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ABSTRACT
Blood perfusion is an essential constituent in the physiology of a biological tissue, having
an essential role in the transportation of oxygen, nutrients, and pharmaceuticals to the tissue.
Evaluation of skin perfusion is an important issue in the clinical medicine area such as the treatment
of peripheral vascular diseases. Despite its significance, there is no widely acceptable method of
noninvasively measuring local absolute perfusion without expensive radiological imaging devices.
Therefore, in this thesis, a method is designed and proposed to use microwave heat for
noninvasively measuring blood perfusion. Here, a microwave antenna is used to heat a tissue. Then
the temperature signature of the tissue while cooling provides a measure of perfusion. A complete
system would be made up of two parts, i.e., a microwave source for heating and a radiometric
system, for temperature measurement of the target tissue. The focus of this project is on the
microwave heating system. Although, a preliminary radiometry system was also tested. In order to
achieve the main objective of the measurement of blood perfusion in tissue, a phantom setup has
been developed. This setup includes dual-mode microwave antennas (two annular slot antennas on
a single substrate) of two frequencies, precisely 0.9 GHz and 3.5 GHz. The 3.5 GHz antenna is
used to feed a custom made radiometer fabricated utilizing a commercially available C band
satellite low noise block. The 0.9 GHz antenna has been designed to heat a porous medium, (a
soaked sponge) placed under it. This porous medium mimics a real tissue to provide more realistic
results. To mimic perfusion during the testing, water flows through the sponge similar to the blood
flow in a real body tissue. A thermistor is placed inside the sponge to measure the temperature
variation for the experiment. Also, a flowmeter is used to precisely set flow levels between zero to
a few mL/min (e.g., 5 mL/min) which corresponds to the expected rate of blood perfusion within
tissues. The temperature in the setup is raised by different amounts, typically 0.2 °C to 0.5 °C in
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different experiments to observe results. The sponge is irradiated by 0.9 GHz microwave power at
a range of 1 - 5 W.
Measurements were performed with different sponge thicknesses, and with or without the
radiometer in place. Circulation within the sponge was improved by boring a hole through it.
Consistent thermistor readings were obtained without the radiometer. However, when the
radiometer was used, readings for both the thermistor and radiometer were not consistent. This is
speculated to be due to thermal interference caused by the DC electrical power consumed by the
radiometer.
The annular slot antennas used in the setup were designed by using ANSYS HFSS
(ANSYS, Inc., Canonsburg, Pennsylvania). For radiometry, different frequencies enable RF
reception from different depths in the tissues, as the penetration depth of the microwaves decreases
as the frequency increases. To understand flow distribution in the developed blood perfusion
measurement system, the flow in the setup was also simulated by a computational fluid dynamics
(CFD) modelling software, i.e. ANSYS CFX (ANSYS, Inc., Canonsburg, Pennsylvania). To
further study the experimentally observed microwave heating, the power absorption pattern of the
antenna is exported from HFSS as the local specific absorption rate (SAR) in the tissue. This power
absorption pattern of the antenna is in turn imported in CFX to be utilized in the simulation. This
process would help in verifying the procedure, which has been developed for the measurement of
blood perfusion, by comparing the results of simulation with those obtained from the tests
performed on the phantom setup.
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Chapter 1
Introduction
Advancement in different technologies have aided the professionals in the medical field to
be able to diagnose and save a number of patients suffering from various diseases and illnesses.
Besides the much publicized and developed fields such as imaging techniques, pharmaceuticals,
and even robot-assisted surgeries, innovative research for various new medical equipment and
sensors is very essential. There are many potential medical devices with less intense research
dedicated to them, that could help improve quality of the healthcare. Focus is needed on developing
medical technologies that would diagnose and treat diseases non-invasively and are based on
combining the disciplines of engineering and science. For example, this thesis presents ongoing
research on the development of a technique that uses heat transfer method for the noninvasive
measurement of blood perfusion and employs two different aspects of electrical engineering, i.e.
microwave heating and radiometric sensing. This research may be a vital step towards the
measurement of absolute blood perfusion. Successful research in this area may help clinicians and
researchers by providing a low-cost method of perfusion measurement. This method would
potentially provide subsurface information as opposed to techniques such as infrared thermography
[1] which only measure the surface temperature. The other benefit of this technique is its
noninvasiveness, since it would help in the measurement of the blood perfusion without having to
make any cuts in the tissue. This would be in contrast to the embedded temperature sensors which
need to be placed inside the body tissues for measuring temperature.
Blood perfusion is characterized as the local, non-directional, blood flow per volume
which assists in the transportation of oxygen, nutrients, and pharmaceuticals locally to the capillary
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bed in the biological tissue. It also helps in removing the waste products from the tissue. The
management of peripheral vascular diseases is an area of clinical medicine where the skin perfusion
is a critical issue. Measurement of blood perfusion is also valuable in the medical field, since blood
perfusion is extremely necessary for a healthy tissue and is also important for regulating the
temperature of the body. Despite, such high importance of blood perfusion, there does not exist any
low-cost and widely acceptable method of noninvasively measuring the absolute rate of blood
perfusion.
Due to all the essential roles that the process of blood perfusion plays in the everyday
smooth functioning of the body, it is very crucial to be able to measure the perfusion of blood. The
different changes in the level of blood perfusion can indicate an abnormal physiologic or pathologic
condition. For instance, blood perfusion aids in assessing the extent of burns on the body, and low
perfusion of blood can indicate microcirculation problems in patients suffering from diabetes [2].
Due to the absence of reliable and cost effective method for measurement of blood perfusion,
decisions about skin perfusion often have to be made using the clinical judgement of the physician.
For example, when testing the skin perfusion of new born babies, the physician has to often press
the skin to observe the change of color to assess perfusion.
Microwave radiometry has been suggested for monitoring and maintaining temperature
during hyperthermia treatment [3], deep brain temperature, and internal body temperature as a part
of wearable electronics [4]. The advantages of microwave methods, including radiometry, for the
measurement of blood perfusion are that it is a non-invasive method, it is mobile, and can be carried
easily. Microwave heating combined with wireless microwave radiometry could become a very
efficient method of blood perfusion measurement. It has the ability to detect subsurface temperature
changes unlike the infrared thermography, and it is a noninvasive method unlike the temperature
sensor which may be embedded in the body tissues.

3
The long-term goal of this project is to use the combination of microwave heating and
radiometry as a new method for the low-cost measurement of absolute blood perfusion rate in the
tissue, i.e. the blood volume flow rate in microcirculation which includes the capillary network,
arterioles and venules. Toward that goal, work in this research project has been done to first,
develop a setup consisting of a prototype microwave blood perfusion measurement system and a
blood perfusion mimicking model, and second, quantify the relationship between microwave
cooling characteristics and flow by embedding a temperature sensor within the model. Keeping
these objectives in mind, strategies for microwave heating and its duration need to be studied, some
of which will be discussed in the later chapters. Note that, the microwave radiometry that should
be used in conjunction with heating is beyond the scope of this thesis. Nonetheless, an in-house
custom-built radiometer was used during some of the studies.
Since perfusion of blood is the exchange of fluid per volume of tissue, it is very complex,
and also, at the macroscopic level, considered as non-directional. On the other hand, fluid flow rate
and velocity are directional and therefore relating them directly to perfusion is very difficult. For
example, the flow rate or velocity of a fluid such as water through a straight pipe is well-defined
and remains constant in one direction, whereas perfusion itself is non-directional and can have local
fluctuations within a tissue. Therefore, for the quantification of perfusion, it appears as if there is
no entrance or exit in any direction. This makes the creation of a perfectly defined flow field for
perfusion testing and modeling extremely difficult [2]. This exact problem has been dealt with
directly in this project. The problems such as testing and modeling of perfusion are considered to
be extremely difficult. We attempted to address this problem by creating a real model for the system
and modelling the same system in the computational fluid-dynamics software tool known as the
ANSYS CFX (ANSYS, Inc., Canonsburg, Pennsylvania) which is a part of the ANSYS Workbench
(ANSYS, Inc., Canonsburg, Pennsylvania) platform.
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The outline of this thesis is as follows:


Chapter 2 provides a literature review, where the theoretical operation of different methods of
measurement of blood perfusion are discussed, and some previous research on this topic are
explained. It also provides the problem statement.



Chapter 3 deals with the designs, simulation and the results such as the specific absorption rates
(SAR) of the designed antenna. The complete design and simulation of the antennas has been
done in the software, ANSYS High Frequency Structure Simulator (HFSS).



Chapter 4 will be concentrated on the modeling part of the fluid dynamics setup in the ANSYS
CFX.



Chapter 5 will focus on the experimentation done using the flow setup. The results obtained
from the tests are discussed in this chapter along with the changes made to the setup throughout
the experimentation process.



Chapter 6 focuses more on the physics of the fluid dynamics system. The study in that chapter
models a combination of microwave heating and the fluid dynamics in ANSYS CFX to simulate
temperature changes in the presence of microwave heating and flow.



Chapter 7 concludes this thesis and provides the future direction of this project.



Finally, the appendix discusses the microwave radiometry that is used in some of the studies in
Chapter 5. Since the radiometer implementation has been beyond the scope of this thesis it has
been included in the appendix.

5

Chapter 2
Literature survey and the statement of activity
As discussed in the introduction, blood perfusion is a vital quantity and hence being able
to measure it is important, especially in the management of peripheral vascular disease where skin
perfusion is a critical issue. Table 2-1 gives us an idea of the rate of perfusion through different
parts of bodies of humans, summarized from [5].
The peripheral vascular disease is the major cause of amputations in western nations. The
disease becomes more complicated and difficult to treat when the patient is also suffering from
diabetes. In the United States, amputations related to diabetes alone are responsible for nearly $2
billion in health care costs each year (by 2001 data) [6]. In addition, almost 12% of children require
amputation or debridement and grafting due to meningococcemia (purpura fulminans) which
commonly causes ischemic damage to the extremities in children [7]. These examples signify
applications where improved perfusion measurement methods would help physicians make proper
clinical decisions.
For the measurement of blood perfusion, a few scientific methods have been developed.
Some of the developed methods to measure blood perfusion are indocyanine-green fluorescence
video angiography [8], transcutaneous oximetry, radionuclide scanning [9], florescence imaging
[10] [11], skin perfusion pressure measurement [12], pulse oximetry [13], laser Doppler flowmetry
[14], and photoplthysmography [15]. Other noninvasive imaging techniques to mention are
computed tomography (CT), positron emission tomography (PET), and magnetic resonance
imaging (MRI) which have produced reliable images in deep tissues. However, they cannot be used
in surgical procedures or for long-term monitoring since the equipment tends to be large, which
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makes it inconvenient to move. They are also too expensive and require quite a lot of processing
time which is a big drawback in treating time critical cases.
Table 2-1. Range of blood perfusion and thermal conductivity data for specific tissues and organs
for humans, summarized from [5].

