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Future medical and healthcare systems will be largely improved by the wide-

spreading of internet of things (IoTs). One of the crucial challenges of IoTs for healthcare 

is at the wireless sensors. Miniaturization of sensor node profile, minimizing power 

consumption as well as lowering down design/production cost of antenna, RF circuits and 

sensor modules have become the key issues for realizing more exciting applications in 

medical and healthcare fields that never seemed to be possible before. 

In this dissertation work, we first focus on electrically small antenna (ESA) 

design and fabrication for medical telemetry. A comprehensive analysis of the radiation 

properties of a novel electrically small folded ellipsoidal ESA is presented, showing its 

ability to self-resonate and impedance match without external components. It will benefit 

various size-restricted applications especially with wireless medical implants. The second 

focus is on healthcare sensors using ESA as the sensing agent, which saves the power and 

cost by eliminating the need of extra sensing modules. Specifically, miniaturized helix 

ESAs are integrated with drug reservoirs to function as wireless transponder sensors for 

real-time drug dosage monitoring. We also introduce a system level innovation of a 
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frequency hopping spread spectrum (FHSS) harmonic transponder and harmonic sniffer 

based passive wireless sensing system. The μL- liquid level resolution and absolute-

accuracy passive sensing is demonstrated in the presence of strong direct coupling, 

background scatters, distance variance as well as near-filed human body movement 

interference. Furthermore, we investigate how modern ubiquitous wireless sensor 

networks could take advantage of sensitive nanostructure materials for enhanced 

performance. Here we propose a new paradigm of chemically-gated mixed modulation on 

a single homogeneous graphene device in which the chemical exposure directly 

modulates an electrical carrier signal. To make the device ubiquitously reusable, a 

method of precisely tuning the charge neutrality point (Vcnp) is introduced by 

electrochemical calibration with gate voltage pulse sequence. Such chemically gated 

graphene modulator can be potentially used in a harmonic transponder as a passive 

ubiquitous sensor node for chemical and bio sensing applications. Overall the research 

work presented in the dissertation will help enable cost and power-efficient wireless 

sensor networks in future healthcare IoTs. 
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Chapter 1:  Introduction  

1.1  GLOBAL AGING AND PARADIGM SHIFT IN HEALTHCARE  

Computers, internet, wireless technologies combining with advanced micro/nano 

technologies have already changed the way people communicate and acquire information 

[1]–[4], and are continuing changing other aspects of the society, for instance, through 

the term “internet of things” (IoT) [5], [6]. As clearly explained by Kevin Ashton, who 

first used such phrase in 1999 at a business presentation, “Today computers—and 

therefore, the Internet—are almost wholly dependent on human beings for information. 

The problem is, people have limited, time, attention and accuracy—all of which means 

they are not very good at capturing data about things in the real world”[6], expanding the 

connectivity of internet to next generation will be empowered by devices that can gather 

information on their own, without human intervention. In the near future we are 

expecting to see advancing sensor technologies becomes the focus that efforts of a large 

variety of fields will shift to.       

Although a range of industries such as automobile, home automation, 

transportation, and security have been significantly impacted by IoT [7]–[11], no field 

does the IoT offer greater promise to revolutionize than in healthcare [12]–[17]. One 

major reason is global aging [18]–[20]. Following Japan becoming an elderly dominant 

country (data shown in Figure 1.1) [21], almost all major countries will experience 

significant increase in aging population [22], as predicted by the data shown in Figure 

1.2. Figure 1.3 shows the median age forecast for different regions of the world [23], 

which predicts that by 2050 all regions of the world will have median age above 40 years 

old, except Africa. 
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Figure 1.1:  From pyramid to kite: huge demographic change of Japan from 1950 to 

2055 [21]. 

 

Figure 1.2:  Population pyramid revealing the trend of global aging [22]. 
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Figure 1.3:  The median age forecast for different regions [23]; curves before 2010 are 

based on actual data. 

Such demographic shift will have strong impact on the healthcare infrastructure 

and facilities. The data shown in Figure 1.4 indicates that higher median age countries 

have much more hospital beds per capita than lower median age countries [24]; however 

the number of physicians per capita has less variation from country to country. A very 

important observation from Figure 1.4 is that, in Mexico, a country with median age of 

25.9 [25], one physician is in charge of 0.8 hospital bed on average; by contrast, in Japan, 

a country with median age of 44.6 [25], one physician needs to take care of 6.5 hospital 

beds. An aging society unavoidably faces the challenge of high patient-to-care giver ratio 

in healthcare system. In Japan and some other aging countries, networked infrastructure 
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of nursing home and assisted living systems are very popular there [26], [27]. Normally 

one such chain nursing home or assisted living cooperation may have nearly 100 

branches at locations all over the country [26], [27]. In fact, increasing life expectancy 

leads to an exploding cost of healthcare; and conventional hospital centered healthcare 

system is no longer suitable for aging society. Assisted living and nursing home system 

plays very important roles in decentralizing the burden of aging healthcare from 

hospitals.   

 

 

Figure 1.4:  Numbers of hospital beds and physicians per 10,000 people in 2010 for 

countries with different median ages [24] (India median age: 25.9, Mexico: 26.7, Brazil: 

28.1, U.S.: 36.9, U.K.: 40.5, China: 35.2, Korea: 37.9, Japan: 44.6) [25]. 
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Although there have been a number of different predictions for future healthcare 

trends, the general target is undoubtedly to lower down the healthcare cost and utilizing 

healthcare resources efficiently. A good summary of the recent trends [28] in healthcare 

is shown in Figure 1.5. Driven by global aging and enabled by healthcare IoTs, 

healthcare is starting a paradigm shift from hospital centered care to ubiquitous care 

[28]–[31]. This is just like the shift of telephone booth centered telecommunication to 

ubiquitous communication driven by mobile cellular phone we have experienced from a 

decade ago (illustrated in Figure 1.6).   

    

 

Figure 1.5: Trends in healthcare [28] driven by global aging and enabled by healthcare 

IoTs.  
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Figure 1.6: Paradigm shifts in telecommunication (happened) and healthcare (happening 

now). Source of images: upper left [32]; upper right [33]; lower left [34]; lower right 

[35]. 

Overall, internet of things is an enabling technology. In healthcare it is enabling 

new terms such as telemedicine, e-hospital, e-health and u-health [28]–[31], [36], [37]. 

The major market driving force could be aging population, but it does not have impact 

only on senior people, it will benefit anyone of any age. The paradigm shift toward 

ubiquitous healthcare is not only made through nursing home chains and assisted living 

systems, but also though at-home care as well as neighborhood drugstores. Five years ago, 

hardly anyone went to a drugstore for a flu shot. Today, Walgreen’s share of the $10 

billion immunization market is 4%, and still fast growing. From a market research survey 
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[38], there are high percentages of customers prefer convenient care options cost less than 

the traditional choice:  54.8% of customers prefer to have their skin problem checked 

remotely by their dermatologists; 42.6% prefer to have a pacemaker or defibrillator 

checked at home wirelessly by their physicians; 43.6% prefer to have an 

electrocardiogram at home using a smart phone-linked device with results wirelessly sent 

to physicians; 41.7% prefer to do urinalysis test at home with a device attached to 

smartphone; 34.4% prefer to get a MRI at a retail store clinic; 36.7% prefer to have 

chemotherapy at home; 54.5% prefer to have vital signs checked at home with a device 

attached to their smartphone; and, very interestingly, 38.6% prefer to have a live visit 

with a physician via an app on their smartphone. There is about 100 billion dollar 

emerging market associated with the consumer migration to more affordable and 

convenient care options [38]. 

 

1.2  MINIATURIZED WIRELESS SENSORS FOR UBIQUITOUS HEALTHCARE    

A key feature of healthcare IoT is ubiquitous wireless monitoring [29], [39]. As 

global demographic trend of aging will result in increasing healthcare work force 

shortage [40], [41], electronic healthcare monitoring is gradually taking over the role of 

human-based observation on both diagnostic and therapeutic sides [42]–[47]. It is 

predicted that wireless networked sensors with not only high sensitivity, but also small 

size, low power and minimum cost (in fabrication, deployment and maintenance) will 

receive growing popularity in healthcare industry [46], [48]. Currently healthcare workers 
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spend more than half of their time on collecting and managing healthcare data, while 

pervasive sensing platform will free up doctors and nurses to spend more time on 

resolving critical patient care problems and less time on fetching information.  

In order to build up the ubiquitous wireless sensor based monitoring platform for 

healthcare, challenges exist in both software and hardware sides. On the software side, 

how to turn the big data collected from the huge amount of networked sensors into 

clinical insight, and turn such insight into conclusion, becomes a major problem. Big data 

analytics is now a key factor toward healthcare IoT, as the U.S. healthcare data will soon 

reach the zettabyte (10
21

 gigabytes) scale and, not long after, the yottabyte 

(10
24

 gigabytes) [49].  The electronic health data sets become so large and complex that 

they are no longer possible to manage with traditional software [49]. On the hardware 

side, it is important to develop miniaturized sensors, antennas as well as power efficient 

wireless communication circuits and systems that are compatible with healthcare IoT. 

However, existing technologies are still far from sufficient to fit in the needs of future 

ubiquitous healthcare. As many companies in semiconductor and communication 

industries have recently proposed some high-level infrastructures [50]–[52] for healthcare 

IoT (two examples are shown in Figure 1.7), abundant innovation opportunities are 

brought out at device, circuit and system levels for variant applications. And that is the 

general motivation of the researches in this dissertation work.  
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Figure 1.7: Examples of hardware infrastructures for healthcare internet of things 

proposed by companies from industries: (a) by Freescale Semiconductor [51], [52]; (b) 

by Sierra Wireless [50].  

(a) 

(b) 
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In this dissertation we describe the author’s contributions to several aspects of 

ubiquitous wireless monitoring (mostly on the hardware side) for healthcare IoT. First 

novel design and fabrication of a 3-dimensional (3-D) electrical small antenna (ESA) is 

motivated by the special demands of wireless medical implants. Second a concept of 

using 3-D ESA is proposed based on the needs of wireless liquid level monitoring in 

healthcare. Furthermore, a new sensing and communication system utilizing a 3-D ESA 

equipped harmonic transponder is proposed, whose passive and low cost feature could be 

a key factor for populating the IoT based healthcare monitoring. Last but not least, a 

nanomaterial graphene based chemical modulation device is realized with the potential to 

be used as a chemical or bio sensor, which can be integrated with the harmonic 

transponder as a passive wirelessly networked sensor. All these subjects involved in this 

dissertation work, may altogether support the development of a cost effective and energy 

efficient wireless sensor platform for ubiquitous healthcare IoT.                 

 

1.3  OUTLINE 

This dissertation report is organized as follows. In Chapter 2, in order to serve 

medical implant applications, we present the design and fabrication of a folded ellipsoidal 

helix ESA that affords improved tunability and design flexibility in matching and 

tailoring of its radiation properties compared to the conventional folded spherical ESA. A 

full simulation is performed to explore more generalized folded ellipsoidal helix 

geometries, and the radiation properties of these antennas are characterized with different 
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sets of design parameters.  In addition, we present a technique to tune the antenna feed-

point resistance, while at the same time preserving a moderate bandwidth. We 

demonstrate three antennas with quite different volumes and shapes. Each is designed to 

work at the 2.4 GHz ISM band with input impedance of 50 Ω. The proposed antenna 

manufacturing method is a cost-effective and reliable selective laser sintering (SLS) 

based molding process, enabling massively and accurately fabricating folded wire or 

patch antennas with complicated geometries, such as the ellipsoidal designs. For the 

pacemaker antennas, we also explore a possible approach of designing a dual band 

electrically small ellipsoidal helix antenna by utilizing a non-uniform pitch structure.   

In Chapter 3, we introduce a cost effective wireless drug dosage monitoring 

approach utilizing a miniaturized antenna sensor encapsulated within some biocompatible 

package as a fully assembled drug storage and delivery unit. The concept is using a three-

dimensional helix antenna as a sensor to enable wireless monitoring of liquid volume. 

The general design procedure of this type of antenna sensor is proposed based on 

electromagnetic theory and finite element simulation. A cost effective fabrication process 

is utilized to encapsulate the antenna sensor within a biocompatible package layer using 

PDMS material, and at the same time form a drug storage or drug delivery unit inside the 

sensor. The in vitro experiment on two prototypes of antenna sensor-drug reservoir 

assembly have shown the ability to monitor the drug dosage by tracking antenna resonant 

frequency shift from 2.4-2.5-GHz ISM band with realized sensitivity of 1.27 μ l/MHz for 

transdermal drug delivery monitoring and 2.76- μl/MHz sensitivity for implanted drug 

delivery monitoring. 
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In Chapter 4, extending the work in Chapter 3, we propose a new sensing 

mechanism utilizing harmonic transponder with metamaterial-inspired compact antenna 

sensor to realize passive absolute high resolution wireless liquid-level monitoring. In our 

conceptual demonstration, the harmonic transponder comprises of a nonlinear frequency 

multiplier connected to two anennae, one of which is a metamaterial-inspired 3-D 

antenna designed to be sensitive to the liquid-level within a confined region.  An 

interrogator transmits frequency-hopped 902-928 MHz UHF radio-frequency 

identification (RFID) signal to the transponder, and a sniffer receiver detects the 

harmonic signal and decodes its signal strength array at 1.804-1.856 GHz from the 

transponder. A 0.4 μL resolution absolute accuracy passive wireless liquid-level sensing 

is realized even in the presence of strong direct coupling, background scatters, distance 

variance as well as near-field human body movement interference. The concept of 

harmonic transponder, along with its sensing system with harmonic sniffer, enables 

highly efficient wirelessly networked passive monitoring in healthcare and other 

industrial applications. 

In Chapter 5, we investigate how sensitive nanostructure materials could 

contribute to ubiquitous sensor networks in healthcare. Specifically, we report a new 

paradigm of chemically-gated mixed modulation on a single homogeneous graphene 

device in which the chemical exposure directly modulates an electrical carrier signal. To 

make the device ubiquitously reusable, a method of precisely tuning the charge neutrality 

point (Vcnp) is introduced by electrochemical calibration with gate voltage pulse 

sequence, which overcomes the inconvenience of conventional high temperature/high 
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vacuum approaches. The experimental demonstration of graphene chemically-gated 

modulation along with its Vcnp calibration is realized through an example of air exposure-

ethanol treatment modulation cycle on a photolithography-free large area graphene field 

effect transistor. Beyond that, we design a passive sensitive frequency multiplier 

consisting of four graphene chemically-gated modulation devices. Such nanomaterial 

frequency multiplier can be integrated with the harmonic transponder sensing system 

described in Chapter 4.  It has promising potential for this chemically gated mixed 

modulation along with precise and convenient control of Vcnp to enable nanomaterial 

chemically sensitive modulation blocks for nanosensor networks in ubiquitous healthcare 

IoT. 

In Chapter 6, we summarize our accomplishments and highlights conclusions 

drawn from our work, with suggestions for furthering these results and efforts. 
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Chapter 2: Electrically Small Antennas for Healthcare Applications1 

2.1  ANTENNA DESIGN AND FABRICATION CHALLENGES IN HEALTHCARE TELEMETRY 

The demand of miniaturization of wireless healthcare telemetry devices has 

driven a continual downsizing of antennas [53], [54]. Medical telemetry, especially for 

those devices implanted inside the human body or under the skin, often budget the 

amount of antenna volume for a given application on an ad hoc basis rather than through 

the use of electromagnetic analysis. Frequently the volume is driven by customer 

convenience and is small enough that performance trade-offs are inherent in the antenna 

solution. Many times the volume allotted may be such that only an electrically small 

antenna (ESA) can be used in the application. Early in a design cycle it is important to 

determine if the physical volume and geometry specified are, in theory, large enough 

electrically to allow the design of any antenna which can meet the impedance bandwidth 

requirements specified. There is a fundamental theoretical limit to the bandwidth and 

radiation efficiency of electrically small antennas. Attempting to circumvent these 

theoretical limits can divert resources in an unproductive manner to tackle a problem 

which is insurmountable [55].  

                                                 
1 A large portion of the materials in this chapter were based on the following publications, to which all the 

co-authors have contributions: 

H. Huang, K. Nieman, Y. Hu, D. Akinwande, "Electrically Small Folded Ellipsoidal Helix Antenna for 

Medical Implant Applications", Proc. IEEE International Symposium on Antennas and Propagation (APS), 

pp. 769 - 771, Spokane, WA, July 2011 

H. Huang, K. Nieman, P. Y. Chen, M. Ferrari, Y. Hu, D. Akinwande, "Properties and Applications of 

Electrically Small Folded Ellipsoidal Helix Antenna", IEEE Antennas and Wireless Propagation Letters. 

vol. 11, pp. 678 – 681, 2012 

H. Huang, P.Y. Chen, M. Ferrari, Y. Hu, D. Akinwande, "Dual Band Electrically Small Non-Uniform Pitch 

Ellipsoidal Helix Antenna for Cardiac Pacemakers", IEEE Radio & Wireless Symposium, Austin, TX, Jan. 

