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Abstract 
 

For keeping abreast with the steps of wireless communication system 

development, especially for 5G, antennas that can transmit signals at higher rate 

and are compatible for different frequency ranges, especially MIMO (multiple-

input multiple-output), array and multi-band antennas, have been continuously 

researched with high expectations. These new generation antennas should be able 

to efficiently improve data rate, transmission speed and channel capacity, as well 

as fit in the IoE mass applications. To maximize the integration viability of 5G 

wireless architectures, the flexibility and conformity of next-generation electronics 

as well as the environmental amity of their materials and related fabrications are 

the essential features to achieve a more robust and reliable revolutionized end-user 

experience. 

Among all the flexible conductive materials, graphene has surpassed others for 

its excellent flexibility, conductivity, low cost and strength, been proved a strong 

candidate for next generation indispensable soft electronics in wireless 

communication and sensing applications. However, the research of graphene is 

still at the beginning state. A number of issues still need to be addressed, such as: 

complicated structures of different kinds of antennas need to be specially designed 

to enhance the gain and cope with the loss introduced by graphene material 

comparing to normal metal; a more sustainable method should be investigated 

bypassing toxic solvents, complex fabrication, expensive materials, and high 

temperature annealing; the conductivity and stability of the ink should be improved; 

large-scale and affordable fabrication process is also in urgent need, where lies the 
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novelty of the work: an aggregation of different antenna technologies and graphene 

printing electronics, enabling cheap accessible and green antennas with high 

performance to be massively integrated in IoT applications.  

In this thesis, different designs of antennas, i.e., MIMO, array, dual- and tri- 

bands, RFID tag antennas, with excellent radiation performance and flexibility 

have been integrated with low-cost, biodegradable printed graphene technique to 

conquer the most concerned surge in electronic waste caused by the mass 

production of antennas spurred by the significant deployment of IoE applications. 

These specially designed sustainable antennas provide strong support of 5G 

wireless communication mass data throughput and high performance IoT 

applications, guaranteeing high-speed data transmission and system reliability, and 

can be easily applied in flexible 5G front ends, various IoT systems, as well as in 

next-generation wearable electronic devices. 

In addition, this dissertation has successfully investigated and explored a low-

cost sustainable way for fabricating screen-printing graphene inks with high 

conductivity, presenting the novel aggregation of high-quality graphene printing 

technology and large-scale industrial production of flexible electronic devices in 

microwave region. 
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Chapter 1   Introduction 

 

1.1    Motivation 

Higher data rate signal communication has always been pursued in the recent 

decades. With the formidable development rate of mobile networks, 5G has arrived 

with users’ enormous demand of high-quality data exchange as well as 

communication processing, enabling the rapid development of IoT applications in 

various fields such as flexible screens, medical monitoring sensors and antennas, 

optical detectors, electronic paper, radio frequency identification (RFID) tags, and 

wearable electronics, etc. 

.  Many emerging multifunctional electronic platforms have been activated by 

F Fig. 1-1.  Wearable electronics application in IoT networks [1]. 
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recent interdisciplinary implements in flexible electronics, including materials, 

devices and related system designs [1-3]. These electronic platforms exhibit 

tremendous potential in wearable electronics and human to machine/machine to 

machine interface fields of application, as shown in Fig. 1-1, by applying excellent 

soft mechanical properties and thin, compact and conformal integrated sensing 

functionalities for devices. Hence, wearables are at the forefront of consumer 

electronics as conventional antennas made of solid metal and rigid substrate are 

incapable of bending or deformation with very low space utilization and high cost, 

which are severely limiting the huge demand brought by the blooming market of 

IoT applications. The flexible electronics have thus brought a revolution to 

electronics field, and evolved tremendously to meet the growing volume of data 

usage, eventually facilitating swift and secure personal, laboratorial, and 

commercial use of services, especially for the devices applied to implantable 

sensors, health monitoring system, body centric networks, etc. These intelligent 

products have achieved many highly effective practical implementations in various 

monitoring systems by generating tactile sensing and signal transmitting. By 

combining technologies such as wireless data transmission, self-supplied modules 

and signal processing circuits, flexible electronic devices applied to IoT can achieve 

better portability, versatile integration, on-site analysis and real-time feedback, as 

presented in Fig. 1-2 (a) and (b).  

With the enormous demand for flexible devices, in a situation where the e-waste 

problem remains unresolved, there is a clear need for cheaper, greener and 
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lightweight portable antennas that can be twisted and bent to reinforce the 

integration with the systems. Graphene, a planar honeycomb atomic layer of sp2 

hybridized carbon atoms, is a promising substitution of metallic materials, which 

can achieve excellent performance when dispersed in suitable solvents [6]. 

Graphene conductive inks can achieve high conductivity and sustainability, high 

flexibility, oxidation free, good stability and low cost. 

 It has been proved by previous studies that graphene conductive inks may be 

printed by a number of different printing techniques, such as ink-jet printing, screen 

printing, gravure printing, and sputtering [7-9]. For the preparation of graphene inks, 

Fig. 1-2. (a) A fabricated flexible printed circuit on thin polymer substrate [4]. (b) 

Advantages of flexible electronics when applied in various fields [5]. 
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graphene flakes have to be stripped from large graphite particles using either 

mechanical methods such as liquid-phase bath ultrasonication exfoliation and shear 

mixing, or chemical approaches. In the case of the mechanical methods, the 

concentration of graphene ink is a concerning issue and most studies use toxic 

solvents in order to improve electrical conductivity.  Regarding the chemical 

approach, the presence of defects in the structure is likely to degrade its electrical 

conductivity [10-13]. As a result, the greatest challenge is to develop an efficient 

ink with environmental protection features, which is of high conductivity and 

stability, also can be manufactured in large-scale industrial production and applied 

in flexible electronics. Consequently, printing graphene on sustainable substrates, 

such as paper, for radiating and receiving RF signals wirelessly could be an ideal 

way for low cost disposal and consumable wearable electronics. 

In this paper, the state-of-the-art of flexible electronics and their materials, 

especially graphene, are discussed and investigated, along with the resolutions to 

the challenges of high-speed transmission, large-scale production and world-

concerning electronic waste issue. Observations on possible future research 

directions are also included.  

Fig. 1-3. Graphene screen printing technology [7]. 
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1.2   Aims and Objectives 

 

 The aim of the project is to first estimate and investigate basic theories and the 

most recent development on flexible low-cost antennas, graphene ink production 

and related printing technology, array antennas, dual-band antennas and MIMO 

antennas suitable for massive industrial fabrications as well as their RF applications 

in IoE market.  

The objectives of this project are: 

• To gain familiarization of the graphene-printed antenna fabrication, 

including ink fabrication, printing process and four-needle method for 

measuring the sheet resistance of electroconductive films 

• To develop a sustainable method of graphene ink production suitable for 

mass production  

• To investigate the design methods of various antennas 

• To integrate conventional rigid designs into flexible materials and achieve 

good performance 

• To achieve wide operating bandwidth/dual band/tri-band, make sure it 

covers 2.4 GHz, 3.5 GHz, and 5 GHz commercial communication bands at 

the same time to fit in the complex frequency bands generated by 5G 

• To balance the considerations of structure, space utilization, material 

properties, manufacturing process, sustainability and antenna performance 

• To perform accurate measurements on the antenna performance 

• To implement a flexible graphene-printed array antenna with high gain, a 
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MIMO antenna with excellent isolation, a tri-band and a dual-band array 

antenna 

• To collect, collate and discuss the data obtained from experiments then 

analyze the performance of various antennas, such as return loss, efficiency, 

surface current, gain, radiation patterns, envelope correlation coefficients, 

channel capacity loss, etc. 

• To determine the bending and pressure that flexible antenna can stand, 

finding the bending fatigue limit 

• To minimize the mutual coupling of the planar screen printed MIMO antenna 

• To research about recently developed metasurface antennas, RF 

reconfigurable antennas, MIMO antennas and multiple bandwidth antennas 

• To estimate the performance of a non-volatile RF reconfigurable antenna on 

flexible substrate for wireless IoT applications 

• To achieve highly conductive graphene inks and to evaluate the effect of 

changing the factors of different experimental parameters on the change of 

ink performance, to carry out measurements of an UHF RFID temperature 

sensor tag antenna 
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1.3   Thesis Outline 

 

This dissertation contains 8 chapters. Chapter 1 introduces the aims and 

motivations of the work, describing the circumstances that provided the inspiration 

for conducting this study.  Chapter 2 first elaborates the recent achievements of 

flexible and conformable antennas, after that, narrows down to graphene printed 

antennas, involving printed graphene fabrication development. Then, it moves on 

to some background theories of graphene properties and its modeling method. The 

basic knowledge of multi-band antennas, arrays, and MIMO antennas in wireless 

communication is also demonstrated in detail with some new designs and their 

applications, along with some antenna performance evaluation methods. 

From Chapter 3 to Chapter 7, results of the study are presented in detail in the 

format of scientific journal publications.  

Chapter 3 integrates MIMO technology with low-cost, biodegradable printed 

graphene technique to conquer the most concerned surge in electronic waste caused 

by the mass production of antennas spurred by the significant deployment of IoT 

applications, while at the same time fully supporting 5G wireless communication 

mass data throughput and high performance IoT applications, guaranteeing high-

speed data transmission and system reliability. The major novelties in this work are: 

1) flexibility brought by printing graphene technology, 2) low-cost and easily 

accessible fabrication process suitable for large scale sustainable manufacturing, 

and 3) the design of wideband flexible MIMO antenna with very low mutual 

coupling. The work is a novel aggregation of screen-printed graphene and MIMO 

technology, enabling easy integration of low-cost, flexible and green MIMO 
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antennas for massive IoT applications.  

Chapter 4 illustrates the design, simulation, and fabrication of a high gain printed 

graphene compact conformal linear array antenna, which was designed for 5.8 GHz 

radars, portable electronic devices, and commercial wireless LAN applications. 

This is manufactured by screen printing specially formulated highly conductive 

graphene nanoflakes ink (with the use of NMP and EG solvent) on paper substrate. 

The bandwidth of the flexible antenna array ranges from 4.6 GHz to 7.9 GHz 

(52.8%) with its peak gain value 4.5 dBi at 5.8 GHz and a total radiation efficiency 

of 73%. The remarkable performance outcomes in the simulation and its extremely 

low cost imply promising potential of graphene printed electronics, notably for 

applications where flexibility and high-quality signal transmission are required.  

Chapter 5 exhibits a novel tri-band graphene printed 1 × 2 planar array antenna 

for wireless communication use, with three clear resonances at 1.35 GHz, 3.5 GHz 

and 5.25 GHz, designed with meandered line and ground extensions for generating 

resonation at different bands. The antenna used previously mentioned graphene 

nanoflakes ink fabricated with NMP and EG solvent on paper substrate with a 

conductivity of 3.5 × 104 S/m. Whilst the peak gain of this antenna can achieve 2.14 

dBi at 3.8 GHz, the gain is not guaranteed to stay above 0 dBi within all three bands 

it is designed for.  

To maintain both high gain and multiple frequency bands features so as to realize 

high-quality simultaneous transmission of signals in different bands, Chapter 6 

presents a dual-band flexible antenna array designed for 2.4 GHz and 5 GHz 

Internet of Everything (IoE) wireless local area network (WLAN) communication 

use, successfully achieving a gain above 2 dBi for both frequency bands. The 
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measured results revealed it as a good candidate for high data rate IoE system use, 

especially for systems require high signal transmission reliability such as health and 

military monitoring. 

In Chapter 7, to enhance the simplicity and sustainability of graphene ink 

fabrication, a novel, environmental friendly and cost-effective strategy of ink 

production is proposed, which uses recycled Cyrene in circulations, followed only 

by shear mixing exfoliation, investigating the effect of recycled Cyrene on the 

properties of shear mixed graphene nanoflakes ink. By adopting this concept, one 

is finally able to avoid the necessity of extensive consumption of toxic solvents, to 

bypass the chemical process of graphene conductive ink production, and to tackle 

the critical issues associated with sustainable industrial use [7]. More importantly, 

the high price of Cyrene graphene inks can be dramatically reduced by at least one-

tenth, the fabrication is extremely simplified, while maintaining the outstanding 

conductivity, defect-free, high concentration and stability of the resulting graphene 

inks, justifying the feasibility of recycling Cyrene for large-scale industrial 

production. A far-field graphene ink (made of recycled Cyrene) printed UHF RFID 

tag is presented and tested to prove the ink quality. 

Finally, in Chapter 8, the main contributions of this dissertation are reviewed 

and summarized. The limitations of this study and possible future work are 

commented on. At the end, an objective evaluation is made, listing the merits and 

deficiencies of the work. 
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Chapter 2 Background Theory and 

Literature Review 
 

This chapter is dedicated to presenting the background knowledge acquired 

during the research, including review of recently proposed flexible and conformal 

antennas and more specifically graphene-printed soft electronics along with their 

fabrication methodology, graphene modeling method, also includes the design and 

measurement of multiple types of planar antennas, and how they relate to the 

broader fields of study. Thereby demonstrating a clear observation of further 

research interests based on market needs. 

 

2.1 Flexible Antennas 
 

 

 

 

2.1.1 Review of recent flexible antenna designs and related 

applications 
 

 

The field of flexible electronics has bloomed and brought a new era to wireless 

communications. Huge application fields have been generated by the vast 

development of flexible printed electronics, for instance, bendable displays, thin 

film transistors, portable energy-harvesting devices, sensors, electronic skin, and 

transparent electrode [1-4, 70]. These inventions could significantly benefit body 

centric network, military and police security system, health monitoring systems, 

and modern mobile networks, to most people’s top concern at the moment. 

As conventional antennas which consist of solid metal and rigid substrate are 

incapable of bending and deforming, wearable soft sensors are clearly needed to 
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provide the required flexibility for a large range of applications. Hence, to 

enhance the integration and incorporation with the systems and to meet future 

requirements, developing lightweight, environmentally friendly and low-cost 

antennas (which can be twisted, bended, deformed and easily reshaped) will be 

the primary goal for researchers to address.  

In pursuit of developing flexible and bendable antennas, different 

approaches have been proposed in recent years, such as electroplating thin metal 

foils on dielectric elastomer[5], inkjet-printing on a flexible polyethylene 

terephthalate substrate [6], printing metallic nanoparticles on various 

substrates[7], embedding silver nanowires(AgNWs) on elastomers[8], using 

conductive acrylonitrile butadiene styrene (ABS) materials in the fabrication of 

flexible three-dimensional (3D) antennas [9], etc.  

Ingrid et al. from the University of Cambridge has proposed some reversibly 

stretchable electronics in [10], 50 nm thick gold was thermally evaporated on 

microstructured PDMS substrate as the radiating conductor. A shadow mask was 

used for defining the shape of the conductor. Acceptable stability and electrical 

continuity were proved, however when further stretched, both lateral and 

transversal cracks have been observed which severely increased the resistance. 

The fabrication procedure of this approach is time-consuming, inefficient and of 
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high cost, contributing to its incapability for mass industrial production in low-

cost wireless portable applications. 

In [9], an additive manufacturing method (Makerbot® dual 3D printer) was 

used to design and fabricate a flexible three-dimensional antenna made of 

acrylonitrile butadiene styrene (ABS) materials (conductive structure) and 

flexible polylactic acid (dielectric substrate). Fig. 2-1 shows the proposed 

antenna, where the red material (PLA plastic) represents the substrate and the 

black one (conductive ABS) indicates the conductive radiating part. This antenna 

features light-weight, small in size and good flexibility, however, this technique 

is both chemically and thermally unstable. 

Aside from the instability of conductive polymer, its conductivity is still too 

low for RF signal transmission and radiation, although it can yield acceptable 

performance when used in sensors and solar cells. 

Carbon nanotubes (CNTs) were once considered as an alternative to metallic 

nanoparticles. However, the exceptionally high junction resistance between them 

leads to low surface conductivity, which substantially hinders their application 

[11-13]. 

Fig. 2-1. 3D printed bowtie antenna structure [9]. 
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AgNWs and CuNWs based antennas can be fabricated by embedding 

nanowires in silicones and plastics, however, a sample thickness of 3 mm 

AgNWs can only achieve a sheet resistance of 5 Ω/sq [14], which would 

introduce huge loss while signal transmission. 

Printing silver and gold nanoparticle ink on flexible substrate [15, 16] could 

achieve the highest conductivity among them all. In [17], researchers 

successfully achieved a conformal silver nanoparticle printed antenna on paper 

substrate using direct-write printing process for 10 passes, which does not 

produce metallic or chemical waste like milling and chemical etching techniques, 

however complex designs cannot be supported by direct-writing, the precision 

would be much lower than expected. In Fig. 2-2, the antenna was bent around 

cylindrical structures with different radius: (a) R=1.25 cm, (b)R=2.7 cm. By 

Fig. 2-2. Antenna bending condition around different radius (a) R=1.25 cm, 

(b)R=2.7 cm 
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using this method, cracks could be easily introduced to the conductive radiating 

part of the antenna during multiple bending procedures, contributing to 

discontinuities of surface current, limiting the repeatability usage of the antenna.  