Tissue

W (mL/min/gm)

K (W/m. K)

Brain

--

0.502 - 0.527

Kidney

4.0 - 5.0

0.499 - 0.543

Skeletal muscle

0.027

--

Heart

--

0.493 - 0.585

Skin

0.02 - 0.2

0.209 - 0.322

2.1 Laser Doppler flowmetry (LDF)
Laser Doppler flowmetry (LDF) is a well-known, precise, and reliable technique for the
noninvasive measurement of blood flow [16]. The Doppler frequency shift that takes place in light
dispersed by the movement of the red blood cells is the essential principle of the LDF. The word
‘Doppler’ in laser Doppler flowmetry stands for the frequency shift of the light rays.
Laser Doppler flowmetry works by throwing low power light of a single frequency on a
tissue using a probe having fiber light guides. At the same time, another such optical fiber collects
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the backscattered light from the tissue under observation and processes its frequency distribution
using a monitor. This process helps achieving an estimate of the blood perfusion taking place in
the tissue. The concept behind the laser Doppler flowmetry has been explained graphically in
Figure 2-3 and the theory is explained in [17]. Most of the light thrown on the tissue is scattered by
the stationary tissue but just a small percentage of the light is scattered by the red blood cells that
are flowing with the blood. The light signals which eventually return for processing are compared
to the emitted signals, and the Doppler shift is calculated. In the past, fiber-optic based laser
Doppler perfusion monitoring (LDPM) method was presented for measuring temporal perfusion in
small volume samples. The laser Doppler perfusion imaging (LDPI) technique was developed in
order to enable spatial measurements [17]. However, despite the accuracy and advanced technology
of the LDF, the LDF does not give the absolute measure of blood perfusion. Figure 2-1 shows the
overview of the LDF. First, the light interacts with tissue and this helps in the derivation of the
expression for Doppler shifts. The backscattered light is then used in plotting the graph of the
frequency spectrum of the light, I(β). Later, the interference pattern made on the detector surface
aids in developing the relationship between electric field of the light, E(t), with the photocurrent,
i(t) and the graph of the power spectral density of the detector current, P(ω) is plotted. Finally, the
perfusion signal, Perf, and the concentration of moving red blood cells, CMBC, are calculated from
P(ω) as depicted in Figure 2-1. Here, Figure 2-2 shows real measurement images of LDPM and
LDPI and Figure 2-3 shows how the laser light is directed to the tissue surface via an optical fiber
in the LDF.
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Figure 2-1. Working of the laser Doppler flowmetry. The perfusion signal, Perf, and CMBC, are
calculated from P(ω) as explained [17].

Figure 2-2. Left: Measuring LDPM of the heart muscle, Right: LDPI image of a hand [17].
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Figure 2-3. Laser light is directed to the tissue surface via an optical fiber [18].

2.2 Doppler Ultrasound (DU)
Doppler ultrasound (DU) is another method which has been used for the measurement of
myocardial perfusion by evaluating blood flow through blood vessels. The DU is a method
developed by making significant improvement in the field of contrast ultrasonography. The body’s
circulatory system, blockages and blood clots are identified by using the technique of sound waves.
Sound waves experience a Doppler shift when they travel in the blood which flows in
comparatively large blood vessels. This Doppler shift helps in locating the presence of blockages
or blood clots in the body.
The Doppler ultrasound techniques such as pulse echo scanners, have several advantages
over the other perfusion measurement techniques. Some of these advantages include, their ability
to be noninvasive, they do not use any ionizing radiation, have no harmful effect, and have an added
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advantage of displaying a clear image of soft tissues which would not have shown up on X-ray
images. DU also helps in producing images of the heart and major blood vessels, which is why this
is a very important myocardial perfusion measurement method. However, using the Doppler
ultrasound methods to measure blood flow is impractical in applications such as measurement of
microcirculation blood flow within the tissues nourished by small blood vessels. This is a huge
drawback of the Doppler ultrasound techniques as they are not designed to present blood inflow to
the selected body tissue, only to present mean, maximum or the spectrum of blood flow velocities
in vessel [16]. Figure 2-4 illustrates the theory behind the working of the Doppler ultrasound
technique [19]. Here, the transducer works on sending and receiving sound waves. The movement
of blood cells in the flowing blood causes a change in the frequency of the reflected sound waves.
If there is no blood flow, the frequency of the reflected wave remains unchanged.

Figure 2-4. Theory behind the working of the Doppler ultrasound technique [19].
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2.3 Magnetic resonance imaging (MRI)
Magnetic resonance imaging (MRI), is a medical imaging technique used in the medical
field of radiology to capture the image of the anatomy and the physiological processes of the body.
MRI perfusion is commonly used by the neurologists in everyday clinical practice to collect
information that the conventional MRI cannot provide. Perfusion imaging is a recent advancement
made in the field of neurology that can help in predicting tumor type and grade, and eventually
predict patient survival and suggest optimal therapeutic alternatives. The MRI scan of the brain in
different coordinate planes such as axial, coronal, and sagittal are usually performed. There are two
methods of measuring MRI perfusion, viz. dynamic susceptibility contrast (DSC) or arterial spin
labeling (ASL) of which the DSC - MRI provides the estimate of blood flow, blood volume and
mean transit time.
The drawback of the MRI technique is that the technique is limited by a number of factors
such as relatively poor spatial resolution, limited volume coverage and low signal to noise ratio
(SNR) [16]. The biggest drawback of MRI is that it does not provide real time results. Improving
upon these drawbacks is also difficult for the researchers trying to advance the MRI because both
the techniques of MRI, viz. ASL and DSC need to acquire images rapidly. Besides these drawbacks,
the high expense, and difficulty in use due to the huge size make it impossible to use during surgical
operations. All the mentioned disadvantages of the MRI make it difficult to use for the
measurement of blood perfusion in regular basis in clinical settings [16].
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2.4 Thermal Methods
There are various thermal methods for measuring blood perfusion. Thermal methods are
not based on Doppler effect and thus have a potential to measure the absolute blood perfusion. One
of the several thermal methods is the thermal diffusion probe (TDP) method. The TDP is an
invasive method of measuring blood perfusion. Here, a self-heated thermistor bead is inserted into
the tissue where the perfusion is to be measured. Next, the temperature of the tissue is first measured
and then electrical power is supplied to the bead for heating through a controlled power sequence.
This electrical energy being supplied to the thermistor is controlled so as to maintain a specified
temperature difference above the equilibrium temperature of the bead and the tissue [16]. Figure 25 depicts an actual thermal diffusion probe and Figure 2-6 shows how the thermal diffusion probe
operates.

Figure 2-5. Actual thermal diffusion probe [20].
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Figure 2-6. Schematic of the operation of the thermal diffusion probe [20].
The thermal method such as TDP has obtained results which are quantifiable, absolute, and
repeatable. However, its main drawback is that it is an invasive method for the measurement of
blood perfusion which makes the TDP undesirable. The insertion of the probe partially or
completely inside the patient’s body could have adverse effect on the other local tissue properties.
A procedure similar to the TDP has been followed in the research done in [21]. For the
research, a combination of steady-state and sinusoidal power is applied to the thermistor probe that
is inserted into a tissue. For the application of power, a microcomputer-based control system is
used. The steady-state response gives an idea of the effective thermal conductivity. This effective
thermal conductivity is the result of both the intrinsic conduction and convection due to the flow
of blood. The paper concludes that the perfusion is directly associated to the difference between
effective thermal conductivity (𝑘𝑒𝑓𝑓 ) and intrinsic thermal conductivity (𝑘𝑚 ). It also states that if
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the tissue in which the probe is being inserted is not damaged a lot then the procedure may give a
very reliable result of the local tissue blood perfusion. Figure 2-7 depicts the position of the thermal
probes situated in the kidney cortex for the experiment.

Figure 2-7. Thermistor probes in a kidney cortex (from [21]).
Besides the invasive technique of blood perfusion, research has also been done in inventing
good noninvasive blood perfusion measurement techniques. A phantom tissue has been developed
by Ashvinikumar V. Mudaliar in [16] for the blood perfusion measurement and noninvasive blood
perfusion estimation in living tissue. A computational fluid dynamics phantom tissue model has
been constructed to relate perfusion and flow in the phantom. Experimental perfusion
measurements were done by measuring heat flux response using a heat flux gauge, and analytical
results were obtained from parameter estimation code. After the experimental results agreed with
the simulation results, the system was tested on real animal models. The results of the research are
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very well recorded in [16], which is a Ph.D. dissertation. A part of the research has also been
published in [2]. Figure 2-8 shows the actual setup of the perfusion measurement experiment used
by Mudaliar [2].

Figure 2-8. Photograph of the experimental test section setup developed by Mudaliar [2].

2.5 Problem statement and proposed method
The medical techniques described in the literature survey above aid in the measurement of
blood perfusion by imaging such as in MRI and laser Doppler flowmetry. However, they lack the
ability of measuring real time rate of local absolute blood perfusion. On the other hand, methods
such as thermal diffusion probe have the potential of measuring absolute blood perfusion in tissue,
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but these techniques possess the disadvantage that they are invasive methods of blood perfusion
measurement.
Figure 2-9 (a) shows the proposed system that describes the non-invasive blood perfusion
measurement system [22]. The system consists of a microwave heating source that could work at
0.9 GHz or 2.4 GHz, as regulated by the FCC. The microwave signal generated by a signal
generator, is amplified by a power amplifier (PA) and is then radiated by the antenna into the
container. The radiometer on the other hand can function at a frequency selected between 1 to 10
GHz, since radiometry is passive and can use any frequency. For the microwave heating and
radiometric sensing, a dual-mode annular slot antenna (ASA) is proposed to be used as depicted in
Figure 2-9 (b), where one slot provides microwave heating and the other slot helps in radiometric
sensing. The antenna could consist of one slot circular and the other slot square as shown in Figure
2-9 (b) [23] or it could consist of two concentric circular or square slots.

(b)
Figure 2-9. a) Description of a blood perfusion measurement system. The decay response when the
PA is off, provides a measure of the perfusion rate. Frequencies shown in the figure are possible
ranges that can be used and, not all be present in a single system. b) Nested ASA’s [22].

17
2.6 Statement of activity
The long-term goal of non-invasively measuring blood perfusion using microwave heating
and radiometry would be a great contribution to the medical field and is therefore being developed
at Penn State Harrisburg under the guidance of Dr. Mohammad Tofighi. In the light of development
of the project, work was needed to be done in the following areas:
1) Antenna design and construction for 0.9 GHz heating and 3.5 GHz radiometry.
2) Study of the fluid dynamics, microwave heating, and heat transfer through simulation
(a multiphysics problem).
3) Design and development of the perfusion setup.
4) Testing the microwave method of perfusion on this system.
All this work has been done as a thesis research which has been documented herewith.
Some progress was also made in the aspect of radiometry for the current research. However, note
that the radiometry was not a part of this thesis, and therefore the radiometer is presented in the
appendix of this thesis. The next chapter describes the steps involved, problems faced, and the
changes made thereafter to resolve the problems faced in the design and simulation of the
microwave antennas which were used for heating the tissue mimicking phantom.
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Chapter 3
Microwave heating and specific absorption rate

3.1 Bio-heat transfer
Microwave heating is being ingeniously used in the advancement of the biomedical and
bioengineering fields. Microwave heating has a great potential in the applications where
noninvasive medical treatment and diagnosis of superficial skin diseases is required, such as
recurring breast cancer treated by microwave hyperthermia [3]. Some other important applications
of microwave heating are interstitial and endocavitary hyperthermia of tumors and treatment of
benign prostatic hypertrophy [24]. A fast emerging modality for treatment of tumors in the liver,
lung, kidney and bone, in particular for treating inoperable tumors is the microwave ablations
(MWA) technique [25], [26], [27].
Microwave antennas perform differently when they are loaded with tissues. The reason is
that the biological tissue’s actual permittivity and conductivity are very different at microwave
frequencies [3]. Also, while performing heating and radiometry in the tissues, the SAR profile in
the near-field of the antennas is the important quantity.
The transport of thermal energy in a living tissue is a complex process. This process
requires the involvement of multiple mechanisms such as conduction, convection, radiation,
evaporation, metabolism and phase change. It is a tedious task to separate the above mentioned
mechanisms from one another [28]. However, the decoupling of the mechanisms is vital for
measurement of blood perfusion. Therefore, one of the advanced and alternative methods
developed for the measurement of absolute blood perfusion is the method based on bioheat transfer
which may take into account the steady-state or transient responses. Bioheat transfer is the study
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of how the heat travels from one part of the body to another part of the body from within the body
or via external means. Therefore, studying bioheat is very essential for developing various scientific
devices and protocols for the medical community.
This bioheat transfer is basically affected by two main parameters; the rate of blood
perfusion that takes place in the tissue and the thermal conductivity of the high water content
tissues. The well-known Penne’s equation models the bioheat transfer with an explicit perfusion
rate term [29].
∇. (𝑘∇𝑇) − 𝜌𝑏 𝐶𝑏 𝑤(𝑇 − 𝑇𝑎 ) + 𝑞 = 𝐶𝑡 𝜌𝑡 (𝑑𝑇/𝑑𝑡)

