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SUMMARY 

We introduce a new paradigm of low-noise and low-interface wireless sensing 

system, which receives a radio signal at the fundamental frequency f0 and retransmits high 

harmonics (e.g. second harmonic 2f0) with the conversion gain being modulated by the 

targeted agent. Specifically, the harmonic-transponder sensor (or harmonic sensor) is based 

on all-graphene radio-frequency (RF) circuits. Thanks to unique properties in graphene 

field-effect transistors (GFETs), such as the ambipolar carrier transport and the shiftable 

charge neutral point, the frequency modulation and chemical/molecular sensing functions 

can be combined into a single RF component (i.e., chemically-sensitive modulator). By 

transmitting and interrogating RF signals with orthogonal frequencies, the backscattered 

signal can be free from severe background clutters, jamming, multipath-scattering and 

background electromagnetic interfaces, regardless of the sensor’s scattering cross-section. 

Moreover, a GFET-based RF modulator circuit may enable dual/multi-functional sensing 

by employing the machine learning approach to interpret output harmonics. The proposed 

graphene-based harmonic sensor may be used to a variety of sensing applications, 

including, but not limited to, real-time monitoring of chemical and gas exposures, as well 

as biological agents. Further development of such technique may have an impact on 

wearable and implantable devices, internet of things (IoTs), industry 4.0, and smart city. 
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I. INTRODUCTION 

With the rapid development of network communications, wireless sensing systems 

attracted more attentions due to emerging new generation of communications such as 

industry 4.0 and internet of things (IoTs) [1]-[4]. On the other hand, growing demands for 

wireless communications beyond the earth populations to making connection between 

machines, humans, and recently objects, forced the technologies to fill the gaps and 

overcome hurdles to obtain worldwide internet-based infrastructures [5]-[7]. Sensor 

technologies, which have been improved during the decades thanks to the new micro/nano 

fabrication techniques as well as electronic devices invention, known as the main part of 

these systems, potentially viable to develop the new generation of communications. Since 

miniaturized wireless sensors suffer from required power source which might increase 

complexity, cost, and lifetime, thus inventing passive radio frequency identification 

(RFID) tags improved feasibility of such systems [8]-[15]. Although these passive tags 

have been inexpensive and small size which work in zero power, backscattering field 

without any amplification is communicating just in short distance due to background 

interferences. Hence harmonic RFID sensors have been introduced to overcome the 

drawback of backscattering clutter noise by taking advantage of the frequency difference 

between received and modulated signals [16]-[22]. However, using the active and 

complicated harmonic sensing system still has a room for improvement to be proper for 

future applications such as IoTs. Therefore, in this project we are first proposing a compact 

sensing system based on the dual functionality of graphene-based electronics to operate as 
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a compact sensor and frequency modulator. Afterward, we plane to develop self-powered 

graphene-based circuit which benefits IoTs applications. Furthermore, we investigate the 

possibility of making an integrated all-graphene module beneficial for wearable healthcare 

application as a smart contact lens. Finally, using machine learning approach and system-

level demonstration we will develop multi-functional harmonic sensing system toward 

smart city applications.    

1.1. State of the art 

The word “Internet of Things” (IoTs) which has been intended by Kevin Ashton in 

1998, refers to a global internet-based infrastructure that overcomes the gap between 

physical objects and the informational systems [5]. In other words, machine-to-machine 

and human-to-computer communications complemented with the new paradigm of things 

communication [6]; it means that physical objects are promoted to the active “smart 

objects” suitable for communicating through the internet. Hence any ordinary object either 

stationary or mobile, such as a smartphone, car, fire detector, any apparel, book, groceries, 

industrial facilities, laboratory facilities, materials, auto parts, bags, army facilities, etc. can 

be introduced in IoTs. During the last two decades, many applications have been emerged 

in the terms of IoTs to provide connection services including workers [24]-[26], assets 

[25],[27]-[28], vehicles [29]-[32], commerce [33]-[35], mines [36],[37], and healthcare 

[38]-[42] as schematically shown in Fig. 1.1 [24]. The importance of this technology will 

be clearer when we know that the number of devices connected per person became more 

than earth population from 2008 which is estimated 6.58 devices per person until 2020 

(totally 50 Billion devices connected) based on the Cisco report [6], as schematically 

shown in Fig. 1.2 [6]. Since the speed of the technologies and internet progression is slower 
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than growing the number of devices, implementation of such infrastructure as IoTs seems 

mandatory to manage this huge number of devices and objects.  

 

 

Figure 1.1. Schematic of IoTs possible users and applications [24]. 
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Figure 1.2. The Internet of Things was “Born” between 2008 and 2009 [6]. 

 

In order to collecting data, monitoring miscellanies quantities (e.g. 

temperature[43], pressure, liquid volume, humidity, mechanical strain, and chemical 

reaction, [22],[43]-[53]), and controlling the objects performance (e.g. vehicle navigation 

[54]-[57], robot controls [58]-[63], remote controls of facilities [64]-[66]), sensors play 

significant rule under IoTs applications. Sensor technologies have been improved during 

the decades consequent to the new applications demand like IoTs. Enhancing the sensing 

systems based on the elevated fabrication techniques such as “Micro-Electro-Mechanical 

Systems” (MEMS), leads to emerging new applications like human body wearable sensors 

for healthcare monitoring as well as monitoring hazardous and inaccessible environmental 

conditions for various purposes [67]-[76]. However, the sensors for IoTs applications 

should be viable to wirelessly connect to the internet-based cloud without huge energy 

consumption. Hence developing low-cost smart sensors consistent with the internet-based 
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infrastructure engender to several technological challenges. Figure 1.3 [7] shows a block 

diagram of conventional wireless sensors that need to be as compact as possible for IoTs 

applications. The most important challenge of this block diagram is the power supply 

which is required to provide the energy for other blocks such as signal processing and 

wireless communication [7]. To provide consistent power supply we need consider 

different parameters like the size, lifetime, safety issues, environmental impact, cost, and 

type of battery (Alkaline, Lithium-Ion, NiCad, NiMH, Lead-Acid) [7]. On the other hand, 

using renewable energy sources as photovoltaic cells and rectennas have the same cost 

issues. Thus, for wireless applications, especially here for IoTs, designing zero-power 

sensors could dramatically spread its utilization.  

 

Figure 1.3. Block diagram for conventional wireless sensors [7]. 

 

Radiofrequency identification (RFID) has been one of the most attractive wireless 

sensing technique during recent decades due to its potentially battery-free, ultralow-profile, 

and ultralow-cost features [8]-[15]. Traditionally, RFIDs constructed by three main parts 

as RFID readers, tags, and software [13], as the block diagram and their connection shown 
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in Fig. 1.4 [77]. Indeed, depending on how to supply energy to the tag, they can be 

categorized into three classes as passive, active, and semi-active tags [13], as the detailed 

classification shown in Fig. 1.5 [77]. Although an internal battery is utilized to 

continuously supply an active and semi-active RFID tag, there is no internal power supply 

needed for a passive tag (typically a portion of the transmitted signal will supply the loaded 

tag), where RF power transmitted to the tag is backscattered after modulation without any 

amplification [13]. Since the tag is free from the power source, it can be very small and 

low cost suitable to use in IoTs applications. However backscattered RF signal, which is 

attenuated due to interrogated with a passive tag, is not detectable for relatively long 

distance. In the other hand such attenuated signal typically suffers from non-negligible 

background noises, clutters, and backscattered echoes due to the same frequency of 

transmitted and backscattered signals from the ultra-small tag. Hence advent of a zero-

power sensor capable to operate for longer distance free from noises, clutters, and 

backscattered echoes will strongly benefit several IoTs applications, as smart homes [78]-

[81], smart city [82]-[84], healthcare monitoring [38]-[42], smart retail [85]-[86], and 

industry 4.0 [1]-[4], to name a few.   

 

 

Figure 1.4. Block diagram for a typical RFID system and the connections [77]. 
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Figure 1.5. Detailed classification of RFID transponders available on the market until 

2008 [77]. 

 

Nonlinear radar emerged in opposition to the leaner one, exploits the different 

frequencies between radar waves and reflected waves from nonlinear targets [87]-[93]. In 

this mechanism due to use nonlinear target, the reflected waves are propagated in a 

different frequency which offering high rejection of backscatter noise and clutter; thanks 

to this advantage, it has been used for several applications especially for tracking insects 

[94],[95], bees [18],[19], and vital signs monitoring [96], as two examples shown in Fig. 

1.6. Since the nonlinear target needs a much higher power to generate a comparable signal 

to noise (SNR) rather than linear ones, in addition to the distance limitation based on the 

Friis path loss [92], this mechanism for radars still seems not highly applicable. However, 

this mechanism developed to the sensing systems as harmonic sensors where show the 

capability to overcome the backscattering RFID limitation for IoTs applications. 
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Figure 1.6. Harmonic radar 

Architecture of harmonic radar system for vital signs monitoring (left) [96], and a bee 

wearing transponder for flight tracking using harmonic radar system (right) [19]. 

 

 

Figure 1.7. Backscatter-RFID sensor 

Schematics of backscatter-RFID sensor (left) and harmonic sensor (right) [97]. 
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The working principle of harmonic sensors is like harmonic radars, where the 

nonlinear target here is a sensor that modulating the received signal tuned by the 

miscellaneous quantities (e.g. pressure, temperature, humidity, chemical or bioagents, 

micro-liter liquid volume and gas molecules) to be measured. In this type of sensing 

system, the RF signal at the fundamental frequency f0 is received with the RFID tag and 

after modulation is retransmitted to the reader at a higher harmonic frequency (e.g. second 

harmonic 2f0) [16]-[22]. Since the backscattered signal frequency differs from the 

fundamental tone, the modulated signal could be free from severe background clutters, 

jamming, multipath-scattering and background electromagnetic interfaces, as illustrated in 

Fig. 1.7 [97]. As mentioned above, generating higher frequency harmonics by a nonlinear 

tag typically needs more energy which means making a passive RFID in this mechanism 

is doubtful. Furthermore, compare with the passive RFIDs, this harmonic sensor tag needs 

at least four elements as a receiving (Rx) antenna, a filter and sensor, a harmonic generator 

(which typically is an active device such as diode) and a retransmitting (Tx) antenna, as a 

block diagram and an example of temperature harmonic sensor are shown in Fig. 1.8 [98]. 

Hence, to make this sensing system consistent with IoTs application we need to overcome 

challenges like the system complexity and power consumption which may result in the 

design of a passive RFID free from backscattering interference. Very recently a graphene 

device has been invented which shows the extraordinary capability to operate as a nonlinear 

device to generate higher harmonic frequency as well as its molecular-level sensitivity 

useful for sensing systems [99]-[110]. Thus, inspired with this device capability we can 

propose a compact harmonic sensor, while the sensor and frequency modulator can be 

integrated into a single device. Beside, another way to make this system even smaller, is 
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that combine the Rx and Tx antenna in a dual-band antenna which will be investigated in 

this project.   

 

 

Figure 1.8. Harmonic tag diagram 

The wireless setup, harmonic tag elements, and harmonic tag block diagram for a 

temperature harmonic sensor [98]. 
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Figure 1.9. Graphene bad-diagram 

Schematic of band gap compression of semiconductor and graphene; graphene known as 

gapless material that sits between metal and semiconductor [123]. 

 

Single-layer graphene comprising one-atom-thick carbon arranged in honeycomb 

lattice as a two-dimensional material has attracted great scientific and technological interest 

since its first-time appearance in 2004 [99],[100]. The extraordinary electrical, optical, and 

mechanical characterization of graphene such as high carrier mobility and electrical 

conductivity, strong conductivity dependency on chemical and electrostatic gating effect, 

optically transparent, highly flexible, lightweight, mechanical robustness, etc., make it 

unique structure beneficial for a broad application fields [99]-[122]. We know that 

electrons must move through a hurdle called bandgap to generate electrical current; the 

bandgap is ultra-large for insulators, small for semiconductors, and near-zero for metals 

[123]. However, graphene sits on the boundary of metal and semiconductor which is known 

as gap-less material as schematically illustrated in Fig. 1.9 [123], where its ultra-small band 

gap benefits moving electrons to generate current 100 to 200 times faster than 
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semiconductors as silicon [123]. Thus, this advantage makes graphene an interesting 

material for RF and optical frequency applications.   

Besides, the graphene-based nano-sensors emerging by a molecular-level sensitivity to 

certain gas and biomolecular agents can be widely useful by the concept of the internet of 

things (IoTs). The most recent approach of graphene-based electronics is the graphene 

field-effect transistor (GFET) which has had a revolutionary impact on the radio-frequency 

and analog platform due to a unique working principle compare with the conventional 

semiconductor devices [114]-[120]. In this type of FET, graphene plays the channel role 

(as schematically shown in Fig. 1.10 including small-signal equivalent RF operation 

[124]); thus, based on the ambipolar charge transports in the gapless graphene, drain and 

source in GFET have the same effect on the current which means the drain current for both 

negative and positive gate voltage will be positive [124]. In ambipolar devices, unlike 

unipolar MOSFET, with a constant carrier majority which is determined by channel doping 

in the fabrication process, conduction can be switched between p-type and n-type; in an 

ambipolar FET, this switching is controlled by gate bias that controls the position of Fermi 

level. Ambipolar FETs have been demonstrated based on several types of semiconductors 

such as graphene [125], carbon nanotubes [126], amorphous silicon [127], and organic 

semiconductor heterostructures [128]. However, graphene is the only high mobility and 

well scalability semiconductor beneficial for RF and high-frequency devices [124]. Thanks 

to this feature, with a gate voltage below the minimum conduction point (sometimes called 

charge neutral point “Vcnp” (Dirac point)) hole carriers, will be dominant in charge transport 

while for the voltage above this point the dominants carriers will be switched to electrons. 

Hence as schematically illustrated in Fig. 1.10 (right), Drain current- Gate voltage (Ids-Vgs) 
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characteristic has a unique symmetric “V” shape which makes this device excellent to 

achieve frequency doubling for RF applications [124]. In this regime, the incoming RF 

signal applied to the gate can generate the higher frequency harmonics on the drain output. 