To enhance the robustness of the antenna and prevent discontinuities during 

high-level deformation, Haider has proposed a solution in [18], inkjet-printing 

three layers of ink based on silver nanoparticles to maintain the pattern’s continuity 

and robustness. A soft Kapton polyimide was used as the substrate. This ultra-wide 

band antenna in Fig. 2-3 realize1.7 dBi gain at 2.45 GHz and a stable gain variation 

from 3.1-10.6 GHz. After taking the flexibility tests, the antenna was proved nearly 

immune to performance degradation caused by deformation. 

Although the conductivity and effectiveness of printable silver nanoparticle 

inks can be proved, yet the high cost of silver strictly limits its large-scale 

production. Other metallic inks, such as copper and aluminum, are much cheaper 

in comparison with gold and silver, but they tend to be oxidized very quickly 

(within 100 picoseconds for aluminum) [19], degrading the conductivity of the ink. 

Fig. 2-3. The polyimide-based flexible low-profile UWB antenna proposed 

in [18]. 
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Oxidation can be prevented by an additional sintering process, but such a high-

temperature process is not applicable to heat-sensitive substrates. Considering the 

search for lightweight, low-cost, flexible, and bendable antennas, however, 

researchers have turned their attention to unusual substrates, for example, paper, 

plastics, and textiles, which are all heat-sensitive materials. 

 

 

2.1.2 Graphene printed antennas 

The mechanical characteristics of conventional rigid, expensive and not 

environmental-friendly materials which are being broadly used in electronics have 

limited the development of portable wearable electronics to a great extent. Printed 

electronics, especially electronics with flexible substrates has therefore drawn 

great attention and motivation for the enhancement of user comfort and space 

utilization.  

As we could observe during the literature exploration of previous flexible 

electronics, various conductive inks have been used to print desired patterns, 

giving lightweight, flexibility as well as manufacture convenience. However, the 

use of metallic ink cannot reduce manufacture expenses or fit in large scale 

industrial manufacturing and would easily introduce cracks while bending. 



41 
 

With high electrical conductivity, high strength, excellent electron transfer rate 

and low cost, graphene has been considered as a very promising substitution of 

metal for better integration into systems that require flexibility since 2004, when 

it was first isolated from High Ordered Pyrolytic Graphite (HOPG) [20]. Taking 

advantage of its excellent properties, printed graphene antennas have been 

extensively studied [21-30], the research is mostly aimed at simple dipole [24, 26 

30] and RFID tag antennas [21, 25, 28-29]. The advantages of printed antennas lie 

on their printability, flexibility, conformability, disposability plus low cost for mass 

production. The realized gain of printed graphene antennas shows the effectiveness 

of RF radiation, and it is greatly depends on the conductivity and preparation of 

Fig. 2-4, Flexible printed graphene antennas [22, 25]. 
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the conductive ink, where the ink evolution will be elaborated in Chapter 2.3.  

Table 2-1 shows a comparison of performance of some typical graphene-based 

antennas. The major challenges in producing printed graphene antennas are:  

1) Remain flexibility 

2) Remain low-cost properties of the material, proceed with easily accessible 

fabrication process suitable for large scale sustainable manufacturing. 

 In [31], although graphene-based antenna is integrated with 5G high speed 

multiple input and multiple output (MIMO) signal transmission and shows 

excellent performance, the graphene-assembled film reported in this work requires 

a very high temperature (2850℃) annealing of graphitization. Such film behaves 

just like any metal film. Furthermore, the antenna has taken advantage of metallic 

ground plane, discarding the intrinsic flexibility of graphene material. 

3)  Improve the design of the antennas to obtain better performance  

A performance comparison of printed graphene antennas including dipoles, 

monopoles, and the first graphene printed MIMO antenna presented in Chapter 3 

is shown below [22, 24, 30, 33] in Table 2-1, wide bandwidths can be found in 

most of the work due to the use of graphene material, acceptable gains can be 

observed.  

 In [30], obtaining -0.6 dBi maximum gain is good enough for low-cost RFID 

and sensing applications, however, to overcome power dissipation in graphene, it 

is much anticipated for researchers to design structure so that the radiation path has 

lower dissipation loss and higher gain at desired frequencies and thereby enabling 

boarder applications of printed graphene antennas in wireless communication field 
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where reliable and timely response is expected. 

 

Table 2-1 Performance comparison of conformal printed graphene antennas 

 

Refs Operating 

range 

(GHz) 

Bandwi

dth (%) 

Measured 

Peak Gain 

ECC Fabrication 

process and cost 

[22] 1.73-3.77 74 0.2 dBi / Simple, low cost 

[33] 1.7-5 98 0.6 dBi / Simple, require 

350℃ thermal 

annealing 

[30] 0.89-1.02 3.4 -0.6 dBi  Simple, low cost 

[24] 0.98-1.05 6.7 -4 dBi / Simple, low cost 

This work 

(Chapter 3) 

2.22-3.85 54 0.92 dBi 0.2×10-6 Simple, low cost 

*Not mentioned 

/ Not applicable 

 

With all the effort and development made in this field by researchers, it could 

now be recognized as a common cognitive that flexible graphene printed electronic 

products have tremendous potential and important practical significance in 

biological monitoring applications, energy storage systems, and even paper-based 

electronics. The high demand for electronic devices with flexible and compact 

structures will not subside in decades, especially for bendable, environment-

friendly, low-cost, compact antennas for large-scale adoption in IoT applications 

in the fifth generation (5G) wireless communication bands.  
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2.2 Graphene Modeling 

 

Graphene, a honeycomb crystal structure of sp2 hybridized carbon atoms 

exfoliated from graphite, is the essential building block of graphite, carbon 

nanotubes and fullerenes [34]. It looks like a plane made of a hexagonal grid, with 

extremely stable structure and pliable connections between carbon atoms, as 

shown in Fig. 2-5. This special hybridization and interatomic forces can make each 

carbon atom contribute the remaining p-orbital electron (4 outer shell electrons of 

carbon atom are connected to 3 other carbon atoms on the same plane, leaving one 

free electron in the third dimension, which is called a 𝜋 electron) to forming a 

strong 𝜋  bond, 𝜋  electrons can then move freely, granting graphene superior 

electrical conductivity and immune to interference. In graphene, electrons are less 

prone to scattering during transportation, and can achieve a 2 × 105 cm2/(V∙s) 

 

Fig. 2-5. The sp2 hybridization of graphene. The unhybridized p orbitals 

overlap to form a sheet of delocalized 𝜋 electrons [35]. 
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electron mobility, 140 times of the mobility in Si [36]. The sheet resistance of 

graphene is 31 Ω/sq, it is regarded as the best conductive material under room 

temperature. The electrical conductivity of graphene can be chemically controlled 

by means of modification, and simultaneously obtain various graphene-based 

derivatives [37]. In 2004 [20], Novoselov and Geim discovered that graphene 

supports strong bi-polar electric field effects and exhibits semi-metallic properties. 

It was also revealed that graphene-based transistor can be tuned by voltage and 

that its properties are similar to those of a semiconductor except for the zero band 

gap. In the presence of an external electric field, the stability of the carrier density 

renders graphene a promising candidate for tunable components. 

Meanwhile, graphene also possesses excellent mechanical and thermal 

properties. It is the strongest and hardest crystalline structure of any known 

materials, with about 100 times the strength of regular steel, and can be applied as 

a typical two-dimensional reinforcing phase in the field of composite materials 

[37]. The thermal conductivity of graphene is 5 × 103 W/m ∙ K, 10 times of that 

of copper under room temperature, with a theoretical specific surface area of 2630 

m2/g [38]. Microsensors that are made of graphene can sense individual atoms or 

molecules. When gas molecules are attached to or detached from the graphene 

surface, the attached ones will change the local carrier concentration of graphene, 

resulting in a step change in resistance. This property can be used to make gas 

sensors. 

In order to carry out design and investigation of graphene and graphene-

based devices, numerical modeling and simulation of graphene sheets is an 

imperative and crucial part of the research. Graphene can be modeled as a thin-

layer conductor with a surface conductivity 𝜎𝑑, which is denoted by Kubo 
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formula, a function of wavelength, temperature and chemical potential [39-

41].

𝜎𝑑 =
𝑗𝑒2(𝜔−𝑗2𝛤)

𝜋ℎ2 [− ∫ 𝜀
∞

0

𝑓𝑑(−𝜀)

(𝜔−𝑗2𝛤)2−4(
𝜀

ℎ
)

2 𝑑𝜀 +
1

(𝜔−𝑗2𝛤)2]

∫ 𝜀
∞

0
(

∂𝑓𝑑(𝜀)

∂ε
−

∂𝑓𝑑(−𝜀)

∂ε
) 𝑑𝜀 (2.1)

where 𝛤 is the electron scattering rate (𝜏 =
1

2𝛤
), 𝜏 is the electron scattering 

time, 𝜔 is the radian frequency, 𝑒 is the electron charge, ℎ is the reduced 

Plank constant, and 𝜀 is the energy state. 𝑓𝑑 is the Fermi-Dirac distribution, 

related to temperature 𝑇, Boltzmann constant 𝑘𝐵, and chemical potential 𝜇𝑐 as 

𝑓𝑑 = (𝑒
𝜀−|𝜇𝑐|

𝑘𝐵𝑇 + 1)−1. This equation is the sum of the intra-band (2.2) and inter-

band (2.3) contributions. 

𝜎𝑑,𝑖𝑛𝑡𝑟𝑎 =
𝑗𝑒2𝑘𝐵𝑇

𝜋ℎ2(𝜔 − 𝑗2𝛤)
(

𝜇𝑐

𝑘𝐵𝑇
+ 2ln (𝑒

−|𝜇𝑐|
𝑘𝐵𝑇 + 1))

(2.2)

 

𝜎𝑑,𝑖𝑛𝑡𝑒𝑟 =
−𝑗𝑒2

4𝜋ℎ
ln (

2|𝜇𝑐| − (𝜔 − 𝑗2𝛤)ℎ

2|𝜇𝑐| + (𝜔 − 𝑗2𝛤)ℎ
) (2.3) 

At frequencies in microwave region (i.e., below THz), interband transition is 

extremely weak that it can be neglected, the impedance of graphene can be simply 

considered as the inverse of 𝜎𝑑,𝑖𝑛𝑡𝑟𝑎, and the behavior of it is just like a conductive 

film, which can be simply described by the Drude model [42]. Early research on 

graphene physics explicitly pointed out that the conductivity of monolayer 

graphene exhibits a slight sublinear dependence on the electron density. Whereas, 

in contrast, the electrical conductivity of bilayer graphene and multilayer graphene 

consistently shows a strong linear dependence on the electron density. 
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In Fig. 2-6, the surface conductivity of graphene at T = 300 K, 𝜏 = 0.2 ps, has 

been analyzed with different 𝜇𝑐, ranging from microwave to infrared band [43]. 

Below 100 GHz, the imaginary part of the conductivity is extremely small that an 

almost constant conductivity, reluctant to the change in 𝜇𝑐, can be observed. This 

has also been proved by the works [22, 32-33] in similar frequency ranges. 

 In other word, in microwave region, graphene is considered frequency 

independent, while in THz region, the tunability of graphene’s conductivity is 

useful in absorber field.  

As it is too expensive to exfoliate monolayer graphene, the cheaply printed 

graphene which is now being heavily researched and applied in the flexible 

electronics industry are multilayer graphene or few-layer graphene. The printed 

 
Fig. 2-6. The tunability of graphene’s surface conductivity from microwave to 

THz frequency bands [43] 
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graphene laminates made of these materials can be directly simulated as ohmic 

sheets, since the skin depth is much larger than the thickness of the printed 

graphene layer in microwave region [22]. 

 

 

 

 

 

 

2.3 Graphene Ink Fabrication and Patterning 

 

 

The successful synthesis of large-area graphene sheets has enabled its 

applications in the field of electronic and information. Advanced graphene 

synthesis methods, such as chemical vapor deposition (CVD) and liquid phase 

exfoliation (LPE), has enabled the fabrication of graphene samples with relatively 

large areas, thereby boosting the interest in research on electronic devices. 

Graphene integrated metamaterials, high-speed transistors, organic light-emitting 

diodes (OLEDs), plasmonics, batteries, antennas, and solar cells are among the top 

recognized applications [44-49]. In contrast with CVD, which needs to slowly 

grow large area graphene on metal surfaces and transfer to other substrates [50-

53], LPE is simple, low cost, scalable, and its suitability for chemical 

functionalization allows the feasibility of high-volume production. Thin films 

acquired from liquid suspensions of graphene sheets are likely to overcome other 

methods' limitations [54-55] and would allow for extensive use in large batches. 

The size of graphene flakes is extremely important for the electrical 
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conductivity of the printed graphene, as larger graphene flakes can have smaller 

number of interfaces with each other, contributing to better current flow, yet they 

may introduce voids when printed on substrates; smaller flakes can have better 

stacking, however, the huge numbers of interfaces eventually increase the 

resistance [25]. Hence, the appropriate size of the flakes is decisive for best 

conductivity and printing quality, avoiding performance degradation in 

applications. Usually, the lateral accurate dimension distributions were determined 

by the analysis of scanning electron microscopy (SEM), electron transfer 

microscopy (TEM) and atomic force microscopy (AFM) images.  

Shear mixing exfoliation treatment was demonstrated in [58, 60-61, 64]. Tt 

has been proved that sheer mixing process can quickly reduce the flake size to 

avoid resource consumption produced by long hours of ultrasonication. In [58-59, 

60-63], it has been emphasized that one decisive parameter to control the size of 

graphene nanoflakes and other related 2D material ones is the ultrasonic time, 

which can directly affect the conductivity. The systematical study on process 

optimization on the graphene conductivity has been reported in [25, 56]. In [25], 

it has displayed a sheet resistance comparison of Cyrene and NMP inks under the 

same bath ultrasonication treatment. It takes 20 hours for the sheet resistance of 

graphene laminate to decrease to the lowest point under ultrasonic exfoliation for 

NMP solvent, while the sheet resistance of graphene laminate processed with 

Cyrene solvent instantly drops in 8 hours. Also, temperature increase during 

sonication can result in inconsistent exfoliation [57, 60], i.e., deteriorating the 

properties of the material and lowering the dispersed concentrations, thus the 

ultrasonic process should be controlled at room temperature.  
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The conductivity of graphene is relevant to the in-house developed ink as well 

as the printing operation. Adding binders can increase adhesion, however, the 

insulating feature of binders greatly reduces the conductivity of the inks. Thus, 

high temperature thermal annealing needs to be processed to increase conductivity, 

which is not compatible with heat-sensitive substrates, such as normal A4 paper. 

By using a binder-free technique with NMP solvent suitable for industrial scale 

screen printing [30], a flexible dipole antenna on paper substrate was illustrated. 

Using binder-free NMP solvent can be regarded as a simple way to achieve high 

conductivity at high yields for printed flexible electronics without the use of high 

temperature annealing, however, the toxicity of the solvent hinders its broad 

application. 

The conductivity reported without thermal annealing can be as high as 7.13 × 

104 S m−1 with the use of Cyrene solvent [25]. However, Cyrene is very expensive 

comparing to NMP. To enable the industrial scale of this approach, Chapter 7 

introduces a sustainable method using recycled Cyrene for cheap and highly 

efficient graphene ink production. 

Different fabrication approaches have been intensively researched for printing 

graphene-based flexible electronic devices over the years, such as reactive 

sputtering [65], ink-jet printing [66], spin coating [67], thermal evaporation [68] 

and screen printing [22, 69]. Whereas sputtering and spin coating does not support 

patterns with high-resolution, and thermal evaporation requires very high 

temperature which makes it incompatible with heat sensitive substrates. Thus, 

more investigations have been carried out on using ink-jet printing and screen 

printing. 
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2.4 Antenna Designs  

 

2.4.1 MIMO Antennas 
 

 MIMO technology was firstly proposed to overcome deep fading in wireless 

communication early in 1970s [71], however, the actual tremendous influence was 

accomplished by Arogyaswami and Thomas in 1990s [72]. With the arrival of the 

fifth-generation communication networks, additional functions and high 

requirements of antenna bandwidth, channel capacity, system efficiency and 

reliability are being expected to be generated and integrated in mobile terminals. 

As the number and bandwidth of the existing non-overlapping channels have been 

limited and strictly regulated, the basic principle of this approach is to convert 

unused space to a kind of resource which could be used for enhancing transmission 

performance and enlarging the coverage area of wireless systems, so that 

increasing data handling capacity and transmission distance, also reducing bit error 

rate at the same time. More precisely, by using multiple antennas transmission, the 

paths that signals can be transmitted are significantly increased. It is unlikely that 

all propagations experience deep fading at the same time, therefore, the system 

reliability can be guaranteed by either selecting or combining of the received 

signals.  

 It can be clearly seen that, MIMO technology is indispensable for the pervasive 

deployment of IoT smart applications to attain additional functions and 

requirements, and face massive data throughput for low latency, system reliability 

and real-time information exchange [73] based on the high-speed data transmission 

enabled.   