(3.1)

where 𝜌𝑡 and 𝜌𝑏 are mass density of tissue and blood, 𝐶𝑡 and 𝐶𝑏 are specific heat of tissue and
blood, T is the tissue temperature, 𝑇𝑎 is the arterial temperature, 𝑘 is the thermal conductivity of
the tissue, w is the blood perfusion rate, and 𝑞 is a heat source (in 𝑊/𝑚3 ) which is the sum of the
applied source and the metabolic heat. Equation 3.1 is often solved numerically, but analytical
solutions are also available for a few limited cases.
Specifically, for the project, the Penne’s equation is modified. For the microwave heating,
𝑞 = 𝜌ℎ 𝑆𝐴𝑅ℎ (𝑥, 𝑦, 𝑧) (Equation 3.1). Subscript ‘h’ denotes the heating SAR. Assuming 𝜌 = 𝜌𝑡 =
𝜌𝑏 and 𝐶 = 𝐶𝑡 = 𝐶𝑏 , and T being temperature rise from background temperature
∇. (𝑘∇𝑇) − 𝜌𝐶𝑤𝑇 + 𝜌𝑆𝐴𝑅ℎ (𝑥, 𝑦, 𝑧) = 𝐶𝜌(𝑑𝑇/𝑑𝑡)

(3.2)

The extraction of the perfusion data from the thermal response is very important. This can
be done by two methods. In the first method the experimentally obtained temperature decay curve
(similar to an exponential curve) is compared with the solution of the bioheat equation using an
algorithm such as the one developed by Mudaliar in [16]. Here, ‘w’ is the parameter to be
determined. The blood perfusion rate (w) is found when the temperature decay obtained matches
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with the solution of the bioheat equation. The second method of obtaining the rate of blood
perfusion is based on the value of the effective thermal conductivity (𝑘𝑒𝑓𝑓 ). Anderson [21]
observes that, the constant part of the steady-state response of power would provide the effective
thermal conductivity, and the periodic component of the steady-state response of the power would
be corresponding to the intrinsic thermal conductivity. From this information and the empirical
relations used by Anderson [21] for 𝑘𝑒𝑓𝑓 and 𝑘, one would be able to relate perfusion to the
effective thermal conductivity.
SAR for the project is evaluated using ANSYS HFSS simulations, and the results are
presented in a later section. The SAR can be assessed qualitatively using the phantom experiment.
However, the temperature profile in the setup may not be exactly matched with the simulation due
to the difference in the thermal conductivity, as the thermal conductivity of soaked sponge is not
exactly known.

3.2 Selection of the antenna type
Annular slot antennas consist of a ring, square, or other similar shape slots on a ground
plane. Slot antenna has diverse applications ranging from the aviation field to the biomedical field,
where these kinds of antennas are used in the applications such as microwave heating for the
treatment of diseases, such as superficial hyperthermia, and irradiation for recurring breast cancer
tumors. The far-field radiation pattern of the annular slot antenna is similar to that of the
complementary loop antenna of the same dimensions as that of the slot. The main difference
between the annular slot antenna and the complementary loop antenna is that the E and H field
orientations of the two antennas are interchanged.
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The antennas being designed are used in this thesis for the testing purpose of using
microwave radiation for measurement of blood perfusion in tissue. A perfusion phantom was
developed to define the relationship between the microwave heating/cooling characteristics and
perfusion. This setup has a porous medium with an omnidirectional flow through it (explained in
Chapter 4). The fluid flow rate ranges from 0 mL/min to a few mL/min (e.g. 5 mL/min). These
flow rates correspond to the actual blood flow rates within the tissues [16]. The porous medium is
also irradiated by microwave power of 1 - 5 W at 0.9 GHz frequency so as to increase the
temperature of the medium to no more than 0.5 - 1 °C. Finally, the heating/ cooling signatures are
observed and recorded using thermistors at a certain depth (e.g. 1 cm from top) inside the porous
medium [30]. Ideally, a radiometer reads the temperature at a microwave frequency higher than 0.9
GHz heating frequency. Therefore, annular slot antennas of different frequencies are desired to be
used for radiometry to certain depths in the porous medium. The different operation frequencies of
the antennas generate different specific absorption rate (SAR) patterns. Therefore, various antennas
can be designed having resonant frequencies such as 0.9 GHz, 1.5 GHz, 2.4 GHz, and 5.8 GHz.
As the operation frequency of the antenna increases the penetration depth of the heat reduces, and
the heating becomes shallower. In this thesis the 0.9 GHz antenna is used for the microwave heating
and 3.5 GHz antenna is used for the radiometric sensing.
Note that, in general, radiometry is passive and can use any frequency. However, for
heating only the FCC approved frequencies such as 0.9 GHz, and 2.4 GHz industrial, scientific and
medical (ISM) radio bands should be used.
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3.3 Specific Absorption Rate (SAR)
Specific absorption rate is a way of determining the power absorption pattern of an
irradiating antenna. In the given application described further, the SAR is a measure of the rate of
how the energy is being dissipated as the radio frequency electromagnetic field and is being
absorbed by the tissue. It is the power being absorbed per mass of the tissue and hence it has the
units Watts per Kilogram (Watts/Kg). SAR is defined as follows:
|𝐸𝑥 |2 + |𝐸𝑦 |2 + |𝐸𝑧 |2
𝑆𝐴𝑅(𝑥, 𝑦, 𝑧) = 𝜎
2𝜌
where 𝜎 is the electrical conductivity of material, 𝐸(𝐸𝑥, 𝐸𝑦, 𝐸𝑧 ) is the electric field intensity, and ρ
is the mass density. SAR is a very important quantity in research where the effect of microwave
heating is concerned, such as radiation due to mobile phones or the heating of tissues using
microwaves. SAR is a very important quantity in the study of exposure of human body to
electromagnetic radiation. Figure 3-1 shows the effect of normalized SAR in human head upon
exposure to radiation from an antenna at 164.8 MHz frequency [25].

Figure 3-1. Normalized SAR in human head upon exposure to radiation from an antenna at 164.8
MHz as described in [31].
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3.4 Design of annular slot antennas
There are two common types of designs of annular slot antennas, i.e. circular slot antenna
and rectangular slot antenna, that have proven to be useful for the microwave heating of the tissue.
In this thesis, a dual-mode antenna is designed and constructed for the experiment since one mode
in the antenna would help in the microwave heating and the other mode would assist in reading the
black body radiation during radiometric sensing. The software, ANSYS HFSS has been used for
the design and simulation purpose.

3.4.1 Revisit of previous dual-mode, 0.9 GHz and 1.5 GHz antenna
First, the preliminary experiments were done without the radiometry setup (as explained in
Chapter 5). The antenna used for the initial experimentation was a combination of 0.9 GHz and 1.5
GHz, where the 0.9 GHz was intended to use for microwave heating and the 1.5 GHz was intended
to be used later for the radiometry. This antenna was designed by Dr. Tofighi and has already been
published in [23]. This antenna has also been used in [32]. Unfortunately, the 1.5 GHz radiometry
frequency proved to be the main drawback because of high susceptibility to RF interference at cell
phone frequencies. Thus, the antenna needed to be redesigned at a different frequency of 3.5 GHz.
Consequently, we decided to revisit the antenna. However, we still simulated that antenna and used
it in the perfusion box measurements performed in 2015 [22], [30]. The antenna was designed on
a Rogers 4003 (𝜖𝑟 = 3.38, 𝑡𝑎𝑛𝛿 = 0.0027) with the height of the substrate being 1.524 mm. To
keep the coupling between the two ports low, a simple feeding strategy was used. The strategy was
to keep the two inputs perpendicular to the center of the antenna [23]. These feed points were fed
by two separate coaxial cables. Care was also taken to maintain a low reflection coefficient for the
antenna. The face of the antenna was covered by a silicone superstrate in order to help the specific
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absorption rate (SAR) spread uniformly over the face of the antenna. The silicone also prevents
any other material, such as air, from reducing the effect of the microwave heat being applied from
the face of the applicator. The thickness of d = 2.5 mm was chosen for the layer of silicone. This
thickness was kept just high enough to avoid high SAR around the input slot and the inputs [23].
This minimal thickness also helped in keeping the size of the low reflection coefficient antenna
small [23]. The structural design that was incorporated while designing the antenna is as shown in
Figure 3-2 [23].

(a)

(b)

(c)
Figure 3-2. The dual-mode antenna combining an inner circular (1.5 GHz, radiometry) and an outer
square (0.9 GHz, heating) annular slot. dx = dy = 52 mm, Lx = Ly = 42 mm, Ws = 2 mm, Wr = 1 mm,
D =28 mm, G1 = 14.5 mm, G2 =12 mm, D1 = 5 mm. The backplane is partly metalized ( 𝐺1 × 𝐺2 ).
Coaxial feed is applied; o is the feed and • is the ground connection to the coaxial feed. a) Top view
b) Bottom view, c) Side view. (The figure is from reference [23]).
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As a starting point before the design revision, this antenna was reconstructed and
resimulated in the ANSYS HFSS software. The design specifications and the different views of the
actual antenna model that was simulated in the ANSYS HFSS software are shown in Figure 3-3
and Figure 3-4.

(a)

(b)

(c)

Figure 3-3. Actual HFSS design of the 0.9 GHz and 1.5 GHz dual-mode antenna. a) The bottom
view of the antenna, b) the top view of the antenna, and c) the side view of the antenna.
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Figure 3-4. An isometric view of the dual-mode ASA.
Figures 3-5 to Figure 3-8 represent the SAR profiles of the 0.9 GHz and 1.5 GHz, and
Figures 3-9 through Figure 3-11 show the reflection coefficient plots of the same antenna. The
input power applied for the simulation is 1 W. S-parameters describe the electric response of linear
electric N-port networks when being stimulated by electric signals, where 𝑆𝑛𝑛 is the reflection
coefficient for the 𝑛𝑡ℎ port. All these results were obtained from the ANSYS HFSS simulation.
Port 1 in the antenna is used for microwave heating and port 2 is used for radiometry. Figure 3-11
shows the 𝑆21 (transmission ratio between the two ports) parameter of the antenna, i.e. in this
scattering parameter port 2 is the output port and port 1 is excited.
Z

X

Figure 3-5. The SAR profile of the 0.9 GHz antenna in the XZ plane (d = 2.5 mm).
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Figure 3-6. The SAR profile of the 0.9 GHz antenna in the YZ plane (d = 2.5 mm).

Z

X

Figure 3-7. The SAR profile of the 1.5 GHz antenna in the XZ plane (d = 2.5 mm).
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Figure 3-8. The SAR profile of the 1.5 GHz antenna in the YZ plane (d = 2.5 mm).

Figure 3-9. Reflection coefficient (𝑆11) for 0.9 GHz antenna (port 1), which is -10.28 dB down at
0.9 GHz (d = 2.5 mm).
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Figure 3-10. Reflection coefficient (𝑆22) for 1.5 GHz antenna (port 2), which is -18.95 dB down at
1.5 GHz (d = 2.5 mm).
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Figure 3-11. Coupling between the two antennas (𝑆21), -20.63 dB at 0.9 GHz (d = 2.5 mm).
Figure 3-12 shows the fabricated antenna used previously by Charlie Huynh [33], a
former student.

6.00
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Figure 3-12. Fabricated dual-mode annular slot antenna designed with a ring and a square. The
inner ring has a diameter (𝐷2) of 28 mm, width of 1 mm, and functions at 1.5 GHz. The outer square
has a length of 42 mm, width of 3 mm, and functions at 0.9 GHz [33].
A calibrated HP 8720C vector network analyzer was finally used for measuring the
constructed antenna’s S parameters. The network analyzer was calibrated just before the
experiment. The measured reflection coefficient for the above antenna is shown in Figure 3-13.