Furthermore, modulation of amplitude, as well as phase, is possible based on the symmetric 

characteristics as illustrated in Fig. 1.11 [129]. For the GFET with zero charges neutral 

point “Vcnp” the applied signal at the fundamental frequency f0 with the zero-offset input 

voltage Vin generating the higher frequency harmonics at the drain output. Here the 

amplitude of the output harmonics is related to the slope and shape of the Ids-Vgs curve for 

the designed GFET as well as the value of the Dirac point. Subsequently detuning of the 

Dirac point can be monitored by the amplitude of the output harmonics. Therefor one 

beneficial application of this frequency multiplier can be defined as the sensing Dirac point 

position, while we know that it is tunable with the chemical dopants (e.g. gases or 

molecules) which may be attached to the graphene surface. Hence, we can easily design a 

harmonic sensor using one single GFET as the working principle is schematically shown 

in Fig. 1.12 (left) [17]. From the sensing point of view, graphene shows many advantages 

such as high sensitivity, because it is a two-dimensional material which whole of the 

dopants volume will expos to the surface absorber; in addition, since it has conductivity 

very close to metals, very small extra electron can dramatically change the carrier 

concentration [108]. Thus, here using a single device we can create a compact 

multifunction sensor and frequency multiplier which benefits an integrated harmonic 

sensing system.  
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Figure 1.10. Field effect transistor and graphene characteristics 

Typical structure of a graphene field effect transistor (left). “The small-signal equivalent 

for RF operation is an overlay on top of the device schematic. RS and RD are the source 

and drain access resistances. Ri is the intrinsic resistance. gm,i is the intrinsic 

transconductance. g0 is the output conductance. Cds is the source-drain capacitance. Cgs 

and Cgd are the gate-source and gate-drain capacitances. RG is the resistance in the gate 

electrode”. Conical-shape band structure of graphene and ambipolar conduction in 

GFETs (right) [124]. 

 

 

Figure 1.11. GFET based modulations 

Illustrations of amplitude, frequency, and phase modulation of a sinusoidal wave achieved 

by operating a single ambipolar graphene transistor at different gate biases. [129]. 
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The first step to fabricate a graphene-based device is growing the graphene. During the 

decades after the advent of graphene, many ways have been proposed to produce graphene 

in bulk quantity and high-quality in both single-layer and multi-layer synthesis [125], 

[130],[133]. Chemical vapor deposition (CVD) is well known as the frontier technique to 

cost-efficient and simply growing graphene onto the metallic substrate. For RF application, 

the fabrication of desired high-frequency GFET has been achieved by using wafer-scale 

graphene grown by CVD and standard nanolithography processes [120]. Thus, we can 

design our GFET-based circuit for the harmonic sensing approach by cutoff frequency (fT) 

up to 300 GHz [120]. Furthermore, with the transfer technique of graphene, not only 

electronic device such as GFETs fabrication is easily feasible, but also with some 

optimization, we are able to make fully transparent and flexible graphene-based chemical 

sensor on PET substrate. In this sensing regime, we will take the advantage of chemically-

sensitive conductivity of the graphene to measuring the concentration of gas, chemical, or 

biological dopants (e.g. bacterial or infectious agents) on the graphene surface. 

Consequently, thanks to the frequency modulation by GFET, we will develop a new 

generation of harmonic based sensing systems comprising graphene electronics which may 

lead to a compact system suitable for IoTs applications. 
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Figure 1.12. GFET frequency modulator overview 

Illustrations of frequency modulation by a single GFET for different Vcnp positions with 

schematics of frequency modulation in chemically-doped (|Vcnp| > 0 V) GFETs (left). 

Architectures for a harmonic sensor based on the new graphene-based sensing-modulator 

circuit that integrates several functions into a single module (right) [17]. 

1.2. Primary sensing approaches by graphene flexible tags 

Graphene emerged as one of the most appropriate candidates for sensing approach 

while a combination of several advantageous features such as its optical transparency, 

mechanical flexibility and strength, and chemical-dependent conductivity, all can satisfy 

what a flexible compact sensor may need. The first practical step for this project has been 

realizing sensing approach based on the flexible electronic and grown graphene. One of 

the primary studies is transferring the single-layer graphene to the flexible and heat-

resistive transparent-substrate to analyze the graphene sensitivity and compatibility to the 

flexible substrate. Here we also use silver ink printing to create flexible contact with the 

graphene sheet. Figure 1.20 (a) shows the image of the graphene resistive sensor consisting 

of the graphene sheet with the length and width L and W respectively, contacted to the 

silver ink printed on the flexible substrate. For this step, some different samples with 

various W and L ratios are generated to verify the resistance and conductivity on graphene-

channel. Figure 1.20(b) shows a good match between experimental measurement and 

theoretical calculation of resistivity ρ for different channel ratio, as well as the resistivity 

variations with adding the ammonia gas concentrations. Here the deviation of the resistivity 

is monitored by using different ammonia concentrations which follows our analytical 

expectation. On the other hand, for real-time monitoring, we used a sealed chamber with a 

constant gas injection on a room temperature heat controller, like the setup shown in Fig. 
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1.21(a). Here the flexible sensor connected to a multimeter is placed inside the chamber 

and the deviation of sample resistance is monitored during a long-time period and is 

recorded by real-time monitoring software. Figure 1.21(b) shows the resistance change of 

the graphene channel in the response to the different injected gas concentrations which 

verifies the working principle of the simple gas sensor using a resistive flexible circuit 

comprising a single-layer graphene and silver ink printing.  

 

 

Figure 1.13. Graphene-based flexible resistive sensor 
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(a) The image of flexible sensor comprising graphene sheet and silver ink (top) and 

different samples inside the sealed chamber on room temperature heater (bottom), (b) 

The constant resistivity for different sample sizes (top), and resistivity variation by 

increasing ammonia gas concentration (bottom).  

 

Figure 1.14. Real-time gas concentration monitoring by graphene sensor 

 (a) The setup of resistive sensor in connection with real-time recorder for gas-

concentration monitoring, (b) variation of sample resistance during the time periods in 

response to the gas concentration.  

In the next step, we experimentally investigated the possibility of wirelessly monitoring 

such a sensing system using an inductively interrogated system. For this purpose, we 

designed a planar coil structure viable to create an RL circuit in connection with the 

graphene sheet at the center. The designed structure is fabricated first using silver ink 

printing on the flexible substrate and tested with putting LED in the place of graphene to 

examine the mechanical strength and water resistivity as shown in Fig. 1.22(a). Here, the 

suggested wireless system needs adding a capacitor to create an RLC resonance structure 

which enables frequency monitoring. Although the designed coil consisting the parasitic 
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capacitance, the miniaturized design will shift the resonance frequency to a higher range 

than our system design requirement. Hence to monitor such an RL tag we take the 

advantage of a quantum physic concept known as PT-symmetry which can result in the 

resonance frequency appearance without the need to adding capacitance to our designed 

wireless sensor. For realizing such a system, we need a couple an exact symmetry RL to 

the sensor part, however with the negative sign of the resistance, as schematically shown 

in Fig. 1.22.(b). Here we can consider the wireless system as a non-Hermitian Hamiltonian 

system which shows a resonance frequency very dependent on the coupling coefficient as 

well as the variable resistance, in which the detail of this concept can be found in [134]-

[136]. Thus, our flexible sensor comprising the silver ink planar coil and graphene sheet as 

the variable resistance can be modeled with the schematic circuit shown in Fig. 1.23(a), 

which with inductively interrogation with an active RL reader can generate the frequency 

resonance in the PT-symmetry regime. To experimentally realize and test the PT-

symmetric RL system, we replace the flexible sensor with a PCB circuit comprising planar 

coil and variable resistance equal to the measured the equivalent inductive and resistance 

of silver in coil and graphene sheet, respectively. The reader also fabricated by the same 

planar coil on PCB with a negative impedance convertor (Colpitts oscillator) which 

provides the PT-symmetry requirement. As a result, in the PT-symmetry phase, we can 

find the resonance frequency that shows ultra-sensitivity to the non-Hermitian parameter 

defined as ϒ in Fig. 1.23 (b). Here a dramatic frequency shift is observable in response to 

the resistance change. Nevertheless, a comparison of the counter of shifted resonance 

frequency in the reflection spectrum in Fig. 1.23. (c) and (d) for PT-symmetry reader and 

passive coil shows the huge sensitivity to the resistance is viable using active reader while 
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the passive coil just shows a constant resonance frequency which is happened through the 

matching between 50 Ω load and the input impedance of network analyzer (VNA) to the 

reader part. Hence as a conclusion, we theoretically investigate and experimentally 

demonstrate the graphene-based chemical sensor in a flexible and transparent scheme of 

wireless resistive sensing system which is realized by silver ink printing and single-layer 

graphene wirelessly communication with an active reader to take the advantage of a 

physical concept known as PT-symmetry. This primary experimental analysis verifies the 

graphene capability for wireless sensing systems which benefits our further study on 

graphene-based sensors as the main part of this dissertation. 

 

  

Figure 1.15. Graphene-based flexible wireless resistive senor 

(a) The image of flexible tag for wireless sensing comprising silver ink coil and graphene 

sheet (left image shows the test of coil conduction with placing LED instead of graphene 

and the right image shoe flexibility and water resistivity of graphene-silver ink tag), (b)the 

equivalent circuit consist of RL sensor inductively coupled to the active reader.  
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Figure 1.16. PT-symmetric wireless resistive sensor 

(a) The equivalent circuit consist of RL sensor (can be the designed graphene-silver ink 

tag or its equivalent PCB RL circuit) inductively coupled to the active reader, (b) 

resonance frequency shift in the response to non-hermiticity parameter, (c) contour of the 

reflection frequency spectrum variation in the response to the resistance variation, and (d) 

similar to (c) but for the passive system without PT-symmetry realization.  
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1.3. Thesis organization 

In Chapter 2 we review the RF and high-frequency applications of two-dimensional 

materials devices. By introducing the characteristics and advantages of the most applicable 

2D-materials such as graphene and TMDs, we review the possible functions for the high-

frequency circuits designed based on these devices. At the end of this chapter, the most 

considered application by this dissertation is introduced as the harmonic-sensing approach 

taking advantage of graphene field-effect transistors (GFET). Here we explain how 

multiple advantages of graphene can benefit the noise-free, light-weight, and transparent 

wireless sensing system. 

In chapter 3, compact harmonic sensing is demonstrated in detail based on the 

single GFET. Here we show the working principle of the GFET-based harmonic sensor 

and how the single transistor operates as a frequency multiplier as well as 

chemical/biosensor. Then we modeled the transistor with the physics-based analytical 

method. Further, we verify our analytical model with the experimental measurement of the 

fabricated back-gate GFET. Thus, we conclude that the model can accurately be used for 

circuit designs and analysis through high-frequency and more complicated applications. 

Finally, we experimentally demonstrate a zero-bias RFID PH-sensor by a PCB based 

circuit designed for near-field communication (NFC). As a result, a compact GFET-based 

RFID tag is experimentally proofed the concept of harmonic sensing for PH detection. 

Chapter 4 is a step forward to practical bio/chemical sensing models. In this chapter, 

we investigate the possibility to have a multifunctional harmonic sensing system based on 

the functionalized GFETs. Here we designed some possible circuits comprising 

functionalized GFETs and show that with analyzing the higher frequency harmonics 
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conversion gain can beneficially provide the capability to detect and monitor the 

concentrations of multiple chemical/bioagents. On the other hand, we propose the use of a 

machine learning technique to improve the feasibility of analysis higher harmonics 

conversion gain for retrieving the concentrations of multi-agents via training a neural 

network (NN) with numerous combinations of data of frequency components.  

In chapter 5, based on the proof of concept from earlier experimental verifications, 

we design some feasible circuits based on the modeled GFET viable to operate as self-

powered sensing modulators. In this paradigm, we utilize some conventional RF circuit 

designs as quad-ring and dual-ring topology, to develop the compact sensing modulator. 

We also contacted our simulation data to the sensitivity analysis to compare the 

performance of such different circuit topologies and find the optimum performance criteria 

to enhance the circuit design. 

Chapter 6 is the development of harmonic sensing concept toward the systematic 

performances. Here we investigate the potential applications on harmonic sensing systems 

such as all-graphene compact transponder sensor based on a graphene planar monopole 

antenna and the dual-band microstrip antenna. Finally, we conclude that the system can 

efficiently operate in a near-field and far-field communications which benefits low-power 

and zero-bias as well as low-noise and clutter-free applications. 
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II. 2D-MATERIALS RADIO FREQUENCY APPLICATIONS  

During at least recent 15 decades, layered materials have been studied in its bulk 

circumstance while in the very recent decades the scientists have found that the novel 

potential can be emerged with thinning it to the physical limits. This physical limit refers 

to the confinement of charge and heat transport in a perpendicular direction to a two-

dimensional (2D) plane [137]. The most considered   2D-material is graphene comprising 

the single-atom carbon layer arranged in a honeycomb lattice that first time in 2004 was 

obtained from its van der Waals solid [100]. Besides its broad extraordinary characteristics 

such as flexibility despite mechanically strong, optically transparent, and its conductivity 

dependency to the chemical and electrostatic gating, the unique gapless energy band 

diagram which provides an ambipolar carrier transport with ultra-high mobility makes it 

very interesting material to generate some unique electronic devices for high-frequency 

applications. Graphene field-effect transistor (GFET) is one of the well-known graphene-

based electronic devices which provides numerous possibilities to achieve interesting 

radio-frequency (RF) and analog platform through its symmetric “V-shape” drain current-

gate voltage characteristic. During a decade, the simplest high frequency application as 

frequency multiplier, multiplexer, frequency doubler, diplexer, and modulator have been 

demonstrated using GFETs to benefit compact low power RF circuits proper for sensing 

and internet of things (IoTs) approaches [115]-[118], [121], [129],[97], [138]-[144],[117]. 

In the other hand, since the gapless band diagram can be a hurdler for switching 

applications, where a large on-off ratio is in the demand, the scientists have also utilized 

some other 2D-material for high-frequency electronic devices known as transition-metal 

dichalcogenide (TMD) family, to benefit the low-power switching applications due to its 
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adjustable bandgap. However, there are several trade-offs between high-frequency 

applications using graphene and TMDs, such as mobility, cut-off and maximum frequency, 

transconductance, and effective carrier velocity, which may result in the design criteria 

based on the intended application. In addition to the TMDs which provide a wide range of 

electrical, optical, chemical, thermal and mechanical properties thanks to the variety of 

elements as well as the layer-dependency that result processing indirect bandgap for bulk 

crystals to direct-bandgap semiconductors in the single-layer limit, graphene analogues are 

another important type of 2D-material, which includes hexagonal boron nitride (hBN) with 

a large bandgap up to 6 eV, anisotropic black phosphorus (BP), and borophene [145]. The 

detailed comparison and its high-frequency characteristics will be discussed later in this 

chapter.  