2013  
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For an electrically small antenna, an antenna whose largest dimension is less than 

one-tenth of its operating wavelength, it has an inherent minimum value of Q governed 

by the minimum spherical volume that contains the antenna [55]–[58]. This minimum Q 

places a limitation on the attainable impedance bandwidth of an electrically small 

antenna, as its bandwidth decreases as the third power of the radius of this spherical 

volume. Considering such performance limitation, it is preferred for an antenna to occupy 

as much of the volume as possible to provide higher bandwidth. A well-known example 

in the personal communication is the iPhone 4 antenna, which uses a stainless steel band 

around the perimeter of the handset as part of the antenna structure in order to provide 

improved reception over the internal antenna in the iPhone 3GS [59]. The trend is that, 

for size-restricted applications such as medical implants, the antenna is preferred to be 

three-dimensional which is more suitable to be packaged around the device comparing to 

two-dimensional planar antenna. As illustrated in Figure 2.1, the 3-D ESAs are more 

energy efficient choice over 2-D ESAs as the antenna geometry is constrained by the 

device associated with the ESA [60], [61]. Although 2-D planar antenna is less expensive 

to fabricate, in medical application, especially in medical implants, surgery and 

maintenance cost are dominant over the device cost itself. Energy efficiency and battery 

life time are more crucial factors to determine the overall cost. In addition, as 3-D 

printing and manufacturing techniques become matured and affordable nowadays [62], it 

is predictable that for wireless medical implants in future healthcare IoT, 3-D electrically 

small antenna design will be a key technology to support variant applications.   
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Figure 2.1: 3-D electrically small antenna is more suitable than 2-D planar antenna for 

wireless medical implant applications. 

 

As most emerging wireless applications involve frequency higher than 300MHz 

and device size below 10 cm, the optimization of electrically small antenna is of high 

interest. Several different structures such as disk-loaded monopole, multi-armed spiral, 

folded design and also genetic algorithm design have been carried out to increase the 

bandwidth of electrically small antennas [63]–[67], which is limited by causality and 

passivity. Among them the electrically small spherical helix antenna is one of the most 

efficient designs to reach the theoretical bandwidth upper bound of an electrically small 

antenna. To utilize the spherical helix antenna for medical telemetry applications, 

2-D planar ESA 3-D ESA 

Wireless 
Medical 
Implants  
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however, there are three issues that need to be addressed. First, the shape of spherical 

helix antenna is always a sphere, thus it is incompatible to integrate with a medical 

telemetry device especially the implanted device, whose size and geometry is highly 

dependent on the surrounding environment. Second, tuning the antenna to self-resonance 

and matched impedance is essential because additional matching network will occupy a 

significant portion of volume, while the feed-point resistance of a spherical helix antenna 

is hardly controllable. The third issue is how to mass-produce such three dimensional 

antennas, as most of the matured miniaturized antenna manufacturing process are for flat 

and printed patch antennas. Innovations in novel cost-effective fabrication techniques for 

high performance dimensional electrically small antennas are the key to push advanced 

wireless medical telemetry to the future healthcare industry.   

Besides the general challenges of medical telemetry antenna, different 

applications may have their own specific challenge in the antenna. For example, in 

modern artificial cardiac pacemakers, both wireless data transmission for cardiac pattern 

sensing and RF coupling for remotely rechargeable batteries are strongly desired [68]. 

For the cardiac data transmission 2.4~2.5GHz ISM band is usually used while for 

wireless power transmission, it has been shown that 1 GHz is the optimal frequency 

considering the through a dispersive dielectric of human body tissue [69]. Therefore the 

pacemaker application can be benefited from a multi-band antenna design.  

The last but not the least challenge in the medical telemetry antenna development 

is the electromagnetic near-field interaction between the antenna and the human body. 

Such interaction has obvious impact on antenna performance when the antenna is 
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implanted deeply inside human body, or placed in a body fluid surrounded environment.   

During antenna design and simulation, all the external objects need to be taken into 

consideration in order to compensate all the interactions and get accurate simulation 

results and hence get the correct antenna design parameters [54].  

2.2  THEORY AND PRIOR WORK OF ELECTRICALLY SMALL ANTENNA  

An electrically small antenna is defined as one whose maximum dimension, or in 

other words, the radius of the sphere enclosing the maximum dimension of the antenna, is 

less than λ/2π [55]. Where λ is the operating wavelength of the antenna in free space. It 

has been established that for an electrically small antenna, contained within a given 

volume, the antenna has an inherent minimum value of Q. This places a limit on the 

attainable impedance bandwidth of an electrically small antenna. The higher the antenna 

Q the smaller the impedance bandwidth. The minimum Q for an electrically small 

linearly polarized antenna in free space is expressed as [56]: 
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Equations (1) and (2) assume a perfect lossless matching network. However, in 

practice, external matching components will bring significant insertion loss and will 

occupy significant volume in the whole wireless transmission device.  For space limited 

applications like medical telemetry, self-impedance matching is desired to eliminate 

bulky external matching components. However, the electrically small folded spherical 

helix antenna, which is recognized as one of the optimal antenna design to reach the 

theoretical electrically small antenna bandwidth, has its own limits in realizing arbitrary 

antenna feed impedance to match the device without any matching networks [67]. In this 

chapter an electrically small folded ellipsoidal helix antenna (EHA), which can be 

considered as an alternative form of electrically small folded spherical helix antenna, is 

introduced to address such issue.  

 

2.3  ELECTRICALLY SMALL ELLIPSOIDAL ANTENNA AND ITS MEDICAL APPLICATIONS  

A standard ellipsoid body in Cartesian coordinate system can be represented as 

                     (3) 

 

where a, b, c are respectively the equatorial radius along the x, y, z axes. For convenience 

here we define Y aspect ratio YAR=b/a and Z aspect ratio ZAR=c/a.  
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Figure 2.2: An example of a 4 arm, 1.5 turn EHA with YAR=1.5 and ZAR=2. 

 

Figure 2.2 depicts the structure of a folded EHA. When YAR=1 and ZAR=1, the 

geometry degenerates to a spherical helix [67]. To model a k-turn, M-arm folded 

ellipsoidal helix antenna using the open source numerical electromagnetic code (NEC) 

[70], we divide each helical arm into N wires (N=60 is chosen) of uniform displacement 

in the z axis, and Matlab is used to conveniently generate the NEC input file. The overall 

design and verification procedure is shown in Figure 2.3. The coordinates of the n
th

 wire 

section in the m
th

 arm  can be expressed as:      

                                               (4) 

                         (5) 

                                       (6) 

    where  
       

                                (7) 
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Figure 2.3: The fast antenna design and verification process using Matlab and NEC. 

 

Using the model described above, the antenna radiation properties can be 

simulated. Here we fix the number of arm (M) to 4, choosing k=1, a=1 cm, YAR=1, 

ZAR=1 as their initial values, and evaluate the effects of each parameter on the antenna’s 

resonant characteristics. First the limitation of electrically small folded spherical helix 

antenna [67] is investigated through simulation. Table 2.1 shows the antenna input 

resistance variation when number of arms changes, with a adjustable to ensure zero 

antenna input reactance at 2 GHz. On the other hand, table 2.2 shows the antenna input 

resistance variation when number of turns changes, again with a adjustable to ensure zero 

antenna input reactance at 2 GHz. From these two sets of simulation, we can see that if 
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under size compatibility restriction, electrically small spherical helix antenna cannot have 

flexible impedance tuning and achieve perfect matching. Even without size compatibility 

restriction, the spherical helix antenna can achieve perfect matching, but have to undergo 

complicated parameter tuning procedure on number of arms, number of turns and antenna 

size a altogether. And that is the major reason the electrically small folded ellipsoidal 

helix antenna is introduced here. From the simulation shown in Table 2.3, in which the 

antenna input resistance variation when ZAR changes with a adjustable to ensure zero 

antenna input reactance at 2 GHz. it can be noticed that a is almost within a variation of 

2%, indicating that ZAR may tune the matching condition without affect the resonant 

frequency. Comparing to the results in Table 2.1 and Table 2.2, the folded ellipsoidal 

helix antenna is more suitable than its spherical helix counterpart for size restricted 

design.  
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Table 2.1: Comparison of simulated antenna performance (using NEC) of folded 

spherical helix antenna with different number of arms (Fixing number of turns k, varying 

number of arms M and a to ensure a zero imaginary part in antenna input impedance at 2 

GHz)  
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Table 2.2: Comparison of simulated antenna performance (using NEC) of folded 

spherical helix antenna with different number of turns (Fixing number of arms M, varying 

number of turns k and a to ensure a zero imaginary part in antenna input impedance at 2 

GHz) 
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Table 2.3: Comparison of simulated antenna performance (using NEC) of folded 

ellipsoidal helix antenna with different Z aspect ratio ZAR (Fixing number of arms M, 

number of turns k, varying c and a to ensure a zero imaginary part in antenna input 

impedance at 2 GHz)  

 

A more detailed antenna impedance simulation is included in Figures 2.4 (a)-(d) 

with different parameter sets. Figure 2.4 (a) shows that as the number of turns increases, 

the resonance of the antenna, of which the net reactance is zero (X = 0), will shift to lower 

frequencies. However, the antenna resistance R at resonance will decrease as well. Note 

that there are two zero net reactance points; however we are only interested in the first, 

higher bandwidth resonant point accompanied with a reasonable resistance. If the design 

goal is an antenna operating at 2.40 GHz in a 50 Ω system, it is impossible to realize it by 
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changing only the number of turns of the spherical helix. Therefore, another tuning 

parameter, either a, YAR, or ZAR is needed for compensating the resistance dependency. 

Figure 2.4 (b) shows that when fixing the values of all other parameters, both the 

resonant frequency and the input resistance will be shifted by varying the antenna radius 

a. As a result, it is practically difficult to design a spherical helix antenna with the desired 

size and frequency of operation, due to the poor matching of the real part of impedance. 

In this scenario, additional transformers, such as shunted stubs or quarter wavelength 

stubs, must be used to achieve a good matching between the feed probe and the loaded 

antenna over a finite bandwidth. However, this could increase the total volume, the 

fabrication complexity, and the circuit integration for a small antenna enclosing active 

and passive devices.  
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Figure 2.4: NEC simulation of the input impedance of folded EHA with varying design 

parameters: (a) number of turns k; (b) elliptic radius: a/cm; (c) Y aspect ratio YAR; (d) Z 

aspect ratio: ZAR ; here solid line and dashed line represent the real and imaginary part of 

input impedance, respectively. 

 

In order to improve the poor matching properties of an electrically small 3-D 

spherical helix antenna, additional design degrees of freedom should be introduced. Here 

an ellipsoidal helix with more design flexibility, i.e. ZAR and YAR, may be a promising 

design. Figures 2.4(c) and (d) show the effect of YAR and ZAR on the antenna impedance. 

We notice from Figure 2.4(d) that ZAR has a special property that only changes the 

resistance without substantially affecting the reactance curve and the resonant frequency. 

This is because the effective inductance L and capacitance C of the folded EHA always 
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ensure that the LC product is approximately a constant regardless of the relatively wide 

variations in ZAR. This property enables a self-tunable antenna impedance matching 

method without any external passive component. In practice, the designer can first tune 

the antenna resonant frequency by choosing a design parameter set of M, k, a, YAR, and 

then consider the impedance matching by tuning ZAR.  For size restricted applications, a 

and YAR are first determined by the geometry and shape of the device and package, and a 

(M, k, ZAR) parameter combination can be optimized to obtain the best antenna 

performance.  

Following the design procedure mentioned above, three antennas with different 

size restrictions were designed, as summarized in Table 2.4. In Design I and II, YAR=1, 

and the radius a is set to 5mm and 10mm, respectively, while Design III is geometrically 

restricted by a realistic pacemaker, as a more practical example. All the three antennas 

are designed to be operated at the 2.4GHz ISM band, and their antenna impedance are all 

matched to the 50 Ω system. The 3dB bandwidths of these three antennas are 95MHz, 

200MHz and 195 MHz, respectively. The translated Q factors of design I and II are close 

to their theoretical limits for electrically small antennas due to passivity and causality 

[55]–[58]. We note that for design III, the antenna size is relatively large (with an electric 

size close to λ/10, where λ is the wavelength of operation) such that it is almost out of the 

electrically small region.  
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 Design I Design II Design III 

a/mm 5 10 17.5 

# of arms 4 4 2 

# of turns 1.77 0.747 1.65 

YAR 1 1 2.6 

ZAR 1.43 0.82 3.28 

Zin/Ω 48.8+ j0.25 48.1+ j0.38 51.5- j1.09 

BW(MHz/MHz) 95/2400= 3.96% 200/2400= 8.7% 195/2450= 7.96% 

Rad. Eff. 99.91% 99.93% 99.74% 

Table 2.4: Summary of the parameters and simulated performance (using NEC) of the 

three EHA designs. 

 

 

2.4  ELECTRICALLY SMALL ANTENNA FABRICATION USING SELECTIVE LASER 

SINTERING 

 

Selective laser sintering (SLS) is a rapid and low cost 3-D prototyping method 

invented at the University of Texas [71], [72]. A high power laser is used to fuse small 

polyamide particles into a mass that has the desired 3-D shape. Taking advantage of SLS, 

a template with the desired 3-D antenna structure can be fabricated at a resolution of ~ 

0.5 mm. Based on the antenna template, the metal antenna structure can be transferred 

through a number of different ways. In this demonstration, we taped out a template with 
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grooved curves, and then filled in the copper wire in the grooves. The template can be 

released immediately after the whole antenna structure has been formed. All of the three 

antennas are manufactured through this method. Figure 2.5 shows the antenna of Design I 

and its polyamide template. Compared to some other newly developed 3-D small antenna 

fabrication methods [73], [74], the SLS based template method has a low cost for mass 

production. 

 

Figure 2.5: Picture of Antenna Design I (left) and its template (right) fabricated using 

selective laser sintering. 

 

The three antennas were fabricated through the SLS based process described 

above, and measured using SMA connector on a ground plane. The calibration of the 

network analyzer is at the SMA port of the coaxial cable though the standard open-short-

load one port calibration, in order to minimize the impact from the cable on the 

measurement. The resulting return loss (S11) is shown in Figure 2.6. The measurement 
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data shows a good agreement with the simulated data for all cases. The resonant 

frequency of Design I is shifted by 0.04 GHz, lower than the designed resonant frequency 

of 2.40 GHz. Design II and design III also have resonance down shift from the simulation 

of less than 1%. This is possibly induced by the fabrication error of the SLS machine (the 

SLS machine has a standard error of less than 0.2 mm during the manufacturing), and/or 

error introduced when transferring the antenna from the template. We are still improving 

the transferring step to minimize the fabrication error. The measured and simulated 

radiation patterns for designs I is shown in Figure 2.7. With an electric size much smaller 

than the wavelength, the pattern mainly follows a monopole like electrically small 

antenna radiation pattern. Design II also has a typical ESA radiation pattern while for 

Design III, the radiation pattern is quasi-dipolar according to the simulation results. The 

novel design holds great promise as a means to clinically assess a broad range of implant 

devices. Overall, the realized antennas of the three prototypes work at the desired 2.4 

GHz ISM band in good agreement with the design and simulation, and with a moderate 

bandwidth of operation.  
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Figure 2.6: Simulated (using NEC) and measured return loss for (a) Design I, (b) Design 

II, and (c) design III.  
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Figure 2.7: Simulated (using NEC) and measured radiation pattern for Design I: (a) E-

plane; (b) H-plane. 

 

2.5  DUAL BAND ANTENNA DESIGN 

The electrically small folded ellipsoidal helix antenna can be further adjusted to 

fit specific healthcare application needs such as multiband operation. In cellular 

communication antenna design, to design a dual band cylindrical helix antenna to any 

dual frequencies need, variable pitch has been adapted because the total length of the 

antenna will largely determine the low band while adjusting the details in pitch angles 

will shift the resonant frequency at the high band [75], [76]. Here in order to design a 

dual band antenna for pacemaker wireless powering and data communication, we apply a 

similar concept of variable pitch to the spherical and ellipsoidal helix antenna. 

 

(a) (b) 
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Figure 2.8: A 4-arm folded ellipsoidal helix antenna with = 0 (left) and = 0.6 (right). 

The modeling of the dual band antenna starts with a general ellipsoid body in 

Cartesian coordinate, similar as the model shown in the section 2.3. The difference is that 

the coordinates of the nth wire section in the mth arm  is expressed as 

                                 (9) 
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Here can be any real number from zero 0 to 1, it varies the distribution of the 

wire segments along the z axis, representing the uniformity of the pitch angle of the 

ellipsoidal helix. Figure 2.8 shows the comparison of ellipsoidal helix antennas with 

uniform and non-uniform pitch. 
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The basic design procedure of an ellipsoidal helix antenna has been described in 

subsection 2.3 , which can be applied to determine the low band by initially setting up the 

parameters of p and ZAR with a fixed radius a, corresponding to the size of a pacemaker. 

The effect of the pitch angle uniformity  is mostly on the high band. In fact, we found 

that a constant wire length design will keep the low band resonant frequency unmoved. 

