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Coming up with radio frequency (RF) sensors and methods for estimating the

dielectric constant of substances in an evolving field. Such sensors have important

applications in biomedical and oil exploration areas in addition to many others.

This work will present RF sensor arrays for the biomedical and oil exploration

applications.

The measurement of the single phase portion in a multiphase flow is very

important to oil and petrochemicals industries. This work presents an RF sensor

design for dielectric constant estimation of two or three phase combinations of oil,

water and gas. The 28-port RF sensor is designed and optimized to operate at

250 MHz. Using the transmission coefficient of each RF sensor port, an equation

is obtained for dielectric constant estimation by applying the Least Squares (LS)
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method. Three different static two phase combinations including oil-water, gas-

water, gas-oil and three phase combination of oil-water-gas are experimentally

validated with an average measured error percentages of 5.5%, 17.3%, 16% and

6.2% respectively. A shake test (dynamic case) for the three phase combination

was performed to resemble an actual three phase flow and the average measured

error was 9.3%. The proposed sensor can estimate two or three phase combination

of oil, water and gas with an average error of less than 10%. The proposed sensor

is low cost, with low complexity and is the first to provide low error estimations to

2 or 3-phase static or dynamic flows that was implemented on a flexible AP9131

substrate of 0.1016 mm thickness and 6 × 27.93cm2 size that can be wrapped

around an acrylic pipe.

The second part of this work presents the design of an RF sensor array for pul-

monary edema monitoring inside the patient chest. A low complexity, low power,

small size, wearable, Inkjet printed, cheap and non-invasive radio frequency (RF)

based sensor array for pulmonary edema and emphysema monitoring inside the

patient chest is proposed. The RF sensor consists of 38 electrodes and 37 ports.

The size of the sensor is 4cm × 89.4cm. The sensor is optimized to operate at

60 MHz. The transmission coefficients Si1 are measured at each passive port and

then the LS method is used to form an equation for average dielectric constant

estimation. The dielectric constant estimation method is used to detect the pres-

ence of excess water/air in the lungs. Using a dielectric assessment kit (DAK),

the electrical properties of outer and inner layers of a human and porcine lungs

xvi



are obtained using different solutions of water, salt, isopropyl alcohol (IPA) and

glycerin. The average measured dielectric constants of normal human lung, edema

and emphysema infected lungs are estimated with errors of 3.54%, 4.83% and 4%,

respectively. Another test was conducted using porcine lung electrical properties

which are formed using a water and salt mixture. To detect the different stages

of pulmonary edema, 200 ml water balls are inserted in the inner layer of the

chest model. The measured errors are 2.68%, 0.87%, 2.18% and 2.8% for normal

porcine lung, adding 6 water balls, adding 12 water balls and adding 18 water

balls, respectively. The proposed sensor array can be integrated within clothes,

thus making it easy for patients to be monitored.
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CHAPTER 1

INTRODUCTION

Non-invasive monitoring methods of material or fluids is an important aspect in

oil industries as well as medical applications. These methods are important to

track material or fluid property changes. The techniques available for multi phase

flow measurements in the oil industry are, the conventional method, impedance

technique, radiation attenuation method, resonant cavity method, pulse neutron

activation, nuclear magnetic resonance (NMR), x- ray and microwave methods.

Many of them are expensive and have bulky measurement setups. A method for

continuous, uninterrupted and unattended monitoring of the 2-phase and 3-phase

combination of oil, water and gas is an important requirement for the oil industry.

The traditional methods of non-invasive imaging in the medical field are

the magnetic resonance imaging (MRI), computed tomography (CT) and X-ray.

These methods are expensive and require heavy equipment. The frequent use

of these methods will effect the patients health due to hight frequency expo-

sure. Unattended and uninterrupted monitoring of a patient health is an essential

1



requirement in medical devices. The commercial available devices can monitor

respiration rate, temperature and heart rate. Some wearable health monitoring

devices are also available. But these devices cannot monitor deep tissue changes

and many of them are very expensive. A low cost, wearable and continuously

monitoring sensor is an important requirement in medical field.

1.1 Applications of Dielectric Constant Estima-

tion

We can apply dielectric constant estimation methods to both the oil industry and

medical fields among many others such as food and drinks industries. We focus

here on the oil and biomedical aspects.

� In oil industry, the volume fraction of individual substances can be calculated

by estimating the average dielectric constant of the multiphase flow inside

the pipeline.

� The different stages of pulmonary edema (due to accumulation of fluid inside

the lungs) and emphysema (due to accumulation of air inside the lungs) can

be differentiated by the average dielectric constant estimation of the human

chest tissue.

In this work, we will propose RF sensor solutions and this accompanied with

dielectric constant estimation methods are used to address the multiphase flow

2



in plastic pipelines as well as monitoring the fluid content for pulmonary edema

patients.

1.2 2-Phase/3-Phase oil combination

Multiphase flow occurs in the oil and gas industry, steam generators, heat ex-

changers, oil transportation, chemical reactors and a lot of process equipments. It

also exists in many industries including drinks and food. The efficient separation

of substances and the drilling process will determine the profit margin in the oil

industry. The volume fraction of individual components in two or three phase

oil combinations provides an indication for the drilling process to be stopped or

continued. The complications in measuring the multiphase flow are significantly

more than those for a single phase one.

Due to the increasing demand of petroleum in the world, there are continuous

exploration and development of oil and gas reserves. Thus, the optimization and

development of techniques for monitoring multiphase flow is required. As non

invasive measurement techniques does not requires any change in the existing

process, high interest has been developed for such methods for the measurement

of multiphase flow. The capital cost of current multiphase flow meters is in the

range of 100 thousand to 1 million USD [1].

To maximize the amount of oil that can be retrieved, water and gas might be

injected at various points into the well. As oil is removed, the injected water is

used to maintain the pressure within the well and gas might be used to reduce the
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viscosity of oil. To optimize the process for both operation and transportation,

measuring and monitoring the produced mixture fractions (oil, water and gas) are

very important requirements.

Three ways to measure multiphase flows were summarized in [2]. The first

method is the separation of each phase using 3-phase gravity separator. Liq-

uid and gas will separate due to lower density of gas than the liquid. The oil

and water will separate due to their difference in densities and viscosities. The

second method is by using multiphase flow meters which include, differential pres-

sure (DP) meter, cross-correlation meter, electrical properties meter, microwave

method and gamma ray attenuation method. In microwave method, multiphase

mixtures can be measured by resonance and absorption. The individual phase

fractions of the mixture are determined by the difference in permittivity. In the

gamma ray attenuation method, nuclear sources used are the Caesium 137, Bar-

ium 133 and Americium 241. The gas is a weak and water is a stronger absorber

of gamma rays. So, single energy attenuation uses the high energy gamma ray to

distinguish the liquid from the gas and DEGRA (dual-energy gamma ray attenu-

ation) uses both the low and high energy gamma ray emitted to firstly distinguish

the oil from the water and then gas from the liquid. The third method is the

partial separation which is used when multiphase mixture has a high gas volume

fraction (> 95%). A single phase meter such as venturi tube can be used to

measure the gas stream.

In [2], [3], difficulties in measuring multi-phase flows (MPFs) are discussed. In
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the conventional approach, the mixture is separated into individual components

and then the measurement is done using single-phase flow (SPF) meters. For

an acceptable accuracy, most meters deal with homogeneous flows but in reality

MPFs are inhomogeneous. There are some problems with three-phase separators

like, high installation cost, bulky equipment, considerable maintenance and more

time required for the measurement . A current injection technique with voltage

measurement circuits was used for electrical resistance tomography (ERT). An

electromagnetic tomography (EMT) sensor consists of a set of excitation coils for

producing a magnetic field and a set of detection coils to detect the changes in

field due to the variation in conductivity and permeability. The image resolution

of EMT is poor. Electrical capacitance tomography (ECT) is based on measuring

the changes in capacitance due to the change in dielectric properties. A multi-

electrode sensor (typically 8 or 12) is used for capacitance measurement. In ECT,

electrode 1 is excited and 2-8 are the detectors. Then, electrode 2 is excited and 3-

8 behave as detector, and so on, up to the excitation of electrode 7 and detection

of electrode 8. Advantages of ECT includes, rapid response, no radiation, low

cost, non-invasive, ability to withstand high pressure and temperature.

The techniques available for the multi-phase flow measurements are, conven-

tional method, impedance technique, radiation attenuation method, resonant cav-

ity method, pulse neutron activation, nuclear magnetic resonance (NMR), x- ray

and microwave method [4-8]. These techniques have their own advantages and

disadvantages. Many of them work for only two phase flows with a water fraction

5



greater than 10%. Impedance techniques include ECT and ERT. For these tech-

niques, there is a need to identify the flow pattern first before the measurements.

These are sensitive to changes in the electrical properties due to temperature.

Such techniques cannot be used over the full component fraction range like (0 to

100% of water). They are dependent upon the flow regime. ECT works only for

continuous oil flows, up to the possibly 30% water, for higher water levels, the

metering has to be switched to ERT. The radiation attenuation method is costly

and have safety issues due to high radiation frequencies. It is difficult to imple-

ment in the field. Its probes disturb the flow field. It is limited to high water

concentrations (> 10%). In water continuous flows, the resonant cavity method

cannot be used because, if the conductivity of the mixture is too high, the cavity

will not resonate. The pulse neutron activation method is very expensive. But

it can be used to determine the wide range of substance fractions. The NMR

method uses complex and high-cost technology. The x-ray method is expensive

and includes some health risks.

In this work, we will focus on the Microwave method in which measurements

can be made without affecting the fluid flow. Previous works on microwave meth-

ods are limited to high water concentrations (> 10%) and mostly can work for

two or three phase combination only. We will focus on a non-invasive technique

for measuring the volume fraction of two or three phase oil combinations. Our

objective is to design a sensor array with very small size, low complexity and cost

which will wrap around on the oil non-metallic pipe and estimate the dielectric
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constant inside the pipe. From the dielectric constant calculation, we can esti-

mate the volume fraction of the individual substance of the two or three phase oil

combinations.

1.3 Pulmonary Edema Monitoring

The traditional methods for non-invasive imaging of deep tissues within the human

body are X-rays, Computed Tomography (CT) and Magnetic Resonance Imaging

(MRI). But these techniques have many disadvantages such as unsuitability for

continuous time monitoring, the patient must visit the hospital, expensive, difficult

to carry due to large and heavy equipment and side effects if frequently used.

Wearable and continuous health monitoring sensors are discussed in [9] and [10].

These are limited for monitoring breathing, heart rate and skin temperature.

These sensors have advancements in data collection but they lack deep tissue

monitoring.

Non-invasive imaging techniques include electrical impedance tomography

(EIT), ultrasound impedance tomography and microwave imaging [11]. By mea-

suring the voltages and currents on the periphery of the body, EIT [11-14] re-

constructs the spatial conductivity and permittivity within it. Abnormalities can

be detected by recording changes in measured voltages or potential difference in

the body density. EIT was used to monitor the respiratory function in 1983.

The applications of EIT include, real time imaging of ventilation, allows nonin-

vasive repeated measurements of the changes in the lung volume and detection
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of collapsed lungs. This technique is limited to bed side applications due to the

complex circuitry needed for the generation of the variable current patterns. Its

accuracy is low due to tissue diversity and being able to reconstruct abnormal

shapes. Ultrasound relies on the acoustic properties of tissues. The transmitted

wave face reflection, transmission and diffraction through the tissues. Its operat-

ing frequency is low (1-20 MHz) to ensure deep tissue penetration. Ultrasound

works based on the reflected signal amplitude and time delay. The ultrasound

transducer generate and receive sound waves. The early received echoes are from

close to surface structures and later ones are from the deep tissue [15]. The echoes

are separated by the time delay of reception and the received signal strength. This

technique is mostly suitable for soft tissues and not for bones. Its applications

include, abdominal, cardiac, urological, fetal, pediatric and fluid detection mea-

surements and analysis. The ultrasound device can be portable but not wearable.

Its accuracy is limited due to increased attenuation at high frequencies which

results in signal loss and dispersion.

Microwave imaging is used to recover exact electrical properties (permittivity

and conductivity) from the frequency range of 300 MHz to 30 GHz. In this tech-

nique, an array of wide band antennas is placed around the body to collect the

back scattered and bi-static data. The main issues for using this technique are,

the high frequency of operation and small depth of penetration. This technique

is applicable for near fields only. It is used for breast cancer detection and treat-

ment response monitoring [16]. The portability and wearablity is not possible due
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to the complex circuitry for sending and receiving wide-band signals. The accu-

racy is effected due to the lossy characteristics of biological tissues at microwave

frequencies and also deep tissue monitoring is not possible.

In short, EIT and ultrasound give a contrast image rather than actual values

of electrical properties and microwave methods have high frequency of operation

hence small depth of penetrations. There is no technique which combine com-

pactness and accurate dielectric properties measurements within the same device.

The proposed on body monitoring system combines a wearable sensor with

deep tissue monitoring such that the changes in the tissues reflect changes in the

electrical properties. This is beneficial for patients at risk of having pulmonary

edema disease (due to fluid accumulation in lungs) and emphysema (due to air

accumulation in lungs). In our design, we propose an RF sensor operating at 60

MHz that is very small, low cost and of low complexity. The proposed sensor

have many features. The substrate is a thin polyimide sheet which is flexible and

can be integrated within wearable cloths (T-shirts). An Inkjet printer is used for

sensor fabrication. The input power and operating frequency is low which reduces

health risks. It is simple to implement and light weight. It is non-invasive and non-

intrusive. Its size is 4 × 89.4cm2. The chest model used for the measurements is

elliptical and close to the average adult chest. An average error of less than 3.3%

was measured for human (normal, edema, emphysema conditions) and porcine

lungs with different stages of pulmonary edema. The sensor can monitor the

inner tissues of the human body deep to 11.64 cm. The achieved dynamic range
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for low to high εr variation is 20 dB. It can detect the presence of water in the

whole area of the human upper chest.

1.4 Theoretical Background

The materials with dominant bounded positive and negative charges are called

dielectrics. These bounded charges are not free to travel. When an external field

is applied to these bounded charges, their centroid shift in position slightly relative

to each other, thus electric dipoles are created. These polarized dipoles provide

the material the ability to store electric energy. The dielectric constant is the

ability of a substance to store electrical energy in an electric field. The larger its

value, the greater is the ability to store energy. It is a ratio between permittivity

of a substance to the permittivity of the free space (8.85× 10−12 farad per meter

(F/m)) [17].

1.4.1 Scattering Parameters

The incident and reflected power of a two port network can be calculated us-

ing S-parameters [18]. The S-parameters are usually normalized to a particular

impedance (50 ohms). The S11, S21, S12, S22 are called the input reflection co-

efficient, the forward transmission coefficient, the reverse transmission coefficient

and output reflection coefficient, respectively, for a two port network as shown in

Fig. 1.1.
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Figure 1.1: S-parameters of two port network

In this work, we have a multi port network and we will focus on the trans-

mission coefficient Si1 where i is the port number. In a sensor array, the first

port is active and the other ports received the radiated fields. The transmission

coefficients are measured at each passive port for dielectric constant estimation.

The setup of port read out is shown in Fig. 1.2.

Figure 1.2: Setup of port read-outs [11]

1.4.2 Dielectric Constant Estimation

The effective dielectric constant (εr ) of an oil, water and gas mixture was cal-

culated for multiphase flow using (1.1) in [19], where d is the volume fraction of
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water, r is the volume of gas, (1−d−r) is the volume of oil, εwater is the dielectric

constant of water with value of 81, εoil is the dielectric constant of diesel oil with

value of 2.2 and εgas is the dielectric constant of gas with value of 1.

