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Abstract 

Microwave planar resonators have been used for material characterizations for 

the past two decades. Among the many advantages from planar sensors, some of 

the main drawbacks are discussed and the relevant methods are provided to tackle 

them through this thesis. Generally, unique characteristics of microwave sensors 

such as the ability to perform non-intrusive real-time measurements makes them 

very appealing for chemical characterization. This becomes more interesting for 

harsh environment as it has very simple interface. Inherent associated challenges in 

microwave resonant based sensing are sensitivity and selectivity. Recently, the 

sensitivity issue has been addressed in our group to eliminate such problem by 

developing high resolution microwave sensors. In this thesis, we focus on 

advancing such sensors and further investigating their  sensitivity and selectivity 

related challenges.  

To design high resolution sensor a passive microwave resonator is embedded 

within a regenerative circuit to provide negative resistance and remove the loss of 

the system. The resultant high-quality factor sensor is able to track highly sensitive 

measurements such as Nano-particles, e.g. Asphaltene based model-oils. In this 

study, precipitation and deposition of the Asphaltene at 1.2 GHz is measured and 

showed that it is concentration-dependent when mixed with a precipitant element, 

e.g. n-Heptane here.  

In the second step, two pairs of ultra-wideband high gain slot bow-tie antenna 

are exploited to accompany the sensor and remove any wired connection with the 
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measuring device. Single-layered antennas are designed to offer 5dB gain over the 

bandwidth of 1.35-2 GHz, with whose installation, the quality factor of the sensor 

becomes Q ≈22000. Common chemicals such as IPA, acetone, ethanol, methanol, 

and water are analyzed with wireless communication. Salt-water wall with 

concentration of 0.003125 g/ml – 0.1 g/ml is used as the lossy medium, and the 

sensor’s bare response could also be captured. 

In the next step, the unwanted environmental impacts on sensing are 

considered as erroneous factors needed to be removed for robust measurements. 

Hence the single active resonator is developed into dual active sensor with 

enhanced functionality in tracking environmental effects. Dual uncoupled active 

Split Ring Resonators (SRRs), are enhanced in Q-factor from 51 and 54 up to 150k 

and 210k at 1.365 GHz and 1.6 GHz, respectively. The effect of humidity in sensing 

material under test (MUT) is calibrated out and more reliable sensing 

characteristics can be evaluated regardless of the uncontrollable ambient 

conditions. Based on the proposed technique, root of mean-square-error of 

processed results of measuring water in humid air was significantly reduced from 

169k down to 27k. Common liquids are detected within moist sand environment 

successfully and the material impact is completely distinguished from that of the 

moist sand. 

It is also shown that the dual active resonator can be used in unique 

configuration for other applications, for instance to analyze the dispersion 

coefficient (k) of Nano-particle suspensions inside solutions. The measured k for 

Asphaltene in Heptane is consistent with the values reported in the literature. 
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Dispersion of Asphaltene Nano-Particles in n-Heptane is measured in wide range 

of 0.000625-0.625 (%wt) Asphaltene : Toluene. Dual active resonator is designed 

at independent frequencies of 1.03 GHz (fL) and 1.149 GHz (fH). With the 

frequency shifts (ΔfL, ΔfH), average flow rate, and the inner diameter of the tube, 

the molecular diffusion coefficient, and then the dispersion coefficient can be 

rapidly derived according to two-window solution of Taylor-Aris dispersion 

analysis. Samples with higher concentration of Asphaltene are shown to have faster 

spread and larger dispersion in the flow. Dispersion coefficients of the samples 

cover the range of 5.2-7 ×10-4mm2/s in great agreement with conventional methods. 

In the last impactful attempt to improve the sensitivity of the sensor, mixing 

behavior of the sensor in its oscillatory mode is exploited, where it’s output 

combined with an additional signal is shown to produce intermodulation products. 

Intermodulation (IM) of the sensor’s two independent sources in this configuration 

magnifies the variations in the sensing element arbitrarily and commensurately 

with IM product order. The resulting structure, then provides sensitivity much 

larger than the primary signal. The improvements are all into effect in the final 

design of mixer-based sensor where wireless communication is also applied. 

Common fluids such as Toluene, IPA, Methanol, and Water are tested in fluidic 

channel and demonstrated that the sensitivity for intermodulation products are 

significantly increased.  
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Preface 

This thesis presents advances made to high resolution microwave sensors that 

has been recently developed in Dr. Daneshmand’s group. In all the subjects 

presented in this thesis, Mohammad Abdolrazzaghi is the main student contributor.  

The work is performed individually or in collaboration which are explained as 

follows. 

In chapter 3, the design and fabrication of the active sensors used for 

Asphaltene concentration sensing [1] as well as the sensor used for wireless 

communication [2] are in collaboration and help from Dr. Mohammad H. Zarifi, a 

postdoctoral fellow in the group. Mohammad Abdolrazzaghi is the main student 

contributor on this subject. Sample preparation for sample model-oils was a joint 

practice of the student and Cedric Floquet, employee of Slumburger, Edmonton, 

Canada. In design and analysis of the active resonator sensor, extensive technical 

discussions were put forward with Dr. Mohammad H. Zarifi. The results for this 

chapter are published in ACS Energy and Fuels Journal. 

Chapter 4 is the work of the writer to advance single active resonator in to 

double platform to enable new sets of tests and measurements. The results of this 

chapter are published in International Microwave Symposium (IMS 2016) 

conference and IEEE Sensors Journal. The author is the main contribute of the 

work.  

Chapter 5 is presented in International Microwave Symposium (IMS 2017) 

conference. The author is the main contributor of the work. 
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Chapter 1  

Introduction 

1.1 Motivation 

Sensing the presence of a substance in an environment, whether the substance 

or the host medium would be in solid, liquid, or gas phase, is the matter of 

importance in wide range of applications. For example, the presence and the level 

of DNA cells in a biological tissue is needed to be known to recognize some 

diseases. The dose of drugs for healing a patient suffering from heart stroke requires 

accurate understanding of the combination of its ingredients. In agriculture, 

modernized machineries require instantaneous information about the soil moist 

level to inject needed water for optimum and efficient growth of the plants. Another 

expensive example is about the type and density of the extracted oil down the well, 

which can be categorized based on the type of Asphaltene and its concentration in 

different levels of extraction with variant high pressure and temperature. Factories, 

responsible for their exhaust and global warming would need to pay attention, 

continuously, to the level of their pollutant emissions. Moreover, the quality of 

water at the refineries at large scale is under constant monitoring for the existence 

and the level of harmful suspensions. These, plus many more other examples, are 

the daily practice of various industries in order to keep their level of production ina 
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healthy state and control the possible abnormal production conditions with proper 

knowledge of their process. Highly accurate and reliable sensors are required to be 

employed in each section to monitor the variations in the material under test (MUT) 

to ensure the quality of the outcome. Expensively installed sensing devices with 

labour intensive performance are some of the limiting factors, based on which, the 

continuous and widespread inspection of the expected products are at risk. Hence, 

the desire for novel sensors that could be applied in the industrial conditions and 

still offer the same performance of the prevailing sensors with lower production 

cost, is required.  

Microwave planar sensors, used for material characterization, have attracted 

the attention of researchers, during the past two decades, because of their low-cost 

and still highly accurate sensing capabilities. In addition, since the planar sensor is 

not in direct contact with the MUT, it is called a non-contact-/contactless-/non-

invasive-/proximity-/remote-, etc. sensor_ terms that can be used interchangeably. 

Using the contactless feature, one can ensure neither the sensor nor the MUT would 

be contaminated in a sensing scheme. This combined with the small size of the 

planar sensors, especially in resonant mode using metamaterial induced elements, 

promotes them to be the candidate for highly sensitive measurements in harsh 

environment (high temperature, high pressure), and also on materials with limited 

accessibility (explosive, corrosive, toxic, etc.). All are a result of the fact that 

electromagnetic power can interact with the MUT in free space without the need 

for direct wired-connection. Another suitable condition for the planar sensors to be 

used is geometrically non-planar surfaces; these sensors can be easily patterned on 
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flexible substrates and then wrapped around 3-D objects (e.g. cylindrical) to be 

used in more practical applications, where close monitoring distance enhances the 

sensitivity. Wearable sensing for human-centric applications and most of industrial 

applications, especially in oil/sand are the result of their potential to be conformably 

mapped.  

 The prevailing sensors are mostly labor-intensive, expensive, time-consuming 

in preparation, and need maintenance for proper performance over a long time. The 

planar design of microstrip sensor are proven in comparable performance and is in 

high-demand during the past decade in material characterization.  

1.2 Objective 

Despite of many applications and needs to for planar sensors. There several 

shortcomings that must be addressed. In this thesis, we investigate on microwave 

sensor resolution, sensitivity and selectivity enhancements.  

First of all, the poor resolution of the passive sensor is not enough to resolve 

the small variations in the readout circuit due to the amplitude noise. The low-to-

moderate quality factor of microstrip resonators, e.g. SRR, is the limiting factor in 

sensitive readouts. Improving the quality factor is an asset for the sensor to go for 

lower concentration detection in liquid-mixtures and gaseous medium.  

Secondly, nowadays all of the electronic apparatuses are connected to each 

other in a large network to have a universal control over them from single station, 

a concept, commercially, denoted as Internet of Things (IoT). The passive 

resonators are of no capability to transmit their data without being combined with 
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a transmitter as a separate RF circuit that adds to the complexity of the design and 

is not cost effective. This challenge is noticed carefully and is required to be solved 

for wireless communication.  

Thirdly, environmental effects of temperature and humidity impacts the final 

readout of the planar sensor since it is open to environment beside the MUT. These 

extraneous elements should be removed from the sensing data to have reasonable 

and repeatable report of the MUT analysis. Part of this thesis is devoted to 

presenting the methods to remove the environmental unwanted effects. 

Moreover, although the open side of the planar sensor is in proximity of the 

MUT and it provides a non-contact sensing scheme, this would reduce the 

sensitivity of the resonator since MUT is not fully enclosed by the sensor and only 

part of the MUT is interacted electromagnetically. Hence, a great effort has always 

been in effect to increase the sensitivity of planar sensor, yet extensive study is 

required. The main purpose of the thesis is to have an impactful and significant 

enhancement on sensitivity and selectivity while preserving a high resolution non-

contact design as the basic.  

1.3 Thesis Outline 

 

The thesis is prepared as follows:  

The first chapter is for introduction of the microwave planar resonators and the  

benefits they have for material characterization, the current challenges and the 

proposed methods for its improvement.  
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Second chapter is for an extensive literature review on microwave sensors, 

with special attention to planar sensors.  

Third chapter discusses the advancements on ultra high quality factor 

resonators and the experiments that is enabled and proposed in this thesis. This 

section constructs the backbone of the rest of the thesis. Later, this active sensor is 

incorporated in a unique configuration for wireless communication to be connected 

to wireless sensor network nodes.  

Forth chapter focuses on improving the single active sensor into dual active 

sensor with main advantages in using one of resonators as the reference and the 

other as the main sensing resonator. From proper calibration, the extraneous effect 

of environment is removed from the sensor’s readout. Another application of solid 

suspension’s dispersion coefficient in solvent is also studied using the dual active 

resonator as an application.  

Fifth chapter is devoted to the main improvement of the sensitivity in the 

sensor that utilizes the intermodulation products of a mixer designed combined with 

sensing element. It is shown that the questionable elements of intermodulation, 

especially in communication, can be so much beneficial in sensing application, as 

a mean of magnifier for smaller changes. It is shown with experimental results that 

the mixer-sensor combination can be used as a sensor with much larger frequency 

shift compare to its main tone for a given effective permittivity variaion.  

The  last chapter, sixth, is devoted to conclusion of the thesis that summarizes 

this thesis achievements and outlines some future study directions . 
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Chapter 2  

Literature Review: Microwave 

Planar Sensors for Material 

Characterization  

Chemical and Material characterization has gained so many applications and 

hence significant importance during the past 2 decades.  Apparatus and tools are 

developed to monitor the physical and chemical properties of these materials  which 

resulted in many types of sensors for food quality, water quality, biosensing, 

chemical sensing, etc. Microwave near-field sensors can be used to evaluate the 

changes of the MUTs close to them such as soil moisture sensing, and this 

proximity to the MUT controls its sensitivity. 

Sensors in microwave region were developed into various industries including 

remote sensing [3], medicine[4], and  material sensing [5]–[13], studying nanotube 

structures [14]–[16]. Material characterization methods can fall into many different 

categories of analyzing the capacitance [17], [18], resistance [19], [20], resonance 

profile [21], [22], perturbation of cavity [23]–[25], and employing the MUT in 

reflectometry [26]–[28], cyclic voltammetry (electrochemical method) [29], [30], 

etc.  Many of which lack sensitivity, due to single parameter dependency, and low 

precision, in very complicated and phased dependent methodologies. Moreover, 

the contact between MUT and the sensor is problematic in corrosion, maintenance, 
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MUT wastage, contamination of MUT, and the hard access to toxic or explosive 

MUT. Hence, resonant based sensors that incorporate non contact complex 

permittivity sensing of the MUT are superior choice.  

Planar sensors also offer more advantages compared to the microwave 

cavities. They are much smaller in size and can be conformal to any surface. The 

thin substrates of planar sensors enable their application for round cylinders or 

similar structures such as oil/sand pipeline or human wrist. On the other hand, 

resonant based structures are suitable for single frequency or discrete multiple 

frequencies in accuracy compared with most of the broadband methods of wide 

band spectroscopy. Moreover, the complexities and the challenges in measurement 

and post processing of broadband techniques such as reflection method of dielectric 

probe technique or transmission method of coplanar waveguide transmission lines 

are more than simple resonant based test setup for industrial applications. Due to 

advantages of planar microwave sensors, this thesis will focus on advancements in 

this field.  

In general, microwave sensors can be categorized into passive and active, 

resonant and non-resonant, reflection or transmission techniques, and open-ended 

or closed sensing environment. The following sections review few existing 

techniques in planar microwave sensors, divided into passive and active sensors 

with consideration on the type of resonance-based or non-resonance based devices.  
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2.1 Passive Planar Sensors 

2.1.1 Passive Non-Resonant Sensors 

Planar transmission lines have been in use for many liquid characterization 

purposes for a long time [31]–[36]. In this method, a transmission line is being used 

to analyze the liquid/solid MUT as the substrate or superstrate. External MUT 

covers the whole transmission line (Fig. 2-1(a-b)) that changes its effective 

permittivity and the resultant characteristic impedance of the line (𝑍0). Then, the 

measured transmission coefficient and phase variation in reflection/transmission 

responses is related to the dielectric permittivity and loss factor according to the 

well-known expressions [31]. It should be noted that this method can be used both 

for solid and liquid MUTs as of convenience.  