From RF and high-frequency circuit design point of view, the 2D-material based 

electronic devices provide the capability to generate an ultra-low profile, ultra-low cost, 

and low power circuit components, reaching to a transit frequency up to several hundreds 

of gigahertz (GHz) [120],[146],[147]. Most of the functional circuits such as modulator, 

mixer, multiplier, and amplifier, generally are utilizing active devices as transistors; hence 

achieving to the design and fabrication technology on 2D-material based active device and 

circuits, incorporated with nanotechnology and microsystem engineering, has had a 

revolutionary impact on RF and microwave compact systems. Moreover, the combination 

of these high-frequency circuit functions with the other advantageous properties of 2D-

materials aroused from the innate thinness, as the flexibility, transparency, light-weight, 

and chemical gating, renders lucrative systems for the new generation of IoTs 

communications in 4G and 5G infrastructures. For instant, the typical sensor network can 
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be made by the separate and independent modules as sensor, modulator, and memory that 

are necessary components as a graphene chemical sensor which need to be combined with 

a silicon-based modulator to make it compatible with wireless radio frequency (RF) 

operation [148],[149]. However, in the case of nanosensors based on nanomaterials and 

nanostructures, their small sizes and heterogeneous features compared with conventional 

solid-state electronic devices could make their integration particularly challenging. 

Although integrating nanomaterial sensors with commercial silicon-based modulation 

interfaces, needs complicated post-transfer processes that result in a high-cost and non-

compatible nodal structure and therefore limits the applicability of nanomaterial sensors 

for the internet of nano-things (IoNT), monolithic 2D-material based components 

paradigm can enable virtually simultaneous in situ chemical sensing and signal modulation, 

thereby significantly reducing the integration complexity and cost, which is of great interest 

for ubiquitous sensor network applications [121]. 

In this chapter, we first review two-dimensional transistors in RF and microwave 

applications; following by graphene transistor characteristics, modeling, and its potential 

to operate as a functional circuit component in RF and microwave systems. Afterward, we 

present an overview of the alternative 2D-materials for graphene analogues circuit 

components and its technical trade-off for the same high-frequency applications. 
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2.1. Radio-frequency and microwave two-dimensional transistors 

       

The Transistors, as a major part of analog and digital circuits, have experienced a 

supreme grow in operation frequency, gain, and its footprint. Although reducing the 

transistor size provides advancement of high-frequency performance due to decreasing 

electron transit time and consequently, the gate capacitance, dwindle the vertical size of 

semiconductor transistors has limited its frequency response enhancement [150]. Hence 

the conventional semiconductors have been replaced with nanoscale materials to overcome 

this limit. One-dimensional (1D) nanostructures such as Silicon nanowires (SiNWs) and 

Carbon nanotube (CNT) have been the first candidate to operate as the channel of field-

effect transistors (FETs) that potentially has been expected to increase the range of the 

high-frequency performance up to terahertz (THz) due to the ballistic transport of one-

dimensional (1D) conductor and its consequent highly linear relation between drain current 

and gate-source voltage [151]. However, in the practical experiment, the operation 

frequency was limited to 23 GHz due to a high impedance created at the ohmic contact 

with the small size CNT channel [152]. Replacing CNT with graphene was a solution for 

reducing the impedance mismatch where the 2D-nanomaterials generally have conformal 

and intimate contact with metal electrodes compare with the 1D-channel, in addition to its 

larger lateral size which improves the control on the channel structure [150]. Moreover, the 

2D nature of graphene results in another distinct advantage, where the drive current of a 

graphene device can be easily scaled up by increasing the device channel width. This width 

scaling capability of graphene is of great importance for realizing high-frequency graphene 

devices with adequate drive current for large circuits and associated measurements [153]. 

This part is a review on Ref. [150]-[188] 
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In the other hand, although the gap-less band-diagram of graphene causes small on-off 

current ratio (that is not necessary for all the circuits), high carrier mobility (2.5*105 

cm2/Vs) and carrier velocity that leading to a large transconductance gm and the consequent 

high cut-off frequency fT, make it sufficient for high-frequency performance. Nevertheless, 

owing to the gapless graphene channel, achieving saturation is relatively difficult and so 

fmax< fT that consequently results in a large drain conductance gds which limits the voltage 

gain Av= gm/ gds; since for some RF applications fmax (the frequency at which the power 

gain equals unity) is in the same importance of fT (the frequency at which the current gain 

equals unity), it can limit GFETs high-frequency performances. Although fmax for GFETs 

has been improved up to 70 GHz utilizing some technique on FET design, recently some 

other 2D-materials known as transition-metal dichalcogenide (TMD) family show even 

extra capability for high-frequency performances which will be discussed in detail later in 

this chapter.  

 

2.2. Graphene field-effect transistors 

Graphene research has been accelerated exponentially in high-frequency 

electronics because it has extremely high carrier mobility. The state-of-the-art graphene 

field-effect transistor (GFET) already exhibits a cutoff frequency (fT) up to 300 GHz, which 

is much higher than conventional silicon-based transistors. Besides, its unique symmetric 

“V” shape drains current gate voltage characteristic, triggered by the ambipolar charge 

transports in the gapless graphene, makes GFET the simplest possible frequency doubler 

that can operate at very high-frequency range (up to the tens of GHz). On the basis of this 

unique property, special modulation functions, such as full-wave rectification, frequency 
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mixing, amplitude modulation (AM), frequency modulation (FM), and phase modulation 

(PM), can be directly achieved with a single graphene device, which is not possible for 

conventional semiconductor devices. 

Even though the first graphene transistor was reported in 2004 with the extensive 

discussion regarding its electric field effect, the IBM group comprehensively studied the 

high-frequency performance of graphene transistors with variable gate lengths in 2009. 

The small-signal current gain of graphene transistors derived from S-parameter 

measurement shows a dependency to 1/f, while the resulting fT value exhibits a strong 

adherence to drain and gate voltage, as well as the dc transconductance gm. In particular, 

the cutoff frequency inversely related to the square of the gate length (⁓1/L2), has reached 

as high as 26 GHz with a gate length of 150 nm, in its primary study. Hereafter, the high-

frequency performance began to draw attention and a growing number of studies have been 

reported to further increase the cutoff frequency of GFET. In early 2010, a graphene 

MOSFET with a 240 nm gate showing an fT of 100 GHz has been presented, soon followed 

by a 144 nm gate graphene transistor with fT approaching 300 GHz. Afterward, in 2012, a 

GFET with a 40-nm-long gate showing 350 GHz fT and a 67 nm gate GFET with a cutoff 

frequency 427 GHz has been reported. The high-frequency response of the initial devices 

with limited cutoff frequency up to several gigahertz is primarily restricted by two factors: 

First, the dielectric integration process uses an oxidative functionalization layer, resulting 

in a drastic degradation of the electronic properties of graphene with carrier mobility as 

low as 400 cm2/Vs. Second, in these initial devices, a large gap exists between source/gate 

and/or gate/drain electrodes, in which the graphene is not effectively modulated by the gate 

but functions as a series access resistance.  
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To overcome the limitation of graphene transistors and improve their RF 

performance, various gating configurations and different dielectric/substrate materials 

have been comprehensively studied.  For the gating configurations, dual gate and self-

alignment gate graphene transistor are two common alternatives. Contrary to the first top 

gate GFET, dual gate structure consists of both local top-gate and global back-gate has 

been reported, in which the access resistance of the graphene transistor is modulated by the 

back-gate through electrostatic doping. By varying the back-gate voltage, the access 

resistance can be significantly reduced by more than a half, contributing to a four-fold 

increase of the transconductance gm. As a result, an intrinsic cutoff frequency of 50 GHz is 

achieved in this 350 nm gate graphene transistor. Another viable gating scenario to mitigate 

the access resistance is through optimum alignment of the source/drain and the gate 

electrodes. In this technique, L. Liao’s group developed a self-aligned approach, which 

utilized a metal/oxide Co2Si/Al2O3 core/shell nanowire as the top gate and integrated it on 

graphene by a physical assembly process at room temperature, in which successfully 

demonstrating a graphene transistor with cutoff frequency up to 300 GHz. Further, in order 

to eliminate the imperfect contact interface with graphene due to the diamond-like cross-

section of this Co2Si/Al2O3 core/shell nanowire, they proposed 100 nm channel long GaN 

nanowire with a triangular cross-section and a flat side surface as the self-aligned gate, 

which exhibits a scaled transconductance exceeding 2 mS/μm and a projected intrinsic 

fT=840 GHz at Vds = 1 V.  

On the other hand, the interfaces existing in graphene/substrate and graphene/top-

gate dielectric insulator, that are two dominant sources of scattering in graphene devices, 

resulting in the significant degradation of electrical transport due to the two-dimensional 
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nature of graphene. In 2011, Balandin’s group mitigated the scattering effect associated 

with trapped charges through the usage of DLC film as the GFET substrate, which is 

advantageous because of the high phonon energy in sp3- hybridized carbon (165 meV) and 

it’s nonpolar, as well as the non-hydrophilic nature. Another desirable substrate is silicon 

carbide (SiC), which not only possesses a high intrinsic phonon energy 116 meV, but also 

high-quality graphene sheets can be directly grown on its surface by epitaxy. In these 

suitable substrate alternatives, the intrinsic cutoff frequency of graphene transistors can 

reach up to 300 GHz, based on both wafer-scale CVD grown graphene and epitaxial 

graphene on SiC. In summary, to further alleviate the scattering effect between the 

graphene and the dielectric surface during the integration process, miscellaneous types of 

oxidative functionalization layer, such as Al2O3, HFO, Y2O3, and Boron-Nitride, have also 

been studied extensively to reach the cutoff frequency up to 400 GHz. 

2.3. TMD-based transistors 

The general formula for TMD materials is in a form of MX2 where M represents 

transition metal (e.g. Mo, W, Nb, Ta, Ti, or Re) covalently bonded with X atoms (X= Se, 

S, or Te). Molybdenum disulfide (MoS2) is an interesting semiconductor from this family 

where its bandgap dependency on the thickness makes it an appropriate replacement for 

the graphene channel in FET. MoS2 involves planes held together by van der Waals 

interactions, each plane comprising covalently bonded S-Mo-S atoms closely packed in a 

hexagonal arrangement. The weak interlayer interactions compare with strong intralayer 

bonding for MoS2 make it feasible to synthesis a layer from bulk crystalline. Consequently, 

the bandgap of this semiconductor is adjustable from indirect bandgap for bulk Eg=1.29 

eV to the direct bandgap of the monolayer (thickness of 0.65 nm) Eg=1.8 eV. Albeit the 
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mobility for MoS2 (170 cm2/Vs for few layers and 102 cm2/Vs for monolayer at room 

temperature) is not as large as graphene (2.5*105 cm2/Vs) but still is higher than metal 

oxide thin-film transistors (TFTs); the effective carrier velocity (veff) of MoS2 transistor 

(2.8*106 cm/s for few layers and 1.1*106 cm/s for monolayer) in combination with the 

relatively large bandgap makes it a proper candidate for low-power RF applications. On 

the other hand, an extraordinary enhancement of the current on/off ratio is achieved (108 

for MoS2) compare with the graphene transistor (<10), which is suitable for high-speed 

switching. Further, its natural bandgap creates a voltage gain larger than 10 as well as high 

intrinsic transconductance and drain-source current saturation, which all benefit the high-

frequency applications. The most MoS2 transistors show n-type behavior, while for p-n 

junction devices some methods such as electric double layer gating or p-doped plasma 

treatment have been used for this material. Simultaneously, p-type behavior has been 

observed in another TMD, tungsten diselenide (WSe2) that even viable to show ambipolar 

carrier transport whenever grown as monolayers. To increase the high frequency capability, 

black phosphorus (BP) thin film has been also used due to the higher mobility (650 cm2/Vs 

for crystal structure and 1000 cm2/Vs for bulk at room temperature), however attracted less 

interest because of the low bandgap (0.3 eV for bulk) and difficulty of controlling the 

material quality. A comparison of these 2D material-based devices is shown in Table 1. In 

addition, a comparison between TMD-based transistor characterization with a 

nonconventional FET (monolayer MoS2 transistors and In0.7Ga0.3As Quantum-Well FET) 

shows the extraordinary on/off ratio enhancement for low power applications, as shown in 

Table 2. Next, we are introducing some high-frequency and RF applications based on these 

2D-material devices. 
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Table 1: Properties of phosphorene compared with those of other 2D materials [169] 

 

 

 

Table 2: Comparison of key device performance parameters of In0.7Ga0.3As quantum-well 

FET and monolayer mos2 FET of identical EOT and channel length [173] 
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III. GRAPHENE-BASED HARMONIC SENSORS 

 

Graphene field-effect transistors (GFET) are emerging as promising frequency 

multipliers, thanks to their unique “V-shape” drain current-gate voltage characteristic that 

is possible only with the ambipolar carrier transport in graphene [117]. In addition, the 

ultra-high carrier mobility of graphene may lead to a cutoff frequency fT up to 300 GHz 

[114]. Very recently, graphene harmonic sensors, combining the frequency multiplication 

and chemical sensing functions of GFETs, have been reported for PH and chemical sensing 

[17],[97]. These harmonic sensors can be free from background electromagnetic 

interferences, clutters, and backscattered echoes, as they receive a RF signal at the 

fundamental frequency and re-transmit a second harmonic. However, simultaneous 

detection of two or more PH/gas/molecular/chemical agents remains challenging for such 

GFET-based wireless sensors or conventional CMOS wireless sensors. 

3.1. Graphene Field Effect Transistor Harmonic Sensor 

Advanced nanostructures such as two-dimensional carbon nanomaterials, namely, 

graphene [100], with their single-molecule-level sensitivity in chemical sensors and 

biosensors [99],[105]-[108], may establish a foundation for future ubiquitous micro-

/nanosensor networks [189],[190]. In general, the sensor, modulator, and memory that are 

necessary components of a sensor network are separate and independent modules 

[148],[149]. For example, a graphene chemical sensor would need to be combined with a 

Parts of this chapter have been presented in [17],[121],[215].  