√
εr = d

√
εwater + (1− d− r)

√
εoil + r

√
εgas (1.1)

The dielectric constant can be estimated for both 2-phase/3-phase oil combi-

nations and pulmonary edema monitoring sensors using Equation (1.2) [20] where

wi−1 are the weight coefficients which can be determined using the Least Squares

(LS) method, Si1 are the transmission coefficients and i is the port number. In

RF sensor array, we excite the first port and the scattered field is collected by the

other ports. The signal received (Si1) at farthest electrode have more dependence

on the deep layer tissues properties as shown in Fig. 1.3. Each port can sense

different depths. The sensor array can provide accurate εr estimation as a func-

tion of depth by applying proper calibration. We are interested in overall signal

level Si1 which should be large and vary from port to port. By changing the inner

layer εr from low to high values, the dynamic range can be seen from active port

to the farthest one as shown in Fig. 1.4. To precisely detect the minor changes of

εr, the dynamic range should be large.

εr =
28∑
i=2

wi−1Si1 (1.2)
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Figure 1.3: Illustration of signal propogation through different layers [11]

Figure 1.4: Port read-outs and dynamic range in [11]

1.4.3 Least Squares Method

The LS method is used to approximate the solution of overdetermined system.

This method can be used, when the number of equations are more than the number

of unknowns. The overall solution of LS method minimizes the sum of squares of

errors made in result of each equation solution. In (1.3), A is the overdetermined

matrix which we are going to solve using LS method, x are the number of unknown

which we need to determine and b is the solution matrix of each equation. We
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need to find x that makes A.x as close to b as possible. In our case, multiple

simulations are conducted in HFSS for various dielectric constant values to obtain

the weight coefficients using collected transmission coefficient values of multiple

port sensor. The equation (1.5) and (1.6) is th LS method formula to obtain the

weight coefficients [21]. The pseudo-inverse (pinv(C)) or left inverse of C can be

found using (1.7).

Ax = b (1.3)

multiply both sides with AT

ATAx = AT b (1.4)

x = inv(ATA)AT b (1.5)

For singular or non square matrix,

x = pinv(ATA)AT b (1.6)

Let C = ATA, where,

pinv(C) = (CTC)−1CT (1.7)
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1.4.4 Specific Absorption Rate (SAR)

The SAR measurement evaluate the safety limits of a wireless medical device or

antenna. Power absorbed by tissues surrounding the antenna/sensor is a criti-

cal parameter. Hence, SAR analysis is required to evaluate the antenna/sensor

performance. The SAR is defined in [22] as,

SAR =

∫
sample

σ(r)|E(r)|2

ρ(r)
dr (1.8)

where |E(r)|2 is the root mean square electric field strength, σ is conductivity

and ρ is the mass density of the tissue sample. The unit of SAR is watt per

kilogram (W/Kg). The SAR can be averaged over a small volume or over the whole

body. According to IEEE standard, 10 grams averaged SAR value is limited to

2 W/Kg. The Federal Communication Commission (FCC) limits 1 gram average

SAR to 1.6 W/Kg. According to IEEE and FCC, the whole body SAR value is

limited to 0.08 W/Kg. The effective radiated power (ERP) of the devices outside

the human body is limited to 25 uW by FCC.

1.5 Thesis Objectives

The objectives of this work include the following,

1. Design of a Radio Frequency (RF) sensor array for dielectric constant

estimation of multiphase oil flow in pipelines with low cost, low complexity and

small in size (wrapped around on oil pipe), operating below 300 MHz, works for
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2-phase and 3-phase, static and dynamic cases with average error less than 10%.

2. Design of a Radio Frequency (RF) sensor array for pulmonary edema mon-

itoring that is low cost, low complexity and small in size, operating below 100

MHz with average error should be less than 10% and can be installed on clothes

for complete portability.

3. Characterize and assess the performance of the two sensor arrays in a

laboratory environment.
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CHAPTER 2

LITERATURE SURVEY

This chapter presents the literature review for 2-phase/3-phase oil combination

and biomedical sensors.

2.1 2-Phase/3-Phase Oil Combination Sensors

There are seven different types of available sensors for measuring the single phase

in a 2-phase/3-phase oil combination in literature. These are:

� Gamma ray

� Capacitance sensor

� Microwave sensor

� Resonant cavity sensor

� X-ray

� Dual modality sensor

� Electrical impedance tomography (EIT) sensor
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2.1.1 Gamma Ray

Gamma ray measurements were applied to estimate the volume fraction of mul-

tiphase flow in [1]. The root mean square error percentage (RMSEP) for the half

test data of oil, water and gas was 39.2%, 6.3%, 37.4% respectively. After appli-

cation of average linear scaling, the RMSEP for oil, water and gas was 8.9%, 4.4%

and 6.5% respectively. The gamma ray attenuation measurement technique in [1]

is shown in Fig. 2.1. Three different vertical positions (-36, 0, 36) were marked

on the cross section of the pipe. The distance between each position was 2 mm.

The intensity of the detected gamma ray was measured at that positions.

Figure 2.1: Gamma ray attenuation measurement technique [1]

2.1.2 Capacitance Sensor

In [23], a capacitance sensor was discussed for two phase combination of oil-water.

The sensor length was 50 cm with an outer diameter of 5.6 cm. The measured

capacitance was dependant upon the phase distribution. The same flow pattern
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was needed for the measurements. This technique was not suitable for water

contents greater than 30%. Capacitance sensors were practical for continuous and

low conductivity flows.

Experiments were performed using gas-oil two-phase flow in [24] to determine

the signal to noise ratio, sensitivity, and time response of the capacitance sensors.

Ring type and concave type capacitance electrodes were discussed. The equivalent

capacitance circuit for the stratified flow, annular flow, slug flow and bubbly

flow were designed. The results showed that the concave-type sensors are less

sensitive to the void-fraction signal than the ring type. As the separation distance

between the electrodes decreased, the sensitivity of ring type sensor increased. The

predicted error was 15% of the experimental data.

A system using capacitance sensor for phase angle conversion was discussed

in [25] for the two phase combination of oil-water. The water presence induced

a capacitance change that in turn converted into a phase angle. A resolution of

50 ppm of water content was achieved. The diameter of the tube was 1.2 cm

with length of 10 cm. The length of each of the two electrode was 9 cm and the

minimum spacing between them was 0.4 cm. Water was gradually added in an

oil filled pipe through a syringe. For precise control of water, a micro syringe of

50 ppm was used. The 50 ppm of water was translated to a 4.7 fF change in

capacitance value. The maximum error between simulation and measurements

was 33%. The proposed capacitance sensor details are given in Fig. 2.2.
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Figure 2.2: Capacitance Sensor [25]

A portable segmented electrical capacitance tomography (ECT) sensor was

proposed in [26] which can be placed within any diameter insulating pipeline

without the need of redesign. To make the sensor work independently, data ac-

quisition (DAQ) system, microcontroller unit and USB devices were applied. It

was based on measuring the dielectric properties inside the material of a closed

pipe. This was used for only two phase flow measurements. A sixteen segmented

sensor electrode were developed. Each electrode has 10 cm length and 1.9 cm

width. The diameter of the acrylic pipe used was 11 cm with the wall thick-

ness 0.5 cm, outer pipe radius 5.5 cm and inner pipe radius 5 cm. The pipeline

thickness significantly influenced the reconstructed image and capacitance. The

maximum error percentage of the two phase combination mixture of water and

gas flow was 17%, palm oil and gas flow 125.9% and water and palm oil flow 33%.

A repeatability test was conducted four times for the gas-water combination flow
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to study the variation and the results showed a consistency in the measurement

system. The Portable ECT sensing module is shown in Fig. 2.3.

Figure 2.3: Portable ECT sensing module [26]

2.1.3 Microwave Sensor

In [27], a microwave technique was presented. The operating frequency was 10.5

GHz. Electromagnetic (EM) waves that passed through the water were phase

shifted and attenuated, but in the case of gas and oil, phase shifted with minor

attenuation. The water content of the core was determined by the attenuation of

EM waves with an uncertainty less than 5 percent. The phase shift of the EM

wave determines the gas and oil with 8 percent error. The experiments were done

for both two and three phase oil combinations. This technique used complex and

heavy measurement setup for determining the attenuation and phase shift of EM

wave.

A microwave technique for detecting the two phase flow of air-water with small

water contents was presented in [28]. The operating frequency was between 3.9
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GHz to 4 GHz. Using coaxial probe, waveguide modes were excited and reflection

response was measured. The length of circular aluminum waveguide was 43 cm

with outer diameter of 4.3 cm. The air-water mixture was inhomogeneous during

the experimentation. The error percentages were less than 1%. The fabricated

microwave sensor is shown in Fig. 2.4.

Figure 2.4: Fabricated Microwave sensor [28]

A microwave technique for monitoring fluid level in petroleum pipelines is dis-

cussed in [29]. Two patch antennas operating at 3 GHz and 3.3 GHz respectively

were designed and integrated within the pipeline. The 3 GHz patch antenna, inte-

grated in the shielded portion was used to measure the air-oil levels. By increasing

the oil level in pipeline, the resonance response shift to lower frequencies. The

patch antenna operating at 3.3 GHz, integrated in the non-shielded portion was

used to measure the oil-water levels. The power level of reflected signal (S11) was

changed by changing the water level in pipeline. By increasing the water level

in pipeline, the S11 increased (matching reduced). For different level of oil and

water, look up tables were formulated. Once the contents level of oil and water are

22



known the air level can be formulated easily in case of three phase combination.

This technique did not detect water level more than 30% which was the main

disadvantage. The pipeline model in HFSS with two integrated patch antennas in

shielded and non shielded region is shown in Fig. 2.5. The complex measurement

setup is shown in Fig. 2.6.

Figure 2.5: Pipeline model in HFSS with two integrated patch antennas in shielded
and non shielded region [29]

Figure 2.6: Measurement setup in [29]

An invasive microwave sensor was proposed in [30] for detecting water holdup

of less than 5% for crude oil in a pipeline. The resonance behavior of hydrocarbon
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mixture was observed to determine water holdup in horizontal oil pipelines. In-

creasing the water level in a 2-phase oil-water combination increased the effective

dielectric constant and reduce the cutoff response of the pipeline. The maximum

error was 1.5%. The measurement unit is shown in Fig. 2.7.

Figure 2.7: Measurement Unit in [30]

2.1.4 Resonant Cavity Sensor

Resonant cavity sensors were discussed in [31-34]. Due to the large difference

between permittivity of the water and other fluids, resonant cavity was used in

fluid containing water. The frequency shift of the first resonant peak determines

the water fraction in a non-intrusive way. In [31], the sensor operating frequency

was between 100 MHz to 400 MHz with 1 mW input power. The sensor was

designed to resonate at 300 MHz for the TE111 resonant mode. The injected

electromagnetic signal was received from the sensor through 50 ohm coaxial cables.

As a result of increasing the water fraction, the first resonant peak was shifted to
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a lower frequency and the signal magnitude was improved. The accuracy of the

measurements was not discussed. The fabricated resonant cavity sensor with its

sketch are shown in Fig. 2.8.

A non-intrusive sensor based on EM cavity for three phase oil combination

was discussed in [32]. Using the resonant frequencies shifts, it determines the

percentage volumes of each phase of three phases (oil, gas, and water). The

dimensions of the cavity were optimized using HFSS. The cavity had an outer

radius = 5 cm and depth = 30 cm and a PVC pipeline with an outer radius = 2.5

cm. By increasing the water or oil fraction, the first resonant peak was shifted to

lower frequencies and signal magnitude was improved. But in case of oil fraction

increment, the frequency shift and increase in signal amplitude were slower than

the water fraction case.

Figure 2.8: Fabricated Resonant Cavity sensor with sketch [31]

A non-intrusive and low input power (10 mW) radio frequencies (RF) sensor

operating in the range of 100-350 MHz was discussed in [33]. By increasing the

water or oil fraction, the first resonant peak was shifted to a lower frequency. The

0.7 MHz frequency shift was seen for 1% water volume increment. The proposed

resonant cavity sensor setup is shown in Fig. 2.9.
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Figure 2.9: Resonant Cavity sensor setup [33]

The operating frequency of resonant cavity sensor in [34] was between 200 MHz

to 300 MHz. The size of cavity was 30 × 10cm2. For oil-water combination, 32

MHz shift in frequency was observed by varying water from 0% to 100%. Similarly,

for oil-gas, 3.5 MHz frequency shift was seen by varying oil from 0% to 100%. For

low εr values, HFSS simulations had high error percentages.

The electromagnetic signal attenuation by decreasing the water content was

the main disadvantage of the RF resonant cavity [35]. This undesirable behavior

can be eliminated by using the impedance matching circuit at transmitter and

receiver modules. Impedance matching networks based on lumped capacitor and

inductor were built for a 100%, 50% and 0% water. The operating frequency

range of the cavity was from 150 MHz to 300 MHz. The sensor was built using

a 3 inches PVC pipe inside another 5 inches metallic pipe, both of them with 5.9

inches in length. The cavity resonated at 300 MHz for the TE111 resonant mode.

The detection of first resonant peak was improved using the impedance matching

method which contributes to develop more reliable water-cut meters.
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2.1.5 X-ray

In [36], an X-ray transmission technique which has its own limitations regarding

the number of distinguished substances in relation to the achieved accuracy of

the measured attenuation was discussed. This is a non-invasive technique which

was done by measuring the attenuation in a pipe with suitable photon energies.

As steel pipe walls absorb most of the x-rays, high energy x-ray is required for

large penetration. But oil and water has a large difference in absorption which

require a low energy x-ray. In oil industry, the energy of x-ray is between 30-60

KeV. The measurement uncertainty includes the statistical error which are due

to the counting of the statistics and systematic errors, the x-ray spectrum shape

and system response function. To measure the three phase oil volume fraction,

two x-ray energies are needed. Thus, raising the system complexity and cost.

The optimum energy for two and three energy sets of x-rays was mentioned

in [37] for different oil, gas and water combination. The dual energy gamma ray

absorption (DEGRA) and x-ray are the well known techniques in the oil industry

for measuring the multiphase flow [38-40]. The conventional single energy x-ray

determine the concentration of one material in a certain plane with high accuracy

by using long acquisition time. Using two different x-ray energy, we can recon-

struct two different tomographies from which the third phase can be calculated

[41]. In dual energy x-ray absorption (DEXA), the radiation can be obtained

using x-ray generator or a radio nuclear source. By using x-ray generator, we

can choose the optimum energy to get good accuracy but in case of radio nu-
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clear source, the energy is restricted by nature. Strict licensing is required for the

devices having energy greater than 100 KeV and for the transportation of these

radio nuclide sources. The experimentation was done using 4 cm diameter steel

pipe. The maximum error percentage was 4.1% for the two phase oil-water com-

bination. The high energy x-ray is not suitable to distinguish between component

of the mixture. With the increase in absorption of the mixture, the error at the

optimum energy combinations increases.

2.1.6 Dual modality Sensor

In [42], a non-invasive dual-modality sensor was presented by integrating an ECT

and ERT sensors. Eight capacitance and eight resistance copper electrodes each

with length 10 cm were used. Only simulations were carried out using COMSOL.