(a) (b) 

Fig. 2-1, (a) Schematic of wide bandwidth measurement cell [35], (b) The experimental 

arrangement in the frequency domain with the automatic network analyzer (ANA) side view and 

axial view [36] 



 

9 

 

2.1.2 Passive Resonant Sensors 

Resonance based sensors are found more high resolution  in their performance 

compared with wide-band non-resonant structures, even though limited in 

monitoring discrete finite frequencies. This encourages the researchers to 

incorporate resonators in sensing behavior, mostly at single frequency, and elicit 

the characterization of MUT using the behavioral variation of the resonator in 

various environments. Below is several types of sensors, whose resonance profile 

is analyzed in sensing.  

2.1.2.1 Substrate Integrated Waveguides 

Moving to resonant methods that offer more accurate results in single or 

limited number of discrete frequencies, resonance frequency of the resonators are 

related to the MUT as a perturbing element and will undergo changes due to the 

variation in the environment (MUT). In this regard, substrate integrated waveguide 

cavity resonators are suitable for their higher unloaded quality factor. Solid or 

liquids can fill the cavities and the resonating waveguide changes its frequency 

according to permittivity of introduced MUT. The frequency of the resonator is 

linked inversely to its size, hence higher frequencies are preferred for size 

convenience. Coaxial cavity resonators are also used for MUT with moderate and 

high loss content [37]. The complex permittivity measurement is done using the 

perturbation theory [38], [39].  
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Ref.[40] introduced a very sensitive half-mode substrate integrated waveguide 

near field sensor at 5 GHz with bare sensor’s quality factor of around 100, could 

distinguish the concentrations less than 1%  of liquid mixtures such as saline, 

ethanol, salt, sugar and water solutions. Measurement criteria was based on the 

quality factor shift, where in presence of aqueous environment would drop to about 

16 (Fig. 2-2(a)). 

Integration of waveguide cavity resonator with planar feed line using 

microstrip transmission lines are presented in Ref. [41] (Fig. 2-2(b)). Resonant 

cavities at 8 GHz are injected with capillaries carrying MUT so that the variations 

in the content of MUT are reflected in effective dielectric property of cavity and 

hence the resonant frequency. 

2.1.2.2 Free-Space Method of Sensing 

Another type of sensors are free-space based methods that are useful for high 

frequencies (above 10 GHz) [42] with no preparation time, and can be used for high 

temperature-based measurements. These can fall into two main category of non-

 

Fig. 2-2, (a) “Geometry of the substrate-integrated half-mode near-field sensor” taken from [40], 

(b) Layout of substrate integrated waveguide cavity resonator with microstrip feed section and hole 

within the cavity through which the MUT is inserted” taken from [41] 

(a) (b) 
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resonant and resonant based sensors. In the former type, a set of antennas are used 

as a transceiver and receiver such that the MUT would be between the two antennas 

and based on the magnitude and phase variation in the transmitted signal at special 

frequency/frequency band one can determine the electrical characteristics of the 

MUT. The accuracy of this method depends on several parameters as the incident 

wave on MUT is assumed to be plane wave, and the MUT is homogeneous in 

texture and extends to infinity laterally to avoid diffraction effects on the edges.  

The resonant based sensor in free space are those resonating elements, such as 

SRRS, excited with the incoming plane waves from external pair of antennas. It 

has been shown that such methods are sensitive enough to help diagnose glaucoma 

with printed SRRs on flexible substrates excited by a pair of monopole antennas 

[43] and also MUT characterization at terahertz frequencies [44] (see Fig. 2-3). 

2.1.2.3 Microstrip Resonators: 
𝝀

𝟐
, Split Ring Resonator, etc.  

Planar microwave sensors are privileged of small size, ease of fabrication, low-

cost, and lightweight properties compared to different microwave cavity resonators 

Fig. 2-3, free-space resonant-bases methods for sensing (a) using a pair of monopole, and (b) at 

terahertz frequencies. 

(a) (b) 
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and micro-cantilever-based sensors [8]–[10]. Open ended half-wavelength 

resonators are modified as SRR and widely used as sensing elements due to their 

high quality factor and small size [45]–[47]. Planar sensors were used in 

microfluidic devices for the label-free biomolecule and concentration detection 

[48]–[53]. In order to increase the accuracy and minimum detectable-limit in liquid 

medium, complimentary structures of SRRs were exploited [54]–[56].  

A few examples of the complex permittivity (dielectric constant and the loss 

factor) measurement using resonant based sensors are for substrate permittivity 

extraction, since it plays a detrimental role in the design of RF and microwave 

circuits, especially at high frequencies [57]–[60]. Ref. [57] has designed a cross-

shaped microstrip ring at 880 MHz for substrate sensing of Teflon, R4003, FR4, 

RF35 and glass. A post-processing step is used for inversion of the measured data 

to the actual values using Artificial Neural Network (ANN). The compact design 

brings about less expensive cost for the mass-production. Ref. [59] introduces a 

quarter-wavelength resonator on planar substrate coupled to input/output of a 2-

port network working at 656.6 MHz. This method is applicable to powder moisture 

content detection with a low cost planar design. In Ref.[60], a ring resonator at 2.4 

GHz is used to sense the moisture content of concrete or sand grains. Compact size 

and high accuracy of the sensor are some of features of this highly sensitive sensor. 

Numerous applications of sensor are reported in literature that are able to 

efficiently combine with liquids and flowing media using micro-channels or larger 

tubes. The only interfacial material between the MUT and the sensor is the wall of 
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tube. Several typical examples are given below with introductory information about 

their design and advantages.  

These resonators are among integral part of many microwave circuits such as 

filters or oscillators. The resonant microstrip section of these sensors are open-

/short-ended quarter-/half-/full-wavelength in size (Fig. 2-4(a-d)). Multiple 

harmonics of the fundamental frequency of resonance can also be found in 

transmission response of the sensors due to their accommodation in the same 

ring/split-ring. The half wavelength sized sensors are governed by the following 

expression for their resonance frequency [61]:  

 𝑙 =
𝑛𝑐

2𝑓√휀𝑒𝑓𝑓

 (1) 

where c is the speed of light, f is the frequency and 휀𝑒𝑓𝑓 is the effective permittivity 

of the substrate and the surrounding medium.  

Fig. 2-4, (a) cross section of the microstrip design, (b) fringing E-field distribution in microstrip, (c) 

Ring and (d) Split ring structures as microstrip resonators, taken from [61], (e) Microstrip straight 

SRR as sensor for resonant perturbation measurements on liquid samples, taken from [62]  

(e) 
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The end tips of the resonator are highly concentrated in E-field and hence 

sensitive to capacitive variations. Fig. 2-4(e) shows a planar straight ribbon of 

microstrip that is used for dielectric material sensing [37], [62].  

Since the MUT requires full contact with the sensor and its 

corrosive/contaminating effects are not desirable for repetitive and long terms 

measurements. In an attempt to avoid direct contact of sensor and the MUT, planar 

sensors are found helpful since they are open from a side that allows them to be in 

proximity of the MUT. Using planar microstrip design, one can perform the 

measurements in non-invasive manner using the propagation of the electromagnetic 

waves into free space and its interaction with the MUT around it. With proper 

control and manipulation of the electric fields, one can reach the desired sensitivity, 

the more localized E-fields around the MUT, the more variations observed at the 

output. This method can be used for both solids and liquids. As the sample for test 

is not required to be large in volume and only is needed to cover the sensitive part, 

this method is used for very small amount of sample, especially in pharmaceutical 

and biomedical applications, where accurate characterization of analytes for minute 

sample sizes (less than few microliters) are vital.  

Dielectric resonator based split ring resonator (SRRs) have shown much better 

quality factors in microwave regime that brings about better resolution in the 

readout circuit and increasing detection limit [63] (Fig. 2-5(a)). The quality factor 

of about 10 at resonance frequency of 8.25 GHz was enhanced up to 300 at 11.3 

GHz. In another work of [64] (Fig. 2-5(b)) a simple split ring resonator at 2 GHz is 
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shown to provide highly sensitive region that is exploited in detecting small 

concentrations of glucose (as of 0.01 %) in water.  

A type of ring resonators that are perturbed with the existence of the external 

material is presented in [65] (Fig. 2-6(a)). The resonator, operating at 3 GHz, is 

tested using common liquids of hexane, chloroform, ethanol, methanol and water. 

The compact sensor is suitable for on-chip applications. Another planar 

microfluidic sensor based on quarter wavelength resonator in a co-planar 

Fig. 2-5, (a) “Geometry of liquid sensor with an SRR coupled to a DR” taken from [63], (b) 

“Schematic view of the λ/2 microstrip resonator and microfluidic container” taken from [64] 

(a) (b) 

Fig. 2-6, (a) “Photograph of the DSSR sensor, realized using a microstrip structure.” taken from 

[65], “Schematic view of the RF coplanar resonator with a microfluidic channel on top” taken from 

[66] 

(a) (b) 
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waveguide (CPW) structure is shown in Ref. [66] (Fig. 2-6(b)) working at 20 GHz. 

It is used for detecting the concentration of ethanol/de-ionized water mixture (0-20 

%) and accurate complex permittivity measurement is achieved. 

In low-cost and easy-to-fabricate designs, planar microstrip rings/split-rings 

are among favorable resonators [58], [62], [67], [68]. In Ref.[58], a square-wave 

modulated RF signal is fed into the resonator, and the transmitted signal is 

demodulated. The detected voltage is proportional to |𝑆21|2 (see Fig.  2-7).  

2.2 Active Planar Sensors 

In this section, a literature review of active sensors will be presented. Initially, 

active resonators are explained and then active sensors based on these structures 

are reviewed.  

2.2.1 Active Resonators 

An important indicator of the performance of a resonator is the quality factor 

(Q-factor). The Q-factor is defined as the ratio of the resonant frequency to the 

bandwidth of the resonator. It can also be expressed in terms of the ratio of energy 

Fig.  2-7, “Block diagram of the measurement system and detail of the geometry of the planar 

sensing head” taken from [58] 
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stored over the power loss of the system. The Q-factor plays a critical role in the 

resolution of the sensor and in the electric field concentration in the sensing 

medium.[1], [2], [12], [69]–[71]. It has been shown that by adding parallel positive 

feedback, the resonator’s quality factor can be enhanced (see Fig. 2-8 (a)) In such 

configuration, it can be used as the receiver front-end with a sharp filter to help 

selectivity in receiving section (see Fig. 2-8 (b)). This characteristic was in favor 

of first types of regenerative receivers, developed and invented by Edwin 

Armstrong in the late 1920s [72]. Regenerative amplifiers have been previously 

Fig. 2-8,  Regenerative (a) receiver [157] and (b) amplifier’s [73] general schematic, (c) The 

regenerative amplifier in oscillator design (taken from [158]) 

(a) (b) 

(c) 
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studied for communication transceiver applications; structures that consist of 

passive microwave resonators combined with active circuitry to enhance their 

performance. The key factor in their design is to keep the loop gain less than 1 to 

suppress any unwanted oscillations. In a complementary design of oscillators, the 

passive tanks have also been armed with positive feedback to compensate their loss 

and hence increase the Q-factor of the oscillator tank, consequently, lower the 

phase noise (see Fig. 2-8(c)). 

2.2.2  Basics of Active Sensors 

Our group has shown pioneering work in implementing such resonators as 

sensors and proving its enabling application as microwave sensors. High quality 

factors, a translation of low electromagnetic losses, can increase the resolution of 

the microstrip resonator sensor and relax the requirement for close physical 

distance of the medium and the sensor, therefore, enabling contactless 

measurements.  This becomes more important noting that in chemical sensing era, 

MUT generates considerable amount of loss that should be compensated in the 

sensor.  

Such improvements in the system were from the fact that a positive feedback 

loop [73] as shown in Fig. 2-9(a) is added to the system and regenerates the lost 

signal. The equivalent electrical model of the active sensor is demonstrated in Fig. 

2-9(b), where a negative conductance (GNR < 0) acts as the positive feedback. The 

Q-factor of this system can be derived as follows: 

 𝑄 =
𝜔𝐶

𝐺𝑖 + 𝐺𝑀𝑈𝑇 + 𝐺𝑒 − 𝐺𝑁𝑅
 (2) 
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where G is used to represent the conductance and easier calculations. The 

denumerator is under influence of the feedback network and its smaller value, due 

to compensation of the losses with positive feedback, would result in higher quality 

factors, up to a region where the internal losses are fully compensated (GNR = GMUT 

+ Gi). After this point, the oscillations happening inside the resonator can (not 

necessarily) be captured at the output based on the level of loaded conductance 

from the input/output transmission lines. Full description of this phenomenon lies 

in digging into Eq (2). 
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 The gain compensation is considered to be in line with phase compensation 

of the passive filter to optimally improve the frequency performance. When the 

loop gain is less than one, quality factor is enhanced by amplifying the input signal 

and compensating the generated loss of the resonator. As the gain is increased, an 

oscillating tone is added and the sensor will generate a signal tone at the resonant 

frequency of the tank. 

  It has been shown that the resonance (Gaussian) profile of SRRs as a 

permittivity sensor is amplified and the resultant resonator is called active resonator 

or regenerative amplifier with positive feedback [1], [2], [12], [13], [70], [74], [75]. 

Hence the resolution of the output is enhanced strongly to help resolving the peak 

of the sensor easily and the additive amplitude noise would be less. Therefore, the 

resonance frequency detection would be much easier and smaller shifts of the 

sensor can also be readily interpreted, which can be transferred as “enhanced 

readout resolution”.  

It has been shown that the active compensation resulted in Q-factors improving 

from 200 to over 10k typically [1], [2], [12], [70], [71]. The method can potentially 

compensate the environmental losses and enable high performance sensing  in lossy 

mediums such as liquid. [2], [12], [76], [77]. Many applications are enabled due to 

the high resolution sensing that brings about lower concentrations in mixtures, 

smaller changes in gaseous mixture concentrations, and the minute environmental 

variations can be easily tracked.  