As shown in Figure 2.9, as  varies from 0 to 0.6, the value of k is adjusted 

correspondingly to keep the total wire length at 45.5cm. As a result, the resonant 

frequency of the low band almost stay at 930MHz while the high band resonance shifted 

from 2300MHz to 2400MHz. This implies the importance of the variable  in designing 

an antenna to any desired dual band.  

 

Figure 2.9: NEC simulation of the effect of pitch angle uniformity variable on the 

antenna resonance. 

 

The value of  does impact the feedpoint impedance of the antenna at the high 

band according to Figure 2.9. Although the matching condition can be further 
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compensated by fine tuning the value of ZAR and p, at the same time the impedance at 

the low band will be affected. The self-impedance matching design principle described in 

[67] is valid for electrically small antenna, while the antenna here has a dimension more 

than 2 cm so at 2 GHz it is already out of the electrically small region. The matching 

condition and resonant frequency at the high band is quite sensitive to parameter changes 

and this work won’t be focused on perfect self-impedance matching at both frequencies. 

Some minor empirical tuning can lead to a reasonable design for the 930 MHz and 2.4 

GHz dual band with an impedance of 54.9- j22Ω at the low band and 53.8- j8.78 Ω at the 

high band. The corresponding design parameters are m=4, p=1.09, a=1.76cm, ZAR=1.65 

and =0.6. The total wire length including all 4 arms is 45.5cm.  

Figure 2.10 (a) and (b) show the current distributions of ellipsoidal helix antennas 

with different geometrical factors at the operating frequencies 900 MHz and 2400 

MHz, respectively. We notice in Figure 2 the first resonant frequency (900 MHz) is quite 

robust to the geometrical variations, provided that the total length of helix is fixed. This is 

also reflected in Figure 2.10 (a), in which similar current distributions are obtained from 

our numerical results. Since the current is radiating, the absolute value of current decays 

smoothly along the helix wire. On the other hand, we find that the second resonant 

frequency (2400 MHz) is tunable by varying the values of . From Figure 2.10 (b), we 

observe a standing-wave region and rapid local variation of surface current at 2400 MHz. 

The deviation between different cases gives rise to the much increased electrical size and 
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enlarged current path at the higher frequency, for which the current density modes are 

rather sensitive to the shape variation controlled by the value of .  

 

 

Figure 2.10: Simulation of current distribution (using NEC) along the helix wire for all 

the four arms at (a) 930MHz (b) 2400MHz. There are 60 wire segments on each helix 

arm, with a feeding point at segment No.1, arm 1. 

 

At 930 MHz, the antenna possesses a very small electrical size, following a 

monopole radiation pattern as shown in Figure 2.11 (a), for which the resonant frequency 

is determined only by the length of helix wire and the total inductance resulting from the 

densely packed helix. For the high band at 2.4 GHz, the pattern on the vertical plane 

(a) 

(b) 
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shows a highly distorted monopole pattern as shown in Figure 2.11 (b). At the high band, 

it is out of the electrically small region for which  2πa/ λ<0.5. 

 

     

Figure 2.11: Simulated vertical plane far field radiation pattern (using NEC) at: (a) 930 

MHz :, (b) 2400MHz.  

 

The dual band antenna was fabricated using the selective laser sintering process as 

described in subsection 2.4. For multi-arm designs, soldering at the junction is necessary 

for a reliable electrical connection. Figure 2.12 shows that the fabricated antenna has a 

comparable size as a Medtronic cardiac pacemaker.   

 

(a) (b) 
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Figure 2.12: The fabricated antenna with a matched size of an artificial cardiac 

pacemaker. 

 

Figure 2.13: Simulated (using NEC) and measured S11 of the dual band antenna design. 
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Figure 2.14: Potential application of ellipsoidal helix ESA in deep medical implants:    

(a) Human body models with different age and size in the SEMCAD X simulation 

environment. (b) Minimally invasive surgery procedure which can incorporate with the 

tuning of ZAR of an implanted ellipsoidal helix ESA to compensate anatomical diversity. 

The measurement S11 shown in Figure 2.13 has good agreement with the 

simulation at the low band. However, at the high band the antenna properties are sensitive 

to fabrication defects and errors. To some extent, a constant wire length will keep the low 

band unaffected, which makes on site manual fine-tuning during the experiment possible 

in order to get a desired high band. The realized resonant frequency is 910MHz at the low 

band and 2.46GHz at the high band, with 100MHz and 200MHz bandwidth, respectively, 

which is well suitable for operation on the 910~930 MHz ISM band and 2.4~2.5GHz 

ISM band. 

(a) (b) 
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2.6  SURGICALLY TUNABLE ESAS FOR MEDICAL IMPLANTS 

All the simulation results sofar are based on environmental permittivity εr = 1, 

corresponding to free space. If the surrounding environmental permittivity is set to a 

different value, for example, εr = 78 (corresponding to water), the resonant frequency of 

the antenna will scale by a factor of 1/√𝜀𝑟 [77], and it is verified by NEC simulation. 

However, this is based on the assumption that the surrounding material occupies an 

infinitely large volume and has a uniform material property. For most implant 

applications, the surrounding human body fluid environment can barely cover the near 

field region or Fresnel region of the implanted antenna. Therefore simply changing the 

environmental permittivity setting will not predict the performance correctly.        

For implanted antenna design, most literatures have been seeking approaches to 

predict antenna performance with some human body model in the electromagnetic 

analysis and simulation [54], [60], [61]. In reality, however, anatomical diversity of 

human body (illustrated in Figure 2.14(a)) will make such antenna design impractical. In 

other words, a universal design may not be possible for all users. One approach is to have 

different models representing different body anatomy types. A group of high resolution 

human body models from IT IS Virtual Population Database have been realized after five 

years development [78], which can only be used in SEMCAD X simulation software [79]. 

Alternatively, as medical implant will involve a surgery procedure any, if utilizing a 

tunable antenna such as the ellipsoidal helix ESA presented in this chapter, an empirical 
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tuning of ZAR parameter on site as part of the surgery protocol would be more efficient 

approach to compensate the anatomical diversity (illustrated in Figure 2.14(b)).   

  

2.7  CHAPTER SUMMARY 

In this chapter an electrically small folded ellipsoidal helix antenna is proposed 

for size-restricted wireless medical telemetry applications. From extensive simulations, 

we find that the additional Z aspect ratio of a folded EHA provides the ability to tune the 

antenna resistance, without affecting the reactance, implying that the folded EHA could 

reduce or eliminate the need for external matching components. Additionally, three 

practical EHAs with different sizes and geometrical requirements are designed to operate 

at the 2.4GHz ISM band and are fabricated using an SLS-based templating method. 

Measurement results are in good agreement with simulations, demonstrating a bandwidth 

more than 100MHz and an omnidirectional monopolar radiation pattern for all three 

designs. Another design of variable pitch-angle, multi-arm folded ellipsoidal helix 

antenna is also proposed for dual band medical implant applications, especially for 

wireless cardiac pacemakers. By fixing the total wire length, the antenna can lock its first 

band, while adjusting the high band resonance by varying the pitch angle uniformity of 

the helix. A 917 MHz and 2.46GHz dual band antenna is fabricated and further optimized 

through experimental tuning, realizing a bandwidth of about 10% at each band. One 

additional benefit that the folded ellipsoidal helix ESA may bring to wireless medical 

implants is its compatibility to be tuned on site of implantation surgery, in order to 



 

 43 

compensate anatomical diversity of human body as well as any other uncertainties 

unpredictable during the initial design.    
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Chapter 3:  Miniaturized Wireless Drug Monitoring RFID 

Transponder Antenna Sensors2 

3.1  INTRODUCTION TO DRUG DELIVERY MONITORING ANTENNA SENSORS 

Driven by the rise of micro and nano technologies, controlled rate and micro-

patterned drug deliveries have been playing major roles to overcome the limitations of 

conventional burst-release dosage forms [80]. Instead of injecting drugs at the maximum 

tolerable dose (MTD) once in a treatment period, contemporary drug delivery paradigms 

maintain the constant release and administer it within some desired therapeutic range, 

providing minimized side effects and increased therapeutic efficacy [81], [82]. The 

existing drug delivery systems have different control mechanisms [81]–[86]. No matter 

what control mechanism is adopted, drug dosage monitoring is crucial to provide 

feedback as well as to prevent unexpected in-vivo fluctuation and leakage. In addition, 

dosage monitoring will also benefit personalized medical tracking and chronic disease 

management. 

During the past decade, various drug delivery monitoring technologies have been 

developed such as photoacoustic tomography [87], electron paramagnetic resonance [88], 

                                                 
2 A large portion of the materials in this chapter were based on the following publications, to which all the 

co-authors have contributions: 

H. Huang, P. Zhao, D. Fine, Y. Ren, M. Ferrari, Y. Hu, D. Akinwande, "Bio-compatible Miniaturized 

Helix Antenna Sensors For Wireless Drug Delivery Monitoring", First IEEE Healthcare Technology 

Conference: Translational Engineering in Health & Medicine, Houston, TX, Nov. 2012 

H. Huang, P. Zhao, P. Y. Chen, Y. Ren, X. Liu, M. Ferrari, Y. Hu, D. Akinwande, “RFID Tag Helix 

Antenna Sensors for Wireless Drug Dosage Monitoring”, IEEE Journal of Translational Engineering in 

Health and Medicine, Vol.2, 2014  
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and fluorescence based imaging [89]. Even though the size and cost of drug delivery 

system are continuously going down, most of the existing monitoring methods still 

involve bulky equipments and expensive test process, not suitable for ubiquitous 

healthcare IoT. Here we propose a cost effective wireless drug dosage monitoring sensor 

utilizing 3-D miniaturized antenna as its sensing agent. The concept of the wireless drug 

dosage monitoring system is shown in Figure 3.1. With properly designed and 

customized antenna sensors, the drug volume inside any transdermal drug delivery device 

from IontoPatch
TM 

[90] to Empi Action Patch
TM

[91], or any implanted drug delivery 

device from SmartPill
TM

[92], Philips iPill 
TM

[93] to MicroCHIPS
TM

 [94], can be 

wirelessly tracked in real-time. The external control and monitoring unit can be any small 

portable device, including tablet and smart phone. This would be a major attractive 

feature because it potentially makes up some part of the nodes in wireless healthcare 

network [95], while the challenge in realizing such system is how to design a 

miniaturized drug dosage sensor with minimized extra cost and also make it fully 

integratable with the drug delivery device.  
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Figure 3.1: Illustration of the proposed real time drug delivery monitoring system. 

Utilizing the antenna drug dosage sensors, a portable device can remotely track the drug 

volume in drug delivery devices. 

3.2  THE ANTENNA SENSOR DESIGN 

3.2.1  Perturbation Theory 

A helix antenna wrapped around a core of dielectric material is called dielectric-

loaded helix antenna [77]. Different core materials with different effective permittivity 

will affect the radiation properties of the antenna. For liquids like water, body fluids and 

liquid drugs, the relative permittivity is high, usually at 60--80 range at RF and 
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microwave frequencies [96]; by contrast, solid-state organic powders have much lower 

relative permittivity at the range of 1--5. With the same helix antenna, when the core are 

loaded with liquids, the resonant frequency of the antenna is lower than when air or 

powders are filled in. For transdermal drug deliveries [85], since the drugs are in liquid 

state (large permittivity ε), the antenna resonant frequency will shift up as the drug 

releases. For implanted drug deliveries [81], [82], the initial state is full of powders 

(small ε). As the drug releases, body fluids (large ε) will fill in, and the resonant 

frequency will shift down. The comparison of transdermal and implanted drug deliveries 

is depicted in Figure 3.2.   

 

Figure 3.2: Comparison of antenna based drug delivery monitoring in transdermal and 

implanted drug delivery applications. 

Transdermal 
Drug Delivery  

Implanted 
Drug 
Delivery  

Air  

Liquid drug  

Drug powder  Body fluid  
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During drug delivery process, whether it is liquid-air exchange or powder-liquid 

exchange, there is large contrast of permittivity between the exchanging materials. The 

dielectric-loaded antenna itself can be considered as a cavity resonator. When the 

interface between the high ε material (liquid) and the low ε material (air or powder) 

shifts, its resonant frequency change can be initially analyzed by the perturbation theory 

for resonators [77], [97]. 

Suppose a small shape perturbation ∆V is applied to a dielectric resonator V0        

resonating at  f0  ,  the resulting resonant frequency   f  will satisfy [88]:  

             

  

                      (14)                        

where ε and μ are the permittivity and permeability of the liquid material. In 

addition, the electromagnetic field inside a helix coil is intense and almost constant along 

the cylinder direction z , namely 

   
               (15) 

 

Then when liquid level shifted from h0 to h 
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 (16) 

Equation (16) is valid for electrically small helix antennas, of which the inner 

field distribution is almost uniform. From (16), we know that the resonant frequency shift 

will be linearly dependent on the liquid surface level shift. In practice, however, the core 

inside dielectric-loaded helix is not a perfect cavity resonator, and the electric field along 

the cylinder is also varied. The perturbation theory can only conceptually predict the 

variation of resonant frequency with respect to the filling ratio of dielectric core. 

Accurate and reliable antenna sensor design needs to be evaluated by full-wave 

electromagnetic simulations. 

 

3.2.2  FEM Simulation and Design Environment Validation 

The radiation properties of the helix antenna sensor are simulated using Ansoft 

High Frequency Simulation Structure (HFSS). HFSS is an electromagnetic simulation 

software based on the finite element method (FEM) [98]. The simulation interface in 

HFSS is shown in Figure 3.3(a). The purpose of this simulation is to understand the 

impacts of helix parameters on the performance of the antenna as a drug dosage sensor. 

In general cases, the diameter of the helix antenna is determined by the reservoir's 

dimension and therefore is fixed. So the number of turns, the helix pitch angle, and the 

relative position of the helix along the device are the tuning variables for the sensor 

design. The design goal is to maximize the sensitivity and linearity across the test range; 

however, it is important to comply with Federal Communications Commission (FCC) 
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regulations and only use the frequency bands that are allocated for medical applications. 

In this demonstration, we target the 2.4--2.5GHz ISM band (the industrial, scientific and 

medical radio band). Therefore the design challenge is to ensure the antenna resonant 

frequency shifts between 2.4 and 2.5GHz when the drug dosage varies within the range 

of interest, which is usually from 0% -100% of the volume of the drug reservoir. Drug 

reservoirs with different sizes and geometries need customized antenna sensors for 

optimized drug dosage monitoring performance, so there is no universal design. 

 

Figure 3.3: A simulation-experiment comparison to validate the initial setup: (a) The 

antenna sensor in the HFSS simulation interface; (b) The simulated and measured return 

loss of the antenna sensor at full state (loaded with liquid drugs) against empty state. 

 

The first step of antenna sensor design is to set up the right design environment in 

HFSS, including the right material parameters and boundary conditions. This can be 

validated by some simple initial tests.  The details of the measurement procedure will be 

(a) (b) 
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included in Section 3.3 , while here in the initial test the helix antenna is simply wrapped 

around a cylinder reservoir without any packaging materials. The antenna has 3.5 helix 

turns with 1.5mm pitch gap between the adjacent turns. A comparison between the 

simulation of the antenna return loss S11 and the tested S11 is shown in Figure 3.3(b). Two 

resonances can be observed, one is around 2.35 GHz, the other is around 3.4 GHz when 

the reservoir is empty. After the cylinder is filled in with liquid, the two resonant 

frequencies shift to 2.0 GHz and 3.0 GHz, respectively. It can be seen that the simulation 

result matches the measurement result well at both resonant frequencies, showing similar 

patterns of S11 profile and resonance shift after the material changes inside the reservoir, 

which validates the accuracy of the simulation environmental parameter settings. 

Although there is a small difference in the dB value of S11 between simulation and 

measurement data at some resonances, in practice this value could be controlled properly 

with tuned matching. 

 

3.2.3  Tuning of Helix Parameter 

A cylindrical helix antenna is defined by its radius, number of turns and pitch gap 

between adjacent turns. Normally the radius needs to be consistent with the size of the 

reservoir of the device the antenna sensor integrated with, so the impact of three other 

helix parameters on antenna sensor performance is investigated through HFSS 

simulation. The results are in terms of sensitivity curves showing the resonant 

frequencies under 0%--100% normalized drug dosage levels which is included in Figure 
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3.4. Figure 3.4(a) shows the sensitivity curves of an antenna sensor with 2.5mm pitch gap 

and varying number of turns. As the number of turns increases, the whole curve moves 

downward to lower frequencies. Whereas in Figure 3.4(b), the whole curve moves 

upward to higher frequencies as the pitch gap increases. Such result can be explained by 

modeling the helix as a solenoid coil. Hence the performance of the antenna sensor can 

be properly adjusted by changing its number of turns and pitch gap. 

 

 

(Figure 3.4 continued next page) 

 

 

 

 

(a) 
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(Figure 3.4 continued next page) 

 

(b) 

(c) 
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Figure 3.4: Simulation of the sensitivity curves of the helix antenna sensor with different 

design parameters: (a) Tuning number of turns. (b) Tuning pitch gap. (c) Tuning the helix 

position along the reservoir. (d) The influence of antenna sensor orientation. 