The ECT mode was active for oil-continuous distribution (water < 40%) and for

water-continuous flows (water > 40%), ERT mode was switched. The experiments

were done for two and three phase static case only. The dual modality sensor is

shown in Fig. 2.10.
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Figure 2.10: Dual modality sensor [42]

A dual modality tomograph (DMT), consisting of gamma-ray and capacitance

sensors was developed in [43] for three phase oil combination consisting of oil,

water and gas. The problems were the salinity dependence of gamma ray mea-

surement and performance of capacitance sensor in water continuous phase. The

capacitance sensor is sensitive to the electrical permittivity of the flow component

so it was assume that the liquid contains the oil continuous flow. The gamma ray

tomography distinguish the gas from liquid based on density differences in gas

and liquid phases and different photon attenuation constants. The capacitance

sensor has eight electrodes each with the length of 10 cm. The PVC pipe used

was with inner diameter of 8 cm. The capacitance sensor and gamma ray source

were at the same cross section of the pipe. The gamma ray source energy was 59.5

KeV. A total of 85 gamma ray detectors were used. There was some calibration

issues for the capacitance sensor. The gamma ray and capacitance sensor error

increased by changing the salinity of water. The recorded maximum error was

10%.
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2.1.7 Electrical Impedance Tomography (EIT) Sensor

A non invasive technique for two or three phase oil combination was discussed

in [44]. The prototype consisted of an electrical impedance tomography (EIT)

sensor, flow-mixture density meter (FDM) and electromagnetic flow meter (EMF)

in addition to pressure, temperature and online water conductivity measurements.

Three phase flow optimum performance was achieved within 0-45% gas volume

fraction and 45-100% water in liquid ratio (WLR) which results in the estimated

WLR within 10% error. For gas volume fraction (GVF) greater than 45%, the

WLR error was doubled. For the oil continuous flow with 33% WLR, the obtained

uncertainty of GVF was 65% and WLR 25%. So the EIT based system were

limited to water continuous flow only. With increasing GVF, the error of oil flow

rate increase up to 120%. The error for the two phase flow of oil-water was 5%

for only water continuous flow regions. EIT has limited capacity in handling the

high fraction of gas and oil phases. The used measurement setup was complex

and bulky. The integrated EIT measurement system with its sketch is shown in

Fig. 2.11.
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Figure 2.11: Integrated EIT measurement system with sketch [44]

2.1.8 Summary of Previous Multiphase Flow Techniques

The Gamma ray attenuation method in [1] is expensive, need calibration, difficult

to implement, limited to high water concentration and have high error percentages

without using average linear scaling methods. In [23], the capacitance sensor was

discussed for continuous, same flow pattern and low conductivity two phase flows.

This sensor was not applicable for water percentage greater than 30%. Only static

case simulations were performed for the dual modality sensor in [24]. The length

of the electrodes was 10 cm. No comparison was found for the error percentages.

The microwave method proposed in [25] had complex and bulky measurement
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setup. ECT technique used in [26] was only for two phase combination of gas-oil

with an error percentage of 15%. This technique cannot be applied for high water

concentration mixtures. In [27-30], microwave sensors were discussed which are

applicalble for low water contents only. In [31-35], resonant cavity sensors were

discussed in which a shift in the first resonance peak gives the idea of the volume

fraction of water or oil. Accuracy was not discussed in [31-35]. The resonant

cavity first resonance peak is improved using impedance matching network for

only three water cuts (0%, 50% and 100%) in [34].

A capacitance to phase angle conversion method was proposed in [35] for only

two phase combination of oil-water. The maximum error percentage was 33%.

The x-ray attenuation method was discussed in [36-41]. As steel pipes absorb

x-rays, high energy x-ray is needed but to differentiate water from oil, low energy

x-ray is needed to obtain high accuracy. Also, the radio nuclear source energy is

restricted by nature so obtaining high accuracy is difficult. For high energy x-

rays, licensing is required. A DMT technique is used in [42]. This technique had

some limitations such as, more complexity, calibration issue and oil continuous

flow issue for capacitance sensor and increase in error percentage by increasing

the salinity of water.

Segmented ECT sensor was proposed in [43]. The measurements were per-

formed for only two phase combinations. The electrode length was 10 cm. The

accuracy was influenced by changing the pipe thickness. The maximum error

percentages were high, for water-gas 17%, oil-gas 125.9% and for water-oil 33%.
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An EIT sensor proposed in [44] was limited to water continuous flow and had

the complex and bulky measurement setup. The measurements were restricted

to water volume of 45-100% and gas 0-45% for error upto 10%. For 33% water

concentration, the recorded error for gas volume fraction was 65% and for water

25%.

A brief comparison of literature survey is given in Table 2.1. A tree of multi-

phase flow measurement methods is presented in Fig. 2.12.

Figure 2.12: Tree of methods for multiphase flow measurements
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Table 2.1: Comparision table for literature survey of oil sensor

Reference Method Frequency
(MHz)

Length
(cm)

Complexity Error
(%)

2-phase/
3-phase

Static/
Dynamic

Cost Limits

[1] Gamma
Ray

- large high 39.2 3-phase dynamic very
high

difficult to implement, safety
aspects, limited to high water

concentration
[23] Capacitance

Sensor
- 50 low - 2-phase dynamic low applicable for continuous oil

flows and low conductivity flows,
works for water concentration

less than 30%, flow regime
dependent

[24] Capacitance
Sensor

- 1 low 15 2-phase dynamic low flow regime dependent, not
applicable for high water

concentration, oil continuous
flow needed

[25] Capacitance
Sensor

- 10 high 33 2-phase static low flow regime dependent, not
applicable for high water

concentration, oil continuous
flow needed

[26] Portable
ECT

Sensor

- 10 high 33 2-phase static high high accuracy is difficult, not
applicable for high water

concentration, flow regime
dependent, oil continuous flow
needed, pipeline material must

be pure insulator
[27] Microwave 10500 17 very high 8 2-phase and

3-phase
static high calibration needed, complex and

bulky measurement setup
[28] Microwave 3900-4000 43 high 1 2-phase static low calibration needed, applicable

for low water percentages only
[29] Microwave 3000-3300 2 high - 2-phase and

3-phase
static high applicable for low water

percentages (less than 30%) only
[30] Microwave 2680-2740 - high 1.5 2-phase static low applicable for low water

percentages only, invasive
technique

[31] Resonant
Cavity
Sensor

100-400 15 high - 2-phase static high not used for water continuous
flow, applicable for non-metallic

pipes
[32] Resonant

Cavity
Sensor

240-330 30 high - 3-phase static high not used for water continuous
flow, applicable for non-metallic

pipes
[33] Resonant

Cavity
Sensor

100-350 large very high - 3-phase static and
dynamic

high not used for water continuous
flow

[34] Resonant
Cavity
Sensor

200-300 30 high high 2-phase static high not used for water continuous
flow, applicable for non-metallic

pipes
[35] Resonant

Cavity
Sensor

150-300 15 high - 2-phase static high not used for water continuous
flow, applicable for non-metallic

pipes
[36-41] X-Ray - - very high - 2-phase and

3-phase
static and
dynamic

very
high

high accuracy is difficult, strict
licensing required, health risks

[42] Dual
modality
ECT and

ERT

- 10 high - 2-phase and
3-phase

static high flow regime dependent, need to
switched the ERT mode for

water concentration greater than
40%, oil continuous flow needed

for ECT
[43] Gamma

Ray and
Capaci-
tance
Sensor

- 10 very high 10 3-phase dynamic very
high

calibration and oil continuous
flow needed, increase in error

with increase in salinity of
water, flow regime dependent,

applicable for non-metallic pipes
[44] EIT Sensor - large very high 10 2-phase and

3-phase
dynamic very

high
limited to water continuous flow,

bulky measurement setup,
limited capacity in handling

high fraction of gas and oil, high
error percentages for gas and oil

(upto 65%), applicable for
non-metallic pipes

Proposed RF Sensor 250 6 low <10 2-phase and
3-phase

static and
dynamic

Low applicable for non-metallic pipes
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2.1.9 Proposed Design Features

Our proposed sensor is designed to operate at 250 MHz for dielectric constant

estimation of two or three phase combinations of oil, water and gas which is

the first of its kind to give low estimation errors for static and 3-phase flows.

The proposed RF sensor has many features. The input power is low (1 mW) so

no spectrum licensing is required. It is non-intrusive, non-invasive and compact

in size. It is inexpensive and no calibration is required. The installation and

maintenance cost is very low. It is simple to implement and install. The RF

sensor measurements are taken without effecting the fluid flow. The sensor is

robust and can be applicable to any concentration of oil, water and gas in the

acrylic pipe. The measurement setup is simple, light and very small in size. It

can be used for two or three phase combinations in static or shaked condition.

This is applicable for both homogeneous and non-homogeneous flow. There is no

need to identify the flow pattern before measurement.

2.2 Biomedical Applications

There are three different types of sensors/antennas for biomedical applications in

literature. These are categorized as,

� RF Sensors

� Biomedical Antennas

� E-Fiber Sensors
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2.2.1 RF Sensors

For the diagnosis of pulmonary edema, a wearable health monitoring sensor inte-

grated with a body area network was presented in [45]. The sensor consisting of

17 electrodes with 16 ports (planner geometry) was placed on the human chest to

measure the effective dielectric permittivity of lungs and detect irregularities. The

RF signal of 40 MHz was applied to the active port and scattering parameters are

measured on each passive port. The dielectric constant of the lung was expressed

as the weighted sum of the measured S-parameters. The permittivity of the lung

was calculated with less than 11% error from the exact value. The mobile sens-

ing body area network (MS-BAN) was employed for wireless data transfer and

continuous remote sensing. To test the robustness of the sensor, the volumetric

percentages of blood, air and tissues were taken for normal, edema and emphy-

sema conditions of the lungs. The effective dielectric constant, conductivity and

loss tangent were calculated in each case. The error remained below 10% between

exact and calculated dielectric constant values for all cases.

The use of tissue emulating gel was done to better emulate the human tissue.

The semi solid gel based phantom was chosen for the measurements due to ease

in fabrication and low cost. Skin and muscle gel was created using the formula

in [46-47]. The Si1 parameters were measured on each port sequentially. The

data collection procedure was repeated twice for good accuracy. To detect pul-

monary edema stages, hollow plastic balls filled with distilled water were inserted

inside a swine lung. The process was repeated with increments of six water balls
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which were placed in the strongest fringing field area. The measured error was

maintained below 11%. The proposed RF sensor in [45] is shown in Fig. 2.13.

Figure 2.13: Proposed RF sensor in [45]

Edema and emphysema diseases were characterized by the modified permit-

tivity and conductivity of lung tissue due to the change in the total lung water

content in [48]. To detect the radio graphic changes using conventional chest x-

ray, doubling the lung water is necessary. But the microwave method provides

more absorbed energy when increasing the water content. Both reflection and

transmission coefficients through the lungs are sensitive to the change in water

content. The lung is composed of tissue, air and blood volume. The blood vol-

ume will decrease with emphysema and increase with edema. The tissue volume

of lungs was 500 ml in normal case, 250 ml in emphysema and 1000 ml in edema

case. The normal residual volume was 1630 ml which will decrease to 1130 ml in

edema and double in case of emphysema. The operating frequency was 915 MHz.

In the frequency range of 0.1 to 3 GHz, the equations for electrical properties of
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blood muscles and fat were provided. The error percentages were not discussed.

Breathing, heart rate and changes in lung water contents were monitored using

a single transmission coefficient using short time Fourier transform based digital

signal processing method in [49]. The sensor operating frequency was 915 MHz

which is the unlicensed band for medical applications. FEKO simulation software

was used to optimize the design. An air pump connected with balloon was used to

simulate breathing. Two sponge layers were placed on both sides of the balloon.

To emulate changes in lung water contents, water was injected in the sponge layer

through a syringe. Breathing has an effect of 4 degree peak to peak change in the

measured microwave phase and 46 degree with the addition of 10cc water. The

microwave applicator with its fabricated prototype in [49] are shown in Fig. 2.14.

Figure 2.14: Microwave applicator with fabricated prototype in [49]

A mobile wearable health sensor was proposed in [50] for early detection of

cancer and pulmonary edema. The operating frequency of the sensor was in 10

to 40 MHz range. This was a wrapped around chest sensor with errors less than

8%. The subgrouping of sensor ports makes post processing of the data difficult.
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Edema can be detected with single sensor at 915 MHz using reflection and

transmission phases in [51]. The size of sensor was 3.2× 3.4cm2. It is not flexible

and wearable. The accuracy was not discussed.

The RF sensor in [52] was a wrap around belt worn under the clothing. The

operating frequency was 40 MHz. The error percentage was below 11%. The

sensor served as a precursor to congestive heart failure (CHF).

A sensor operating at 40 MHz was used to provide pixel by pixel imaging

for deep tissues in [53]. A 16-pixel image was retrieved with an errors better

than 6%. This is an alternative to the conventional imaging techniques, use for

cardiovascular diseases and tumor growth monitoring. This method is not affected

by fat, skin or muscle thickness. The human torso was modeled as a two layer

cylinder of 18 cm radius with 15 cm radius of the enclosing one. For simplicity,

fat, skin, muscles and bones were modeled as a single outer layer. The imaging

domain was divided into K=16 pixels with uniform square grid 7.5 × 7.5cm2 in

size. The input power at the source was 1mW. According to IEEE and FCC

safety exposure guideline, the 1g of tissue SAR limit should not exceed 1.6 W/kg.

ANSYS HFSS was used for the simulations. The sensor had 24 probes and 400

different combination of tissues during training phase. The probes of sensors were

dipole like with 5.3 cm in length and all were matched with 50 ohms. The electrical

properties of human tissues were also given. The cross sectional view of the torso

after pixelization in [53] is shown in Fig. 2.15.
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Figure 2.15: Cross sectional view of the torso after pixelization in [53]

The proposed wrapped around sensor in [54] was operated at 40 MHz and

provided 16 pixel images with an error better than 5%. This can be used for

tumor growth monitoring and prevention of cardiovascular diseases. From the

body surroundings, the 16 probes collect the scattered electric field.

The diseases of cancer and pulmonary edema has unique permittivity for the

organs of interest. The wrapped around sensor in [55] can detect the early stages

of pulmonary edema. One port was selectively excited with 10 to 40 MHz RF

signal and other receive the fringing fields. A transmission coefficient of -50 dB

was considered above noise level and compatible with regular signal transmission.

The measured error was less than 8%. The sensor allow high resolution images of

organs of interest which provides another way to study the organs of interest.

The traditional X-ray method locate the tumor location. It cannot verify

whether the tumor is malignant or benign. To determine the masses in human

body, the sensor first port was excited with 10 MHz in [56]. The 16 port difference
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level of 14 dB between high and low dielectric constant gave a good resolution in

extracting the dielectric constant. The length of the electrodes were important

but their width did not effect the performance. The spacing and size of the active

electrode was also important. Each electrode was 10 cm long and 0.5 cm wide.

As the matching improved, the sensitivity was improved from 14 dB to 22 dB.

The pixel by pixel image of the internal organs dielectric properties was ob-

tained using an RF sensor operating at 40 MHz with errors as high as 6.75% in

[57]. The sensor can penetrate deep up to 10 cm and the theoretical error was

less than 2%. The body cross section was divided into pixels. For each pixel , a

linear equation was used to estimate each pixel permittivity based on the collected

S-parameters measurements. To retrieve the image on a user cell phone, a body

area network was designed.

