
histological slices from the same skin location, indicating that subsurface structures such as
capillary beds, ducts of exocrine sweat glands, and vein lumen ducts can be detected; and (3)
measurements of the dielectric properties of a puncture wound and several burn lesions of
varying severity revealed easily detectable changes, indicating that the probe has potential for
evaluating and monitoring skin conditions.

In addition, a new quantitative two point relationship between the real and imaginary
parts of the material’s complex permittivity related to the resonant frequency and quality
factor shift using the method of images is developed, presented, and used in the above

described skin studies. The two-point model describing the probe tip-sample interaction is

il



capable of producing quantitative complex permittivity values for organic and biological

materials.
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1 Introduction
1.1 Nature of Problem
Near-field evanescent microwave microscopy has provided the opportunity for localized

measurements at microwave frequencies for fundamental and practical reasons. The primary
electromagnetic quantities of greatest interest are the conductivity o, dielectric permittivity e,
and magnetic permeability u. Evanescent microscopy is highly suited for biological
applications and is capable of imaging a variety of nonuniformities in biological materials as
well as quantitatively measuring tissue conductivity, permittivity, and density variations.
There is also an increasing demand to promote the development of bioactive biomaterials for
soft and hard tissue engineering applications. Synthetic tissue can be enzyme and chemically
modified to control cell adhesion, proliferation, and matrix production. Evanescent
microwave microscopy has the ability to promote characterization of these bioactive
biomaterials in a nondestructive manner. The unique features pertaining to the evanescent
microwave probe are its ability to measure the local characteristic information of a material
and having the advantage of depth penetration. Therefore, this nondestructive method can
quantify surface and subsurface properties of the biomaterials for quality, flaw, and failure
detection in medical and biomedical applications.

The traditional measurements of the dielectric properties of a material provide insight into
the polarization dynamics of insulators, while the complex conductivity promotes

understanding of the physics related to the collective charge properties of the material.



Electromagnetic ~measurements have been the foundation for emerging new device
technologies as well as optimizing existing devices and processes, but the applied motivation
has essentially been driven by the need for characterization and quality assurance of
materials. The long-established microwave microscopes perform measurements of
electromagnetic quantities on scale lengths of the free space wavelength of the microwave
signal. This results in weighted average measurements over large areas of the sample.
Therefore, these measurements yield an overall picture of the sample properties, where any
relatively small defects or inhomogeneities within the material are masked by the averaging
response. The latest microwave microscopy resonant devices, utilizing a sharpened tip, have
the capability of micron resolution and relatively high sensitivity. The open-ended resonator
type [1, 2] contains a mixed-mode signal in the near-field, i.e., propagative and evanescent
fields, which limit quantitative analysis and resolution, since the propagative field
contribution to the tip-sample signal depends on features of the material. The only aperature-
ended cavity resonator design [3] is Q limited due to the inductively coupled tuning loops,
which directly affects sensitivity and raises the noise floor threshold. The associated
theoretical model analysis produces quantitative dielectric properties of passive insulator
samples with only a partial perturbed quasi-static field solution and the model is incapable of
producing conductivity values for conductors even though complex conductivity is contained
within the imaginary part of complex permittivity. For near-field microscopy in the
microwave regime, there is little theoretical work focusing on the particular designs
presented. Issues like artifacts, sensor perturbation, measured components of the microwave
signals, and biological application areas have not yet received much attention. The unique

attribute of the microwave evanescent field is its ability to penetrate depth-wise into a



biological sample and sense localized quantitative material changes, in-situ without this
exponentially decaying field altering the sample properties. The microwave sensor utilized in
this study emits a pure evanescent field from the tip and lacks a propagative wave component
in the near field and does not deposit as much heat into the biological sample as the mixed
mode open-ended probes. The resolution of the evanescent probe is far superior to the open-
ended impedance devices, due to the focused evanescent field emanating from the sharpened
tip. The calibration of the evanescent probe is straight forward and uncomplicated, compared
to open-ended impedance probes and does not require any reference liquid data accuracy and
temperature dependence. The evanescent measurement system tracks the change in
frequency and quality factor through S;; port measurements and does not require added
inefficient microwave devices to separate propagative and evanescent fields or detector
diodes and amplifiers, which raise the noise level and reduce sensitivity, as utilized in other
systems. The two-point quantitative methodology associated with this evanescent probe is
extremely fast and accurate, since it relies only on the perturbed and unperturbed frequency
and Q measurements of the resonance, whereas previous methods including our own used

multiple measurements between the two states.

1.2 Overview of Microwave Microscopy Techniques

Near-field microscopy in the microwave bandwidth is the oldest of all near-field
disciplines. The intellectual founder of the near-field microscope effort was Synge [4], who
developed the principal concept in 1928. The categories are divided into five general
methods, the first of which consists of a cavity resonator with evanescent coupling to the

sample and is illustrated in Figure 1(a). This was suggested by Synge [4] and demonstrated



by Soohoo [5]. In this configuration, the sample is placed in close proximity to the cavity
wall containing the aperture opening. This allows an aperture-sized portion of the sample to
perturb the field within the cavity, changing the cavity resonant frequency and resonant Q
value. The aperture is approximately 0.5 mm in diameter and results in such a minute
perturbation to the cavity, that only high loss properties of the sample can be examined, such
as ferromagnetic resonance. The resolution of this method is governed by the aperture
diameter. A variation of this method developed by Ash and Nichols [6] used an open
hemispherical resonator with a flat plate reflector containing an aperture. The sample is
placed close to the aperture, but outside the resonator. The sample to aperture distance is
modulated at a constant frequency, allowing phase sensitive recovery of the reflected signal
to construct a quantitative image of the sample, where the resolution is determined by the
aperture diameter. A non-resonant reflection/transmission technique is shown in Figure 1(b)
[7-10], where the transmission line transmits a localized signal to the sample. The complex
reflection or transmission coefficient is measured, and the sample properties are deduced.
The resolution of this method is governed by the diameter of the center conductor in the
coaxial cable and standoff height to the sample. The resonant line technique [1, 2] has proven
to be the best quantitative and the most sensitive of all the near-field microwave microscopy
methods and is shown in Figure 1(c). The quarter wavelength resonant line can be either
planer strip [1] or coaxial [2] and the signal conductor of the resonator is tapered to a fine
point that constitutes the probe. The probe tip, in close proximity to the sample, perturbs the
resonator and changes in the resonant frequency, Q, and the magnitude of reflection
coefficient is monitored to create corresponding sample property images. A variation of this

method utilizing a quarter wavelength coaxial cavity was developed by Gao [3]. This device



configuration uses a sharpened center conductor that protrudes through a metallic coated
sapphire aperture resulting in a resolution of 100 nm and Q values limited to 30,000. The
experimental work from this method is accompanied by a theoretical model analysis
incorporating only a partial perturbed electric field, producing quantitative microscopy of
dielectrics by model fitting frequency shift and change in Q data. The frequency shift data
was model fit to conductors with no reported quantitative values [3, 11]. The sharp tip
cantilever device is used primarily for magnetic resonance imaging and illustrated in Figure
1(d) [12, 13]. This probe geometry can be utilized for atomic force microscopy in addition to
microwave microscopy. The instrument works by measuring the electrostatic force between
the conductive tip of the probe and the sample resulting in surface topography images. The
superconducting quantum interference device (SQUID) microscopy [14], which is a form of
RF eddy-current imaging and shown in Figure 1(e) utilizes a DC bias placed across the loop
to generate circulating RF currents, which in turn produce RF magnetic fields that impinge
on the sample. The sample will generate a response current, modifying the inductance of the
SQUID loop. A magnetic feed back signal is required to keep the SQUID in constant flux
state and tracking changes in this feedback signal allows the mapping of the electromagnetic
response of the sample. This method is broadband and quantitative with a resolution of 80

pm.
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Figure 1.1: The general methods of microwave microscopy.

1.3 Overview of microwave skin tissue dielectric measurement techniques

Open-ended, coaxial, impedance/admittance probes have been traditionally used to
characterize a wide range of biological materials because of their broadband capabilities and
nondestructive mode of use. An open-ended coaxial transmission line forms a sensor when it
is in contact with a material. The discontinuity atthe open ended face of the coaxial
waveguide forms an aperture plane and the electrical admittance of the probe can be
measured with a vector network analyzer. It is required to develop a model that can compute
the admittance from a known coaxial aperture plane geometry before an iterative algorithm
can be used to ‘invert’ admittance measurements into complex permittivity. In measurement
terms, the achievable accuracy and uncertainty of broadband, open-ended,
impedance/admittance dielectric spectroscopy measurements depend on a number of factors
including the probe dimensions, electrical admittance aperture plane model, calibration
algorithm, precision calibration standards, frequency range and reference liquid data
accuracy. The probe dimensions are selected to optimize the measurement accuracy within

the frequency range and tissue of interest. The total sample volume that is actually measured



extends over the probe open surface area and is frequency dependant depth-wise into the test
tissue and are of significantly large volumes. There are no previous studies utilizing this
technique that have examined the dielectric properties of skin with lesions or burns, or have
attempted to correlate the dielectric properties and conductivity with histological tissue
structures such as blood vessels or glandular ducts.