Figure 3-13. Measured reflection coefficient (𝑆11) of the 0.9 GHz antenna at (port 1), 𝑆11 = -14.33
dB at 0.9 GHz as captured by the network analyzer.
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3.4.2 SAR for various microwave ASA
The 0.9 GHz antenna was used in the initial experiments (Chapter 5) where just the
microwave heating was being taken into consideration. To understand SAR penetration better, it
was decided that single mode antennas of different frequencies should be simulated. Different
frequencies were chosen because of the fact that higher frequencies would provide shallower
penetration and it would be easier to determine the frequency at which the future antennas are to
be designed. The different frequency antennas could be tested on the setup with the combination
of different sponge thicknesses (as exemplified in Chapter 5). Also, the thickness of the silicone
rubber for each frequency was set to 2.5 mm, 5 mm and 7.5 mm. This helped in giving us an idea
as to how thick the coating is required for different frequencies to avoid high SAR around the feed
point. The SAR plots in the graph in Figure 3-14 shows the simulated SAR versus the depth for
circular ASA’s (along the central axis, obtained using ANSYS HFSS) with resonance frequencies
(𝑓0) around 0.9, 1.5, 2.4, 5.8, and 10 GHz.

Figure 3-14. Simulated normalized SAR in muscle versus depth for circular ASA’s (along the
central axis, obtained using ANSYS HFSS) with resonance frequencies (𝑓0) around 0.9, 1.5, 2.4,
5.8, and 10 GHz. Circles’ radii (D/2) are mentioned in the legend. Also, d = 2.5 mm and W = 1
mm. [22].
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This graph helps in giving an idea as to how deep the microwave penetration would be for
the various resonant frequencies. Figure 3-14 also helps in reaffirming the fact that as the frequency
of an antenna goes on increasing, the penetration depth of the microwave goes on decreasing. The
isometric view of the different frequency antennas (0.9 GHz, 2.4 GHz, and 5.8 GHz) is depicted in
Figure 3-15.
Also, perfusion can be estimated by studying the temperature decay curve, as explained in
Chapter 5 of this thesis. For differentiating between skin (< 2 mm, skin) and muscle (> 2 mm,
extend below skin) perfusion two different frequencies need to be used such as 10 GHz and 3.5
GHz. By comparing the thermal response collected by the two antennas, we speculate that a method
could be developed so that a trained person could distinguish between the rate of blood perfusion
for skin versus deeper muscle region. The results from Figure 3-14 could help in choosing the two
radiometry frequencies.

Figure 3-15. Isometric views of the different single mode ASA; a) 0.9 GHz, b) 2.4 GHz, and c) 5.8
GHz with silicone (d = 7.5 mm).
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3.4.3 Second dual-mode 0.9 GHz and 3.5 GHz antenna
For radiometry, dual-mode antennas had to be used with the radiometry frequency now
being set at 3.5 GHz. Also, it was decided that the design would now consist of two concentric
circular slots inside one another instead of the circular slot inside a square slot design previously
used. This change was implemented to obtain symmetric SAR profiles from the two concentric
rings. The other major change in the design was that, for the simulations, FR-4 material (𝜀𝑟 = 4.25,
tanδ = 0.02) with height, h = 1.524 mm was used for the substrate. In HFSS simulations, the antenna
was placed over a tissue having user defined parameters and at a thickness of 40 mm from the
antenna surface.
Once the antenna design was complete, the design had to be validated to check if all the
specifications and the parameters set were correct and to check if any design rule is violated. After
the HFSS model was validated, it was analyzed and the graph of the reflection coefficient of the
antenna, i.e. the 𝑆11 of the antenna was plotted versus frequency to verify whether the design was
reasonable and that the antenna gave an output as designed. Also, the local SAR of the antenna was
plotted after inputting a power of 1 W to the antenna in HFSS. The structural design of the antenna
was first decided as in Figure 3-16 and later the actual antenna was designed in ANSYS HFSS.
Figure 3-17 and Figure 3-18 show the final antenna model constructed in HFSS.
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(a)

(b)

(c)
Figure 3-16. The dual-mode antenna structure combining an inner circular ring (3.5 GHz,
radiometry) and an outer circular ring (0.9 GHz, heating) annular slot. 𝑑 = 𝑑 = 50 mm, 𝑊 = 1 mm,
𝑥
𝑦
𝑟1
𝑊𝑟2 = 0.75 mm, 𝐷1 = 48 mm, 𝐷2 = 17.2 mm, 𝐺1 = 14.5 mm, 𝐺2 = 12 mm. The backplane is partly
metallized (𝐺1 × 𝐺2 ). Coaxial input is applied; ‘o’ is the input and ‘·’ is the grounding point to the
input; a) top view, b) bottom view, and c) side view.
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Figure 3-17. Actual HFSS design of the 0.9 GHz and 3.5 GHz dual-mode antenna; a) the bottom
view, b) the top view, and c) the side view.

Figure 3-18. An isometric view of the dual-mode antenna with two ring slots.
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The SAR data is shown in Figures 3-19 to 3-22 as generated in the ANSYS HFSS. It needed
to be exported to be able to use it in a heat transfer software such as CFX. The local SAR for the
0.9 GHz antenna was exported by using the Fields Calculator provided in the ANSYS HFSS. More
discussion about the exporting of data using field calculator is done at the end of this chapter.

Z

X

Figure 3-19. The SAR profile of the 0.9 GHz antenna in the XZ plane (d = 5 mm).
Z

Y

Figure 3-20. The SAR profile of the 0.9 GHz antenna in the YZ plane (d = 5 mm).
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Z

X

Figure 3-21. The SAR profile of the 3.5 GHz antenna in the XZ plane (d = 5 mm).
Z

Y

Figure 3-22. The SAR profile of the 3.5 GHz antenna in the YZ plane (d = 5 mm).

Figures 3-23 and 3-24 show the 𝑆11 and 𝑆22 parameters of the 0.9 GHz and 3.5 GHz
respectively. The simulation results seemed reasonable and therefore the antenna was fabricated as
shown in Figure 3-26. However, when the fabricated antenna was tested using the vector network
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analyzer the results were not as expected. The reflection coefficient of the 0.9 GHz slot of the
antenna (𝑆11) was -4.675 dB, as shown in Figure 3-27. This result is not very good and proves that
the antenna would not work as expected, since the 𝑆11 should have been lower than at least -10 dB
for the antenna to work satisfactorily. This error could have been caused due to a bad soldering
while constructing the antenna. The other problem with the antenna was that the size of that antenna
was large.
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Figure 3-23. Reflection coefficient (𝑆11) of the antenna (port 1), 𝑆11 = -18.18 dB at 0.9 GHz ( d =
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Figure 3-25. Coupling between the two antennas (𝑆21), which is -28.03 dB at its resonance at 0.9
GHz (d = 5 mm).

Figure 3-26. Left: The top view of the fabricated dual-mode annular slot antenna designed with two
concentric rings. The inner ring has a diameter (𝐷2) of 17.2 mm and width 0.75 mm and functions
at 3.5 GHz. The outer ring has a diameter (𝐷1) of 48 mm and width of 1 mm and functions at 0.9
GHz. The photo is taken before applying the silicone coating. Right: The bottom view of the
fabricated antenna where the connectors are connected.
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Figure 3-27. Measured reflection coefficient (𝑆11) of the 0.9 GHz antenna, 𝑆11 = -4.675 dB as
captured by the network analyzer.

3.4.4 Final antenna design
Because the fabricated antenna in the previous subsection performed poorly, we decided
to return to the square ASA for heating, as it appeared more promising and also the size of the
antenna was small. Hence, for doing radiometry experiment for the final setup (Chapter 5) we made
an expedited dual-mode antenna on Rogers 4003C substrate as shown in Figure 3-28. This was
done in an expedited fashion with minimal simulations and mainly intuition. However, this antenna
worked to our satisfaction. The inner ring has a diameter (𝐷2) of 19 mm and width 1.5 mm and
functions at 3.5 GHz. The outer square has a length of 42 mm, width of 2 mm and provides
microwave heating at 0.9 GHz. We also implemented a 12.5-mm-diameter circular area void of
metallization in the center of the 3.5 GHz antenna for better matching purpose.
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Figure 3-28. Left: The top view of the fabricated dual-mode annular slot antenna designed with a
square working at 0.9 GHz and a ring working at 3.5 GHz. Right: The bottom view of the antenna
where the connectors are attached.

Figures 3-29 and 3-30 show the 𝑆11 and 𝑆22 parameter plots of the 0.9 GHz and 3.5 GHz
respectively using the HP 8720C vector network analyzer . The 𝑆11 of the antenna is -18.23 dB at
0.9 GHz and the 𝑆22 of the antenna is -11.918 dB at 3.5 GHz which are reasonable results for the
antenna. The measured resonant frequency is slightly higher around 3.7 GHz.

Figure 3-29. Measured reflection coefficient (𝑆11) of the 0.9 GHz antenna at (port 1), 𝑆11 = -18.23
dB at 0.9 GHz as captured by the network analyzer.
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Figure 3-30. Measured reflection coefficient (𝑆22) of the 3.5 GHz antenna (port 2), 𝑆22 = -11.918
dB at 3.5 GHz as captured by the network analyzer.

3.5 Exporting local SAR
The local SAR of the antenna needs to be exported from the simulation results obtained by
simulating the dual-mode antenna designed in ANSYS HFSS. These results once exported from
HFSS, would be imported into CFX and applied to the 3D geometric model that is developed
(Chapter 6). The actual experiment is capable of giving only the result of heating/cooling
temperature variation at the thermistor location inside the phantom tissue at various flow rates. On
the other hand, the CFX being a powerful computational fluid dynamics (CFD) software would
help in predicting various parameters such as temperature at different heights in the tissue, the flow
velocity distributed in the porous tissue, and pressures at different points in the tissue. Therefore,
exporting the SAR results obtained from the HFSS simulation is vital for the verification and
validation of the design of the experimental setup. For the export, the HFSS Fields Calculator as
shown in Figure 3-31 is used which aids in exporting the SAR profile. The SAR data points are
obtained by determining the minimum and maximum boundaries inside the tissue in the X, Y and
Z direction. z = d corresponds to the surface of the antenna superstrate. The input quantity is
selected as the local SAR, and then the minimum and maximum values for the boundaries on the
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X axis, Y axis, and Z axis along with the spacing is given to the calculator. This information helps
the calculator to determine the volume from which the SAR is to be exported. Once this information
is provided to the calculator, it calculates and exports the SAR data as a file with ‘.fld’ extension.
This file can then be imported in CFX to be used as the energy source in the heat transfer problem.

Figure 3-31. The Fields Calculator in ANSYS HFSS which was used to export the data generated
by the software to be used in a heat simulation software such as ANSYS CFX.

The next chapter discusses the fluid dynamics simulation using ANSYS CFX. It only
discusses the steady-state fluid dynamics simulation. The heat transfer simulation using the
exported SAR is discussed in Chapter 6.
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Chapter 4
Fluid dynamics simulation
The developed blood perfusion system is shown in Figure 4-1 [30], [22]. Here, the diameter
of the circular sponge is 9 cm, its thickness is H (it can vary) and it lies on a circular plexiglas
platform of diameter 12.5 cm. This system has been analyzed here by simulating the flow in the
setup in a computational fluid dynamics modelling software, i.e. ANSYS CFX which is a part of
the larger ANSYS workbench platform. This process helps in better understanding of flow
distribution within the phantom. This could also provide verification of the accuracy of the results
obtained from the measurement system.

(a)

(b)

Figure 4-1. Flow container box; a) schematic and b) photo [30]. The system is explained in more
detail in Chapter 5.
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The ANSYS CFX consists of five steps which need to be completed in order to design the
model with the required parameters and also to simulate it. The steps involved are listed as follows:
1) Geometry
2) Mesh
3) Setup
4) Solution
5) Results

4.1 Setting up the first phantom setup model in ANSYS CFX

The first model of the phantom setup in the CFX was designed as just the sponge inside an
airtight container plus, an input and an output. The following subsections explain the steps
implemented to design the first model of the phantom.