In [58], the proposed RF sensor consisted of N electrodes (antennas) fed by

(N-1) ports. The first port was excited by 40MHz RF signal (at industrial, scien-

tific and medical (ISM) radio band). The remaining (N-1) passive ports receive

radiated fringing field propagated through tissues. The amplitude of S-parameters

was measured between sensor ports. The proposed RF sensor had 16 cm width

and 10 cm length. As the number of probes within the size increase, the dynamic

range increased but port S-parameter value decreased which was undesirable. So,

the suitable choice was the 17 electrodes. The field was confined between first

two electrodes including feeding due to impedance mismatch. To improve the

matching, non-uniform spaced probes were presented. The design provides 22
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dB dynamic range by varying dielectric constant from 1 to 180. The colleected

S-parameters resultant equation was solved using LS method. Then, an equation

was designed to estimate the dielectric constant. The measurements were applied

to mannequin filled with dielectric to emulate the human body. At the beginning,

the data was collected with nine electrode sensor using empty mannequin and then

filled with liquid having 56 dielectric constant. The maximum error between the

calculated and exact values of dielectric constant remained 6.8%. In the second

step, the 17 probe lung sensor was used. The dielectric constant was extracted

in the presence of outer layers (ground beef or steak) and considering the inner

layers (distilled water, ground beef, ground beef with air bubbles) with the goal to

accurately extract the dielectric constant. A foam block was used to represent air

volume within the lung. For different sizes of foam block the dielectric constant

was calculated with maximum error of 7.62%.

A wearable wrapped around sensor was presented in [59]. The sensor was

flexible and can monitor the inner tissues of human body deep up to 8 cm. The

sensor had 66 electrodes and 65 ports. The size of sensor was 5×83cm2. The sensor

was divided into six subgroups each with 11 ports. The dielectric constant of each

subgroup was estimated using the LS method. The maximum error percentage

was 13.5%. The RF sensor in [59] is shown in Fig 2.16.
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Figure 2.16: RF Sensor in [59]

A pathway to transfer sensor health informatics data to mobile device or re-

mote database server was discussed in [60]. The sensor collect vital signal from

body, digitize them using on board processor then transfer it to the wireless

transceiver using Zigbee protocol. A bluetooth bridge was used between Wi-Fi

and sensor transponder for wireless data link. An Android application was de-

veloped to present receive data into a user friendly formate. Then, the data was

transfered to a PHP based cloud database via 3G/4G or Wi-Fi networks which was

accessible to physicians to take appropriate action. The wireless communication

system for remote medical monitoring in [60] is shown in Fig. 2.17.
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Figure 2.17: Wireless communication system for remote medical monitoring in
[60]

The Medical Sensing Body Area Networks (MS-BAN) in [61] were attractive

for aged people to reduce health care cost and enable independent living. Their

integration with health monitoring applications is the main challenge. The RF

signal was converted into DC using LT5537 chip and then send to low power

processing unit for digitization. The digital signal was transmitted through low

power Class 2 Bluetooth radio for communication with laptop or mobile devices

using Android application. The LT5537 chip can detect RF power level as low as -

80 dBm. The lung sensor was used to provide carefree and reliable communication

even if a person is sleeping or exercising.

2.2.2 Biomedical Antennas

The antenna in [62] was used to detect fluid accumulation in lungs which is the

indication of heart failure. The operating frequency was 900 MHz with dimensions

of 9.7× 5.8cm2. It is not flexible or wearable. The accuracy is not discussed.

The main symptom of CHF is the fluid accumulation inside the lungs which
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is known as cardiac pulmonary edema. The collected data from the scanning of

wide band folded antenna was visualized in time domain using the inverse Fourier

transform in [63]. These images showed the reflected signal intensity from different

parts of the torso. The pressure of blood vessels near the lungs increases when

heart fails to supply enough blood. This phenomena results in the leakage of

blood into the air sacs of the lungs. The lungs capillaries pressure increases due

to accumulation of blood which results in the leakage of fluid inside the lung. This

is known as cardiac pulmonary edema. The frequency of operation was 0.77 to 1

GHz. The antenna dimensions were 14 × 14 × 0.08cm3. The used phantom had

chest circumference of 94 cm with the dimension 43×40×48cm3. It includes ribs,

fat, lungs, abdomen and heart. The bones and soft tissue were fabricated using

epoxy resin and polyurethane respectively. The SAR was calculated using HFSS.

The lowest possible detected water inside the lungs was 4 ml using this system

which was the early stage of CHF. The designed heart failure detection system in

[63] is shown in Fig. 2.18.
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Figure 2.18: Designed heart failure detection system in [63]

Antennas can directly be stitched to garments or integrated into personal ac-

cessories like glasses, shoes, helmet and button as discussed in [64]. The moisture

absorption and mechanical deformation results in performance degradation of tex-

tile antennas. A reflector can be used in antenna topology to reduce SAR and

increase the antenna gain. The design of flexible, light weight and conformable

body worn antennas is challenging in lower frequency range. The human body

have high dielectric permittivity and behaves as inhomogeneous lossy antenna

platform.

An implantable PIFA was designed with an operating medical implant commu-

nication service (MICS) band of 402-405 MHz in [22]. The high frequency struc-

tural simulator (HFSS) based on finite element method (FEM) with ANSYS opti-

metrics and high-performance computing (HPC) features was used for simulation.

The implantable antennas require low power, small size and impedance matching.

The ANSYS human body model is very large which makes the simulation very
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complex and time consuming. The dimension of antenna was 2.0× 2.4cm2.

Miniaturization techniques of biomedical antennas were discussed in [65].

CMOS technology enable the miniaturization of implantable device to operate

at low frequencies. A high permittivity substrate shifts the resonance frequency

to lower frequencies. Using the PIFA structure, the antenna size will be reduced.

Using meandered line will increase the current path of radiator and reduce the

antenna size. Inductive or capacitive loading can be used for impedance match-

ing. High operating frequency will reduce the antenna size but have some health

aspects.

The sensor was a balanced antipodal Vivaldi antenna working in the frequency

range of 1.5 to 6.5 GHz for lung water monitoring in [66]. The lung water volume

was varied from 0 to 900ml. Reflected signals were used to estimate the lung water

level. The relative error was less than 6%. The simulations were performed in

full wave electromagnetic numerical simulator SEMCAD X. The considered lung

water volume were 0, 250, 520, 600 and 900 ml. The time delay between water

free and water inserted lung signal was calculated. The sensor can also measure

the respiration and heart beat parameters using the Doppler effect.

A flexible inkjet printed on fabric antenna was proposed in [67] with an oper-

ating frequency of 2.45 GHz. Due to less surface roughness, high polyester fabric

(85% polyester and 15% cotton), ”Luminex 310” was used in experimentations.

The size of the antenna was 3×3cm2. The substrate thickness was 1 mm ( 0.5 mm

fabric and 0.5 mm interface layer). The dielectric properties of the substrate were
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calculated using an Agilent impedance analyzer. The permittivity of the substrate

was 2.58 with loss tangent 0.048 at 1 GHz. As the substrate was non-dispersive,

the same electrical properties can be applied at 2.45 GHz. No significant degrada-

tion was observed by using the antenna original shape after multiple bends. The

bending of the antenna printed on fabric in [67] is shown in Fig. 2.19.

Figure 2.19: Bending of antenna printed on fabric in [67]

Wearable antennas raises the question of health hazard effects on the wearer

body. The ratio between transfered power and the mass of body where the SAR

values are evaluated is called the Specific Absorption Rate (SAR). The SAR values

of dipole antenna is higher due to no ground plane structure as discussed in [68].

The presences of ground plane introduces additional shielding between the antenna

and human body which reduces the EM radiation inside the human tissues and

therefore reduce the SAR.

A non- invasive portable system was proposed for pulmonary edema monitor-

ing in [69]. The impedance of the internal tissues was measured by applying a

small amplitude of currents into the body and receiving the developed electrical

potential.
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An ultra wide band antenna was proposed on jeans substrate (99% cotton)

for medical wearable applications in [70] with a bandwidth of 13.08 GHz. As the

textile materials had low dielectric constant, antenna surface wave loss reduced

and impedance bandwidth improved. The conductive part was a copper fabric.

The size of the antenna was 6×6×0.3cm3. The operating frequency was 8.86 GHz

to 21.94 GHz. The medical monitoring was done at 9.7 GHz. As the antenna was

directional, it was a good option for military wearable applications. The proposed

antenna in [70] is shown in Fig. 2.20.

Figure 2.20: Proposed antenna on textile substrat in [70]

A wearable textile antenna was proposed in [71] covering 2G, 3G and 4G

system with a bandwidth of 2.7 GHz. The resonance frequency is 2.12 GHz with

the impedance bandwidth of 1.8 to 3.2 GHz. A low cost jeans textile substrate

was used with permittivity of 2.14 and loss tangent 0.082. The size of antenna was

7× 5× 0.12cm3. By placing the antenna on hand, 13.68% difference in resonance

frequency was observed and placing on head, 72.96% difference in bandwidth was

observed. The proposed antenna in [71] is shown in Fig. 2.21.
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Figure 2.21: Proposed antenna on textile substrat in [71]

2.2.3 E-Fiber sensors

Pulmonary edema is linked with kidney disease and CHF. So early detection

of lungs abnormalities is a key aspect. The sensor in [72] was fabricated using

conductive textile to integrate it on daily garments. The 16 port sensor operating

frequency was 40 MHz. The water balls were inserted to emulate the stages

of edema. Pig’s lung was used for testing within two hours of slaughter. Tissue

emulating gel were also used to mimic skin and muscle layers. The Zig-bee protocol

was used to transfer sensor data to transponder which was displayed in android

application. The data was then transfered to a cloud server via 3G/4G or Wi-Fi

networks for doctor access. A wireless system was individually connected to each

output port. A DC converting circuit was also used for RF to DC conversion.

This sensor can be used to monitor the permittivity of a single organ of interest

only.

The e-fiber is composite of flexible and high strength polymers. The proposed

e-fiber were each of 15 um grouped together to improve their conductivity in
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[73]. E-fiber has both electrical and mechanical advantages. It is more durable

and robust than printed antennas. Computerized embroidery process was used

to sew the e-fibers on textiles. The proposed sensor designs were translated into

embroidery software. The sewing machine carries out each digitized stitch so that

the e-fiber is precisely placed on the textile. The physical discontinuities and

gaps were eliminated by double layer embroidery which also improve the surface

conductivity. A low loss polydimethylsiloxane (PDMS) substrate was used with

dielectric constant of 3 and loss tangent<0.01. The designed antenna maintained

its performance after 20 times flexing and several times washing. The continuous

monitoring of patient in rest, active and sleep state was done using RF e-fiber

sensor operating at 40 MHz. It can be integrated as parts of garments. The

sensor with large surface area can penetrate deep. The sensor had 16 ports of

10cm in length and 1 cm in width. With the comparison of copper sensor some

discrepancies were observed due to inaccuracies in the fabricated textile sensor.

The e-fiber version had an insertion loss of 0.07 dB/cm at 1 GHz and 0.15 dB/cm

at 2 GHz while copper version had an insertion loss of 0.02 dB/cm at 1 GHz and

0.05 dB/cm at 2 GHz. The textile sensor in [73] is shown in Fig. 2.22.
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Figure 2.22: Textile sensor in [73]

The designed colorful textile antennas can be embroidered into different shapes

and logos. The colorful shape can be generated on the front side of garments.

Copper made logo antennas are not suitable for body worn applications. The

proposed technology in [74] can build flexible, colorful, low conductor loss, light

weight, mechanically robust textile antennas with a precision accuracy of 0.1 mm.

The antenna design was completed in four steps, antenna design, digitization,

embroidery of conductive part and embroidery of non conductive part. The non-

conductive threads were employed to secure the e-threads on fabric. The non-

conductive threads were acting like free space and did not effect the antenna

performance. The antenna conductive part should not touch the skin directly as

it is also conductive which will short circuit the antenna. These textile antennas

are lightweight, flexible and mechanically robust and withstand the repetitive

washing/drying and daily wear.

Conformal flexible structure including metallic composite as conductor, fabrics
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and elastic polymer as substrate were discussed in [75]. The reported conductive

materials in literature have high material loss and mostly suitable for low fre-

quency applications. Composite metal coated fibers are preferred at microwave

frequencies due to their high mechanical strength and low material losses. The

double stitching was used to improve conductivity. To avoid shortening between

the electrodes, the embroidery should be carefully done. E-fibers are preferred

in forming inter connectors in 3D circuits due to their flexibility and continuity.

Current challenges includes the integration of standard circuit components with

e-fiber, high density e-fiber fabrication onto the daily garments and their adaption

into established industry manufacturing process.

By employing very thin 7-filament Elektrisola E-thread, the authors of [76]

achieved 24 time low fabrication cost, three times high geometrical precision,

good RF performance and 50% less fabrication time compared to latest embroi-

dery approach. The CAD file of design was exported to a Brother embroidery

software tool-set. The file is then converted into digitized stitching patterns. Us-

ing programmable sewing machine, the automated embroidery process was done.

7-filament silver plated copper Elektrisola E-threads of 0.12 mm in diameter was

realized as conductive textile surfaces. The PDMS substrate of thickness 1.5 mm,

dielectric constant 3 and loss tangent<0.01 was used.

Colorful wearable antennas can be integrated into logos and aesthetic shapes

as discussed in [77]. Due to high mechanical strength and low losses, e-threads are

preferred for RF applications. The employed e-threads consist of 7 to 664 metal
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coated polymer filaments each of 15 um thick. The geometrical precision was 0.1

mm. The PDMS substrate with dielectric constant 3 and loss tangent<0.02 was

used. The colorful shape of the antenna appears in the front side of garments.

The freely available RF energy was harvested in an office environment using 2.45

GHz WLAN band which was converted into usable power. This system eliminate

the inconvenience of repetitive charging and extend the battery life. The textile

sensor in [77] is shown in Fig. 2.23.

Figure 2.23: Textile sensor in [77]

A microwave textile Electromagnetic (EM) coupler was proposed in [78] for

monitoring changes in lungs water content and vital signs. For the EM wave

coupler design, three types of conductive textile materials, including woven copper

fabric, 2-ply steel thread and knitted silver-plated fabric were used to see which

one was the best among them. The EM coupler consisted of two sensors and the

operating frequency was 915 MHz. The size of EM coupler was 4 × 24cm2. The

measured S21 range was -54 dB to -55 dB for normal lung and -56 dB to -58 dB
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for edema lung. A 1.6o change in phase of S21 was observed for the change of 1%

in lung water contents. The proposed antenna with different conductive textile

materials is shown in Fig. 2.24. The heart beat and respiration waveforms were

extracted as shown in Fig. 2.25. During the breathing, the amplitude of S21 vary

from 10o to 15o and during the breath hold, the heartbeat waveform vary from 1o

to 3o. The steel thread textile EM coupler provided the high sensitivity to detect

vital signs with a 1% change in lung water content.

Figure 2.24: Proposed antenna with different conductive textile materials in [78]

Figure 2.25: Heart beat and respiration waveforms in [78]
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A brief literature survey comparison table is shown in Table 2.2 and Table 2.3

highlighting the features of prior works and our proposed one. A tree of literature

survey on biomedical sensor and antennas is shown in Fig. 2.26.