Evanescent microwave techniques of material characterization have been used in a large
number of nondestructive testing (NDT) applications [14-18], some of which could
potentially be used for biological studies. In particular, evanescent microwave microscopy
can be used to characterize non-uniformities in biological samples and is favorably suited for
measuring conductivity, permittivity and density variations. Microwave properties are a
function of complex permittivity, permeability, and free carrier concentration. In most
biological tissues, moisture content, ionic species such as Na" and K", free radicals, and iron
content of blood serum affect the conductivity significantly. These parameters along with
density variations, which affect the dielectric constant can be mapped and quantified through
evanescent microwave microscopy.

Several research groups, including our own, have used evanescent microscopy to
characterize impurities and residual stress in semiconductors and superconductors, defects
and non-uniformities in composite materials, and samples covering the entire conductivity

range (metallic to insulating) [19-22].

1.4 Thesis Objective
The objective of this theoretical and experimental study is to utilize a near-field

microwave microscopy sensor to characterize porcine skin tissue through resonant frequency



and quality factor (Q) shift measurements of an evanescent microwave probe. This thesis
describes the construction and fabrication of a resonant coaxial type probe with a tapered tip
extending through an end-wall aperture that is simply evanescent in the near-field. The
spatial resolution of the probe is experimentally verified and an analysis of the probe
sensitivity through first order estimations generated from an equivalent circuit model is
presented. A model utilizing the method of images to describe the relation of frequency and
Q shift of the resonator to tip-sample separation is developed. The model describing the
probe tip-sample interaction is capable of producing quantitative complex permittivity values
of biological tissue. An experimental investigation of the complex permittivity of porcine
skin tissue in the frequency range of 1 GHz. to 15 GHz. along with skin lesions consisting of
superficial puncture wound and burns are examined. The evanescent field depth and tissue
subsurface structure detection was performed and verified by correlated microscopic tissue

section slides.
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2 Evanescent Microwave Probe Characterization
2.1 Introduction

This section considers the calculation of tip-to-sample capacitance for the evanescent
microwave microscopy sensor. These results are necessary if accurate equivalent circuits of
resonant transmission line probes are to be constructed. The probe utilizes a sharpened center
conductor with a tip radius in the micrometer range that will be modeled as a sphere. The
design of the evanescent microwave probe and tuning network are discussed. An
experimental study of the spatial resolution of the probe is presented along with a theoretical
analysis of the sensitivity, which utilizes a lumped transmission line equivalent circuit for the

resonator probe and material equivalent circuits for a conductor and insulator.

2.2 Probe Tip-Sample Capacitance

The evanescent microwave probe utilizes a chemically sharpened tip with a radius in the
micrometer range and is represented as a conducting sphere, so the probe tip-to-sample
coupling capacitance will be modeled as a conductive sphere over an ideal conducting plane.
The capacitance of a conducting sphere over an ideal conducting plane is well characterized
by Morse and Feshbach [3], and Smythe [4] and accounts for the fringing fields, which are

used in this study to determine the coupling capacitance required for sensitivity analysis.

12



2.2.1 Capacitance of Conducting Sphere Over Perfectly Conducting Plane

The geometry of this configuration, illustrated in Figure 2.1, can be solved by two
different methods. The first solution utilizes the bispherical coordinate system, which
contains a mixture of Cartesian and spherical coordinates, where the field determination and

capacitance calculation is through a solution of Laplace's equation.

Figure 2.1: Conducting sphere above ideal conducting plane [3].

The solution of Laplace's equation in the bispherical coordinate system is a tedious
problem, since it is impossible to fully separate Laplace's equation in bispherical coordinates,
but it can be R-separated using the Robertson method into n ordinary differential equations
and this procedure is outlined in [3] to [9]. Once Laplace's equation is R-separated the
potential distribution between the conducting sphere at potential , and the ideal
conducting plane can be found. The determination of the total induced charge over the plane
and final capacitance formulation is outlined in [3]. The capacitance between a sphere of

radius 7, and a plane at distance g =d -7, from the center of the sphere is [3]

2d2 2

%’/r ,/6 ;—IDZPH

0 _
c=f= (2.1)

0

||M8
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An alternate approach to forming the capacitive relation between a conducting sphere at

a potential V, over a perfect conducting plane is through the method of images. This method

is utilized by Xiang et. al. [8] for the derivation of tip-to-sample capacitance [8], [9] of an
evanescent microwave microscopy probe. When a charged conducting sphere is in close
proximity of a conducting plane the charge distribution on and the electric field between the
conductive bodies is nonuniform. The repeated application of the method of images can be
utilized to solve this problem. The formulation of the capacitance from this method results in
a transcendental equation in terms of hyperbolic functions. The capacitance between a sphere

of radius 7, and a plane at distance d = g + 7, from the center of the sphere is shown as

C =4t 1, sinha s esch na, (2.2)
n=l1

where

a :cosh_l(d/ro).

2.3 Evanescent Microwave Probe Description

The resonator probe is based on an open-circuit transmission line and is constructed from
0.085" semi-rigid, copper, coaxial transmission line indicated in Figure 2.2. This type of
resonator behaves as a parallel-resonant circuit when the length is a multiple of A/2 and a
series-resonant circuit for odd multiples of A/4. In constructing the probe, the center
conductor was removed along with the Teflon insulator. A sharpened tip was mounted on the
center conductor and electroplated with approximately 1 micrometer of silver. The
transmission-line resonator was then reconstructed by casting the sharpened, plated, center

conductor inside the outer shield with high-grade paraffin. A copper end-wall aperture is
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placed at the sharpened end of the coax. The aperture is sized for cutoff at the resonant
frequencies desired. The sharpened point of the center conductor extends beyond the end
wall aperture of the resonator by approximately twenty micrometer or less in order to

maintain spatial resolution.

» To Network Analyzer

A6
Silver Plated
. Center Conductor
Paraffin

End Wall

I Aperture
o /
A
Sample T\

Figure 2.2: Evanescent microwave probe description [10].

The highly conductive silver-plating along with the low loss tangent of paraffin will increase
the quality factor to nearly twice that of the standard Teflon filled coaxial transmission line.
It is necessary to keep Q as high as possible to obtain high sensitivity. The probing field
emanates from the tip, so as the tip radius decreases, the spatial resolution increases due to

localization of the interaction between the tip and sample. The standing wave in the resonator
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is mode converted to evanescent at the reflecting face of the end-wall aperture. The
evanescent field starts decaying exponentially at this point, but the evanescent field intensity
at the tip is of sufficient amplitude to penetrate a material such as a dielectric.

The resonant frequency of the probe is fine tuned by an external capacitive tuning
assembly consisting of two variable 2.5-8 pF sapphire capacitors. The sapphire capacitors
were chosen due to the frequency invariance of sapphire up to approximately 10 GHz. The
tuning network illustrated in Figure 2.2 has one capacitor connected in line with the center
conductor and the other connected from center conductor to ground allowing greater tuning
versatility. The capacitive matching network will allow extremely high Q values to be
obtained during experimentation, which is due to the equivalent series resistance (ESR) of

the sa

EHD 511 4 U FS 1:49.932 0 @.3477 & 49.689pH 1,113 545 606 GHz

¥

*
FRm CHL Markers

Bl B.BOBHREEAD GHz
ca 1.113545 GH=z cent: B.EBERBEERR GHz

@ B.9888
1 lossi 49,982 0

CENTER 1.113 545 888 GHz SPAM B84 BA@ BEE GHz

Figure 2.3: Impedance match between probe assembly and feed line.
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A Smith chart plot is illustrated in Figure 2.3, of the normalized impedance match between
the probe and tuning network to the 50 Q transmission feed line at a Q of 90,000 and a
frequency of 1.113545 GHz, where the impedance mismatch from the 50 Q line is 0.018 Q.
Figure 2.4 indicates a Smith chart plot of the normalized impedance match to a 50 Q
calibration load replacing the resonant probe and tuning network to the feed line, resulting in
an impedance mismatch from the 50 Q line of 0.016 Q. An analysis for the calculation of Q
values related to the series (endwall) and shunt capacitance termination of a transverse

elect

EHD s11 17U FS 1:49.984 &  B.80F8 ¢ 1.1164 pH 1.113 545 680 GHz

FEm CH1 Markers

El: B.8000E8EE800 GHz

Ca centt B.6BEEEAEEE GHz
G: B.0008

1loss: 49.984 0

fiv
169

B[

CEMTER 1.113 545 888 GHz SPAM B84 ABE BAE GHz

Figure 2.4: Impedance match between feed line and 50 Q termination.