“Enhancing the Q-factor lowers the minimum detectable changes in effective 

permittivity as suggested in [78], [79] as follows: 
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 |Δ휀𝑟| ∝
휀𝑟

𝑉0𝑚𝑎𝑥𝑄
√4𝐾𝑇𝐵𝑅 (3) 

where Δ휀r is the minimum detectable permittivity change, k is equal to 1.38×10-23 

J/K, T is the room temperature in Kelvin, B is the measured bandwidth, R is the 

resistivity of the resonator, α is a compensation constant which relates to the size 

and the volume of a test material detected by the sensor, and Vomax is the maximum 

amplitude of the resonance profile. It is evident from the equation that by increasing 

Q, the minimum detectable permittivity is expected to decrease, which leads to 

enhanced resolution in permittivity sensing. Additionally, increasing the quality 

factor of a planar resonator strengthens the electric field around the sensor, which 

consequently increases the field of view for the sensor and enables the non-contact 

high resolution permittivity sensing. As it can be seen from Fig. 2-9(a), the 

meandered type microstrip resonator is embedded in a regenerative feedback 

network such that proper gain is provided by the transistor (Cell: NE68033) at 

frequency of about 1.4 GHz and the resolution in transmission response of the 

active sensor is enhanced dramatically (Fig. 2-10 (b))” [80]. The gain of the 

amplifier is controlled with the bias voltage of the transistor and can be as low as 

the off-stage of the transistor which would show no improvement over the passive 

circuit. 

Fig. 2-10, improvement in quality factor in active sensor compared with its passive counterpart 
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2.2.3 Active Sensor Applications 

   Highly sensitive measurements are now plausible using the abovementioned 

method with ultra-high resolution sensor, when the concentrations in liquid 

mixtures are minute and even extremely tiny ppm-levels of gases can be captured 

in an environment. In this section two main applications of high-resolution material 

characterization is discussed in liquid and gas phases. 

2.2.3.1 Liquid Sensing 

Lossy medium including the liquids absorb the electromagnetic signals as they 

pass through. In that, the transmission and reflection coefficients would be noisy 

and not distinct enough to gain information about MUT. Hence, the characterization 

will be deteriorated for sensitive measurements, such as concentrations of a MUT 

inside a lossy medium. Active sensors help overcome the loss of the propagation in 

the system and the signatures of the medium are retrieved with no attenuation. The 
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following examples are to illustrate only some of the applications in aqueous 

solutions. 

Simplest form of the characterization is shown to be with the configuration of 

Fig. 2-11 (a), where the tube is located in the hot-spot of the resonator at 1.4 GHz. 

Common liquids of IPA, ethanol, methanol, and water are tested to verify the 

performance and distinct responses are obtained for each material. Moreover, 

dilutions of KOH within the range of 0.1-100 mM in water are tested and the 

frequency variations as well as Q-factor changes are used to detect the 

concentrations of the mixtures. 

In another more complex form of experiment, the medium inside which the 

material should be characterized is set to be also lossy liquid, as water as shown in 

Fig. 2-11(b). An active sensor, in this case resonating at 1.52 GHz, is located 12 cm 

(a) (b) 

Fig. 2-11, (a) Lossy liquid sensing, (taken from [129])(b) Lossy liquid inside lossy medium 

sensing using active resonator (taken from [76]) 
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away from the outer container of the samples and penetrates deeply inside the 

medium in free space. Interestingly, still correct assigning of the output of the 

sensor to distinct materials of the same common liquids, as the previous 

experiment, was achieved with proper loss compensation from the active sensor.  

2.2.3.2 Gas Sensing 

   In a highly sensitive measurement of gas detection, the concentration are so 

small that the regular planar sensor can not observe any change due to exposure to 

gas. Instead, beads, as the porous spheres are developed to capture the gas inside 

their holes and the dimeter of the hole depends on the type of bead. The sensor, 

working at 1.42 GHz, can resolve particle size range of 40-400 μm within 3 MHz 

when these petroleum coke beads are suspended in air. The adjustably of the gain 

allows to compensate for the excessive loss from the external MUT on the sensor’s 

system as well and this empowers the sensor in many fields that require dealing 

with highly lossy medium such as water. Adjusting the quality factor when 

confronted with water, as the host medium, the range of frequency shifts for beads 

immersed in water (εr’=78 and tanδ=0.15) are within 500 kHz using beads as a test 

material.  

 It is already been shown in highly sensitive measurements that deals with the 

concentration of gaseous exhausts in the air, which for sure is not in the capability 

of passive sensor to follow. In Ref. [75] a micro-bead assisted sensor is used for 

organic vapor sensing of 2-Butoxyethanol (BE). Two types of beads are used for 

capturing the gas and magnify the resultant variation in effective permittivity of the 

environment using their continuous collection in the holes of the spherical porous 
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media. Carbon beads could demonstrate frequency shift of 10 kHz for exposure to 

a 35 ppm concentration of BE and polymer based adsorbents show 160 kHz for the 

same concentration (see Fig. 2-12(a)). 

In another example [81], the interaction of Zeolite  13X with CO2 and CH4 in 

gaseous streams are discussed as shown in Fig. 2-12(b). The mixture of the 

CH4/CO2 with N2 as the balance gas, was pumped into the container full of porous 

beads, which is in front of the sensing region of the active sensor, resonating at 1.55 

GHz. Concentrations of 1-50 % of CO2 and CH4 are examined and comparing the 

frequency shifts of the two materials, show larger tendency of the Zeolite 13X 

beads to absorb CO2 compared to CH4, which is an indicator of an enhanced 

selectivity of the sensor with respect to CO2. 

Fig. 2-12, (a) Gas sensing using BE and polymer beads, (b) comparison of the Zeolite 13X 

selectivity towards CO2 compared with CH4. (taken from [81]) 

(a) (b) 
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Chapter 3  

Nano-Particle Sensing and Wireless 

Communication Using Active 

Resonator 

In the first part of the following chapter, development of passive core resonator 

into active resonator is shown to deliver much higher quality factor in the 

transmission response, a feature suitable for extremely small Nano-Particles in a 

solvent liquid, and is explained thoroughly in a paper entitled “Contactless 

Asphaltene Detection Using an Active Planar Microwave Resonator Sensor” 

[1]. Two main methods are discussed regarding the Asphaltene concentration, one 

is for individual injections of the samples and the other is to use another reference 

element, e.g. n-heptane here, for its more accurate practical measurement.  

Then, the microwave active sensor is enhanced in its communication with the 

measuring device using two pairs of ultra-wideband high-gain antennas, excerpted 

from a paper entitled “Wireless communication in feedback-assisted active 

sensors” [2]. It is shown that transmitted data through loss-less and also lossy 

medium can be processed, where stable and precise measurements can be 

performed. 
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3.1 Nano-Particle Detection Using Microwave Planar 

Sensor [1] 

Asphaltene precipitation and deposition during production, or transportation 

of crude oil is a critical issue for the oil and gas industry.[82], [83] This type of 

organic scaling can cause plugging of wells or flow lines, reservoir impairment, 

and more generally, fouling issues necessitating costly remedial maintenance.  

The Asphaltene fraction is the most polar fraction of crude oil and is defined 

as a solubility class.[84] Asphaltenes is soluble in aromatic hydrocarbons, yet, 

insoluble in alkanes such as heptane or pentane. Pressure, temperature, or chemical 

composition change in the environment can initiate precipitation. Successful 

prevention of scaling issues requires the analysis of the Asphaltene fraction of a 

crude oil, as well as a theoretical and practical understanding of the environmental 

parameters affecting the Asphaltene stability. In particular, knowledge of the 

Asphaltene content of the crude oil and pressure onset precipitation can be crucial 

[82]. 

Traditionally, Asphaltene content is determined with a wet chemistry method 

[84]. Onset (precipitation) determination can be performed using a wide range of 

techniques: gravimetric, acoustic resonance, or near infrared (NIR) scattering [85]. 

These methods are resource intensive, and operator dependent. VIS-NIR spectrum 

based techniques study the optical absorption spectrum of the materials and are 

based on correlations between the sample coloration and the Asphaltene 

concentration in Asphaltene/toluene solutions [86], [87]. Samples ranging between 
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0.5-15 g/L have been tested with optical spectroscopy techniques [88]. While new 

UV-Vis spectroscopic techniques address some of these issues [89], the nature of 

the measurement still requires optical access to the sample: optical windows can be 

prone to fouling and may require tailored engineering solutions and materials to 

survive exposure to oilfield fluids. A robust and contactless technique, where the 

optical transparency of the test vessel is not necessary, is sought after. 

Sensing using microwave resonators is a promising approach to address these 

challenges (Fig. 3-1). Such sensors rely on measuring changes in their resonant 

frequency when the environmental dielectric properties vary. Different resonant 

cavity designs exist with planar systems offering a small size, embedded solution. 

Planar microwave resonator sensors demonstrated reliable performance in 

industrial, biomedical and environmental applications [13], [90]–[93]. Recently, 

passive microstrip resonators, as dielectric property sensors, attracted attention due 

to their compact size, non-contact sensing capabilities, simplicity, and CMOS 

(complementary metal oxide semiconductor) and lab-on-a-chip compatibility,[2], 

[11], [75], [94]–[98]. SRR has been reported as the core of sensing device for 

Fig. 3-1. Schematic of microfluidic sensing paradigm 
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material, humidity, temperature, and Nano-structures analyzers [99]–[103]. Lossy 

dielectric media can also be monitored using SRRs [12], [76].  

In this feasibility study, we investigate the use of an active microwave 

resonator sensor to detect, measure and monitor dissolved and precipitating 

Asphaltenes. A model oil composed of extracted Asphaltenes re-dissolved in 

toluene is used. We first propose two different schemes to measure the Asphaltene 

content of model oil samples within a wide range of concentrations 0.00125-10 % 

(v:v). First, individual injections of samples inside a fixed tube are tested, and then 

a diffusivity based method using a reference liquid is implemented to improve the 

performance. We next demonstrate an active resonator based technique to monitor 

precipitation and deposition. We present our findings as a proof of principle, a first 

step towards the development of an instrument capable of replacing optically based 

measurements. Compared to passive schemes, active sensors, with their loss-

compensated resonance and sharp sensing profile, present improved performance: 

better accuracy for detecting resonance frequencies and, increased resolution 

allowing the sensing of minute differences between model oils. The proposed 

sensors with the configurations described in this manuscript is designed to operate 

at laboratory conditions and could be used for applications such as Asphaltene 

inhibitor screening and selection. 
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3.1.1 Method and materials 

3.1.1.1 Model oil preparation 

We used model oils to affranchise ourselves from any potential matrix 

interference, and to ensure a wide high resolution measurement range. Asphaltene 

is extracted from a heavy crude oil following a simplified ASTM D6560 protocol3, 

where only one rinsing stage is implemented. The stock solution of model oil is 

prepared by dissolving the extracted Asphaltene in HPLC grade toluene to generate 

a 25% (w:w) solution. A range of model oils is prepared by volumetric dilution in 

toluene. To enable direct comparison with existing optical methods, each model oil 

is diluted again in toluene by a factor 40 and its concentration is expressed in % 

(v:v) of the initial solution. 

Prepared solutions were kept in a 5 mL borosilicate glass vial (εr=4.3, 

tan(δ)=0.0047) with a PTFE seal lid. 

HPLC grade heptane (n-C7) was used as a precipitant with a volume ratio of 

1:10 (model oil : n-C7) for the precipitation experiments. 

3.1.1.2 Data acquisition 

The vector network analyzer (VNA) is used to compute the scattering 

parameters of the sensor as a device with two ports. Transmission profiles (S21) 

are collected from a R&S-ZVL VNA (Rohde and Schwarz, Germany) and recorded 

with LabView (National Instruments, US) at a rate of 1 sample/10sec. The data is 

then post processed to extract the S21 resonance frequency and amplitude. In cases 
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of mapping the extracted variations in amplitude and frequency over time with 

specific profiles, MATLAB is used for feature extraction. 

The resonator was kept in a temperature controlled sealed box purged with 

dried nitrogen gas to prevent the effect of temperature and humidity to interfere 

with the signal.  

3.1.2 Implementations and Results  

3.1.2.1 Resonator schematic and design 

The concept of the resonator is similar to that of published in previous work 

[70]. Here, the planar resonator sensor is a half wavelength ring resonator 

magnetically coupled to an input and transmission lines, resulting in a Gaussian 

peak signal at the frequency of resonance. A schematic of a typical sensor used for 

Table 3-1 

Critical dimensions of the sensor 

Parameter a b I g W1 W2 S 

Dimension 

(mm) 
26.0 17.0 44.0 2.0 2.1 1.0 0.4 

 

(a) 

Fig. 3-2. (a) Schematic of the active sensor. (b) Photograph of the sensing setup (MUT stands 

for material under test) 

A B (b) 
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this study is shown in Fig. 3-2(a). Its critical dimensions are summarized in Table 

3-1. The strong electric field concentration at the gap ‘g’ of the ring resonator 

provides the sensitive region for sensing. For a passive resonator, the typical quality 

factor of less than 300 is limited by losses in transmission. By adding a negative 

resistor with a feedback loop control to compensate for electromagnetic losses [70], 

the passive resonator becomes an active sensor with enhanced performance. A 

NE68033 (manufacturer, country) transistor with a 3 GHz gain cut-off frequency 

is used as an amplifier. To achieve optimum high frequency stability and loss 

compensation capability, we followed the manufacturer recommendations and 

operated the transistor at frequencies around 1.2 GHz. Fig. 3-2 shows a model of 

the sensor simulated using Finite Element Method (FEM) in ANSYS HFSS 

(ANSYS Inc. US[104]) with microstrip traces of 35um thickness on Rogers 5880 

substrates (휀𝑟 = 2.2, 𝑡𝑎𝑛(𝛿) = 0.0009). The active circuit is modeled as a negative 

resistance in parallel with the resonator. The resonance frequency is designed to 

consider the parasitic effects of the resonator as a shunt capacitance (as small as 50 

fF) with the ground that is due to imperfections in fabrication and soldering errors 

as loading effects. Fine tuning negative resistance creates a resonant profile in good 

agreement with the measured data. For the S21 transmission parameter at a 

resonance frequency of 1.19135 GHz, a good agreement between simulation and 

measured response is achieved. The quality factor improves from 120 to 10,000 for 

a passive and active resonator respectively, resulting in an extremely sharp resonant 

profile. 
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3.1.2.2 Benefits of an active resonator 

The active resonator used in the sensor provides a very sharp resonance S21 

transmission profile such that a high resolution is achievable as shown in Fig. 

3-3(a). The figure presents two different profiles which have 1MHz difference. 

Because of its high quality factor and high roll-off in the skirt of the resonance 

frequency peak, tracking small changes is possible. On the other hand, the relatively 

low quality factor of the passive resonator does not allow for a clear distinction in 

1 MHz span. The low-quality factor of 120 is prone to amplitude noise, resulting 

in a high uncertainty in recognizing the S21 resonance frequency. To further 

demonstrate the improvements brought by the active scheme, the resonant 

frequencies of the passive and active sensors were measured over 1000 s and 

plotted in Fig. 3-3(b). A scatter of ± 300 kHz in passive mode compared with less 

than 10 kHz in active mode were recorded, demonstrating the superior capabilities 

of the active scheme.   
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3.1.3 Concentration measurements 

3.1.3.1 Test setup 

A schematic of the active sensor and measurement setup is found in Fig. 3-4. 