Figure 2.26: A tree of literature survey on biomedical sensors

2.2.4 Proposed Biomedical Design Features

Compared to literature in Table 2.2 and 2.3, our proposed biomedical RF sensor

has many features. The input power is low (1 mW) so no spectrum licensing is

required. It is non-intrusive, non-invasive and compact in size. It is inexpensive

and simple to implement. The sensor is wrapped on an elliptical chest model in

its modeling and during measurements which represents an actual scenario unlike

all other that use cylinders. The sensor is robust and can be integrated within

clothes/T-shirts. It can estimate different lung diseases with the lowest measured

error percentages compared to all previous works. It can monitor the inner tissues
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deep upto 11.64 cm. A single sensor array covers the whole area of an average

adult chest, no sensor subgrouping is required. The length of the electrodes is

the smallest in its frequency range (4 cm at 60 MHz) and used to cover 18.29

cm of height. The achieved dynamic range between low and high εr values is 20

dB. The real time εr measurements are used for the experiments using dielectric

assessment kit. Both homogeneous and non-homogeneous experimental cases are

discussed unlike most previous works. The drawback of the proposed sensor is the

mechanical deformation of the sensor after washing the T-shirt/clothes.
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Table 2.2: Comparision table for literature survey of biomedical sensor

Reference Category Application Frequency
(MHz)

Size
(cm)

Complexity Error
(%)

Cost Limits

[10] fabric sensor
using advance

signal
precessing
techniques

cardiovascular diseases - large high - very
high

limited for monitoring breathing,
heart rate and skin temperature,

advance in data collection but lack
in deep tissue monitoring

[11-14] EIT real time imaging of
ventilation,detection

of collapsed lung

1 to
20000

very
large

high high very
High

limited to bed side application due
to complex circuitry for generation

of variable current patterns
[15] Ultrasound

impedance
tomography

abdominal, cardiac,
urological, fetal,

pediatric and fluid
detection

measurement and
analysis

(1-20) very
large

high high very
high

portable but not wearable

[16] Microwave
imaging

breast cancer
detection and

treatment response
monitoring

300 to
30000

small high high low small depth of penetration,
portability and wearablity is not
possible due to complex circuitry

[45] RF Sensor pulmonary edema
monitoring

40 10×16 low 11 low monitor the permittivity of a
single organ only

[48] Microwave
reflection and
transmission

measurements

pulmonary diagnosis
and monitoring

915 very
large

very high - high health risks due to high frequency
operation, not wearable

[49] Microwave
sensor

breathing, heart rate
and changes in lungs

water contents

915 - very high - low health risks due to high frequency
operation, not wearable, short time

Fourier transform based digital
signal processing makes it more

complex
[50] RF sensor early detection of

cancer and pulmonary
edema

10-40 - high 8 low subgrouping of the sensor makes
post processing of the data difficult

[51] Microwave
sensor

pulmonary edema
detection

915 3.2×3.4 low - low not flexible, health risks due to
high frequency operation, not
wearable, accuracy was not

discussed
[52] RF sensor served as a precursor

to congestive heart
failure

40 - high 11 low subgrouping of the sensor makes
post processing of the data difficult

[53] RF Sensor with
pixel by pixel

imaging

cardiovascular diseases
and tumor growth

monitoring

40 5.3 × 113 high 6 low experimental verification was not
done

[54] RF Sensor with
16 pixel
imaging

tumor growth
monitoring and
prevention of

cardiovascular diseases

40 - high 5 low experimental verification was not
done

[55] RF Sensor cancer and pulmonary
edema

10 to 40 - high 8 low experimental verification was not
done

[56] RF Sensor to determining the
Relative Permittivity

of Masses in the
human body

10 10 × 16.1 low - low experimental verification was not
done, monitor the permittivity of a

single organ only

[57] RF Sensor with
pixel by pixel

imaging

wearable real-time
monitoring system

40 - high 6.75 low subgrouping of the sensor makes
post processing of the data difficult

[58] RF sensor lungs dielectric
properties

40 10×16 low 8 low monitor the permittivity of a
single organ only

[59] Flexible RF
sensor

monitoring deep
tissues electrical

properties

40 5 × 83 high 13.5 low subgrouping of the sensor makes
post processing of the data difficult

[22] Implantable
PIFA

biomedical telemetry 402-405 2.0 ×
2.4 ×
0.128

low - low not flexible, health risks due to
high frequency of operation, not

wearable only implantable
[62] Antenna detection of fluid

accumulation in lungs
900 9.7×5.8 low - low not flexible, health risks due to

high frequency operation, not
wearable

[63] Antenna with
inverse Fourier

transform
method

congestive heart
failure

770 to
1000

14 ×
14 × 0.08

very high 25 high not flexible, health risks due to
high frequency of operation, not

wearable

[66] Balanced
antipodal

Vivaldi antenna

lung water monitoring 1500-6500 - low 6 low not flexible, health risks due to
high frequency of operation, not

wearable
[67] Flexible inkjet

printed on
fabric antenna

wearable applications 2450 3 × 3 low - low health risks due to high frequency
of operation

[70] Flexible
antenna

wearable applications 8860-
21940

6×6×0.3 low - low health risks due to high frequency
of operation

[71] Flexible
antenna

wearable applications 1800-3200 7 × 5 ×
0.12

low - low health risks due to high frequency
of operation
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Table 2.3: Comparision table for literature survey of biomedical sensor

Reference Category Application Frequency
(MHz)

Size
(cm)

Complexity Error
(%)

Cost Limits

[72] Conductive
textile sensor

pulmonary edema
detection

40 10×16 low <10 low monitor the permittivity of a
single organ only, complex sewing

mechanism, high insertion loss
than copper, integration of circuit
components with e-fiber is difficult

[73] E-Fiber Sensor Body-Worn
Applications

40 10×16 low - low monitor the permittivity of a
single organ only, complex sewing

mechanism, high insertion loss
than copper, integration of circuit
components with e-fiber is difficult

[78] Microwave
textile sensor

Heart rate, breathing
and edema monitoring

915 4 × 24 low - low health risks due to high frequency
of operation

Proposed Flexible RF
Sensor

Pulmonary edema and
emphysema
monitoring

60 4 × 89.4 low 4.83 low -
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CHAPTER 3

RESULTS FOR

2-PHASE/3-PHASE OIL RF

SENSOR

The proposed sensor is flexible and capable of measuring the volume fraction of

the individual phase in a two or three phase combinations of oil, water and gas

with no restrictions, small size, low cost and low complexity. The RF sensor

consists of 29 electrodes and 28 ports. The first port is excited with 250 MHz

RF signal and the remaining 27 ports were terminated with 50 Ω except for

the port where the measurement is taken [20]. A flexible substrate (AP9131) is

used with a thickness of 0.01016 cm. The planner sensor was designed in high

frequency structure simulator (HFSS) software. The simulations are conducted

for the frequency range of 200 MHz to 300 MHz with a solution frequency of

250 MHz. The length of each electrode is 5 cm. The substrate dimensions are
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6cm × 27.93cm. The first two electrodes were designed to operate at 250 MHz

under the best possible matching conditions to perform as the signal exciter.

The remaining 27 electrodes receive the radiated fringing field, one active at a

time. The width of each electrode is 0.6 cm. The gap between the electrodes

was optimized to 0.22 cm. The proposed design of the planner RF sensor with

detailed dimensions is shown in Fig. 3.1.

The sensor was wrapped around an acrylic pipe. The length of the acrylic

pipe was 62 cm. The outer diameter, outer layer thickness and inner radius of

the pipe was 8.89 cm, 0.635 cm and 4.13 cm respectively. The circumference of

the pipe was 27.93 cm which was also the substrate length of the RF sensor. The

wrap around design of the proposed RF sensor is shown in Fig. 3.2. The electrical

properties of the substrate, outer layer and inner layer of the acrylic pipe are given

in Table 3.1.

Figure 3.1: Proposed design of planner RF sensor
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Figure 3.2: Wrap around design of the proposed RF sensor on an acrylic pipe

Table 3.1: Electrical properties of different material used for the design of RF
sensor

Material Thickness (cm) Permittivity Loss Tangent Conductivity Reference

AP9131 0.01016 3.4 0.002 - [79]

Outer Layer 0.635 2.5 0.08 - [80]

Inner Layer 4.13 1-81 0.0182 0.0167 [19]

The dielectric constant (εr) values for gas, diesel oil and water were 1, 2.2 and 81

respectively. The dielectric constant of the inner layer was varied from 1 to 81. An

εr value of 1 (low εr) shows that the pipe is filled with 100% gas (air) and 81 (high

εr) shows that the pipe is filled with 100% water. The transmission coefficient

(Si1) was obtained for low and high εr values inside the pipe where i is the port

number. The comparison between Si1 of low and high εr values is shown in Fig.

3.3. The maximum achieved dynamic range between low and high εr was 12 dB

at port number 18 while the achieved dynamic range in [20], [81], using εr values

from 1 to 180 was 22 dB for planner and semi planner sensor design. Our proposed

design has the dynamic range of 12 dB for εr variations from 1 to 81. The size of

the proposed sensor is smaller than [20] as its operating at 250 MHz. In addition,

its features were optimized for the problem requirements and materials used. As
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the transmission coefficients values were optimized up to -40 dB for all ports of

the proposed sensor, there is no need of the RF sensor subgrouping which was

done in [81]. The subgrouping of sensor in [81] makes the data collection and post

processing difficult. The fabricated RF sensor without coaxial probes is shown in

Fig. 3.4 (a), the flexibility of RF sensor is shown in Fig. 3.4 (b), the scaled RF

sensor is shown in Fig. 3.4 (c) and Fig. 3.4 (d) shows the fabricated RF sensor

with 50Ω coaxial probes.
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Figure 3.3: Comparison between Si1 of low and high εr
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(a) (b)

(c) (d)

Figure 3.4: Fabricated RF sensor (a) RF sensor without coaxial probes (b) Flex-
ibility of RF sensor (c) Scaled RF sensor (d) RF sensor with 50Ω coaxial probes.

3.1 Dielectric Constant Estimation

The Si1 curves were collected using HFSS by varying the εr inside the acrylic pipe

from 1 to 100 with the step of 1 for different two/three phase combinations of oil,

water and gas. The resultant overdetermined matrix consisting of 100 rows and

27 columns as shown in (3.1) was solved using the least square (LS) method to

obtain the weight coefficients. Equation (3.2) was used to get the effective εr for

both simulated and average measured Si1 values.
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

S2,1 S3,1 S4,1 . . . S28,1

S2,1 S3,1 S4,1 . . . S28,1

...
...

...
. . .

...

S2,1 S3,1 S4,1 . . . S28,1


.



w1

w2

...

w27


=



εr1

εr2

...

εr100


(3.1)

εr = 3.36S2,1 + 30.3S3,1 + 14.52S4,1 − 7.35S5,1 + 39.21S6,1 − 152.16S7,1 + 22.22S8,1

+ 126.12S9,1 − 35.65S10,1 − 17.74S11,1 + 89.78S12,1 − 82.73S13,1 − 64.48S14,1

− 8.32S15,1 + 48.22S16,1 + 115.96S17,1 − 200.6S18,1 − 11.09S19,1 + 129.77S20,1

+ 49.93S21,1 − 59.04S22,1 − 10.38S23,1 + 76.92S24,1 − 63.39S25,1 − 8.16S26,1

− 17.82S27,1 + 2.23S28,1

(3.2)
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3.2 Experimental Results for the Static Two and

Three Phase Combinations

The multiphase flow have the four different combinations of oil, water and gas

(oil-water, gas-water, gas-oil and gas-oil-water). We compare the simulated and

average measured transmission coefficients Si1 using a Vector Network Analyzer

(VNA) (Agilent N9918A) and the 28 port RF sensor wrapped around the acrylic

pipe for static multiphase oil combinations. We calculate the percentage error in

extracting the dielectric constant (εr) for both average measured and simulated

Si1.

3.2.1 Oil-Water Combination

Four cases of oil-water percentages were examined. The sensor was wrapped

around at the middle of oil-water filled acrylic pipe. VNA port 1 was connected

with the sensor first port which remains the active port and port 2 was stepped

between other ports to measure Si1. Each port Si1 was measured three times and

the average was taken as the final Si1 for that port.

The acrylic pipe was filled with the oil volume of 65% and water volume of

35%. The measurement setup for this case is shown in Fig. 3.5(a). Similarly, the

measurement setup for 35% oil and 65% water filled pipe is shown in Fig. 3.5(b),

for 20% oil and 80% water in Fig. 3.5(c) and for 10% oil and 90% water in Fig.

3.5(d). The comparison between average measured and simulated Si1 for the RF

sensor wrap around on 65% oil and 35% water filled acrylic pipe is given in Fig.
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3.6(a), for 35% oil and 65% water in Fig. 3.6(b), for 20% oil and 80% water in

Fig. 3.6(c) and for 10% oil and 90% water in Fig. 3.6(d).

We have observed that the variation in measurements 1, 2 and 3 starts reducing

as the water volume inside the pipe increases. By increasing the (εr) inside the

pipe, the measurements get closer to the simulation. The average measured and

simulated Si1 are in good agreement. The thick blue lines shows the simulated

Si1 and the average measured Si1 are shown as solid red lines in all graphs. The

average Si1 curves are close to the simulated ones for all cases.

(a) (b)

(c) (d)

Figure 3.5: Experimental setup for oil-water combination filled acrylic pipe (a)
65% oil and 35% water (b) 35% oil and 65% water (c) 20% oil and 80% water (d)
10% oil and 90% water.
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Figure 3.6: Comparison of measured, average measured and simulated Si1 for oil-
water combination filled acrylic pipe (a) 65% oil and 35%water (b) 35% oil and
65%water (c) 20% oil and 80%water (d) 10% oil and 90%water.

By using average measured Si1 values in (3.1), we have calculated the average

measured εr for the oil-water combination. Table 3.2 shows the comparison be-

tween theoretical verses simulated and average measured effective εr for the diesel

oil-water filled acrylic pipe. The simulated error was due to the weight coefficient

prediction using the LS method. We have observed that as the water volume

inside the pipe increases the measured error starts decreasing. The average mea-

sured error for all four cases is 5.5%. The highest error percentage remained below

10%.
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Table 3.2: Comparison of theoretical vs simulated and average measured effective
εr

Sr.
No.

Water
(%)

Oil
(%)

Theoretical
εr

Simulated
εr

Measured
εr

Simulated
Error (%)

Measured
Error (%)

1 35 65 17 17.2 15.4 1.2 9.2

2 65 35 41 40.7 44.6 0.8 8.8

3 80 20 56 55.1 57.4 1.7 2.5

4 90 10 68 66.2 66.8 2.6 1.8

3.2.2 Gas-Water Combination

Five different cases of gas and water volumes were selected for the experiment.

The acrylic pipe was filled with the gas volume of 100%. The measurement setup

for this case is shown in Fig. 3.7(a). Similarly, The measurement setup for 25%

water and 75% gas filled pipe is shown in Fig. 3.7(b), for 50% water and 50%

gas in Fig. 3.7(c), for 75% water and 25% gas in Fig. 3.7(d) and for 100% water

in Fig. 3.7(e). The comparison between measured and simulated Si1 for the RF

sensor wrap around on 100% gas filled acrylic pipe is given in Fig. 3.8(a), for 25%

water and 75% gas in Fig. 3.8(b), for 50% water and 50% gas in Fig. 3.8(c), for

75% water and 25% gas in Fig. 3.8(d) and for 100% water in Fig. 3.8(e).

More fluctuations in measurements were observed for high gas volumes inside

the pipe. By increasing the εr inside the pipe, the measurements get closer to

simulations. The average measured and simulated Si1 are in good agreement as

well. The thick blue lines shows the simulated Si1 and average measured Si1 are

shown as solid red lines in all graphs.
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(a) (b)

(c) (d)

(e)

Figure 3.7: Experimental setup for gas-water combination filled acrylic pipe (a)
100% gas (b) 75% gas and 25% water (c) 50% gas and 50% water (d) 25% gas
and 75% water(e) 100% water.
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Figure 3.8: Comparison of measured, average measured and simulated Si1 for gas-
water combination filled acrylic pipe (a) 100% gas (b) 75% gas and 25% water (c)
50% gas and 50% water (d) 25% gas and 75% water(e) 100% water.
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Table 3.3 shows the comparison between theoretical verses simulated and av-

erage measured effective εr for gas-water filled acrylic pipe. Similar behavior

was observed as in oil-water combination. As the water volume inside the pipe in-

creases (εr increases), the measured error starts decreasing. The average measured

error for all five cases is 17.7% and excluding 100% gas case 14%. For smaller εr

values, small changes in the measured values results in a large error percentages

but still we have measured values closer to the theoretical.