2.4 Spatial Resolution of Evanescent Microwave Probe

The resolution of the probe was experimentally verified using a sapphire polycrystalline

substrate with titanium-gold etched lines from 10 pm to Ipum in width and is illustrated in
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Figure 2.5. The titanium was used to allow adhesion of the gold to the substrate and is
approximately 100 nm thick, while the deposition thickness of the gold is approximately 1
um. The resonant frequency of the probe was tuned to 2.67 GHz for this experiment. The
etched lines of the sample were scanned with the probe resulting in a change in frequency, Q,

and magnitude of reflection coefficient plots.

Figure 2.5: Resolution slide with Ti, Au etched lines from 1 pum to 10 pm in width [13].

It has been shown [14] that the smallest physically resolvable feature for an evanescent
probe is basically governed by the characteristic size of the tip radius, along with the height
at which the tip is above the desired feature. In other words to resolve a 5 um physical feature
the probe tip radius has to be less than or equal to 5 pm and should be no more than Sum
above it. Figures 2.6 to 2.8 are plots of frequency shift, change in Q, and change in reflection

coefficient magnitude respectively, of an 18 pm x 20 um scan of the 1um wide etched line.
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The measured tip radius of the probe used is 1.2 um at a stand off height of approximately 1
um with a 1um data acquisition step. The area of the etched line is indicated on each plot by

arrows with corresponding measurements in micrometers.
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Figure 2.6: Freauencv shift nlot of 1 micron wide line 131.
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Figure 2.7: Change in Q plot of 1 micron wide line [13].
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Figure 2.8: Change in reflection coefficient of 1 micron wide line [13].

The 1-micrometer width line plots indicate that even though the probe tip radius is
slightly larger than 1 micrometer it is still has the ability to distinguish a 1 micron feature,
which is probably due to the extremely high Q value of the tuned resonant probe. The ability
of this particular evanescent microwave probe to discriminate physical featuresto a 1 um

level, results in the topographical resolution to be experimentally verified to 1pm.

2.5 Evanescent Microwave Probe Sensitivity Analysis
2.5.1 Introduction

The sensitivity of the evanescent microwave probe can be separated into two categories
[14]. The first of which is inherent to the resonator S, and directly proportional to the
quiescent operating value Q of the resonator. The other is external to the resonator S; and

solely determined by the tip-sample interaction. The sensitivity analysis of the evanescent
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microwave probe is considered separately for conductors and dielectrics utilizing a lumped
transmission line equivalent circuits for the resonator probe and material equivalent circuits

for the conductor and insulator.

2.5.2 Evanescent Microwave Probe Resonator Sensitivity S,

The sensitivity approximation internal to the resonator S; can be determined theoretically
and experimentally. The theoretical value is analytically approximated by considering the
lumped equivalent circuit of the resonator illustrated in Figure 2.9, which has an inherent

resonant frequency ®, and Q associated to the lumped parameters Ry, L,, and C,. This

configuration and associated parameters can be viewed as if the probe tip is beyond the decay

length of the evanescent field from a material, or in free space.

Ro Lo
W Probe
Tip
—.r Co

Figure 2.9: Lumped circuit model of resonator probe [13].

If the probe tip is brought into close proximity and electrically couples to the sample, the

resonant frequency and Q is perturbed to a new value w, and Q' respectively and are
associated to new perturbed parameters R, L;, and C,. The total impedance looking into

the terminals of the perturbed resonator coupled to a sample can be written as

U0 Ho w,
Zia = RO+ JO'H ——0%- (2.3)
0 ) W

21



The magnitude of the reflection coefficient Sy, is related to Z, by

Z,u ~Z,

- total , 24
A 2.4)

total 0
where Z, is the characteristic impedance. If we assume critical coupling, where the

resonator is matched to the characteristic impedance of the feed transmission line at resonant

frequency, then Rj = Z at w =w,and S, is defined as [15]

:ﬁzg —A_w (25)
Todw wy W,

where Aw = w - wy.

A dielectric sample was tested using the evanescent measurement system. The
unperturbed reference frequency f;, was set at 1.216616087 GHz with a Q value of 71423 and

is illustrated in the network analyzer screen capture of Figure 2.10.

511 LOG ¥ dB/REF -45 dB 1:-65.796 dB 1.216 616 580 GHz
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& Hl~€15§3165 GH: f’f_f'gf'; 838017834 GHz

e cent:] 1.216616087 GHz

o5 o 71423
1 losst ~65.706 dB
fvg
16

=
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Figure 2.10: Reference resonance for sapphire dielectric sensitivity measurement.
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A sapphire sample were inserted under the probe and the tip-sample distance was adjusted

to 1 um, with the perturbed results indicated in Figures 2.11

CHD s11  LOG 7 dB/REF -45 dB 1:-64.399 dB 1216 556 500 GHz
L4
¥
FRm CH1 Markers
- —Bl .BO0027685 GHz
4l = ) BOBB27EES GHz
e | TH2165565 GHz i
e //' centi| 1216563089 GHz
\ Pl o 43943,
\\.‘ G 1 losst -54.399 dB

CENTER 1.216 616 588 GHz SPAN 904 808 828 GHz

Figure 2.11: Perturbed resonance for sapphire dielectric sensitivity measurement.

The unperturbed and perturbed parameters are

Aw® =332996 rad/sec, Q" = 43943 and ® = 7.64389x10° rad/sec
o, = 7.64422x10° rad/sec, Q = 71423
and utilizing these values in (2.5) results in S, =5.74x10-¢ . Data was collected for a copper

conductor sample and the unperturbed and perturbed parameters used in Equation (2.5) are

Aw = 539725 rad/sec, Q" = 42747 and ® = 7.64389x10° rad/sec

o, = 7.64421x10° rad/sec, Q = 78345, which results in S, = 5.59x10" °.
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2.5.3 Noise Threshold

The minimum detectable signal in an evanescent microwave microscopy system has to

be greater than the noise threshold created by the resonator probe, tuning network, and

coupling to the sample. The noise is generated by a resistance at an absolute temperature of T

by the random motion of electrons proportional to the temperature T within the resistor. This

generates random voltage fluctuations at the resistor terminal, which has zero average value,

but a nonzero rms value given by Planck's black body radiation law and can be calculated by

the Rayleigh-Jeans approximation [16] shown as
Viomsy = VAKTBR

where

k = Boltzmann's constant, T = temperature in K,

B = bandwidth of the system in Hz, R = resistance in Q.
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Figure 2.12: Smith chart plot corresponding to Figure 2.11.

24

1.216 556 508 GHz

CHL Markers

Bli: A.ARAAAAAAA BHz
centd B.BEEB006086 GHz
% A.8008

1losst 49.961 &

SPAM B84 B0 BAE GHz

(2.6)



Figure 2.12 illustrates the Smith chart plot corresponding to frequency shifted resonance of
Figure 2.11, where the Q of the resonator has degraded due to the loading of the sapphire
sample. The impedance mismatch from the 50 Q line is 0.039 Q, corresponding to a noise

voltage of 0.051x10°° Vi)

2.5.4 Evanescent Microwave Probe Sensitivity S; for Conductors

The equivalent circuit model for the probe coupled to a conductor is illustrated in Figure

2.13.

Ro Lo

Cc

<+
Co Rs
% 4

Ls

Figure 2.13: Lumped circuit of microwave probe coupled to conductor [13].

The probe is coupled to the metallic sample through the coupling capacitance C, and the
conductor is represented as the series combination of Ry and L. The impedance Z,; is the

series combination of C, , R, and L and is represented as

. 82
Z =1 4oL +R =1 TSWOCR —OLC @.7)
JwC, jwC

c

The parallel combination of Z, and C, results in

ZL = jwC, + ¢ JoC, = jw[cc + G Q —(.\)zésCC)—wzCoCcRs
2

(-w’LC M jwC,R, (-w’LC M jwC.R, ’
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and the impedance Z, is

a Q -w’LC, )+ JWC R, i
Z, =~ [ 2 AP N
Jw[C, + COQ -w’LC, )_ W CC.R ] w

z, 28)

The total impedance Z., looking into the terminals of the probe coupled to a conductor

sample is

2 =Ry + jwL, = éZ; . (2.9)

The complex impedance Z, can be represented as

1 I i I
Z,=—[Re(Z))]=-" 7. (2.10)
Jjw W

At resonance the inductive and capacitive reactance cancel therefore,

jooL, =L [Re(Z;)1= 0
w

w’L, =Re(Z)) (2.11)
This allows us to solve for perturbed frequency o in terms of the perturbed lumped circuit
parameters in an iterative process, where we will be taking a first order approximation. The

impedance Z, is represented as

. (1-w’L,C,)+ jwC.R,

y = g (2.12)
[Cc + CO (1 -—W LSCC) + .]wCOCcR]Y
Taking the real part of (2.12), we have
32 .32 2 2 2p2
Re(Z)) = C(l-wLC)+C/(1-w'LC.) +w C,CR, (2.13)

[C. +C(1-w’LC)F +w’ CCIR;
The numerator and denominator of (2.13) are expanded, neglecting the w* terms due to

insignificance and factoring out (C, + C,), then substituting back into (2.11) results in
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o2 [LC(C+2C) - CCIR!]