4.1.1 Geometry
The Design Modeler (DM) is used to design the system from scratch. This is the part of
modelling where the actual physical setup of the experiment is made. Firstly, a circle was drawn
on the XY plane having a diameter of 12.5 cm. Then, using the extrude command the circle was
extruded upward in the Z direction for a height of 3 cm making it a cylinder. Once, the construction
was done, bodies were renamed to sponge and water ring from their default names. The sponge had
a diameter of 9 cm. The diameter of the complete model was set as 12.5 cm and its thickness was
made 3 cm. In the geometry, the selection was also made whether the body is a fluid or a solid.
Since, the ring covering the sponge was water, the selection of liquid was done for that particular
volume. The rest of the model was set as solid.
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Figure 4-2. The 3D geometry of the setup constructed in the Design Modeler (DM).

4.1.2 Mesh
Meshing is the process of breaking up a pre-defined region of space into discrete elements,
in order to solve the flow differential equations at each element in an approximate manner. In the
meshing step, first the bodies were renamed to make work convenient. Then selection of the
different bodies was done, and their meshing method was selected as ‘Tetrahedrons’ since this
selection generates high quality mesh. After this was done, the different bodies were selected, and
their body sizes were changed, i.e. the size of their mesh was set as required. The meshing was set
as 0.5 cm for the sponge and 0.4 cm for the water ring.
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Figure 4-3. Meshing of the simulation model.

4.1.3 Setup
In the setup, all the parameters of the bodies were set to as they would ideally represent in
the actual experiment. As always, firstly the renaming was done for each and every 2D region in
the model as required. Then, the setup was configured for the flow analysis, i.e. the input, output,
and also how each and every 2D region should behave, whether as a wall or an interface. Then, the
setting of the individual boundary conditions was done to individual bodies of the model.
a) Input: For the input the mass flow rate was set as 0.000275 kg/sec. This particular input mass
flow rate corresponds to the maximum input flow of the flowmeter (16.5 mL/min). Conversion of
16.5 mL/min to L/sec comes out to be 0.000275 L/sec.
b) Output: The outer side of the water ring was set at the pressure output of the system.
c) Interface: The interface between sponge and water ring was set as fluid-porous interface. The
interface between inlet and sponge was set as porous-porous interface.
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d) Water ring: For the water ring, the domain type was set as fluid domain, and the material was
set as water with its default parameters. The reference pressure was set as 1 atm and temperature
was set as 25 ºC.
e) Sponge: For the sponge, the domain type was selected as porous, the fluid and particle were
defined as water, and the solid definition was set to building board softwood. Building board
softwood was particularly used as this material has the parameters closest to the sponge [16]. In the
porosity settings, the settings were: the volume porosity as 95% porous, permeability as
1.2 × 10−11 𝑚2, interfacial area density as 0.001 𝑚−1 and the heat transfer coefficient
as 1 𝑊/𝑚2 °𝐾 [16].
Figure 4-4 shows the setup window for the configuration of the inlet, outlet, and the
physical parameters of the model.

Figure 4-4. The inlet, outlet, and physical parameters of the setup.
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4.1.4 Solution
In the solution part of the simulation, the required number of iterations are given for which
the software runs its analysis and prepares the results. The other stop condition for the software is
if the value of the output converges to a required value that is set in the setup. Here the stop
condition is set at 1 × 10−4 which is also called the RMS residual target.

4.2 Results for the initial model
In the results cell of the simulation, the software has its results generated which need to be
viewed as required by setting the options. The result displays the output in the form of vector plots,
contour plots, or line plots.
Figures 4-5, 4-6, and 4-7 show the graphical representation of the flow velocity in the
various directions in the XY, YZ, and XZ planes. The flow velocities in the X direction and Y
direction in the XY plane are observed on two horizontal lines inserted at the center of the sponge
perpendicular to each other in the X and Y directions at a distance of 1 cm from the top of the
sponge. The flow velocity decreases as the water goes further outwards in the sponge. For the
measurement of flow velocity in the Z direction, a line is inserted along the axis of the sponge from
the bottom to the top of the sponge. The flow velocity in the Z direction varies as shown in Figure
4-7. Note here that the velocity drops to almost zero after passing just about 1 cm through the
sponge.

50

Figure 4-5. Flow velocity vs distance in X direction in the XY plane, z = 3 cm.

Figure 4-6. Flow velocity vs distance in Y direction in the XY plane, z = 3 cm.
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Figure 4-7. Flow velocity vs distance in Z direction in XZ plane.

4.3 Modified design
The design of the setup was modified to accommodate a hole of 5-mm-diameter along the
axis of the sponge. This modification to the design was done because water entering through the
inlet would get dissipated with the water in the container even before reaching the thermistor for
thick sponge that could be up to 5-cm-thick. Therefore, to remedy the temperature sensitivity
problem the 5-mm-diameter hole was made. More information on this is provided in Chapter 5 of
this thesis. Figure 4-8 shows the modified design of the ANSYS CFX model. This model was
analyzed for a conference publication in the 2016 IEEE International Microwave Symposium [22].
This model had a diameter of 25 cm and the sponge diameter of 19 cm.
Figure 4-9 is an ANSYS CFX simulation result that proves the difference between the flow
velocity of the water flowing through the sponge without hole versus the sponge containing the 5mm-diameter hole along the central axis of the sponge.
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Figure 4-8. Flow along the central axis of the modified sponge design. This model includes a 5mm-diameter hole along the central axis of the sponge (from ANSYS CFX simulation).

Figure 4-9. ANSYS CFX simulation model with flow velocity along the central axis of the sponge,
with a 5-mm-diameter hole in the center of 5-cm-thick sponge compared with the flow velocity in
the sponge without the hole [22].

53
Figure 4-9 shows that the hole, extended through the sponge from the bottom to the top in
the central axis of the sponge, would assist in directing the liquid towards the thermistor. At the
same time, it would gradually disperse the liquid into the sponge.
Figures 4-10, 4-11 and 4-12 show the velocity vector plots of the steady-state analysis of
the water travelling through the sponge.

Figure 4-10. 3D flow velocity in the XZ plane with a hole in the sponge.
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Figure 4-11. 3D flow velocity in the XY plane with a hole in the sponge.

Figure 4-12. 3D flow velocity in the YZ plane with a hole in the sponge.
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Figures 4-13, 4-14, and 4-15 show the graphical representation of the flow velocity in the
various directions in the XY, YZ, and XZ planes. The flow velocities in the X direction and Y
direction in the XY plane are observed on two horizontal lines inserted at the center of the sponge
perpendicular to each other in the X and Y directions at a distance of 0.5 cm from the top of the
sponge. The flow velocity decreases as the water goes further outwards in the sponge. For the
measurement of flow velocity in the Z direction, a line is inserted along the axis of the sponge in
the 5-mm-diameter hole bore along the sponge axis from the bottom to the top of the sponge. The
flow velocity in the Z direction varies as shown in Figure 4-15. Note here that the velocity of water
drops gradually as the water travels through the hole in the sponge.

Figure 4-13. Flow velocity in Y direction in the XY plane with a hole in the sponge, z = 5 cm.
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Figure 4-14. Flow velocity in X direction in the XY plane with a hole in the sponge, z = 5 cm

Figure 4-15. Flow velocity in Z direction in XZ plane with a hole in the sponge.
Chapter 5 provides more information on how and why the experimental setup was
changed over time as the project was developed.
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Chapter 5
Measurement with the flow setup

Towards the goal of using microwave methods for the measurement of blood perfusion, a
perfusion setup needed to be constructed which would help in the precise measurement of absolute
perfusion. Obtaining thermal washout curves, i.e. the cooling response after heating, is vital in
regards to the measurement of the blood perfusion. As mentioned in the introduction chapter,
assessment of blood perfusion is critical for clinical and research applications [34], [35].
Hence, to establish an accurate method of using microwaves to measure perfusion,
preliminary studies were performed for detecting sensitive temperature changes in line with the
research earlier discussed in [33] and [36]. A new setup was then developed for the research
presented in this thesis, which was already depicted in Figure 4-1, [30] and [22]. The flow setup
was built by Eric Wasatonic, former lab supervisor at Penn State Harrisburg. This setup consists of
a cylindrical shaped soaked porous sponge (Figure 4-1) which acts as a host medium. The
temperature regulated water enters the sponge from the bottom, travels upwards, and spreads out
radially. The diameter of the circular sponge being used for the experiment is 9 cm and it rests on
a 12.5 cm plexiglas plate. A circulation setup was investigated as shown in Figure 5-1 [30]. The
temperature is read using a thermistor that is mounted at the center of the container about 0.5 - 1
cm below the annular slot antenna face. Figure 5-1 also features a power amplifier (PA), circulation
system, and the antenna setup.
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The microwave setup operates at 0.9 GHz, and the antenna being used for the experiment
is always selected with its reflection coefficient (𝑆11) lower than -10 dB. Also, for the experiment,
the temperature of the water in the circulation pump should be maintained at the room temperature
to achieve the best result. Any difference between the temperature of the water circulating through
the system and the room temperature gives rise to significant thermal interaction with the
surrounding environment. Therefore, it is vital to maintain the water in the system set at the room
temperature.

Figure 5-1. Description of the experimental setup [30].
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5.1 Components used in setting up the blood perfusion measurement system
There were several components that were required to construct the precise perfusion
measurement system. These components are explained next:

5.1.1 Temperature regulated pump
For mimicking the blood flow, a water pump was being used which could also maintain
the water at a particular temperature. The pump, Endocal RTE-8DD (Neslab Instruments, Inc.,
Portsmouth, NH), was used to create the circulation. The water pump (Figure 5-2) had an input
where the outlet of the plexiglas container is connected. The output of the pump was connected to
the input of the flowmeter which controled the rate of flow going into the designed water tank to
complete the loop of the flow system. For preliminary experiments, a small fish tank pump was
used instead of this temperature regulated pump as mentioned in [30].

Figure 5-2. The temperature regulated pump, Endocal RTE-8DD (Neslab Instruments, Inc.,
Portsmouth, NH).
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5.1.2 Thermistor
A negative temperature coefficient (NTC) 12 KΩ thermistor (Vishay, Shelton, CT) was
used in the measurement of the temperature change in the phantom in order to determine the
temperature washout curves. The thermistor (Figure 5-3) should be sensitive enough to sense even
slightest changes in the temperature reading. This was essential as the temperature of the system
would not be increased by more than 0.5 – 1 ºC.

Figure 5-3. The negative temperature coefficient (NTC) 12 KΩ thermistor (Vishay, Shelton, CT).

5.1.3 Flowmeter
A liquid flowmeter FL-3803G (OMEGA Engineering, INC., Stamford, CT) was installed
in the setup before the water flows into the phantom. This flowmeter (Figure 5-4) would help in
maintaining the rate of water flowing into the phantom setup as the heating/cooling temperature
graphs during the experiment would be different at different water flow rates.
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Figure 5-4. The liquid flowmeter FL-3803G (OMEGA Engineering, INC., Stamford, CT) with a
maximum rating of 16.5 mL/min.

5.1.4 Radio-frequency (RF) generator
A radio-frequency generator, MG3691B, (Anritsu, Kanagawa prefecture, Japan) was
essential to generate RF signals which was given as an input at a particular frequency to the antenna
in order to provide microwave heating to the phantom setup. However, the RF signals generated
by the RF generator (Figure 5-5) were very low power signals and needed to be amplified to a
required power level by using a power amplifier before supplying it as an input to the antenna.

Figure 5-5. The RF generator MG3691B (Anritsu, Kanagawa prefecture, Japan).
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5.1.5 Power amplifier (PA)
A power amplifier (PA) LZY -2+, (Mini-Circuits, Brooklyn, NY), was used to amplify the
RF signals received from the RF generator. The signals generated by the RF generator are very low
power signals, and these signals need to be amplified by using specific amplifiers to provide the
required amount of the RF power to the antenna. The output of the power amplifier (Figure 5-6)
was given as an input to the antenna. However, before the output was given to the antenna, a
custom-made coupler with 22.4 dB coupling factor was inserted between the power amplifier and
the antenna. The power of the amplifier was adjusted through supply and bias voltages. A circulator
with 50 Ω dummy load was placed between the PA and the coupler to protect the PA from the
power reflected inadvertently in the case of cables being disconnected or broken.