 

It is interesting to point out that when the number of turns or the pitch gap is large 

enough to make the whole helix antenna to cover the whole cylinder body, the sensor is 

mostly linear, as predicted from the theory in Section 3.1. When helix antenna is not long 

enough to cover the cylinder completely, the relative position of the antenna is important 

to optimize the sensor performance. Figure 3.4(c) shows the simulation result of an 

antenna that only covers half of the cylinder, and is placed at three different spots 

alongside the cylinder. It can be seen that the antenna sensor is less sensitive when the 

liquid-air interface is out of the helix coil covered region. 

(d) 
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Another important fact is, under different situations, the drug container may be 

placed at different angles, and the impact of the helix orientation must be identified. The 

sensitivity curves of a long helix antenna covering the whole cylinder placed at different 

orientations is shown in Figure 3.4(d). In this simulation, the liquid-air interface is set to 

be horizontal, vertical and 45 degree against the ground. The differences among the 

curves indicate that the antennas are vulnerable to rotation, with an error up to 25%. So it 

is important to take the placement angle of antenna into consideration when designing the 

antenna sensor. 

 

3.3  SENSOR-PACKAGE ASSEMBLY FABRICATION 

The miniaturized 3-dimensional antennas can be fabricated using different 

techniques, for example, laser printing [73] and molding process [99], [100] as described 

in Chapter 2. In this chapter, we use molding process for the antenna sensor 

demonstration. First, a mold with the designed geometrical parameters is fabricated using 

the selective laser sintering (SLS) machine, then copper wire antennas can be duplicated 

out from the mold. Due to the special structure of helix antenna, sometimes screws with 

proper parameters can be directly used as the mold to make the miniaturized helix 

antenna. Therefore, the cost of the antenna manufacturing can be negligibly low for mass 

production. 

The antenna on package concept has also been described in Chapter 2. The larger 

volume an electrically small antenna occupies, the higher bandwidth the wireless channel 
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will have. For any implanted electronic device, it is beneficial to have a three-

dimensional antenna placed around the implant package in order to provide higher 

bandwidth for the antenna, in contrast of having a two dimensional planar antenna placed 

inside the package.  Especially for implanted drug delivery devices, an antenna-package 

assembly design can also save a significant portion of the device volume for the drug 

reservoir, thus extending the effective time span of the drug delivery implant. 
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Figure 3.5: The fabrication process of the antenna-package assembly. 
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Figure 3.6: The manufactured antenna sensors with PDMS packaging. 

 

In this demonstration, we utilize a package-antenna assembly configuration in 

which the antenna is embedded inside the package layer. For implanted drug delivery 

usually a biocompatible packaging material is required in order to prevent metal leaching 

into the body. In the antenna sensor demonstration, copper wire antenna and 

Polydimethylsiloxane (PDMS) package are used for the antenna-package assembly. 

PDMS is a Si based organic polymer widely used in micro fabrication and device 

encapsulation. Its bio-compatibility, high chemical inertness, as long as its mechanical 

property--flexible, but sturdy enough to tolerate bending across macroscopic scales, make 

it a very suitable and safe material [101]. Even for the transdermal drug delivery where 
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the device is attached to the skin and there is less space restriction and less bio-safety 

consideration, the antenna- PDMS packaging assembly is still an advantageous solution. 

The fabrication process of the antenna-package assembly is shown in Figure 3.3.  

First the helix antenna feed tip is fixed at the top of a reservoir mold in order to stabilize 

the antenna, allowing the helix wire winding around the cylinder part of the reservoir 

mold without touching the mold. As shown from Figure 3.5(a) to Figure 3.5(b), the 

reservoir mold along with the wire antenna is then placed into a package mold filled in 

with PDMS mixture liquids (ten parts PDMS base and one part curing agent). The whole 

set is then kept in a desiccator for one hour to eliminate all the trapped air bubbles, 

followed by 40 minutes curing in a 125 °C oven. After the PDMS is solidified and cross 

linked, the package mold can be released as shown in Figure 3.5(c). The device was 

cooled down at -5 °C in the refrigerator, in order to take off the reservoir mold. When 

both molds have been taken off as shown in Figure 3.5(d), the final step for the 

demonstrative device is to drill some holes at the bottom as outlets for the drugs, as 

shown in Figure 3.5(e).  A picture of two fabricated antenna sensors with different 

reservoir capacities and antenna parameters are shown in Figure 3.6. The antenna sensor 

at the left has 11 turns and 1.5 mm pitch, with a 0.117 ml reservoir inside. The helix 

antenna sensor at the center has 8 turns and 2 mm pitch, with a 0.221 mL reservoir inside. 

The PDMS package layer also has impact on the performance of the antenna 

sensor. Generally, thinner package layer is preferred in order to reduce the intrinsic loss 

of PDMS, though a very thin layer raises the risk of package breakage and exposing the 
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antenna metal wire to the body. An optimized thickness takes both wireless transmission 

power efficiency and the bio-safety into account, and it is important to study the role of 

package layer thickness in the whole sensor design. Therefore, HFSS simulation of an 

antenna sensor with the PDMS package layer is shown in Figure 3.7. In Figure 3.7(a), 

varying inner radius leads to different sensitivity curves when the outer radius is set to be 

4.8mm. We can see that the inner radius makes a noticeable difference when liquid drug 

dosage is high; while from Figure 3.7(b), it can be seen that the influence of package 

outer radius on the sensor is minimal. And Figure 3.7(c) shows the impact of the relative 

permittivity value of PDMS material on sensitivity curves, which only moves the curve 

without affecting the local sensitivities. After the package impacts have also been taken 

into consideration as part of the sensor design parameter optimization, in our final 

devices, the copper wire is fixed at 1mm in diameter and the package layer is chosen to 

be within 1.8 mm to 2.0 mm thickness range. 
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(Figure 3.7 continued next page) 

 

 

(a) 

(b) 
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(Figure 3.7 continued next page) 

 

(c) 

(d) 
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Figure 3.7: Simulation of the sensitivity curves of the helix antenna sensor-PDMS 

package assembly under variant conditions: (a) The influence of inner radius of the 

PDMS cylinder. (b) The influence of outer radius of the PDMS cylinder. (c) The 

influence of relative permittivity of the PDMS material. (d) The influence of metal 

ground plane size. 

For the helix antenna, an infinite ground plane is usually assumed to be presented 

to make it a perfect monopole type antenna. In practice for drug delivery devices there is 

limited space to place the ground plane. In order to examine the impact of finite ground 

plane, a simulation study is shown in Figure 3.7(d). We can see that without ground plane 

the whole sensitivity curve will move upward to higher frequencies. It can be also 

observed that when the ground plane is larger than 80 mm by 80 mm, the sensitivity 

curve will be almost identical as the one with infinite ground plane. For real products, a 

small circular metal plane can be added at the bottom of the cylinder reservoir to adjust 

the antenna sensor performance. However, to simplify the design and fabrication, our 

demonstrative devices do not contain any ground plane, similar to the end-fed half wave 

dipole antenna. 

3.4  THE IN-VITRO TEST 

The in-vitro experiment to test the antenna sensor performance is carried out 

using an Agilent E8361C 10MHz--67 GHz PNA network analyzer connected with a DC--

40 GHz co-axial RF cable. A female-to-female SMA adapter is connected with antenna 

and RF cable at each side for feeding the helix from the end tip.  The experimental 
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setups are different for transdermal drug delivery and implanted drug delivery 

demonstrations. For transdermal drug delivery it is air surrounding environment. In the 

demonstration, the reservoir was initially empty and gradually filled in with liquid drugs 

from a syringe, as shown in Figure 3.8(a). This is the reverse process of releasing the 

liquid drugs out of the reservoir, but because it is quasi-static process the test results will 

represent the actual drug dosage level.  For implanted drug delivery it is body fluids 

surrounded environment. Instead of real serum or blood, we use phosphate buffered 

saline (PBS) solution to mimic the body fluids. The device is tested inside PBS and the 

reservoir is initially filled with drug powders. Through the outlets, drug powders will 

naturally diffuse into the PBS solution and at the same time the incoming PBS solution 

will gradually replace the volume inside the reservoir as shown in Figure 3.9(a). These 

experiments are not intended to include any advanced drug delivery system but solely 

provide different drug dosage levels to test the real time monitoring ability of the helix 

antenna sensors. In order to slow down and control the diffusion rate, any additional 

filter, membrane or micro-fluidic chip can be applied at the outlet. 

Based on the simulation and fabrication process discussed in previous sections, 

optimized antenna sensors can be designed and fabricated for different reservoir sizes. 

During the in-vitro experiments the sensor performance is more predictable in the air-

surrounded environment than in the fluid-surrounded environment. The effect of 

surrounding liquid materials is difficult to accurately represent in the simulation. For the 

implanted drug delivery monitoring demonstration, even though factors like the shape of 

the beaker, have all been included in the simulation, fine tuning of the feeding line is still 
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necessary during experiment.  It can be expected that for in-vivo test and for real 

applications inside human body, the implanted antenna sensor design will be even more 

challenging.  

 

 

 

(Figure 3.8 continued next page) 
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Figure 3.8: In-vitro experiment on the dosage monitoring sensor for intradermal drug 

delivery applications: (a) The test equipment with for an 7 turn helix antenna sensor with 

liquid drugs (5% glucose solution) injected. (b) The measured sensitivity curve of the 

sensor. (c) The measured return loss of the sensor with different volumes of drugs filled 

in the reservoir. 

One transdermal drug delivery monitoring sensor and one implanted drug delivery 

monitoring sensor have been realized. The transdermal one is a 7-turn helix antenna 

sensor with a 0.127 mL reservoir. It was designed to resonate at 2.4 GHz as the initial full 

liquid state and gradually shift up toward 2.5 GHz as the release process goes on. The 

whole procedure is a quasi-static process and the actual drug dosage in the reservoir is 

tractable throughout the experiment. The linearity of the antenna sensor is noticeable 

from the sensitivity curve shown in Figure 3.8(b), and Figure 3.8(c) shows the measured 

S11 of the antenna sensor at four different dosage levels. The sensitivity of the sensor is 

about 1.27µl/MHz. 

The implanted sensor is a 8-turn helix antenna with a 0.221 ml reservoir. The 

measurement results show that throughout the drug release the antenna resonance 

frequency shifts from 2.5 GHz down to 2.41 GHz as shown in Figure 3.9(b).  The sensor 

linearity is not tested because in the fluid environment the drug release is driven by 

natural diffusion so that the actual drug dosage inside the reservoir is hardly tractable 

during the release process. The average sensitivity of this sensor for implanted drug 

delivery is about 2.76 µl/MHz. Measurement results of Figure 3.8(b) and Figure 3.9(b) 
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also indicate a relatively low Q for the antenna, which is possibly due to conduction loss 

introduced by the PDMS material and surrounding liquids as the return loss shows some 

global offset down from 0 dB across the whole frequency band.  
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Figure 3.9: In-vitro experiment on the dosage monitoring sensor for implanted drug 

delivery applications: (a) The experimental setup for an 8 turn helix antenna sensor 

loaded with solid drugs (resveratrol powders) inside a PBS solution surrounding 

environment. (b) The measured return loss of the sensor before and after the drugs 

released in the PBS solution. 

 

3.5  RFID TRANSPONDER CIRCUITS AND MICROSYSTEM FOR ANTENNA BASED 

SENSORS 

In the in-vitro test described in Section 3.4, test equipment like a network 

analyzer has been used for the comprehensive measurement of the antenna sensor 

performance. In practice, the complete system also needs specifically designed low cost 

RFID reader and transponder circuits integrated with the antenna sensor. Considering the 

fact that most controllable drug delivery devices also require some receiving antenna and 

receiver circuits for the drug delivery control, in this section a RFID transponder circuit 

architecture is proposed to combine the functionalities of drug dosage monitoring 

transmitter and drug delivery control receiver.  

As shown in Figure 3.10, the antenna sensor itself is also served as a RFID 

transponder data communication antenna for the drug delivery control system. The power 

management unit contains some wake-up circuit to turn on the transponder if it has a 
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battery, or some energy harvesting circuit if it is completely relying on external power 

source. After the transponder gets turned on, like any standard RFID system [102], [103], 

the reader first sends some commends to identify the transponder in which the 

identification information is stored in the state machine or memory unit. The central 

digital logic in the transponder will then follow and generate some reply signal, which 

will be modulated and sent back to the reader through the helix antenna. During the next 

step, the reader will send commend to the transponder to start monitoring the drug dosage 

level inside the transponder drug capsule, and it will enable the frequency synthesizer to 

sweep the frequencies within the band of interest. The reader will then compare the 

received power at those frequencies and determine the transponder antenna resonant 

frequency, which represents the drug dosage level. The detailed frequency synthesizer 

circuitry and sensor decision mechanism can be varied depends on the application 

precision requirements. The reader can also send commends to control the drug delivery 

process as the control unit is integrated.  

As both drug control unit and frequency synthesizer in the transponder will be 

power consuming, comparing to general purpose RFID transponders, the power budget 

for the RFID transponder sensor/controller is prohibitively high. The state-of-art 

miniaturized battery technology, wireless powering technology, and ambient energy 

harvesting technology will help resolve such challenge and push the RFID drug delivery 

monitoring/control transponder into practice. In the next chapter, a novel harmonic 

transponder sensing system is realized enabling antenna based monitoring without the 

need of battery or specific energy harvesting circuits at the transponder.   
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Figure 3.10: Block diagram of an RFID transponder microsystem integrated with antenna 

sensor and drug delivery control. 

3.6  CHAPTER SUMMARY  

This chapter proposed the concept of using miniaturized helix antenna as a RFID 

transponder wireless sensor to directly track the drug dosage inside a reservoir integrated 

with the antenna sensor. The sensor was designed based on cavity resonator perturbation 

theory and electromagnetic simulation using HFSS, fabricated with the PDMS packaged 

drug reservoir by utilizing a low cost molding process with the help of selective laser 

sintering, and tested in-vitro using an Agilent PNA network analyzer. The measurement 

results have shown high sensitivity and good linearity. Transponder microsystem block 

diagram is also specifically designed to be integrated with the antenna sensor and some 

drug delivery control unit. Such transponder sensor/controller can be used as a 

multifunctional node in the wireless health networks. 
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Chapter 4:  Passive Harmonic Transponder Based Wireless Sensing 

System for Healthcare Ubiquitous Liquid Monitoring with μL 

Resolution 

4.1  THE DEMAND AND CHALLENGE OF UBIQUITOUS WIRELESS LIQUID MONITORING 

IN HEALTHCARE   

Dynamically and accurately monitoring the liquid-level is of importance in 

various home clinic and wireless healthcare applications, because a large number of 

medical care practices are related to liquid manipulation [104], [105]. For instance, for 

nutritional or therapeutic liquid intake, the liquid-level inside a container is usually 

checked each time for pharmaceutical compliance.  For intravenous therapy, it requires 

the process being monitored to avoid any hazardous incident, such as the air embolism 

when the medicine is fully dispensed in the drip chamber or syringe. For controlled drug 

delivery or smart pills, the amount of drug remained in the capsule is a critical feedback 

information to assure the delivered dosage within certain therapeutic ranges that 

maximize the efficacy and also minimize side effects [106]–[109]. However, 

conventional monitoring, either for large container or small syringe, is based on human 

visual observation. High resolution liquid-level monitoring for miniaturized containers, 

on the other hand, are mostly performed by expensive detectors, such as optical sensors 

[110]. Therefore, low cost automatic real-time wireless monitoring of liquid-level would 

be helpful to alleviate the load of healthcare workers and to improve the overall 
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healthcare efficiency. Such clinical function will be highly demanded especially in future 

aging society. 

For ubiquitous wireless healthcare monitoring applications, battery is a major 

hurdle to further downsize the wireless sensor node and minimize the cost; thus for short 

distance applications, passive sensors are preferred over active sensors [111]. Passive 

radio frequency identification(RFID) transponder sensors have gained attention from 

academia and industry [112]–[118]. Especially, instead of having extra sensor modules, 

antennae on commercial RFID transponders can be used as the sensing agent for 

beverage liquid-level monitoring [117], [118]. However, these RFID transponder antenna 

sensors suffer from inability of absolute value sensing [117], [118]. For instance, the 

background interference (which commonly exists in the indoor environment), the sensing 

distance, and the input power will affect the sensor output. To achieve high-resolution 

and reliable wireless liquid-level sensing, alternative sensing transponders and systems 

are desired.  

Another challenge for healthcare wireless liquid monitoring is sensor design.  