1-
@'l =(E : C IC C(CC - CO)cchRZ (2.14)
(C+ 0)1_2(02 s c0 +(L)2 0~ ¢ s2
(C.+C)) (C.+C))
The numerator and denominator of (2.14) are multiplied by
_ 2p2
1-w’ [L,C(C +2C,) ~ GG R] resulting in
(Cc + CO)
WL, = ! 2.15)

(Cc + CO) (Cc + CO)

The relation IL with @y = 1/L,C, is substituted into (2.15) and taking the square root
0

of both sides produces

' 1 1

(N (’00 1
\/ * CC/CO 1 + Ls Cc _ sz CO Cc
L, C,+C. L, , +C.

Equation (2.16) is the first order approximation for the perturbed frequency due to the

(2.16)

coupling of the probe to a conductor. The highest order term in the denominator has an

insignificant contribution and is neglected; therefore, (2.16) results in

] ! (2.17)

':(L)H 1
©H+C /G H 1+L“E c
fO 0+Cc

The Taylor expansion of (2.17) gives

w; w% —L— c E (2.18)
2L, (C,+C,)

The sensitivity S for a conductor is defined to be [15]

l\.)
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dw,
dL,

_g R
21T

eff

, where g = , Aegr 1s effective tip area and 0 is the skin depth, therefore

A

the sensitivity S; for a conductor is found by taking the derivative of w, with respect to L, in

(2.18) and results in

g.R’ C M1 c: O
Sf - STS 000 —_ C C R D
‘ 21 2C, 2L, (C,+C) O

A study of sensitivity for elemental conductors Pb and Cr was performed utilizing

(2.19)

Equation (2.19). The associated parameters and sensitivities are tabulated in Table 2.2. The
effective tip area A ¢ was calculated using the measured tip radius r,=3.5 um for the Pb and

Cr specimens discussed in Section 3.4.2. The ability of the probe to differentiate between

regions of different conductivity Ac/c is defined as [15]

Vi (2.20)

The values of Ac/c for the conductors is listed in Table 2.1 and the parameters used to
generate S; and V) Were also taken from the experimental data in Section 3.4.2 and V, is

the input voltage to the probe.

TABLE 2.1: Sensitivity and Associated Parameters for Conductors.

o (10°S/m) 35(10°Q/m) R, (102Q) §S,(10°%) S;(10?) Aolo (107)
Pb 4.872 2.053 3.00 6.17 9.83 1.55
Cr 5.104 1.959 2.93 6.08 4.52 3.07
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2.5.5 Evanescent Microwave Probe Sensitivity S; for Dielectrics

Ro Lo ?T
._-"H. LR o T o o’ ol i | | '

Co — Cs < Rs
P 4

Figure 2.14: Lumped circuit of microwave probe coupled to dielectric [13].

The equivalent circuit model for the probe coupled to a dielectric is illustrated in Figure
2.14, with the probe coupled to the insulator sample through the coupling capacitance C, and
the dielectric represented as the parallel combination of Ry and C,. The impedance Z; is the

parallel combination of R and C; and is represented as

z=_ K (2.21)
JWC R +1

The series combination of Z, and C; result in

Z - 1 + JQ)CCRY + ]chRS (222)

JOC (JWC R, +1)

The impedance Z; is the parallel combination of Z, and C, and is represented as

Zyz LHJOCRTJOCR o T (2.23)
JWC (1+ jwC R)+ jwC,(1+ jwC R + jwCR ) ()

The total impedance Z, looking into the terminals of the probe coupled to a dielectric

Sample iS Ztotal = RO + ]wLO - iZ; (224)
w

The complex impedance Zs can be represented as
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1 , i ,
Z,=—[Re(Z})]= - L[Re(2})]. (2.25)
Jw W
At resonance the inductive and capacitive reactance cancel; therefore,
jeol, = L[Re(Z3)] =0

w’L, =Re(Z}). (2.26)
The quantity joR; is factored out in the numerator and denominator of (2.23) and the result

placed into (2.26), we have

_(C.+C)+wW’R(C,+C)[C.C, +C,(C,+C))]
0 (C.+C,)* +w'RX(C.C, +C,(C. +C,))’

b

R is removed since it is large, so

. (. +C) _ L 1

CCCS + CO(CC + Cs) H_i_

0 G (C +C )D
therefore
W) = : ! . (2.27)
LG H, CC
CO (Cc + Cs)

Solving for w, in (2.27) results in

. 1
W, =W, (2.28)

°1 C.C.
C,(C.+C))

The first-order Taylor expansion of (2.28) gives

Wy =W, S . (2.29)
2C,(C.+C)
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The sensitivity S; for a dielectric is defined to be [15] S ;= é:-’s Z(go
« m|dC.

A
, Where g = -

s

A 1s effective tip area and (g =100 pum is evanescent wave decay length; therefore, the

gs(*)o Ccz
4t C,(C.+C)*

sensitivity Sy for a dielectric is S, = (2.30)

A study of the sensitivity for single crystal dielectrics, MgO, YSZ, and SrTiO; was

performed utilizing Equation (2.30). The associated parameters and sensitivities are tabulated

in Table 2.3. The effective tip area A was calculated using the measured tip radius r, =

3.5um for the MgO, YSZ, and SrTiO; specimens discussed in Section 3.5.2. The ability of

the to differentiate between regions of different permittivity Ae/e is defined as [15]

n(rms)

fe _ W, 2.31)

The values of Ag/e for the dielectrics is listed in Table 2.2 and the parameters used to

generate S, and Vs Were also taken from the experimental data in Section 3.5.2.

TABLE 2.2: Sensitivity and Associated Parameters for Dielectrics.

g'ley g"lgg S S, (109 Ag/e
MgO 10 2x10° 7.12x10°  5.97 7.5x10™

YSZ 30  2x10° 293x10° 508 223x10°
SITiO; 300 014 297x10° 473 3.49x10”
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3 Theory for Measuring Local Complex Permittivity of Organic Materials Using
Evanescent Microwave Microscopy

3.1 Introduction

The designs of microwave near-field probes utilizing coaxial resonators have been
published by [1-3]. These coaxial resonator probes are classified as open-ended and the near-
field consists of evanescent and propagative wave modes. This increases the difficulty of
quantitative analysis, since both near-field and far-field interactions have to be considered in
this case. This problem was resolved by shielding the open end of the resonator with an end
wall aperture [4, 5]. The end-wall aperture is sized to cutoff for the frequency band of use
and the propagative wave, exciting resonance within the probe is confined to the coaxial
resonator structure. The probe tip extends through the shielding aperture and evanescent
waves emanating from the tip interact with the sample properties. The tip of the probe
operates in close proximity of the sample, where the tip radius and effective field distribution
range are much smaller than the resonator excitation wavelength. The dynamic nature of the
propagating field that excites resonance in the probe can be ignored, and the probe tip-sample
field interaction can be treated as quasi-static. This will result in localized measurements and
images with resolved features governed essentially by the characteristic size of the tip.
In performing quantitative measurements of different material properties, such as complex
permittivity, the solution to a detailed electrostatic field configuration existing outside the tip
is required. The probe tip and sample must be considered as a whole, and the solution of the

electrostatic field equations at real boundary conditions and practical limits must be adhered
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to in obtaining the perturbed field distributions. This will generate a methodology that
explicitly relates the tip-sample distance to resonant frequency and Q shift of the resonator
and physical material properties for a given geometry of the probe. The objective of this
study is to represent a quantitative relationship between the real and imaginary parts of the
local dielectric constant through the resonant frequency and quality factor shift using the
method of images, resulting in a model applicable to measuring dielectric constant and loss
of biological materials and providing quantitative results. This is accomplished by the
derivation of the total perturbed electric field exterior to the tip presented in Section 3.2, in

conjunction with the perturbed electric field equation within the sample.

3.2 Theoretical Analysis
3.2.1 Introduction

To quantitatively analyze organic dielectric materials, an analysis incorporating the
method of images can be applied [3,5]. The resonator tip is represented as a charged

conducting sphere with potential V, and when closely placed over a dielectric material it will

be polarized by the electric field. This dielectric reaction to the tip causes a redistribution of
charge on the tip in order to maintain the equipotential surface of the sphere and also results
in a shift in frequency and Q of the resonator. Applying the method of images to model the
field redistribution requires a series of image charges in an iterative process to meet boundary

conditions at probe tip and dielectric sample surface as shown in figure 3.1.
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Fig. 3.1. Image charges (q, q’, q”) for a spherical tip above a sample [5].