Figure 5-6. The power amplifier (PA), LZY -2+ (Mini-Circuits, Brooklyn, NY).
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5.1.6 Soaked sponge
A soaked sponge was required to be inserted inside the phantom setup which mimics the
function of the tissue. The porous sponge when soaked with water, is a material that can mimic the
working of the biological tissue.

5.1.7 Data acquisition
For the data acquisition of the heating/cooling variations of the water at different water
flow rates, we used a data acquisition system, specifically National Instruments LabVIEW
(National Instruments, Austin, Texas). LabVIEW aids in collecting the temperature data from the
thermistor. LabVIEW reads the temperature of the water at regular intervals, displays and stores
the data for later calculations. The data acquisition needs to be conducted at a sufficiently high rate
so that the temperature changes observed would be accurate. The LabVIEW software file was
originally developed by Charlie Huynh [33] and modified during this work.

5.1.8 Connections of the setup to the LabVIEW
The thermistors were connected to the National Instruments LabVIEW relay box NI-SCB68 (National Instruments, Austin, Texas) in the differential mode. The difference between the
voltages is the actual voltage between the two legs of the resistive thermistor. The differential
method of voltage measurement was used to reduce common mode effect when the voltage is low.
The power amplifier was controlled by the LabVIEW. Figure 5-7 represents the pinout connections
and the quick reference label for the pinout of LabVIEW SCB-68 box.
The sequence of operation of the experiment was as follows:
1) An empty comma-separated-values (CSV) file was created.

64
2) The experiment was started by running LabVIEW.
3) LabVIEW turned on the power amplifier (PA) after 20 seconds and the antenna started
heating the system.
4) After the desired temperature was reached, we turned off the signal generator.
5) Finally, we monitored the temperature decay for a stipulated amount of time, for
example 4 minutes.

Figure 5-7. Left: the photo of the box, Right: pinout of the LabVIEW relay box, NI-SCB-68.

5.1.9 Additional thermistors
At the beginning of project, one thermistor (𝑇𝑡𝑎𝑛𝑘 ) was placed in the sponge (Figure 5-8).
Towards the end of the project additional thermistors were added (𝑇𝑎𝑛𝑡𝑒𝑛𝑛𝑎 , 𝑇𝑠𝑘𝑖𝑛 ). These two
additional thermistors were added to measure the skin temperature, and the antenna face
temperature. Modification was also needed for the LabVIEW system design software file to
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accommodate the additional two thermistors. This addition was made to the file by adding modules
for reading the skin thermistor data and antenna thermistor data as depicted in Figures 5-9. Figure
5-10 shows the actual front screen of the LabVIEW system design file ready to use with the three
thermistor readings represented as ′𝑇𝑡𝑎𝑛𝑘 ′, ′ 𝑇𝑡𝑎𝑛𝑘 ′, ′𝑇𝑠𝑘𝑖𝑛 ′. Note that, for most measurements until
the very end, there was only one thermistor, ′𝑇𝑡𝑎𝑛𝑘 ′ about 1.2 cm below the antenna.

Figure 5-8. The locations of the three different thermistors ′𝑇𝑎𝑛𝑡𝑒𝑛𝑛𝑎 ′, ′ 𝑇𝑠𝑘𝑖𝑛 ′, ′𝑇𝑡𝑎𝑛𝑘 ′ in the
plexiglas container. The 𝑇𝑡𝑎𝑛𝑘 is placed 1.2 cm below the antenna.
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Figure 5-9. The addition in the LabVIEW system design file to accommodate the skin and antenna
thermistors.

Figure 5-10. The LabVIEW front panel with the tank, skin, and antenna temperature readings.
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5.1.10 Power supply
DC power supplies were required to supply voltage to the different electronic equipment
used in the setup such as power amplifier, and thermistors. The power amplifier required a 28 V
supply at 0.6 A. We also built a circuit board with a 5 V voltage regulator to feed the thermistor
circuit board (Figure 5-11).

Figure 5-11. Power supply circuit to feed the thermistor circuitry.

5.2 Preliminary experimentation
The preliminary experimentation was done to evaluate the initial experimental setup which
features a power amplifier (PA) LZY -2+, (Mini-Circuits, Brooklyn, NY), circulation system, and
the antenna setup. The main equipment used for the experiment were the fish tank pump (instead
of the temperature regulated pump) which was used to circulate water through the system, the
flowmeter used to set the different flows at which the water enters the plexiglas container, an
annular slot antenna working at 0.9 GHz, the power amplifier, and the perfusion box. This
experiment was done in July 2015 and led to a paper at the IEEE BioWireless conference [30].
The rate of flow was kept in the range of 0 - 5 mL/min which realistically corresponds to
the rate of blood perfusion taking place in the tissues [16]. For example, the rate of skin perfusion
is 0.1 - 0.2 mL/gr.min (Table 2-1). The technique used in this experimentation was to keep the
temperature rise constant for all the flows for a particular experiment with all flows having the
same baseline temperature before heating. The thermistor was at a depth of 1.2 cm. The power

68
delivered to the antenna for the microwave heating was 1.1 W and a rise of about 0.2 ºC from the
baseline was chosen. For the experimentation, two different thicknesses of sponges were used, viz.
2.7 cm and 4.5 cm to get a better understanding of the relationship between flow entering the sponge
and the temperature decay during cooling. The heating of the 2.7 cm sponge took around 1 - 1.5
min and the heating of the 4.5 cm sponge took a little longer due to the thickness, that is 1.5 – 2
min [30].
Figures 5-12 and 5-13 illustrate the temperature decay graphs for the 2.7 cm and 4.5 cm
sponges. However, the experimentation showed some unexpected trends. The 4.5 cm sponge graph
experiment shows an ‘exponential-like’ decay which is as expected. However, the result of the
experiment with the 2.7 cm sponge shows some unexpected temperature rise after the cooling
effect. This error was speculated to be occurring since the antenna power deposition profile may
extend beyond the sponge deeper into the water stored in the container. Therefore, over a long
period of time the warm water stored under the lower plexiglas could have risen and this warmth
could have been the reason for the unexpected behavior of the decay graph. This also leads to a
conclusion that for shallower perfusions such as skin perfusion, a higher frequency antenna would
have to be used such as a 2.4 GHz antenna since the penetration depth of the antenna goes on
decreasing with increasing frequency. Temperature decreases after 30s, 60s, and 120s from the
zero-time temperature (𝑇0 = 22.94 ºC and 23.40 ºC for the two cases respectively), and are denoted
as 𝛥𝑇30, 𝛥𝑇60, and 𝛥𝑇120 and are plotted in Figures 5-14 and 5-15. These figures also represent the
linear regression trendlines and also demonstrate the higher sensitivity for the 2.7 cm thick sponge.
Figures 5-14 and 5-15 help in quantifying the relationship between sponge thickness and
sensitivity. The higher slope of lines in Figure 5-14 as compared to the slopes of lines in Figure 515 proves that the sensitivity of the measurement was reduced as the thickness of the sponge was
increased from 2.7 cm to 4.5 cm.
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Flow (mL/min)

Figure 5-12. Temperature decay graphs for 2.7-cm-thick sponge, P = 1.1 W (𝑇0 = 22.94 ºC. 𝑇0 is
the zero-time temperature). The flow in legend is in mL/min [30].

Figure 5-13. Temperature decay graphs for 4.5-cm-thick sponge, P = 1.1 W (𝑇0 = 23.40 ºC. 𝑇0 is
the zero-time temperature). The flow in legend is in mL/min [30].
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Figure 5-14. 𝛥𝑇30, 𝛥𝑇60, 𝛥𝑇120, versus flow graph for 2.7-cm-thick sponge, P = 1.1 W (𝑇0 = 22.95
ºC. 𝑇0 is the zero-time temperature). The values next to the graphs are the slope of linear regression
trendlines in ºC/mL/min [30].

Figure 5-15. 𝛥𝑇30, 𝛥𝑇60, 𝛥𝑇120, versus flow graph for 4.5-cm-thick sponge, P = 1.1 W (𝑇0 = 23.40
ºC. 𝑇0 is the zero-time temperature). The values next to the graphs are the slope of linear regression
trendlines in ºC/mL/min [30].
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5.3 Modifications in the setup
During the analysis of the experimental results, many problems such as formation of a
heated region with low circulation below the plexiglas platform and low sensitivity of the
thermistors surfaced. Therefore, to solve these problems a few modifications were made to the
setup which are discussed in the subsections below.

5.3.1 Modification in the thickness of the sponge
Different frequencies help in heating to different depths in the tissues. As the frequency of
antenna increases, the penetration depth of the microwaves decreases. Therefore, the frequency that
is being used currently for heating by the antenna, i.e. 0.9 GHz, has a deep penetration depth. Hence,
the heat produced by the antenna was penetrating the sponge and heating the water below the
circular plexiglas placed under the sponge. We speculated that due to this deep penetration, the
water that was heated under the plexiglas remained stagnant, and its heat reappeared near the
thermistor at later times. This introduced interference in the recording of temperature and
eventually gave rise to undesirable temperature decay during cooling of the sponge in the phantom
setup. Therefore, a decision to increase the thickness of the sponge was taken which would help in
shifting the plexiglas lower in the phantom and hence, the beam produced by the antenna would
completely fall inside the sponge.
The above-mentioned heated region with low circulation, formed below the plexiglas
platform, was problematic for 2.7 cm sponge (Figure 5-12). On the other hand, the problem was
the reduced sensitivity of the thermistor with the 4.5-cm thick sponge (as shown in Figure 5-15).
This was due to the fact that the perfusion at the site of the thermistor was less for the 4.5-cm-thick
sponge compared to the 2.7-cm-thick sponge (for the same flow). This was the main drawback of
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the previously designed setup. Remedying these two issues became the main reason for an update
in the system design. Hence, it was decided to first increase the thickness of the sponge to 6.5 cm
so that the antenna power deposition profile (SAR) would not extend to below the sponge (as the
penetration region was expected to be around 4 - 5 cm as depicted in Figure 3-14) and we could
avoid the standing wave which could have been formed instead of a smoothly decaying power
absorption profile.
However, the difficulty with increasing the thickness of the sponge is that the thick sponge
created a very high obstruction for the low flow of water trying to flow inside the container towards
the thermistor (see Figure 4-1 for the geometry of the setup). The flow would get dissipated (Figure
4-9) even before it could reach the thermistor and hence the graphs of all the flows would result in
very low sensitivity.

5.3.2 Inserting a porous tube with leaky walls
As the water could not pass through the thick sponge, a modification of inserting a porous
tube with leaky walls is made which would extend through the sponge from the bottom to the top
in the central axis of the sponge. This configuration would assist in directing the liquid towards the
thermistor, and at the same time it would gradually release the liquid into the sponge. Also, the
thickness of the sponge was reduced back to 4.5 cm. Figure 5-16 exhibits the porous tube with
leaky walls, and it also shows the actual placement of the tube inside the sponge.
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Figure 5-16. Top: actual view of the porous tube with leaky walls. Bottom: its placement inside the
sponge.

5.3.3 Experiments with hole in the sponge
Unfortunately, the idea of inserting a porous tube with leaky walls as shown in Figure 516 did not work as expected and the temperature sensitivity problem still persisted. Therefore, to
remedy the temperature sensitivity issue a 5-mm-diameter clear hole was decided to be added
through the central axis of the sponge from the top to the bottom in place of the leaky pipe
previously inserted. The hole in the 6.5-cm-thick sponge aided in significantly improving the
sensitivity of the thermistor reading that was sensing the temperature signatures. The water entering
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the container would now be able to reach the thermistor and would aid in the sensing of the
temperature of the water better. Furthermore, the temperature through which the water was heated
was increased to 0.5 ºC and also the microwave power being applied to the system was increased
to 2 W.

Figure 5-17. Temperature decay graphs of the water cooling from 25.90 ºC to 25.40 ºC. 𝛥𝑇ℎ𝑒𝑎𝑡 is
the temperature by which the water was heated from the baseline temperature.