A 1/8’’ PTFE tube is placed horizontally touching the sensor surface such that it 

fully covers the hotspot. The position of the tube is kept fixed to the sensor’s surface 

throughout the entire experiment so that it can be considered as a reference for 

different MUTs. The resonator can be modelled as a parallel RLC circuit with 

Resistance R, Inductance L, and capacitance C, which  resonates at 𝑓𝑟 = 1 √2𝜋𝐿𝐶⁄ . 

Its behavior depends on the effective permittivity of the sensor environment (εr-eff), 

which can be projected into a capacitance in the circuit model. The bare sensor 

resonant profile demonstrates a frequency downshift, due to capacitive loading of 

the tube on the resonator, as illustrated in Fig. 3-4(b). When the MUT affects the 

A B 
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(εr-eff), the resonant profile varies accordingly, such that higher dielectric constants 

shift the frequency to lower values, whereas existence of loss in the MUT would 

tend to shift it upwards.  

3.1.3.2 Direct concentration measurements 

A view of the setup is shown in Fig. 3-4(a). A volume of 200-μL of model oil 

at concentrations of 0.00125, 0.0025, 0.0125, 0.025, 0.1875, 0.3125, 0.625, 1.25, 

2.5, and 10 % (v:v) was injected sequentially. In this test, heptane is used as 

reference material to create a reference data point and eliminate possible 

environmental and user error from the measurement. Model oils of different 

Asphaltene concentrations are then injected.  

The measurements are performed in triplicate with the error bar representing 

the standard deviation of the average is given. As the permittivity of Asphaltenes 

(~5)[105] is larger than toluene (~2), an increasing shift in the resonance frequency 

with increasing Asphaltene concentration is observed. The full set of data is plotted 
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in Fig. 3-5, where the logarithmic scale is used to zoom in the low range of 

concentrations in inset. The resonance frequency varies from 5.0 MHz to 5.4 MHz 

for the full range of concentrations. A linear fitting function is employed to 

interpolate the intermediate values as shown in Fig. 3-5. Resolving these frequency 

shifts is only possible because of the active resonator. As shown before, a passive 

resonator has a precision of around ±0.3 MHz, and would bury the measured signal 

and information into the noise. 

3.1.3.3 Concentration measurement with a diffusivity based 

method 

In this section, the reference is chosen to be “n-Heptane” which fills the tube 

while acting as a reference. We used the Taylor-Aris dispersion effect to our 

advantage. Each plug of model oil injected in the tube was followed by a plug of 

heptane at a flow rate of 0.5 mL min-1. The enhanced diffusivity induced by the 
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shear flow in the tube generated a tail of precipitating Asphaltene. Fig. 3-6(a-b) 

shows the test setup, where a slug a model oil is swapped for a plug of heptane in 

front of the hotspot of the sensor. Continuous recording of the data is done by 

LabView [106] with a rate of sample/10 sec.  

Fig. 3-7(a) depicts the dispersion of the flow from a complete oil sample as it 

transits to heptane. Each concentration of model oil has specific dispersion rate, 

meaning that each concentration will have a different transition time (defined as 

time constant). Fig. 3-7(b) shows the typical frequency shift when a slug of a model 
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Fig. 3-7, (a) Dispersion flow of oil sample in combination with n-Heptane (not to scale, 

exaggerated to exemplify the measurement principle), (b) Frequency shift recorded when 

pushing a plug of 1.25% (v:v) model oil with HPLC grade heptane. 
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oil is swapped for a plug of heptane in front of the hotspot of the sensor. A time 

series of photographs in Fig. 3-7(b) illustrates the process.  

The transition phase between both fluids can be seen at the inflection point of 

the sigmoidal graph for resonant frequency’s time-based trend, which is called the 

residence time (τ), and extracted for each model oil samples. Each value is then 

plotted as shown in Fig. 3-8(a). For comparison, the resonance frequency shifts are 

also plotted in Fig. 3-8(b). With the diffusivity based method, the full range of 

Asphaltene model oil concentration, from 0.00125 to 10% (v:v), can be measured. 

Table 3-2,  

Fitting parameters 

Parameter P00 P01 P02 

Value 92.12 -3.2 -0.008 

Parameter P10 P11 
P20, P12, 

P21, P22 

Value -0.12 0.004 0 
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3.1.3.4 Dual parameter analysis 

In order to fully exploit the extracted information in characterizing the 

diffusion process, a combination of the measured data is presented in Fig. 3-9, 

where the logarithmic scale for concentration is assumed to be a function of both 

measured Δf and τ. A polynomial function (spatial surface) is pursued to be used as 

a mathematical formula in predicting intermediate values as follows:  

 

2

0,
0

i j

ij

i
j

C P f 



 
 

(4) 

where Pij|i,j=0,1,2 are parameters given in Table 3-2. after optimizing the fitting in 

MATLAB, which yielded a great agreement of R2=0.99 with the experimental data. 

A 2nd order polynomial function is the simplest case for the analysis to cover all the 

data, and still include the individual/mutual impact of extracted features of the 

diffusion process. The two datasets, Δf and τ, are independent from each other. They 

Fig. 3-9 Relationship between concentration, resonant frequency shifts and their time constants 
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convey useful characteristics of the model oils such as the Asphaltene concentration 

and corresponding diffusion rate. Combining the two datasets consolidates the 

measurement method and reduces the error bars associated with the measurement 

since it considers a more robust set of information about the sample and not only 

frequency variations. 

3.1.4 Precipitation detection  

3.1.4.1 Permittivity analysis of suspensions 

Electromagnetic waves in microwave region interact with materials with 

respect to their electrical signatures, such as permittivity and conductivity. Mixture 

of several species (solutions, suspensions, electrolyte, etc.) represents mixed 

properties of all of its individual constituents according to their volume fractions. 

As a first order approximation, Asphaltene can be considered as colloids suspended 

in crude oil and solvable in toluene. Based on DeLacey and White theory [107], the 

real and imaginary parts of the dielectric constant of a suspension can be calculated 

if the induced dipole of the suspended inclusion is known: 
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where  𝜙 is the volume fraction of solids, εr' and 𝐾∞ are dielectric constant and DC 

conductivity of the host medium, and C1 and C2 are the real and imaginary parts of 

induced dipole coefficient[108]. Here, not only the permittivity of the inclusions 
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and the host medium should be considered separately, but also the volume of liquid 

that is being substituted by solid particulates is of great importance. Reducing the 

external inclusion in the mixture with high εr' decreases the effective and 

inhomogeneous permittivity of the mixture. Therefore, it is expected that by 

monitoring the permittivity variation in the liquid, one can characterize the mixture, 

and its precipitation status with regards to time and quantity. 

3.1.4.2 Sensor design and simulation 

In this occurrence, the sensor is a meandered shape half-wavelength resonator 

on microstrip that is coupled to an active gain-controlling section to enhance its 

quality factor from ~270 up to ~10 k. The operating concept is very similar to the 

one explained in section 3.1. Details are given in the reference [75] and a schematic 

can be found in Fig. 3-10(a). 

The resonator has two main hotspots at both of its end parts where maximum 

electric fields are confined. For the ANSYS HFSS simulation, a cylindrical sample 

with dimensions of D2 = 6 mm, h = 20 mm is placed 1 mm off the left hotspot with 

εr=2, tan(δ)=0.01 (representing the host medium). To simulate the precipitation, an 

external material is put inside the host cylinder (ε’r=5, tan(δ)=0.1) of variable 

diameter D1 to represent precipitating materials.  The precipitated Asphaltene 

model gets larger in diameter and shorter in height to mimic the deposition process 

(Fig. 3-10(b)). Results computed using the finite-element method in ANSYS HFSS 

are shown in Fig. 3-10(c). The top section of the sample is the main part for the 

sensor. Change in effective permittivity of the environment is represented by 

deposition where the extracted material (high ε’r) is moving away from the hotspot 
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and settling down at the bottom of the cylinder. Thus, the high permittivity of the 

solute is affecting less and less the resonant frequency (fr) over time resulting in an 

increasing fr.  
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Fig. 3-10, (a) Schematics of the modelled sensor with dimensions of D2 = 6 mm, h = 20 mm, and 

variable D1, (b) Details of the precipitation model used for the simulation. (c) Simulated signal 
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3.1.4.3 Precipitation detection 

The experimental setup is shown in Fig. 3-11(b). The active sensor is mounted 

vertically in order to monitor the precipitation inside a 5 mL borosilicate glass vial 

containing the mixture of model oil and heptane. The vial is mounted 5 mm away 

from the sensor, and the glass thickness is approx. 1 mm. Three samples with 

concentrations of 0.1875% (v:v), 0.6250% (v:v) and 1.25% (v:v) and a toluene 

blank were all mixed with heptane as the precipitant element. A 6-minute time lapse 

of the deposition of the precipitated Asphaltene for the 0.625% sample is shown in 

Fig. 3-11(b). Conceptual variation of the size and volume of the aggregated 

molecules is presented in Fig. 3-11(c), where first nanoparticles start being 

precipitated. Next, their collection brings about nanoaggregates, in smaller scale, 

B 

0 min 2 min 4 min 6 min

Fig. 3-11, (a) Experimental setup for time-based monitoring of deposition. (b) Evolution of the 

precipitation and deposition over time for the 0.625%-sample (ratio 1:10). (c) Conceptually 

demonstrating precipitation and aggregation 

(a) (b) 

(c) 
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and finally this trend continues in larger scale to result in clusters that tend to 

deposit for their weight. 

Following the same time line, S21 transmission responses of the sensor are 

shown in Fig. 3-12(a). Shifts in resonant frequencies are extracted after post 

processing the results and plotted in Fig. 3-12(b). Duplicate measurements were 

performed. As the particulates of Asphaltenes with higher permittivity deposits to 

the bottom of the glass container, leaving only liquids with lower permittivity in 

the sensor’s sight, the effective dielectric constant is reduced, which results in 

shifting fr upwards. The four different sample concentrations present quite 

distinctive profiles indicating the feasibility of quantifying the deposition after 

calibration. 
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3.2 Wireless communication in feedback-assisted active 

sensor [2] 

In variety of applications such as pipelines, constructions, mining, etc., the 

sensor is located in an enclosed area with no direct access.  In field applications, 

the use of cabled devices creates problems such as increased phase noise or drifts 

with respect to thermal cycling, mechanical movement, or vibration [1-2]. In such 

applications, wireless communication within a mine, well takes a vital part of the 

appropriate operation of the underground facility. This communication capability 

is not only an enabling factor in the concept of safety [111], but also is beneficial 

to regular daily operations. Rapid, accurate and continuous flow of data from the 

sensor to outside world, would guarantee sooner and more accurate decision-

making [112].  

In harsh environments, where the surrounding medium impact is significant 

(i.e. extensively high temperature and pressure, existence of corrosive materials, 

etc.), processing the data and real time communication of the results, if not 

impossible is very difficult [113], [114]. Most of the present sensor such as photo-

ion-detector for gas sensing [115], temperature, humidity sensors [116] as well as 

soil-water probe [117] use a digital display to communicate which is battery 

extensive. Wireless technology that can transfer raw data, could significantly 

benefit harsh environment sensing, eliminate the need to preprocessing unit and 

reduce the battery usage. 

This work aims for high resolution wireless microwave sensing. To implement 

such configuration, two-port high-resolution sensor regenerated using active 
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feedback loop is connected to two wideband bow-tie slot antennas for wireless 

communication as shown in Fig. 3-13. The blue box represents the enclosure for 

the sensor while the outside antennas are used to communicate with the sensor.  It 

has previously shown that the use of near field communication is suitable for sensor 

applications [118], [119]. Here, we show the possibility for high-resolution 

wireless sensing for close range communication. The goal is to enable high 

resolution sensing in non-accessible applications while minimizing the battery 

usage by eliminating the need to data processing at the sensing node.  

This part is organized as follows: Section 3.2.1 presents the study of bow-tie 

antennas and the detailed analysis of the resonator with regenerative feedback loop 

in HFSS simulator. The integration and measured results along with detailed 

discussions are furnished in section 3.2.2. The experimental results for salt-water 

and liquid-chemical sensing are also presented. Section 3.2.3 concludes this 

chapter. 

Fig. 3-13, Schematic of the sensor with wireless communication 
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3.2.1 Simulation and Analysis 

3.2.1.1 Antenna Design and Analysis: 

Here, a CPW-Fed bowtie slot antenna is used to establish the wireless link 

between the readout device and sensing element with the following configuration. 

The slot profile on the antenna removes the need for a balun for current balance 

[120], [121] . In addition, relatively wideband operation of such structures enables 

sensing using frequency shift which is the base for microwave resonant based 

sensing. 

The general schematic of the antenna is presented in Fig. 3-14. Design on low-

dielectric- constant substrate (Rogers 5880 (휀𝑟 = 2.2, tan(𝛿) = 0.0009)) enables 

the antenna to yield a high gain [122]. Fig. 3-15(a) illustrates reflection and 

matching of the antenna with mag(S11) = -15 dB and total gain in main lobe (𝜃 =

90, 𝜙 = 0) to be 4.8 dB @ 1.41 GHz where is supposed to be the working region 

of the sensor.  The ultra-wideband design (fractional bandwidth of 64 %) enables 

application of the antenna over a wide range of frequency shifts wherein matching 

Fig. 3-14, Antenna Schematic with dimensions: Ylength=120, Zlength=70, L1=90, L2=35, L3=30, 

L4=10, W1=0.8, W2=2.4, W3=2, W4=8, W5=15 (mm)  
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and high gain still would remain [123]. This is specifically important in this 

application, as the frequency shift in sensor defines the dynamic range of the sensor. 

Its ultra-wide band realization as well as moderately high gain came at the cost of 

size.  

As shown in Fig. 3-15(c) and (d), 5.1 dB gain for Co-polarization in 𝜙 = 0 

(XZ plane) with half-power-beam-width of 80 degree as main lobe, shows strong 

linearity compared with X-polarization in that plane with over 50 dB difference in 

co-pol-gain. This characteristic will be used in this project to reduce the cross 

coupling between the receive and transmit signals. 