52 
 

 However, it is important to note that installing multiple antenna elements on the 

small space available in portable devices will inevitably cause severe mutual 

coupling and significantly degrade the diversity performance. To deal with this, 

some approaches have been presented, for instance, space diversity [74], 

polarization diversity [75], pattern diversity [76], introducing slots on antenna 

structures or putting additional decoupling structure between antennas [77], 

orthogonal placement of antennas [78], stub extension from the ground for better 

control of current flow [79], electromagnetic band gap [80] and so on. 

In Fig. 2-7 [80], low mutual coupling was achieved by using periodic multi-

layered electromagnetic band gap structures between two patch antennas. The 

EBG structure has successfully suppressed surface wave and obtained 30dB 

improvement of isolation at the operating frequency. However, it also causes 

bandwidth reduction due to antenna mismatch affection, and failure of space 

distance compression.  

Another study suitable for WLAN applications has been proposed in [81], as 

shown in Fig. 2-8, consisting of radiating patches, parasitic patches, and folded 

ground planes around the substrate and coaxial feed applied to the antennas 

individually. The mutual coupling between the antennas is improved, yet the 

 
 

Fig. 2-7. EBG structure proposed in [80] designed for mutual coupling 

reduction. 
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antenna construction could be cumbersome when applied to portable devices.  

Different decoupling methods generate a diverse of performances in different 

systems. A well-behaved isolation may partially lead to antenna mismatch and the 

complexity of the whole antenna system. Therefore, it is vital to select a proper 

approach to attain desired characteristics. 

ECC (envelope correlation coefficient) is the parameter evaluating the 

performance of uncorrelated channels. It involves scattering parameters of the 

system, estimating the mutual coupling between any of the two ports. The lower 

the ECC, the lesser correlation could be generated during communications in the 

MIMO antennas. For mobile applications, it is required that ECC value must be 

lower than 0.5 to achieve good diversity. The ECC value [82] could be expressed 

as equation (2.4),    

|ρ𝑒(𝑖, 𝑗, 𝑁)| =
|∑ 𝑆𝑖,𝑛

∗ 𝑆𝑛,𝑗
𝑁
𝑛=1 |

2

∏ [1 − ∑ 𝑆𝑘,𝑛
∗𝑁

𝑛=1 𝑆𝑛,𝑘]𝑘(=𝑖,𝑗)

      (2.4) 

 
 

 

Fig. 2-8. Folded ground MIMO antenna for 2.4 GHz WLAN applications [81] 
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where N is the number of antennas, i=1 to n, j=1 to n 

The channel capacity loss (CCL) between two antenna elements is estimated by 

(2.5), (2.6) and (2.7) [83] 

 𝐶𝐶𝐿 =  − log2 det(𝜓𝑅) (2.5) 

 𝜓𝑅  =  [
𝜌11 𝜌12

𝜌21 𝜌22
] (2.6) 

 

where  𝜌𝑖𝑖 = 1 − (|𝑆𝑖𝑖|
2 + |𝑆𝑖𝑗|

2
) and 

  𝜌𝑖𝑗 = −(𝑆𝑖𝑖
∗ 𝑆𝑖𝑗 + 𝑆𝑗𝑖

∗ 𝑆𝑗𝑗)    for i, j = 1 or 2. 

(2.7) 

The standard CCL for a 4 × 4 MIMO antenna is below 0.4 bits/s/Hz, where 

the channel capacity of a MIMO communication system varies with the number of 

antennas responsible for transmitting and receiving signals, the signal-to-noise 

ratio, the state of the channel, and the covariance matrix of the vector of transmitted 

signals [84]. 

There has been a huge amount of literature discussing on the theory and 

performance of MIMO systems [85-88], which covers a wide range of content. 

However, since the wireless mobile communication is a time-varying and non-

stationary system, there are still many problems to be studied. In this study, we 

will only focus on MIMO antenna designs 
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2.4.2 Dual/Multi-band Antennas 
 

 

A dual-band or multi-band antenna can transmit or receive RF signals at two 

or more distinct frequency ranges. It was first reported in 1984 by Wang and Lo, 

inserting shorting pins in normal rectangular patches [89]. The use of dual-band or 

multi-frequency antennas has historically been proven to remarkably improve the 

stability of wireless connections. Using non-overlapping uncrowded channels can 

reduce interference that degrades transmission speeds, moreover, enable backward 

compatibility, using either frequency for accessing earlier versions of WiFi or 

mobile networks, it can also double the bandwidth using two bands for different 

purposes. 

Depending on their configuration designs, these multi-band antennas have the 

 

Fig. 2-9. Typical designs of dual/multiband antennas [90-92, 94]. 
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ability to use any of these frequencies individually or simultaneously. 2.4 GHz and 

5 GHz bands are often seen as pairs of dual-band antennas, as they are commonly 

used in WiFi networks. A well-designed multi-band antenna should be optimized 

to be matched at all desired frequencies so that good VSWR can be achieved in all 

bands. In terms of the design level, these antennas are typically constructed by 

adopting more than two monopole or dipole elements. Each of the integrated 

antenna units resonates at one of the target frequencies. The length of each antenna 

element needs to be adjusted according to the wavelength of the different target 

frequencies to guarantee good sensitivity at each frequency. Typical designs are 

shown in Fig. 2-9, involve etching slot or notch in the patch, adding parasitic 

structures, using U and T shapes, stacking different dielectric substrates, and 

applying meandered lines [90-94]. 

 

 

2.5 Antenna Gain Measurement 

 

To evaluate an antenna’s far field characteristics, the ideal condition is to 

illuminate the test antenna using planes waves with uniform amplitude and phase. 

It has been demonstrated that at a separation distance of 2𝐷2/𝜆, which is defined 

as the inner boarder of far-field, the incident field generated by an ideal uniform 

plane wave gives a maximum phase error of 22.5°. 

The peak gain of an antenna can be measured by applying the Friis 

Transmission Equation (2.8) and a standard test antenna with known performance 
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[95]: 

𝑃𝑅 =
𝑃𝑇𝐺𝑇𝐺𝑅𝜆2

(4𝜋𝑅)2
(2.8) 

where 𝑃𝑅 is the received power from the receiver antenna, 𝑃𝑇 is the transmitted 

power from the source antenna, 𝐺𝑇 is the gain of the transmitting antenna and 𝐺𝑅 

is the gain of the receiving antenna, 𝑅  is the separation distance of the two 

antennas, relating the path loss in free space, wavelength, and antenna gains to the 

received and transmitted powers. 

To express Friis Transmission Equation in terms of S21 in dB: 

𝑆21𝑑𝐵 = 𝑃𝐿 + 𝐺𝑇 + 𝐺𝑅 (2.9) 

where the path loss in dB is: 

𝑃𝐿 = 20𝐿𝑜𝑔 (
𝜆

4𝜋𝑑
) (2.10) 

The most widely used standard test antennas are thin half-wave dipole 

antennas and horn antennas, which typically offer peak gains of 2.15 dBi and 15-

25 dBi respectively. This is called the standard antenna method. 

The three-antenna method (For instance antenna A, B, C) uses the same 

equations with three unknowns, with its measurement pairs established as [A, B], 

[B, C] and [A,C]: 

𝑆21𝐴𝐵 = 𝑃𝐿 + 𝐺𝐴 + 𝐺𝐵 (2.11) 

𝑆21𝐵𝐶 = 𝑃𝐿 + 𝐺𝐵 + 𝐺𝐶 (2.12) 
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𝑆21𝐴𝐶 = 𝑃𝐿 + 𝐺𝐴 + 𝐺𝐶 (2.13) 

Then the gain (dB) can be derived from 

𝐺𝐴 =
𝑆21𝐴𝐵 + 𝑆21𝐴𝐶 − 𝑆21𝐵𝐶 − 𝑃𝐿

2
(2.14) 

𝐺𝐵 = 𝐺𝐴 + 𝑆21𝐵𝐶 − 𝑆21𝐴𝐶 (2.15) 

𝐺𝐶 = 𝑆21𝐵𝐶 − 𝑃𝐿 − 𝐺𝐵 (2.16) 

 

 

2.6 Sheet Resistance Measurement 

 

Sheet resistance of thin electroconductive films can be determined by a four-

point probe measurement method and a semiconductor characterization system 

[65]. The sheet resistance can be expressed as 

R𝑠 =
𝜌

𝑡
               (2.17) 
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where ρ is the resistivity and t is the thickness of the measured conductive film.  

As illustrated in Fig. 2-10, in the four-probe measurement system, electrodes 

1 and 4 are used to apply electric current, while electrode 2 and 3 testing the 

voltage change as the relay circuit switches to “a”. Since the current flow in the 

voltammeter can be neglected, with the fixed distance between the probes, the 

electrical contact sheet resistance can therefore be measured accurately and 

independently by using this four-probe method. 

  

 

Fig. 2-10. The four-probe measurement method [96]. 
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Abstract 

 

The work was aimed for integrating MIMO technology with low-cost, 

biodegradable printed graphene technique to conquer the most concerned surge in 

electronic waste caused by the mass production of antennas spurred by the 

significant deployment of IoT applications, while at the same time fully supporting 

5G wireless communication mass data throughput and high performance IoT 

applications, guaranteeing high-speed data transmission and system reliability. 

The major novelties in our work are: 1) flexibility brought by printing graphene 

technology, 2) low-cost and easily accessible fabrication process suitable for large 

scale sustainable manufacturing, and 3) the design of wideband flexible MIMO 

antenna with very low mutual coupling. The work is a novel aggregation of screen-

printed graphene and MIMO technology, enabling easy integration of low-cost, 

flexible and green MIMO antennas for massive IoT applications.
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Screen-printed graphene is integrated with MIMO technology to conquer the 

most concerned surge in electronic waste caused by the mass deployment of IoT 

applications. A flexible MIMO antenna is implemented with simple fabrication 

process suitable for large-scale production by screen printing graphene highly 

conductive ink on paper substrate, ensuring high-speed 5G mass data wireless 

transmission without damaging the ecological environment. This environmental-

friendly, low-cost, flexible and conformal MIMO antenna with orthogonal 

polarization diversity employs co-planar waveguide (CPW) feed and planar 

pattern for achieving high space utilization and better integration in most scenarios, 

for instance, body centric networks and monitoring systems. Excellent 

performance has been achieved due to the high conductivity of the graphene: the 

fabricated antenna exhibits an average sheet resistance of 𝟏. 𝟗 𝛀/𝐬𝐪 . The 

bandwidth of the antenna ranges from 𝟐. 𝟐𝟐 𝐆𝐇𝐳 𝐭𝐨 𝟑. 𝟖𝟓 𝐆𝐇𝐳  (53.71% 

fractional bandwidth), covering 𝟒𝐆 LTE, sub 6 GHz 𝟓𝐆 mobile communication 

networks, 2.5 and 3.5 GHz WiMAX, and 2.4 and 3.6 GHz WLAN. Within this 

range, the antenna exhibits effective radiation, also its envelope correlation 

coefficient (ECC) remains below 𝟎. 𝟐 × 𝟏𝟎−𝟔 , manifesting outstanding signal 

transmission quality in a variety of wireless networks. This work illustrates a novel 

aggregation of MIMO technology and graphene printing electronics, enabling 

cheap accessible and green MIMO antennas to be massively integrated in IoT 

applications. 



3.1 Introduction 

Spurred by the arrival of the 5G revolution, the implementation of Internet of 

Things (IoT) and its extended concept, Internet of Everything (IoE), have greatly 

increased the yield requirement of conformal wireless printed electronics as well 

as the quality of communication networks. Intense efforts have been put in 

developing nanomaterials with excellent properties and simpler fabrication 

process with lower cost and higher feasibility. Among all the 2D materials, 

graphene has been the most extensively investigated for its prominent properties 

given by its two-dimensional crystal structure [1], such as its high carrier mobility, 

conductivity, and high strength. 

To produce graphene at high yields, liquid-phase exfoliation of graphite flakes 

[2] surpasses other approaches  such as micromechanical cleavage, dispersion 

and exfoliation of graphene oxide (GO), growth on metal substrates or annealing 

on SiC substrates for its high production efficiency and preserve of graphene’s 

electronic structure. This method is also attainable for other 2D materials such as 

transition metal dichalcogenides (TMDs), black phosphorus (BP) and hexagonal-

Boron Nitride (h-BN) with a variety of solvents [3]. The efficiency of exfoliation 

is closely related to the ratios of the surface tension component of the solvent and 

that of the 2D material. These dispersions can then be used to produce ink and 

deposit flakes on desirable substrates by simple printing methods, realizing mass 

scalable and fully printable 2D material applications including energy storage, 

conductive inks, sensors and optical devices [4].  

Different printing techniques of 2D materials have been developed on substrates 

such as polymers, glass and paper [5], exhibiting multi functionalities and 
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promising potentials. However, mass manufacturing of electronic equipments 

brings mass disposal. Waste disposition of electronics has been an insurmountable 

obstacle that drawn the most concerns. To keep large-scale industrial production 

compatible with sustainable development, at the same time in pursuit of low cost 

and flexiblility, a large amount of work has been devoted to fabricating 2D 

materials on flexible  substrate, such as paper, to ensure the biological 

degradability of electronic devices [6-9, 26, 38]. By taking good advantage of the 

porosity of paper, printing formulated ink on paper allows fast absorption, 

enhancing the resolution of pattern and avoiding unwanted diffusion. Graphene, 

making a good substitution of conventional metal for its high conductivity and 

strength, environmental amity, and extremely low cost, has been reported fully 

compatible with paper substrate using simple printing techniques [6-9, 38], which 

even enhances the robustness of flexible devices including electrodes, transistors, 

antennas and interconnecting transmission lines, and prevents discontinuities 

during high-level deformation [10], suitable for large scale manufacture and 

disposable use.  

 Sub-6 GHz based 5G achitecture has brought IoT applications into the spotlight 

as they establish interconnection between people and machines and between 

machines and machines, make information exchange swift, convenient and precise 

in people’s everyday life. The occurrence of multiple-input multiple-output 

(MIMO) technology is regarded as a significant breakthrough that breaks the data 

throughput limit exists in conventional single-input single-output (SISO) systems, 

provides full use of space resource and multiplies channel capacity, spectral 

efficiency and data handling capacity without actual extension of frequency usage 

or any antenna transmitting power increase [11-12]. The use of MIMO technology 
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is indispensable for the pervasive deployment of IoT smart applications to attain 

additional functions and requirements, and face massive data throughput for the 

achievement of low latency, reliability and real-time information exchange [13]. A 

number of MIMO antennas with large bandwidth designed for 5G cellular 

networks and IoT platform have been investigated in [14-16], designed with rigid 

metal and conventional substrates. However, to meet the rapid development of IoT, 

flexibility of electronic devices is particularly necessary to enhance adaptability 

and user comfort, yet few efforts have been made using flexible substrate [17-18]. 

For instance, MIMO antennas implemented on textiles [17] require large soldering 

area on the plate, weakening its reconfigurability and sustainability. To attach 

antenna patterns to substrates, planar conformal antennas, such as printed flexible 

antennas would be the best choice, thanks to the advances in the modern printed 

electronic technology. Ink-jet printing silver nanoparticle ink on polyethylene 

terephthalate (PET) substrate can also be a way [18], yet it significantly rises the 

cost of manufacturing and introduces cracks during heavy deformation.  

To fabricate graphene antennas with high pattern accuracy, most work have been 

focused on using ink-jet printing and screen printing techniques [6-9, 19]. With its 

extremely low cost and easy process, screen printing transcends ink-jet printing 

from the perspective of mass production [20]. Screen printed graphene antennas 

have been reported [6-9, 20, 28-31, 38], the research is mostly aimed at simple 

dipole [9, 28, 38] and RFID tag antennas [6, 20, 29-30]. These screen printed 

graphene antennas exhibit outstanding performances including electrical 

conductivity, mechanical stability and environmental sustainability, revealing 

screen printing graphene antennas as a promising candidate for wireless 

communication and sensing applications, where flexibility, massive production 
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and low cost are especially required, promoting the incorporation of graphene in 

flexible printed electronics. MIMO technology is essential for 5G wireless 

communications and high performance IoT applications, guaranteeing high-speed 

data transmission and system reliability.  However, due to the complicated 

structures induced by MIMO antenna design such as lowering the mutual coupling 

between antennas, needs of high conductivity and environmentally friendly ink, 

lack of scalable and affordable fabrication process, screen printed graphene MIMO 

has yet to be reported. 