Figure 5-17 represents the temperature decays for the different flows of water with the
temperature range set between 25.90 ºC to 25.40 ºC. The most vital information that is deduced
from the graph that is shown above is that, as the flow of water entering the plexiglas cylinder
increases, the temperature of the water near the tank thermistor dissipates faster. Whereas, if the
flow reduces, the temperature stays high for a longer period of time and slowly falls down. Another
major observation is that, due to the increase in the thickness of the sponge, the warm water stored
below the lower plexiglas was eliminated. This modification and the related experimentations were
performed in November/December 2015 and led to a conference publication in the 2016 IEEE
International Microwave Symposium [22].
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5.4 Measurement with radiometer
Further experimentations were done in the presence of the radiometer. Details of the same
are explained in the next sections.

5.4.1 Experimental setup
The block diagram of the complete system with all the components connected is shown in
Figure 5-18. The photo of the system with radiometer is shown in Figure 5-19.

Figure 5-18. Description of the experimental system with combined heating and radiometry.

The radiometer system that has been built as a part of Figure 5-18 is detailed in the
appendix. It is presented in the appendix and is beyond the scope of this work which is on testing
the perfusion setup.
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Figure 5-19. Final setup of the experiment with the radiometer ready for reading the voltages.

5.4.2 Thermistors added to read skin and antenna temperatures
The temperature decay of the water in the thermistor is the most important parameter being
measured as the temperature decay in the sponge would replicate the blood perfusion taking place
in the muscle tissue at a certain depth below the skin. However, also being able to measure
perfusion taking place at the skin along with the muscle perfusion would give a better understanding
of the perfusion taking place at different depths. Therefore, as explained in subsection 5.1.9, a
thermistor is placed exactly between the plexiglas and the top of the sponge. A third thermistor is
placed right under the dual-mode antenna and above the top of the plexiglas of the container (Figure
5-8). Also, the added thermistors would assist in the better understanding of measurement by
radiometer. This placement of the thermistor would help in measuring the heat occurring at the
antenna at the surface. This data collected at the base of the antenna would help in eliminating the
common notion that placing the antenna directly on skin would cause burns on the skin. This is
because the 4 - 5 mm combined silicone and plexiglas wall prevents excessive SAR over the tissue
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phantom. The data collected hereby helps in verifying that the antenna working at only a few watts
may not burn the skin if a proper dielectric coating is in place. Figure 5-20 is the setup that is
constructed to measure the tank temperature, skin temperature, and the antenna temperature.

Figure 5-20. Actual setup of the phantom with the antenna, tank and skin thermistors
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5.4.3 Development of a protocol for the experimentation

Once the thermistors were added to read the skin and the antenna temperatures, a protocol
was developed to keep the procedure uniform for all the flow values. First, the pump is kept running
with the flow on the flowmeter set as maximum for 10 minutes so that the different temperature
pockets which may have formed during the previous experiment would get dissipated due to the
high flow rate. This step helps keep the temperature of water constant throughout the system. The
next step is to keep the flowmeter set at the flow at which the test is to be run. The duration of this
step is 5 minutes and it helps to reduce the flow and also to settle the water movements and
turbulences which would have been formed randomly in the container due to the full flow set
previously. Later, the test is run for 15 minutes at the required flow rate and microwave power.
Next, the pump is again kept running for 10 minutes, with the flowmeter set at maximum. This
would help in cooling the water which was heated during the testing phase. Finally, the pump is
switched off for 25 minutes for the system to cool down, as well as for the environmental
temperature to cool down. The experimental protocol is shown in Table 5-1.

Table 5-1. Protocol followed for the experimentation.

Step
Number
Function

Duration

1

2

Pump Pump kept
kept
running at
running
the set
at full
flow rate
flow
5
10
minutes minutes

3

4

5

Test
taken at
the set
flow rate

Pump kept
running at
full flow

Pump
switched
off

15
minutes

10
minutes

25
minutes
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5.4.4 Experiment with hole
The protocol helps us to eliminate the inconsistency in the data obtained due to different
time durations allotted to each step in various experiments. The addition of the thermistors also
provides more information about the heating at different locations in the system.
Figures 5-21, 5-22, and 5-23 were obtained by running the experiment with three
thermistors placed at different locations with 4 W power applied to the antenna. The experiments
were performed for 0.6 mL/min, 1.0 mL/min and 2.4 mL/min flow rates. Here, the temperature of
the skin thermistor was raised by 0.5 ºC from the baseline temperature. These readings were
actually with the radiometer in place. Radiometer readings are presented in Figures 5-24 and 5-25.
Figure 5-26 shows the close up view of the radiometer.
The problem being faced now in the experiments was that flow would quickly reduce the
temperature of the skin antenna very fast as seen in Figure 5-22. This could be due to the fact that
the skin thermistor was placed at the extreme end of the hole and at the bottom surface of the top
plexiglas. Therefore, the cooler water would run by near the skin thermistor especially at higher
flows.
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Flow (mL/min)

Figure 5-21. Antenna thermistor temperature decay curve (𝑇𝑎𝑛𝑡𝑒𝑛𝑛𝑎 ).

Flow (mL/min)

Figure 5-22. Skin thermistor temperature decay curve (𝑇𝑠𝑘𝑖𝑛 ).
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Flow (mL/min)

Figure 5-23. Tank thermistor temperature decay curve (𝑇𝑡𝑎𝑛𝑘 ). The tank thermistor was placed at
a depth of 1.2 cm under the antenna.

Figure 5-24 shows the radiometer reading of the cooling of the system at a flow of 2.4
mL/min. Ideally, the voltage sensed by the radiometer should go higher with the cooling of the
system. Moreover, Figure 5-25 is an illustration of the radiometer voltage versus time as the pump
temperature was being increased from 24 °C to 34 °C with an increase of 1 °C every 5 minutes at
a flow of 16.5 mL/min. When radiometer voltage versus temperature is plotted, it is called a
calibration curve (not shown here). The calibration curve gives the idea of sensitivity of the
radiometer setup. It helps in calculating the voltage change per degree rise/fall in temperature.
However, the results obtained as depicted below are not as expected and have a lot of fluctuation.
This is due to the RF interferences present in the environment. Besides, the radiometer senses very
minute changes to the temperature and thus it is also very sensitive to objects that are moving near
it. Therefore, care should be taken of staying still while experimenting with the radiometer.
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Radiometer reading (17th May - flow 2.4 mL/min)

Radiometer voltage (V)

Figure 5-24. Measured radiometer output voltage versus time for a flow of 2.4 mL/min.

Radiometer voltage versus time (17th May)

Figure 5-25. Change of radiometric voltage versus time for the radiometry setup for a flow of
16.5 mL/min while increasing the pump temperature.
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Figure 5-26. Close up view of the radiometer.

A magnetic stirrer was also added in the setup for better uniformity of temperature of the
temperature box. The LNB that was mounted for radiometry was passing heat continuously to the
antenna. Therefore, the heat of the LNB and the heat produced by the antenna was getting trapped
inside the housing that would cover the antenna. The housing made it difficult for the trapped heat
to escape to the environment. Due to these reasons, the readings obtained from the experiment are
inconsistent. Because of the fluctuation of radiometer voltage for 2.4 mL/min (Figure 5-24), no
useful information is obtained from that graph. However, the plot of radiometer voltage versus time
as pump temperature increases (Figure 5-25) proves that the radiometer works but its output is very
fluctuating.
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5.4.5 Reducing the thickness of sponge
Increasing the number of thermistors to three did help in getting more information that is
essential in measuring temperature at different depths under the skin. However, the hole in the
central axis of the sponge would push in a lot of water through the sponge toward the three
thermistors. We noticed inconsistencies as demonstrated in figures of temperature decay as
presented in the previous subsection. We speculated that the high flow of water would wash out
and rapidly cool down the thermistors and therefore the data collected would not be desirable.
Therefore, the phantom model was updated by replacing the five 5-mm-diameter central axial hole
sponge layers by a 3-layer sponge (4.5 cm thick) without the hole in the center. This helped in
providing some amount of obstruction to the water flow going towards the thermistors. Figure 527 represents the updated setup of the phantom container with the three layers of sponge. Here,
𝑇𝑡𝑎𝑛𝑘 is placed 0.5 cm below the top surface of the sponge.

Figure 5-27. Phantom setup with three thermistors and the sponge thickness brought down to 4.5cm (3 layers of sponge).
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Figures 5-28, 5-29, and, 5-30 were obtained by running the experiment with three
thermistors placed at different locations with the other parameters set just as in the previous set of
experimentation. The experiments were performed for 0.6 mL/min, 1.7 mL/min, 3.4 mL/min, and,
6.0 mL/min flow rates. Note that, the difference between the previous experiment and the current
experiment was the thickness of sponge and lack of the hole as mentioned above.

Flow (mL/min)

Figure 5-28. Skin thermistor temperature decay curve (𝑇𝑠𝑘𝑖𝑛 ). The setup contains a 3-layers of
sponge (4.5 cm thick).
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Flow (mL/min)

Figure 5-29. Antenna thermistor temperature decay curve (𝑇𝑎𝑛𝑡𝑒𝑛𝑛𝑎 ). The setup contains a 3-layers
of sponge (4.5 cm thick).
Flow (mL/min)

Figure 5-30. Tank thermistor temperature decay curve (𝑇𝑡𝑎𝑛𝑘 ). The setup contains a 3-layers of
sponge (4.5 cm thick).
Figure 5-31 shows the radiometer reading of the system versus time for 0.6 mL/min flow.
Figure 5-32 is an illustration of the change of radiometric voltage versus time for the radiometry
setup for a flow of 16.5 mL/min while increasing the pump temperature. Here again the pump
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temperature was being increased from 24 °C to 34 °C with an increase of 1 °C every 5 minutes at
a flow of 16.5 mL/min. However, the results obtained in this experiment are also not satisfactory
and are extremely fluctuating. Therefore, the radiometer results are inconclusive so far.

Radiometer voltage (V)

Figure 5-31. Measured radiometer output voltage versus time for a flow of 0.6 mL/min.

Figure 5-32. Change of radiometric voltage versus time for the radiometry setup for a flow of 16.5
mL/min while increasing the pump temperature.

The next chapter deals with the ANSYS CFX simulation with the SAR file
imported from ANSYS HFSS. Applying heat source in the CFX is very essential to be able to
simulate the rate of temperature decay taking place at a particular point in the setup using CFX.
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Chapter 6
Thermal model simulation
Thermal model simulation is important for the purpose of determining the temperature rise
and fall in the system during the application of heat and after removing the heat source respectively.
Chapter 4 discussed the different cells in ANSYS CFX such as ‘Geometry’, ‘Mesh’, ‘Setup’,
‘Solution’, and also discussed the importance of each cell (stages of simulation setup in CFX
terminology) in the modelling and simulation of the system. This chapter emphasizes on two types
of analyses viz., steady-state analysis and transient analysis for the heating of the system using the
SAR data that was exported from ANSYS HFSS. This would eventually help us in validating our
design of the experimental setup.

6.1 Steady-state analysis of the setup
The experimental setup is designed and simulated using the different steps in ANSYS CFX
such as ‘Geometry’, ‘Mesh’, ‘Setup’ and ‘Solution’ as described in Chapter 4. After the setup is
ready, the simulation is run using the ‘Solution’ step of the modeling and the ‘Results’ are
generated. Since this is just a fluid dynamics simulation for the system, the analysis type is kept
steady-state. Here the stop condition is set at 1 × 10−4 which is also called the RMS residual target,
and the maximum number of iterations are set to 100. This means that the simulation would stop if
whichever one of the previously stated conditions is satisfied. Figure 6-1 shows the setup of the
parameters for the steady-state analysis of the constructed model.
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Figure 6-1. Setup window for configuring the steady-state analysis.
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Figure 6-2 shows the window for simulation which in process in the ‘Solution’ cell in the
CFX. The Solution cell allows the sharing of solution data with another analysis. Here, in our
project, the result file generated from the solution cell of the steady-state analysis will be used as
an initial setup in the Solution cell of the transient analysis, for running our transient analysis
simulation with the heating turned on.