In Fig. 3-15(d) Co- and X-pol gain for H-Plane of the antenna (𝜃 = 90, XY 

plane) confirms large difference (over 25 dB in average for all directions), and 

reveals minor radiation in 𝜙 = 90 as well. As a result, this design enables us to 

utilize linearly polarized signals for transmit and receive. Fig. 3-15(e) gives more 

comprehensive look into antenna’s performance as input impedance of 48.4 - j11 

Ω and voltage standing wave ratio (VSWR) of 1.3 @ 1.41 GHz. These properties 

are in good agreement with each other for an efficient radiation. In this study we 

plan to use two of these antennas, one inside the sensor enclosure and one outside 

(as shown in Fig. 3-13). Therefore, the two-antenna distance and the power 

transmission is important. Further study over mutual interaction of the two antennas 

in transmission, is done for different distances and illustrated in Fig. 3-16. 

Degraded level of communication where the distance gets larger is clearly 

quantified.   
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3.2.1.2 Resonator Analysis  

The planar microwave sensor in this work is a meandered open-loop resonator 

(Fig. 3-17(a)) with initial quality factor of 104. To perform high resolution sensing, 

much higher quality factor is needed [77]. Based on the new approach of high-Q 

resonance implementation with details in [75] the passive resonator was armed with 

positive-feedback-loop to enhance its quality-factor substantially. This 

improvement in the sharpness of the resonances enables tracking of minute changes 

in ambient dielectric properties, including material detection in either bulk or 

concentrated form.  

As the resonant frequency of the half-wavelength resonator is strongly linked 

to the inductive (L) and capacitive (C) constituents of resonator by 1 2rf LC

[124], any change in 𝑓𝑟 could be a reflection of increase or decrease in C. Change 

in dielectric properties of environment would result in variation in sensors effective 

capacitance. Minimal variations in permittivity are detectable with the help of such 

a high Q-factor, as shown in Eq. (7), and consequently increases the sensor’s 

readout resolution. 

Fig. 3-16, Transmission of Antennas over distance 
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 |Δ휀𝑚𝑖𝑛| ∝
𝜀𝑟

𝑉𝑜𝑚𝑎𝑥𝑄
√4𝑘𝑇𝐵𝑅  (7) 

where k=1.38×10-23 m2kgs-2k-1,  T is the room temperature in Kelvin, B is the 

measured bandwidth, R is the resistivity of the device, 휀𝑟
′  is the permittivity and 

Vomax is the maximum amplitude of the resonance profile. [69]  

The transmission behavior of the sensor and its impact on the high-resolution 

sensing platform were studied based on a simulation on simplified configuration 

using finite-element-method in HFSS (considering only two antennas) as shown in 

Fig. 3-17(b). Please note that for simplicity of the simulations, only wireless 

communication link is considered. The positive feedback loop is modeled using a 

(a) 

(b) 

Fig. 3-17, (a) Schematic of core passive resonator, (b) Simulation-configuration accounting for 

effect of each antenna as well as intermediate medium in overall transfer-function of sensor’s 

response 
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negative resistance. The sensor is connected to a transmitter that sends the data to 

the receiver (20 cm away), and the systems transmission behavior including the 

sensor and the two antennas are simulated.  

To have the sensing profile, an analyte (MUT in Fig. 3-17(a)) is studied with 

tan(𝛿) = 0.01 and permittivity in the range of 5- 25 and illustrated in Fig. 3-18. 

Shifts in resonant frequency due to a change in dielectric properties of the sample 

are an indicator of each specific material. Passive sensor cannot keep up with larger 

changes in environment when the quality factor degrades drastically as 휀𝑟
′ > 15, 

while the very the same sensor in feedback-assisted mode could compensate for 

Table 3-3  

Quality Factor change comparison of active and passive sensor for sensor system 

including the antennas 

𝜺𝒓 1 5 10 15 20 25 

Qactive 3397 880 148 67 43 23 

Qpassive 104 50 26 3.5 - - 

 

  

(a) (b) 

 

Fig. 3-18, Transmission profile variation due to lossy analyte introduction in (a) passive and  (b) 

active mode including antennas 

(a) (b) 
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losses and the sensor’s output could preserve its high Q profile. Changes of quality 

factor in Table 3-3 reveals a quality factor with orders of magnitude difference 

between the passive and active form of sensor while communicating through two 

antennas. 

These large variations in 𝑓𝑟 and maintenance in general profile or transmission, 

ensures the capability of high resolution microwave sensing in wireless fashion 

which enables its application in practical conditions with low accessibility to the 

sensing area/harsh environments. 

3.2.2 Measurement and Results 

3.2.2.1 Antenna’s Characteristics  

Four-identical bow-tie slot antennas were prepared in order to incorporate in 

data transmission between the sensor and the measuring device (Agilent 85052D - 

Vector Network Analyzer) in wireless fashion. Experimental results of antennas’ 

Fig. 3-19, Measurement results of reflection of individual antennas 
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reflection in Fig. 3-19 suggest good matching performance (below -10 dB) for all 

of them over sensor’s operational frequency span (1.4-1.6 GHz). 

3.2.2.2 Sensor’s characteristics with Antennas  

The results of fabricated sensor and its characteristics while connected to two 

sets of antennas (one set for transmitter and another for receiver) (Fig. 3-13) are 

presented here. The active-loop assisted positive feedback led to 5 orders of 

magnitude enhancement in transmission resonance sharpness, which reveals 

appreciably high quality factor of ~220 k @ ~1.4 GHz in comparison with the 

pseudo-flat transmission-response of sensor in passive form in the given narrow 

bandwidth (Fig. 3-20(a)). The control over strength of resonance and amplification 

level of resonant profile, can be achieved using the bias voltage of circuitry as 

depicted in Fig. 3-20(b).  

Change in impedance of positive-feedback load on resonator while varying the 

bias voltage (as the S-parameters of active loop is directly linked to its DC-bias) 

turns into slight deviation in resonant frequency, while increasing the DC-bias 

Fig. 3-20, (a) comparison between measured passive and active profiles of the sensor (b) quality 

factor adjustment of S21 profile using DC_bias voltage 
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helps finding the optimal matching-impedance such that Q=180 k can be reached 

with 𝑉𝑏𝑖𝑎𝑠 = 1.883 V. 

3.2.2.3  Chemical sensing at the sensor enclosure 

Chemical materials are typical subject of interest for recognition in practice 

because of their high rate of daily application in industry. In an experiment some 

of those common chemicals, such as IPA, Methanol, Acetone, Ethanol, Acetone, 

and Water were tested. The fluid flow inside a 1/8” PTFE tube over the sensor 

where such a stable configuration helps to have repeatable measurements. In 
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addition, the temperature (T) and relative humidity (RH) are controlled constantly 

using another sensor and found to be T = 23.3 ℃ and RH = 11%, respectively. 

Chemicals were pumped inside the tube using syringe pumps as shown in Fig. 

3-21(a). At first, only 2 of the antennas were connected to VNA in the same plane 

to extract the baseline (reference) for next steps with 30 cm center-to-center 

distance. As the antennas are linearly polarized, the transmitter antenna was rotated 

90 deg (Fig. 3-21(b)) with respect to receiver to eliminate cross-coupling between 

them (see Fig. 3-15). The response is shown as the flat black line of -30 dB in Fig. 

3-21(c) which implies no transmission. Afterwards, the two antennas connected to 

its input and output were placed 20 cm away from their pairs (connected to VNA). 

Transmission response of active sensor, with the empty tube fixed on it, shows a 

resonance @ 1.5345 GHz. The sharp response of sensor shifts downwards as the 

permittivity of materials (Isopropanol Acid IPA (휀𝑟 ′ = 17.9, 휀𝑟 ′′ = 17.5 , Ethanol 

(휀𝑟′=24,휀𝑟′′=12), Methanol (휀𝑟 ′ = 30, 휀𝑟 ′′ = 8), and Water (휀𝑟′=81, 휀𝑟′′=9.6))  

inside the tube increases. Over 4 MHz variation is covering a wide range of 

materials (up to ε’r = 81 of water). Considerably distinguished results show the high 

resolution of sensor in dealing with liquids, especially as the response of 

transmission for lossy media such as water, has not been degraded and the ultra-

high quality factor was remained robust. 

3.2.2.4  Salt Concentration Categorization  

 In this experiment, two of bow-tie slot antennas were connected to the sensor 

inside an enclosure and the other two to the vector network analyzer (representing 

a transmitter) outside of the enclosure for communicating with the sensor. The 
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sensor enclosure is located inside another larger plastic container within salt water 

to represent possible lossy environment in communication. Then the transceiver 

antennas are located outside of the larger plastic container as presented in Fig. 

3-22(a).  

A PTFE tube of 1/16’’ is used to carry the saline solution over the sensor’s hot 

spot with various magnitudes of salt inside it. The tube passes through the sensor 

hotspot for sensing. The change in solution’s salt from 1g per 10 ml water down to 

low values of 0.03125 g per 10 ml water shows drop in both resonant frequency 

(~310 kHz) and quality factor (2 orders of magnitude), providing a wide sensing 

range for the resonator to distinguish intermediate concentrations. (Fig. 3-22(b)) 

Retrieving strong resonances could be achieved when the bias voltage of the sensor 

is adjusted such that the optimum feedback to the loop is provided.  

Fig. 3-22, (a) Salt-Water wall experiment setup, (b) Salty-water concentration classification 

(a) (b) 
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3.2.3 Conclusion 

We demonstrated that a high Q-factor high-resolution microwave resonator 

based sensor can be used to successfully detect and quantify the Asphaltene content 

of a set of model oils between 0.00125% (v:v) and 10% in noncontact fashion. A 

calibration curve is required to quantify the Asphaltene content of the sample. Time 

based measurement is also used to obtain independent information and measure 

time constant and permittivity in determining low concentrations of oil. It is also 

shown that such a system can detect and monitor the Asphaltene precipitation and 

deposition of a model oil when mixed with heptane in real time.  

Moreover, it is shown that single high resolution microwave sensing can be 

performed wirelessly. The sensor’s main core is a meander-shaped open-ended 

microstrip resonator with the regenerative feedback-loop. Wideband antennas at 

input and output of the resonator enable a wireless link between the microwave 

transmitter and the sensor in a non-accessible enclosure. In addition, the effect of 

high quality-factor on high resolution and precise measurement of different liquids 

and various concentration of salt-water is presented. Results depict 311 kHz 

variations on resonant frequency for a concentration range of 0.003125 – 0.1 g/ml 

and 3 order of magnitude drop in quality factor for the same range of salt-water 

concentration. Moreover, change in dielectric constant of common liquids (IPA, 

Acetone, Ethanol, Methanol and Water) is covered in 2.2 MHz resonant frequency 

shift with high precision of 4 kHz as measurements’ error range. The proposed 

sensor can be used for sensing in non-accessible environment such as non metallic 

pipelines and mining applications.  
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Chapter 4  

Dual Active Resonator and Its 

Applications 

In this chapter, single active resonator is developed into dual active resonator 

and its enhanced functionality is shown in two sections as follows. 

In the first part, environmental effects are studied and their impact on the final 

sensing characteristics are analyzed. The extraneous effect only due to unwanted 

variations of uncontrollable humidity change is monitored using a reference sensor 

and is removed with proper calibration technique. This method is explained with 

great detail in the paper entitled ”Enhanced Q Double Resonant Active Sensor 

for Humidity and Moisture Effect Elimination” [12].  

Next, the dual active sensor is used in a unique configuration to evaluate the 

dispersion and diffusion coefficient of the suspended Nano-Particles in solvent 

liquid. For this purpose, two-window solution is chose and both of the dual active 

resonators are employed for detecting the dispersion coefficient of Asphaltene 

Nano-Particles inside n-Heptane as the precipitant element. The detailed 

experimental results are found in the paper, entitled: “Dual Active Resonator for 

Dispersion Coefficient Measurement of Asphaltene Nano-Particles” [In Press at 

IEEE Sensors Special Edition] 
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4.1 Enhanced-Q Double Resonant Active Sensor for 

Humidity and Moisture Effect Elimination [12] 

Here, we report developing a new microwave sensor based on double high-Q 

uncoupled resonant loops, consisting of two regenerative feedback loops. The 

sensor exhibits two resonant peaks that can be tracked and used to linearly subtract 

the unwanted effects of humidity in microwave sensing measurements. In the 

proposed sensor, one of the resonant peaks are designed to be used as reference for 

only monitoring the sensing environment and the other one is responsible for 

changes in the sample under the test as well as sensing environment. The sensor 

design and fabrication including active feedback loop is explained next. It is 

followed by measured results and calibration details for humidity and moisture 

impact elimination. To our knowledge, this is the first time, that double resonant 

sensor utilizing regenerative feedback loop is designed and incorporated to 

eliminate the environmental impact in sensing.  

4.1.1 Enhanced-Q Dual-Loop Active Sensor Design 

The proposed sensor utilizes a passive part that is regenerated using active 

feedback loop as explained below.  

4.1.1.1 Passive circuit design:  

Two similar rectangular type SRR were designed at 𝑓𝑟1
=1.044 and 𝑓𝑟1

=1.148 

GHz, on Rogers 5880 substrate. Each one of two SRRs coupled to transmission 

line (TL) is leading an exclusive resonant frequency while the mutual coupling is 
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minimized.  Surface current distribution shown on Fig. 4-1(a, b) for the two 

resonant frequencies illustrate the corresponding loop. High level of miniaturizing 

could be achieved with simultaneous increase in equivalent capacitance and 

inductance of the SRR. Realization of lower resonances can be done using narrower 

strips where the current strength is maximal to enhance the inductance and wider 

strips where voltage is maximal to increase the capacitance [125].  

4.1.1.2 Enhancing Q Using Active Feedback Loops 

To increase the Q, two regenerative feedback loops, each consisting of a gain-

controller (GC) circuitry is designed and added to the ring resonators as illustrated 

(c) 

Fig. 4-1. Schematic of the sensor and relative surface current distribution depicted by arrows for 

1st (a) and 2nd (b) resonances. (c) Comparison between active and passive mode of resonator. (d) 

fabricated sensor 

(a) (b) 

(d) 
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in Fig. 4-1(a-b). The feedback loop compensates for the lost power of the circuit 

and enhances the quality factor [77]. Using such feedback loop, dual band ultra-

high quality factor of 150k (at LF) and 210k (at UF) is designed. A comparison 

between the sensor’s transmission response in both passive and active mode (Fig. 

4-1(c)) in Full Wave simulation with HFSS shows a remarkable enhancement in 

quality factor (from 51 up to 150k and 54 up to 210k) which enables the sensor for 

highly accurate measurements where small variations require extreme sharpness in 

classifications.  