Table 3.3: Comparison of theoretical vs simulated and average measured effective
εr for gas-water combination

Sr.
No.

Water
(%)

Gas
(%)

Theoretical
εr

Simulated
εr

Measured
εr

Simulated
Error (%)

Measured
Error (%)

1 0 100 1 0.52 1.3 48 30

2 25 75 9 7.52 10.8 16.4 19.7

3 50 50 25 26.6 20.7 6.6 17.4

4 75 25 49 50.37 53.1 2.8 8.3

5 100 0 81 80.9 90 0.1 11.1

3.2.3 Gas-Oil Combination

Four different cases of gas and oil volume were selected for the experiment. The

acrylic pipe was filled with the diesel oil volume of 25% and gas 75%. The mea-

surement setup for this case is shown in Fig. 3.9(a). Similarly, the measurement

setup for 50% oil and 50% gas filled pipe is shown in Fig. 3.9(b), for 75% oil and

25% gas in Fig. 3.9(c) and for 100% oil in Fig. 3.9(d). The comparison between

measured and simulated Si1 for the RF sensor wrap around on 25% oil and 75%
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gas filled acrylic pipe is shown in Fig. 3.10(a), for 50% oil and 50% gas in Fig.

3.10(b), for 75% gas and 25% gas in Fig. 3.10(c) and for 100% oil in Fig. 3.10(d).

As both oil and gas has low εr values, the average εr is low inside the pipe for

this experiment. Large variations in the three measurements have been observed

but the average measured curves are close to the simulated curves for all cases.

The thick blue lines shows the simulated Si1 and average measured Si1 are shown

as solid red line in all graphs.

(a) (b)

(c) (d)

Figure 3.9: Experimental setup for gas-oil combination filled acrylic pipe (a) 75%
gas and 25% oil (b) 50% gas and 50% oil (c) 25% gas and 75% oil (d) 100% oil.
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Figure 3.10: Comparison of measured, average measured and simulated Si1 for
gas-oil combination filled acrylic pipe (a) 75% gas and 25% oil (b) 50% gas and
50% oil (c) 25% gas and 75% oil (d) 100% oil.

Table 3.4 shows the comparison between theoretical verses simulated and av-

erage measured effective εr for gas-oil filled acrylic pipe. The simulated error

was due to the weight estimation using least square method which was high due

to low average εr values. The average measured error for all four cases is 16%.

For smaller εr values, minor change in measured values results in a large error

percentages but still we got measured values close to the theoretical one.
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Table 3.4: Comparison of theoretical vs simulated and average measured effective
εr for gas-oil combination

Sr.
No.

Oil
(%)

Gas
(%)

Theoretical
εr

Simulated
εr

Measured
εr

Simulated
Error (%)

Measured
Error (%)

1 25 75 1.26 0.7 1.4 42.1 8

2 50 50 1.54 1.9 1.1 26 28.1

3 75 25 1.86 1.6 2.2 15.3 18.7

4 100 0 2.2 2.1 2.4 4.6 9.5

3.2.4 Three Phase Combination

Ten different cases of gas, water and oil volumes were selected for this experiment.

The acrylic pipe was filled with the 20% volume of water 10% oil and 70% gas.

The measurement setup for this case is shown in Fig. 3.11(a). Similarly, The

measurement setup for 30% water 20% oil and 50% gas filled pipe is shown in Fig.

3.11(b), for 40% water 30% oil and 30% gas in Fig. 3.11(c), for 55% water 40%

oil and 5% gas in Fig. 3.11(d), for 5% water 90% oil and 5% gas in Fig. 3.11(e),

for 10% water 80% oil and 10% gas in Fig. 3.11(f), for 20% water 70% oil and

10% gas in Fig. 3.11(g), for 30% water 50% oil and 20% gas in Fig. 3.11(h), for

30% water 60% oil and 10% gas in Fig. 3.11(i) and for 40% water 50% oil and

10% gas in Fig. 3.11(j).

The comparison between average measured and simulated Si1 for the oil sensor

wrap around on 20% water 10% oil and 70% gas filled acrylic pipe is displayed in

Fig. 3.12(a), for 30% water 20% oil and 50% gas in Fig. 3.12(b), for 40% water

30% oil and 30% gas in Fig. 3.12(c), for 55% water 40% oil and 5% gas in Fig.

3.12(d), for 5% water 90% oil and 5% gas in Fig. 3.12(e), for 10% water 80% oil

and 10% gas in Fig. 3.12(f), for 20% water 70% oil and 10% gas in Fig. 3.12(g),
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for 30% water 50% oil and 20% gas in Fig. 3.12(h), for 30% water 60% oil and

10% gas in Fig. 3.12(i) and for 40% water 50% oil and 10% gas in Fig. 3.12(j).

Large variations in the three measurements have been observed for low εr inside

the pipe. By increasing the εr inside the pipe, the measurements get close to the

simulation. The average measured and simulated Si1 are in good agreement. The

thick blue lines shows the simulated Si1 and average measured Si1 are shown as

solid red lines in all graphs.

Table 3.5 shows the comparison between theoretical verses simulated and av-

erage measured effective εr for water-oil-gas filled acrylic pipe. As water volume

inside the pipe increases, the measured errors start decreasing. The average mea-

sured error for all cases is 6.2%. The highest error is less than 11%.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

Figure 3.11: Experimental setup for water-oil-gas combination filled acrylic pipe
(a) 20% water, 10% oil and 70% gas (b) 30% water, 20% oil and 50% gas (c) 40%
water, 30% oil and 30% gas (d) 55% water, 40% oil and 5% gas (e) 5% water,
90% oil and 5% gas (f) 10% water, 80% oil and 10% gas (g) 20% water, 70% oil
and 10% gas (h) 30% water, 50% oil and 20% gas (i) 30% water, 60% oil and 10%
gas (j) 40% water, 50% oil and 10% gas.
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Figure 3.12: Comparison of measured, average measured and simulated Si1 for
water-oil-gas combination filled acrylic pipe (a) 20% water, 10% oil and 70% gas
(b) 30% water, 20% oil and 50% gas (c) 40% water, 30% oil and 30% gas (d) 55%
water, 40% oil and 5% gas (e) 5% water, 90% oil and 5% gas (f) 10% water, 80%
oil and 10% gas (g) 20% water, 70% oil and 10% gas (h) 30% water, 50% oil and
20% gas (i) 30% water, 60% oil and 10% gas (j) 40% water, 50% oil and 10% gas.

Three Phase Combination including Surfactant

One case (30% water, 50% oil and 20% air) of the three phase oil combination was

selected for this experiment. A few drops of surfactant (for reducing the surface

tension between oil and water) was added in the three phase combination and after
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Table 3.5: Comparison of theoretical vs simulated and average measured effective
εr for water-oil-gas combination

Sr.
No.

Water
(%)

Oil
(%)

Gas
(%)

Theoretical
εr

Simulated
εr

Measured
εr

Simulated
Error(%)

Measured
Error(%)

1 20 10 70 7 6.6 7.8 5.5 10.6

2 30 20 50 12 11.1 11.4 9.1 6.4

3 40 30 30 19 20.7 17.1 9.6 9.4

4 55 40 5 31 30.8 31.8 1.5 1.7

5 5 90 5 3.4 3.7 3.4 10.3 1.9

6 10 80 10 5 6 5.1 19.9 2.2

7 20 70 10 8 7.5 8.8 6 9.4

8 30 50 20 13 13 14.2 0.1 9.1

9 30 60 10 14 14.1 13.1 1 6.3

10 40 50 10 20 20 21 0.1 5.1

shaking, the mixture become homogeneous. The experimental setup is shown in

Fig. 3.13(a) and an enlarged view of the three phase homogeneous mixture is

shown in Fig. 3.13(b). Each port measurement was taken three times and the

average measurement was considered for the dielectric constant estimation. The

comparison of Si1 between the measurements and simulations is displayed in Fig.

3.13(c). The average measured Si1 are in good agreement with the simulated one.

In comparison to Fig. 3.12(h), we can see that variation in measurements reduce

in Fig. 3.13(c) which was due to the fact that the mixture was homogeneous.
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Figure 3.13: Experimental setup by including surfactant in water-oil-gas combi-
nation (a) 30% water, 50% oil and 20% gas (b) Enlarge view for 30% water, 50%
oil and 20% gas (c) Comparison of measured, average measured and simulated Si1

Table 3.6 shows the comparison between theoretical verses simulated and av-

erage measured effective εr. The measured error is 4.3%. In comparison to non-

homogeneous mixture in Table 3.5 Sr. No. 8, we have seen that the error per-

centage reduces in the homogeneous mixture.

Table 3.6: Comparison of theoretical vs simulated and average measured effective
εr for the water-oil-gas combination including the surfactant

Sr.
No.

Water
(%)

Oil
(%)

Gas
(%)

Theoretical
εr

Simulated
εr

Measured
εr

Simulated
Error(%)

Measured
Error(%)

1 30 50 20 13 13 12.4 0.1 4.3
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100% Water Case at 80◦C

The pipe was filled with 100% water at 80oC. This temperature was reduced to

72oC during last port Si1 measurement. Figure 3.14 shows a comparison of Si1

between average measurement at room temperature and at 80oC for 100% water

case. By increasing the temperature, the Si1 responses is totally different than

previous average measurement results at room temperature. The measured εr is

140 for that case which is far away from the theoretical εr of 81. This experiment

gave us different S-parameters which we did not consider in LS method weight es-

timation (as the temperature variations were not considered in simulations). The

large deviation might be from the sensor array behavior. The metal conductors

might get affected as their conductivity might change, and the impedances be-

tween them thus might get affected, changing the behavior of the sensor properties

to some extent.
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Figure 3.14: Comparison between Si1 of low and high εr
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3.3 Experimental Results for the Shake Test of

Three Phase Combination

Five different cases of oil, water and gas were selected for the experiment. The

shaking of three phase combination inside the pipe was performed to make a

bubbly and wavey flow pattern. Each port Si1 was measured three times and the

average was taken as final Si1 for that port.

The acrylic pipe was filled with the 5% water, 90% oil and 5% gas . The

measurement setup for this case is shown in Fig. 3.15(a). The enlarged view of

three phase combination after shaking is shown in Fig. 3.15(b). Similarly, the

measurement setup for 10% water 80% oil and 10% gas filled pipe is given in Fig.

3.15(c) and enlarged view of three phase combination after shaking is shown in

Fig. 3.15(d). The measurement setup for 20% water 70% oil and 10% gas filled

pipe is shown in Fig. 3.15(e) and enlarged view of three phase combination after

shaking is shown in Fig. 3.15(f). The measurement setup for 30% water 60% oil

and 10% gas filled pipe is given in Fig. 3.15(g) and enlarged view of three phase

combination after shaking is shown in Fig. 3.15(h). The measurement setup for

40% water 50% oil and 10% gas filled pipe is shown in Fig. 3.15(i) and enlarged

view of three phase combination after shaking is shown in Fig. 3.15(j). The

comparison between average measured and simulated Si1 for the RF sensor wrap

around on 5% water 90% oil and 5% gas filled acrylic pipe is given in Fig. 3.16(a),

for 10% water 80% oil and 10% gas in Fig. 3.16(b), for 20% water 70% oil and

10% gas in Fig. 3.16(c), for 30% water 60% oil and 10% gas in Fig. 3.16(d) and
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for 40% water 50% oil and 10% gas in Fig. 3.16(e).

There is no noticeable effect on fluctuations in measurements by increasing the

(εr) inside the pipe. This behavior is different from the previous static cases. This

is due to the fact that shaking the pipe may result in high water concentration

at a location in one point and high oil concentration in another during of the

same time interval. The average measured and simulated Si1 are still in good

agreement. The thick blue lines shows the simulated Si1 and average measured

Si1 are shown as solid red lines in all graphs.

Table 3.7 shows the comparison between theoretical, simulated and average

measured effective εr for the shake test of water-oil-gas. As water volumes inside

the pipe increases, the measured error starts reducing in many cases. The average

measured error for all cases is 9.3%. The highest error is less than 15% which was

due to the shaking process.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

Figure 3.15: Experimental setup for shake test of water-oil-gas combination filled
acrylic pipe (a) 5% water, 90% oil and 5% gas (b) Enlarge view for 5% water,
90% oil and 5% gas (c) 10% water, 80% oil and 10% gas (d) Enlarge view for
10% water, 80% oil and 10% gas (e) 20% water, 70% oil and 10% gas (f) Enlarge
view for 20% water, 70% oil and 10% gas (g) 30% water, 60% oil and 10% gas (h)
Enlarge view for 30% water, 60% oil and 10% gas(i) 40% water, 50% oil and 10%
gas (j) Enlarge view for 40% water, 50% oil and 10% gas.85
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Figure 3.16: Comparison of measured, average measured and simulated Si1 for
shake test of water-oil-gas combination filled acrylic pipe (a) 5% water, 90% oil
and 5% gas (b) 10% water, 80% oil and 10% gas (c) 20% water, 70% oil and 10%
gas (d) 30% water, 60% oil and 10% gas (e) 40% water, 50% oil and 10% gas.
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Table 3.7: Comparison of theoretical vs simulated and average measured effective
εr for the shake test of water-oil-gas combination

Sr.
No.

Water
(%)

Oil
(%)

Gas
(%)

Theoretical
εr

Simulated
εr

Measured
εr

Simulated
Error(%)

Measured
Error(%)

1 5 90 5 3.4 3.7 3.7 9.2 8.8

2 10 80 10 5 6 5.7 19.9 14.7

3 20 70 10 8 7.5 8.8 6 10

4 30 60 10 14 14.1 13.1 1 6.4

5 40 50 10 20 20 21.4 0.1 6.9

The Dantec speedsense camera 9040 with maximum exposure time of 2us was

used to see the bubbly and wavey flow pattern during shaked up condition. The

speedsense camara images for 30% water, 50% oil and 20% gas combination are

shown in Fig. 3.17. Fig. 3.17(a) shows the static case of 3-phase combination

with water at bottom, oil in middle and gas at top of the acrylic pipe. Fig. 3.17(b)

shows the shaked up case of 3-phase combination which has the clear wavey and

bubbly pattern. By adding the surfactant in 3- phase combination, the mixture

is looking like a single phase as shown in Fig. 3.17(c).
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(a) (b)

(c)

Figure 3.17: Speedsense camara images for 30% water, 50% oil and 20% gas
combination(a) Static (b) Shaked (c) Adding surfactant.

3.4 Conclusions

A 28-port RF based low cost, low complexity and non-invasive sensor for average

εr estimation is presented for two/three phase oil flow measurements. The sensor

was build on a AP9131 flexible substrate of 6× 27.93× 0.01016cm3 size. 2-phase

and 3-phase static and dynamic tests were conducted. It was found that the sensor

can achieve 9.8% in measured εr estimation errors with more accurate estimate

for high εr combinations. The shake test for the 3-phase combinations of oil-

water-gas showed average measured errors of 9.3%. This is the first low cost, low

complexity sensor that provide accurate εr estimation with less than 10% average

errors across its dynamic range and works (was tested for) with 2-phase, 3-phase

static cases and 3-phase shaked up (dynamic) scenarios.
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CHAPTER 4

RESULTS FOR BIOMEDICAL

RF SENSOR

In this chapter, the RF sensor design on a fabric substrate is discussed. The de-

tails of the RF sensor design on a thin polyimide substrate is provided. Detailed

experimental results of the proposed RF sensor on polyimide substrate using sil-

ver organo complex (SOC) ink are presented along with experimental results of

the final fabricated RF sensor using advanced nano products (ANP) silver ink.

The modeling of the human upper torso is presented and errors obtained in the

estimated εr values are analyzed.