Unlike beverage bottle monitoring [117], [118], commercial RFID transponder antenna 

would not be suitable for most healthcare liquid monitoring applications, which have 

much higher miniaturization and sensing resolution requirements.  For that the sensing 

antenna on the transponder must be specifically designed to serve the applications in 

healthcare. In chapter 3 a general 3-D helix antenna sensor design procedure has been 

presented, in this chapter we are seeking improvement to boost its sensitivity and 

resolution performance. Recently, metamaterials, which are artificial materials with 
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engineered electromagnetic responses, have been proposed to make various miniaturized 

antennae based on the substrate[119], or coverage [120] of single/double negative 

materials. Moreover, the metamaterial-inspired electrically small antennas (ESAs), 

comprising of the LC resonant structures inspired from the unit element of metamaterials, 

can be more readily designed and physically realized compared to those metamaterial-

based ESAs. It has been demonstrated that a driven electrically-small electric or magnetic 

antenna covered by metamaterial-inspired structures in its near field can be matched to a 

50 Ohm source and have high overall efficiency. A similar concept of metamaterial cover 

or the so-called “cloaking device” has also currently proposed to maximize the received 

power of a small dipole antenna [121]. In this case, a reactive metamaterial cover can 

control the scattering cross-section of the ESA system associated with the antenna 

resistance (which inherently has a small value for an ESA) and cancel the reactive energy 

in the near field of ESA. Therefore, the conjugate matching can be achieved for the ESA 

system, providing the maximum power efficiency and potentially maximum sensitivity to 

liquid materials filled inside the antenna.   

 

4.2  Frequency Hopping Enabled Passive Harmonic Transponder Antenna Sensing 

System 

Here we propose a new sensing mechanism utilizing harmonic transponsor 

(transponder-sensor) comprising of a metamaterial-inspired compact 3-D liquid sensitive 

antenna to realize passive high resolution absolute accuracy wireless liquid-level 
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monitoring. Historically, harmonic radar with electronic nonlinear tags has been used for 

tracking moving insects [122]. In our sensing system, the harmonic transponder converts 

the received frequency hopped signal 928 MHz band from an interrogator to its second 

harmonic at 1.804-1.856 GHz band. The harmonic tones containing liquid-level sensing 

information, can be potentially detected and decoded by a portable sniffer device (e.g. 

smart phone with 3G and LTE antenna covering 1.8 GHz) and therefore avoid direct 

coupling, background scatters and clutters at the fundamental frequencies. In addition, 

taking advantage of the FHSS (required by the communication protocol of UHF RFID 

signals[123]), its output becomes high dimensional data rather than single point data. 

This enables algorithm based post processing and machine learning, like in computer 

vision[124], [125], to achieve absolute accuracy sensing and decision because additional 

dimensions of the output bring redundant information that can tolerate variation of other 

factors, such as transponder sensor location and interference from near-field objects. We 

apply those concepts to realize a wireless medical saline liquid-level monitoring with μL 

resolution on a metamaterial-inspired ESA, which is, in some sense, similar to a 

miniaturized monopole antenna with a metamaterial-surface cover.  The high quality-

factor (Q-factor) feature of such subwavelength antenna would leak to a strong field 

localization[119], [126] and therefore the ability of reliably and sensibly detecting the 

liquid-level within the micro-liter range. This battery and digital circuit free sensing 

mechanism shows great potential in a broad range of healthcare applications, including 

pharmaceutical management, drug delivery control, drug compliance assurance, clinical 
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research, as well as other non-healthcare fields which have the need of dynamically 

monitoring the liquid-level.   

A high level illustration of the passive harmonic transponder and sniffer based 

liquid-level sensing system is shown in Figure 4.1. An interrogator transmits a frequency 

hopped signal with a predefined pseudo-random hopping pattern.  Various kinds of 

liquid containers like bottle, dripping chamber, syringe, drug capsule or insulin pump, 

with different geometries and functionalities, can be equipped with a passive harmonic 

transponder to receive signals from the interrogator. The harmonic transponder has a 

nonlinear module that converts the signal to harmonic frequencies [2f1, 2f2…2fn]. Such 

harmonic output is emitted from a specifically designed 3-D antenna operating at the 

corresponding harmonic band, whose radiation property across the band is highly 

sensitive to the liquid-level in the container which the antenna is attached to or packaged 

within. The re-transmitted harmonic signal is then detectable and decodable by a sniffer 

receiver operating in the harmonic band. In practice, the interrogator could be a 902.5-

928.5 MHz UHF RFID reader with 50 frequency hop channels and a smart phone or 

tablet with the 1.8 GHz antenna could be utilized as the sniffer receiver. Nowadays either 

RFID interrogators or smart phones are accessible to cloud based computation and 

database, therefore the passive harmonic transponders can be wirelessly networked 

altogether to serve cloud sensing database and healthcare management. 

The sensing mechanism of the harmonic transponder is illustrated in Figure 4.2. 

The interrogating signal among frequency hopping channels [f1, f2…fn] has constant 

signal strength. Assuming other than the sensitive harmonic antenna, the rest of 
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components in the system, such as interrogator antenna, transponder fundamental antenna, 

frequency multiplier, and sniffer receiver antenna, all have fixed frequency responses, 

then the received signal strength indicator (RSSI) at the sniffer receiver over the 

corresponding harmonic channels will discretely represent the sensing antenna resonant 

profile from 2f1 to 2fn, which is sensitive to the liquid-level shift.  Frequency conversion 

on the transponder is necessary because at the fundamental frequencies there is strong 

direct coupling from the interrogator to the sniffer receiver, as well as background 

scattering in the environment; while at second harmonic the signals are exclusively from 

the harmonic transponder, thus are much clean signals with higher signal-to-noise ratio.  

Also, comparing to sensors with one-dimensional data, the n-dimensional RSSI vector 

provides abundant information to enable intelligent algorithm based decoding, therefore 

achieves robust and absolute accuracy liquid-level sensing even in the presence of 

moving human body interference nearby (which is very common in healthcare 

environment for implanted or on-body applications).  
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Figure 4.1: Application of passive harmonic transponder and sniffer based liquid level 

sensing system in a frequency hopped personal area network. In the sensing system, an 

interrogator transmits frequency hopped signals. Each medical liquid container is 

enclosed with a passive harmonic transponder that converts the signals to their harmonic 

band and retransmits them through a liquid sensitive 3-D antenna. A portable device may 

serve as a harmonic sniffer receiver to detect and decode the re-transmitted sensing 

signals at the harmonic bands from each transponder.  Cloud based computation and 

database is connected to both the interrogator and the harmonic sniffer, serving as the hub 

for storing the sensing information and managing healthcare liquid manipulations in a 

whole healthcare facility.   
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Figure 4.2: Passive harmonic transponder based liquid level sensing system sensing 

mechanism: The signal from the interrogator is frequency hopping among a set of 

channels [f1, f2…fn] with constant signal strength; at the sniffer receiver end, the received 

signal strength indicator (RSSI) array profile over the harmonic spectrum represents the 

overall antenna gain of the sensing antenna, which is affected by the liquid level shift 

inside the container.   
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4.3  METAMATERIAL-INSPIRED COMPACT ANTENNA SENSOR IN HARMONIC 

TRANSPONDER 

The liquid sensitivity boosting and sensor miniaturization are benefited from a 

metamaterial-inspired ESA-based design, where a short-stub monopole is surrounded by 

a helical coverage [119]. A conducting ground plane leads to the half-sized monopole and 

the helical coverage, due to the mirror effect. The advantage of this structure is shown 

through an electric field comparison of a monopole with (shown in Figure 4.3(a)) and 

without such helical coverage (shown in Figure 4.3(b)). In fact, for an asymmetric helical 

structure with direction of helix is reversed at the center [127], such as the structure in 

Figure 4.3(b), the magnetic dipole component is canceled at the resonance, and only the 

electric dipolar radiation polarized parallel to the helix axis is achieved, which is 

somehow similar to the lowest order spherical harmonic (TM10 mode) of a polarized 

subwavelength epsilon-negative (ENG) or plasmonic rod from the Mie scattering theory 

[119], creating the inductance necessary to establish the resonance within the electrically 

small structure. The small monopole stub at the center of the helical structure therefore 

provides a strong capacitive coupling between the coaxial feeding and resonant mode of 

the reactive cover.  

Simulation of the antenna sensor with metamaterial-inspired (or “cloak”) structure 

is based on frequency-domain finite-element method (FEM) using the commercial 

software CST microwave studio software [128]. In the full-wave simulation, the package 

material with relative permittivity of 2.8 and loss tangent of 0.0035, were considered, and 
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the short monopole and helical coverage are made of coppers with conductivity of 

5.8×10
7 

S/m. 
 

The liquid material in the simulation has a permittivity of 80, 

corresponding to most biomedical liquids such as phosphate buffered saline (PBS) buffer. 

The sensor nominal operation frequency is determined by the selection of helix 

parameters such as helical radius, number of turns and helical pitch angle determines the 

operating frequency range, and the length of short stud [119] also plays an important role 

to fine tune the antenna resistance and match the frequency multiplier circuit. The short 

stud length and its relative position to the helical cover also affect the local sensitivity 

and resolution performance of the sensor. In practice, the short stud length can be 

empirically tuned.  

  From the full-wave simulations in Figure 4.3(c), we found electric fields are anti-

phase, intense and uniform within the helix, showing striking similarities to the resonant 

mode of an ENG-metamaterial rod [127]
 
or a plasmonic particle at optical frequency 

[129]. Here the spatially distributed inductance of helical coverage may tune out the large 

capacitance of the electrically-small monopole stub when immersed in the liquid solution 

as shown in Figure 4.3(d). Since ESAs are typically characterized by large values of Q-

factor and the dielectric liquid drug inside the coverage is immersed in strongly localized 

electric fields, according to the cavity perturbation theory,  its resonant frequency may 

sensibly depends on the liquid level condition. Especially, the local liquid level 

sensitivity around the rod is boosted. For our antenna sensor designed at 1.85 GHz, 1uL 

liquid level change may cause a 2.5 MHz resonant frequency shift, according to the 
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simulation result in Figure 4.3(e). In addition, like any ESA, the spatial radiation pattern 

of the antenna sensor is a typical isotropic one as shown in Figure 4.3(f).  
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Figure 4.3: Metamaterial inspired antenna sensor simulation (using CST Microwave 

Studio): (a) Geometry and simulated field distribution of monopole stud without the 

metamaterial-surface coverage. (b) is similar to (a), but for a cloaked monopole stud; now 

the field is significantly enhanced and strongly confined within the region around the 

stud, boosting sensitivity on detecting the amount of liquid filled inside the metamaterial-

surface coverage. (c) Simulated electric field vectors for an empty metamaterial-inspired 

antenna sensor. (d) With liquid filled around the electrically small monopole stub, the 

resonant frequency becomes highly sensitive to the liquid-level. (e) The 3-D view of far 

field pattern at 1.85 GHz resonant frequency.  (b) Simulated resonant frequency 

dependence of the antenna on liquid-level applied within.   

The resonant frequency shift behavior of the meta-material inspired near-filed 

parasitic antenna can be also understood through a RLC resonant circuit model [130]. As 

shown in Figure 4.4(a), the monopole stub along with its near-filed surrounding structure 

forms a RLC resonator, in which the resistance R and capacitance C are affected by the 

liquid level ΔV and liquid permittivity εr [131]. Here ΔV is denoted the relative liquid 

volume inside the sensor reservoir to simplify the expression (ΔV=1 when liquid level is 

full). Both R and C are divided into two serially connected parts, one has permittivity of 1 

as for free space, the other has permittivity εr as for the liquid occupied region. Because 

the antenna sensor is designed to be perfectly match to 50 Ω at 1.85 GHz, we could first 

determine that R0=50 Ω and 1/(2π√𝐿0𝐶0)=1.85 GHz. The value of C0 and L0 can be 
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further selected based on the realized quality factor Q of the antenna sensor. Having the 

initial model parameters, S11 variation of the circuit model can be calculated as shown in 

Figure 4.4(b), assuming full liquid level at 300 μL. The complete antenna sensor structure 

including the effect of liquid level not only on monopole stub but also on the helical 

cover[132] can be modeled as a more complicated circuit as shown in Figure 4.4(c), in 

which the simple RLC resonator represents the monopole stub, while the helical cover is 

modeled as an impedance transformer with its own RLC circuit (R1,L1,C1)  feeding to a 

load ZL representing the overall load looking from the helical cover which radiates to the 

free space. Here the mutual inductance M is modeling the near-field evanescent wave 

coupling between the monopole stub and the helical cover. The simulated S11 and S21 

(using Agilent ADS) under different liquid level are shown in Figure 4.4(d) and Figure 

4.4(e), respectively. Even though the capacitance C1 on the helical cover side is also set to 

be dependent on the liquid level, Figure 4.4(d) shows very similar S11 curves as Figure 

4.4(b), indicating that the contribution to the frequency shifting behavior mainly comes 

from the monopole stub side. Comparing to the measured S11  variation of a realized 

antenna sensor shown in Figure 4.4(f), we can see that the simple circuit model can well 

predict the behavior of resonance shift, and roughly suggest the matching condition 

variation affected by liquid level shift. More accurate equivalent circuit model can be 

potentially achieved through further measurement data correlation investigation on the 

antenna geometry as well as package material conduction loss.     
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Figure 4.4: Equivalent resonant circuit model of the antenna sensor. (a) the monopole 

stub along with its surrounding structure forms a RLC resonator, in which R and C are 

affected by the liquid level ΔV and liquid permittivity εr. (b) Calculated S11 of the circuit 

model with varying liquid level. (c) A complete circuit model including both monopole 

stub and helical cover structure. (d) The simulated S11 (using ADS software[133], with 

port 1 as the input coaxial feed) of the circuit in (c), which shows very similar results as 

in (b), indicating that the resonant shift is mainly affected by the stub and its surrounding 

structure, while the contribution from the helical cover is minor. (e) The simulated S21 

(port 2 as ZL) of the circuit in (c) affected by liquid level change. (f) Measured S11 of a 

realized antenna sensor structure with finite ground plane to compare with predictions 

from the circuit models. 

 

 

4.4  EXPERIMENTAL REALIZATION OF PASSIVE UL LIQUID-LEVEL MONITORING  

Similar to the fabrication process described in Section 3.3 of Chapter 3, the 

metamaterial-inspired (or “cloak”) structure is assembled within Polydimethylsiloxane 

(PDMS) package to save real estate for liquid reservoir. The metal wire antenna is 

fabricated using selective laser sintering based mold process in order to precisely produce 

the helical structure [109].  Starting with a reservoir mold and a package mold, the 

PDMS mixture liquids are filled in with the metal helix structure. PDMS with the molds 
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are first cured at room temperature in a desiccator for more than one hour and then in a 

125°C oven for about 40 minutes [109]. Putting the whole assembly in an environment 

with temperature below 0°C will help release the molds. The passive frequency multiplier 

selected here is a MiniCircuit MK-5 [134] with a low conversion loss from 20 MHz to 2 

GHz. This frequency multiplier was packaged with metal shield which can also provide 

antenna ground plane. One end of the metal wire has to be connected to the ground, either 

through soldering it to the metal cover of the frequency multiplier or through Ohmic 

contact of the metal wire with the outside thread of the SMA connector on the frequency 

multiplier. The metal stud length can be adjusted to fine tune the matching condition 

from antenna to frequency multiplier output port.  

Figure 4.5 shows the sensor prototype and the experimental setup in an indoor 

environment. The fabricated antenna sensor was connected to the output port of the 

passive frequency multiplier. The input port of the frequency multiplier connected to a 

folded monopole antenna designed at 900 MHz for fundamental tone receiving. Because 

the fundamental tone antenna may have loading effect to the frequency multiplier, this 

antenna was characterized together with the frequency multiplier, as shown in Figure 4.7. 

The transmitting module in the demonstration is a commercial RFID reader antenna 

connected to a signal generator, which emulates the frequency hopped ASK signal source 

as from an UHF RFID reader. The sniffer receiver module was emulated by a wideband 

horn antenna connected to a PXA spectrum analyzer to detect and characterize the 

harmonic sensing signal reradiated from the tag. Standard medical purpose PBS solution 
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was injected to the PDMS reservoir from a syringe with 10 μL per liquid load as the 

smallest increment during the liquid-level sensor demonstration.   

A Labview program is controlling the signal generator to produce a narrow band 

ASK signal with its carrier frequency hopping at least every 400 ms, compatible with the 

Class 1, generation 2 (C1Gen2) UHF RFID protocol [135]. The allocated band in U.S. is 

902.5-928.5 MHz with 500 kHz channel bandwidth (excluding the two guarding bands) 

with totally 50 channels for frequency hopping [135]. The hopping is following a 

predefined random permutating pattern.  The base band data used for test is PRBS9 

pseudo random binary sequence with 100 kHz symbol rate.  As a result, the output 

harmonic signal will be hopping among 1.805-1.857 GHz with 1 MHz channel 

bandwidth under the same permutating order. The hopping range can be changed by the 

Labview program, for example, from 850 MHz to 950 MHz for wide band 

demonstration. In addition, the modulation type can be also set to FSK,PSK, FM, AM or 

PM for more general demonstration.     

The measured sensing data is summarized in Figure 4.6. Figure 4.6 (a)-(c) are the 

3-D bar charts of RSSI against both time and frequency under frequency hopping. The 

frequency hopping sequence is set to be randomly permutated among the 50 channels 

from 902.75-927.75 MHz and the resolution bandwidth of the sniffer receiver is set to be 

0.5 MHz to match the ASK signal channel width [135]. The received harmonic signal 

thus has the same hopping pattern at harmonic frequencies from 1.8055-1.8555 GHz. 