Copyright © AIP 2016, Springer 2016, IEEE 2017   
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silicon-based modulator to make it compatible with wireless radio frequency (RF) 

operation for data synchronization in internet-of-things (IoTs). However, in the case of 

nanosensors [105]-[108] based on nanomaterials and nanostructures, their small sizes and 

heterogeneous features compared with conventional solid-state electronic devices could 

make their integration particularly challenging [191],[192]. To integrate nanomaterial 

sensors with commercial silicon-based modulation interfaces, complicated post-transfer 

processes must be performed [192]; this results in a high-cost and non-compatible nodal 

structure and therefore limits the applicability of nanomaterial sensors for the internet of 

nano-things (IoNT) [193]. It has recently been reported that graphene field-effect 

transistors (GFETs) can exhibit not only ultrahigh mobility but also interesting gapless 

electron-hole spectra and ambipolar transport properties which lead to a nonlinear effect in 

the control of the gate voltage with respect to the drain current. On the basis of this unique 

property, special modulation functions, such as full-wave rectification, frequency mixing, 

amplitude modulation (AM), frequency modulation (FM), and phase modulation (PM), can 

be directly achieved with a single graphene device, which is not possible for conventional 

semiconductor devices [117],[116],[129],[144],[194]. Here we propose a different 

modulation mechanism utilizing chemical gating, instead of the application of an electrical 

signal, to directly modulate the input carrier signal by means of the chemical dopants (for 

example, gases or molecular substances) to which a GFET is exposed. This monolithic all-

graphene paradigm can enable virtually simultaneous in situ chemical sensing and signal 

modulation, thereby significantly reducing the integration complexity and cost, which is of 

great interest for ubiquitous sensor network applications. For most graphene sensor 

applications, the sensor output signal, in information theory, is one-dimensional (1D), in 
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terms of either direct current (DC) or electrical resistance. This 1D spectrum offers limited 

information processing, storing, and distributing capabilities [99],[105]-[108], [195]-[198] 

because of the low-signal dimensionality. One advantage of the proposed chemically 

modulated sensing device, compared with other nanomaterial sensors, resides in its two-

dimensional (2D) output signal, which provides information through both the amplitude 

and frequency of an RF signal. Very recently, Lee et al. have demonstrated that electrically 

gated modulation on graphene exhibits a transition from a fundamental input tone to a 

second-harmonic output tone [129], which enables AM to FM functions using a single 

device. Here we show that this signal transition is not abrupt and that the fundamental and 

second-harmonic tones instead coexist, with gradually varying strengths depending on the 

potential level of the graphene, which can be modulated by means of a chemical (or 

electrical) gating effect. In this scenario, mixed AM/FM modulation can be achieved and 

the amplitude responses at both frequencies constitute a 2D output signal, thereby 

improving the overall reliability and the tolerance to environmental noise and interference. 

 



 

37 

 

Figure 3.1. Single GFET harmonic sensor overview 

Conceptual illustration of the chemical gating modulation of a single graphene device, in 

which a high-frequency input carrier signal is applied at the back gate without any DC 

gate bias and the modulated output at the drain varies throughout a modulation cycle 

consisting of alternating phases of gas exposure and wet chemical treatment [121]. 

 

Figure 3.1 illustrates the basic operation principle of the proposed device: the 

carrier signal is a single-tone sinusoidal (RF) wave applied at the back gate of a GFET, 

which is compatible with wireless or high-speed wireline communication systems. Under 

a given drain bias, the output drain current waveform consists of both fundamental and 

second-harmonic frequency components that are modulated by the chemical gating. The 

adsorption of p-type substances (for example, oxidizer-type gas molecules) will cause a 

gradual decrease in the amplitude of both tones at the output, with the second-harmonic 
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tone being the first to be fully suppressed. By contrast, the adsorption of n-type substances 

(for example, electron-donor-type chemical agents) will reverse the modulation of the 

output, restoring it to its original condition. These two phases essentially form a complete 

chemical modulation cycle, in which the two different phases, depending on the type of 

application, can be utilized for sensing and for the resetting (neutralization) of the sensor. 

For instance, in the sensing of oxidizing materials, materials with abundant electron donors 

may be used to reset the sensor. Similarly, in the sensing of electrondonating materials, an 

oxidizing material may serve as the reset agent. Figures 3.2 (a) and (b), respectively, show 

the circuit diagram for this graphene sensor and how the ambipolar transport behavior of 

the GFET, with a ‘V-shaped’ drain output–gate voltage characteristic curve, may lead to 

frequency doubling. From Figure 3.2(b), we note that the magnitude (modulation level) of 

the output signal at the doubled frequency is controlled by chemical gating, which involves 

a shift in Vcnp. When a single-tone input at a frequency f is applied to the gate with zero 

DC gate bias, the modulated output shows a visible change as Vcnp is altered through 

chemical gating: (1) if Vcnp is zero, then the drain output has a vanishing component at f 

and a strong component at 2f (gray curve); (2) if Vcnp is up-shifted above the critical point, 

then the signal component at f is amplified, whereas the 2f tone decreases (blue curve); (3) 

if Vcnp is far from the critical point, then the output signal begins to monotonically decrease, 

exhibiting drops at both f and 2f. With a large shift in Vcnp, the second-harmonic tone is 

completely suppressed, as the fundamental tone continues to decrease (red curve). A 

theoretical analysis of the mixed modulation output as a function of Vcnp is shown in Figure 

3.2(c); the results were obtained using a compact, physics-based GFET model [199]. The 

best-signal linearity is observed at two critical conditions: the peaks in the fundamental-
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tone curve (blue shaded region in Figure 3.2(c)) and the dips in the harmonic-tone curve 

(red shaded region in Figure 3.2(c); Vcnp = ± 1.4 V). This variation in nonlinearity is 

explained by the schematic diagram presented in Supplementary Figure S1a. The Vcnp of 

graphene can be shifted from positive to negative values, over a wide range, by means of 

exposure to p-/n-type dopants of different concentrations. As a result, there exists an ideal 

operating region in which both components are monotonic functions of Vcnp, as shown in 

the gray shaded region in Figure 3.2(c). In addition to the chemical-gating-induced Vcnp 

shift, the variation in carrier mobility also affects the output RF signal of the GFET. In fact, 

although the attachment of most chemical agents to graphene can affect its Vcnp [193], there 

is no material that shows a measurable impact on graphene’s carrier mobility [194]. The 

results calculated for the two-tone output via 2D vector mapping clearly distinguish the 

traces of the Vcnp shifts at different mobility values. Our theoretical results indicate that the 

corresponding Vcnp can be retrieved from the 2D output even in the presence of variations 

in other parameters (for example, the carrier mobility), thereby demonstrating excellent 

robustness in sensing compared with conventional approaches involving the detection of 

only 1D outputs (for example, DC currents). 
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Figure 3.2. Principle of mixed modulation via the chemical gating of graphene. 

(a) The circuit diagram; the inset shows a microscopic image of a GFET and the Raman 

spectrum of the CVD graphene channel. (b) Mechanism of mixed AM/FM GFET 

modulation; gray: if Vcnp is zero, then the output consists only of a strong harmonic tone; 

blue: when Vcnp shifts away from 0 V, a large fundamental tone is present and the harmonic 

tone decreases; red: when Vcnp shifts higher, both the fundamental tone and the harmonic 

tone decrease, but the harmonic tone decreases more rapidly. (c) Physics based modeling 

result (assuming electron-hole symmetry) for the two-dimensional modulation output (in 

terms of a normalized output voltage) depending on the Vcnp shift; a region is outlined in 

which both the fundamental and harmonic tones monotonically decrease, which can be 

used as the operation region for a demonstration of chemical modulation [121]. 

3.2. GFET Fabrication 

For this experiment, the GFETs were fabricated using a shadow mask without any 

lithography step to preserve the pristine surface of the graphene. This is because in addition 
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to the H2O/O2 redox system, residues such as photoresist could also contribute to the 

formation of charge traps. The synthesized graphene was first transferred, using 

polymethyl methacrylate as a support, onto a SiO2/Si substrate with a 285-nm thermal 

oxide layer as the dielectric to form a back-gate device structure. Raman spectroscopy with 

a 442-nm blue laser was used to confirm the quality of the graphene after transfer (see the 

inset of Figure 3.2(a)), revealing a G peak at 1582 cm−1 and a symmetric 2D band at 2695 

cm−1 (bandwidth of ~ 32). Back-gated field-effect transistors were formed by means of the 

electron-beam evaporation of 2-nm Ti+48-nm Au metal contacts using a shadow mask to 

measure the electrical properties of the devices. The area of the metal contacts was 200 μm 

× 200 μm, which defined the graphene channel width; the devices were fabricated with 

various channel lengths of 25, 50, 100 and 200 μm. Further details regarding the graphene 

preparation [200]-[202] and device fabrication can be found in the previous work [203]. 

The intrinsic sensitivity of a graphene chemical sensor can be extremely high [108]. 

However, in this chapter, our focus was on demonstrating a novel multifunctional 

sensor/modulator module and its applicability for the sensing of time-varying chemical 

events rather than demonstrating the high intrinsic sensitivity of graphene-based devices. 

 

 3.3. Drift-Diffusion Transport Model of GFETs 

For numerically investigate the GFET-based sensor circuits modeling in this project, we 

will employ the compact physics-based GFET model. In the drift-diffusion transport 

model, the drain-to-source current IDS is described by [199]: 
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where W is the channel width, the effective channel length  DS

eff sat0
1/ ,

V
L =L dV−   

accounting for the effect of saturation velocity, drift is the drift velocity, which, in a soft 

saturation model, is related to the channel electric field /F= dV dx−  as [199],[204]-[212]: 
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where satv  is the saturation velocity given by [199]: 

 1
sat F 32

2 ch

,
1 ( )

c
v v c

c V

 
= + 

 + 

           (3) 

 

8
F 10 cm / sv =  is the Fermi velocity in graphene, 1 sat,max sat,min F( ) / ,c v v v= −

2
2 B[ / (5 )] ,c q K T=  

3 sat,min F/c v v= [205],[206], BK  is the Boltzmann constant, T is temperature, and Vch is the 

surface potential of graphene. The effective carrier mobility in Eq. (3) can be written as 

[207]-[209]: 
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where n, p are the electron and hole densities in a graphene channel, n,p  is the carrier low-

field mobility (here n,p = 1300 cm2/(V·s)), pudn is the residual charge due to electron-hole 

puddles (here 1
pud

21.65 10  n = cm-2), and m is the square of the reference channel potential 

as an empirical fitting parameter (here m = 1 V2). The total mobile charge density Qtot in 

graphene, involving the electron and hole sheet densities n and p [cm-2] and the residual 

charge due to electron-hole puddles [208],[210], can be explicitly written as:  
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where   is the inhomogeneity of the electrostatic potential (here 150 = meV), nimp 

is the sum of the intrinsic field-independent and impurity carrier concentrations (here nimp 

127 10=   cm-2), is the reduced Planck constant, q is electric charge. The surface potential 

(Vch) related to graphene’s Fermi level FE , can be expressed as a function of the gate-to-

source voltage VGS as [199]-[212]: 

 ( )ox
ch F GS cnp

ox q

( ) ( ) / (x) ,
C

V x E x q V V V
C C

= = − −
+

             (6) 

 

where  is the capacitance weighting factor [205] ( 1  when ch ,q V kT and 

0.5   when chq V kT ), the electrostatic capacitance Cox is related to the permittivity 
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oxε  and thickness tox of gate oxide as ox ox oxC =ε /t , and the quantum capacitance qC  as a 

function of surface potential can be explicitly written as [213]: 
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cnpV  is the back-gate voltage at the Dirac point, where the carrier sheet density becomes 

minimal for zero drain and source voltages. We note that cnpV comprises the work function 

difference between the gate and the graphene channel (similar to the flatband voltage in 

conventional silicon transistors), interfacial charges at the graphene-oxide interfaces, and 

the charge neutrality point shift cnpV  due to intentional or unintentional doping of 

graphene (e.g. chemical gating effects caused by gas, chemical or molecular agents). The 

channel voltage ( )V x in Eq. (6), as a function of the position in the channel, can be modeled 

using the gradual channel approximation: DS( ) ( )V x = x/L V ,  which is zero at the source end (x 

= 0) and equal to the drain-to-source voltage DSV  at the drain end (x = L). The exact surface 

potential in graphene can be obtained by iteratively solving Eqs. (6) and (7). Once Vch is 

calculated, the total charge density in the graphene channel can be obtained using Eq. (5), 

which, when substituted into Eq. (1) gives the drain current ( )DS DS GS, .I V V  For a moderate 

input RF voltage, one may numerically calculate the small-signal transconductance of 

GFET 
DS

m DS GS cons tV
g dI /dV

=
=   and the drain conductance 

GS
ds ds DS DS cons t

1/ / .
V

g r dI dV
=

= =  The 

mobile channel charge, depending on VGS and VDS, can be modeled by the gate-to-source 
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capacitance Cgs and the gate-to-drain capacitance Cgd:
DS

gs ch GS cons t
/ ,

V
C dQ dV

=
= −  and 

GS
ds ch DS cons t

/ ,
V

C dQ dV
=

= −  where the total net charge in the channel ch tot0

L
Q W Q dx.=   The 

physics-driven GFET model was implemented in the circuit simulator [214]. 

3.4. RFID Sensor Based on Graphene Frequency Multiplier 

 

 Harmonic sensors are emerging as promising nonlinear wireless sensor that are 

free from background noises, clutters and backscattered echoes, as they receive a radio-

frequency (RF) signal at the fundamental frequency and re-transmit a modulated RF signal 

at the orthogonal frequency [22], as illustrated in Fig. 3.3. However, compared to 

traditional backscatter-RF identification (RFID) sensors, a harmonic sensor usually 

increases cost and design complicity because it requires multiple antennas, sensors and 

actuators, and a frequency modulator that sometimes requires power source and energy 

harvesters [17]. Here, we propose a much simplified harmonic sensor design, which is 

based on a single module combining sensing and frequency modulation functions and a 

hybrid-fed antenna. Graphene field-effect transistor (GFET) has been proposed as an 

efficient frequency multiplier, thanks to its unique “V-shape” drain current-gate voltage 

characteristic resulting from ambipolar transports in graphene [117], as shown in Fig. 

3.3(b), which is not found in any conventional semiconductor device. Besides, RF circuits 

based on graphene devices may have several unique advantages, such as optical 

transparency, flexibility, and high sensitivity to electrochemical reactions, since graphene 

is an atomically-thin, carbon-based material [108]. Figure 3.3(b) illustrates the chemically-

sensitive frequency modulator based on a single back-gate GFET, in which chemical or 
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biological dopants (e.g. bacteria and infectious agents) bonded to the graphene may shift 

the charge neutral point Vcnp of device, thereby affecting the nonlinear conversion gain. 

Although sensor and frequency modulator can be combined in such device, it still requires 

a drain-to-source dc bias, implying the need for power module that could impede the 

practical use in ubiquitous wireless sensor systems. 