3.2.2 Theoretical Model for Resonant Frequency — Two Point Method

The expression for the resonant frequency shift due to the presence of a material is

o __Jye)EE) + AV _ [ -1,
/ Jy €y + W H, AV 7

(3.1)

1 AN A
== Oy (0e) B J+ o) (3 o v
where U = J’V(SOEOZ + U, H;)dV is the total unperturbed electromagnetic energy, E, H is the

perturbed electric and magnetic fields, E, H, is the unperturbed fields, V" is the volume of a
region outside the resonator tip, f is the resonant frequency, andf, is the unperturbed
reference frequency. The unperturbed electric field E, is found by taking the negative

gradient of the potential ¢, due to charge gq.
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~0¢, =3 | =E,(r2). (3.2)

where 7, is tip radius and g is a distance from tip to the surface of the sample. Substituting

a =ar, =1, +g,a =1+g/r, into Eq. (3.2) results in

(r,z) = (3.3)
0 4T[z»:0 02, %+ Ez
The potential V,on the surface of the spherical tip is given by
y,=_1 (3.4)

41 )77y

By using the method of images (figure 3.1) the perturbed electric field within the sample E,

can be derived similar to the unperturbed field using an iterative method and is given by

_ 7+ Bz +
Eslrz) = m z ﬁ - BEZ%, (3.5)
0
e Al
where
B=ar, a :a{—#, q,=t4q,t, :# t, =1,and p=%"% ) (3.6)
a ta,, a t+a,, € +g,

The perturbed electric field £, in the tip-sample region A4 is derived similar to Eq.(3.5) and is

written as
Dé’f+ﬁz+a'r ?D §r+ﬁz ar?D A
_ © ; 7 0
EA(r,z)—4T[EO an °oe %D 3.7
n=

Lé ) [%/2
%’2+ﬁz+anr0@z§ Er +iz—ar,Ho E

It is important to notice that for a tip placed in free space € =¢,, at the location, » = 0 and

z=-g-r, = —ay, and E, is equal to £, and E,, see Egs. (3.3), (3.5) and (3.7). By
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integrating the unperturbed Eq. (3.3) and the perturbed electric fields Eq. (3.5) and Eq. (3.7)
over a region V outside the spherical tip, the total relative frequency shift becomes

%ﬂ%; -C E né §ﬂ+b) E,Reglon A, (3.8)
YA BA_H(4T[E Ve _ a2 b, .
%E ) HE (8 +€0) z1 (a +a ) Cn 1(q +a,) - Region B 9

where C is a geometry factor of the tip-resonator assembly.
The summation of Eq.(3.8) and Eq.(3.9) results in the over all resonant frequency shift due to

the perturbed electric fields in both regions

_ 1 H
e IR T LR 10

Taking into account the real part of Eq. (3.10), we can fit analytical expression to our
experimental data to find the complex dielectric constant. The real and imaginary component
of permittivity and resonant frequency change when the tip touches the sample can be easily

obtained. Specifically, when g = 0 the resonant frequency shift is given by

\f __ o _l _ 1
%%m_ CnéltnE ZQ b)a;+a;E (3.11)

s

:_COO
2 2

_ fn(-b) _(-b) (-b),
_CQ b T ’”@

By expressing
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In(l-b)=—3y
1Hk&

T™ms

I

and
b= R explio),
where

= (2 +e -1 +4e") " (e’ +1)? +€" )and

(p:tan‘l((Ze' ") +e" - 1))

from Eq. (3.11) the real and imaginary parts of the relative resonant frequency shift is

B S
BB

_C cosd k-2 k-1
_EE a kz:lk(R cos((k = 2)b) = 3R cos((k — 1)p))

L TT1T ]

L TT1T ]

+ S E TR 5 (R sink - 2) = 3R sin(k =)o)

Therefore, when the tip touches the sample at g=0

Eﬁ% E cosp (R“cos((k 2)b) - 3R*" cos((k - 1)¢))E (3.12)

The local dielectric properties of the materials are described by a complex permittivity
€'+ie". The parameter €" is the local conductivity described by the well-known equation

€ =¢'+io /(we,) where €' is the relative dielectric constant,e” =0 /we,, o is the

conductivity, o is the angular frequency, and ¢, is the permittivity of free space.
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By using two fundamental Maxwell equations exclusive of and in the presence of the
material we can derive an expression for the perturbed frequency of the resonator /', which is

different from unperturbed frequency f; .

OxE, =-i wyu,H,

OxE=-iw H

_ (3.13-3.16)
UxH, =i wyukE,

OxH=iw E

Through straightforward manipulations of Egs. (3.13) - (3.16) we have

OUE,x H) =ioju,H, [H - ioopE, [E , (3.17)
OWE xH,) =—-iwpH, H +iw, u, E;TE (3.18)
yOUExH +ExH))dV =§(E)xH +ExH)dS =0 =

S
ify [(w, _(*E)Eomm_"'(wop-o _(*)U)HOD (H]dV (3.19)
which allows us to arrive at the final expression for f
jV(E EJE + W ,H,)(H)dV _ S (3.20)

W, JEEE+uHTH)dV  f,

Assuming that the magnetic fields are negligible with respect to their electric counterparts we

can calculate these integrals analytically for the assumed geometry (Fig.3.1),

o 1 € 1 0O
ED dV =(aV. 0 , 3.21
jeuEs TV =(ah) 5, @ 2 (a1+a ) e+e,) @ +a)b 32D
1 € 1 D
EJLE)dV =(qV,) 5t 3.22
IE( / (4 )nzl g 2 ( +a) (a +€o)(a1+a)D (-22)

which leads to a straightforward expression for frequency f
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S(t ~t
S 26 h) (3.23)

= n=l1 —_

S TINT

Before going to the physical interpretation of the above analytical results let us compare
our two expressions for frequency, namely, Eq. (3.1) — approximated and Eq. (3.20) — exact.
By rearranging Eq. (3.20) we have

S SN
Af _ f_fo 4 IJ/:(AEO D5+A,uH0 D‘I)dV
f f

(3.24)

_Jo_
S JGEE + pH )V
|4

To get Eq. (3.1) from Eq. (3.24) it required to assume that due to the presence of the

sample only a small perturbation of the electromagnetic field takes place resulting in

replacement of E by E, and H by H,in the denominator of Eq. (3.24). A general case

where g = 0 and the sample has arbitrary electromagnetic properties, from

f L = b _(n+1)2 n
R

with a' =g/ or

=1+ b —la'i(nn)b". (3.26)

S
fo n=i(n+1) 3 a=

Summing up Egs. (3.25) and (3.26) into analytical form, we have

%Ezuln(l'bha' bZ-b) (3.27)
f b 3(1-b)> '
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SR b g D0Cb (3.28)
v0  In(l-5) ~ 3(1-b)[In(1-b)]" '

From Eq. (3.28) we can derive two experimentally important expressions; the resonant

frequency and the associated slope at g = 0 (or a = 0):

frequency f(g=0)= - ln(lb— B fo (3.29)
f _ b’(2-b)
slope ( g=0)= % Eﬂl B -B)F (3.30)

In equations (3.29) and (3.30), the right hand sides are complex because of
b=(g'—ie"-1)/(¢' —ie" +1). The real part of the complex expression on the right side of

Egs. (3.29) and (3.30) has to be calculated in order to compare them with experimental data.

3.2.3 Theoretical Model for Resonant Quality Factor — Two Point Method

The theory applied for a microwave resonator deals only with the field distributed
outside the tip including a sample space. The fundamental assumption of the theory is that
the presence of the material introduces a perturbation to the existing electromagnetic field
distribution. The expression for the resonant frequency change and a reciprocal change of

quality factor is described by the following expressions

I Z-A% E: IV(AEEOS ) +A5€5;'7)€W (3.31)
f Jy (€ Ey [LE +uH, [H)dV

o _(f = 1) (3.32)

f f
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aHLEEL L (3.33)
R

where E and H, are the unperturbed electric and magnetic fields, l:: and ﬁ are the perturbed

fields, V' is the volume of a region outside the resonator tip, /' and Q are the perturbed
resonant frequency and quality factor andf, and Q, are the reference (or unperturbed)

resonant frequency and quality factor, respectively. The unperturbed field is given by

(r2)= q %’f+ﬁz +O(§AE 3
Ey(r, 72 :
41, ;DJ +§z+0(ﬁzé13

where o = a7, =7, + g,a; =1+ g/r, with radius of the spherical tip 7, and with g as the gap

between the tip and surface of the sample. The potential ¥ on the surface of the spherical tip

is given by
q
v, = . 3.35
‘ 41 )77y (3:35)

By using the method of image (figure 3.1), the perturbed electric field in the tip-sample
region (region A) and the sample volume (region B) respectively is described by the

following analytical formulas (where 7, is much smaller than the sample thickness)

O, . , 5 , O
o AT+ ER F+E—anEr O

EA(r,z):41 54, i ‘%Ez —bﬁ i O%EM (3.36)
=l gr e Peg-anil g

Es(r,z)=—1 54, ] (3.37)

43



where

_ L—. 1 —_ —_ bt}—l _
B —Clnl"o, an —Cll _m, qn —t”q, tn = al' +la;_l 5 tl —1
g”—¢
b=—"2 ¢e"=¢g""+ig"" and Ae" =¢g"~¢, (3.38)
e”+¢,

It is important to notice that for a tip placed in free space € =¢, at the location, » = 0 and

z=-g-r, = —ar, and E is equal to E, and E,, see Eqgs. (3.34), (3.36) and (3.37). By
integrating the unperturbed Eq.(3.34) and the perturbed electric fields Eq. (3.36) and Eq.
(3.37) over a region V outside the spherical tip and assuming for simplicity that magnetic
fields are negligible with respect to their electric counterparts we are in position to calculate

analytically integrals on the right side of Eq. (3.31) for assumed geometry (figure 3.1)

_ o ] 1 € 1 O

e (ECCE)AV =(qV.) St d——(+b) +_ S0 , 3.39

B Y =8 $hA - ) s e (.39)
o 0 ] 1 gl 1 O

e (ECTEYAV =(qV.) St A-—(+b) + 3.40

(B LE)Y = (g 0{2;@ 3 ¢ ‘ava €7+e,) (a +a)] (40

leading to the straightforward expression for Eq. (3.31)

Urorg TUr7
oY _,-A% E: j(Be E, [F + M TV _ s\, ! (3.41)
f EE,LE+uH H)AV w5 g=1(a, +a;)

The right hand side of Eq. (3.41) is a complex number with respect to the local complex

permittivity describing dielectric and conductive properties of the materials. This can be done
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for a general case, but our discussion is restricted to when the tip touches the sample.