Here, we present the novel aggregation of two technologies, screen printing 

MIMO antenna with home-made highly conductive graphene ink [7, 20] on paper 

substrate, with the aim of integrating low-cost disposable flexible antennas with 

the 5G IoT applications and increasing the data throughput. A graphene printed, 

co-planar waveguide (CPW) fed, highly isolated, wideband 4 × 4 MIMO antenna 

was designed and fabricated by first developing a graphene ink (50 mg mL−1) with 

a high conductivity of 3.68 × 104 S/m  using N-methyl-2-pyrrolidone (NMP) 

and viscous Ethylene Glycol (EG) solvents for screen printing, then depositing the 

dispersion of graphene flakes on paper substrate with a resolution of 0.4 mm to 

achieve our designed pattern. The SMA feeds were then connected to the antennas 

using conductive epoxy, supporting multiple data transmission links. The MIMO 

consists of four identical antennas orthogonal to each other and the ground 

extension stubs altering the current flow. The SEM cross-sectional view, Raman 

and XPS spectra of the printed graphene antenna were investigated. To assess the 

flexibility of the graphene printed conformal antenna and evaluate its working 

performance, tests under different bending conditions have been carried out.  
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This paper is organized as follows. First, the fabrication process and electrical 

properties of the printed graphene MIMO antenna are elaborated in Section II, 

involving graphene ink preparation and screen-printing technology. The designs 

and modeling of the MIMO antenna are then illusrated with effects of parameter 

alteration, explaining polarization diversity and other mutual coupling reduction 

techniques. After that, antenna performances with and without bending applied are 

observed and evaluated. Finally, the work is concluded with some final remarks 

. 

 

 

3.2 Material Preparation and Electrical Properties 

The production process of printed graphene can be briefly introduced as 1) shear 

mixing in chosen dispersant to reduce the physical size of graphite flakes which 

increase the exfoliation efficiency for the following steps, 2) high power 

ultrasonication treatment to produce few-layer graphene. 3) initial filtration for the 

removing of large particles, and tuning the ink to appropriate viscosity, 4) printing 

and 5) compression. To be specific, the graphene conductive ink was prepared 

from pristine graphite flakes (Alfa Aesar, 325 mesh, purity: 99.8%). The dried 

graphite flakes were mixed with NMP (Sigma, anhydrous, purity: 99.5%) at a 

concentration of 20 mg mL-1 [8], followed by 2-hour sheer mixing at 8000 rpm 

(Silverson L4R mixer) where the temperature was controlled around 20 ℃ 

(Constant temperature was maintained by circulating water cooling system to 

prevent overheating). During this process, the graphite flakes were initially 
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exfoliated. For ultrasonication treatment, NMP solvent was used for graphene 

exfoliation as it can achieve low residual and excellent stability [2]. It is crucial to 

properly control sonication parameters, such as sonication time. The sonication 

time can directly affect the ink conductivity [20]. To maximize the conductivity of 

printed graphene, 24-hour sonication process was applied to the mixture in glass 

bottle with ultrasonic bath (SHESTO, UT8061-EUK). The temperature was 

controlled as well. After that, filtration took place by first using 300-mesh stainless 

steel screen to filter out unexfoliated large graphite particles, then employing 

Whatman qualitative filter paper (Grade 5) on a glass funnel (140 mL Aldrich 

Buchner) for vacuum suction filtration to remove the remained NMP solvent. The 

collected solute from the filter paper was then dispersed in EG (Alfa Aesar, 

anhydrous, purity: 99%) and filtered by the same process to further remove the 

NMP. The remained solute was again dissolved in EG and centrifuged at low speed 

(500 RPM) to remove relatively large, unexfoliated graphite flakes. The process 

was repeated three times. Finally, we collected the graphene nanoflakes dispersion 

and tuned it to the right concentration for screen printing by vacuum evaporation. 

The final conductive ink for screen printing was made with a concentration of 50 

mg mL-1, ensuring both the smooth deposition of the ink during printing process 

and the viscosity of the ink. 

Screen printing operation was carried out on a semiautomatic screen printer with 

the assist of a slant squeegee with the angle of inclination of 70° moving at a 

chosen constant speed (50-100 mm s-1) for sufficient ink depositing. A 24T mesh 

printing screen with negatively patterned antenna shape was fabricated by 

exposing capillary film (ULANO, EZ50-Orange) in an exposure machine with the 

application of vacuum pressure regulating valve to lock the location of the screen 
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and achieve good resolution. The mesh of the screen was chosen according to the 

desired pattern accuracy and adequate amount of ink deposition. Higher resolution 

can be achieved by finer mesh, however, it impedes ink from transferring to 

substrate.  
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After printing the designed antenna pattern on paper substrate (Xerox Performer 

 

 
 

Fig. 3-1. (a) 10k× magnified SEM top view of the screen-printed graphene 

surface with 1 𝜇𝑚 scaled bar. (b) 500× magnified SEM cross-sectional view of 

the antenna with 10 𝜇𝑚 scaled bar, the average thickness of the graphene 

laminate is 19.4 𝜇𝑚. (c) Raman spectra of printed graphene, (d) wide-scan XPS 

spectra and (e) deconvolution of C 1s XPS spectra of the printed graphene 
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A4 Paper 80 gsm), the antenna prototype is heated at 100 °C for 4h for volatilizing 

the dispersant and at the same time prevent the substrate from overheating. A 

further rolling compression is applied to enhance the printed film conductivity, as 

printed graphene layer is porous and has high sheet resistance. Rolling 

compression was operated by a rolling machine (Agile F130 Manual Mill). The 

compression can reduce the sheet resistance to its tenths, greatly increasing the 

conductivity [38]. By compression, the surface of printed graphene was visibly 

smoothened, forming well-aligned laminated structure, allowing better flow of 

surface current and higher conductivity. Fig. 3-1(a) exhibits the top view of the 

compressed graphene layer with 10k times magnification. 

Sheet resistance characterisation with the four-point probe measurement method 

were performed on 10 different positions of the resultant films, 1.9 Ω/sq average 

sheet resistance was achieved. 

Good adhesion can be manifested by investigation of the SEM image cross-

section in  Fig. 3-1 (b), ambiguous boundary was found between the graphene 

and paper substrate. The average thickness of the screen-printed graphene layer 

after rolling compression is measured as 19.4  μm. The conductivity can be 

calculated as 3.68 × 104 S/m using (1), which is close to a reported work [27], 

but without the use of high temperature annealing (350℃).  

σ =
1

R𝑠𝑡
               (3.1) 

where Rs is the sheet resistance. Raman spectroscopy of printed graphene is shown 

in Fig. 3-1 (c). The sample is excited from a 532 nm laser source which causes 

phonon energy shift by Horiba Raman Spectrometer. Three main peaks can be 
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spotted at D-band (1347 cm-1), associated with the ring breathing mode of sp2 

carbon atoms and typically weak in graphene of high quality, G-band (1575 cm-1), 

revealing the in-plane vibrational mode of graphite lattice, and relatively wide 2D-

band (2704 cm-1), representing an overtone of the D band, resulting from a 2-

phonon lattice vibration [20, 33-34].  In Fig. 3-1 (c), low ID/IG ratio can be 

observed, indicating very few structural defects on graphene flakes, contributing 

to highly effective electron flow. To further analyse the surface composition of the 

graphene, Fig. 3-1 (d) shows the wide-scan XPS spectra of the printed graphene 

sample, exhibiting the presence of  carbon and oxygen with a ratio of 92.83:7.17. 

The high ratio of C 1s peak and O 1s peak indicates that only a small quantity of 

defects exists in the form of oxides, which were possibly inserted during 

fabrication process [35-37]. Fig. 3-1 (e) displays the deconvoluted C 1s XPS 

spectra of the printed graphene sample with an extremely significant peak at 284.6 

eV and a lower peak at 285.2 eV, representing the sp2 and sp3 hybridized carbon 

respectively. The three much weaker carbon–oxygen peaks are attributed to C–O 

(286.0 eV), C=O (286.9 eV) and O–C=O (289.1 eV) bonds. 
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3.3 Antenna Design and Simulation 

 

Fig. 3-2. Proposed flexible graphene printed antennas. (a) Designed single 

antenna model and related parameters. (b) Conformal antenna. (c) Designed 

MIMO antenna model and related parameters. (d) Conformal MIMO antenna. 

(e) Screen-printed antenna prototype. (f) Screen-printed MIMO antenna with 

four identical elements orthogonal to each other. 
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A CST model with labelled parameters of the proposed graphene screen-printed 

MIMO antenna is displayed in Fig. 3-2 (a) [21]. Paper substrate has been used in 

this work for its flexibility, low cost and environmental protection. For impeding 

the conductive ink from double-sided permeation on paper substrate, we’ve 

deployed CPW feeding so as to place the ground on the same side as the antenna. 

 Also, planar structures ensure compactness of the structure and allowance of 

better space resource usage. The paper substrate in the simulation has a dielectric 

constant of 2.3, permeability of 1 and a thickness of 0.1 mm. The loss tangent of 

80 gsm paper at room temperature is set to 0.02 according to [32]. The printed 

graphene layer was modelled as ohmic sheet as its skin depth is much larger than 

its thickness [7]. The resistance of the modelled graphene sheet was set to 1.9 Ω/sq 

as measured on ten different points each on five printed samples using a four-point 

probe station (Jandel, RM3000) and semiconductor characterization system 

(Keithley, 4200C). To improve simulation accuracy, four SMA connectors were 

modelled at the end of each feeding line, fixing the port impedance at 50 Ω (Fig. 

3-2 (a)).  

 The design of the conformal graphene printed MIMO antenna was first started 

with the individual antenna structure, as presented in Fig. 3-2(a) and (b). The round 

outline of the graphene helps broadening the bandwidth of the antenna. The 

performances of three configurations for single antenna design evolution are 

exhibited in Fig. 3-3 to estimate the effects of the stub extensions of different 

shapes. Antenna Ⅰ features two inverted L-shaped stubs extended from the ground, 

whereas Antenna Ⅱ only consists of bare ground and Antenna Ⅲ contains I-shaped 

extensions (all the rest parameters are the same).  
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Table 3-1 Dimensions of the proposed graphene-printed antennas 

Parameters mm Parameters mm 

Single antenna    

Substrate Length, L 40 Circle radius, r 8.67 

Stub Length, Ls 31.68 Substrate width, Wg 70 

Feeding length, d  5 Height of patch, h 13.3 

Distance of stub, ds (from 

the edge of the ground) 

17.2 Width of stub, Ws 10 

Ground width, w 33.1   

MIMO antenna    

Length of MIMO, W 110 Distance of stub, ds 17.2 

Width of element, Wg 70 Circle radius, r 8.67 

Length of element, Lg  36.68 Height of patch, h 13.3 

Stub length, Ls 31.68 Width of stub, Ws 10 

Feeding length, d 5   

 

As shown in Fig. 3-3 (b) and (c), which compares the surface current and return 

loss of the three patterns, Antenna Ⅱ does not resonate at 2.4 GHz as Antenna Ⅰ and 

Ⅲ do and stronger surface current in Antenna Ⅱ at 2.4 GHz is gathered at the 

feeding line instead of radiating parts. To compensate this, Wg needs to be 

increased by more than 20 mm, severely degrading the compactness of the antenna. 

Furthermore, from the plots depicted in Fig. 3-3 (d) and (e), with the occurrence 

of the I-shaped stubs, a significant rise in gain and efficiency at 2.2-3 GHz can be 

observed. This is because the extension stubs not only improve the matching of the 
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antenna at lower frequency without enlarging structural size, but also enhance the 

radiation orthogonal to the antenna plane [22]. The bar of the inverted L-shape 

further improves the gain at lower frequency as seen from the surface current of 

Antenna Ⅰ. The extension stubs radiate sufficient power as the main radiating 

element at 2.4 GHz with enhanced efficiency. Therefore, Antenna Ⅰ is selected as 

a desirable compact antenna with reasonable bandwidth, efficiency, and gain. 
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Fig. 3-3. Simulated results for three configurations of stub extensions. (a) 

Three configurations. (b) Surface current of three configurations at 2.4 GHz. 

(c) S11 of three antennas. (d) Efficiencies of the antennas. (e) Realized gain 

plots of the antennas. 
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Parametric study of the antenna is crucial to achieve desirable characteristics. 

Effects of graphene sheet resistance on antenna performance are shown in Fig. 3-

4 (a) and (b), revealing that while the return loss is not very sensitive to the change 

of the sheet resistance, 1 Ω /sq reduction in sheet resistance can bring the realized 

gain down by about 1 dB. Parameters listed in Table 3-1, such as feeding line 

length d and ground width Wg of the antenna have been studied and optimized, 

presented in Fig. 3-4 (c) and (d), so that full excitation of the antenna for signal 

transmission at its operating frequency bands is guaranteed and unnecessary power 

dissipation in the feeding line can be avoided.  

 By comparing the S11 plots in Fig. 3-4 (d) and (e), it is proved that the distance 

of the stubs on the sides alters the resonant frequency of the antenna instead of the 

ground width Wg, and by adjusting the length Ls of the stubs, the realized gain can 

be optimized within the operating frequency band as shown in Fig. 3-4 (f). 
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Fig. 3-4. Simulated results for parametric analysis. The influence of sheet resistance 

Rs (Ω/sq) on (a) S11 and (b) gain of the proposed antenna. The impact of (c) feeding 

length d, (d) width Wg and (e) distance of the stub ds on magnitude of S11, (f) stub 

length Ls on gain. 

 



 

 93  

Moreover, the function of the inverted L-shape stub in MIMO antenna 

performance (Antenna I) is not only limited to gain enhancement and size 

reduction, it also reduces the mutual coupling between the antenna elements as it 

suppresses the surface current on the antenna plane. The simulation results for 

return loss (S11) and isolation (S12 and S13) of MIMO antenna Ⅰ and Ⅱ are displayed 

in Fig. 3-5(a) and (b). As seen from the comparison, for frequency higher than 2.7 

GHz, more than 10 dB decrease in S13 and 3 dB in S12 are achieved with the 

insertion of ground extension stubs, indicating higher isolation in both directions 

and higher gain at desired frequency. When Rs = 4 Ω/sq, in Fig. 3-5(b), a 2 dB drop 

in gain occurs comparing with the gain curve of Rs = 1.9 Ω/sq, conforming to the 

observation from Fig. 3-4(b) that gain decreases with the increase of Rs.  

Another desirable feature which should also be highlighted is the orthogonal 

placement of the four single antennas. Four single identical antennas are positioned 

perpendicularly to each other, with the intention of mitigating correlation with 

orthogonal polarization diversity, which can void spatial correlation and decrease 

structure size. Thus, interference between adjacent antennas, when two or more 

ports are activated, is lowered to a great extent, achieving good isolation with less 

spatial resource. 
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Fig. 3-5. Comparison of simulated results for (a) S-parameters and (b) realized gain of 

two different configurations (with and without ground extension stubs). 
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3.4 Measurement Results and Discussions 

Fig. 3-2(f) shows the fabricated conformal screen-printed graphene MIMO 

antenna on paper substrate. Four 50 Ω SMA connectors were connected to four 

CPW feeding point by using conductive epoxy. A Vector Network Analyzer (VNA 

Agilent E5071B) was used to determine the scattering parameters of the printed 

graphene MIMO antenna. A horn antenna was employed in an anechoic chamber 

for two-antenna method with its known performance, measuring the radiation 

pattern and gain of the fabricated antenna. The setup of experiment apparatus is 

illustrated in Fig. 3-6, where the distance between the horn antenna and the printed 

graphene antenna was fixed to 0.8 m.  

For the ease of measurement, the antenna was supported by a flexible screen 

made of Polypropylene with relative permittivity of 2.27, loss tangent of 0.002 at 

1 GHz and permeability of 1 [23]. By comparison, the use of flexible screen leads 

to a tiny shift (about 50 MHz) to lower frequency, which should have minimal 

effect on antenna performance according to the simulation results in Fig. 3-7(a) 

and gain in Fig. 3-7(b). Due to the unique design of the structure, identical 

performance can be observed for antennas 1 and 3, likewise for antennas 2 and 4. 

Thus, for a clearer display of the scattering parameters of the MIMO antenna, only 

S11, S12 and S13 are shown in Fig. 3-7 (a).  
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A good agreement between the simulated and measured S-parameters can be 

observed. The 10 dB bandwidth of the antenna is 2.22-3.85 GHz from the 

measurement and 2.05-3.89 GHz from the simulation. The discrepancy may be 

caused by the material parameter variations due to screen printing and after-

printing processes, such as compression tolerance, e.g., the uneven surface caused 

by manual control of compression (hence causing conductivity variation), the 

difference in the dielectric constant of paper substrate from the simulation or less 

perfect contact between the conductive epoxy and the feeding. It is important to 

note that, the licensed global 5G spectrum in mid band range is entirely covered 

by this wide bandwidth of the antenna in the test.  

 

Fig. 3-6. Antenna measurement set up with a horn antenna in anechoic chamber, 

the distance between the horn antenna and the MIMO antenna under test is 0.8 

m. 

 

 

 

Fig. 3-6. Antenna measurement set up with a horn antenna in anechoic chamber, 

the distance between the horn antenna and the MIMO antenna under test is 0.8 m. 
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From measured S12 and S13 in Fig. 3-7 (a) we can see that the isolation between 

two orthogonally placed antennas is below -30 dB, realizing excellent mutual 

coupling reduction within the desired frequency band. This is achieved by altering 

the orientation of the adjacent antennas and stubs. Even lower mutual coupling can 

be found between opposite antennas, as it can be seen that the value of S13 is about 

10 dB lower than S12 in both simulated and measured results. Fig.3-7 (b) compares 

the simulated realized gain to the measured gain of the MIMO antenna with the 

support of flexible screen, obtained with a horn antenna by two-antenna method. 