4.1 RF Sensor on Fabric Substrate

The designed RF sensor consists of 38 electrodes and 37 ports. The first port is

excited with a 60 MHz RF signal and the remaining 36 ports are terminated with

50 Ω except for the port where the measurement is taken. A textile substrate is
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initially used with a thickness of 0.8 mm. The first two electrodes were designed

to operate at 60 MHz under the best possible matching conditions to perform as

the signal exciter. The remaining 36 electrodes receive the radiated fringing field,

one active at a time. The width of the proposed sensor is 4 cm which is 60%

smaller than [45], [58] and 20% smaller than [59]. The length of the RF sensor

is 89.4 cm which represents the circumference of an average adult human chest.

The proposed design of the textile RF sensor with detailed dimensions is shown

in Fig. 4.1 (a). The sensor is wrapped around an elliptical model representing

an average upper torso (adult human chest) in simulation for the first time (all

privious works dealt with cylindrical models). The wrap around design of the

proposed RF sensor is shown in Fig. 4.1 (b). The skin, fat, muscles and bones are

modeled as an outer layer with an average thickness of 1.5 cm as reported in [45]

and [58]. The inner layer of an average human adult is modeled with a thickness

of 31.62 cm. The electrical properties of the inner and outer layers of the chest

model are given in Table 4.1.

Table 4.1: Electrical properties of different meterials used for the design of the
RF sensor

Material Thickness
(cm)

Permittivity Loss
Tangent

Conductivity Reference

Textile substrate 0.08 2.57 0.019 - [67]

Outer Layer 1.5 40.6 2.33 0.38 [45], [58]

Inner Layer 31.62 1-120 2-3 0.3-0.5 [58]
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(a)

(b)

Figure 4.1: RF sensor dimentions (a) planner Design (b) wrap around design on
human chest model.

The dielectric constant inside the inner layer of the chest model is varied from

1 to 120 to see the dynamic range of the proposed sensor. The Si1 curves for

different dielectric constant values (1, 30, 60, 90, 120) in the inner layer are shown
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in Figure 4.2 with the maximum dynamic range of 25 dB at port 18. The second

highest dynamic range is observed at port 32. The graph shows the Si1 values

with respect to the port number. The shift in Si1 curves by changing the dielectric

constant in the inner layer is good for εr estimation using the LS method.
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Figure 4.2: Comparison between Si1 for different inner layer εr values

4.1.1 Dielectric Constant Estimation Using LS Method

The dielectric constant can be estimated using Equation (4.1) where wi−1 are the

weight coefficients, Si1 are the transmission coefficients and i is the port number

[58]. Si1 curves were collected from the simulation model crated in HFSS by

varying the εr inside the inner layer of the chest model from 1 to 120, conductivity

from 0.3 to 0.5 and loss tangent from 2 to 3. The resulting data was post processed

and a single excel file was made containing all the required information. MATLAB

was used to extract the data at 60 MHz only to form a matrix. The resultant

overdetermined matrix consisting of 480 rows and 36 columns was solved using the
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LS method to obtain the weight coefficients as was done in [59]. Equation (4.2)

is then used to get the average εr from the obtained Si1 values via simulations.

εr =
37∑
i=2

wi−1Si1 (4.1)

εr = 6.75S2,1 + 12.9S3,1 + 16.28S4,1 − 16.1S5,1 + 6.44S6,1 + 16.44S7,1 + 5.18S8,1 + 17.23S9,1

− 19.34S10,1 − 25.78S11,1 + 19.72S12,1 + 2.31S13,1 − 16.64S14,1 − 5.04S15,1 + 7.02S16,1

− 3.4S17,1 + 8.24S18,1 + 0.86S19,1 + 2.42S20,1 − 5.58S21,1 + 16S22,1 − 22.63S23,1

+ 10S24,1 + 0.35S25,1 + 1.43S26,1 − 8.06S27,1 − 4.87S28,1 + 2.78S29,1 − 0.09S30,1

− 0.1S31,1 + 0.53S32,1 − 1.18S33,1 + 8.63S34,1 − 8.86S35,1 + 4.49S36,1 − 1.07S37,1

(4.2)

4.1.2 Simulation Results

The εr values for the normal lung, emphysema and edema conditions are 34.2,

16.9 and 51.2 as stated in [45]. The simulated Si1 for normal lung, edema and

emphysema conditions are used in (4.2) for εr estimation. Table 4.2 shows a

comparison between exact and simulated εr values obtained using our RF sensor

and human chest model. The maximum simulation error is 1.3% with an average

error of 0.57%. This error is due to the weight estimation error using the LS

method.
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Table 4.2: Comparison of Exact vs simulated εr for normal human lung and with
different diseases.

Category Exact εr Simulated εr Simulated
Error (%)

Normal Lung 34.2 34.13 0.2

Emphysema 16.9 17.12 1.3

Edema 51.2 51.1 0.2

4.1.3 Textile Substrate Design

The Materials used for the textile substrate design were UV-curable dielectric ink

and 85%-15% polyester/cotton textile. The dielectric interface layer is printed

by manual screen printing using PET stencil and doctor blade. A dielectric ink

thickness of 0.3mm was employed on the textile substrate using PET stencil of

0.3 mm thickness. PET film stencils can be easily and quickly altered using laser-

cutting or simple manual carving, thus allowing flexibility during screen printing.

The PET stencil is placed on top of the fabric textile as shown in Figure 4.3 and

CM116-20 dielectric paste is poured onto the stencil. A squeegee is used to drag

the dielectric paste across the stencil. Application force and angles should always

be constant. In order to achieve better surface roughness, the same procedure

should be performed again but in the opposite direction.

The stencil is removed after the application of the dielectric ink on the textile

and the substrate is UV cured for 5 min at 1000mJ/cm2. The textile substrate

is placed in an oven for 1 hour at 130◦C. The interface layer on textile is dried at

room temperature for 1 hour. The available Inkjet printer can print A4 size only,

thus the sensor was divided into five parts. One substrate sample of the sensor

out of five samples with its dielectric interface is shown in Figure 4.4.
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Figure 4.3: PET stencil on textile

Figure 4.4: Textile substrate sample with dielectric interface

4.1.4 Inkjet Printing

An Inkjet printer is used to print sliver nanoparticle based ink on the textile

substrate. The silver organo complex (SOC) ink is used for the printing. Six-

conductive layers of the ink are optimal for a conductivity of 1.85 × 106 S/m.

The drop spacing of 20 microns was optimized for providing sharp line edges and

almost no side overspills. After printing the two layers, heating for 20 minutes at

130◦C was applied in a thermal oven.

A small piece of fabric substrate was designed as shown in Figure 4.5, to see

the feasibility of Inkjet printing using SOC ink. Six layers printing of a small box

model was performed on the designed substrate to see the conductivity of sliver.

After every 2 layer printing, 130◦C heating was applied for sliver ink curing on

the substrate. No conductivity was found after six layer printing due to the rough
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surface of the designed fabric substrate. The surface roughness is due to the use

of available expired dielectric ink for dielectric interface on fabric substrate. Thus

an alternate material was examined.

Figure 4.5: Silver SOC ink printing on substrate

4.2 RF Sensor on Polyimide Substrate

The RF sensor consists of 38 electrodes and 37 ports. The first port is excited with

60 MHz RF signal and the remaining 37 ports were terminated with 50 Ω except for

the port where the measurement is taken [58]. Biological tissues show significant

variation of εr below 100 MHz [58] so the operating frequency was optimized to 60

MHz. A flexible substrate (polyimide sheet) is used with a thickness of 0.005 cm.

The planar sensor was designed using HFSS. The simulations were conducted for

the frequency range 1 MHz to 100 MHz with a solution frequency of 60 MHz. The

width of first two electrodes is 4 cm and other electrodes have a width of 2 cm.

The substrate dimensions were 4.4 × 89.4 × 0.005cm3. The size of the sensor is

60% smaller when compared to [45], [58] and 20% smaller than [59]. The first two

electrodes were designed to operate at 60 MHz under the best possible matching

conditions to perform as the signal exciter. The remaining 36 electrodes receive

the radiated fringing fields. The gap between the electrodes was optimized to 0.22

96



cm. The proposed design of the planner RF sensor with detailed dimensions is

shown in Fig. 4.6.

(a)

(b)

Figure 4.6: Proposed design of planner RF sensor (a) complete (b) enlarged view
of first ten electrodes.

The sensor was wrapped around an elliptical average adult human chest upper

torso model. The upper torso of the human body has a length of 18.29 cm [82].

The perimeter of an average human chest is 89.4 cm (which is also the substrate

width of the RF sensor) having an elliptical shape with major radius 16.6 cm and

minor radius 11.64 cm [83]. The average thickness of the outer chest layer (skin,

fat, muscles and bones) is 1.5 cm [58]. The wrap around design of the proposed

RF sensor is shown in Fig. 4.7 (a). The electrical properties of the substrate,

FR-4 sheet, Plexiglas base, outer layer and inner layer of the chest model are

given in Table 4.3. The dielectric constant, loss tangent and conductivity of the

inner layer were varied from 1 to 120, 2 to 3 and 0.3 s/m to 0.5 s/m, respectively
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to solve the overdetermined system and come up with the weights to estimate the

εr. The transmission coefficients (Si1) were obtained for different εr values (1, 30,

60, 90, 120) inside the chest where i is the port number. The comparison between

Si1 curves of different εr values is shown in Fig. 4.7 (b). The maximum achieved

dynamic range between low and high εr values was 20 dB at port number 17,

while the achieved dynamic range in [58] and [59], using εr values from 1 to 180

was 22 dB for planar or semi planar sensors. The size of the proposed sensor is

smaller than [58-59]. There is no need for RF sensor subgrouping as done in [59]

which makes the post possessing of the data much simpler. By changing the εr

values, a shift in Si1 curves was observed which will improve its accuracy for εr

estimation using the LS method.

Table 4.3: Electrical properties of different meterials used for the design of the
RF sensor

Material Thickness

(cm)

Permittivity Loss

Tangent

Conductivity Reference

Polyimide sheet 0.005 3.4 0.01 - [84]

FR-4 sheet 0.07874 4.8 0.017 - [85]

Plexiglas Base 1 2.5 0.08 - [80]

Outer Layer 1.5 40.6 2.33 0.38 [53], [58]

Inner Layer 31.62 1-120 2-3 0.3-0.5 [58]
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Figure 4.7: (a) Wrap around design of the proposed RF sensor on an average
adult chest model (b) comparison between Si1 for different εr values.
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4.2.1 Specific Absorption Rate (SAR)

SAR evaluates the safety limits of a wireless medical device or antenna. The power

absorbed by tissues surrounding the antenna/sensor should not exceed standard

limits as listed in section 1.4.4. The specific absorption rate of the designed RF

sensor is calculated using HFSS. The SAR field for different εr values are given in

Figure 4.8. The maximum value of SAR is always near the first port (source) for

all of the cases of εr variation (1, 30, 60, 90, 108, 120) and the values are far away

from FCC and IEEE standards as shown in Table 4.4.

(a) (b)

(c) (d)

(e) (f)

Figure 4.8: SAR fields (a) εr = 1 (b) εr = 30 (c) εr = 60 (d) εr = 90 (e) εr = 108
(f) εr = 120
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Table 4.4: SAR Measurements of the proposed design using HFSS

Inner layer εr 1 30 60 90 108 120

SAR (W/Kg) 0.035692 0.0097286 0.0088508 0.0071432 0.0077559 0.0054433

4.2.2 Sensor Fabrication Using an InkJet Printer

The sensor is fabricated using SOC silver ink in an Inkjet printer. The available

printer in IMPACT lab, King Abdullah University of Science and Technology

(KAUST), can print A4 size sheets. The sensor is divided into five parts. Figure

4.9 shows the fabrication steps. In the first step, the substrate was washed using

Isopropyle Alcohol (IPA) as shown in Figure 4.9 (a). The next step was the drying

of the substrate using nitrogen gas as given in Figure 4.9 (b). The UV light curing

of the sensor was optimized to two minutes and 30 seconds for SOC ink and 1

minute for ANP ink as shown in Figure 4.9 (c). Increasing the UV time will

increase the ink spreading on the substrate. The drop spacing of the SOC and

ANP silver ink was optimized to 30 micron. After each of the six layer printing,

IR bulb heating for five minutes was used to cure the silver ink on the substrate in

case of SOC ink as shown in Figure 4.9 (d). Due to the large size of the substrate,

we cannot provide uniform heating on the whole design. For ANP ink printing,

three ANP sliver ink layers were printed to achieve good conductivity values.

After each layer printing, 10 minute uniform heating is applied at 130◦C and after

the last layer printing, heating time is increased to 15 minute. The fabricated five

parts of the sensor were joined using double sided tape. The fabricated sensor

prototype is shown in Figure 4.10 (a). The sensor on a T-shirt is shown in Figure

4.10 (b) to see its flexibility. The final fabricated prototype of the sensor with
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coaxial probes is shown in Figures 4.10 (c) and (d).

(a) (b)

(c) (d)

Figure 4.9: RF Sensor printing steps (a) Substarate washing with IPA (b) Drying
with nitrogen gas(c) UV light curing (d) IR bulb ink curing

(a) (b)

(c) (d)

Figure 4.10: Fabricated RF sensor (a) without coaxial probes (b) Flexibility of RF
sensor on a shirt (c) Scaled RF sensor with 30 cm scale (d) with coaxial probes.
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4.2.3 Human Chest Upper Torso Design

The human upper chest torso model was designed in the Fablab at KFUPM,

using a computer numerical control (CNC) machine. A Plexiglas sheet of 1 cm

in thickness was used for the base. Two elliptical grooves for the outer and inner

layers were modeled with 0.5 cm thickness to fix a flexible 0.078 cm FR-4 sheet

in it. Super glue was used to join the FR-4 sheets and epoxy glue was used to fix

the FR-4 sheets in the grooves. Figure 4.11 (a) shows the Plexiglas base design

on the CNC machine with software commands running on the computer. Figure

4.11 (b), (c) and (d) shows the top, front and side views of the designed human

upper chest elliptic torso, respectively.

4.2.4 Average Dielectric Constant Estimation

The dielectric constant can be estimated using a similar expression as Equation

(4.1) in [58]. Si1 curves were collected using HFSS by varying the εr inside the

inner layer of the chest model from 1 to 120, conductivity from 0.3 s/m to 0.5 s/m

and loss tangent from 2 to 3. The resultant overdetermined matrix consisting of

480 rows and 37 columns was solved using the LS method to obtain the weight

coefficients. Equation (4.3) was used to get the εr for both simulated and average

measured Si1 values.
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(a) (b)

(c) (d)

Figure 4.11: Human chest upper torso design (a) Plexiglas base design (b) Top
view of the designed upper chest torso (c) front view (d) side view.

εr = 26.66S2,1 − 8.96S3,1 + 3.55S4,1 + 13.87S5,1 − 7.52S6,1 − 4.88S7,1 + 0.79S8,1 − 4.68S9,1

+ 4.74S10,1 − 9.83S11,1 + 15.11S12,1 − 13.11S13,1 + 11.8S14,1 + 3.01S15,1 + 12S16,1

− 17.62S17,1 + 7.45S18,1 − 25.04S19,1 + 20.31S20,1 + 7.53S21,1 − 26.62S22,1 + 13.77S23,1

+ 5.92S24,1 + 0.15S25,1 − 2.09S26,1 − 0.02S27,1 − 3.64S28,1 − 10.36S29,1 + 14.64S30,1

− 3.78S31,1 + 0.01S32,1 − 1.32S33,1 + 3.76S34,1 − 5.96S35,1 + 3.32S36,1 − 6.29S37,1

(4.3)

The designed equation (4.3) was tested on the simulated Si1 curves for normal

human lung, edema and emphysema infected lung εr values (stated in [45]) to
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see the accuracy of the equation. Table 4.5 shows the comparison of the exact

vs simulated εr for normal human lung and infected lung. Equation (4.3) can

estimate the εr of the simulated Si1 with an average error of 0.85%. This error is

due to estimation of weight coefficient using LS method.