4.1.1.3 Fabricated Sensor characterization 

The proposed sensor has two uncoupled resonances exploited in sensing a 

material while changes in each resonance has no interaction with the other one. Fig. 

4-2(a) shows the material sensing where the liquid flow is inside a PTFE tube of 

1
16⁄

′′
diameter, with distance of 1 cm from sensor’s surface over larger resonator 

Fig. 4-2 (a) Uncoupled resonances, (b) Experimental Configuration 

(a) (a) 
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(Fig. 4-2(b)). It is clearly illustrated that by changing the material in the tube, the 

first resonant frequency shifts while the second one remains constant. This brings 

us to the conclusion that the second resonance variation can be used to calibrate the 

humidity and moisture impact out as explained in the next section.   

4.1.2 Results and Discussion 

Resonant frequencies of the sensor change when the effective permittivity of 

the environment (air or sand) undergoes a variation. Each resonator has been 

decoupled to represent exclusive behavior with respect to near-by ambient change. 

Relative humidity in air could change its permittivity [126], and similarly for 

underground sensing, variation in sand moisture could impact the sensor’s results. 

The following will explain the material detection and linear subtractive method for 

both air humidity and sand moisture effect elimination. 

4.1.2.1 Eliminating Humidity Effect and Linear Subtraction 

Both of the two resonators respond to the environmental change in dielectric 

properties at the same time. Upper and lower resonant frequencies were recorded 

in presence of various RHs that exhibits infinitesimal effective variation in 

𝜺𝒓𝒆𝒇𝒇
 (Fig. 4-3(a)). Because the resonators are designed to be uncoupled, the sensor 

has the ability to exploit the behavior of higher resonance (opted arbitrarily) in 

dealing with unwanted environmental effects such as humidity.  



 

64 

 

In order to cancel the humidity effect, the shifts in LF vs. UF are studied as 

calibration as shown in Fig. 4-3(b) where they show linear relation. During the 

measurement UF is used as a reference to eliminate the humidity effect on lower 

resonance accordingly. Residual sum of squares of LF for linear fittings of active 

and passive mode are 1.6e9 and 2.5e11 respectively. It is clear that the active sensor 

has more convergent behavior, due to the ultra-high quality factor of active mode.  

Fig. 4-3, (a) Humidity effect on both resonances in active and passive mode, (b) calibration 

curves, (c), (d) measured and processed frequencies 

(a) (b) 

(c) (d) 
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Experimental verification of the concept was done by tracking both upper and 

lower frequencies of the sensor in dealing with constant sample of water at 2-cm 

away the sensor’s surface (Fig. 4-3(c)). Then the calibration data is used to make 

up the erroneous shifts originated from humidity, while the quality and quantity of 

material under the test was kept constant. The processed curve (Fig. 4-3(d)) shows 

considerably robust behavior in active sensor with mean square error (MSE) of 27k 

where the frequency noise is much less, while the curve in passive one, 

disappointingly shows much less capability in restoration after calibration with 

MSE of 169k. As a result, active sensor is a prerequisite for humidity-effect 

eliminating technique. 

4.1.2.2 Eliminating Moisture Effect  

When microwave sensors are used for underground microwave sensing and 

detection, the impact of the environmental inconsistency could be more significant. 

In this section, we illustrate that the proposed sensor can be used to eliminate such 

impacts. To show the concept, a schematic as shown in Fig. 4-4(a) is utilized that 

includes 3cm thick sand-cover with various moisture content (M %) with specific 

dielectric properties (휀𝑟 = 1.96208 + 0.4212𝑀, tan(𝛿) =  0.06862 −

0.00313𝑀) [127] encapsulating a PTFE tube (1 16⁄
′′

inner diameter) over the LF 

resonator. A finite-element method simulation suing HFSS© is performed while 

the tube carries materials with 휀𝑟 = 10, 20, 𝑎𝑛𝑑 30 and 𝑡𝑎𝑛(𝛿) = 0.1 where sand 
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moisture varies from 20% to 80% [127]. The sensor is 0.5cm elevated off the 

sensor’s surface utilizing non-contact sensing feature of active sensors [75], [77], 

[128], [129]. From the results presented in Fig. 4-4(b), it is clear that the sand 

moisture can significantly impact the observed and readout frequency. 

Experimental verification was done using the setup shown in Fig. 4-5(a) 

starting from dry sand covering the whole sensor. The change in environmental 

humidity is modeled using steps of 2ml water droplets that were spread uniformly 

over the sand and both upper and lower resonances were recorded. The materials 

under study, as ethanol, methanol and water were flowing inside a plastic tube over 

the resonator sensitive to the lower frequency and encapsulated in the middle of 

sand. For each measurement, the effective humidity of sand is changed and the 

materials are injected into the tube and the   measured data was recorded. Raw data 

Fig. 4-4, (a) schematic of simulation , (b) modified view of frequency change based on humidity 

variation 

(a) (b) 



 

67 

 

for LF is presented in Fig. 4-5 illustrating a downshift of the resonant frequency for 

each sample by increasing the moisture content which is also expected from the 

simulation.  It is clear that the moisture impact is significantly more that the sample 

variation and can easily influence the readout data.  

To post-process the results using the second resonant peak of the sensor, the 

same technique as explained in section 4.1.2.1 is used. A calibration curve is 

extracted and the measuring results are calibrated. The results after calibration are 

presented    in Fig. 4-5(b) depicting a robust behavior and a constant response for 

different sand moisture content. 

 

 

 

 

 

Fig. 4-5, (a) experiment setup, (b) measured and processed data 

(a) (b) 
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4.2 Dispersion Coefficient Measurement of Nano-

Particles [130] 

Asphaltene is dissolvable compound in petroleum fluids, extracted as a result 

of precipitation from adding n-Heptane, n-Pentane, etc. Asphaltene particles are 

refractory, and can separate from crude oil due to abrupt variations in temperature, 

pressure, and composition, and may cause clogging in reservoirs and pipelines, 

which leads to extra maintenance expenses. These properties of Asphaltene affect 

the petroleum processing, from production to refining stages of oil. Moreover, in 

categorizing the porous and bulky phases of materials, it is necessary to obtain 

information about their physical size and shape [131], [132]. On larger scale, 

hydrodynamic properties, such as the diffusion coefficient, sedimentation velocity, 

and intrinsic viscosity are employed to determine the macroscopic characteristics 

of biological molecules in solution [133]. 

A thorough understanding of physical behavior of these Nano particles such 

as size, structure, diffusion, etc. is required to cope with in-situ deposition of 

Asphaltene in process equipment, reservoirs, etc., and to optimize the processing 

unites accordingly [132]. Previously, several methods were used to identify the 

Asphaltene molecule flocculation, knowing that this information is site-specific 

and depend on the method of extraction. Leontaritis et. al.[134] have proposed 

methods to describe Asphaltene flocculation in concordance with Nellensteyn’s 

view of crude oil as a colloidal system [135]. Recently Rajagopal et. al.[136] 

proposed polydisperse flocculation model to predict the size of Asphaltene 

particles.  
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Different techniques used for determining the particle size and flocculation of 

Asphaltene include fluorescence polarization [133], [137] while transmission of 

linearly polarized light through the material is analyzed. In addition, light scattering 

technique is mostly used, because its light beam doesn’t destroy/ disturb the 

sample. The downside of these methods is the need for transparent communication 

between the light-emitter and the material under test that doesn’t allow for opaque 

system. However, studies of photon correlation spectroscopy (PCS) adapted to 

opaque systems are published by Yudin et. al.[138], yet a very laborious and 

expensive method.  

In all these models, it is emphasized that the average of particle size and 

diffusion coefficients strongly depend upon Asphaltene concentration and 

composition [139], [140]. 

In this chapter, we propose to use microwave sensing for such measurements 

in order to deal with opaque environment. In such technique there is no need for 

perpetual cleaning of sensing windows and maintenance expenses [141].  
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Since the resonant frequency of the sensor is strongly dependent on the 

environmental permittivity variations, it is used to characterize the materials’ 

permittivity. A microwave resonator with two resonant frequencies is developed to 

measure the dispersion coefficient according to the concept presented in Fig. 4-6. 

Both resonators are armed with active feedback loop creating extra high Q resonant 

profiles. The sharp resonances of dual active sensor in this study are used to monitor 

the physical properties of Asphaltene when a sample of oil (Asphaltene-in-

Toluene) is mixed with a precipitant element (n-Heptane here). Extraction of the 

diffusion and dispersion coefficients of Asphaltene from Taylor-Aris dispersion 

analysis [142] requires two windows to monitor the mixture’s flow as shown in 

Fig. 4-7. Each one of SRR-based dual active resonators acts as a single sensor in 

monitoring the fluid in a unique configuration. The dispersion coefficient is 

calculated from the shifts in the resonance frequencies of the two resonators. When 

r eff

1


2


Fig. 4-6, Two-window solution of Asphaltene’s dispersion in n-Heptane using split ring resonators 
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short plug of model oil is injected into flowing n-Heptane, the localized effective 

permittivity during the time with precipitation, resulting into two time-based 

profiles that are distinctly different.  

4.2.1 Theory of Measurements 

The diffusion of liquid-based solutions can be determined using the 

information at two states of the flow during the transmission. Once the spread of 

the solute could be realized at a certain location, it should be repeated in another 

known location such that the combination of these two measurements give enough 

information about the diffusibility of the solute inside the solution. An extensive 

method that explains the whole scenario in this regards is called two-window 

solution, which is based on Taylor dispersion analysis given in the Appendix A. In 

summary, the diffusion coefficient k can be computed from the following 

expression:  

 𝑘 =
𝑢2(𝜎2

2 − 𝜎2
2)

2(𝑡2 − 𝑡1)
 (7) 

 

Fig. 4-7, Electric circuit equivalent of dual active resonator 

 



 

72 

 

where 𝜎, 𝑢, 𝑎𝑛𝑑 𝑡 are Gaussian-variance, average speed, and the timings of the two 

successive measurements during the spreading in flow.  

Each sensor consists of an SRR that is an electrically small resonator in folded 

configuration to achieve a compact size. The resonance frequency (fr) of the SRR, 

which depends on the electrical length of the microstrip line, is highly impacted by 

variations in ambient effective dielectric constant (휀𝑟_𝑒𝑓𝑓
′ ) as follows [141]: 

 
𝑓𝑟 =

1

√휀0휀′𝑟_𝑒𝑓𝑓𝜇0

1

2𝑙
 

(8) 

where l is the length of the resonator, and 휀0, 𝜇0 are permittivity and permeability 

of vacuum, respectively.  

A finite sample of Asphaltene-in-Toluene is injected as an impulse into the 

ever-flowing HPLC grade n-Heptane (C7), and started into precipitation and 

dispersion. A mixture of several species (solutions, suspensions, electrolyte, etc.) 

represent mixed properties of its constituents. For one, Asphaltene is Nano-

colloidal suspensions of crude oil in toluene. First, dielectric properties of only oil 

sample is discussed. Real and imaginary part of the dielectric constant in a 

suspension can be calculated if the induced dipole for suspended inclusion is known 

based on Delacey and White theory as follows [143]:  

 𝜺′(𝝎) = 𝜺𝒔
′ + 𝟑𝝓𝜺𝒔

′  [𝑪𝟏(𝝎) −
𝑲∞

𝝎𝜺𝟎𝜺𝒔
′  

𝑪𝟐(𝝎)]  (9) 

 휀′′(𝜔) = 3𝜙휀𝑠
′  [

𝐾∞

𝜔휀0휀𝑠
′  

(𝐶1(𝜔) − 𝐶1(0)) + 𝐶2(𝜔)] (10) 

where 𝜙 is the volume fraction of solids, 휀𝑠
′ and 𝐾∞ are dielectric constant and DC 

conductivity of the host medium, and C1 and C2 are the real and imaginary of 
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induced dipole coefficient (for Asphaltene can be found in [14]), respectively. 

Here, not only the permittivity of the inclusions and the host medium should be 

considered separately, but also the volume of liquid that is being substituted by 

solid particulates is of great importance. It should be noted that reducing the 

external inclusion in the mixture (with high εr') decreases the effective (and 

inhomogeneous) permittivity of the mixture.  

Next, the dielectric constant for the mixture of several fluids (here toluene and 

heptane) should be determined. For single fluid, the dielectric constant is related to 

its polarization per unit volume, p, as follows [144], [145]: 

 𝑝 =
(휀 − 1)(2휀 + 1)

9휀
 (11) 

and for mixture of several fluids, with constant temperature and pressure during 

mixing, Oster’s rule [146] applies in evaluating the polarization of the mixture. 

Having said that, polar-nonpolar mixture of toluene-heptane would need to account 

for the change of the correlation between neighboring molecules due to mixing, 

then, leads to the following mixing rule [146]: 

 𝑝𝑚 =
∑ ∑ 𝑥𝑖𝑥𝑗(𝑣𝑝)𝑖𝑗

𝑛
𝑗

𝑛
𝑖

∑ 𝑥𝑖𝑣𝑖
𝑛
𝑖=1

  (12) 

where  

 (𝒗𝒑)𝒊𝒋 =
𝟏

𝟐
(𝒗𝒊𝒑𝒊 +  𝒗𝒋𝒑𝒋)(𝟏 + 𝒌𝒊𝒋) (13) 

and kij is a parameter determined from the dielectric constant data for the binary 

system i-j, and xi, xj are mole fraction of component i,j and pi, pj are polarization of 

pure component i,j.  
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Therefore, it is expected that by monitoring the resonance frequency of the 

sensor, affected by the permittivity variation in the liquid, one can characterize the 

mixture using the Gaussian type profiles in the response as shown in Fig. 4-6. In 

this paper, monitoring such mixtures is done using high quality factor active 

microwave sensor that is able to instantly follow the variations in the environment, 

i.e. the mixture under test, in a non-contact mode. The inverse-square relationship 

between 휀𝑟−𝑒𝑓𝑓
′  and fr of Eq. (8) is depicted in Fig. 4-6 over time. In presence of 

the precipitated Asphaltene Nano particles, each one of the active resonators will 

experience a downshift in fr due to increased 휀𝑟−𝑒𝑓𝑓
′ , while a reasonable physical 

separation between them would result in different profiles of downshift that 

ultimately help resolving Eq. (7).  

4.2.2 Dual Resonant High Quality Factor Sensor Analysis 

4.2.2.1 Simulation 

Planar resonator sensors are privileged of non-contact sensing due to their 

microstrip structure, allowing electromagnetic power to radiate into space and 

penetrate into the desired objects. Conventional passive sensors have been used in 

sensing applications for the past two decades, however, their low resolution, due to 

low-to-moderate quality factor, would restrain getting into sensing minute 

variations in highly sensitive measurements. Recently, this issue has been 

successfully addressed with the advent of active resonators as a means used for 

increasing the quality factor drastically by removing the loss of the sensor [2], [12], 
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[69], [70]. Introduction of active feedback loop around the passive resonator is 

embodiment of negative resistance.  