Variations of harmonic signal strength can be represented by observing the frequency 

spectrum as the RSSI sequence is recorded and shown in Figure 4.6(d)-(f). The sensor 
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response is fine tuned to fix the peak around 1.855 GHz when the reservoir at the sensor 

is empty (Figure 4.6(d)). By adding 10 μL and 20 μL of liquid, the second harmonic 

peaks are shifted to 1.83 GHz (Figure 4.6(e)) and 1.805 GHz (Figure 4.6(f)), respectively. 

Therefore, the realized sensitivity is about 25 MHz/10 μL. If the channel index of the 

harmonic peak is used as a digital output, the sensor resolution is 0.4 μL.  

Previous demonstration is compatible with C1-Gen2 protocol in United States; 

while worldwide operating band ranges from 840 MHz to 960 MHz and some 

commercial products actually covers the whole UHF RFID band. For that a 

comprehensive sensor performance is tested when the frequency hopping has a wider 

range of 850 MHz to 950 MHz without being restricted by specific local protocol.    

Figure 4.10(a) shows the measured RSSI array by the sniffer receiver over the whole 

UHF RFID band and the corresponding harmonic band. The RSSI array variation at the 

fundamental frequency band is hardly perceptible because the received power at those 

frequencies is dominated by the direct coupling from the RFID reader antenna and the 

scattering from nearby objects. In contrast, as the liquid-level increased from 0 μL to 50 

μL, the RSSI array at the second harmonic shows distinct profile variation for each 10 μL 

increment. This validates the advantage of the harmonic transponder over conventional 

transponders as a passive sensing platform.   

However, the harmonic RSSI peak shift is distorted as the liquid-level reaches 40 

μL. This phenomenon is caused by the narrow band effect from the interrogator and 

transponder fundamental tone antenna in the signal path, and the casue is verified through 

a detailed characterization along the signal path (shown in Figure 4.7 and Figure 4.8). To 
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eliminate this effect and increase sensor dynamic range, in principle, any antenna in the 

sensing system other than the sensing antenna has to be wideband. Here, instead of using 

high cost wideband antennae, we take advantage of its multi-dimensional nature of the 

output and utilize a data smoothing and narrow band effect compensation algorithm for 

the sensor decoding and get an overall linear sensing performance over a large range.  

The multi-dimensional RSSI array data is first smoothed by a robust local 

regression using weighted linear least squares and a 2
nd

 degree polynomial model. This 

regression assigns zero weight to data outside six mean absolute deviations to rule out 

abrupt interference from the environment.  Secondly, the peak channel frequency  fpeak  

of the smoothed RSSI data is identified through a peak detection algorithm.  Thirdly, a 

compensated peak channel frequency  fpeak_comp  is calculated by a narrow-band-effect 

compensation algorithm:    

fpeak_comp = {

fpeak − 𝑤(fLB − fpeak)/𝛼L
2, fpeak < fLB

fpeak,                             fLB ≤ fpeak ≤ fHB

fpeak +𝑤(fpeak − fHB)/𝛼H
2,        fpeak > fHB

 

 

where w is a constant weight coefficient,  𝛼L  and 𝛼H are the first order 

polynomial fitting coefficients for the data in the range of  (fpeak  - Δf, fpeak ) and (fpeak  , 

fpeak + Δf ), correspondingly, where Δf can be assigned with a reasonable value, e.g. 25 

MHz, for slope tangent calculation.  Having the compensated peak channel frequency, 

the final step is to map fpeak_comp on the resonant frequency to liquid-level dependence 

curve associated with the antenna sensor like the one shown in Figure 4.4(b), and get the 
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readout liquid-level value in μL. The final sensor readout result is summarized in the 

embedded subplot of Figure 4.10(a).    

 

 

 

 

Figure 4.5: Experimental setup for conceptual demonstration of Passive harmonic 

transponder based liquid level sensing system: (a) Picture of a fabricated enhance wave 

meta-material cloak antenna sensor, which can detect μL level liquid applied from a 

syringe (with 30-gauge needle) to the enclosed PDMS packaged cylinder container; (b) 

picture of a passive wireless liquid monitoring system tested in indoor environment. 

 

 

(a) (b) 
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Figure 4.6:  Demonstration of passive harmonic transponder wireless liquid monitoring 

with frequency hopped 902.75-927.75 MHz UHF RFID signal. (a) When there is no 

liquid in the reservoir, the 3-D bar chart shows the RSSI array on both time and 

frequency domain.  (b) The 3-D bar chart of the second harmonic RSSI array when there 

is 10 μL PBS solution in the reservoir (c) The 3-D bar chart of the second harmonic RSSI 

array when applying 20 μL PBS solution to the reservoir.  (d)  The corresponding 2-D 

bar chart of (a) showing the RSSI array on frequency domain, with peak at 1.855 GHz. 

(e) The corresponding frequency domain 2-D bar chart of (b), the peak is shifted to 

around 1.83 GHz. (f) The  corresponding frequency domain 2-D bar chart of (c), the 

peak is now 1.805 GHz. For a 50-channel frequency hopping signal, this result indicates 

a 0.4 μL resolution if the index of the peak channel is used as the digital indicator.    

 

a b c 

d e f 

(a) (b) (c) 

(d) (e) (f) 
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Figure 4.7:  Interrogator and fundamental antenna characterization. (a) Frequency 

multiplier test under frequency sweep from 700 MHz – 1.05 GHz; the overall conversion 

gain (including cable loss and other system loss) over the second harmonic band is from -

18 dB to -27 dB; the gain at fundamental bands and third harmonic band is around -40 dB 

and -50 dB, respectively;  (b) Adding the RFID reader antenna and fundamental tone 

receiving antenna at the tag, the overall spectrum response under frequency sweep; now 

the overall conversion gain generally shows narrow band feature with relatively flat peak 

around 1.8-1.9 GHz, which is good for UHF RFID sensor. As the RFID reader antenna 

not broadband, there is no need to design a wideband receiving antenna at the tag. A 

coarse 3 MHz resolution bandwidth is used here to allow a faster frequency sweep, so the 

noise floor levels up to -60 dBm; but it in general won’t affect the signal characterization.    
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(Figure 4.8 continued next page) 
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Figure 4.8: Broadband range transponder re-transmitting antenna sensor characterization. 

(a) Antenna transponder sensor test with frequency multiplier under frequency sweep 

from 700 MHz – 1.05 GHz; the harmonic peak is around 1.85 GHz with an empty 

reservoir; (b) Adding the RFID reader antenna and fundamental tone receiving antenna at 

the transponder to complete the passive wireless sensing system test. The overall 

spectrum response under frequency sweep shows a peak around 1.85 GHz, which 

matches the peak in (a).  (c) After applying 40 μL liquid to the reservoir, the peak of the 

antenna sensor response shifts to 1.72 GHz; (d) The complete passive wireless sensing 

system now shows a relatively weak and flat response due to the narrow band effect from 

the interrogator and fundamental antenna as shown in Figure 4.7(b). (e) After the liquid 

level added up to 80 μL in the reservoir, the peak of the antenna sensor response further 

shifts to 1.62 GHz, while the profile above 1.8 GHz is almost flat; (f) The complete the 

passive wireless sensing system does not change significantly from (d), this can be 

explained by the comparison of (c) and (e), which has similar response from 1.8 to 1.9 

GHz as the peak already shifted toward much lower frequencies. 

 

4.5  ROBUST HIGH DIMENSIONAL DATA PASSIVE WIRELESS SENSING WITH ABSOLUTE 

ACCURACY 

The high dimensional received harmonic RSSI array sensing data contains 

redundancy for liquid-level sensing decision. In fact only after a few hops a correct 

decision of the peak frequency can be made through the regression algorithm. As shown 
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in Figure 4.9, after 10 hops, 20 hops and 50 hops, the regression curve and peak channel 

decision shows similar results for liquid level of both 0 μL and 10 μL. Such “free” 

redundancy is provided by the FHSS feature which is a requirement of the UHF RFID 

protocol. Similar to computer vision which turns the imaging sensing data into insight, 

here more redundancy means better robustness liquid level sensing with absolute 

accuracy that tolerates other variations. 

The first problem it resolved in passive wireless sensing is distance dependence, i.e. 

absolute signal strength depends on the receiver-to-sensor distance. For multidimensional 

output, the sensor decoding, by contrast, is based on relative signal strength. As shown in 

Figure 4.10(b), when the receiver is moved away from the sensor, the profile and the 

peak frequency of harmonic RSSI array is largely preserved even though the absolute 

signal strength decreases drastically. Communication channel fading becomes observable 

at a 2.5 m sniffer-to-interrogator distance. But as the sensor output is a 50 element array, 

the data smooth algorithm can minimize the sensing error and still retrieve the correct 

liquid-level data.  The noise level in our demonstration under 0.5 MHz resolution 

bandwidth is -75dB and the signal generator provides a 10 dBm power signal, which 

enables a sensing range over 3 meters according to Friis’ equation [77]. If with maximum 

available UHF RFID interrogating power at 30 dBm, the sensing range can cover even 

longer distance.   
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 (Figure 4.9 continued next page) 

 

(a) 

(b) 
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Figure 4.9: Redundancy of the passive sensing from the frequency hopping spread 

spectrum. (a) The regression curve and the peak channel decision after 10 hops for liquid 

level of 0 μL (left) and 10 μL (right); (b) The regression curve and the peak channel 

decision after 20 hops for liquid level of 0 μL (left) and 10 μL (right). (c) The regression 

curve and the peak channel decision after 50 hops for liquid level of 0 μL (left) and 10 μL 

(right). 

 

 

 

In body area networks, the human body is a time varying interferer that may severely 

degrade the wireless communication performance. This is another problem resolved by 

the multi-dimensional RSSI array. As shown in Figure 4.11, when a human body with 

constant movement is a few centimeters away from the sensor, the overall harmonic 

signal strength degrades, but the redundant information of the multi-dimensional output 

again ensures the robustness of the passive wireless sensing system. Similar benefits can 

be applied to implanted wireless sensors.   

Another absolute sensing advantage we have verified is its independence of signal 

source. Transmitting signal power, signal modulation type, and signal frequency hopping 

channel width will not significantly affect the sensing performance. The measurement 

data in Figure 4.10(a) is associated with ASK-modulated signal, while that in Figure 

4.10(b) is single tone sinusoidal signal. It is evidently seen that they present similar 
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profiles and peak frequencies of the RSSI array. A more detailed comparison of the RSSI 

array with popular modulation types (single tone, ASK, FSK, PSK, AM and FM) is 

shown in Figure 4.12.  In Figure 4.11, the frequency hopping channel width is 2 MHz 

instead of 0.5 MHz, and the resolution bandwidth of the receiver is 3 MHz instead of 0.5 

kHz, the degradation on the sensor performance remains unnoticeable. This great 

flexibility may potentially lead to cross-system or cross-protocol platforms for the 

ubiquitous wireless networked monitoring.      

Our demonstration presents a digital circuit free prototype at UHF RFID band, but the 

concept can be utilized and integrated with other technologies and systems for different 

applications. For example, having a conventional RFID IC chip on the transponder, 

identification may be performed at the same time with harmonic sensing, where the 

reflected ID data path is still picked up by the interrogator. Alternatively, if using a radar-

like highly directional interrogator, localization information of the transponder may be 

retrieved along with the liquid level information. In addition, UHF RFID is not the only 

suitable platform, other communication protocols with spread spectrum techniques, such 

as Wifi, Bluetooth, and LTE, may all have their own transponders and sniffers.   

Overall, this work will have great potential to promote ubiquitous wirelessly networked 

monitoring in healthcare and other industrial fields. 
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Figure 4.10: Comprehensive demonstration of the sensing system with wider frequency 

hopping range covering the whole global UHF RFID band as well as multi-dimensional 

output post-processing algorithm. (a) RSSI array variation at both fundamental tone (left) 

and second harmonic tone (right) for liquid-level applied from 0 μL to 50 μL. The sniffed 

fundamental tone cannot be used for sensing due to strong direct coupling and 

background scatters, while the second harmonic tone shows distinct variations when the 

liquid-level changes. The small subplot on the right summarizes the algorithm post-

processed readout values, showing an overall linear passive sensing performance. (b) 

RSSI array variation for different sniffer-to-transponder distance from 25 cm to 250 cm, 

with liquid-level fixed at 0 μL. The peak frequency is consistent around 1.85GHz, 

indicating distance independence.  
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Figure 4.11: Effect of human body near field interference on passive sensor. The RSSI 

array variation at second harmonic tone (right) shows that human body interference 

affects the signal strength, but the peak position of the smoothed fitting curve is 

preserved and the peak shift is still distinct when liquid-level changes, demonstrating a 

robust sensing with absolute accuracy. 

 

                               (Figure 4.12 continued next page) 
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(Figure 4.12 continued next page) 
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Figure 4.12:  Compatibility verification of frequency hopped harmonic sensing 

mechanism with different digital and analog modulations. The hopping range is set to 920 

MHz to 925 MHz (1.84 GHz to 1.85 GHz harmonic band) among 10 channels, the 

spectrum analyzer resolution bandwidth is set to 100 kHz to better view signal 

modulation details. (a) Spectrum density and (b) spectrogram of the received harmonic 

signal with single tone sinusoid. (c) Spectrum density and (d) spectrogram of the received 

harmonic signal with ASK signal (90% modulation depth with 100 kHz data rate). (e) 

Spectrum density and (f) spectrogram of the received harmonic signal with frequency 

shift key (FSK) signal (90% modulation depth with 100 kHz data rate). (g) Spectrum 

density and (h) spectrogram of the received harmonic signal with binary phase shift key 

(BPSK) signal (10 kHz data rate). (i) Spectrum density and (j) spectrogram of the 

received harmonic signal with amplitude modulation (AM) signal (90% modulation depth 

with 100 kHz data rate). (k) Spectrum density and (l) spectrogram of the received 

harmonic signal with frequency modulation (FM) signal (90% modulation depth with 100 

kHz data rate).    
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4.6  CHAPTER SUMMARY 

We have successfully realized zero-power wireless liquid-level monitoring at the 

μL-scale. The proposed sensor system employs a new concept of frequency hop harmonic 

transponder sensor, which uses frequency hopping signal to retrieve the response 

spectrum of a harmonic transponder antenna. The harmonic transponder receives 

frequency-hoped signal and coverts it to its second order harmonic, avoiding strong direct 

coupling and background scatters in the environment.  The transponder antenna is a 

metamaterial-inspired, 3-D electrically-small resonant structure, for which the frequency 

response is designed to be highly sensitive to the liquid-level inside.  The sensing 

system is experimentally demonstrated through a UHF RFID compatible prototype. To 

our knowledge, it is the first work that shows passive wireless liquid sensing with μL 

resolution.  In addition, the absolute-accuracy sensing capability that tolerates distance 

variation as well as human body proximity interference is the new feature very important 

in on-body and implanted applications.  This work will have great potential to promote 

ubiquitous wireless liquid monitoring in healthcare and other industrial fields.  
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Chapter 5:  Chemically-Gated Graphene Modulator for Nanomaterial 

Harmonic Transponder Sensors 

5.1  NANOMATERIAL BASED SENSORS FOR UBIQUITOUS NANOSENSOR NETWORKS 

Advanced nanostructures like two-dimensional carbon nanomaterial graphene [136], 

with their single molecular level sensitivity in chemical and biosensors [137]–[142], may 

establish the foundation of future ubiquitous nanosensor networks [143], [144]. Normally, 

sensing and modulation are separate functions in a communication system [145], [146]. 

For example, a microphone in a Bluetooth headset [147] is detecting acoustic signals and 

integrated with other modulation (either digital or analog) interfaces at a reasonable cost. 

However, for nanostructure-based sensors [137]–[141], their small size and 

heterogeneous feature against conventional solid-state electronic devices make the 

integration challenging [148], [149]. In order to integrate nanomaterial sensors with 

commercial silicon based modulation interfaces, complicated post-transfer process must 

be performed [149].   

Besides high mobility and high sensitivity, graphene devices also have special 

ambipolar electro-hole dispersion [136], [138], [141], which results in non-linear 

characteristic on its drain current to gate voltage dependence. Based on this unique 

property, special modulation functions such as full-wave rectifying, frequency mixing, 

amplitude modulation (AM), frequency modulation (FM), and phase modulation (PM), 

which are not directly achievable for conventional semiconductor materials [150]–[154], 

can be realized on a graphene device. Here, we propose an alternative modulation 
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mechanism utilizing chemical gating effect instead of electrical gate voltage to modulate 

a carrier signal directly by the substance that a graphene field effect transistor (GFET) is 

exposed to.  This monolithic all-graphene paradigm that virtually performs chemical 

sensing and signal modulation in-situ may be desired for ubiquitous sensor network 

applications to reduce their integration complexity and cost.    