Apart from an average 2 dB fall in magnitude, which most likely to be caused by 

higher sheet resistance than expected sheet resistance (1.9 Ω/sq was used in the 

simulation) as verified in Fig. 3-4 (b) (the impact of sheet resistance on gain 

reduction), the shape of the measured gain is in good agreement to the simulated 

within the operating frequency band. The measured gain features 0.4 dBi at 2.4 

GHz and 0.56 dBi at 3.5 GHz, reaches its peak value 0.92 dBi at 2.6 GHz, 

acceptable for low-cost disposable use for 4G LTE, WiMAX and 5G mid-band 

applications. Simulated and measured radiation patterns in both E- and H-plane at 

2.4 GHz and 3.5 GHz are plotted in Fig. 3-8 respectively.  

 



 

 98  

 

 

Fig. 3-7. (a) Measured and simulated S-parameters with and without flexible screen, 

(b) simulated gain with and without screen with different resistances, and measured 

gain using a standard horn antenna. 

 

Fig. 3-7. (a)Measured and simulated scattering parameters with and without flexible 

screen, (b) simulated realized gain with and without screen with different resistances, 
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Fig. 3-8. Normalized simulated and measured radiation patterns on E-plane and H-plane 

at 2.4 GHz and 3.5 GHz.  
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Fig. 3-9. (a) Front view of the screen-printed graphene MIMO antenna being 

vertically bent by α= 160° on a scaled adjustable flexible screen with one of its ports 

connected to the Vector Network Analyzer, and (b) horizontally bent by 120°, (c) top 

view of the antenna when fixed on the flexible screen with r=5.3cm and α=120°. (d) 

Bending with α=0°, 80° and 160°. The yellow arc represents the curved side length of 

the antenna (W=110mm). 

 



 

 101  

The directivity is maximized on the orthogonal plane of the antenna plane, i.e., 

0° and 180°. As can be observed, the measured patterns are in acceptable 

agreement with simulated ones.  

For a more precise illustration of the achieved isolation, the envelope correlation 

coefficients (ECC) of both opposite and adjacent antennas are calculated using (3.2) 

[24] 

|ρ𝑒(𝑖, 𝑗, 𝑁)| =
|∑ 𝑆𝑖,𝑛

∗ 𝑆𝑛,𝑗
𝑁
𝑛=1 |

2

∏ [1 − ∑ 𝑆𝑘,𝑛
∗𝑁

𝑛=1 𝑆𝑛,𝑘]𝑘(=𝑖,𝑗)

      (3.2) 

where N is the number of antennas, i=1 to n, j=1 to n. 
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Fig. 3-10. (a) Measured S11 variation with increasing bending with α=0° (when no 

bending is applied), 80° and 160° vertically and horizontally respectively, (b) Measured 

antenna gain with vertical and horizontal bending alteration, (c) Envelope correlation 

coefficient (ECC) between antenna 1 and 2, and antenna 1 and 3 calculated from 

measured scattering parameters. 
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From 2-6 GHz, the ECC values between both of the adjacent antennas and 

opposite antennas, as seen in Fig. 3-10 (c), indicating negligible correlation 

(ECC< 0.2 × 10−6  for the whole desired frequency range), fully testifies the 

transmission quality of each antenna in the structure.  

To accomplish the 5G network revolution blueprint and bring high-quality IoT 

to everyday life, it is crucial not only to deal with massive data throughput, 

conformability of electronic elements is also an essential factor to attain better 

adaptability, usability, and sustainability in applications, such as user-interactive 

 

Fig. 3-11. Channel capacity loss between antennas with and without being bent 

calculated from measured scattering parameters. 
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health monitoring systems, virtual reality gaming systems, vehicle to vehicle 

communications, robotics and autonomous systems. By being attached to human 

bodies who take part in physical activity monitoring systems, conformal antennas 

provide better user comfort than the ones which consist of rigid metals. To bend 

the antenna to a desired angle, a scaled adjustable and flexible screen was designed 

and fabricated, shown in Fig. 3-9 (a). The bending of the screen can be adjusted 

by altering the arc. During the conformability tests, the MIMO antenna was 

supported by this flexible screen in an anechoic chamber. 
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Fig. 3-12. Normalized MIMO antenna radiation pattern on H-plane at (a) 2.4 GHz 

with vertical bending, (b) 3.5 GHz with vertical bending, (c) 2.4 GHz with 

horizontal bending and (d) 3.5 GHz with horizontal bending with α=0°, 80° and 

160°. 
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Both vertical and horizontal bending, shown in Fig. 3-9 (a) and (b), were 

conducted separately to inspect the performance of the antenna with increasing 

bending stress. As tested, the bending limit for the antenna to remain at its working 

condition is at α=160°, where α refers to the angle between the two radii that form 

the arc, as shown in Fig. 3-9 (c). Imagining the flexible screen as a cylinder, the 

antenna is attached to this cylinder with an adjustable radius r. By adjusting the 

supporting arc behind the flexible screen, bending conditions with α = 80° and 160° 

are realized for conducting S-parameters and ECC tests. The corresponding radii 

for α= 80° and 160° are r = 7.88 and 3.94 cm respectively, as shown in Fig. 3-9 

(d), where the length of the arc in yellow is fixed at W=110 mm, and α = 0° 

indicates infinite radius and flat surface. Fig. 3-9 (a) shows when the antenna is 

being vertically inflected with α = 160°. 

S11 variations with vertical and horizontal bending can be observed in Fig. 3-

10 (a). It can be seen that the resonant frequency does not move much during the 

bending tests but the reflection coefficient is distorted more when horizontal 

bending is applied. This is due to the ground extension stubs experience 

deformation to a greater extent in horizontal case. Fig. 3-10 (b) reveals that the 

gain changes more for horizontal bending than that for vertical bending; the peak 

gain goes up to 3.3 dBi for horizontal 160° bending and 1.3 dBi for 80° bending at 

about 3.5 GHz. The gain remains at 0.4 dBi with all bending cases around 2.4 GHz. 

There are dips occurring around 3.7 GHz for both bending cases, which could be 

caused by the deformation in radiating elements. 
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The ECC values for the bending cases can be simply derived from our measured 

scattering parameters using (2). Due to the special rotational symmetry of the 

 

 

Fig. 3-13. Normalized MIMO antenna radiation pattern on H-plane at (a) 2.4 GHz 

with vertical bending, (b) 3.5 GHz with vertical bending, (c) 2.4 GHz with 

horizontal bending and (d) 3.5 GHz with horizontal bending with α=0°, 80° and 

160°. 
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MIMO antenna, we consider ECC in terms of the relative positions of the elements 

for simplicity, that is, ECC(1,2) should behave like ECC(3,4) with same bending 

action applied, correspondingly, ECC(1,3) should behave the same as ECC(2,4). 

Hence, the adjoining antennas (1,2) and opposite antennas (1,3) with different 

curvatures are inspected in Fig. 3-10(c). Note that the orientation of bending makes 

no difference in ECC between adjoining antennas. From observation, ECC values 

for all conditions are below 0.2 × 10−6 for the entire operation frequency. At 2.4 

GHz, the isolation even improves between adjacent antennas for horizontally bent 

opposite antennas since the bending alters the polarization and the relative position 

of the two antennas, reducing the interference along horizontal axis.  

Also, the channel capacity loss (CCL) between two antenna elements in Fig. 3-

11 is estimated by (3.3), (3.4) and (3.5) [25] 

 𝐶𝐶𝐿 =  − log2 det(𝜓𝑅) (3.3) 

 𝜓𝑅  =  [
𝜌11 𝜌12

𝜌21 𝜌22
] (3.4) 

 

where  𝜌𝑖𝑖 = 1 − (|𝑆𝑖𝑖|
2 + |𝑆𝑖𝑗|

2
) and 

  𝜌𝑖𝑗 = −(𝑆𝑖𝑖
∗ 𝑆𝑖𝑗 + 𝑆𝑗𝑖

∗ 𝑆𝑗𝑗)    for i, j = 1 or 2. 

(3.5) 

Despite the compact arrangement of the antennas, the value of CCL remains 

below 0.2 bits/s/Hz from 2 to 6 GHz even with 160° bending applied, where the 

standard CCL for a 4 × 4 MIMO antenna is 0.4 bits/s/Hz [25]. The loss between 

adjacent antennas can be spotted a little higher than opposite polarized antennas 

due to the closer separation and polarization correlations. 
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Antenna radiation characteristics at 2.4 GHz and 3.5 GHz respectively with α = 

0°, 80° and 160° can be examined from Fig. 3-12 and 13. In Fig. 3-12 (a), more 

offset of maximum directivity of the antenna in E-plane at 2.4 GHz can be seen 

with increasing vertical curvature than that of the case of horizontal curvature. This 

is because, when the MIMO antenna is being bent vertically, two side stubs are not 

co-planar anymore. At 2.4 GHz, the power is mainly radiated by the side stubs, as 

shown in Fig. 3-3 (b) (the surface current of Antenna I at 2.4 GHz), thus, changing 

the direction of the stubs causes the radiation distortion in E-field at 2.4 GHz. 

However, at 3.5 GHz, power is mostly radiated by the patch rather than the stubs, 

so that vertical bending does not break the radiation symmetry of element, as 

shown in Fig. 3-12 (b). Other than this, the antenna consistently remains at its 

normal working condition with horizontal bending.  

Radiation patterns in magnetic field at both 2.4 GHz and 3.5 GHz can be 

observed in Fig. 3-13. Similarly, the field alters a little more when vertical bending 

applies than horizontal bending, however, this slight alteration in fields barely 

alters the transmission. In general, the antenna preserves its good radiation 

performance up to the bending angle of 160°, despite slight diversity change in 

electric field due to the break of symmetry, revealing good adhesion and stable 

power transfer performance of the antenna. Cross polarizations of the antenna 

under different bending conditions in E- and H-plane are measured and shown in 

Fig. 3-12 and 13. The results are normalized with respect to the maximum value 

of the co-polarization results. It can be observed that the cross-polarization results 

at broadside are about 30 dB and 20 dB down compared with the co-polarization 

levels in E and H -plane respectively at both 2.4 and 3.5 GHz under all bending 

conditions up to 160 ° , revealing good radiation performance. It can also be 
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observed that vertical bending affects more on cross-polarization orientation at 2.4 

GHz due to the same reason as discussed on co-polarization variation by vertical 

bending at 2.4 GHz.  

 

3.5 Conclusion 

In this paper, a novel aggregation of graphene printing electronics and MIMO 

technology has been presented, enabling cheap accessible MIMO antennas to be 

massively deployed in various IoT applications. A conformal, well-isolated, 

environmental-friendly, screen-printed graphene MIMO antenna has been 

designed, fabricated and characterized, confirming the feasibility of using highly 

conductive printed graphene to promote the flexibility and biodegradability of high 

reliability and fast data transmission devices. Good isolation is evident with its 

extremely low ECC value below 0.2 × 10−6  for the entire desired frequency 

band with acceptable gain as a result of the ground extension stub and polarization 

diversity design. The conformability and usability of the antenna have been 

testified that it remains working for bending angle below 160°, suitable for most 

user case scenarios with good adhesion and stable power transmission. The 

bandwidth of the antenna covers a wide range of applications, including 4G Long 

Term Evolution (LTE) telecommunications networks, 2.45 GHz Industrial, 

Scientific, Medical (ISM), sub-6 GHz 5G mobile networks, WLAN and WiMAX 

applications. The low manufacturing cost and disposable features of this graphene 

printed MIMO antenna reveal its potential for massive production for 5G dense 

communication networks deployment. Furthermore, its compact size and 

flexibility directly lead to greater integration in flexible 5G front-ends, IoT systems, 
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as well as in next-generation wearable electronic devices. 
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Abstract 

 
 

In this paper, a printed graphene compact, low-cost, disposal, flexible and 

conformal, coplanar waveguide (CPW) fed, linear array antenna has been proposed. 

It was designed for 5.8 GHz radars, portable electronic devices, and commercial 

wireless LAN applications and manufactured by screen printing formulated highly 

conductive graphene ink on paper substrate. The array achieves 73% total radiation 

efficiency and a peak gain value of 4.5 dBi at 5.8 GHz, with its bandwidth ranges from 

4.6 GHz to 7.9 GHz (52.8%). Over the operating frequency, the radiation of the 

antenna has been proved as a typical radiation pattern of a patch antenna array. 

 

4.1 Introduction 

 

Printed electronics has drawn extreme attention in modern communication field 

over the last decade [1]. This technology significantly enables the rapid development 

of a vast of soft electronic applications such as antennas [2], sensors [3-4], bendable 

displays [5], thin film transistors [6], electronic skin [7] and transparent electrodes [8] 

due to its tremendous influence on the enhancement of user comfort, space utilization 

and commercial manufacturing convenience. Among all the conductive inks that have 

been proposed so far, silver nanoparticle inks have been most often mentioned due to 

its high electric conductivity and chemical stability in free air [9]. However, the very 
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high cost of silver strictly limits its industrial manufacture. Other cheaper conductive 

inks based on common metallic nanoparticles such as copper and aluminum demand 

high thermal condition in the cause of oxidization prevention during fabrication [10], 

which narrows down the selection of substrates to a great extent.  

Graphene-based ink has thus been regarded as a promising substitution of metallic 

conductive inks for its relatively high conductivity [11], excellent electron transfer rate 

[12], environmental amity and low cost, contributing to better integration into systems 

that require flexibility. Also, it enhances the robustness of devices and hence prevents 

discontinuities during high-level deformation unlike metal inks or carbon nanotubes 

[13]. Different fabrication approaches have been intensively researched for producing 

graphene-based flexible electronic devices over the years, such as reactive sputtering, 

ink-jet printing [14], spin coating [15], thermal evaporation [16] and screen printing 

[17]. Whereas sputtering and spin coating does not support patterns with high-

resolution, and thermal evaporation requires very high temperature which makes it 

incompatible with heat sensitive substrates [18]. Thus, more investigations have been 

carried out on using ink-jet printing and screen printing due to the simplicity of the 

process, good surface conductivity [19], low temperature requirement and comparative 

effectiveness. 

The key to graphene printed technology is to maintain a low sheet resistance and 

avoid introduction of cracks, at the same time get rid of the thermal annealing process 

for manufacture simplicity. A binder-free technique suitable for industrial scale screen 

printing has been proposed in [20], 4.3 × 104 S/m conductivity has been attained, 

validating the concept of the approach. Taking advantage of this technique, a flexible 
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dipole antenna on paper substrate was illustrated in [21], obtaining a −4 dBi maximum 

gain, and could be used for low-cost RFID and sensing applications with excellent 

sustainability and conformability. Nevertheless, for this structure, antenna bending 

could cause severe radiation pattern deformation and gain degradation, affecting signal 

transmission.  

In this paper, a coplanar waveguide-fed flexible graphene-printed wide-band 

antenna array on paper substrate has been designed and then fabricated. 1.4 Ω/sq sheet 

resistance and 4.5 dBi gain at 5.8 GHz resonant frequency have been obtained, making 

it a good candidate for radars, health monitoring system, body centric networks and 

other commercial wireless LAN applications. 

 

 

4.2 Antenna Design And fabrication 

4.2.1 Antenna Design 

 

The configuration and dimension of this proposed graphene printed antenna array has 

been shown in Fig. 4-1 (a). Coplanar waveguide feeding has been adopted for 

reducing the risk of ink permeation as the ground can thereby be addressed on the 

same side as the radiator. Further, planar structures ensure compact structure of 

devices and allow better usage of space resource. The conductive graphene sheet has 

been simulated with a 1.4 Ω/sq sheet resistance (fluctuates around 1.2-1.6 Ω/sq 

during four-point probe measurement). Paper substrate has been placed under the 
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graphene radiating pattern with a dielectric constant of 2.31 and a thickness of 0.1 

mm. Parameters such as 0.52 mm spacing between antennas, 0.4mm coplanar 

waveguide 

 

gap and 3mm feeding line width were analyzed and carefully selected for 

implementing antenna’s best performance. Due the fact that the minimum separation 

current attainable screen printing technology can offer is 0.4 mm (the resolution of the 

screen-printed patterns), mismatch will be inevitably introduced between the antenna 

and the connector. In this case, an SMA connector has been placed at the end of the 

Fig. 4-1.(a) Geometry of graphene printed array antenna with an SMA connector 

attached for including mismatch during calculation. (a=6.48, b=3.10, c=7.00, 

d=5.45, e=1.50, f=0.4mm) (b)Fabricated graphene printed array antenna on paper 

substrate. 

Conductive epoxy 

 
Conductive epoxy 

(b) 

 
(b) 
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feeding line, fixing the port impedance at 50 Ω in the simulation, thus including 

mismatch during the simulation calculation process. Rectangular structures have been 

designed in between the array feeding lines to introduce coupling and diminish the loss, 

consequently enhance the transmission. The eclipse shape at the top helps widening 

the operating bandwidth and increasing gain value, aggregating high value gains in our 

desired frequency range 4.8-5 GHz for portable 5G networks and 5.8-6 GHz for Wi-

MAX and WLAN. Distance between the antennas directly contributes to the influence 

on the reflectivity of the whole structure. 