 

 

Figure 3.3. Single GFET harmonic RFID overview 

 (a) Schematics of backscatter-RFID sensor (left) and harmonic sensor (right). (b) A 

hybrid sensor-frequency modulator based on a graphene transistor [215]. 
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 In this section, we propose a new GFET-based RF circuit that realizes a fully-

passive frequency modulator-sensor, as the key component of harmonic sensor for 

dynamically detecting PH/gas/molecular/chemical agents. We also investigate new 

antenna designs and wireless interrogation solutions, suited for miniature harmonic 

sensors. 

 Near-Field Graphene Harmonic Sensor 

 

 We have designed and characterized a near-field harmonic sensor, which consists 

of a GFET-based sensor-frequency modulator, two planar coils, and an AC-to-DC rectifier, 

as shown in Fig. 3.4(a). In this near-field harmonic sensing scheme, one microstrip-coil 

receives the incoming fundamental tone, with part of its power rectified to bias the GFET. 

After the second harmonic is generated, the second coil will re-transmit it to the reader. 

Here, the wireless interrogation is based on the inductive coupling and frequencies of input 

and targeted output signals are 125 KHz and 250 KHz, respectively. Fig. 3.4(b) shows the 

layout and photograph of such harmonic sensor; the inset of Fig. 3.4(b) shows the 

microscope image of the microfabricated GFET. In our experiments, chemical solutions 

with different PH values were dropped onto the graphene surface for observing changes in 

Vcnp and second-harmonic conversion gain of the GFET. The spectral analysis of this 

harmonic sensor at PH = 5 is presented in the inset of Fig. 3.4(c), showing a quite promising 

frequency-doubling effect. Fig. 3.4(c) summarizes (1) Vcnp of GFET and (2) magnitude of 

generated second harmonic as a function of PH values of liquid drop (chemical dopant). It 

is clearly evident that changes in PH value (chemical doping level) would linearly increase 

Vcnp of GFET, which accordingly varies the nonlinear conversion gain [117]. From Fig. 
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3.4(c), it is seen that the magnitude of output second harmonic can be quite sensitive to PH 

values. Due to the ambipolar transport in graphene, the magnitude of second-harmonic 

signal reaches its maximum at PH = 7 and decreases with increasing (decreasing) the PH 

value, corresponding to p-type (n-type) doping. As a result, by launching a RF input signal 

and reading the magnitude of the frequency-modulated output [Fig. 3.4(c)], one may be 

able to sensitively detect the existence and concentration of chemical dopants and charged 

impurities. 

 

Figure 3.4. GFET-based PH sensor 

(a) System diagram and (b) Architecture and photograph for the near-field harmonic 

sensor comprising a single GFET. (c) Magnitude of second harmonic VSH (blue) and charge 

neutral point Vcnp (red) against the PH values of liquid drop on the graphene surface [215]. 
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Furthermore, we have designed the layout of a monolithic integrated harmonic-sensor 

circuit based on the microfabrication process. Figure 3.5 shows the layout of the GFET 

frequency modulator/sensor circuit that may be manufactured within a compact size, much 

smaller than conventional harmonic sensor usually realized in on-board technologies. 

 

Figure 3.5. RFID circuit layout 

A virtual image of the layout that may be manufactured using CMOS-compatible 

microelectronic technology[17]. 
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IV. MULTI-FUNCTIONAL SENSING SYSTEMS 

As mentioned earlier, the unique characteristic of GFETs as “V” shape symmetry 

drain current-gate voltage makes it a viable harmonic frequency generator. Considering 

one ideal back-GFET with an exact symmetry I-V characteristic as shown in Fig. 4.1(a), 

the fundamental signal at f0 implying to the gate of GFET generates higher frequency 

harmonics (e.g. 2nd, 3rd, 4th, and so on) at the drain output, where the second harmonic here 

is the dominate frequency if the DC offset of input be matched to the Dirac point of GFET. 

Thus, the harmonic sensor has been demonstrated based on the second harmonic 

modulation via a gating effect on the GFET Dirac point. In this paradigm, based on the 

single or multiple identical GFETs, either p-type or n-type doping effect on the graphene 

channel has the same effect on the generated higher harmonics due to the symmetric “V” 

shape I-V characteristic; then simultaneous detection of different agents and multiple 

doping effect seems impossible by using identical GFETs. However, inspired by the 

graphene-based frequency Tripler demonstrated by [234], here we propose a new technique 

based on the combination of non-identical GFETs capable to identify the level of more 

than one agent in a mixture medium. Figure 4.1(b) illustrates the working principle of 

higher harmonics generation based on the combination of two ideal GFETs by different 

charge natural points (Vcnp), where the fundamental frequency implied at the common gate 

of both GFET generates higher harmonics at the drain output; here with tuning the Vcnp of 

each GFET to combine two misaligned “V” shape I-V curve, a “W” shape drain current-

gate voltage characteristic can be created which viable to demonstrate harmonic sensing 

applications for multi-agents sensing via the capability of generating and modulating 

number of harmonic frequencies. Hence, we expand the recent GFET based harmonic 
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sensor system performance to the new paradigm of multi-agent sensing application using 

the same physics-based drift-diffusion model for analytical study which has been quite 

matched with our recent experimental report [17][97]. The new circuit design of non-

identical GFETs not only shows a unique behavior that benefits higher harmonics 

generation but also functionalizing graphene surface develops the sensor’s selectivity area 

to a wider range of chemical or biological agents. 
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Figure 4.1. Multi-functional harmonic sensors overview 

Schematic of GFET circuit design (left) and the equivalent Drain current-gate voltage 

characteristics (right) for (a) single, (b) double, and (c) triple agent harmonic sensors.  

4.1. Multi-agents Harmonic Sensing Based on Functionalized GFETs 

For multi-agent sensing purposes, a simple circuit design comprising two series 

non-identical GFETs with a common gate is proposed first, as shown schematically in Fig. 

4.1(b). Since the charge natural point Vcnp is easily tunable with n-type or p-type graphene 

channel doping to drift the “V” shape I-V curve to the right or left respectively, we show 

that with combining two GFET by misaligned I-V curve a unified circuit by “W” shape I-

V curve is obtained. On the other hand, by functionalizing each GFET, it is possible that 

any GFET is sensitive to one special agent which means the proposed circuit is viable to 

operate for multi-sensing approaches.  
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Figure 4.2.  Double-agent harmonic sensor analysis 

Simulation results for the circuit of double-agent RFID sensor in Fig. 4.1.(b). Drain 

current-gate voltage characteristics (left) and spectral analysis (right) for this double-

agent sensor with (a) no chemical doping, (b) n-type chemical doping, and (c) p-type 

chemical doping. 

In the first case, we consider two GFET with the same “V” shape I-V curve at the 

balanced condition which is functionalized to be sensitive to the n-type and p-type agents 

assigned to the first and second GFET respectively. Figure 4.2 shows the simulation results 

for unified circuit I-V curve and the corresponding output of fifth first frequency harmonics 
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amplitude for the three boundary conditions as the balanced, n-type agent binding (agent1), 

and p-type agent binding (agent2) effects; we assume that each agent at maximum binding 

level can shift the absolute value of Vcnp for 2 V.  Here it is obvious that the combination 

of frequency harmonics for each condition is unique which means the effect of two distinct 

agents is monitored based on the proposed circuit. However, to continuously measuring 

each agent concentration, we need to extract the combination of harmonics amplitude 

modulation in the response to the all possible I-V curve shape via two agent mixture binding 

on the functionalized GFETs. Accordingly, the continuous contour of the four first 

harmonics conversion gain based on the continuous variation of Vcnp1 and Vcnp2 between 0 

V to 2 V is shown in Fig. 4.3. Here, with comparing the variation of conversion gain for 

each frequency component under effect of the agent concentrations, although finding out 

the desired point of Vcnp1 and Vcnp2 combination by considering just small number of 

frequency component seems difficult, a mixture of components amplitude may show a 

unique output characteristic assigned to a special level of the material concentrations. Thus, 

using a data analysis technique to train the sensing system seems to be mandatory, while 

simultaneously monitoring and data analysis can lead to a feasible sensing module. Hence 

in section 4.2, we synthesize the proposed harmonic sensor by Machine Learning (ML) 

technique as an Artificial Neural Network (ANN) analysis to obtain the generalized 

harmonic sensing system. 
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Figure 4.3. Harmonic frequencies conversion gain for dual-agent sensor 

Contours of output signal as a function of Vcnp1 and Vcnp2 for the double-agent sensor in Fig. 

4.1(b) and Fig. 4.2 at the (a) fundamental, (b) second-harmonic, (c) third-harmonic, and 

(d) fourth-harmonic frequency. 

 

Before connecting our harmonic sensing system to the data analysis part, we need to 

investigate every possible functionality of the proposed GFET based circuit to obtain the 

maximum capability of the multi-agent harmonic sensors. Hence the second possible 

condition to measuring two agents with the same effect as p-type or n-type on the 
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functionalized GFET is illustrated in Fig. 4.4, where we assume two agents has an n-type 

effect on GFETs which shifts the Dirac point to the positive voltage. Here since the Dirac 

point shift is in the same direction then we need to distinguish the balance point for each 

GFET as shown in Fig. 4.4 (a); accordingly, the shift of Dirac point for each GFET causes 

a unique harmonic output due to a unique “W” shape I-V curve for each condition as shown 

in Fig. 4.4 (b) and (c) for bounded agent1 and agent2 respectively. Figure 4.5 shows that 

continues monitoring also is possible for this condition where the combination of the four 

first harmonic conversion gain is unique regarding two agent concentrations. Furthermore, 

this process is exactly the same when two n-type agents replaced with p-type where both 

the I-V curve shift to the negative voltage instead of positive, however, results in the same 

“W” shape I-V curve like Fig. 4.4. 
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Figure 4.4. Double-agent harmonic sensor analysis (second type) 

Simulation results for the circuit of double-agent RFID sensor in Fig. 4.1(b). Drain 

current-gate voltage characteristics (left) and spectral analysis (right) for this double-

agent sensor with (a) no chemical doping, (b) first n-type chemical doping, and (c) second 

n-type chemical doping. 
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Figure 4.5. Harmonic frequencies conversion gain for dual-agent sensor (Second type) 

Contours of output signal as a function of Vcnp1 and Vcnp2 for the double-agent sensor in Fig. 

4.1(b) and Fig. 4.4 at the (a) fundamental, (b) second-harmonic, (c) third-harmonic, and 

(d) fourth-harmonic frequency. 

Generally, we expand the GFET based harmonic sensing application from single-

mode sensing to double mode sensing. However, in the next step, we try out the possibility 

of more agent measurement based on the harmonic sensing technique. Hence triple mode 

sensing is investigated where three functionalized GFETs may be viable to indicate the 

concentration of three different agents. For this purpose, there are more challenges to adjust 

the I-V curves of GFETs in the desired way to be applicable for generating unique 
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frequency components based on the variation of three agent concentrations. Thus, we 

assume a special condition for sensing a combination of three agents in which two of them 

have an n-type effect and another has a p-type effect on the functionalized GFETs; 

certainly, this process is the same for the condition that the environment includes two p-

type and one n-type agent. Here we assume that the GFET1 is functionalized to be sensitive 

to agent1 as the p-type agent and GFET2 and GFET3 are sensitive to agent2 and agent3 

respectively as the n-type agents. Accordingly, we can define four boundaries conditions 

for the triple sensing system as the balanced boundary in the absence of agents, and three 

boundaries in the presence of each agent; so, the sensing system performance is the areas 

between these four boundaries. To obtain a unique frequency components combination for 

each boundary, we first need to engineer the I-V curve combination for three GFETs at the 

balanced condition. After testing several combinations, we find that the best sensing 

approach is achieved when GFET1 and GFET2 be matched at the zero voltage while GFET3 

is adjusted to 4 V of Vcnp. Then with assuming that the maximum Vcnp variation for each 

agent is 2 V, four performance boundaries are simulated as shown in Fig. 4.6 (a) to (d). 

Here the I-V curve combination (left) and the consequent five first frequency components 

(right) show it is possible to have a unique harmonic response that benefits a triple 

harmonic sensor. However, still the same as single-mode and double mode sensing systems 

we need to connect this triple mode sensor to a neural network for reducing the complexity 

of extracted data as the frequency components which indicate the concentration of three 

agents as the level of Vcnp. In the next section, we illustrate the training system of our 

proposed multi-agent harmonic sensor using a machine learning technique and its 

achievable accuracy and feasibility. 
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Figure 4.6.  Triple-agent harmonic sensor analysis 

Simulation results for the circuit of triple-agent RFID sensor in Fig. 4.1(c). Drain 

current-gate voltage characteristics (left) and spectral analysis (right) for this triple-

agent sensor with (a) no chemical doping, (b) p-type chemical doping, (c) first n-type 

chemical doping, and (d) second n-type chemical doping 
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4.2. Neural Network Analysis Toward Multi-Agent Harmonic Sensor 

Artificial intelligence (AI), also known as machine intelligence, is the intelligence 

exhibited by machines and software, in contrast to the natural intelligence demonstrated by 

humans and other animals. Artificial neural network (ANN) refers to a sort of Artificial 

Intelligence which intended to simulate the behavior of the human brain. An artificial 

neural network is a set of mathematical neurons that is inspired by the neural structure of 

the brain. Artificial intelligence techniques have been studied by many researchers in 

different fields and it is not surprising that ANNs have attracted attention in many 

application areas such as electrical engineering, biomedical application, machine vision, 

etc. Thus, here we are taking advantage of this technique to realize the application of our 

suggested multi-agent harmonic sensing system. 

The main categories of networks are feedforward neural networks wherein the 

connection between the nodes does not form a loop and allows the signal to pass in only 

one direction, and recurrent neural networks which allow feedback. Among the most 

popular feedforward networks are multi-layer perceptron (MLP). Most MLP ANNs have 

three layers or more: an input layer, which is used to apply data to the network; an output 

layer, which is used to estimate an appropriate response(s) to the given input; and one or 

more intermediate layers, which are used to act as a collection of feature detectors. Figures 

4.7(a) and 4.8(a) show a general architecture of a feedforward ANN which is used in this 

work, including one hidden layer. One-hidden-layer feedforward neural networks can fit 

any input-output relationship using enough neurons in the hidden layer. In general, simpler 

problems require fewer neurons, and more difficult problems require more neurons.  
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The ability of a neural network for information processing is obtained through a learning 

process that is done in the training phase. Learning is the adaptation of link weights so that 

the network can produce an approximate output(s). There are many different algorithms 

available for training a network and adjusting its weights. In this study, an artificial neural 

network is used to analyze multiple output harmonics for retrieving chemical properties of 

(bio-)chemical agents under detection. Since Extracting the exact value of two/three Vcnp 

based on four/five input harmonics seems not feasible, ANN is a useful tool for estimating 

its value.  