Two-window solution of the problem, needs two sensors mounted in distance 

from each other, hence a dual resonator is designed with identical resonators in 

parallel as shown in Fig. 4-6 with geometrically different sizes to achieve slightly 

different resonance frequencies. The electric circuit model of each SRR is a parallel 

RLC network, where R, L, and C are resistance, inductance and the capacitance of 

the sensor, respectively. Single transmission line as input and output of both 

resonators, is coupled with electrically (denoted as Cc1, Cc2) and magnetically 

(denoted as M1 and M2) as shown in Fig. 4-7. This model is verified by Ansys 

Electronics (HFSS) in passive mode as shown in Fig. 4-8(a) with two resonances 

at 1.03, 1.149 GHz. The two resonances correspond to the two microstrip 

resonators with lengths of 78 and 66 mm that both have the same gap of 1 mm and 

are located in 0.4 mm proximity of I/O transmission lines. All widths measure 2.4 

mm, except the coupled region with 1mm thickness, to have the best matching and 

excitation of SRRs, respectively. The electric field distribution over the surface of 

the resonator is shown in Fig. 4-8(b-c) at resonances. It shows that the gaps host 

maximum electric energy concentration, whose perturbation would affect the 

resonance frequency more significantly than other places, hence this area is chosen 

for sensing purposes. In addition, a typical enhancement of quality factor is sought 

after using the active feedback loop in HFSS (Fig. 4-8(a)), which shows remarkable 

improvement in the sharpness of the transmission profile. The reason for utilizing 

active circuitry in the resonator design is to overcome the moderate quality factor 
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of Q=200 that become a setback in very sensitive experiments, including detection 

of minute variations in permittivity values, sensing extremely small volumes of 

sample under test, distant sensing in non-contact mode, etc. Simulations confirm 

that the quality factor could be enhanced over 3k in microstrip technology that 

improves the resolution of main resonance frequency by orders of magnitude. 

Please note that the active circuit is responsible to compensate the losses in the 

system (from many sources such as dielectric loss, conductor loss, radiation, 
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mismatching, etc.) in a controlled manner, such that with introduction of any lossy 

environment to the sensor’s vicinity, it can be re-adjusted to maintain its ultra-high 

quality factor. To this end, a gain-controller unit is designed using a transistor as 

an amplifier that provide arbitrary negative resistance for the SRR. Simulation of 

the active circuit using circuit model of Fig. 4-6 is shown in Fig. 4-8(a), which is 

in great agreement with HFSS results in both predicting the peaks and the notches.  

Independent Sensing- The SRRs possess highly sensitive regions around the 

gaps, distinguishable in Fig. 4-8(b-c), which are best for sensing applications. The 

gaps are located away from the input/output transmission lines to have independent 

regions for sensing, as can be observed by comparing the E-field distribution in the 

resonant and non-resonant SRRs. Moreover, a simulation of the dual resonator 

(passive) is conducted in HFSS with a cubic material of size 4× 2.4 × 2 𝑚𝑚3, 

identically located on the gaps, to examine the resultant variations in resonant 

frequencies. Relative permittivity values cover the range of 1-20 as shown in Fig. 
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Fig. 4-9, Independent Sensing on the resonators, with MUT on SRR with (a) fL and (b) fH 
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4-9(a-b). It is evident that the change in the resonances are independent, since the 

gaps are far away from each other.  

4.2.2.2 Fabrication 

The planar sensor is fabricated similar to the schematic of simulations on 0.8 

mm thick Rogers5880 substrates with 휀𝑟
′ = 2.2, 𝑡𝑎𝑛(𝛿) = 0.0009 (5(a)). The 

transmission lines are etched from a patterned substrate using etching bath of 

aluminum persulfate (see Fig. 4-10(a)).  

The gain controller in active circuitry is composed of a low-noise transistor 

NE68033 as an amplifier and its gain is controlled by its driving voltage, hence the 
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collector current. The resonant frequency of the operation considers the gain 

limitations of the transistor (suitable for less than 3 GHz), and is arbitrarily chosen 

to be at ~1GHz for better frequency domain stability of the sensor. Fig. 4-10(b-c) 

demonstrates change in the transmission profiles of the resonators when the driving 

voltage V is varied with 0.1 V increments. Controllable sharpness in the inset of S21 

profile confirms its behavior as an active resonator, which arbitrarily compensates 

loss of the sensor. Having said that, the improvement in the resolution is only on 

single resonator to affirm their independent functionality.  

Considering the independent behavior of the SRRs, the sensor is used to 

quantify the dispersion factor of Asphaltene in n-Heptane as follows. 

4.2.3 Dispersion Characterizing Results 

The fabricated dual active resonator has two main hotspots, each on a different 

and uncoupled SRR. These sensing regions are two windows needed for the two-

window solution discussed in section 4.2.1. In order to have repeatable and more 

accurate response of sensing, a microfluidic PTFE tube with inner radius of 0.8 mm 

is used to carry the fluids. Schematic of the tube’s configuration over the SRRs is      

shown in Fig. 4-11(a). Since the effective permittivity of the sensor depends on the 

relative position of the tube on it, hence the tube is designed and attached 

permanently to the surface of the sensor, based on which that next measurements 

and calibration will take place. The tube is extended enough after the first SRR to 

provide a reasonable distance in time for the resonators to identify two considerably 

different Gaussian profiles as shown in Fig. 4-6.  
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Two syringe pumps are utilized to inject the fluids, one continuously pumping 

the n-Heptane, and the other, infusing short pulses of Asphaltene-in-Toluene. The 

two fluids join in a T intersection and start to pass through the tube following the 

ever-flowing n-Heptane fluid. The Asphaltene as presumably considered to be the 

part of crude oil dissolved in toluene experiences a different state when mixing with 

the non-polar n-Heptane, since the latter behaves as precipitant element. Therefore, 

the Nano particles are extracted from the solvent, and start fluctuating due to their 

highly polarized nature and mutual interactions. The small grains stick together and 

form larger Nano-aggregates of Asphaltene, and continues to develop into clusters 

of larger dimensions. This extraction process is a time-based phenomenon that is 

happening while the Asphaltene infusion is in flow by the host fluid (n-Heptane). 

Direct result of the continuous flow is the spread of the infusion along the carrying 

capillary to form a Gaussian type spatial profile according to Taylor’s dispersion 

(a) (b) 

Fig. 4-11, Schematic of the , and (b) experimental test setup for dispersion characterization 
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analysis [142]. Timings of T1-T5 are conceptually depicting the variations in the 

Gaussian profile during the flow as shown in Fig. 4-11(a). It is visually clear that 

the second SRR meets the Asphaltene infusion with larger spread-width and less 

central concentration. Since the two SRRs are independent in sensing paradigm, 

the variations in the frequency response of the individual resonators account only 

for the permittivity-fluctuations in their vicinity and not being impacted by the 

other resonator or permittivity variations elsewhere, as confirmed by Fig. 4-9.  

Permittivity of the Asphaltene-in-Toluene liquid is modified by the 

concentration of Asphaltene (with permittivity of ~5[105]) in volumetric content 

of toluene (with permittivity of ~2.4 [147]), hence larger concentrations would 

result in higher dielectric constants of the suspension.  

In fluidic view of permittivity variation in this experiment, the whole process 

is comprised of the following steps. First, the axial spread of the solute along the 

direction of the flow is known as convection, which its continuity results in an 

asymmetric concentration distribution of the solute over the length of the capillary. 

While,  diffusion is considered to be the transfer of the solute molecules from higher 

to lower concentration regions. The high concentration of molecules at the capillary 

center with respect to its walls leads to radial diffusion. This effect in combination 

with convection, allowing the injected Asphaltene to distribute symmetrically, is 

known as Taylor Dispersion, whereas accounting for additional assumption of axial 

diffusion is suggesting Taylor-Aris dispersion analysis.  

The flow rate for the host medium is 1.75 mm2/sec inside the microfluidic 

capillary, and is kept constant during the experiment (Fig. 4-10(b)). The two SRRs 
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of dual active resonators are in high-resolution mode to detect the variations in the 

permittivity with high accuracy (see red line in Fig. 4-8(a)). Several samples of 

Asphaltene-in-Toluene, within a wide range of concentrations of 0.000625, 

0.004375, 0.025, 0.1875, 0.625 (% v:v)  Asphaltene : Toluene are prepared and 

measured. It should be noted that the length of the tube is designed large enough to 

have distinct variations during the flow, such that the SRR with fL monitors the flow 

firstly (T2), and the second one with fH follows it around 100 seconds later as 2nd 

window (T5) using a data recording rate of 5 seconds with LabVIEW program. 

Diffusion and dispersion of the samples are analyzed using Taylor-Aris dispersion. 

For lower concentrations, the effective permittivity of oil-sample is less different 

from the host n-Heptane, however, the small size of clusters being formed after 
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precipitation is found not suitable for axial convection, thus tend to inhabit in the 

areas close to the wall allowing for the host fluid to flow. In this case, the effective 

permittivity variation due to infusion of oil-sample would seem large and the 

frequency of resonance considerably shifts to lower values as shown in Fig. 4-12. 

On the other hand, larger clusters as a result of higher concentration in oil-sample, 
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would be easily flushed by the host flow not to block the stream, hence these vastly 

spreading samples cause fr to undergo less variation (see Fig. 4-6). The maximum 

change in fr is extracted for each sample on a single SRR and plotted in a 

logarithmic scale to present the whole range of concentrations in Fig. 4-13(a). It is 

shown that the higher the concentration the less the changes in the resonance 

frequency, as expected due to fast dispersion in the host liquid. This graph can also 

be a representative of the concentration characterization for the samples. In 

addition, mapping Gaussian profiles with the downshifts of resonance frequency 

enables us classify them using their spread-width that can be evaluated by their 

corresponding variances (𝜎2). It is evident that the 2nd sensor can visualize the 

spread in a wider bandwidth since the time spent for the core of the Asphaltene 

infusion to pass from the 1st sensor to reach the 2nd is almost 100 seconds, long 

enough to allow for the dispersion and diffusion to happen. Exploring Fig. 4-12 one 
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can find the general decrease in maximum shifts of fr for 2nd SRR (blue line fH) 

compared with the corresponding ones in 1st SRR (red line fL) in each sample oil, 

which shows that dispersion is a time-based phenomenon and gradually lowers the 

concentration of oil sample at its center, pushing it outwards. Larger values of 

variances (Fig. 4-13(b)) and frequency shifts for samples with higher 

concentrations, are consistently expected as discussed. The dashed lines in Fig. 

4-12 show repetition of the test, which implies a repeatable experiment and the 

acquired data is reliable.  

The dispersion of Asphaltene in n-Heptane can be evaluated using Eq. (7)  and 

the data for the variances in Fig. 4-12 as plotted in Figure 4-14. It represents that 

samples with higher concentrations of Asphaltene disperse more in the flow, as 

expected, and it has a consistent trend for the whole range of concentrations. The 

experimental points are fitted with an exponential expression with R2=0.99: 

  𝑘 = 𝑒4.05+0.44𝐶  [𝑚𝑚2/𝑠]  (14) 

where C is the concentration of sample oil in toluene. Using this data and the 

viscosity information of the sample (not conducted in this work) one can find the 

hydrodynamic radii of the Asphaltene molecules in the sample using Eq. (7).   

In order to verify the validity of the Eq. (7) in this analysis the following 

conditions should hold as follow [148]: 

i) Longitudinal molecular diffusion must be negligible compared with 

the dispersive effect: 

𝐷 ≪
𝑟2𝑢2

12𝐷
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ii) (
𝑟2𝑈

𝐷

1

𝑥
 ) must be small 

 

Combining (i) , (ii) to be satisfied simultaneously it can be shown that [148] : 

2𝑥

𝑟
≫

2𝑢𝑟

𝐷
≫ 6.9  

which in our case 𝑥~350 𝑚𝑚, 𝑟 = 0.8 𝑚𝑚, 𝑢 = 1.78
𝑚𝑚2

𝑠
 (see Eq. (4)). The 

diffusion coefficient D, extracted from Fig. 4-13, is in the range of [5.2 - 7] 

10−4𝑚𝑚2/𝑠𝑒𝑐, in great agreement with typical values in the literature [133]. With 

these value for D, 
2𝑥

𝑟
= 875, and 

2𝑢𝑟

𝐷
>4000 that validates the experiment. 

4.2.4 Conclusion 

This chapter summarizes our developments on double resonant microwave 

sensor. Two specific application of that is highlighted for moisture and liquid 

measurements.  

Initially, a new double uncoupled resonators that are backed by two gain-

controller circuitry in order to achieve a very high quality factor response. Two 

resonant frequency peaks with quality factors of 150K and 210K are measured and 

their uncoupled behavior is examined. Extremely high quality factor of such 

sensors enables non-contact measurement, which in return makes them susceptible 

to the environmental condition such as moisture or humidity. It has been illustrated 

that using double resonant structure, these unwanted parameters’ influence can be 

cancelled and the effect of the sample under test monitored accurately.  

In the second part of the chapter, dispersion coefficient of Asphaltene Nano-

Particles is explored using dual active resonator sensor as a two window solution. 
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Two SRRs are used in parallel as the sensing elements that can independently 

monitor the flowing fluids inside a capillary. Mixing the Asphaltene-in-Toluene 

samples with n-Heptane as the precipitant element, helps the Asphaltene 

Nanoparticles to exit from the solvent and gradually disperse along the host flow 

with Gaussian asymmetric distribution. This physical change in the mixture 

impacts on the effective local permittivity since Asphaltene is high in 휀𝑟 compared 

with n-Heptane. The carrying capillary is designed long enough to pass both 

sensors with considerable time difference such that each SRR records the variation 

in the permittivity of samples in two distinctly difference Gaussian profiles. 

Employing Taylor-Aris dispersion analysis, the dispersion coefficient of 

Asphaltene samples are extracted that can be later combined with the viscosity 

information of samples to extract the hydrodynamic radii of Asphaltene Nano 

particles.  
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Chapter 5  

Compelling Impact of Mixing 

Behavior of Active Sensors on 

Sensitivity Enhancement 

In this chapter, the sensitivity of microwave planar sensors are considered to 

be the main attention. Single side access of the sensor to MUT reduces its 

sensitivity, and it gets worse as the distance between them increases. For active 

microwave sensors to compete with other existing technologies such as 

electrochemistry, the sensitivity should be improved [11], [48], [149]. Despite 

active microwave sensor’s excellent potential in dealing with so many fine sensing 

paradigms, significant improvement in its sensitivity remains, yet, a moot point in 

the literature. 