Specifically, using Eq. (3.38), we can show that

In(1-5)

w 1
b" =-1-
nél Ergia{ +a, )% b

and

N 1 In(1-5)0
72 e@* 5 B

10 In(1-5)0
A%% Im§+ P E

(3.42)

(3.43)

(3.44)

The Eqgs. (3.43)-(3.44) may be rearranged into more appropriate forms assuming that we

know experimentally £, and Q,.

and

g —1-ig, _€ o €

p=-L ~ "2 = __=___ =_

g, +l-ig,” ° g, We, £,

(3.45)

(3.46)

(3.47)

By using Eq. (3.46), the approximated expression for the perturbed resonant frequency and

quality factor at g = 0 has the following forms given in Egs. (3.48) and (3.49) respectively:
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f(g=0)= Jy (3.48)

10a  la’-4e, la(@’-12¢, O
1+ 4 5 + 3 +...D
20273 B 4 B ]
2
=0)= 3.49
e =0) ) 4o  30’-4e; O (3.49)
1+Q, + o+ 2+
B 3B 2p O
where o =g +¢&; -1, B =(g, +1)° +¢;. (3.50)

The infinite summation in Eqs.(3.45)-(3.46) are divergent to the following analytical

formulas

f(g=0)= Sy (3.51)

| xIn,/(1-x)* + y* — yarctan g 4

1-- - —x)
2 2()62 + yz)

)
O(g=0)= 0 (3.52)
xarctani(1 4 ) +yln/(1-x)"+y’
- X

1+ 0, x2+y2

3.2.4 Theoretical Model — Multi-Point Method
The multi-point method is used when the probe tip is not in contact with the sample under
interrogation. If we start with Eq. (3.9), which has been repeated below for convenience and

again referring to figure (3.1) the real part of (3.9) can be calculated by

%% EEEHB -c;ltﬁ Lg- b)mg (3.9)

defining the summation of the real and imaginary parts of term b as follows
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—(b"+bD’)— (e’”¢+ ) = S"cosnd . (3.53)

The parameters S,¢,and b”are defined in [5]. By taking into account the real part of

expression (3.9), we obtain the following expression, which is used to compare with the
experimental data [3, 5].

WE - sl L - L

-Cs SS"-l[cos(n—l)cp] M ! -1
=2 =2a;+a; 2(a; +a,)

(3.54)

3.3 Measurement Procedure Multi-point Method

The microscope probe consists of a tuned, end wall apertured coaxial transmission line.
The resonator probe is coupled to the network analyzer through the tuning network and
coupled to the sample. When the resonator tip is in close proximity of the sample, the
resonant frequency of the resonator f will shift. In measuring the resonant frequency shift, the
resonant frequency reference of the probe is set at a fixed distance above the sample. The
distance between probe tip and sample is sufficient to assure that the evanescent field
emanating from the tip will not interact with the sample where this distance or decay length
is governed by the aperture size. The field distribution from the probe tip extends outward a
short distance with the amplitude of the evanescent field decaying exponentially, as a
material is entered into the near field of the probe, it will interact with the evanescent field,
perturbing it. This will result in the loading of the resonator via the coupling and is
considered part of the resonant circuit resulting in losses added to the system, which will

decrease the microscope resonant frequency. The measured resonant frequency shift vs. tip-
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sample separation g will generate a transfer function relating the change in resonant
frequency of the resonator Af to tip-sample separation Ag as a function of complex
permittivity of the sample, which is best fit with an electrostatic field model generated from
the method of images (3.53) to extract the complex permittivity values. To establish the

reference frequency f, , the height of the probe tip above the surface of the sample was set a

few microns beyond the decay length of the evanescent field at the desired frequency. The
probe tip is then indexed down toward the tissue sample, but never touching it and the
corresponding shift in resonant frequency of the resonator was recorded for each indexed
position. The measurement of a resonant frequency f vs. tip-sample standoff height g,
generates a raw data curve, that is fit by model equation (3.53), using three fitting

parameters. The fit parameters of the model consist of: geometry factor C and reduced

I n

complex permittivity :—, z—
0 0

3.4 Measurement Procedure Two-point Method
Egs. (3.47)-(3.48) can be used to calculate the total shift in frequency and in Q to
determine the real and imaginary components respectively of the local complex dielectric

constant sensed by the probe tip. The total shift is comprised of a resonant frequency f; and
O, when the probe is not influenced by a material (unperturbed) in its near field and is due to

its own self resonance. The material is then brought into the near field of the probe and
touches the tip (perturbed), resulting in a total shift in frequency tof and QO which is

analytically determined between f,, f and Q,, O to determine the localized complex

permittivity parameters. The tissue samples are soft enough allowing the tip to touch the

surface without damaging the probe, making the device unique for characterizing biological
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samples.
3.5 Results

The multi-point and two point measurement methods were conducted on freshly excised
porcine tissue at identical locations in order to compare quantitative results. Figure 3.2 is
representative of the raw frequency shift data (circles) and multi-point model fit with Eq.

(3.53) resulting in a dielectric constant value of 23.9 and dielectric loss of 17.0.

1115125 T T T T T T T T
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1116120

1116115

1.116110

Resonant Frequency (GHz)

1.116105

1116'“]':' 1 | 1 | 1 | 1 | 1
1] 0.1 02z 03 04 05 0B 07 08 089

Distance from tip to sample g {mm) " 1E|'4

Fig. 3.2 Multi-point model fit of resonant Af'vs. Ag for porcine skin tissue sample.

Figures (3.3 and 3.4) show the two point method for determining dielectric constant and
dielectric loss respectively, with the raw data depicted by circles and the calculation as a
solid red line. The complex permittivity values for this method are 24.0 for dielectric

constant and 17.0 for dielectric loss.
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Fig. 3.3 Two point calculation of resonant Af'vs. Ag for porcine skin tissue sample.
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Fig. 3.4 Two point calculation of resonant AQ vs. Ag for porcine skin tissue sample.
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3.6 Conclusion

The multi-point method utilizing equation (3.54) employs only frequency shift data to
determine complex permittivity through an infinite series solution. A significant number of
iterations are required to fit the experimental data and determine the complex permittivity
values accurately. The probe tip does not touch the sample, when using this method and only
approaches within one micron of the sample surface.

The two point method incorporating equations (3.48 and 3.49) to determine the complex
permittivity values by linear fitting between the perturbed and unperturbed total shift states in
frequency and quality factor of the resonator. These equations are highly asymptotic and
converge rapidly and only require about 500 iterations to determine the permittivity
parameters precisely. The two point method decreases the processing time required to
suitably determine the electric parameters of a material and is only applicable to soft
materials such as biological tissue. Both methods clearly produce comparable results, but the

two point technique is superior in processing and testing time, but limited in material type.
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4 Quantitative Evanescent Microwave Microscopy of Porcine Skin Tissue in the

Frequency Range From 1 GHz to 15 GHz

4.1 Introduction

Microwave properties are a function of complex permittivity, permeability, and free
carrier concentration. In most biological tissues, moisture content, ionic species such as Na"
and K", free radicals, and iron content of blood serum affect the conductivity significantly.
These parameters along with density variations, which affect the dielectric constant, can be
mapped and quantified through evanescent microwave microscopy. A significant strength of
the microwave evanescent field is its ability to penetrate depth-wise into a biological sample
and sense localized quantitative material changes in-situ without the exponentially decaying
field altering the sample properties.

The objective of this study is to utilize the evanescent microwave probe to investigate
the complex permittivity of excised porcine skin tissue samples in the range of frequency
from 1 GHz to 15 GHz. This investigation presents experimental results of probe scan
images and specific local complex dielectric measurements of tissue lesions, surface burns,
and histological tissue structures utilizing the evanescent microscopy system shown in figure
4.1. To our knowledge, no previous studies using microwave probe techniques have
examined the dielectric properties of porcine skin with lesions or burns, or have attempted to
correlate the dielectric properties and conductivity with histological tissue structures such as

blood vessels or glandular ducts.
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Fig. 4.1. Evanescent microwave microscopy system [1].