Figure 6-2. RMS momentum and mass being plotted during the run of the steady-state analysis
simulation in the Solution cell.
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6.1.1 Steady-state analysis results

Figures 6-3, 6-4, and 6-5 show the graphical representation of the variation of temperature
inside the sponge in the various directions in the XY, YZ and XZ planes in the steady-state analysis.
The variation of temperature in X direction and Y direction in the XY plane are observed on two 9
cm horizontal lines inserted 1 cm below the top surface of the sponge. These horizontal lines are
perpendicular to each other. It can be observed that as the heat is not applied to the system, the
temperature remains constant in both X and Y directions, and hence Figure 6-3 and 6-4 are similar.
For the measurement of flow velocity in the Z direction, a 5 cm line is inserted along the axis of
the sponge from the bottom to the top of the sponge. Due to the absence of heat source, the
temperature along the axis of the sponge in the Z direction also remains constant as shown in Figure
6-5. All the graphs show the constant temperature of 24 ºC which is also the temperature of the
input water.

Figure 6-3. Temperature variation in sponge along a line in the X direction (y = 0 cm, z = 4.5 cm).
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Figure 6-4. Temperature variation in sponge along a line in the Y direction (x = 0 cm, z = 4.5 cm).

Figure 6-5. Temperature variation in sponge along a line in the Z direction (x = y = 0 cm).
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6.2 Transient analysis of the setup
Once the steady-state analysis has generated its results, those results are ready to be pulled
in as the initial state for the transient analysis. The result file of the steady-state analysis is set as
the initial values file for the simulation in the Solution cell of the transient analysis. Figure 6-6
shows the Solution cell window for importing the results of the previous steady-state analysis. Also,
the SAR data file exported from HFSS is imported in the setup for the transient analysis. This
heating data is exported from the simulation result of the 0.9 GHz slot of the dual-mode concentric
antenna (0.9 GHz and 3.5 GHz) as described in Chapter 3.

Figure 6-6. Solution cell window for importing the results of the steady-state analysis.
Figure 6-7 shows the format in which the SAR data file needs to be imported. The header
of the file to be imported also needs to be written in the format as given in Figure 6-7. The file
needs to be prepared to be imported with the required header written in it before importing it into
the setup of the transient analysis. Once the file is ready, it is imported into the setup using the
‘initialize profile data’ in the setup window. Also, a new coordinate system needs to be defined
with its origin at the top of the sponge and its Z axis directing downwards towards the input. This
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coordinate system is important for applying the SAR data obtained from HFSS because the heat
needs to be applied to the model from top to the bottom, whereas the HFSS generates the antenna
output from the bottom to the top. The new coordinate system helps in solving the inconsistency.
Later, the domains, sponge, water column and water ring are initialized with the data such as initial
conditions, velocity type, pressure, and temperature. Also, a subdomain needs to be introduced in
the sponge for the heating. Figure 6-8 shows the options and the data that needs to be entered while
setting up the subdomain. The type of analysis was set as ‘transient state analysis’ with the initial
time set as 0 sec, duration as 240 secs, and the time step as 2 sec. Figure 6-9 depicts the setup cell
where the loads, boundary conditions and other configurations of the analysis can be configured.

Figure 6-7. SAR data file with the mandatory header.

Figure 6-8. Subdomain setup window for initializing the heat source with the equation for the SAR.
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Figure 6-9. Setup window for configuring the transient analysis.
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Figure 6-10 shows the simulation in process in the ‘Solution’ cell in the CFX. This cell
imports the results file generated by the solution cell of the steady-state analysis. The results of the
steady-state will be used as an initial setup for running our transient simulation with the heating
turned on. Therefore, it can be observed that the solution graph of the transient analysis starts from
the point where the steady-state analysis stopped its simulation.

Figure 6-10. RMS mass and momentum being plotted during the run of the transient simulation in
the Solution cell.
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6.2.1 Transient analysis results
Figure 6-11 shows the graph of temperature rise at a point located in the 5-mm-diameter
hole in central axis of the sponge at a distance of 0.5 cm below the top surface of the sponge. This
transient simulation was run for 240 secs and the antenna power applied for heating was 1 W. The
inlet water flow was set at 4.5 mL/min. However, it can be observed that the temperature inside the
sponge increased by about 0.1 °C which is lower than the required temperature rise as recorded
during actual experimentation which was 0.5 °C.

Figure 6-11. Temperature variation in sponge versus time at a point 0.5 cm below the top of sponge.

Therefore, for the next simulation, decision was taken to increase the antenna power to 10
W and the time duration for heating was also increased to 300 sec. The inlet water flow was again
set at 4.5 mL/min entering through the sponge hole. This eventually helped in increasing the sponge
temperature significantly. Figures 6-12, 6-13, and 6-14 show the graphical representation of the
variation of temperature inside the sponge with a 5-mm-diameter hole. The results are obtained in
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various directions in the XY, YZ and XZ planes after the heating is applied in the transient state
analysis. The variation of temperature in X direction and Y direction in the XY plane are observed
on two 9 cm horizontal lines inserted 0.5 cm below the top of the sponge. These horizontal lines
are perpendicular to each other. It can be observed that the heat is applied to the system using the
SAR data obtained from HFSS. The temperature varies in both X and Y directions. The temperature
is lower at the area under the input and high elsewhere. For the measurement of flow velocity in
the Z direction, a 5 cm line is inserted along the axis of the sponge from the bottom to the top of
the sponge. As the heat is being applied from the top of the sponge, the water near the top gets
warmer and the temperature decreases towards the bottom of the sponge near the input.

Figure 6-12. Temperature variation in sponge along a line in the X direction after heating for 300
sec.
The reason for the water to be cooler near the center is that the heat source is at the top of
the sponge, and thus the heat is not being able to penetrate that deep into the sponge. The second
important reason for cooler water near the bottom is the influx of cooler water coming inside the
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sponge hole from the input. The graph of the variation in the temperature in the Z direction is shown
in Figure 6-14.

Figure 6-13. Temperature variation in sponge along a line in the Y direction after heating for 300
sec.

Figure 6-14. Temperature variation in sponge along a line in the Z direction after heating for 300
sec.
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Figure 6-15 shows the variation in sponge temperature versus time at a point 0.5 cm below
the top surface of the sponge. This graph is plotted at the time when heat is applied to the sponge
during the transient analysis.

Figure 6-15. Temperature variation in sponge versus time at a point 0.5 cm below the top of sponge.

Once the temperature of the sponge is increased by 0.5 °C, another transient analysis needs
to be run to observe the cooling curve of the same point in the sponge. The time step at which the
temperature in the sponge rises by 0.5 °C needs to be chosen as the initial condition for the cooling
transient simulation. In this final simulation, the heat source that was applied previously for heating
also needs to be discarded so that the cooling curve can be studied at various time intervals.
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Chapter 7
Conclusion and future work
The research work done until now assists in the microwave heating of the system to aid in
the measurement of absolute blood perfusion of tissue. The logical next step in the research would
be to use radiometry and other related work to employ the radiometric voltage to sense the
temperature decay in order to conclude the project work. Also, throughout this project, a problem
that required a lot of time to be spent on was to recirculate the water throughout the phantom setup
very uniformly and continuously. Heating of sponge at 0.9 GHz originally gave rise to problems
during the measurement of temperatures, as the water was heated below the plexiglas plate in the
phantom returned back near the thermistor even when the RF power was switched off. This
abnormality in the temperature in the phantom gave rise to false readings and also gave random
temperature fluctuation at times.
The future work includes:
•

The specific absorption rate (SAR) results obtained from the HFSS need to be exported into
the CFX in order to incorporate microwave heating in heat transfer/fluid dynamics simulation.
This was initiated in Chapter 6 and needs to be studied further.

•

To avoid radio frequency (RF) interferences, ASA’s need to be shielded around the substrate
edges and at the back side. The box designed and constructed currently needs to be modified
more for better radio frequency (RF) interference avoidance.

•

It is extremely important to explore a phantom liquid that would best mimic the thermal
conductivity and the complex permittivity of complex tissue consisting of blood, skin, and
muscle phantom where the perfusion is to be measured. This is extremely important as the
complex permittivity of pure water is approximately 30-40% more than the high water content
tissues such as muscle, wet skin and blood [37]. Liquids such as alcohol and acetone have
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lower permittivity. Such liquids can be added to blood to lower its permittivity [38]. Exploring
some of these options and selecting the best one for producing the appropriate mixture is very
essential to bring the mixture’s complex permittivity of the soaked sponge as close as possible
to that of the high water content tissues.
•

One of the issues with the current annular slot antenna is that, with a single feed, even for a
symmetric ASA, the beam along the feed plane (E-plane) is broader than the one along the Hplane. This error is also discussed in [39], and needs to be resolved.

•

Finally, the ever presence of the LNB, with about 3 W power consumption, on the phantom
setup during experimentations seems to be the main suspect for inconsistent temperature
readings (with the radiometer). LNB needs to be removed and antenna box needs to achieve
room temperature between measurements.

Appendix
Radiometer development

A.1 Temperature reference box
Radiometer components were developed by Dr. Tofighi and this author. It is not the focus
of this thesis but is presented here. The 3.5 GHz Radiometer uses a commercial satellite C-band
low noise block (LNB).
The initial temperature reference box prototype that was designed previously by a graduate
student (Charlie Huynh) had a problem of capturing a lot of RF interferences from the surrounding
environment. This was because the radiometer frequency of 1.5 GHz was too close to cell phone
frequencies. In addition, the temperature reference box was made up of Plexiglas. Therefore, a
decision was made to build another reference box prototype housed in the FR-4 substrate material
since the copper on the substrate would shield the signals inside from the environmental RF noises.
The first version of the reference box had a 50 Ω resistor and the same PTC thermistor (Spectrum
Sensors & Controls Inc., Grass Valley, CA) which is also a self-heating regulator. The thermistor
had factory determined heating threshold of 40 ºC which is good since it is realistically very close
to the body temperature of humans. Figure A-1 shows the final design of the temperature box that
was constructed. The reference box is constructed so that the PTC thermistor is placed on top of
0.5-cm-thick microwave absorber. Under the absorber, there is a 12 KΩ thermistor (Vishay,
Shelton, CT) which senses the temperature of the 50 Ω resistor. The 12 KΩ thermistor is placed
close to a 50 Ω resistor which has one side connected to the ground and the other side connected to
the 50 Ω microstrip transmission line. The circuitry is housed in a box made of the same FR-4
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material which works as the shielding. Care is taken while building the box such that there is no
opening left on the box for the RF interference to get inside the box. Note that, the temperature
reference box is added only when Dicke switching is used. However, during experimentation
(Chapter 5), it was noticed that Dicke switch still picks up significant RF interferences. Therefore,
most experiments (Chapter 5) were done without Dicke switch, so the temperature box was not
used.

Figure A-1. Reference temperature box before placing the top lid.

A.2 Power injector
To feed the LNB, a 75-ohm to 50-ohm power injector was constructed for the purpose of
impedance matching. Figure A-2 shows the final 75-ohm to 50-ohm power injection box design.
The power injection box also features FR-4 walls for the construction of the sides and top lid exactly

Figure A-2. 75 to 50-ohm converter with input power injection.
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similar to the temperature reference box. The output of that is a 75 Ω F type connector. Therefore,
a 75 to 50 Ω F to SMA power injector was developed.

A.3 RF interference mitigation

To shield the antenna from the RF interferences, the ASA needs to be shielded around the
substrate edges and at the back side. Therefore, a protective metallic box is designed and
constructed for the ASA which helps in better mitigation of the RF interferences that may get
through while reading the radiometric signals that are received from the phantom. Besides
weakening the RF interference that tries to get to the radiometer, the box also features a quarter wavelength balun at 3.7 GHz by adding a quarter-wavelength short circuited sleeve around the
radiometer coaxial cable that carries the signals. Therefore, the signals received are much better as
the sleeve gives a balanced operation to the unbalanced transmission line that might be present.
Figure A-3 represents the box from the inside and also the outside.

Figure A.3. Housing box for the annular slot antenna
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