  

5.2  GRAPHENE CHEMICALLY-GATED MIXED MODULATION CONCEPT 

For most real-time graphene sensor demonstrations, the sensor output is either in 

terms of direct current (DC) or resistance which is one-dimensional (1D) signal [137]–

[142], [155]–[158]. Another advantage of the proposed chemically gated modulation for 

nanomaterial sensor application is its two-dimensional (2D) output signal. Lee et al. have 

demonstrated that the electrically gated modulation on graphene has a transition from 

AM to FM, i.e. from fundamental tone to second harmonic tone [154]. Here we will show 

that such transition is not abrupt, rather the fundamental and second harmonic tones 

coexist and vary gradually over a large range of chemical gate (or electrical gate) input 

levels, resulting in AM/FM mixed modulation. This way the amplitude on both 

frequencies constitute a 2D output that may provide redundant information to improve 

the overall reliability and tolerance to environmental noise and interference.  

Calibration of charge neutrality point (Vcnp) is another important issue for practical 

graphene devices, especially in sensor applications. Previously reported methods include 

annealing of the device in high vacuum, heating in high temperature, or applying special 
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gas/wet treatment after adsorption of substances on graphene [136], [138], [159], [160], 

but very precise calibration based on those methods is hardly possible yet. In 

nanomaterial sensor networks, it is unlikely to frequently replace the distributed sensors 

or heat them onsite after deployment. Therefore, it is preferable to have low-cost 

approaches that precisely calibrate the Vcnp of a graphene device. 

Here we demonstrate the chemically-gated mixed modulation concept through an air 

exposure-ethanol treatment modulation cycle on a graphene transistor. Based on this 

concept, sensing and modulation may be performed on the same device, requiring no 

additional module because its high frequency output is compatible with communication 

media. In addition, by introducing gate voltage pulse sequence enabled electrochemical 

approach to control charge transfer and capacitive gating effects on graphene, precise 

calibration of Vcnp is achievable under air exposure or wet treatment, eliminating the need 

of costly temperature or vacuum control equipment. The chemically-gated mixed 

modulation, along with the precise electrochemical calibration on graphene, has 

promising potentials in ubiquitous healthcare, automobile, security, food preservation and 

other related industries.  

As shown in an illustrative Figure 5.1(a), the carrier signal is a single-tone sinusoidal 

wave applied at the back-gate of a graphene transistor. The drain current output 

waveform under certain drain bias is modulated by chemical gating, consisting of 

modulation output components at both fundamental and harmonic frequencies. 

Adsorption to a first substance (e.g. oxidizer type gas molecules) gradually decreases the 

amplitude of both tones at the output but the harmonic tone will first get fully suppressed. 
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Meanwhile adsorption to a second substance (e.g. electron-donor type chemical) may 

reverse the modulation output to original condition. These two phases form a complete 

chemical modulation cycle, in which either phase could be utilized for sensing and the 

other for sensor reset, depending on the application. For instance, in oxidizer material 

sensing, some electron donor material may reset the sensor; while in electron donor 

material sensing, some oxidizer material may in turn take the role as a reset agent. As the 

modulation output is high frequency signal, it is more compatible with communication 

system comparing to DC signal, thus requiring less or no additional signal converting 

modules. From a system point of view, the unique chemically-gated modulation may 

simplify the hierarchical structure of nanosensor network system, as summarized and 

depicted in Figure 5.2.      

The chemically-gated modulation mechanism can be explained by referring to the  

GFET gate input-drain output characteristic curve shift as shown in Figure 5.1(b). When 

a single tone input at frequency f is applied without DC bias at the gate, the modulation 

output will show variance as the Vcnp gets shifted by chemical gating: if Vcnp is around 

zero, the drain output will have vanished component at f and strong component at 2f (grey 

curve). If Vcnp is shifted higher to reach a critical point, the component at f will be 

significantly amplified and the 2f tone will start decreasing (blue curve). If Vcnp leaves the 

above mentioned critical point, the output starts to monotonically decrease, showing 

drops at both f and 2f. As Vcnp shifts even higher, the 2f tone will be completely 

suppressed, leaving the f tone alone and keeping decreasing (red curve).  
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A theoretical analysis of the mixed modulation output curves depending on Vcnp is 

shown in Figure 5.1(c) using a compact GFET model. The GFET mixed modulation is 

evaluated using a physics based drift-diffusive transport model [161]
,
[162]

  
which 

includes effects such as field-dependent quantum capacitance, fixed velocity saturation, 

and fixed contact resistance
 
[163]. The model has been validated to predict the behaviors 

of RFCVD back-gate graphene FETs[164] used in our experimental demonstration. For 

the purpose of graphene chemically-gated modulation analysis, the model is adjusted to 

represent Ids-Vcnp dependence instead of Ids-Vgs dependence. The drain current under and 

chemical gating induced charge neutrality point shift ΔVcnp can be expressed as [162]:  

𝐼𝑑𝑠 = 𝑞
𝑊

𝐿
𝜇𝑒𝑓𝑓(𝑛𝑖𝑉𝑑𝑠

+ (
(𝛼 + 1)2(𝑘𝐵𝑇 ln 4)

2

4𝜋ℏ2𝑣𝑓
2(𝛼 ln 2 + 1)

(−2𝑉𝑑𝑠 + (𝑉𝑑𝑔

+ ∆𝑉𝑐𝑛𝑝)√1 + δ2(𝑉𝑑𝑔 + ∆𝑉𝑐𝑛𝑝)2 + (𝑉𝑔𝑠 − ∆𝑉𝑐𝑛𝑝)√1 + δ2(𝑉𝑔𝑠 − ∆𝑉𝑐𝑛𝑝)2

+
sinh−1 δ(𝑉𝑑𝑔 + ∆𝑉𝑐𝑛𝑝) + sinh−1 δ(𝑉𝑔𝑠 − ∆𝑉𝑐𝑛𝑝)

δ
))) 

Where   𝜇𝑒𝑓𝑓 =
𝜇

√(1+(
𝜇𝑉𝑑𝑠
𝐿𝑉𝑠𝑎𝑡

)
2

)

  ,   𝛼 =
𝐶𝑜𝑥

𝐶𝑞𝑖
  and  δ =

2𝛼√𝛼 ln2+1

(𝛼+1)2
𝑞

𝑘𝐵𝑇 ln4
 

Our model assumes electro-hole symmetry and also the contact resistance is equally 

distributed at the drain and source contact. The electrical gate bias Vgs is usually fixed or 
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set to zero for chemically gated transistor simulation. Model parameters such as impurity 

concentration, saturation velocity as well as contact resistance are properly chosen to 

predict the modulation behavior of a RFCVD back-gate long channel graphene FET 

[164]. 

There are two points with best linearity corresponding to the peaks on the 

fundamental tone curve (blue line) and dips on the harmonic tone curve (red line) with 

Vcnp around ±1.4 V in Figure 5.1(c).  Such nonlinearity variation is explained through an 

illustration of Figure 5.3(a).  For graphene, Vcnp will be shifting higher (or lower) when 

continuously exposed to p-type (or n-type) doping material, so there is an operating 

region that both components are monotonic functions of Vcnp as highlighted in Figure 

5.1(c).  

Other than chemical gating induced Vcnp shift, the carrier mobility variation also 

affects the GFET output. In fact, even though most substances exposed to graphene affect 

its Vcnp, there are also materials with major impact on graphene carrier mobility [165]. 

Figure 5.3(b) shows the calculated two tone output through 2D vector mapping, which 

clearly separates the Vcnp shifting traces under different mobility values. The result 

indicates that the 2D output is able to retrieve the information of corresponding Vcnp even 

with variation of other parameters such as carrier mobility, which is a significantly 

enhanced robustness of sensing over conventional 1D output.  
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(Figure 5.1 continued next page) 
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Figure 5.1:  Principle of chemically-gated graphene mixed modulation. (a) Conceptual 

illustration of chemically-gated modulation on a single graphene device, in which the 

input high frequency carrier signal is applied at the back gate without any gate DC bias, 

and the modulated output at drain varies during the gas exposure-chemical wet treatment 

modulation loop cycle. (b) Mechanism of GFET AM/FM mixed modulation; grey: if Vcnp 

is at zero, the output only consists of strong harmonic tone; blue: when Vcnp shifts away 

from 0, large fundamental tone exists and harmonic tone decreases; red: when Vcnp shifts 

higher, both the fundamental tone and harmonic tone decrease, but with the harmonic 

tone decreasing faster; (c) Physics based modelling result (assuming electro-hole 

symmetry) of two-dimensional modulation output (in term of normalized output voltage) 

depending on Vcnp shift; a region is outlined where both fundamental and harmonic tones 

monotonically decrease,  which can be used as the operation region for chemical 

modulation demonstration.  

 

 

Figure 5.2:  Potential improvement of nanosensor networks by utilizing nanomaterial 

sensing-modulation combined blocks as the nodes.   
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Figure 5.3: (a) Variation of tangent line angle along the GFET DC characteristic curve. 

The second order derivative is positive around zero where ambipolar field effect induced 

nonlinearity dominates, and becomes negative under large gate input where the contact 

resistance induced nonlinearity dominates. In transition there is an absolute linear point 

(around ±1.4 V according to simulation in Figure 5.1(c)) with zero second order 

derivative. (b) Simulated two-dimensional output mapping of graphene chemically-gated 

modulation for Vcnp shift traces under different carrier mobility values. The output is 

normalized so that the maximum fundamental tone on each curve is set at 0dB.  The 

curved arrow shows the general output movement direction with Vcnp increasing. From 

Vcnp = 0 V to Vcnp = 0.4 V, the output position on the map moves right; from Vcnp = 0.6 V 

to Vcnp = 1.4 V the output moves downward; starting from Vcnp = 1.6 V the output moves 

toward lower left. 
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5.3  EXPERIMENTAL REALIZATION OF AIR EXPOSURE-ETHANOL TREATMENT MIXED 

MODULATION CYCLE 

Chemical gating effect typically results from oxidizer (e.g. NO2, O2, ambient air) or 

electron donor (e.g. NH3, NH2) induced charge transfer between graphene and the 

adsorbed substances
 
[141]–[143]. For instance, under ambient air the Ids-Vgs curve of a 

graphene FET shifts rightward (p-type shift), as verified through a DC characteristic 

measurement shown in Figure 5.8(a).   

The device under test is a photoresist-free shadow mask direct patterned large area 

back-gate single layer graphene FET (Figure 5.4), which is suitable for chemical gating 

test. In our experiment, we use large area GFETs fabricated by shadow mask without 

lithography step to preserve the pristine surface of graphene, because other than the 

H2O/O2 redox system, residues such as photoresist may also contribute to the formation 

of charge traps.
 
This synthesized graphene was first transferred with poly methyl 

methacrylate (PMMA) as a support onto a SiO2/Si substrate with 285nm thermal oxide.  

Raman spectroscopy with 442nm blue laser has been used to confirm the good quality of 

graphene after transfer (Figure 5.4(b)), showing G peak at 1582cm
-1

 and a symmetric 2D 

band at 2695cm
-1

 (bandwidth∼32).  Back-gated field effect transistors with electron-

beam-evaporated Ti+Au metal contacts defined via a shadow mask were made to 

measure electrical properties. The metal contacts are 200 by 200 𝜇m, with a channel 

length option of 25, 50, 100, and 200 𝜇m, as shown in Figure 5.4(a). More details about 

the fabrication process can be found in our previous work [166]–[168]. 
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In the chemically-gated modulation demonstration, the back-gate and drain contacts 

of a GFET with 100 𝜇m channel length vacuum fixed on a probe station are connected to 

bias-Tees in order to combine and separate RF and DC signal, respectively. The input RF 

signal is generated from a function generator and the DC drain bias is from a voltage 

source; the output at the drain are measured by an Agilent DSO-X 3034A digital 

oscilloscope with spectrum analyzing function by fast Fourier transfer. In the Vcnp 

calibration demonstration, the DC Ids-Vgs curves of the GFET with 100 𝜇m channel 

length are recorded with an HP4145B semiconductor parameter analyzer under ambient 

conditions, with the drain to source bias at 100 mV. 200 proof ACS/USP ethyl alcohol 

(100% ethanol) droplets are directly applied to the device on the probe station under the 

ambient environment at room temperature as the wet treatment agent during the 

experiment. 

The electron transfer rate from the graphene layer to the H2O/O2 redox system from 

ambient air is proportional to the overlap between the occupied states of graphene and the 

unoccupied state of the H2O/O2 solution [169]–[171] so that the rate of p-type shift of 

Vcnp is showing some exponential decay until the graphene density of states (DOS) and 

the H2O/O2 redox couple DOS reaches an equilibrium. In our test Vcnp has a shift from 3 

V to 12 V after 10 minutes of air exposure.   

Restoring the intrinsic electrical characteristic can be done by high vacuum annealing 

or high temperature heating which desorbs the substances on graphene [136], [159].  

Wet chemical treatment is also able to reverse intrinsic graphene, though most studies are 

based on photoresist contaminated graphene FETs and the involved recovery chemicals 
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are hazardous (BOE, HF, CHCl3) [160], [172] .
  

Here ethanol solution is used as a cost 

effective and relatively safe chemical to recover Vcnp of a photoresist-free graphene 

device. During the wet treatment, a temporarily p-doped graphene FET is treated by an 

ethanol droplet for 20 seconds, the droplet is then dried by nitrogen gun and the measured 

instant Vcnp is reduced from 16 V to 3V, as shown in Figure 5.9(a).  The recovery 

mechanism is that the ethanol solution eliminates the H2O/O2 redox system near 

graphene, and hence moves the Fermi level of graphene to the original level before air 

exposure, as depicted in Figure 5.5. This is similar to BOE treatment [173];but unlike the 

chemical reaction between HF and H2O [173], here the H2O/O2 redox system gets 

removed because it is readily soluble in ethanol, making it a chemical reaction free and 

environmental friendly process suitable for practical applications.  

The chemically-gated mixed modulation is demonstrated through an air exposure-

ethanol treatment modulation cycle, without loss of generality for other gases and wet 

chemicals which may also establish similar modulation functions on a GFET. Figure 5.6 

shows the spectra of the modulated output under a 3 V peak-to-peak 25 kHz single tone 

input at the back-gate with 100 mV DC drain bias. Assuming negligible gate leakage, the 

power consumption of the modulator is coming from the drain bias. For an estimated 

average drain current of 50 μA, the input power is only about 5 mW. In a modulation 

cycle, the Vcnp is initially around 3 V, and the output vector consisting of fundamental 

tone at 25 kHz and second harmonic tone at 50 kHz is <50dB, 16dB> signal-to-noise 

ratio (SNR).  Figure 5.6(a)-(b)-(c) is the air exposure modulation phase, during which 

the output vector drops to <43dB, 9.5dB> SNR after 2 minutes (Figure 5.6(b)), and to 
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<41dB, 0dB> SNR after another 2 minutes (Figure 5.6(c)). Figure 5.6(c)-(d)-(a) is the 

ethanol treatment phase, during which the output vector is reset back to <50dB, 16dB> 

SNR after the treatment. Figure 5.6 (d) is the output spectrum of an intermediate state 

during wet treatment; after ethanol has been dried the output is reset to its original. The 

spectra before and after a complete modulation cycle are compared in Figure 5.7. The 2D 

output provides redundant information that may benefit post signal processing in sensing 

systems, which potentially improves the robustness and enables absolute accuracy in 

sensing.  

 
Figure 5.4:  Fabricated graphene device. (a) Microscope picture for the graphene 

devices with 25, 50, 100, and 200μm channel length, 100μm device is used for this 

demonstration. (b) Raman spectrum of graphene after transfer onto SiO2/Si device 

substrate.   
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Figure 5.5:  The change of graphene Fermi level by redox system induced charge 

transfer and ethanol treatment based wet recovery.   
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(Figure 5.6 continued next page) 
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Figure 5.6:  Realization of air exposure-wet treatment AM/FM mixed modulation cycle 

on a chemically-gated GFET with a single tone back-gate input carrier signal at 25kHz. 

(a) Initially when Vcnp is around 3 V, the output vector is <50dB, 16dB> SNR, with the 

noise level at -80dBV. (b) Vcnp shifts to higher voltage after 2 minutes exposure and the 

output drops to <43dB, 9.5dB> SNR. (c) Further air exposure for another 2 minutes 

results in an even higher Vcnp and the output is <43dB, 0dB> SNR. (d) The operation 

condition can be reversed by the ethanol based wet treatment. At the moment an ethanol 

droplet is applied, the intermediate output is <46dB, 13.5dB> SNR. After 20 second 

treatment, the ethanol is dried and the device is reset to the original state <50dB, 16dB> 

(comparison before and after the cycle is shown in Figure 5.7).   

 
 

Figure 5.7:  Comparison of chemically-gated modulation output spectrum of initial state 

before air exposure and after the ethanol recovery. Both fundamental and harmonic tones 

are matched, showing good reusability.     
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5.4  PULSE SEQUENCE ASSISTED ELECTROCHEMICAL CALIBRATION OF VCNP 

Vcnp of a graphene device can be calibrated during gas exposure or wet treatment 

phase with the assistance of voltage pulse sequence applied at the gate. It has been 

reported that when a forward voltage sweep is applied on a GFET, for example, from -80 

V to 80 V, Vcnp will usually shift higher, and the shift is noticeable from the backward 

sweep of Ids-Vgs curve from 80 V to -80 V [169].
 
Such hysteresis in graphene 

conductance is caused by variation of charge transfer rate from the graphene to charge 

traps [169], [170]; but under certain conditions, capacitive gating effect [169] could 

dominate over charge transfer.   