The network is trained with the Levenberg-Marquardt backpropagation algorithm. The 

Bayesian regularization process is used to minimize the mean squared error (MSE) and 

adjust the synaptic weights to produce a network that could generalize well.  

For training the double-agent harmonic sensors, the conversion gain of four harmonics 

(Fig. 4.3 and Fig. 4.5) is applied to the network as the inputs and the network estimated the 

value of Vcnp1 and Vcnp2 as the outputs. The network was tested by different numbers of 

neurons in the hidden layer and the optimum number (20 neurons) was used to minimize 

the error. Data are divided into three groups: training, validation, and testing set which are 

70, 15, and 15 percent of data, respectively and chosen randomly. Figures 4.7 (b) and (c) 

show the testing data for n-type/p-type and n-type/n-type double agent harmonic sensors 

suggested in Fig. 4.3 and Fig. 4.5 respectively. Here 1000 epochs were considered for 

training the network and the best epoch is 456 and 167 to minimize the MSE for either n-

type/p-type and n-type/n-type double agent harmonic sensors as shown in Fig. 4.7 (d) left 

and right respectively. Furthermore, an error histogram with 20 Bins (number of neurons) 

is shown in Fig. 4.7 (e) for both type of n-type/p-type and n-type/n-type double agents in 
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left and right respectively. Here the error analysis for the trained neural network shows a 

good performance of the suggested system due to very low MSE and low error values from 

the error histogram.  
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Figure 4.7.  Machine learning for multi-functional harmonic sensor 

(a) Inputs, hidden nodes, and outputs layers of the designed neural network (NN) for 

double agent sensor. (b) verification of the NN-predicted values of Vcnp1 and Vcnp2 with the 

exact Vcnp1 and Vcnp2 values in GFETs for n-type/p-type double agent sensor (Fig. 3). (c) is 

like (b), but for n-type/n-type double agent sensor (Fig. 5). (d) training, testing, and best 

achieved MSE value based on the number of epochs and (e) the error histogram with 20 

neurons, for n-type/p-type double agent sensor (left) and n-type/n-type double agent 

sensor (right).  

 

Finally, the same neural network is used for training the triple-agent harmonic sensor 

which suggested in Fig. 4.6. Here the only difference compare with double-agent sensor is 

the number of input and output; to indicate the concentration of three different material we 

have three different Vcnp as the output of our network which to obtain better performance 

of the ANN, the number of input is increased to five conversion gain of harmonic 

frequencies, as the architecture of the used feedforward ANN is shown in Fig. 4.8(a). The 

results of testing data for three estimations Vcnp using the neural network, mean squared 

error, and error histogram is shown in Fig. 4.8 (b), (c), and (d) respectively. For this type 

of sensor, with the same number of samples and epochs, the best epoch is 399 to minimize 

the MSE. Hence the best performance with minimum error is obtained too for this triple-

agent harmonic sensor by taking advantage of the training neural network.  
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Figure 4.8.  Neural network (NN) for triple agent sensor 

(a) Inputs, hidden nodes, and outputs layers of the designed neural network (NN) for 

triple agent sensor. (b) verification of the NN-predicted values of Vcnp1, Vcnp2, and Vcnp3 with 

the exact Vcnp1, Vcnp2, and Vcnp3 values in GFETs for triple agent sensor (Fig. 4.6). (c) training, 

testing, and best achieved MSE value based on the number of epochs and (d) the error 

histogram with 20 neurons, for triple agent sensor. 
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V. SELF-POWERED GRAPHENE SENSING MODULATORS 

 

In the last chapters, we have proposed a simple but effective harmonic-sensing 

modulator using a single chemically gated graphene transistor, as shown in Fig. 5.1(a). 

When the chemical dopants (e.g., gases or molecules) bind to the graphene surface, the 

change in Dirac point (or charge neutral point Vcnp) position will shift the bias point and 

thus the nonlinear conversion gain, as illustrated in Fig. 5.1(b). This self-chemical gating 

effect, along with graphene ambipolar electrical property, can enable a dual sensing and 

frequency modulation function within a single common-source back-gate GFET:[121] the 

binding of chemical agents on the graphene surface can be known by launching an RF input 

signal and measuring the output second harmonic. The variation in the magnitude of second 

harmonic may serve as a good indicator of the concentration of chemical dopants. Figure 

5.1(c) shows the magnitudes of output second harmonic (at 11.6GHz) compared with the 

input fundamental tone (at 5.8GHz) for a GFET with different Vcnp values. The circuit 

simulation was based on the physics-based drift-diffusion model with realistic physical 

properties of graphene that are summarized in the online supplementary material. From 

Fig. 5.1(c), it is seen that the magnitude of output second harmonic is highly sensitive to 

Vcnp. Although this prototyping device can already combine sensing and frequency 

modulation functions in a compact size, it, however, requires a relatively large drain-to-

source dc bias to operate properly. For ubiquitous wireless sensor network applications, 

Parts of this chapter have been presented in [17],[97].  

Copyright © AIP 2016, IEEE 2017. 
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passive (self-powered) sensor nodes that need no battery or power-harvesting module are 

typically preferred, as they allow minimizing the cost and simplifying the maintenance. 

 

 

Figure 5.1. Graphene harmonic sensor 

Schematics of frequency modulation in pristine (Vcnp=0V) and chemically doped (|Vcnp|>0V) 

GFETs. (b) Frequency modulation by a single GFET for different Vcnp positions. (c) 

Simulated (using Agilent Advanced Design Systems (ADS)  frequencydoubling effect for a 

pristine GFET (dashed line) and a chemically doped GFET with different |Vcnp| values 

(solid lines) [17]. 

5.1. Quad-ring Mixer Topology 

Here, we propose and theoretically demonstrate the potential of a fully passive 

graphene-based harmonic sensor using an innovative graphene circuit, which combines 

functions of sensor, frequency modulator, and energy harvesters within a single module. 
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Figures 5.2(a) and 5.2(b) show the system block diagram and the circuit design for this all-

graphene harmonic sensor. We adopt a diplexing technique, which consists of a dual-

resonance graphene antenna and the chip-scale low-pass filter (LPF)/high-pass filter 

(HPF), to couple the received fundamental tone (e.g., 5.8GHz) into the graphene multiplier 

and to out-couple the modulated second harmonic (e.g., 11.6 GHz) back to free space, as 

schematically shown in Fig. 5.2(a). In the sensor-frequency modulator module, the quad-

ring mixer topology formed by four GFETs may not only serve as chemical receptors but 

also constitute a passive, nonlinear transponder with the amplitude of second-harmonic 

output being dynamically modulated by chemical gating. In this scenario, the onset voltage 

of each GFET is tuned by the chemical or biological exposures on graphene channels of 

GFETs. Such harmonic tag may not only be tractable in position [18] but also re-radiate 

frequency-modulated RF signals that carry sensed information in terms of harmonic 

amplitude. We have conducted the circuit simulation based on the physics-driven GFET 

model for the quad-ring frequency multiplier in Fig. 5.2(b). Figure 5.2(c) shows the 

simulated second harmonic waveforms under different Vcnp values; here, the impedance of 

input and output ports are assumed to be 50 Ω, which is matched to most RF electronic 

systems, and the intrinsic Vcnp of each GFET is assumed to be zero (i.e., pristine graphene). 

For simplicity, we assume that the parasitic and resistance of contacts are ignorable. Due 

to the symmetric “V-shape” drain current-gate voltage characteristics of GFETs, the 

conversion gain (the voltage ratio between second harmonic and fundamental tone) is zero 

if all four graphene receptors are matched to zero Vcnp. It is surprisingly seen that when the 

Vcnp of graphene is slightly increased due to the surface binding of chemical or biological 

agents, the output amplitude of second harmonic can be dramatically modulated even for 
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a very small change in Vcnp. This can be attributed to the symmetry breaking in the drain 

current-gate voltage relationship of GFETs, which leads to the nonlinear rectification effect 

produced by the quad-ring circuit. Figure 5.2(d) shows the simulated conversion (voltage) 

gain against Vcnp for the GFET frequency multiplier in Fig. 5.2(c), with an input voltage 

of 0.3 V. The impact of input signal amplitude on the sensor performance can be found in 

the online supplementary material. We note that this passive graphene circuit as an RF 

rectifier can operate even when the input voltage is as low as 0.3 V, which is, however, not 

possible for conventional semiconductor rectifiers (e.g., silicon-based diode has a typical 

turn-on voltage at 0.7 V (Ref. [22]). It is seen from Fig. 5.2(d) that the conversion gain may 

sensitively reflect the value of Vcnp that is determined by the existence and concentration 

of dopants [121]. Due to the ambipolar charge transports in graphene, both n-type and p-

type dopants may yield the same conversion gain, provided the resulted jVcnpj are the same, 

as shown in Fig. 5.2(c). As can be seen in Fig. 5.2(d), the peak position of conversion gain 

Vcnp,peak is around Vin/2. In the low Vcnp region (Vcnp<Vcnp,peak), the conversion gain 

experiences a dramatic increase even for a small increase in Vcnp. Such property could be 

of particular interest for highly sensitive, molecule-level sensing, as the detection of 

second-harmonic signal alarms specific chemical or biological events. On the other hand, 

in the high Vcnp region (Vcnp > Vcnp,peak) the conversion gain would slowly decrease and 

eventually saturate at certain Vcnp values, as the input RF signal experience a weaker 

nonlinearity. For very large Vcnp values, the conversion gain approaches zero. In other 

words, in high Vcnp region, it has lower sensitivity but larger dynamic range, making it 

suitable for the real-time monitoring of heavy doping process or long-term 

chemical/biological exposure events. In this sense, even if the intrinsic Vcnp is not close to 
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zero, it will still be useful as a sensor operating in high Vcnp conditions. Here, we also 

consider a realistic scenario, in which the fluctuation of Vcnp for four GFETs could possibly 

exist. For some selected Vcnp points in Fig. 5.2(d), we simulated a thousand of qual-ring 

mixers, with Vcnp values of their constituent GFETs being randomly perturbed by [100] 

10%. The symbols and error bars in Fig. 5.2(d) represent the mean values and standard 

deviations of our numerical experiments, showing that the sensitivity of this GFET-based 

transponder sensor is quite robust to Vcnp fluctuations. 

 

 

Figure 5.2. GFET-based quad-ring topology 
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(a) System and (b) circuit designs for a self-powered all-graphene harmonic sensor. (c) 

Simulated secondharmonic output waveform for the circuit in (b), with different Vcnp values 

of GFETs. (d) Simulated second-harmonic conversion (voltage) gain against the shift of 

Vcnp, under an RF input voltage as low as 0.3 V; here symbols and error bar represent mean 

values and standard deviations, which were obtained by simulating a thousand of qual-

ring mixers, with Vcnp of four GFETs being randomly perturbed by 10% [17]. 

5.2. Dual-ring Sensing Topology 

We propose here a new self-activated GFET-based harmonic sensor comprising 

reduced number of GFETs and much simplified interconnection scheme, as shown in Fig. 

5.3(b). In this single-balance RF circuit, the paired GFETs are inductively coupled to a 

hybrid-fed antenna. Compared to the circuit topology of the quad-ring mixer in [17], this 

design allows a more compact device footprint and reduced fabrication complexity, while 

improved sensing linearity and reliability. In this study, we will compare the sensing 

performance between the dual-ring (single-balanced) and quad-ring (double-balanced) 

GFET-based sensing-modulator; here, the circuit simulations were conducted based on the 

realistic physics-based device compact model that has been verified with experimental 

results. We also consider a practical scenario in which chemical agents could randomly 

bind to receptors on the graphene surface, resulting in non-consistent drifts of Vcnp in 

different GFETs and, therefore, fluctuations in the frequency conversion efficiency of the 

GFET-based sensing-modulator. To address this issue, we present a new decoding and 

error estimation process for analyzing chemical gating levels from wirelessly sensed high 

harmonics, by means of the artificial neural network (ANN), within the realm of machine 

learning. We show that with the pattern recognition of the second and third-harmonic 

output signals, the mean value of Vcnp and its variations ΔVcnp, and consequently the 

corresponding changes in chemical dopant concentrations can be robustly and accurately 



 

72 

read. This pattern-recognition-based method could potentially achieve more reliable 

harmonic sensing.  

 

Figure 5.3. GFET-based dual-ring topology 

Circuit diagram for (a) the quad-ring (double-balanced) sensing modulator and (b) the 

dual-ring (single-balanced) sensing-modulator. Both circuits are based on GFETs and 

inductively coupled to a hybrid-fed patch antenna, of which the first port receives the 

input signal at the fundamental frequency and the second port transmits the second-

harmonic output to the interrogator/reader [97] . 

 

Figures 5.3(a) and 5.3(b) respectively present the circuit design for two different 

types of fully-passive, graphene-based harmonic sensors, which are based on quad-ring 

and dual-ring self-biased GFETs. Such sensing-modulators can be coupled either to the RF 

input/output ports of a hybrid-feed antenna [233], or to two individual antennas resonating 
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at fundamental frequency and second harmonic. In this fully-passive circuit, the self-biased 

GFET plays a dual role: a receptor for chemical sensing and a nonlinear RF component for 

frequency modulation. In this scenario, Vcnp of individual GFETs would determine 

magnitudes of high harmonic outputs. In contrast to the quad-ring mixer circuit [Fig. 