Fig. 4-2. Reflection coefficient of graphene nanoflakes printed cpw-fed antenna 

array over frequency, showing a 52.8% bandwidth. The -10dB line has been plotted 

in red and the resonant frequency in blue. 
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4.2.2 Antenna Fabrication 

In this work, the conductive ink was made from first mixing graphene flakes with 

an organic solvent, N-methyl-2-pyrrolidone (NMP). Then, screen filtering and vacuum 

suction filtration were carried out to separate graphene with the solvent. The remained 

graphene was again dissolved in ethylene glycol, and tuned to the right concentration. 

Sonication has also been applied for a more even dissolution of the conductive 

graphene nanoflakes in ethylene glycol. After formulating the conductive ink, our 

desired pattern was printed on paper substrate using screen-printing technology. A 10-

minute heating process (at 100 ◦C to protect substrate from over-heating) has been 

applied right after the printing to volatilize the dispersant. Then, rolling compression 

was operated for reducing the sheet resistance by about 1/10, increasing the contact 

area of conductive graphene nanoflakes, allowing better flow of surface current as well 

as higher conductivity of the radiator.  

About 1.2-1.6 Ω/sq sheet resistance was measured for the fabricated antenna in 

Fig.4-1 (b) by four-point probe measurement method and semiconductor 

characterization system. The sheet resistance can be expressed as 

 

𝜎 =
1

𝑅𝑠𝑡
(4.1) 

 

where ρ is the resistivity and t is the thickness of the measured graphene conductive 

film. 

Finally, a 50 Ω SMA connector has been connected to the structure by using 
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conductive epoxy with its one joint contacting to the radiator and the other two to the 

ground. The final fabricated graphene printed array antenna can be clearly observed in 

Fig. 4-1 (b). Fig. 4-2 shows the fabricated graphene printed array antenna on paper 

substrate.  

 

4.3 Simulation results and discussion 

The graphene printed array antenna shows a resonant frequency at 5.8 GHz, as seen 

in Fig. 4-2, S11 variation with frequency. The 52.8% bandwidth (-10 dB) of the array 

antenna ranges from 4.6 GHz to 7.9 GHz, covering a huge amount of applications such 

Fig. 4-3. Simulated total efficiency of the graphene nanoflakes printed cpw-fed array 

antenna on paper substrate. 
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as x band satellite communication, portable devices allocated to 4.8-5 GHz 5G 

networks, EEE 802.16a 5.8 GHz Wi-MAX band and 5.8 GHz upper WLAN. In Fig. 4-

3, the total efficiency achieves 73% at the resonant frequency and stays above 70% 

from 5.28 GHz to 6.37 GHz, which is a very good result for printed graphene antennas 

considering the inevitable mismatch and lower conductivity comparing to metal 

structures. The peak realized gain occurs at 5.8-6 GHz with a comparatively high value 

of 4.5 dB (Fig. 4-4.), even including the effect of mismatch. More importantly, it 

remains above 3 dB from 4.74 GHz to 6.91 GHz, ensuring continuous communication 

Fig. 4-4. Simulated realized gain of the graphene nanoflakes printed CPW-fed array 

antenna on paper substrate. 
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quality.  

From observation, this graphene nanoflakes printed array antenna exhibits the same 

shape as a typical patch antenna array in far field region without any evident 

deformation, proving the performance of the antenna, as seen in Fig. 4-5, the radiation 

pattern of the antenna in both E- and H-plane. 

  

Fig. 4-5.  Simulated radiation pattern of the graphene printed antenna array on 

both E-plane and H-plane. 
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4.4 Conclusion 

In this work, a graphene printed, compact, conformal, disposal, environmental 

friendly and low cost antenna array has been first successfully simulated and then 

fabricated with expected sheet resistance. 4.5 dBi gain and 73% efficiency has been 

shown in the simulation at its resonant frequency 5.8 GHz. The bandwidth of the array 

covers x band satellite communication, 4.8-5 GHz 5G portable networks, and 5.8 GHz 

upper WLAN. Screen printing has been used to fabricate the design. The good 

performance outcome in simulation and its very low cost imply a promising application 

prospect in graphene printed electronics, especially in the field of flexible and wearable 

electronic devices. The performance of the fabricated antenna as well as its flexibility 

will be tested in anechoic chamber to further validate the simulated outcome. 
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Abstract 
 

 

This paper presents a novel co-planar waveguide (CPW) fed tri-band graphene 

printed 1×2 planar array antenna for wireless communication use. The antenna is 

designed to support L band, the fifth generation (5G) sub-6 GHz band and 5.2 GHz 

wireless local area network (WLAN) communication applications with 

biodegradable and low-cost printed graphene. The graphene laminate which was 

screen-printed on paper substrate possesses a sheet resistance of 1.5 Ω /sq and a 

conductivity of 3.5 × 104 S/m. The peak gain of this antenna reaches 2.14 dBi at 3.8 

GHz, indicating good power transmission. 

 

 

5.1 Introduction 

The demand for low-cost multiband antennas to transmit signals for different 

services has significantly increased over the decade. With the rapid development of 

5G, the necessity of integrating various extensively used bands into modern compact 

portable wireless communication devices has raised even higher. A lot of work have 

been dedicated in recent years to designing dual-band and tri-band compact antennas 

with different methods, such as taking advantages of metamaterials aids and 

meandered lines for multiband operation, PIFAs, introducing slots to patch antennas, 
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adding C or L-shape strips to the structures [1-4]. For easier integration with 5G 

active devices and microwave integrated circuit amplifiers (MMIC), fully printable 

CPW-fed antennas are highly attractive to researchers due to the fact that all patterns 

can be  put on  the  same plane. To reduce size of conventional microstrip patch 

antennas and at the same time achieve multiband signal transmission, meandered line 

design is often supported with CPW feed, obtaining large decrease in size, fully 

printable structure, and regular omnidirectional radiation patterns. Printed flexible 

antennas can be achieved in many ways, silver and gold inks are the most studied due 

to their mechanical stability and high conductivity. However, the extreme high cost 

greatly reduces the accessibility and sustainability for their commercial applications. 

Other conductive inks such as copper and aluminum are easily oxidized [5], the 

thermal annealing process narrows down the selection of substrates by a large margin. 

With its excellent electrical and mechanical properties, graphene is regarded as a 

sustainable substitution of metal with high electron transfer rate. 

Many work involving graphene printed antennas has been reported, including 

dipoles, sensors, RFIDs and monopoles [5-7], exhibiting good radiation 

performance and proving the usability of graphene antennas. 

In this work, we propose a novel tri-band CPW-fed graphene printed 1× 2 planar 

array designed with meandered line and ground extensions. The antenna is screen-

printed on paper substrate with our highly conductive graphite ink. The simulation 

results are investigated to prove the design, measured results will be further presented 

in full paper. 
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5.2 Antenna fabrication 

To produce highly conductive graphene ink, liquid-phase exfoliation method was 

used to disperse exfoliated graphite flakes in N-methyl-2-pyrrolidone (NMP) organic 

solvent. Then, 24-hour sonication and filtration were applied to the mixture to 

dispose unwanted large particles. The final conductive ink was tuned with Ethylene 

Glycol (EG) dispersant to 50 mg/mL. Screen printing procedure was implemented 

with a semiautomatic screen printer and a capillary film negatively patterned mesh 

screen. The printed sample was then dried and compressed with rolling machine 

(Agile F130 Manual Mill) to reduce resistance. The SMA connector was at last fixed 

to the CPW feeding point by using conductive epoxy. The average sheet resistance 

is measured as 1.5 Ω/sq. The conductivity is determined as 3.5×104 S/m using (5.1). 

𝜎 =
1

𝑅𝑠𝑡
(5.1)
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where σ is the conductivity, t is the thickness of the measured film and R𝑠 is the 

sheet resistance. 

 

5.3 Antenna design and results 

Fig. 5-1. Reflection coefficient comparison of the four 

configurations. 
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The ohmic sheet resistance of the printed graphene laminate is set to 1.5 Ω/sq. 

The paper substrate has a thickness of 0.1 mm and a relative permittivity of 2.31. 

The size of the whole structure is 56 mm×60 mm. The antenna array is 

implemented with a CPW feed (preventing ink penetration to the other side of 

paper) splitting into two branches. The inset of the patch brings the feed to a 

higher point to improve input impedance matching, contributing to higher 

efficiency of the antenna. Four configurations of graphene array antennas 

are displayed in Fig. 5-1. 

 Configuration Ⅰ shows the initial structure of an inset-feed CPW antenna 

array design with one rectangular slot on each element which has an ultra-

wideband feature covering 1.2 GHz-5.9 GHz. Configuration Ⅱ, Ⅲ and Ⅳ are 

involved with different meandered line structures. The comparison of the return 

loss of four layouts can be observed in Fig. 5-1, where configuration Ⅱ shows 

three clear resonances at 1.35 GHz, 3.5 GHz and 5.25 GHz. For better 

Fig. 5-2. Fabricated prototype and detailed dimensions labelled in mm and (b) 

reflection coefficient of the proposed antenna. 

 



 

 136  
 

impedance matching at desired frequencies, configuration Ⅱ is selected and 

further optimized to achieve the best result. The final geometry and detailed 

dimensions of the fabricated prototype are shown in Fig. 5-2 (a). Fig. 5-2 (b) 

shows the simulated return loss, three resonances can be observed at 1.4 GHz, 

3.5 GHz and 5.2 GHz. The bandwidth of the antenna covers 1.2 GHz-1.9 GHz, 

2.8 GHz-4 GHz and 4.5 GHz-5.8 GHz, realizing simultaneous signal 

transmission in L-band, 5G mid- band, and 5 GHz WiFi channels. Radiation 

patterns of the antenna at 1.4 GHz, 3.5 GHz and 5.2 GHz are exhibited in Fig.5-

3. The patterns of 1.4 GHz and 5.2 GHz in H-plane indicates omnidirectional 

radiation performance. At higher resonance in E-plane, some deformation in 

shape can be spotted due to the change in surface current distributions. At 1.4 

GHz, the surface current is focused on the ground extension, while at 3.5 GHz, 

the surface current is mainly distributed on the patch, and at 5.2 GHz, more power 

is radiated by the inner loop of the spiral meandered line. The peak realized gain 

of the antenna reaches 2.14 dBi at 3.8 GHz, verifying good power transmission. 
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Fig. 5-3. Antenna radiation patterns in (a) E-plane and (b) H-plane at 1.4 GHz, 3.5 

GHz and 5.2 GHz respectively. 
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5.4 Conclusion 

 
 

A novel tri-band array antenna design was integrated with printed graphene 

technology to produce low-cost flexible antenna supporting simultaneous 

operation for multiple wireless services. The excellent bandwidth distribution and 

radiation pattern performance of this array antenna have exemplified that printed 

graphene-based antenna can take the place of high-cost conventional antennas 

consist of metallic structures and rigid substrates. Other measured results of this 

antenna will be further presented in full paper. 
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Abstract  

In this paper, a 70 × 210  mm dual-band screen-printed graphene flexible 

antenna array designed for 2.4 GHz and 5 GHz wireless local area network 

(WLAN) communication is presented. The flexibility of the antenna is achieved 

using Co-Planar Waveguide (CPW) feed and screen-printing highly conductive 

graphene ink on extremely low-cost and disposable paper substrate. The proposed 

antenna consists of two elements and a stepped ground integrated with side stubs, 

supporting 2.4 GHz (802.11b/g/n) and 5 GHz (802.11a/n/ac) WLAN 

communication networks, with bandwidths of 1.74-2.72 GHz (55.96%) and 3.44–

6.26 GHz (81.98%), achieving peak gains of 2.37 dBi and 2.55 dBi at 2.05 and 

5.06 GHz, showing outstanding power transmissions and radiation performance at 

both frequencies, guaranteeing strong and stable wireless connections. 

 

6.1 Introduction 

The field of printed electronics has bloomed and brought a new era to wireless 

communications due to its advantage in simple fabrication process, compact size, 

and its unique compatibility with bendable substrates. To implement the mass 

deployment of (Internet of Everything) IoE applications spurred by the rapid 

evolution of 5G wireless communications, flexibility of devices is a clear need for 

enhancing the integration and incorporation with a variety of systems, especially 

for applications such as body centric networks, RFID systems, health, and military 

monitoring systems, etc. The development of printed electronics technology for 

the fifth-generation wireless communications offers favorable circumstances and 
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an abundance of opportunities for novel IoE applications.  

 Various conductive inks have been proposed for achieving flexibility in 

electronic devices, such as inkjet printing silver nanoparticle ink on paper substrate 

[1] and textiles [2], evaporating gold on micro structured PDMS substrate [3]. 

Although silver nanoparticle ink has been most intensively researched in the past 

due to its high conductivity and chemical stability, the extremely high cost of silver 

greatly limits its industry production. Also, metallic conductive ink printed 

conformal devices inevitably generates cracks while being bent to a large angle, 

which not only limits the sustainability, also significantly degrades the 

performance. 

With high electrical conductivity, robustness, strength, and excellent electron 

transfer rate, graphene, a monolayer of carbon atoms, has been considered as a 

promising substitution of metal [4] for better integration into systems that require 

flexibility, light weight, and low cost since it was first isolated from Graphite [5]. 

Different methods of printing graphene conductive ink have been reported over 

the years [6], among them all, inkjet printing and screen printing surpass other 

approaches for their higher accuracy of pattern and no need for thermal or acid 

processing, which accounts for better compatibility with heat sensitive substrates 

such as paper, polymers, and textiles [7]. Paper substrate is often selected with 

screen printing technique to achieve cheap transmission lines, antennas, and 

capacitors [8-10] for its flexibility, disposability, ease in large-scale manufacturing 

and fast biodegradation, regarded as a solution to the mass electronic waste 

accumulated worldwide. 

With higher requirement of data transmission rate and system reliability in 
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modern mobile communications for IoE applications, it is crucial for antennas to 

operate at multiple frequency bands to implement strong and stable connections in 

locations where often difficult to reach. In this paper, a meandered line inspired, 

planar, flexible, printed graphene antenna array on paper substrate with dual 

resonance for commercial WLAN applications is developed using the binder-free 

screen-printing technique proposed in [11], suitable for industrial scale fabrication. 

In Section II, the geometry of the antenna and design of dual band are 

demonstrated, followed by the illustration of fabrication process of the antenna. 

Simulated and measured results are exhibited in Section III to justify the design, 

including S11, radiation pattern and gain plots. Finally, conclusions are presented 

in Section IV. 

 

6.2 Antenna design and fabrication 

 

6.2.1 Antenna Design 

The geometry and its corresponding dimensions of the proposed antenna are 

shown in Fig. 6-1 (a) and Table 6-1 respectively, this 70 × 210 mm two elements 

antenna array is modeled and simulated by CST Studio Suite. Considering the skin 

depth of graphene is much larger than the printed layer, the printed layer of 

graphene nanoflakes was modelled as ohmic sheet with a sheet resistance of 1.2 

Ω/sq. Normal paper substrate of 2.31 dielectric constant and 0.1 mm thickness was 

chosen for its flexibility, biodegradability, low cost and environmental amity. 

Planar CPW feeding structure was selected to prevent the effect of ink penetration 
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to the other side of the substrate, also to guarantee easier integration into various 

systems. A stepped ground with side stubs was designed to improve impedance 

matching and suppress the radiation in horizontal axes hence enhance gain at 

operation frequencies [12].  

The meandered line structure with different radiating elements is inspired by 

[13] and [14], spacing of the lines are specifically adjusted for matching. The small 

L-shape is designated to resonate at 5 GHz and the larger shape is for 2.4 GHz. A 

notch in the small L-shape can be observed at the feeding point, which can be 

regarded as an inset feed, bringing the feeding point closer to the center to improve 

input impedance. The T-shape coupling component above the structure is for gain 

enhancement at lower frequency range. A 50 Ω SMA connector is placed at the 

port to include impedance mismatch in simulation results. Fig. 6-1 (b) shows the 

flexibility of the antenna array.
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Fig. 6-1. Geometry of the proposed antenna: (a) CST model; (b) flexible antenna 

array; (c) fabricated prototype. 
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6.2.2  Antenna Fabrication 

To fabricate the antenna, in this work, the graphene conductive ink was 

produced using the method reported by our group in [11]. First, graphite flakes 

were sheer mixed in N-methyl-2-pyrrolidone (NMP) for maximum dispersion. At 

the same time, applying a cooling system with circulating water to maintain the 

temperature at 20℃ and prevent overheating caused by graphene heat dissipation 

during sheer-mixing. After that, the mixture was sonicated and filtered to separate 

non-dispersible large particles and the solution. Another filtration process was then 

carried out to eliminate the solvent and re-disperse the solute in Ethylene Glycol 

and tuned to a certain concentrate. 