Under ambient air exposure, the charge traps are the H2O/O2 redox systems near the 

graphene layer. Here we dynamically control the hysteresis behavior by repeatedly 

applying unidirectional positive (or negative) voltage pulse sequence, and it results in a 

faster (or slower) Vcnp movement during air exposure. Figure 5.8 shows the comparison 

of Vcnp shifts under the same air exposure condition and time duration but with voltage 

pulse sequence of different polarities applied at back-gate. Figure 5.8(a) shows Ids-Vgs 

curve shift during air exposure with no gate pulse. Figure 5.8(b) shows Ids-Vgs curve shift 

with positive gate voltage pulse sequence with each pulse sweeping from 0 V to 30 V 

(each cycle contains 1.5 sec positive pulse and 4.5 sec idle, i.e. 10 pulses per minute). 

Figure 5.8(c) shows the Ids-Vgs curve shift with negative gate voltage pulse sequence with 

each pulse sweeping from -20 V to 0 V (each cycle contains 1 sec negative pulse and 0 
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sec idle, i.e. 60 pulses per minute). When the gate-to-source voltage pulse is positive, and 

the drain-to-source DC bias is negligibly small, the electrons temporarily pumped to 

graphene channel as well as the inward electric field near the graphene layer will 

accelerate electron charge transfer from graphene to the H2O/O2 charge traps. When the 

pulse stops, the accumulatively over transferred electrons from to graphene to the charge 

traps cause a stronger p-type shift of Vcnp, i.e. sensitized chemical gating. On the other 

hand, if the gate to source voltage is negative, there will be holes temporarily pumped to 

graphene channel by a pulse and the electric field direction at the graphene surface will 

be outward, resulting in weaker p-type shift during air exposure, hence tuning the 

graphene device toward a desensitized chemical gating modulator.   

The wet chemical treatment phase in graphene chemical modulation cycle can also be 

calibrated by gate voltage pulse sequence. Ethanol may recover a p-doped GFET to 

nearly intrinsic state, while applying positive back gate voltage pulse sequence during 

ethanol treatment may push the Vcnp to even below the intrinsic value. Figure 5.9(a) to 

4(c) compare Vcnp movement under the same ethanol wet treatment condition with no 

gate pulse, positive pulse and negative pulse sequence, respectively. In contrast with the 

Vcnp recovered at 3V in Figure 5.9(a), Vcnp in Figure 5.9(b) moved to -8V after ethanol 

drying when a 0-30V voltage pulse sequence was repeatedly applied during the 20 sec 

ethanol treatment (each cycle contains 1.5 sec pulse and 1.5 sec idle, i.e. there are totally 

7 pulses during the treatment). We postulate that for ethanol treatment it is a capacitive 

gating dominant phenomenon: As ethanol is a polar solvent, when a positive pulse is 

applied, the inward electric field enforces dipole molecules in the ethanol droplet with 
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orientations toward graphene layer, which significantly increases the electron carrier 

density on the graphene and results in stronger n-doping effect after the positive pulse. As 

more positive pulses are applied, the dipole moment is getting stronger accumulatively.  

On the other hand, experiment shows that applying negative back-gate voltage pulse 

sequence during ethanol treatment will remarkably reverse the Vcnp shift from n-type to 

strong p-type, with an achieved Vcnp higher than 50V as shown in Figure 5.9(c). This can 

be in turn explained by capacitive gating: under outward electric field, the dipole 

orientations are backward graphene layer, repelling free electrons to move away from 

graphene layer. A very high density of hole carriers is thus induced on the graphene layer 

as a result of the negative pulse, yielding a strong p-type doping process.   

Although the exact mechanism of electrochemical control on chemical gating needs 

further investigations, the full calibration ability has been experimentally demonstrated 

and is summarized in Figure 5.10(a) as a practical guide for Vcnp tuning. Any desired Vcnp 

value, including a precise zero, can be achieved through the voltage pulse sequence-

assisted electrochemical calibration, as shown in Figure 5.10(b). Other than ambient air 

and ethanol solution, different materials can also be applied to graphene chemical gating 

which may result in different patterns of modulation cycles. For example, water is 

compared with ethanol in recovering Vcnp of graphene as shown in the experimental 

results of Figure 5.11. In addition, exposure to some third material could affect the 

chemical gating cycle. For example, two different protein solutions, milk and ESAT-6 

[174] (a biomarker of mycobacterium tuberculosis) are tested on and compared in Figure 

5.12. As a result, this work illustrated GFET based versatile device that integrated 
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chemically gated sensing and mix modulation functions into one single unit with precise 

calibration and reversibility.  

 

 

 

 

 

 

 

(Figure 5.8 continued next page) 
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Figure 5.8:  Demonstration of pulse sequence induced electrochemical calibration of 

GFET chemical gating during 10 minute air exposure.  (a) The H2O/O2 redox system 

from the air serve as charge traps that attracts electrons transferred from graphene, 

resulting in p-type shift of Vcnp. (b) With repeating positive gate voltage pulse sequence 

applied, electrons are temporarily pumped to graphene channel from the source metal 

contact and the electric filed is toward graphene layer, accelerating the electron charge 

transfer from graphene to the H2O/O2 charge traps during a positive voltage pulse. 

Because a large population of electrons have been transferred to charge traps, more holes 

are accumulated on graphene layer when the pulse stops, and it results in a stronger p-

type shift of Vcnp than without the positive voltage pulse. (c) Similarly, with 

unidirectional negative gate voltage pulse sequence applied, holes are temporarily 

pumped to the graphene channel and the electric filed is outward near graphene layer, 

decelerating the charge transfer from graphene to the H2O/O2 charge traps and resulting 

in a weaker p-type shift of Vcnp.  
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Figure 5.9:  Demonstration of pulse sequence-induced electrochemical calibration of 

GFET chemical gating during 20 second ethanol wet treatment. (a) The H2O/O2 residues 

on graphene are readily soluble in ethanol, and as the charge traps get removed after the 

ethanol is dried, the Ids-Vgs curve is showing n-type shift and recovered from a p-doped 

GFET. (b) With repeating positive gate voltage pulse sequence applied, the dipole 

moment of ethanol molecules with its direction toward graphene is gradually enhanced, 

and the capacitive gating effect draws electrons from metal contacts to move and 

accumulate on graphene. Combining the effect in (a), overall the Vcnp is showing stronger 

n type shift after ethanol wet recovery with positive voltage pulse. (c) With unidirectional 

negative gate voltage pulse sequence applied, the dipole moment of ethanol molecules 

gets reversed, pushing electrons away from grapheme layer. Now the capacitive gating 

effect leaves a large number of holes accumulated on graphene and results in very strong 

p-type shift of Vcnp.  

 

(Figure 5.10 continued next page) 
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Figure 5.10:  Precise tuning of Vcnp of graphene FET. (a) Summary of the 

electrochemical calibration under air exposure and ethanol treatment. Letter P and N 

denote Vcnp shift direction, and the sign denote the relative extent of the shift, e.g. P
-
 is 

weak p-type shift and N
+
 is strong n-type shift. (b) Realization of a precise zero Vcnp 

utilizing gate pulse sequence electrochemical calibration.  

 

 

 

Figure 5.11:  Comparison of (a) ethanol and (b) water droplets as wet treatment agent in 

a chemical gating cycle under no gate pulses.  The water treatment (using cleanroom 

standard DI water) shows weaker n-doping effect compared to ethanol treatment, as its 

ability to remove H2O/O2 redox residues on graphene is weaker compared to ethanol.    
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Figure 5.12:  The use of (a) ESAT-6 [174] protein solution and (b) milk as a third 

material to break the reversibility of Vcnp in ethanol treatment-air exposure chemical-

gating cycle. Initially the ESAT-6 protein solution or milk droplet is applied on the 

graphene sample, after the droplet gets dried, its solid state residues will stay on the 

graphene. Subsequent ethanol treatment will help remove the residues, but not 

completely. During the ethanol treatment, positive gate pulse sequence is applied to 

provide strong n-type shift of Vcnp. The comprehensive polarity of the ESAT-6 protein 

solution mixed with ethanol in (a) is different from milk liquid mixed with ethanol in (b), 

so the movement of Vcnp is also different  (to -20 V for protein and -7 V for milk, 

respectively).  Now as graphene has been covered by residues from the protein solution 

or milk, exposure to air no longer shows the same p-type shift as in Figure 5.8(a); rather, 

after 2 hours, Vcnp  only moves from -20 V to 3V for the ESAT-6 contaminated sample, 

and from -7 V to 0V for the milk contaminated sample. This result shows its potential for 

point-of-care diagnosis and food quality monitoring applications.       
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5.5  PASSIVE GFET MIXER CIRCUITS BASED ALL-CARBON RFID TRANSPONDER 

SENSORS 

As already evaluated in Chapter 4, for ubiquitous wireless sensor networks, passive 

sensor nodes without any battery or power-harvesting module will be an ultimate solution 

to minimize the cost and simplify the maintenance. A single device graphene transistor 

modulator sensor has limitation as it still needs drain DC bias, but it can serve as a 

building block for passive all graphene sensing/communication circuits specifically 

designed and optimized for different application scenarios.   

Here we show a circuit design of a fully-passive graphene frequency doubler with a 

moderately high conversion gain, ideally approaching the physical limit of 30 % for 

conventional diode-based frequency multipliers, using the complete GFET model as the 

cell in the simulation. This graphene based doubler can be considered as the frequency 

conversion block in the harmonic transponder described in Chapter 4, but with the 

nanomaterial frequency doubler itself as a sensing agent instead of the antenna.  A 

passive nonlinear transponder connected to each object is the unit that re-radiates the 

harmonic of the incoming interrogating signal. The all graphene circuit is based on the 

self-biased ring-quad passive mixer topology with four GFET as receptors shown in 

Figure 5.13(a). It can serve as a passive nonlinear sensing transponder whose harmonic 

output amplitude is modulated by chemical gating effect. Such tag, if connected to 

antennas (fundamental antenna at input and harmonic antenna at output), is not only 

tractable in position, but also re-radiating modulated output signals which carry sensing 

information in terms of harmonic amplitude. The simulated output waveforms under 
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different Vcnp conditions are shown in Figure 5.13(b). The output fundamental tone at 

900MHz is always blocked if all four graphene receptors are matched, and the conversion 

gain (here is in terms of voltage gain, to specify power gain matching network at both 

input and out is needed) of the output harmonic tone at 1.8GHz is dependent on the Vcnp 

shift as shown in Figure 5.13(c). The impact of input signal amplitude on the sensor 

performance is also included in the Remarkably, the passive graphene circuit as a rectifier 

can operate even when the input voltage is as low as 0.3V, which is hard for conventional 

semiconductor rectifiers (e.g. Si diode has a typical turn on voltage at 0.7 V).  On the 

other hand, if the graphene receptors have mismatch, for example, Vcnp of receptor 2,3 

and 4 are fixed at 0.8V while for receptor 1 it is shifted to 5V, the output will now have 

strong fundamental tone, as shown in the last curve in Figure 5.13(b). In this example, 

redundancy from the two dimensional output enables global sensing as well as localized 

sensing for the mismatch at each receptor. The local sensing curve depending on Vcnp of 

receptor 1 (when the other devices are fixed at Vcnp =0.8V) is compared to global sensing 

curve shown in Figure 5.13(d).  
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Figure 5.13:  Simulation (using Agilent ADS) of a passive multiple receptor all 

graphene modulator sensing system. (a) Circuit configuration utilizing ring mixer 

topology. (b). simulated waveforms of the modulated output variation under different 

Vcnp values and mismatched conditions: if all receptors are matched the output is 

frequency doubled, if receptor 1 is mismatched the output will contain strong 

fundamental tone. (c) Dependence of the harmonic tone conversion gain (voltage gain) 

on Vcnp shift under different RF input amplitude, assuming matched condition. (d) The 

two dimensional output can represent both global and local sensing information (input is 

fixed at 1.5V): dashed lines correspond to global sensing curve when all receptors are 

matched; solid line correspond to local sensing curve depending on Vcnp of receptor 1, 

assuming all other receptors have a fixed Vcnp at 0.8V.  

 

Here we have theoretically validated that the output signal of the graphene based 

harmonic transponder will sensibly depend on the shift value of Vcnp, potentially caused 

by the electrochemical reactions. To realize a passive nanomaterial harmonic 

transponder, fabrication is challenging in terms of aligning the four graphene transistors 

with a two layer routing of the shared gate connection.  In addition, matching the 

antenna impedance to the input and output impedance of the passive graphene frequency 

doubler will be tricky, as the graphene device size is a few hundred μm, comparing to 

typical 2 GHz antennas with at least a few centimeters in length. The graphene modulator 

that has been experimentally demonstrated can also connect with antennas to practically 
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support a harmonic transponder sensor, a power source is required to provide only 0.1V 

DC bias at the drain. Resolving those issues would lead to a highly efficient and low cost 

chemical and biological wireless sensing platform, with a wide range of application 

potentials such as wireless hygiene monitoring and proteomic early diagnosis, as 

illustrated by Figure 5.14. 

 

Figure 5.14:  Potential usage of passive chemically gated graphene modulator based 

harmonic transponder in wireless hygiene monitoring and proteomic early diagnosis.  
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5.6  CHAPTER SUMMARY 

In this chapter, the principle of chemically-gated mixed modulation on GFET, along 

with pulse sequence enabled electrochemical calibration of Vcnp is proposed and realized 

through a demonstration of air exposure-ethanol treatment chemically-gated modulation 

cycle. This new paradigm may enable development of practical graphene or other 

nanomaterial based sensor networks with improved reliability, reusability and system 

integrability. The low maintenance cost and low energy consumption features of the 

demonstrated graphene chemically-gated modulation based device are compatible with 

the demand of distributed and ubiquitous sensing applications. Specifically, the air 

exposure-ethanol treatment chemically-gated modulation may provide a platform for air 

quality monitoring [175]–[178] or hygiene compliance monitoring [179], [180] in 

healthcare facilities. Systematic investigation of a large variety of materials will be 

beneficial and future challenges to turn this concept into practical sensing products 

involve specificity enhancement of chemically-gated modulation on graphene and other 

nanomaterial devices. Integration of the graphene chemical gating modulator with 

antennas will potentially form a nanomaterial harmonic transponder sensor.     
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Chapter 6:  Conclusions and Outlook 

6.1  CONCLUSIONS 

In this dissertation the author’s research work related to several hardware aspects of 

wireless sensors for healthcare internet of things have been described. First is the 

development of 3-D electrical small antennae for medical telemetry, especially for 

implanted wireless health products. A new ESA design of folded ellipsoidal helix antenna 

has been introduced and fabricated using a selective laser sintering assisted molding 

process, which is mass procurable at very low cost comparing to conventional 3-D 

antenna fabrication process. The measurement result of the ellipsoidal helix ESA shows 

its advantage in turns of tunability, design flexibility and application compatibility for 

healthcare while maintaining its high bandwidth-to-size performance ratio comparing to 

other ESA designs. 

Secondly, a concept of using 3-D ESA for drug delivery and other healthcare liquid 

monitoring has been proposed and experimentally verified. On the sensor design side, a 

few antenna sensor design methodologies including a meta-material inspired 3-D antenna 

sensor have been realized. On the wireless sensing system side, a zero-powered, HFSS 

harmonic RFID transponder sensing system has been developed to utilize the antenna 

sensors. The in-vitro measurement demonstrates its ability of μL resolution passive 

wireless liquid level sensing/drug delivery monitoring with absolute accuracy. Without 

the need of battery and additional sensor module, the antenna based harmonic RFID 

transponder sensing system has potential to support the ubiquitous healthcare monitoring.  
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Another work in this dissertation is nanomaterial based sensors for healthcare IoTs. 

Specifically, we have developed a graphene nanomaterial chemically sensitive modulator 

to simplify the architecture of wireless nanosensor network. Demonstration of graphene 

chemically-gated modulation along with its convenient Vcnp calibration is realized 

through an example of air exposure-ethanol treatment modulation cycle on a 

photolithography-free large area graphene field effect transistor. This special single 

transistor sensing/modulation dual function module, combining with the harmonic RFID 

tag, is able to support passive or semi-passive pervasive nanomaterial sensors for many 

healthcare and environmental applications such as point-of-care proteomic test, hygiene 

compliance assurance and air/gas detection.                      

            

6.2  OUTLOOK 

Healthcare internet of things is a highly interdisciplinary research area. The work 

included in this dissertation focuses on providing some hardware foundation for building 

up healthcare application specific wireless sensor networks and cyber physical systems. 

Unlike most consumer products, medical and healthcare IoTs may require more 

application specific designs on antennas, sensors, circuits and communication systems. 

This dissertation work shows the potentials of some concepts and prototypes that can be 

further developed and investigated to better serve a large variety of applications in 

healthcare. The researches here can be also incorporated with innovations in other fields 

such as pervasive computing, big data, artificial intelligence, neuromorphic engineering 
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etc., in order to provide better ubiquitous healthcare IoT platforms for the coming 

decades when global aging issue is going to be tremendous.  
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