5.3(a)] [17], the single-balanced design [Fig. 5.3(b)], proposed for the first time here, 

possesses several advantages, as it requires fewer graphene transistors, much simplified 

interconnection circuits, and, therefore, more compact size and lower cost. More 

interestingly, it offers improved linearity and sensitivity than the quad-ring design. We 

have conducted the circuit simulations for the sensing modulator circuits in Fig. 5.3, by 

assuming the following device parameters: channel width W = 80 μm, channel length L = 

50 μm, relative dielectric constant of gate oxide εox/ ε0 = 9 (e.g. Al2O3), thickness of gate 

oxide tox = 25 nm, carrier mobility μ = 3000 cm2/(V.s), which is close to what reported in 

literature. For simplicity, we ignore the parasitic capacitance and resistance. This is 

approximately valid at moderately low operating frequencies. Figures 5.4(a) and 5.4(b) 

respectively present the time-domain and frequency-domain simulation results for the dual-

ring sensing-modulator, with Vcnp of GFETs varying from 0 V to 0.5 V; here the input is a 

monochromatic, sinusoidal signal 432 MHz [dashed line in Fig. 5.4(a)]. Figures 5.5(a) and 

5.5(b) are similar to Figs. 5.4(a) and 5.4(b), but for the quad-ring design. It is seen that for 

both designs, the magnitude of the output signal, particularly at the second harmonic, can 

be sensitively modulated by the drift of Dirac point. In general, Vcnp can be sensitively 

determined by concentrations of reactive gases or molecules that lead to n-/p-type doping 

effects. From Fig. 5.4(a), we find that the simple dual-ring design would act like a full-

wave rectifier, of which fundamental tone and other odd harmonics are suppressed, with 
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their magnitude much lower than even harmonics. On the other hand, the quad-ring circuit 

[Fig. 5.5(a)] acts like the half-wave rectifier, of which even and odd harmonics are both 

significant. This is very counterintuitive, as in the conventional (unipolar) silicon-based 

frequency multiplier, the quad-ring circuit is comparatively better than the dual-ring 

structure in terms of generating clean odd-harmonic peaks. Figures 5.4(c) and 5.5(c) 

respectively present contours of the second-harmonic conversion gain (which is defined as 

the voltage ratio between the output second harmonic and the input fundamental tone) as a 

function of input voltage (Vin) and GFETs’ Vcnp, for the GFET-based dual-ring and quad-

ring circuits. We note that if Vcnp of all graphene receptors are matched to zero (i.e. pristine 

graphene), the conversion gain is zero for any arbitrary input voltage, due to the symmetric, 

V-shape current-voltage characteristics of GFETs. From Figs. 5.4(c) and 5.5(c), it is 

evident that Vcnp of GFETs can drastically affect the second-harmonic conversion gain, 

regardless of amplitude of the input signal. We should note that although the conversion 

gain increases with increasing the magnitude of input signal, however, even for a small 

input signal, the second-harmonic conversion gain can be modulated over a wide range by 

shifting Vcnp of GFETs. Figures 5.6(a) and 5.6(b) respectively report the contour of the 

sensitivity as functions of pH and Vin for the dual-ring and quad-ring circuits; here, the 

sensitivity is defined as the derivative of output second-harmonic amplitude with respect 

to the pH, which is related to the Vcnp by the Grahame equation. Again, it is seen that 

although the quad-ring circuit may offer a very high sensitivity in the low Vcnp regime, the 

dual-ring design, however, provides a better sensing linearity than the quad-ring one. 

Moreover, the sensitivity is rather independent of the amplitude of input signal, implying 

that robust sensing is potentially possible. We note that a large input signal is possible by 
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using passive transformers, which are commonly used in RFID tags and IoT sensors, or by 

adopting the nearfield communication (NFC) schemes. 

 

Figure 5.4. Dual-ring topology analysis  

Simulation results for the dual-ring sensing-modulator circuit in Fig. 2(b). (a) Time-

domain output signals for different Vcnp values of GFETs. (b) First five harmonics of the 

output signal (spectral analysis) with Vcnp = 0 V (blue lines) and Vcnp = 0.3 V (red lines); 

in (a) and (b), the voltage of input fundamental tone is 1 V. (c) Contours of second 

harmonic conversion gain as a function of input voltage amplitude (Vin) and GFET’s Vcnp. 

(d) Second-harmonic conversion gain against Vcnp for different RF input voltages (error 

bar shows standard deviations obtained by carrying out 104 simulations, with Vcnp of 

individual GFETs randomly perturbed by 10 %) [97]. 
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Figure 5.5.  Quad-ring topology analysis 

Simulation results for the quad-ring sensing-modulator circuit in Fig. 2(a). (a) Time-

domain output signals for different Vcnp values of GFETs. (b) First five harmonics of the 

output signal (spectral analysis) with Vcnp = 0 V (blue lines) and Vcnp = 0.3 V (red lines); 

in (a) and (b), the voltage of input fundamental tone is 1 V. (c) Contours of second 

harmonic conversion gain as a function of input voltage amplitude (Vin) and GFETs’ Vcnp. 

(d) Second-harmonic conversion gain against Vcnp for different RF input voltages (error 

bar shows standard deviations obtained by carrying out 104 simulations, with Vcnp of 

individual GFETs randomly perturbed by 10 %) [97]. 

Here, we also consider practical cases in which Vcnp of individual GFETs could 

fluctuate. To elucidate the influence of Vcnp fluctuation on robustness and reliability of the 

proposed sensing-modulators, we have randomly perturbed Vcnp of GFETs by +-10% in 
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both quad-ring and dual-ring circuits, and have conducted the simulation for 104 times for 

getting reliable statistical results. Figures 5.4(d) and 5.5(d) present the second-harmonic 

conversion gain against the average Vcnp for the dual-ring and quad-ring sensing-

modulators, under different applied input voltages (Vin = 0.5, 1, 1.5 and 2 V). The symbols 

and error bars in Figs. 5.4 (d) and 5.5(d) represent the mean values and standard deviations 

of our numerical experiments, clearly showing that the sensitivity of both types of 

transponder sensors is quite robust to Vcnp fluctuations. Comparing the conversion gain 

between the dual-ring and quad-ring GFET circuits, we find that the dual-ring design 

exhibits better performance in terms of linearity and sensitivity. When a quad-ring sensor 

is exposed to chemical agents, there are two distinct operation regions. In the low Vcnp 

region (Vcnp ≤ Vcnp,peak), a slight increment of Vcnp leads to a dramatic increase in the 

magnitude of the second harmonic output, whereas, in the high Vcnp region (Vcnp ≥ 

Vcnp,peak), the conversion gain slowly decreases with increasing the Vcnp value and 

eventually saturates. On the other hand, the dualring GFET circuit shows a linear 

dependence between the conversion gain and Vcnp, over a broad range of Vcnp, thereby 

providing a better linearity than the quad-ring design. From Figs. 5.4(d) and 5.5(d), it is 

worth mentioning that the maximum second-harmonic conversion gain of the dual-ring 

circuit could be greater than that of the quad-ring one, as a direct consequence of the major 

difference between full-wave and halfwave rectifications. 



 

78 

 

Figure 5.6. Two topology sensitivity analysis 

Contours of sensitivity as a function of Vin and Vcnp for (a) the dual-ring sensing modulator 

and (b) the quad-ring sensing-modulator [97]. 
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VI. HARMONIC SENSING SYSTEMS 

 

The possibility to Integration of harmonic sensing systems is investigated in this 

chapter considering two major characteristics of the earlier proposed topologies. First, all-

graphene system is introduced based on the integration of proposed GFET-based sensors 

by dual-band graphene antenna which potentially enables a compact, light-weight, and 

flexible sensing system beneficial for enormous applications such as wearable and portable 

wireless sensors for healthcare monitoring. In the other part, a dual-band antenna design is 

experimentally investigated to merge both Rx an Tx antennas, those work in two separate 

frequency, to a single compact antenna viable to realize integrated harmonic sensing 

systems. 

6.1. Integrated Graphene Antennas and Circuits 

In this section, we propose the concept and design of all-graphene harmonic sensor 

that monolithically integrates graphene-based circuits and antenna to support all the 

necessary functions, including sensing, signal modulation, and wireless data transmission 

and power harvesting, as shown in Fig. 6.1 Graphene may offer higher electrochemical 

reaction sensitivity, better specificity (with suitable surface functional treatment) 

[99],[107]-[108], and physical properties that are particularly desirable for eye-wearable 

devices and transparent electronics, such as optical transparency and flexibility. Figure 6.1 

shows a graphene-based harmonic sensor on a soft contact lens [235]-[236] that could 

Parts of this chapter have been presented in [17],[122]. 

Copyright © AIP 2016, IEEE 2016. 
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continuously detect, for instance, the pathogen and infectious keratitis of interest without 

intervening the users’ quotidian life. A multilayered graphene antenna can be used here to 

ensure the optical transparency of device and the fabrication compatibility with the 

graphene circuitry, which will be studied in the following.  

 

 

Figure 6.1. All-graphene harmonic sensor 

Schematics of a compact harmonic transponder sensor (or harmonic sensor) based on the 

microfluidic-integrated, dual-resonance elliptical patch antenna connected to the diplexer 

and frequency doubler. The sensor can receive and retransmit RF signals with orthogonal 

frequencies and polarizations for avoiding clutter and cross talk [17]. 

 

The harmonic sensor system typically uses multiple antennas operating at 

fundamental and sub-harmonic/harmonic frequencies, which, although being convenient 

in design, will sacrifice the compactness of the sensing system. With the aim of making 

the whole sensor system compact and light-weight, we designed a dual-resonance graphene 
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monopole antenna, connected to a lumped-element-based diplexer that eliminates possible 

RF interference and intermodulation [227]. Figure 6.2(a) shows our designed graphene 

antenna, which is fed by a 50 Ω coplanar ground-signal-ground (GSG) transmission line 

on a flexible, transparent, and biocompatible polyethylene terephthalate (PET) substrate. 

The PET substrate has a thickness of 10 mil, permittivity of 3.5, and loss tangent of 0.0027. 

Although a monolayered graphene antenna offers advantages of transparency (i.e., 97.7% 

transparency in the visible spectrum), its radiation efficiency is lower than conventional 

printed metallic antennas, primarily due to the relatively low RF conductivity of graphene. 

To mitigate this problem, we study antennas made of multilayered graphene, which is 

expected to have higher RF conductivity. The graphene’s dynamic conductivity in the RF 

regime can be modeled by the Kubo’s formula as [111],[228],[229]-[230], 
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where N, FE and  are the number of layer, Fermi energy, and phenomenological relaxation 

time of graphene,   is the angular frequency, q is the electron charge, and is the reduced 

Planck constant.  
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Figure 6.2. Graphene antenna 

(a) Far-field radiation pattern of a graphene planar monopole antenna, and its return loss 

(S11) for different number of graphene layers: N = 1, 2, 5, 10, 15, 25 (top to down). (b) 

Transparency and simulated radiation efficiency for the antenna in (a), made of different 

number of graphene layers [17].  

 

Figure 6.2(a) shows the design and the full-wave simulation results for radiation pattern 

(top) and return loss (bottom) of this graphene antenna, designed to operate at 5.8 GHz 

(fundamental tone) and 11.6 GHz (second harmonic). The RF carrier frequency of 5.8 ± 

0.75 GHz and 10.7-12.2 GHz should be compatible with the FCC protocol [231]. The 

multilayered graphene sheet has a diameter of 6 mm, a Fermi energy of 0.26 eV, and a 
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phenomenological relaxation time of 20 fs, which were extracted from experimental results 

[232]. It is evidently seen from Fig. 6.2(a) that the return loss can be lower than -10 dB for 

a multilayered graphene patch and that the impedance matching can be improved by 

increasing the number of graphene layer. The optical transmittance of a multilayered 

graphene is given by:  
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where 0 is the free space impedance and 
optical is the optical conductivity of graphene.  In 

the visible spectrum ( 0 ,  F BE k T ),
optical is almost constant and can be expressed as 

[99]: 
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, which 0 is the angular frequency of visible light, BK is the Boltzmann constant, and T is 

the temperature.  

Figure 6.2(b) shows simulated dependencies of optical transparency and RF 

radiation efficiency on the number of graphene layers for the graphene antenna in Fig. 

6.2(a). It is seen that the radiation efficiency increases significantly with increasing the 

number of graphene layers. The radiation efficiency may approach 90% (comparable to 

printed metallic antenna) when the number of graphene layer N > 25 (which has a relatively 

low opacity of 60%). Although the opacity is sacrificed when multilayered graphene is 

used, a satisfactory transparency can still be obtained (e.g. for N = 15, the optical 

transmittance is greater than 70 %, while the radiation efficiency is greater than 55 %). For 
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a moderately thick graphene, i.e., 10 < N < 20, there exists a good compromise between 

the device opacity and radiation efficiency. A transparent graphene antenna may be 

particularly suitable for the integration with the GFET circuitry, which makes the whole 

system transparent and flexible, of interest for various wearable and implantable sensing 

and communication applications.   

From the system level point of view, with the aim of making the whole sensor 

system compact and light-weight, we have designed and fabricated a broadband graphene 

monopole antenna, which is connected to a lumped element-based diplexer [Fig. 6.3(a)]. 

We have designed a coplanar waveguide (CPW)-fed graphene monopole antenna on a 

flexible, transparent and biocompatible polyethylene terephthalate (PET) substrate. Here 

the graphene monolayer was prepared by the chemical vapor deposition (CVD). The CVD 

grown graphene was then transferred to the PET substrate, followed by the 

photolithographic patterning and the (Oxygen plasma) dry etching. The transfer process 

was repeated several times to make the multi-layered graphene. Finally, copper was 

deposited by E-beam evaporation and lithographically patterned as the CPW feed. In the 

RF regime, although a graphene antenna offers advantages of lightweight and optical 

transparency, it may be less efficient compared with the printed metallic antennas, due to 

its relatively high electrical resistance. In order to mitigate the low radiation efficiency and 

the difficulty in impedance matching, we investigate here the RF antenna made of multi-

layered graphene, whose conductivity would increase with increasing the number of 

graphene layers. Figure 6.3(b) shows the fabricated transparent graphene antenna with 

different number of stacked monolayers. As expected, when a multilayered graphene is 

used, the opacity is somewhat sacrificed. Still, a high transparency can be obtained, even 
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with 8 graphene monolayers. In our numerical modeling, the full-wave electromagnetic 

simulation [237] was conducted, with the dynamic conductivity of graphene being modeled 

by the semiclassical Kubo formula [111],[228]. Here an elliptical graphene sheet has a 

long-axis diameter of 7 mm, short-axis diameter 5.9 mm, a Fermi energy of 0.25 eV, and 

a phenomenological scattering rate of 41.3 meV. It is evident from Fig. 6.2(a) that the 

return loss can be improved by increasing the number of graphene layer, which is verified 

both experimentally and theoretically. The measured return loss shows a moderately 

broadband bandwidth of operation, which may find potential applications in UWB 

communication systems that require a high transparency. For an 8-layergraphene antenna, 

the calculated radiation efficiency is 40 % ~ 55 % in the frequency range 3 GHz to 15 GHz. 