Screen printing technology was employed with a semiautomatic screen printer 

and a negatively patterned 24T mesh screen. The screen was first prepared by 

exposing capillary film using an exposure machine with vacuum pressure 

regulating valve to prevent pattern displacement. The conductive ink was then 

printed on paper substrate (Xerox Performer A4 Paper 80 gsm), taking advantage 

of paper’s porosity property. After that, the printed antenna was heated up to 

volatilize the Ethylene Glycol dispersant. Due the high resistance caused by the 

porous feature of printed graphene layer, a rolling compression was further applied 

to force well-aligned face-to-face contact of laminated graphene nanoflakes and 

smoothen the surface of printed graphene conductor [11], and thus contributes to 

significant improvement of surface current flow and increasement of film 

conductivity. The thickness of the final printed graphene layer is measured as 19 

μm, much lower than graphene’s skin depth at our desired frequencies [15]. 

The SMA connector was finally attached to the feeding point using conductive 
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epoxy. Fig. 6-1(c) shows the fabricated prototype. 

The average sheet resistance of the final prototype, as shown in Fig. 1c, is 

measured as 1.5 Ω/sq. The conductivity is calculated as3.51 × 104 S/m using (1). 

𝜎 =
1

𝑅𝑠𝑡
(6.1) 

where  is the conductivity, 𝑡 is the thickness of the film and 𝑅𝑠 is the sheet 

resistance. 

 

 

 

6.3 Results and discussion 

 
 

6.3.1 Reflection Coefficient Characteristics 

Fig. 6-3 shows the comparison of the simulated and measured reflection 

coefficients of the proposed antenna, the resonant frequencies of the proposed 

antenna array are 2.4 and 5.8 GHz from the simulation, and 2.15 and 5.4 GHz from 

the measurement, justifying the design. The small discrepancy in frequency may 

be caused by the uneven surface produced in fabrication processes and higher than 

expected sheet resistance of the printed graphene layer. 

 Its bandwidth ranges, 1.744-2.72 GHz and 3.44–6.26 GHz, can be observed 

with |𝑆11| < 10  dB, supporting both 2.4 GHz and whole coverage of 5 GHz 
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WiFi and WLAN networks, enhancing the transmission efficiency significantly for 

point-to-point links than single band antennas.  

Table 6-1  Optimized dimensions of the dual band antenna array. 

Parameters mm Parameters mm 

W 210 gap 4 

L 70 fi 5.5 

W1 37 sl 19 

blw 35 d 24.2 

th 10 bl 17 

tl 3.82 h1 11.4 

tw 12 slw 8.5 

tl2 25.13 ssw 5 

fw 2 ssl 

18.66 

w1 21.41   
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6.3.2 Far-Field Radiation Characteristics 

 

The far-field radiation performance of the proposed dual-band flexible antenna 

array was observed by measuring the antenna in an anechoic chamber with a 

calibrated E5071B VNA and a horn antenna connected to the other port, as shown 

in Fig. 6-2. The gain plotted in Fig. 4 shows a stable performance, above 0 dBi, 

for both frequency bands of WLAN applications, guaranteeing continuous 

connectivity. It is also worth mentioning that the peak gain 2.37 dBi and 2.55 dBi 

occur at 2.05 and 5.06 GHz respectively, close to the expectations from simulation 

result, obtaining signal reliability. From 2.6-4.8 GHz, the measured gain is 

remained below 0 dBi, verifying the stopband of the antenna and giving the 

antenna anti-interference feature in this frequency range. It can also be observed 

Fig. 6-2. Fabricated prototype measured in the anechoic chamber. 
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that the gain from measurement decays faster than simulation result, this is due to 

more power loss is generated during measurement. 

 

 

 

  

Fig. 6-3. Simulated and measured reflection coefficients of the proposed 

antenna array. 
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The measured and simulated far-field radiation patterns at 2.4 GHz and 5.1 GHz 

are presented in Fig. 6-5 in both E- and H- planes, where an even front and back 

radiation distribution can be observed. The shapes of the measured radiation 

patterns agree well with the simulation result. More distortion can be found in 5.1 

GHz, as radiations in 5.1 GHz require higher precision of antenna shape than 2.4 

GHz.  

 

  

Fig. 6-4. Simulated and measured realized gain of the antenna. 
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(a) 

                               (b) 

 

Fig. 6-5. Simulated and measured far field radiation patterns on different 

planes at 2.4 and 5.1 GHz: (a) phi = 90 ;  (b) phi = 0 . 
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6.4 Conclusion 

In this work, a dual-band flexible and disposable printed graphene antenna array, 

consists of two antenna elements and meandered line structure, is designed, 

fabricated, and presented. The simulation results verify its multiple wide operating 

bands and stable gain performance. The flexibility, low-cost and environmental 

amity of the antenna exhibits its potential in WIFI and WLAN mobile 

communication applications in both 2.4 GHz and 5 GHz bands, consequently 

revealing it as a good candidate for high data rate IoE system use, especially for 

systems require high signal transmission reliability such as health and military 

monitoring. 
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Abstract 

 

A sustainable approach for preparing high conductive screen-printing 

graphene ink by recycling cellulose solvent has been proposed. The ink uses 

Cyrene solvent in circulation and produces highly concentrated and conductive 

graphene ink to conquer the limitation of graphene inks in massive industrial 

production brought by the very high cost of the cellulose solvents. The 

concentrated ink can then be formulated and diluted to desired concentration. 

Systematic study of sheet resistance variation with number of cycles has been 

carried out. The average conductivity of the ink can achieve 3.032×104 S/m, with 

only 2-hour shear exfoliation applied, which exhibits about the same 

conductivity of recent works (using toxic NMP solvent, centrifugation, 

ultrasonication, and high temperature annealing, etc.), but with much simpler 

fabrication. A recycled ink enabled screen-printed graphene far-field tag antenna 

is screen printed on paper substrate and integrated with printed Graphene Oxide 

(GO) and SL900a sensory chip to achieve battery-free wireless UHF RFID far 

field temperature sensing. The high responsiveness, accuracy and sensitivity of 

the RFID sensing tag were observed with instantaneous detection, accurate and 

reliable wireless data transmission. The high conductivity graphene nanoflakes 

ink allows the screen-printed graphene tag to wirelessly harvest sufficient power 

from the reader for supplying the sensor IC chip. This work demonstrates a 

forward-looking approach to producing low-cost sustainable Cyrene graphene 

inks in which mass production of printed electronics can be achieved, revealing 

an extremely simple and low-cost industrial manufacturing method that is 

compatible with flexible substrates.   
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7.1 Introduction 

The implementation of the Internet of Things (IoT) and its extension concept, 

the Internet of Everything (IoE), stimulated by the 5G and followed by the 6G 

revolutions, has greatly increased the yield requirements for conformal printed 

electronics applications including energy storage and conversion, flexible screens, 

sensors, antennas, optical detectors, electronic paper, radio frequency 

identification (RFID) tags, and wearable electronics, etc. [1-6]. Intense efforts 

have been put in developing more time and cost-efficient fabrication process for 

these flexible printed electronics with lower cost and higher feasibility in order to 

meet the urge of the blooming market.  

The critical property of printed electronics relies on the presence of highly 

conductive tracks connected to each other. Thus, developing high-performance 

inks for printing electronics with high conductivity and low cost is therefore very 

crucial to the implementation of industrial scale printed electronics as a practical 

manufacture process. A promising electrically conductive ink should address the 

following requirements: excellent printability, stability over time, low cost, 

compatible with a range of substrates, and good tolerance of bending and strain.  

Efforts have been intensively focused on providing highly conductive metallic 

nanoparticle inks for the high demanding market. Dispersed silver nanoparticle ink 

[8-10] has been regarded as a good candidate by researchers for its high 

conductivity, yet, the high cost of silver severely limits its application, especially 

where low-cost and sustainable electronics are constantly in dire need. However, 

the adoption of silver nanoparticle inks entails a sintering process for reinforcing 

the bonding of the deposit to the substrate and for eliminating undesirable solvents 
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[11] which strictly limits the selection of heat-sensitive substrates. High 

conductivity can also be implemented with other commonly used metallic 

conductive nanoparticle inks such as copper and aluminum [12]. However, using 

metallic structures, even with minor deformations, could easily result in 

irreversible cracks and electron transport discontinuities, not to mention the 

associated costs applied to high temperature annealing for preventing metal 

oxidation [13].  

Of all printable conductive inks that have been developed for industrial 

manufacturing to date, graphene, with its exceptional characteristics granted by its 

2-dimensional crystalline structure [14], such as high current-carrying mobility, 

conductivity, and strength, as well as its low manufacturing cost, is the most 

extensively investigated cost-effective and emerging material which is recognized 

as the promising alternative to metals when it comes to printable flexible 

electronics. Many methods of fabricating printed graphene have been reported, 

involving spraying, doctor blading inkjet printing, and screen printing. Since spray 

coating is not likely to produce a smooth surface of films and doctor blading suffers 

from a deficiency in pattern precision, inkjet printing and screen printing 

techniques have been adopted for most jobs [11, 15-20]. At the mass industry level, 

screen printing is the most extensively investigated and well-established printing 

technology, supporting a broad range of substrates [21-24], from glass, paper, 

metals, and textiles to polymers, and providing high precision manufacturing of 

printed electronics where complex designs are required, greatly enhances the 

ability to scale up manufacturing production. 

Over the past decade, various methodologies have been proposed, reporting 
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on the synthesis and production of graphene conductive inks. To attain high yields 

of graphene, liquid phase exfoliation of graphite flakes [25] outperforms other 

methods such as dispersion and exfoliation of graphene oxide (GO), micro-

mechanical cleavage, growing graphene on metals or annealing on Silicon Carbide 

(SiC) substrates because of its high productivity and ability to preserve the 

electronic structure of graphene. Exfoliation efficiency is closely correlated with 

the proportion of the solvent's surface tension component and the surface tension 

component of the material to be exfoliated [26]. Many compatible solvents have 

been studied for processing screen-printable graphene inks with good stability and 

low residual, including N-methyl-2-pyrrolidone (NMP), dimethylformamide 

(DMF), Cyrene (dihydrolevoglucosenone), water-surfactant solutions and 

water−IPA mixture [11, 27-31]. However, NMP and DMF solvents can only 

achieve low concentrations, more importantly, they suffer from high boiling points 

(>200 °C), and are often toxic [32], hindering their potential in industrial scale 

electronic applications. Water-based solutions with surfactants and water-IPA 

mixture could be sustainable alternative preparation methods with low cost, low 

boiling point and low harm which do not require annealing or chemical post 

treatments [29-31, 33]. A formulation of producing graphene slurries in aqueous 

solution with an exceptionally high concentration (50 mg ml-1) and a low shear 

viscosity (0.064 Pa∙s at 50 s−1) has been presented in [33], yet the presence of the 

graphene flake edge oxidation still diminishes its electrical conductivity. To enable 

the efficient industrial production of highly conductive graphene inks at high yield, 

lowering the defect density as well as the degree of oxidation has become a clear 

demand. 

So far, the graphene ink conductivity reported without thermal annealing can 
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be as high as 7.13 × 104 S m−1 with the use of bio-based Cyrene (CAS: 53716-82-

8) solvent in a recent work [11], which was extracted from cellulose and first 

identified as excellent solvent for graphene dispersion in 2017 [34]. The 

optimization of the processing time and other factors for best performance (highest 

conductivity) has been investigated. It has been proved that, under the same bath 

ultrasonication exfoliation treatment, the sheet resistance of graphene laminate 

processed with Cyrene solvent instantly drops within the first 8 hours, whereas it 

takes about 20 hours with NMP for reaching the lowest sheet resistance (which is 

still higher than Cyrene). Thus, Cyrene is of higher cost, but proved a cleaner, 

environmentally friendly, and even better-performing alternative to hazardous 

organic solvents for graphene inks due to the particular surface tension and polarity 

it possesses, as well as the stability it offers at high concentration.  

To further eliminate the limitations imposed by the high price and enhance the 

potential of Cyrene for industrial scale graphene ink production, the cost of 

solvents must be taken into account, which means that in order to realize 

substantial usage of Cyrene for large-scale ink production, it is essential that a 

sustainable approach be taken in order to allow an effective and feasible industrial 

production to finally be realized. 

In this work, a sustainable ink production method is proposed which takes 

advantage of recycled Cyrene in circulations, The effect of recycled Cyrene on the 

properties of shear exfoliated graphene nanoflakes ink has been investigated. By 

recycling the solvent, the high price of Cyrene graphene ink can be greatly reduced 

by at least a tenth, while maintaining the superior electrical conductivity, defect-

free, high concentration, and stability of the resulting graphene ink, enabling the 
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use of Cyrene in scalable industrial productions. A highly conductive graphene ink 

enabled printed graphene RFID far-field sensor is developed and tested, 

demonstrating high responsivity and sensitivity, allowing antenna to withdraw 

sufficient power wirelessly from the reader to power the sensor IC chip and 

transmit the data back to the reader. More importantly, we are finally able to bypass 

the chemical oxidation process of graphene conductive ink production, obviate the 

necessity of extensive use of toxic solvents, and resolve the critical issues 

associated with sustainable industrial use. 
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7.2 Material Preparation and Characteristics 

By adding expandable graphite into Cyrene solvent and using only shear 

exfoliation, high-quality graphene nanoflakes were obtained. In our previous work, 

the ultrasonication exfoliation time of the graphene ink prepared using Cyrene 

solvent was examined and proved a much more efficient and time-saving method 

in comparison with NMP [11]. However, to implement large-scale ink production, 

the expense of solvents is an inevitable concern in the case of high-volume 

production of inks involving Cyrene. In this work, Cyrene was recycled and reused 

for 10 circulations, the exfoliated flakes produced after each cycle were sampled 

and further investigated for characterization. Furthermore, to further reduce the 

cost and achieve great sustainability in fabrication process, only shear mixing (2 

hours) was used for exfoliation.  

Fig. 7-1. The sustainable method to allow large-scale graphene ink dispersed in 

Cyrene solvent. 10 cycles have been performed and tested in this work. 
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In order to prepare graphene inks, an amount of 5 g of expandable graphite 

flakes (purchased from Sigma-Aldrich) with the flake size >50 mesh (a -50 mesh 

powder has the size of particles that measure less than 297 microns) was slowly 

added to 500 mL Cyrene (dihydrolevoglucosenone, >99%, Circa Group Pty Ltd). 

The shear mixing process was then implemented with a modified shear mixer (L4R, 

Silverson) with square hole high shear screen, which sheared each sample 2 hours 

with 8000 RPM. A water-cooling system was applied to keep the temperature at 

10 ℃.  After that, the 500 mL dispersion was transferred into test tubes. As 

shown in Fig. 7-1, an 80 ml sample was extracted at each cycle to perform drop 

analysis so to investigate the ink's properties. The remaining 420 mL was 

proceeded to centrifugation at 12,000 rpm with the temperature being maintained 

at 10 ℃ for an hour. After centrifugation, the upper layer supernatant of the 

mixture should appear translucent yellow towards light, whereas the bottom layer 

is the dark concentrated ink. The 400 mL upper layer was then collected and 

poured into a clean glass bottle for the next cycle of Cyrene use, where 100 mL 

fresh Cyrene and 5 g graphite flakes were added to the circulation. The whole 

process was repeated for 10 times, with a usage of 1400 mL of Cyrene solvent only, 

while by conventional method, it will need about 6 L, reducing the amount of 

Cyrene usage by 76.67%. 

After filtering the extracted ink samples through a 300-mesh stainless steel 

screen, 100 μL of the collected sample was dropped onto a filter paper (Whatman 

qualitative filter paper, Grade 5) which was placed on a glass funnel (140 mL 

Aldrich Buchner funnel), vacuum pumped in order to prevent the coffee ring effect. 

Following this, the filter papers were annealed in an oven for 6 h (160 °C) and 

compressed with a hydraulic compressor (Durston, DRM SS F130) with constant 
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strength. 

The sheet resistance for each sample is obtained by measuring 6 different 

positions in the middle of the dropping area using a four-point probe station (Jandel, 

RM3000) and semiconductor characterization system (Keithley, 4200C). 6 printed 

samples were measured for each cycle. Scanning electron microscopy (SEM, 

MIRA3 TESCAN) was conducted for the 1st, 5th and 10th cycle to specifically 

visualize the surface and cross sections of the graphene sheet in order to allow 

detailed observation of the thickness of the printed layers and the sizes of the flakes 

after compression. As shown in Fig. 7-2, the SEM surface topology of the graphene 

laminate samples for the three cycles are presented with 10 k × magnification, with 

the 1 µm scale bar labeled for better observation.  