 In order to compensate for this short-coming in planar sensors, mixing 

behavior of oscillators are proposed, for the first time, such that the intermodulation 

of the signals from the sensor and another reference signal, results in multiplying 

the variations in the MUT. The magnification of minute changes in the 

concentrations is depicted in a novel sensor accompanied with a wireless 

communication scheme. The detailed information about this is given in the paper, 
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entitled: “Compelling Impact of Intermodulation Products of Regenerative 

Active Resonators on Sensitivity”. [In Press at IMS2017, Honolulu, Hawaii].  

5.1 Sensitivity Enhancement Using Intermodulation 

Products  

Here, we propose a new approach to enhance the sensitivity for multiple times. 

It is shown that using intermodulation (IM) products of two tones, thanks to the 

transistor’s nonlinearity (Fig. 5-1), one can achieve significantly larger 

sensitivities.  

Combination of a two tones (one from sensing element, another is arbitrarily 

fixed) produces intermodulation products that multiples the variations in frequency 

of the sensor (∆𝑓), just as n∆𝑓, n: 2, 3, …. It is shown that regenerative active 

resonators have the capability of producing such intermodulation products. 

This chapter presents the design and measured data for a two-stage sensor, 

including sensing oscillator and an active resonator. Since sensors are highly 

utilized for growing market of Internet of Things (IoT), the proposed sensor is 

± ±

Fig. 5-1,  Mixing/Intermodulation using double stage Active Resonator 
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integrated with a pair of antennas and wirelessly communicated. It is shown that 

the suggested design has significantly higher sensitivity than conventional type of 

DSRR-based elements. This chapter starts with the principle of operation (Sec. 5.2), 

continues with sensing results and explanation in Sec. 5.3. and concluded in Sec. 

5.4. 

5.2 Principle of IM products as a Novel Tool for 

Enhancing the Sensitivity 

For the configuration shown in Fig. 5-1, assume that the exiting signal of the 

first stage is 𝐴1cos (𝜔1𝑡), where 𝜔 = 2𝜋𝑓1. The second stage is an active resonator 

at 𝑓2 with a compensating feedback loop [2], [12], [150]. For lower gains of the 

feedback loop, the insertion loss due to the circuit and the environment is 

compensated with increasing the quality factor. As the gain further increased, along 

with enhancing loaded Q of the circuit, an oscillatory tone is also added to the 

output [151], which is at 𝑓2 as 𝐴2cos (𝜔2𝑡). Impact of these waveforms at the output 

current of the 2nd stage (Fig. 5-1), 𝑖𝑐, is expressed as follows: 

 

( ) 1
beqv

KT

C Si AC I e η 
  

   (15) 

where 𝐼𝑆, 𝑞, 𝜂, 𝐾, 𝑎𝑛𝑑 𝑇 are device saturation current (A), electric charge (1.602 ×

10−19C), ideality factor (1 < 𝜂 < 2), Boltzmann’s constant (1.38 × 10−23J/K), 

and temperature (K), respectively, and  

 𝑣𝑏𝑒 = 𝐴1 cos(𝜔1𝑡) + 𝐴2 cos(𝜔2𝑡) (16) 
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  Taylor expansion of the exponential term can be written as follows: 

 

 1 1 2
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e Acos t A cos t
V n





  ω ω
 (17) 

which implies that higher order components of 𝜔1&𝜔2, called “cross/inter-

modulation”, will be generated due to non-linearity of the transistor. Equation. 17 

is composed of: 
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 ω ω

 (18) 

These higher order by-products of cos𝑘(𝜔1𝑡)cos𝑛−𝑘(𝜔2𝑡) include the 

frequency components of cos(±𝑘𝜔1 ± (𝑛 − 𝑘)𝜔2) t. In other words, some of the 

IM components are located at 2𝑓1 − 𝑓2 = 𝑓1 − Δ𝑓, 3𝑓1 − 2Δf = 𝑓1 − 2, 4𝑓1 −

3𝑓2 = 𝑓1 − 3Δ𝑓 , …, where Δf = 𝑓2 − 𝑓1 (see Fig. 5-2(a)). Whereas these 

components cause distortion in communication application, are found interestingly 

appealing for sensing applications.  This is due to the fact that the variations in the 

sensing frequency (𝑓1) is magnified as 2Δ𝑓1, 3Δ𝑓1, 𝑎𝑛𝑑 4Δ𝑓1, … , so that the first 

Fig. 5-2, IM products of two stages (b) Increased sensitivity at 7th IM (red) compared with main 

oscillating frequency (green) 
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stage (as sensing element) is shifting only as Δ𝑓1 (green in Fig. 5-2(b)), while the 

7th IM is changing by 4Δ𝑓1(red in Fig. 5-2(b)), a behavior that reflects a compelling 

impact on sensitivity due to mixing behavior of 2nd stage. 

5.3 Theory and Analysis  

5.3.1 Optimized Sensing Element – Sensitivity Aspect 

The core of the microwave sensor is a DSRR (Fig. 5-3) that can be modeled 

as a parallel RLC (R: resistance, L: inductance, C: capacitance) with corresponding 

frequency of resonance at 𝑓𝑟𝑒𝑠 = 1 2𝜋√𝐿𝐶⁄ . Thus, it is evident that since the 

capacitance is a function of the effective permittivity of the surrounding medium, 

namely, 𝐶 = 𝑓(휀𝑟_𝑒𝑓𝑓), the changes in the resonant frequency depends on the 

relative variations of the medium.  

The effort has been made to initially optimize the passive resonator sensitivity 

as a standalone component. This major is achieved in two steps: firstly, the sensing 

element is designed on a low 휀𝑟 = 2.2 of Rogers 5880 with 𝑡𝑎𝑛𝛿 = 0.0009; 

secondly, the operating frequency is intended to be at higher frequency to have 

smaller resonant element for a given samples size, hence 5 GHz is chosen to be the 

Fig. 5-3, DSRR as sensing element with dimensions in [mm]: d=3.2, g1=1, g2=4, s=0.5, w1=1, w2=2 
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highest frequency of active sensors ever (to the best of authors’ knowledge). DSRR 

is then optimally designed with respect to the dimensions of gap, widths, and 

spacing between the rings to have highest sensitivity for any given sample. 

5.3.2 Employing positive feedback loop   

A positive feedback loop is assisting the passive resonator (Fig. 5-4(a)) to 

compensate for all sources of loss (dielectric loss, conductor loss, radiation, etc.). 

Fig. 5-4(b) shows that improvement in the quality factor as the main achievement 

of the positive feedback loop that can enhance the quality factor by orders of 

magnitude. This design constitutes the second stage shown in Fig. 5-1 as mixer. 

Similar design in one port configuration is utilized, with a gain high enough, to 

satisfy oscillating condition and utilized as our sensing source.  

5.3.3 Double stage sensor:  

Developed structure is comprised of two similar designs as presented in (Fig. 

5-5(a)).  The oscillating tone at the first stage is ~200 MHz different from that of 
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the second stage. The tones from the two stages are interacted at the transistor of 

2nd stage. High power nature of the tones (𝑓1, 𝑓2) helps efficient excitation of 

transistor for its nonlinear behavior, their IM (3rd, 5th, and 7th) [151]–[154] is shown 

in Fig. 5-5(b) measured by spectrum analyzer.  

Wireless Communication in readout circuit- Amplification feature of the two 

stages in a regenerative feedback loop fashion, provides enough power for the 

exiting signal to be transmitted wirelessly, such that this availability at 5 GHz is 

preparing the sensor to join a larger network in a realm of IoT (Fig. 5-7(a)).  

The antennas should be wideband to cover the frequency span of the 

‘variations in profile’. These features can be easily explored in a compact bowtie 

slot antenna (more information at [155]) that is shown in Fig. 5-7(b-c) with ultra-

wideband fractional bandwidth of 60 %. The gain of the antenna is 6 dBi at 5 GHz 

(not shown for brevity). Linearity of this omnidirectional antenna in polarization is 

also investigated to confirm that it can be stablished in a way to prevent extraneous 

interference from environment.  

(a) (b) 

Sensing 

Element 

Fig. 5-5, (a) Fabricated Sensor (b) IM products of f1 and f2 in spectrum analyzer 
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Liquid Sensing -The sensing setup for lossy liquids is obtained by integrating 

all of the abovementioned pivotal steps.  A 1/8’’ PTFE tube is placed over the gap 

of first DSRR (𝑓1) as sensitive region, allowing to liquid volumes, as small as 40 

𝜇𝐿 to be characterized in a microfluidic fashion Fig. 5-7(a). The resonant frequency 

of the sensor is recorded at the main frequency and its IM products, when exposed 

to Toluene, Methanol, IPA, and Water. The results are compared as shown in Fig. 

5-7(b) that shows its compelling impact on sensitivity enhancement, where each 

IM component provides better sensitivity for higher orders _2Δ𝑓, 3Δ𝑓, 4Δ𝑓at 3rd, 

5th, and 7th IM, respectively. Also, the noteworthy point is the readout stability at 

different IM products of Fig. 4-7(b).  The time-based measurements over 1-min are 
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provided to prove the same stability of resultant 7th IM regardless of the enhanced 

sensitivity.  

5.4    Conclusion 

In this chapter, a unique technique is introduced to help increase the sensitivity 

in active sensors. Two-stages sensor with DSRRs as sensing elements combined 

with active feedback loops are cascaded (𝑓1, 𝑓2) and their IM is exploited in a unique 

configuration. The higher-order IM products are shown to have significantly high 

sensitivity. Moreover, enough amplification of power in this setup allows for 
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wireless transmission of the data in readout section. Material characterization is 

shown over toluene, IPA, methanol, and water that 4-fold enhancement in 

sensitivity is achieved using 7th IM product. This technique can also be employed 

in fine sensing applications such as biomedical and gas sensing that require very 

sensitive setup. 
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Chapter 6  

Conclusions and Future Work 

In this chapter, the main findings of the thesis are summarized and suggestions 

for future work are presented. 

6.1 Thesis conclusions and contributions 

This thesis started with the passive planar sensor for material characterization 

and its applications in industry as well as biomedical/pharmaceutical fields. The 

conclusions and contributions are as following: 

 Designing an ultra high Q resonator as sensing platform and illustrating its 

enabling application in highly sensitive measurement conditions on oil/sand 

industry in Chapter 3. 

 Embedding two pairs of ultra-wideband slot bow-tie antenna for wireless 

communication of the sensor in active mode in Chapter 3. 

 Developing single active resonator into “dual active resonator” and its application 

in removing the extraneous environmental impact such as humidity in sensing 

results in Chapter 4. 

 Employing the ‘dual active resonator’ in a two-window solution for evaluating 

the dispersion coefficient of suspended solids in solvent liquids in Chapter 4. 
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 Developing the sensor into mixer design and incorporating the intermodulation 

products as the sensing signals with drastically enhanced sensitivity in Chapter 

5. 

6.2 Suggestions for future work 

The suggestions for extending and modifying this research are as follows: 

 In chapters 3, the design of highly stable sensor in time with low phase-noise for 

sensitive measurements  

 In chapter 3, modifying the antenna size with no degradation in the performance, 

in terms of gain, and bandwidth.  

 In chapter 4, employing the dual active resonator to be expanded into multi-

resonator, a structure that each individual resonator could be devoted to 

separate MUT sensing.  

 In chapter 4, employing the dual resonator using single transistor to have equal 

noise effect on the frequency instability of the sensor.  

 In chapter 5, developing the IM products for highly stable mixers for extremely 

sensitive applications. Increasing the range of IM-order for higher sensitivity.  

 In chapter 5, employing active resonator as the sensing element to improve 

frequency stability of the intermodulation products. 

 Employing all of these ideas in IC-design and CMOS technology for highly 

integrated functionality without performance loss. 
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Appendix A Diffusion Coefficient 

Theoretical Extraction 

The diffusibility of any solute-in-solvent system is inversely related to the 

diffusion coefficient of the solute. The dispersion can be represented based on time 

elapsed during disposition of the solute in the flow as follows [142]: 

 
𝑑𝐶

𝑑𝑡
= 𝑘

𝑑2𝐶

𝑑𝑥2
 (19) 

where C is the solute concentration across the capillary diameter, and k is the 

dispersion coefficient, which is related to diffusion coefficient (D) as follows: 

 𝑘 =
𝑟2𝑢2

48𝐷
+ 𝐷 (20) 

where r is the capillary radius and u is the mean speed of the fluid flow.  

The hydrodynamic radius (Rh) of Asphaltene molecules can be determined 

using the following inverse relationship by Stokes’ law [156]: 

 𝑹𝒉 =
𝒌𝑩𝑻

𝟔𝝅𝜼𝑫
 (21) 

where 𝑘𝐵, 𝑇, and 𝜂 are Boltzmann constant (1.38e-23 [m2kgs-2K-1]), temperature, 

and the solvent viscosity, respectively.   

The concentration profile in time (t) and location (x) dependent form can be 

expressed as: 

 𝐶 ∝ 𝐶0√
𝑡0

𝑡
𝑒−

𝑢2(𝑡−𝑡0)2

4𝑘𝑡 ∝ 𝐶0𝑒
−

(𝑡−𝑡0)2

2 𝜎2  (22) 
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where t0 = x/u is the resident time (the time of peak/dip in Gaussian profile) and k 

can be evaluated as: 

 𝒌 =
𝒖𝟐𝝈𝟐

𝟐𝒕𝟎
 (23) 

The assumption in the Eq. (23) is the infinitesimally small inclusion of the 

solute at x=0 and t=0. In order to avoid the complexities of approximating the 

initial status, the evolution of the dispersion along the capillary is exploited with 

monitoring two points as shown in Fig. 4-6, which leads to a set of data as {𝑡1, 𝜎1} 

and {𝑡2, 𝜎2}. The dispersion coefficient then can be calculated from a two-window 

solution as follows: 

 𝒌 =
𝒖𝟐𝝈𝟏

𝟐

𝟐𝒕𝟏
=  

𝒖𝟐𝝈𝟐
𝟐

𝟐𝒕𝟐
=  

𝒖𝟐(𝝈𝟐
𝟐 −  𝝈𝟐

𝟐)

𝟐(𝒕𝟐 − 𝒕𝟏)
 (24) 

Therefore, the sensing is all about determining the spread of the solute 

inclusion over time that is done using dual microwave planar resonators in this 

work. 
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