4.2 Measurement System

The tissue induced changes in the probe's resonant frequency, quality factor, and
reflection coefficient are tracked by a Hewlett-Packard 8722ES network analyzer through S,
port measurements, as the probe moves above the tissue sample surface. The microwave
excitation frequency of the resonant probe can be varied within the bandwidth of the network
analyzer and is tuned to critical coupling by external capacitors. The X—Y axis stage is driven
with Coherent” optical encoded dc linear actuators. The probe is frame mounted to a Z-axis
linear actuator assembly and the height at which the probe is above the sample can be
precisely set. The X—Y stage actuators, network analyzer, data acquisition and collection are

controlled by the computer. The program that interfaces to the X—Y stage actuators, serial port
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communications, 8722ES GPIB interface, and data acquisition is written in
National Instruments Labview" software. The complete evanescent microwave scanning

system is mounted on a vibration-dampening table.

4.3 Complex Permittivity Values of Porcine Skin Tissue from 1GHz to 15 GHz

The porcine skin tissue samples were acquired from a local slaughter facility and the time
duration from death to tissue sample characterization was less than 2 hours. The tissue
samples were refrigerated at approximately 40° F during transport. The origin of the porcine
tissue samples used in this investigation are 18 to 20 month old males of american yorkshire
type and shoulder location. A total of six random measurements using the two point method

were made at each frequency with the tissue sample surface dry at a temperature of 289 K.

4.3.1 Results

Biological tissues are inhomogeneous and exhibit considerable variability in structural
composition and, therefore dielectric properties. The ranges of complex dielectric
measurements at each frequency along with the population mean (solid curve) are indicated
in figures 4.2, 4.3 for the dielectric constant and dielectric loss respectively. The mean value
of the data spread at each frequency is indicated by the solid blue curve and the actual data is

denoted by solid red points.
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Fig. 4.2. Dielectric constant of porcine skin tissue from 1 GHz to 15 GHz.
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Fig. 4.3. Dielectric loss of porcine skin tissue from 1 GHz to 15 GHz.
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The statistical data is based on six random readings at each frequency and given in Tables 4.1
and 4.2. The dielectric constant measurement results of our investigation ranged in values
from 16.5 to 38.8. The dielectric loss values ranged from 5.4 to 28.5. The dielectric constant
data measured in this study shows an increase from 1 to 3 GHz. and continues to reduce with
increase in frequency according to y dispersion, resulting from the polarization of water
molecules [2].

TABLE 4.1. Dielectric constant mean and standard deviation vs. frequency.

Frequency GHz Mean Std. Dev.

1.116 25.25 1.943
2.451 28.483 2.368
3.699 30.916 1.205
4.363 29.08 2.239
5.544 28.066 0.742
6.364 27.9 1.331
7.088 27.216 1.499
8.665 25.583 0.837
9.473 24.116 0.649
10.776 21.533 0.634
11.537 20.75 2.361
12.445 18.716 1.1354
13.246 17.7 0.883
14.865 16.783 1.11

TABLE 4.2. Dielectric loss mean and standard deviation vs. frequency.

Frequency GHz Mean Std. Dev.
1.116 18.667 1.402
2.451 9.549 1.146
3.699 6.75 0.909
4,363 11.6 0.851
5.544 12.933 1.081
6.364 14.933 0.806
7.088 15.733 0.516
8.665 16.633 0.377
9.473 17.867 0.56
10.776 18.483 0.849
11.537 19.9 1.031
12.445 22.483 0.594
13.246 25.533 0.56
14.865 27.583 0.604
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4.3.2 Conclusion

The dielectric constant data is similar to [3] although the trend of this data decreases
from 1 to 2 GHz. and has a slight increase at approximately 3 GHz. The range of dielectric
values for our data is 29 to 33 at 3 GHz compared to 38 to 40 for the data represented in [3].
The subjects used in our study were around 18 to 20 months old and the lower dielectric
values in general may be associated to surface lipid chemical composition changes in the skin
from birth to adolescence [4]. To compare measurement reproducibility between our study
and a previous study, we calculated the standard error of the mean for the measurements in
Tables 4.1 and 4.II and obtained ranges of 0.025 to 0.966% for the dielectric constant, and
0.154 to 0.467% for dielectric loss. This level of variability is considerably smaller than the
values of 5-10% for dielectric constant and 0.2 to 3% for dielectric loss [3]. This indicates

that the evanescent probe design and technique described here might be more reproducible.

4.4 Tissue Puncture Lesion Scan and M easurement

A skin surface puncture lesion shown in figure 4.4 was characterized in a two step
procedure. Initially the lesion was scanned with the resonant probe, producing a relative
change in frequency, Q, and reflection coefficient images over the scan area. The image scan
area is 3 mm x 3 mm with a probe standoff distance height of 10 um above the tissue surface,
an image resolution of 100 um measurement steps, at a resonant frequency of 1.1373 GHz.
Subsequently, complex dielectric measurements were performed using the methodology of
section 3.2.2, 3.2.3, and Eqgs. (3.48, 3.49) at points of interest in the relative change in Q
image. Three dielectric measurements were taken approximately 500 um from the center of

the lesion about 120° apart and indicated at points (4, B, C). The second set of three
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measurements were taken approximately 150 pm from the center of the lesion at roughly the
same angular spacing at points (D, E, F), and the final measurement point is centered in the
puncture lesion at point (G). It was noted that prior to characterization, the puncture lesion
appeared to be an older wound. The puncture site had dark coagulated blood and the

immediate adjacent tissue was raised and pink in color.

Fig. 4.4. Scan area of porcine skin puncture lesion.
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4.4.1 Results

The surface puncture lesion of figure 4.4 was scanned, producing a change in frequency,
Q, and reflection coefficient images illustrated in figures 4.5-4.7 respectively. The change in
frequency image contains surface topography and dielectric properties, while the change in Q
image shows variations in conductivity, which is the inverse of the change in reflection
coefficient image and indicates resistive properties of the tissue sample. The total shift in
resonant frequency and Q measurements were model fit, resulting in dielectric property
values on and around the puncture lesion for seven separate locations. The real and

imaginary parts of the complex dielectric measurement are given in Table 4.3.
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Fig. 4.5. Change in frequency image of tissue puncture lesion.
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Fig. 4.6. Change in Q image of tissue puncture lesion.

Fig. 4.7. Change in S;; image of tissue puncture lesion.
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TABLE 4. 3. Tissue puncture lesion measurements and location.

Sample Point Dielectric constant Dielectric loss Lesion center dist. (um)

A 26.1 20 500
B 19 217 500
C 27 18.7 500
D 17.9 23.7 150
E 17.5 241 150
F 18.2 234 150
G 38 2.1 0

4.4.2 Conclusion

The outer most points (4-C) are comparable to normal tissue values. The immediate
surrounding data (D-F) indicate a higher conductivity and lower dielectric constant, than
measured at this frequency in normal tissues (figures 4.2 and 4.3 Tables 4.1 and 4.2). The
measurement of the puncture lesion indicate a low conductivity and high dielectric constant
at point (G), which is centered on the puncture wound and corresponds to dry coagulated
blood cells. The age of the puncture wound and the possibility of dilated and leaking
capillary beds and/or infection could explain the higher conductivity readings in the

immediate surrounding tissue.

4.5 Complex Permittivity Measurements of Heat Damaged Tissue

Figure 4.8 shows five separate burn areas on the surface of an excised section of
porcine tissue, where the burn areas are of increasing severity labeled 1-5. The subsurface
tissue damage should vary according to depth of involvement, resulting from acute thermal
contact. The five burn marks were induced by direct contact of a tip from a standard
soldering instrument. A 600 °F iron was held under constant pressure on the tissue surface

from 1 to 5 seconds in duration. A series of complex dielectric measurements were made by
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moving the probe at several separate locations within each burn location area at a frequency

of 1.1373 GHz.

Fig. 4.8. Skin surface burns (1) 600 °F Isec., (2) 600 °F 2sec., (3) 600 °F 3sec.,
(4) 600 °F 4sec., and (5) 600 °F 5sec.,

4.5.1 Results

The tissue surface burn data shown in Table 4.4 for section (1) shows a higher dielectric
constant and slightly lower related loss in comparison to the normal tissue values. This result
could be an effect of reducing moisture in the outermost epidermal layer. Section (2) data
shows an increase in conductivity and decrease in dielectric constant from the data for
section (1). A possible explanation is a further thermal disruption of the skin, releasing water,
ions, and plasma proteins from the interstitial fluid due to tissue denaturing and micro
vascular damage [5]. The data of section (3) shows a significant decrease in conductivity,

which may be due to additional fluid evaporation and thickness damage. The burn data of
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sections (4, 5) indicate a continued decrease in dielectric constant and loss from interstitial
fluid evaporation and thermal degradation of the tissue.