For a 3-layer graphene antenna, although being almost invisible in the visible light 

spectrum, shows a high reflection (S11) and a low radiation efficiency of 10% ~ 20% in the 

same frequency range. We expect that the radiation efficiency and return loss of the 

graphene antenna can be further improved by increasing the number of graphene 

monolayers, which is experimentally feasible. This transparent, broadband monopole 

antenna, when used in the harmonic sensor system, allows for receiving the RF carrier 

frequency of 5.8 ± 0.75 GHz (C band) and retransmitting the modulated signal at 10.7-12.2 

GHz (X band), which are compatible with the FCC protocol. The simulated radiation 

pattern for this graphene antenna, showing a satisfactory radiation directivity comparable 

to a linear monopole antenna. 
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Figure 6.3. Graphene antenna 

(a) Far-field radiation pattern of a graphene planar monopole antenna, and its return loss 

(S11) for different number of graphene layers: N = 1, 2, 5, 10, 15, 25 (top to down). (b) 

Transparency and simulated radiation efficiency for the antenna in (a), made of different 

number of graphene layers [122].  

 

Graphene Antenna Fabrication 

The fabrication process is shown in Fig. 6.4 PET sheet was first cleaned with IPA 

and mounted on a Si wafer.  Single-layer graphene was grown by chemical vapor 

deposition (CVD) using Cu foil (Basic copper, 75 μm thick) as a substrate. Briefly, the 

clean Cu foil was first loaded in the chamber and heated up to 1000 ⁰C while H2 was 

flowing into the chamber with 3 sccm. Then CH4 gas was added to the chamber as a source 

for Carbon with 30 sccm for 30 min and decomposed to form graphene sheets on the copper 
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surface. A thin poly-methyl methacrylate (Microchem PMMA 495) layer was spin-coated 

on top of graphene/Cu to protect graphene during the transfer process. Copper was etched 

using ammonium persulfate (Transene APS-100) diluted in DI water with a ratio of (1:10) 

overnight. The graphene/PMMA sheets were then transferred to the PET using a clean 

glass slide. In order to improve the adhesion between graphene and PET, 30 sec O2 plasma 

was performed on the PET surface with 100 W right before the transfer. The sample was 

dried in the room temperature for 30 min and then washed using Acetone/IPA to remove 

the PMMA from the top. The same transfer process was performed to generate multi-layer 

graphene. Graphene was patterned in the cleanroom by photolithography and dry etching 

using O2 plasma for 30 sec at 100 W. For the contact pads, a thin (150 nm) Cu was 

deposited by electron beam evaporation and patterned by photolithography and wet etching 

using APS. Finally, the device was released from Si wafer and attached to the SMA 

connector using a silver conductive epoxy kit (MG Chemicals). The whole process was 

performed at room temperature without the hot plate or oven drying to prevent the 

expansion of the PET sheet which can cause misalignment during photolithography.  
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Figure 6.4. Graphene antenna fabrication process 

 

6.2. Dual-Band Patch Antenna 

Figure 6.5 presents the compact hybrid-fed patch antenna, which may remove at least one 

antenna, or diplexer and matching network in conventional harmonic sensor tags. Figure 

6.5(a) compares measurement and full-wave simulation results for the reflection 

coefficients S11 and S22 of this hybrid-fed antenna, designed to operate at 2.9 GHz (received 

fundamental tone in port 1) and 5.8 GHz (re-transmitted second harmonic in port 2); S21 is 

less than -30 dB over the frequency band of interest (not shown here), ensuring very low 

crosstalk and good isolation between two ports. It is seen from Fig. 6.5(a) that experimental 

results show excellent agreement with the simulation results. Figure 6.5(b) presents full-
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wave simulation results for radiation patterns of this antenna on the E and H planes at the 

fundamental and second-harmonic frequencies. Here, we obtain satisfactory antenna gain 

and sidelobe levels.   

 

Figure 6.5. Dual-band patch antenna 

(a) Measurement (dashed line) and simulation results (solid line) for the reflection 

coefficients at two ports of the hybrid-fed patch antenna. (b) Full-wave simulation results 

for radiation patterns on the E and H planes at the fundamental and second-harmonic 

frequencies, (c) the geometry of patch antenna [215]. 

 

Figure 6.5(c) shows the geometry of the proposed dual-band patch antenna consisting of 

an elliptical patch and a concentric split-ring patch. The transcendental equation for the 

split-ring resonant cavity can be derived as [238]: 
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where )(nJ   and )(nY   are the Bessel functions of the first and the second kinds, 
0 0 ,rk    =

ε0 and μ0 are the free-space permittivity and permeability. Based on Eq. (11), we have 

designed the split-ring patch antenna with m = 3 (TM310 mode), R2 = 38.2 mm, R3 = 22 mm, 

and θ0 = 30°, which provides a narrow-band resonance at the fundamental frequency (1.31 

GHz here). 
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VII. CONCLUSIONS AND FUTURE WORKS 

Toward commercializing harmonic-based sensors, we have planned to prove this 

concept by a system-level demonstration analysis. For this purpose, first, we need 

experimentally demonstrate a harmonic transponder using commercial components such 

as frequency multiplexer and resistive or capacitive sensor. Making a compact module 

connected to a dual-band antenna or near-field coil antenna is the design challenges that 

should be investigated in the future works. On the other hand, considering the trad-off 

between the working frequency and the proper module size is the first part of the study 

which may lead to a commercial compact harmonic sensor. This work can be developed to 

a multifunctional system that benefits the smart city approach as schematically shown in 

Fig. 7.1 [83]. 
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Figure 7.1.  IoT infrastructure from three different domains for smart city approach [83]. 

 

Furthermore, commercial GFETs are easily accessible today which shed a light to 

the future progress of GFET based multifunctional sensing systems. One of the commercial 

products consisting of more than 30 GFETs with different characteristics in which easily 

can be used to develop more complicated topologies for harmonic sensing. On the other 

hand, with having several GFETs on a single substrate as a chip, it will be more feasible to 

demonstrate a multi-functional sensing system by functionalizing each GFET to detect the 

desired agent. 

 

 

In summary, we propose a passive, compact and ultrasensitive wireless harmonic 

sensor based on the graphene transistors. We first theoretically show that such a circuit can 

act as a chemically-modulated frequency doubler with its second-harmonic conversion 

gain sensitively responsible for the chemical gating effect, which is not possible with 

conventional solid-state circuits. We experimentally demonstrate the possibility to achieve 

sensing and frequency modulation using a properly biased single-state GFET. Then, we 

develop a physics-based compact model to describe characteristics of GFETs and exploit 

it to simulating new types of self-powered sensing-modulators constituted by back-gate 

GFETs. Furthermore, we propose a fully passive harmonic sensor that monolithically 

integrates a dual-band multilayered graphene antenna and a passive graphene 

sensor/frequency modulator. We also demonstrate both near-field and far-field wireless 

sensing schemes with suitably designed GFET circuits and antennas. Next, we study a 
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multi-agent wireless RFID sensor consisting of a GFET-based frequency multiplier. We 

show that combining the (bio-)chemical sensing and frequency multiplication functions of 

GFETs, a compact and monolithically-integrated harmonic-based sensor can be realized. 

On the other hand, we propose a new wireless readout scheme based on the artificial neural 

network for accurately determining the drift of Dirac point (resulting from binding of gas, 

molecular or chemical agents onto GFETs) and the range of Dirac-point fluctuation in 

GFETs. We show that the machine learning approach can be useful in analyzing the 

measurement results of this harmonics-based nonlinear sensor with high data dimensions 

(i.e., multiple output harmonics).  The proposed graphene-based harmonic sensors, 

receiving the fundamental tone and retransmitting the high harmonics, show great potential 

to realize the low-noise, low-interference chemical sensing in scattering-rich and noisy 

measurement environments. In the other hand, the proposed all-graphene wireless sensor 

has several unique advantages, including high sensitivity, lightweight, conformality, 

transparency, and low background and clutter noise, which are expected to benefit a variety 

of wireless health and wearable technologies on transparent platforms for sensing PH/gas/ 

molecular/chemical agents as well as IoTs sensor for smart city approach. 
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APPENDICES 

Typical CVD graphene 

Even without intentional doping, CVD graphene is p-doped due to adsorption of adsorbed 

gas molecules and residual ammonium persulfate from the transfer process. Typical values 

for 𝐸F and ℏ𝛾 we measure from ellipsometry is ~ 260 meV and ~33 meV, respectively.  It 

corresponds to a mobility of ~ 2410 cm2V−1s−1, using the relationship 𝜇 = 𝑒𝜋ℏ𝑉F
2/(ℏ𝛾 𝐸F). 

This mobility is consistent with the specification provided by our CVD graphene vendor. 

The scattering time 𝜏 = 𝛾−1~ 20 fs.  

We can chemically dope CVD graphene with magic blue. Using our doping recipe, 

we typically get 𝐸F ~ 450 meV and ℏ𝛾 ~ 22 meV. A mobility 𝜇 of ~2100 cm2V−1s−1 and a 

𝜏 of ~ 30 fs can be calculated from these numbers.  

The increase of scattering time 𝜏 after chemical doping can be attributed to the 

screening of charged impurities. This trend is consistent with the previous work done by 

IBM [Yan et al., Nature Nanotechnology 7, 330-334 (2012).] However, the mobility in 

their paper is higher than ours, which means they have used graphene with better qualities. 
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APPENDICES (continued) 

GFET model in simulators 

Here I present the method which has been used for simulating GFET-based circuits 

in this dissertation. The analytical drift-diffusing model which is presented in chapter 3, 

has been verified by our experimental results and then for more complicated circuit design 

is defined in ADS software. The figures A1 and A2 show the GFET module definition and 

parameters, and the analytical equations for this model in simulator software. Further, 

another more accurate model also is used as illustrated in Fig. A3 comprising circuit 

elements inside the software.  

 

 

 

Figure A1: GFET topology circuit simulator Agilent Advanced Design Systems (ADS) 
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APPENDICES (continued) 

 

Figure A2: Analytical model defined in simulation environment 
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APPENDICES (continued) 

 

Figure A3: More accurate analytical model defined in simulation environment 
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APPENDICES (continued) 

The symbol of GFET is designed as shown in Fig. A4, here three-port transistor is 

derived by the circuit design that is shown as well. Moreover, the topology of circuit 

design in ADS simulator is illustrated in Fig. A5 and A6, for quad-ring and multi-

functional topologies respectively. 

 

Figure A4: GFET symbol and driving circuit in simulation software 
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APPENDICES (continued) 

 

 

Figure A5: Circuit diagram of quad-ring topology in simulation software 
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APPENDICES (continued) 

 

 

Figure A6: Circuit diagram of multi-agent topology in simulation software 
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APPENDICES (continued) 

 

Finally, the analytical model also defined in Matlab Simulink as illustrated in Fig. 

A7 and the analytical code below, to verify the simulator results and compare different 

circuit topologies. 

 

Figure A7: Block diagram of quad-ring topology in Matlab Simulink 

 

 

function Ids= IDSV(VFB,Vds,Vgs) 

%VFB=0.5; 

%Vds=0.01; 

%Vgs=-minVgs:0.01:MaxVgs; 

          

 



 

104 

APPENDICES (continued) 

%f=10; 

%define constant 

e=1.6021e-19; 

kB=1.3806503e-23; 

hb=(6.626068e-34)/(2*pi); 

%muc=Ef.*1.6e-19; 

%w=2.*pi.*f; 

vF=1e6; 

Bg=(2e-12*(1.6e-19)^2)/(pi*(hb*vF)); 

epsox=9; 

eps0=8.85e-12; 

k=(2*e^3)/(pi*(hb*vF)^2); 

tox=25e-9; 

Cox=(eps0*epsox)/tox; 

L=0.5e-4; 

mu=1000; 

W=25e-4; 

%define Vc 

%Vcn=(-1*Cox+(Cox^2-(2.*k.*Cox.*(VFB-Vgs+Vds))).^0.5)./k; 

%Vcp=(Cox-(Cox^2+(2.*k.*Cox.*(VFB-Vgs+Vds))).^0.5)./k; 

 %change IDS vs. Vgs 
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APPENDICES (continued) 

  

Vc=Vgs; 

Vc2=Vgs; 

gVc=Vgs; 

gVc2=Vgs; 

IIDS=Vgs; 

IDS=Vgs; 

gDiff=Vgs; 

gDiff2=Vgs; 

gm=Vgs; 

  

for i = 1:1:length(Vgs); 

if (VFB-Vgs(i)+Vds(i))<0 

    Vc(i)=(-1*Cox+(Cox^2-(2*k*Cox*(VFB-Vgs(i)+Vds(i))))^0.5)/k; 

else  

    Vc(i)=(Cox-(Cox^2+(2*k*Cox*(VFB-Vgs(i)+Vds(i))))^0.5)./k; 

end 

if (VFB-Vgs(i))<0 

    Vc2(i)=(-1*Cox+(Cox^2-(2*k*Cox*(VFB-Vgs(i))))^0.5)/k; 

else  

    Vc2(i)=(Cox-(Cox^2+(2*k*Cox*(VFB-Vgs(i))))^0.5)/k; 

end 
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APPENDICES (continued) 

 

%define g(Vc) 

gVc(i)=(-(Vc(i)^3)/3)-(sign(Vc(i))*((k*(Vc(i)^4))/(4*Cox))); 

gVc2(i)=(-(Vc2(i)^3)/3)-(sign(Vc2(i))*((k*(Vc2(i)^4))/(4*Cox))); 

Leff0=L+((mu*abs(Vds))/vF); 

IIDS(i)=((1e-4*mu*k*W)/(2*L))*(gVc(i)-gVc2(i)); 

IDS(i)=(IIDS(i)); 

gDiff(i)=-Vc(i)^2-((k*Vc(i)^3*sign(Vc(i)))/Cox); 

gDiff2(i)=-Vc2(i)^2-((k*Vc2(i)^3*sign(Vc2(i)))/Cox); 

gm(i)=((1e-4*mu*k*W)/(2*L))*(gDiff(i)-gDiff2(i)); 

end 

%figure (2); 

%hold on 

%plot(Vgs,1e6.*IDS) 

  

  

Ids = IDS; 
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APPENDICES (continued) 

 

Copyrights 

In this appendix, I present the copyright permissions for the articles, whose contents were 

used in this thesis. The list of the articles includes an article in Applied Physic Letters 

(Huang et al., 2016), an article in IEEE sensor Journals (Hajizadegan et al., 2017), an article 

in Microsystems and Nanoengineering (Huang et al., 2016), and an article in Proceed IEEE 

Sensors (Shahini et al., 2016).  
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APPENDICES (continued) 
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APPENDICES (continued) 
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APPENDICES (continued) 
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APPENDICES (continued) 
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APPENDICES (continued) 
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