Table 4.5: Comparison of exact vs simulated εr for normal human lung and with
infected lung.

Category Exact
εr

Simulated
εr

Simulated
Error (%)

Normal Lung 34.2 33.74 1.35

Emphysema 19.5 19.47 0.17

Edema 51.2 51.74 1.05

4.2.5 Electrical Properties Measurement Using a Dielec-

tric Assessment Kit (DAK)

A DAK is used to measure the electrical properties (permittivity, loss tangent

and conductivity) of any liquid solution. Figure 4.12 (a) shows the measurement

setup of DAK. Glycerin is important for breast imaging. Its permittivity can be

varied considerably because it is soluble in water. It is non-toxic and ideal from

human safety prospective [86]. The human chest outer and different inner layer

electrical properties are formed using a mixture of salt, water, IPA and glycerin.

The permittivity of the available solutions are measured using the DAK. Figure

4.12 (b) shows the measured dielectric constant for glycerin, water and IPA in

the frequency range between 10 MHz to 100 MHz. Due to its low dielectric
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constant, IPA can be used in the inner layer during the experiments for emphysema

case. Different solutions are optimized for normal, edema and emphysema infected

human lungs. A 10ml IPA with 80ml glycerin solution is used for a normal human

lung. For the edema infected lung, 200ml glycerin, 40ml water and 10g salt

mixture is used. Porcine lung properties are formed using a 200ml water with

0.7g salt solution. The salt-water solution was used to increase the permittivity,

conductivity and loss tangent values. The human chest outer layer properties are

optimized using 70ml IPA, 50ml glycerin, 20ml water and 5g salt solution. The

obtained dielectric constant values in the frequency range of 10 MHz to 100 MHz

for all these cases are shown in Figure 4.12 (c).
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10ml IPA+80ml glycerin (Normal Lung)
200ml glycerin+40ml water+10g salt (Edema)
200ml water+0.7g salt (Porcine Lung)
70ml IPA+50ml glycerin+20ml water+5g salt (Outer Layer)

(c)

Figure 4.12: (a) Measurement setup of DAK, Electrical properties measurement
using DAK (b) Glycerine, water and IPA (Emphysema) (c) Normal lung, Edema,
Porcine Lung and outer chest layer .
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4.3 Experimental Results of the RF Sensor on

Polyimide Substrate Using SOC Ink

The outer layer electrical properties of the human chest are formulated using a

mixture of glycerin, water, salt and IPA. A mixture of 1190ml IPA, 850ml glycerin,

340ml water and 85g salt is filled in the outer layer of the upper chest torso. The

measured εr using dielectric assessment kit (DAK) was 40.6 for the outer layer of

the chest model. The inner layer of the chest model was filled with the water.

The experimental setup for this case is shown in Figure 4.13 (a). The VNA port

A is connected with port 1 of the RF sensor (the active port) and VNA port B

is switched to other passive ports to collect Si1. Each port reading is taken three

times to reduce the measurements inaccuracies and the average measurement is

considered for dielectric constant estimation using (4.3). Figure 4.13 (b) shows

the comparison of average measured and simulated Si1. The average measured

curve is far away from the simulated one.

To confirm the issue of the fabricated sensor, another measurement was con-

ducted for water and salt mixture in the inner layer of the chest model. The 9

liters water with 3.15g of salt is used for this case in inner layer. The obtained

εr is 108 which is similar to porcine lung properties [45]. Figure 4.14 (a) shows

the measurement setup for water and salt solution in inner layer of the chest and

Figure 4.14 (b) shows the comparison of average measured and simulated Si1.

The average measured Si1 are not matching with the simulation. Table 4.6 shows

a comparison of exact vs simulated and average measured εr for water only and
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water+salt solution test. The average measured error is 33.15% which is very

high.
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Figure 4.13: Water test (a) Measurement setup (b) comparison of average mea-
sured and simulated Si1.
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Figure 4.14: Water and salt solution case (a) Measurement setup (b) comparison
of average measured and simulated Si1.

Table 4.6: Comparison of exact vs simulated and average measured εr for water
only and water+salt solution test.

Category Exact
εr

Simulated
εr

Measured
εr

Simulated
Error (%)

Measured
Error (%)

Water+Salt 108 109.31 70.12 1.21 35

Water 81 80.34 106.4 0.82 31.3
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4.3.1 Investigation of the Results using SOC Ink

The measured Si1 curves are far away from the simulated ones. This is due to non-

uniform SOC ink printing on polyimide substrate using Inkjet printer. The second

reason is the non uniform IR bulb curing of the silver ink. The enlarged view of

first electrode is shown in Fig. 4.15 (a) which clearly shows the nonuniform and

irregular sliver layers on electrodes using SOC silver ink. Figure 4.15 (b) shows

the sensor printing using ANP ink. ANP sliver ink can print uniform ink layers

on polyimide substrate.

(a) (b)

Figure 4.15: Inkjet Printing (a) using SOC silver ink (b) using ANP silver ink.
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4.4 Experimental Results of the RF Sensor on

Polyimide Substrate Using ANP Ink

The outer layer electrical properties are formed using a mixture of IPA, salt, water

and glycerin. A mixture of 1190ml IPA, 850ml glycerin, 340ml water and 85g salt

filled the outer layer of the upper chest torso. The achieved εr is 40.6 which is

the same as stated in [53]. 8000ml glycerin and 1000ml IPA mixture filled the

inner layer of the torso with εr = 34.2 which is similar to a normal lung. Figure

4.16 (a) shows the measurement setup for the normal lung test. Port A of the

VNA is connected to the active port and port B is switched to other ports for Si1

measurements. Each port measurement was taken three times and the comparison

of the average measured and simulated Si1 curves for the normal lung case are

shown in Figure 4.16 (b). The averaged measured Si1 are in good agreement with

the simulated ones for the three cases.

IPA filled the inner layer of the torso with εr = 19.5 for the emphysema case.

Figure 4.16 (c) shows the measurement setup for emphysema test. Figure 4.16 (d)

shows the comparison of average measured and simulated Si1 for the emphysema

test. A mixture of 7500ml glycerin, 1500ml water and 375g slat solution filled the

inner layer of the chest upper torso with εr = 51.2 which is similar to the edema

case. Figure 4.16 (e) shows the measurement setup for the edema test. Figure 4.16

(f) shows the comparison of average measured and simulated Si1 for the edema

test. The averaged measured Si1 are matching with the simulated ones. Table 4.7

shows the exact, simulated and measured εr values using (4.3) with an average
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measured error less than 4.83%. The simulated error is due to LS method weight

estimation error.
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Figure 4.16: (a) Normal lung case measurement setup (b) comparison of average
measured and simulated Si1 for normal lung case (c) emphysema case measure-
ment setup (d) comparison of average measured and simulated Si1 for emphysema
case (e) edema case measurement setup (f) comparison of average measured and
simulated Si1 for edema case
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Table 4.7: Comparison of exact vs simulated and average measured εr for normal
human lung and with different diseases.

Category Exact
εr

Simulated
εr

Measured
εr

Simulated
Error (%)

Measured
Error (%)

Normal Lung 34.2 33.74 32.99 1.35 3.54

Emphysema 19.5 19.47 18.72 0.17 4

Edema 51.2 51.74 53.67 1.05 4.83

Another test was conducted on a porcine lung (to show applicability of the

sensor). The εr value of the porcine lung is 106.8 [45]. The normal water and salt

solution filled the inner layer of the chest upper torso in ratio of 0.7g of salt in

200ml of water. The 9000ml water with 3.15g of salt is used for this case. The

obtained εr was 108 which is similar to the porcine lung. Figure 4.17 (a) shows

the measurement setup for the porcine lung case and Figure 4.17 (b) shows the

comparison of average measured and simulated Si1 for that case. The average

measurement is close to the simulation.

To consider different stages of pulmonary edema and making the chest inner

layer solutions non-homogeneous, small balloons were filled with water, each with

200ml size. The effective dielectric constant (εr ) of water+salt and water balloons

is calculated using (4.4) [19], where d is the volume fraction of water and salt

solution, w is the volume of water, εwater+salt is the dielectric constant of water

and salt solution with the value of 108 and εwater is the dielectric constant of water

with a value of 81. Adding six water balls to the inner layer, the obtained average

permittivity using (4.4) is 104. Fig. 4.17 (c) shows the measurement setup for the

porcine lung case when adding six water balls in its inner layer and Figure 4.17

(d) shows the comparison of average measured and simulated Si1 for that case.
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The average measurement is in good agreement with the simulated one.

√
εr = d

√
εwater+salt + w

√
εwater (4.4)

Adding twelve water balls in the inner layer, the calculated average permit-

tivity using (4.4) was 100. Fig. 4.17 (e) shows the measurement setup for the

porcine lung case when adding twelve water balls in its inner layer and Figure

4.17 (f) shows the comparison of average measured and simulated Si1 for that

case. Similarly, adding eighteen water balls, the measurement setup is shown in

Figure 4.18 (a) and the comparison of the measured and simulated Si1 curves is

shown in Figure 4.18 (b). The average measurement is in good agreement with

the simulated one for all the cases. Table 4.8 shows the exact, simulated and

measured εr values using (4.3), for all cases of a porcine lung with an average

measured error less than 3%. The simulated error is due to the weight estimation

error using LS method.

Table 4.8: Comparison of exact vs simulated and average measured εr for porcine
lung with different pulmonary edema stages.

Category Exact
εr

Simulated
εr

Measured
εr

Simulated
Error (%)

Measured
Error (%)

Water+Salt 108 109.31 110.89 1.21 2.68

Water+Salt with 6 water balls 104 104.83 104.9 0.79 0.87

Water+Salt with 12 water balls 100 100.3 102.18 0.3 2.18

Water+Salt with 18 water balls 96 96.52 98.69 0.55 2.8
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Figure 4.17: (a) Water+salt case measurement setup (b) comparison of average
measured and simulated Si1 for water+salt case (c) water+salt adding six water
balls case measurement setup (d) comparison of average measured and simulated
Si1 for water+salt adding six water balls case (e) water+salt adding tweleve water
balls case measurement setup (f) comparison of average measured and simulated
Si1 for water+salt adding tweleve water balls case
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Figure 4.18: (a) Water+salt adding eighteen water balls case measurement setup
(b) comparison of average measured and simulated Si1 for water+salt adding
eighteen water balls case

4.5 Conclusions

The sensor fabrication on fabric substrate was not possible due to unavailability of

dielectric interface ink for the substrate design. The sensor printing on a polyimide

substrate using SOC silver ink result in non-uniform printing thus high error

percentages in εr estimation. The sensor was finally build on a flexible polyimide

substrate of thickness 0.005 cm using ANP silver ink. It was found that the

sensor can estimate the εr for a human lung (normal, edema infected, emphysema

infected) with maximum average error of 4.83%. To differentiate between different

stages of pulmonary edema, the inner layer of an elliptical upper torso model was

filled with water+salt solution (porcine lung case) and water balls were added

to the inner layer with the increment of six water balls. The average error for

pulmonary edema stages detection was found to be less than 3%.
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CHAPTER 5

CONCLUSIONS

In this work, two flexible, low complex, low RF frequency based sensor arrays for

dielectric constant estimation are proposed with two major applications, the first

for oil pipes and the other for biomedical applications.

A 28-port RF based low cost, low complexity and non-invasive sensor for aver-

age εr estimation is designed for two/three phase flow measurements. The sensor

was build on a AP9131 flexible substrate of 6 × 27.93 × 0.01016cm3 size. 2-

phase static and 3-phase (static and dynamic) test were conducted. To reduce

the measurement inaccuracies, we have conducted each measurement three times

and consider the average measured value as final Si1 value. It was observed that

the average measured Si1 curves are very close to the simulated one in all cases.

By increasing the number of measurements, the accuracy in dielectric constant

estimation can be improved.

For the oil-water case, a reduction in error percentage was observed as the

water volume in the pipe increased. The overall error percentage remained below
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10% and the average measured error was 5.5%. For the gas-water combination,

the measured error percentage was too high when the acrylic pipe was filled with

100% gas which has εr=1. Since the εr value is too low the difference in various

points will cause a huge error percentage. As the theoretical εr value increased (the

water percentage in acrylic pipe increases), the error percentage starts reducing.

The average measured error was 17.3%. If we exclude the 100% gas case then the

average measured error becomes 14%. For the gas-oil combination, high measured

error percentage in two cases was obtained. This was because of the low εr values

of both gas and oil. For the low εr values, the high error percentage is expected.

It can be noticed that the theoretical and measured εr values are very close to

each other. Our designed sensor can still work for the gas-oil case. The average

measured error is 16%.

For 3-phase oil combination, It was observed that as the water volume in the

acrylic pipe increased, the error percentage started reducing. The highest error

percentage was below 11%. The average measured error was 6.2%. The three

phase combination was also tested by adding few drops of a surfactant to make

the combination homogeneous. The error percentage for that case was reduced

from 9.1% to 4.3%.

For the shake test of the 3-phase oil combination, more variations were ob-

served in measurements in comparison to the static case but still the average

measured transmission coefficient values were close to the simulated ones. The

overall measured error percentages was below 10% for the four cases investigated
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and below 15% in case 2.

It was found that the sensor can achieve 9.8% in measured εr estimation errors

with more accurate estimate for high εr combinations. The shake test for the 3-

phase combinations of oil-water-gas showed average measured error of 9.3%. This

is the first low complexity sensor that provide accurate εr estimation with less

than 10% average errors across its dynamic range and works with (was tested for)

2-phase, 3-phase static cases and 3-phase shaked up scenarios.

An RF based low cost, low complexity and non-invasive wearable sensor for

average εr estimation was proposed for pulmonary edema monitoring. A 37-port

Inkjet printed using ANP silver ink RF based low complexity, low cost and non-

invasive human chest sensor for εr estimation of different lung diseases that can

be integrated with cloths easily is designed. The sensor was build on a flexible

polyimide substrate of thickness 0.005 cm. It was found that the sensor can

estimate the εr for a human lung (normal, edema infected, emphysema infected)

with maximum average error of 4.83%. To differentiate between different stages

of pulmonary edema, the inner layer of an elliptical upper torso model was filled

with water+salt solution (porcine lung case) and water balls were added to the

inner layer with the increment of six water balls. The average error for pulmonary

edema stages detection was found to be less than 3%.
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5.1 Future Work

In future work, we will consider the idea of a complete multiphase flow volume

fraction measurements system. The complete system idea is given in Fig. 5.1

in which RF sensor first port is directly connected to the VNA port 1. The re-

maining ports of RF sensor are connected with VNA port 2 using RF switch. A

PC control is connected to both RF switch and VNA. Using the RF switch, the

ports will connect sequentially to VNA through PC control. Using this system,

the measurement time will reduce as there is no need to connect each port indi-

vidually to VNA and sensor. So, we can extend the experiments for more cases

of multiphase combination in flow condition. Also, by taking the average of 100

measurement instead of three, the accuracy of sensor will significantly improve.

Figure 5.1: Idea of a complete system

For the biomedical sensor, the RF sensor array can be connected via bluetooth

to a data collection device (cell phone) using microcontroller and RF switch. The
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collected data can be transferred wirelessly using body area network (BAN) to a

post processing unit. The post processing unit estimates the dielectric constant

based on the retrieved transmission coefficients values and provide the patient real

time and continuous health information to his/her health care provider (Doctor).
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