TABLE 4. 4. Tissue burn lesion section measurement mean.

Section Dielectric constant (mean) Dielecric loss (mean)
1 45.22 16.6
2 32.98 19.98
3 37.8 3.25
4 21.38 2.82
5 8.68 0.304

4.5.2 Conclusion

The burn data indicates appreciable dielectric property differences with thermal
damage levels and shows promise that the evanescent technique could be used for burn
evaluation. Although, the research was conducted in vitro and live tissue exhibits full
physiological and anatomical functional activity when burned, an in vivo study may still

produce significant enough thermal level data differences to make the technique useful.

4.6 Evanescent Field Depth and Subsurface Structure Detection in Skin Tissue

A series of two line scan measurements were performed with the evanescent probe
across the surface of an excised section of porcine tissue, resulting in two single line maps of
the change in quality factor profile of the non-uniformities, depth-wise in the tissue sample.
The scan parameters for the tissue sample are resonant frequency f, = 1.1373 GHz with a
probe tip standoff distance of 5 um above the tissue surface and 10 pm step intervals
recording a resonant quality factor profile over a scan length of 2000 um. The resonant f, was
chosen because it is the y/4 fundamental frequency of the probe. Following the scans, the
porcine skin was fixed in 10% formalin in phosphate-buffered saline, dehydrated in ethanol,

and embedded in paraffin. Sections approximately 10 pm in thickness and 2000 pm in length
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were mounted on glass slides and stained in hematoxylin and eosin and photographed for
comparison against the line scan change in Q signature, which corresponds to the variance in

conductivity.

4.6.1 Results

Figures 4.9, 4.10 illustrate the 40 line scan signal from the probe and corresponding
sub-surface tissue histological structure. The prepared tissue slides and line scan
measurements show a relation of 4Q (conductivity) signal strengths and corresponding
biological structures such as ducts of exocrine sweat glands, and vein lumen ducts. The tissue
slide sample edges were curled during processing and the tissue appears to be slightly
stretched, but the tissue structure-signal match up can be seen fairly well. The longest skin
structure seen by the probe is the exocrine duct in figure 4.9 between 0.6 mm and 1.0 mm on
the X axis and extends from the surface to approximately 0.375 mm into the dermis. There is
a large signal peak between 0.5 mm to 0.1 mm that could be due to a gland or vein that is out
of the plane of the slide since the histology slice is only 10 um, whereas the spatial region
being detected by the probe certainly includes an area wider than 10 pm. In figure 4.10 there
are three vein ducts, two of which are distinct, traversing the dermis tissue in the plane of the
slide and are shown at 0.0-0.25 mm, 0.5-0.8 mm and 1.0-1.3 mm on the X axis. There is also
a signal peak between 1.4 mm and 1.9 mm that does not correspond to any sub surface
feature in the histology slide, which again may be due to a structure outside of the plane of
the slide. The depths of the vein lumen are approximately from 0.25 mm to 0.3 mm. The
majority of the smaller signal peaks may correspond to capillary beds near the surface, which

reveal residual blood serum from the staining process and are considered more conductive
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than dielectric and/or spatial heterogeneity. The capillary beds are located under the

epidermis layer and have an average depth of 35 microns.

Y- Q) {arbitrary units)

1 1
1.2 1
- Scan Lenath

Fig. 4.9. 40 line-scan of tissue showing correspondence of signal peaks with capillary
beds and exocrine gland.
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Fig. 4.10. 40 line-scan of tissue showing correspondence of signal peaks with the lumen
of a vein moving in and out of the plane of section.

4.6.2 Conclusion

The probe tip radius is 10 um and the spatial resolution of the probe is governed by this
physical dimension, but the aperture diameter along with the tissue properties dictates the
evanescent field decay length. The corresponding A4Q signal widths will be slightly larger
than the lumen ducts and gland structures the evanescent field detects at tissue depths within

the decay length of the field, due to the three dimensional penumbral effect of the field
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emanating off the probe tip and widening depth-wise. This sensor appears that it could be
used for superficial wound and burn assessment, but as far as the applicability to deep

lacerations the device is presently limited from deep field penetration depth.
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5 Conclusion
5.1 Summary

The motivation of this research is to develop a new two point measurement theory
based on the method of images to investigate the complex permittivity of biological materials
independent of their electrical properties, through evanescent microwave microscopy. This
type of characterization is accomplished by tracking total perturbational changes in the
resonant frequency and quality factor (Q) of a coaxial transmission line resonator with a
tungsten tip protruding through an end-wall aperture. A quantitative relationship between the
real and imaginary parts of the local dielectric constant of porcine skin tissue and the total
resonant frequency and Q shift using the method of images was established. The resonant
frequency and Q shift versus probe tip-sample separation curve is linearly fit to generate
these parameters. The comparison between experimental and literature data based on this
method is shown for porcine skin tissue at room temperature (298 K).

The sensor is used to measure the complex permittivity frequency response from 1 GHz
to 15 GHz of excised porcine skin tissue. A superficial tissue puncture lesion was scanned
producing a change in frequency, quality factor, and reflection coefficient images of the
lesion and surrounding area along with complex permittivity measurements. A quantitative
analysis of varying, tissue surface, heat damage was presented as well as a quality factor
surface scan signal profile that correlates the signal with subsurface tissue structures. The
dielectric properties of the porcine skin tissue within the near field of the tip frustrate the

electric field and measurably changes the transmission line's resonant frequency and quality
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factor. In the quantitative analysis the total shift of the resonator's frequency and quality
factor is measured as a function of tip-sample separation and associated changes in quality
factor image scans of the biological tissue are presented. A comparison between
experimental data produced in this study and existing in literature from 1 to 15 GHz as well
as theory based on the two and multi-point quantitative methods is given and discussed for
freshly excised porcine skin tissue and conform well to theoretical predictions.

The design and fabrication of a resonant coaxial type probe that is simply evanescent in
the near-field is presented and discussed. The spatial resolution of the probe is
experimentally verified and an analysis of probe sensitivity through first order estimations

generated from equivalent circuit models for the probe, conductor, and dielectric, is shown.

5.2 Implications

This experimental exercise produced dielectric constant and loss measurements that were
carried outin vitro on freshly excised tissue. The technique used in this study produced
dielectric and conductivity values and trends for porcine skin tissue consistent with those
seen by the open-ended coaxial technique. The results indicate that this technique could be
used for superficial wound assessment, but as far as the applicability to deep wounds the
device is presently limited by penetration depth. The burn data indicates appreciable
dielectric property differences with thermal damage levels and shows promise that the
evanescent technique could be used for burn evaluation. Although, the research was
conducted in vitro and live tissue exhibits full physiological and anatomical functional
activity when burned, an in vivo study may still produce significant enough thermal level

data differences to make the technique useful. Basal cell carcinoma, squamous cell

70



carcinoma, malignant melanoma and Kaposi's sarcoma are dependent upon new blood vessel
growth for their development and progression. The cutaneous melanomas and carcinomas
usually originate in the epidermal compartment and in the vertical growth phase will require
a blood supply to sustain growth. The sensor discussed here shows a potential in monitoring
skin tumor angiogenesis and performance of endogenous inhibitors, although more research
is required to determine if the sensor is capable to detect and differentiate skin melanoma and

carcinoma.

5.3 Major Contributions

The major contributions of this body of knowledge are summarized as follows.
Complete derivation of the electrostatic field outside the probe tip and within the
sample for two point perturbational quantitative method
Development of a quantitative relationship between the real and imaginary parts of
the local dielectric constant the resonant frequency and Q shift of the resonant
probe using the method of images, resulting in a methodology applicable to
biological samples
Experimental verification of evanescent microwave measurement system and two
point model for biological applications.
Proof of concept as tool for the non-destructive evaluation of superficial skin
lesions.
First order estimation of probe / measurement system sensitivity.

Experimental verification of probe spatial resolution.
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5.4 Future Work

The evanescent microwave microscopy system described here has numerous areas to
explore. The first of which could be modifications to the existing model to allow
measurement of a multilayer system. The capability of producing complex permittivity
values of single layer dielectrics can be extended to a two layer system for measurement of
thin films. This would require a known base dielectric with an unknown thin film dielectric
coating. This would also require the dielectric parameters b of Equation (3.38) to be two
separate complex dielectrics, where the number of model fit variables will remain the same
due to the base dielectric being a known value. This would also require the reformulation of
the model frequency shift solution equation as a result of added boundary conditions and
modified field perturbations from the second dielectric.

The sensor and methodology show a potential in monitoring skin tumor angiogenesis
and performance of endogenous inhibitors, although more research is required to determine if
the sensor is capable to detect and differentiate skin melanoma and carcinoma. The
evanescent technique indicates promise for burn evaluation, although there is more
investigation needed to demonstrate the sensor is capable of determining tissue heat damage
in vivo.

The two point model consists of frequency and Q shift solutions for the total perturbed
electric field outside the tip and in the sample. An enhancement to the current model would
be the addition of the frequency shift component due to the perturbed magnetic field outside

the tip and above the sample.
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