It can be seen that after the completion of the 1st cycle, the flakes are of 

relatively bigger size comparing with the 5th and the 10th cycles, a more porous 

stacking structure can also be observed from the surface, resulting in degradation 

of the contact between flakes. Around the interspaced pores, the flow of current 

between the graphene flakes is directed to their tips and edges, giving rise to a 

potentially higher sheet resistance. After the 5th cycle, a smooth surface was 

attained (Fig. 7-2 (b)), which implies that a better overall stacking was obtained 

with the aid of the thinner and smaller flakes that were retained in the recycled 

Cyrene solvent during the past few cycles, acting as a connection between the large 

flakes. The flakes of larger size serve as the backbone, while the smaller pieces fill 

the voids. In Fig. 7-2 (c), after 10 cycles, a significant increase in the number of 

flakes with smaller size can be spotted, and the surge of such flakes would 

eventually lead to a massive increase in the interconnecting contacts between the 
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flakes, thus raising the sheet resistance. 
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Fig. 7-2 SEM images of the surfaces of screen-printed graphene laminates (after 

compression) a) after the 1st, b) 5th, and c) 10th cycle with 10k × magnification; the 

scale bar labeled is 1 µm long.  
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Fig. 7-3. The cross-section SEM images of the screen-printed graphene laminates 

(after compression) a) after the 1st, b) 5th, and c) 10th cycle with 500 X 

magnification; the scale bar labeled is 50 µm long.  
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The thickness of the printed laminates was determined by taking the average 

of measurements at 10 different locations on the cross-sectional SEM view of the 

compressed graphene sheets of each cycle. Fig. 7-3 displays the magnified SEM 

images of the 1st, 5th and 10th cycle conductive sheet samples with 500 x 

magnification. The average thickness of the 1st, 5th and 10th cycle samples are 62.12 

µm, 53.2 µm and 69.6 µm. More condensed stacking can be observed in Fig. 7-3 

(c), however, the increase of interfaces can contribute to higher 

resistance/thickness. 

To evaluate the conductivity of the inks made in different recycling runs, the 

variation of the graphene sheet resistance is plotted in Fig. 7-4 with the fitted linear 

regression lines for standard errors. As shown in the plot, the sheet resistance of 

the samples decreases rapidly within the first 5 cycles. The lowest sheet resistance 

0.624 Ω/sq appears at the 5th cycle, manifesting the previous assumption that best 

conductivity can be achieved by certain amount of smaller flakes filling in the void, 

establishing better interconnecting interfaces and allowing more fluent current 

flow.  

The sheet resistance exhibits a tendency to rise at a fast rate between cycle 5 

and cycle 7 since the longer shear mixing time leads to even smaller flake size, 

which induces a great increase in number of interfaces between graphene flakes. 

In addition, hydrodynamic processes can damage the graphene basal plane after 

long processing time, bringing down the conductivity of graphene flakes. After 

performing the loop for 7 times, a relatively steady state has occurred at around 

0.79 Ω/sq, which indicates a balance between the rising trend of resistance brought 

by the increase of interfaces and the filling of gaps by smaller thin flakes. The 



 

 170  
 

variation of the sheet resistance ranges from 0.967 Ω/sq to 0.624 Ω/sq for 10 

recycling runs, indicating that the Cyrene can be recycled for graphene exfoliation 

to produce highly conductive graphene inks. The conductivity of the samples can 

be calculated using equation (7.1).  

σ =
1

R𝑠𝑡
               (7.1) 

where Rs is the sheet resistance and 𝑡 is the thickness of the sample. 

For the 1st, 5th, and 10th cycles, the conductivity features 1.665, 3.032, and 

1.866 ×104 S/m respectively. 

After ink fabrication and characterization, screen printing was carried out. 

Through exposing capillary films (ULANO, EZ50-Orange) on an exposure 

machine with a vacuum pressure regulation valve, a 24T mesh printing screen with 

a negative patterned antenna shape was prepared in advance. The developed ink 

was then screen printed on paper substrate using a semiautomatic screen printer 

(YICAI4060DV) with the assist of a slant squeegee moving at a chosen constant 

speed. Several parameters are decisive for sufficient ink depositing and hence 

lowering the sheet resistance, including the speed of the slant squeegee (50–100 

mm s−1), the angle of inclination of the squeegee (70°), the number of layers of the 

exposing capillary film (ULANO, EZ50-Orange) (4 layers in this work), and the 

mesh number of the selected screen (higher mesh contributes to higher resolution 

yet it impedes the ink from depositing). The final improvement of conductivity is 

done by rolling compression, which can greatly reduce the sheet resistance to its 

tenths [36], as seen in the SEM image in Fig. 7-2, graphene nanoflakes forming 

well-aligned laminated structure with face-to-face contact, allowing good flow of 
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surface current. 

  

Fig. 7-4. Sheet resistance (Ω/sq) variation with increasing cycle numbers 

(measured 6 times per sample, 6 samples per point).   
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7.3 Recycled Cyrene Graphene Ink Printed Battery-

Free Wireless UHF RFID Sensory Tag on Paper 

Substrate 
 

 

The passive ultra-high frequency (UHF) RFID technology, operating at 860 

MHz-960 MHz, has a long read range and throughput, allowing readability 

through a broad range of materials, and is extremely cost-effective, making it the 

most prevalent technology in all industries. For UHF RFID operations at ~900 

MHz applications, the skin depth is about 80 μm. To prove the usability of the 

conductive ink, the prepared recycled Cyrene graphene ink has been used to 

produce far-field UHF RFID antennas on paper substrate. The layout of the 

Fig. 7-5. Geometry of the proposed printed graphene UHF RFID tag on paper 

substrate. 
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designed tag is shown in Fig. 7-5, the pattern is used in the screen patterning in 

screen printing fabrication process. 

The antenna is composed of a rectangular feeding loop and a meandered line 

radiating body with a size of 130 mm × 49 mm. CST Microwave Studios was used 

for the far-field tag antenna simulation [32]. The process can be briefly descripted 

as: the signal generator delivers a continuous wave, which travels through the 

circulator and is in turn emitted by the reader antenna. Then the tag antenna 

receives the power from the incident electromagnetic wave. This energy is utilized 

to power up the tag and activates its embedded RFID chip, which can further 

modulate the signal and backscatter it to the reader antenna. In order to design the 

antenna with optimal performance, a parametric study of the tag geometry has been 

performed and numerical analysis has been carried out. The printed graphene tag 

antenna was simulated under different geometrical parameters, involving number 

of turns of the meandered line, widths of the radiators, distance of the adjacent 

Fig. 7-6. The proposed tag antenna is integrated with an SL900A sensory chip on 

the designed PCB board to sense temperature and backscatter signals to readers. 
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structures, and dimensions of the middle gap, etc. The real and imaginary parts of 

the tag impedance at different frequencies can be obtained from the simulation. 

The printed graphene was modelled as ohmic sheet with a sheet resistance of 1.5 

Ω/sq. The tag was then connected to SL900A sensory tag chip (AMSCO) for 

automatic data logging, as shown in Fig. 7-6. The chip is powered wirelessly by 

the RFID reader and contains a fully integrated temperature sensor with a 

temperature range from -29°C to +58°C.  

 To allow maximum power transfer to the chip, the input impedance of the 

antenna is designed to match the complex conjugate value of the chip input 

impedance. The detailed dimensions of the tag after optimization for the best 

conjugately matched performance are given in Table 7-1. The chip has a sensitivity 

threshold of -6.9 dBm, an impedance of (123-j303) Ω at 915 MHz, operating from 

860-960 MHz, also features an accuracy of ±0.5 ℃ [37]. The impedance of the 

 

Fig. 7-7. The impedance variation with frequency of the tag. Conjugate match 

is achieved at 915 MHz. 
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optimized antenna at 915 MHz is achieved at (132.4+j301.3) Ω, as shown in Fig. 

7-7, close to the conjugate match of the chip impedance.  

In free space, the electromagnetic radiation that is incident on the RFID tag 

antenna has a power density (𝑆) given by 

𝑆 =
𝑃𝑡𝐺𝑡

4𝜋𝑟2
 (7.2) 

where 𝑃𝑡 is the transmitted power, 𝐺𝑡 is the power gain of the transmitting 

reader antenna, and 𝑟 is the distance between the reader and tag antennas.  

The minimum power needed to activate the tag can be expressed as [35]: 

𝑃𝑡𝑎𝑔 =
𝑃𝑡ℎ

𝜏𝐺𝑟
= [𝑃𝑡 − 𝐿𝑐𝑎𝑏𝑙𝑒+𝐺𝑡 − 𝐹𝑆𝑃𝐿]𝑑𝐵 (7.3) 

where 𝐺𝑟  is the gain of the antenna, 𝑃𝑡ℎ  is the threshold of the power 

required to activate the embedded RFID chip, 𝐹𝑆𝑃𝐿 is the free space loss , 𝐿𝑐𝑎𝑏𝑙𝑒 

is the cable loss, 𝜏 is the matching factor, which has a range of 0 ≤ 𝜏 ≤ 1 and 

is 1 when the tag antenna and chip are perfectly matched.  

Minimum power can be determined simply by raising the transmission power 

level to the point where the reader antenna is able to receive the backscattered 

signal generated from the tag.  

The theoretical maximum reading range 𝑅𝑚𝑎𝑥 of the tag directly relates to 

the EIRP (Effective Isotopically Radiated Power) as well as the minimum 

transmitted power required to activate the tag. 

𝑅𝑚𝑎𝑥 = √
𝑃𝑚𝑎𝑥,𝐸𝐼𝑅𝑃

𝑃𝑡𝑎𝑔
∙

𝑐

4𝜋𝑓
 (7.4) 

The radiation performance of the graphene RFID antenna at 915 MHz was 

measured by rotating the antenna in a step of 20° in both x- and y-planes, at the 

same time recording the backscattered power using calibrated Voyantic 
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Tagformance measurement system (with EIRP of 4 W), then normalized with the 

maximum received power. The RFID reader involves a signal generator, a 

transmitter, a power detector, and a receiver. The antenna was fixed at a distance 

of 26 cm (in far field region) with an adjustable foam holder and a rotatable holder 

with an embedded protractor and a pointer made of PET (Polyethylene 

Terephthalate) substrate.  

The Tagformance measurement system employs a variable power output that 

sends a signal that activates the tag and measures the backscattered power from 

the tag. In Fig. 7-8, a similar radiation patterns to that of a dipole antenna can be 

observed from the measurements. The antenna is omnidirectional in the xz-plane 

and weakly directional in the yz-plane, verifying effective radiation of the printed 

RFID tag. Only small discrepancy can be observed from the comparison of 

 

Fig. 7-8. Measured and simulated far-field RFID antenna radiation power 

density patterns in xz- (left) and yz- (right) planes. 
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simulated results and measured results in both planes, which may be affected by 

the conductive epoxy which connects the tag to the chip, the uneven surface of the 

Fig. 7-9. Measurement setup for RFID tag performance test. A commercial 

thermometer was used for comparison, showing temperature values similar to 

those of the results of the RFID tag. 
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printed graphene laminate, and the influence of angular position deviation. 

 For estimating the reading range, frequency was swept from 860 MHz to 

960 MHz in a step of 5 MHz. By increasing the input power in a step of 0.1 dBm, 

the minimum transmitted power for powering up the tag can be obtained. With 4 

W maximum radiated power, the maximum read range is calculated using (4). The 

maximum read range of the tag is 42.09 cm at 865 MHz. The printed graphene 

RFID tag antenna has a steady read range above 20 cm in the whole RFID band, 

showing its satisfactory behavior for RFID signal transmission. 

The sensing performance of the proposed sensory tag was tested by taking 

the average value of 30 indoor temperature samples every 20 minutes from 13:00 

to 17:00 in British winter time, as shown in Fig. 9. ST25RU3993 Reader Suite was 

used to measure the tag performance by recording the received backscattered 

signals and demodulating them, which provides multi-protocol support for the 

840-960 MHz UHF communications and shows the processed data on the 

corresponding software. Another set of data was obtained from a commercial 

thermometer at the same time as the ongoing test of the sensor. The performance 

of the tag has been characterized in the far field by fixing the position of the reader 

and the sensor tag with a distance of 25 cm and orientation in the orientation of 

maximum gain. Two foam holders with low permittivity and loss were used to 

separate the RFID sensor and the reader.  

The results acquired from the sensors were then compared with the results 

measured with the commercial thermometer. ~320 read count can be achieved in 

20 seconds. Similar values of temperature change over the hours can be observed, 

as demonstrated in Fig. 9, with a maximum absolute error of 0.7 ºC, highly 

consistent with the temperature sensory accuracy of ± 0.5 ºC stated in the 
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datasheet of the chip, showing excellent sensitivity and valid performance of the 

graphene printed tag. The obvious change in temperature over time illustrates 

prompt response of the RFID sensor antenna, providing strong evidence of 

instantaneous detection, accuracy, and reliable wireless data transmission, 

verifying the promising potential of graphene printed electronics in terms of 

extremely low-cost, industrial scale, and fully sustainable wireless sensing IoT 

applications. 

 

Table 7-1. Optimized dimensions of the designed RFID tag. 

Parameters mm Parameters mm 

ws 130 wr 26.3 

ls 49 fw 4 

la 38 gw 7.4 

wb 10 ow 15 

wwb 23 d 22 

wl 23 gl 19 

g 3 gr 5 

lr 24   
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7.4 Conclusion 

 

This proposed sustainable method based on recent research about highly 

conductive (7.13 × 104 S m-1) and stable Cyrene graphene ink has brought the 

graphene ink industrial production to the next level by investigating the feasibility 

of Cyrene ink circulation method and the change in sheet resistance after every 

shear exfoliation operation cycle. By using this sustainable method, the severe 

limitations brought by the very high price of Cyrene can be eliminated by reusing 

the ink after centrifugation, separating the supernatant liquid and the highly 

concentrated graphene slurry. It has been proved that, with an increasing cycle 

number, the sheet resistance decreases within the first 5 cycles until reaching the 

lowest sheet resistance 0.624 Ω/sq, then rises to a steady state 0.79 Ω/sq, indicating 

 

Fig. 7-10. Graphene printed UHF RFID tag temperature sensing performance 

compared with a commercial thermometer. 
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a balance between the rising trend of resistance brought by the increase of 

interfaces and the declining trend caused by filling of gaps by small thin flakes can 

be achieved in the end. The small change in sheet resistance of this method 

demonstrates that recycling Cyrene can be used for large-scale industrial 

production of flexible electronic devices from MHz to tens of GHz. To prove the 

industrial applications, a recycled Cyrene graphene ink printed battery-free 

wireless UHF RFID temperature sensing tag on flexible paper substrate has been 

successfully realized and tested. Its reliability, sensitivity, low cost and easy 

manufacture demonstrate a promising future of this technique for industrial use. It 

is conceivable that with this sustainable technology, printed graphene electronics 

can play a significant role in applications where massive production and high 

performance are urgently needed, such as soft robotics, bio-medical systems, 

wearable devices, and structural health monitoring systems.   
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Chapter 8: Conclusion and Future works 
 

The thesis focused on integrating printed graphene technology into different 

antenna designs to conquer the most concerned surge in electronic waste caused 

by the mass production of antennas spurred by the mass deployment of IoT 

applications, achieving flexible, biodegradable, and low-cost antennas suitable for 

the implementation of next-generation communication networks. In Chapter 3, the 

graphene flakes were exfoliated in NMP solvent with no binder added, obtaining 

a conductivity of 3.68 × 104 S/m . A novel wideband (2.22 GHz to 3.85 GHz , 

53.71% fractional bandwidth), 110 𝑚𝑚 × 110 𝑚𝑚  4x4 MIMO antenna has 

been constructed and fabricated using this ink, with four single antennas 

perpendicularly placed to each other for orthogonal polarization diversity. This 

specially designed antenna has been proved with extraordinary flexibility (160° 

bending limit), effective radiation, and minimized ECC ( 0.2 × 10−6 ), 

demonstrating the capability of stable and high-power applications of the antenna. 

This first-ever graphene-printed MIMO antenna, whose success takes graphene 

antenna applications beyond low power radiation dipole antennas and RFID, has 

demonstrated its promising potential for systems where timely response and high 

data throughput are required. 

In Chapter 4, by using the graphene ink prepared with the same method, a 

flexible array antenna on paper substrate was designed and fabricated. This 

antenna was aimed for 5.8 GHz radars, portable electronic devices, and 

commercial wireless LAN applications. The outstanding radiation performance of 

the array antenna was verified by its 73% total radiation efficiency (stays above 

70% from 5.28 GHz to 6.37 GHz) and peak gain value of 4.5 dBi at 5.8 GHz, with 
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its bandwidth ranges from 4.6 GHz to 7.9 GHz (52.8%). Comparing to a 

conventional half-wave dipode with a gain of 2.15 dBi, typical graphene printed 

dipole with a gain of -0.6 dBi, this compact graphene printed array antenna is well-

designed and realising excellent beamforming.  

The research in Chapter 5 extended the design to the implementation of a 56 

mm×60 mm graphene printed tri-band antenna which can support communication 

applications in a larger range of commercial bands: L band, the fifth generation 

(5G) sub-6 GHz band and 5.2 GHz wireless local area network (WLAN). The 

bandwidth of the antenna covers 1.2 GHz-1.9 GHz, 2.8 GHz-4 GHz and 4.5 GHz-

5.8 GHz, realizing simultaneous signal transmission in different bands. The 

evolution of the antenna structure was carried out, involving different meandered 

line structures. At different resonance, the antenna would radiate with different 

designated structures. The peak gain of this antenna reaches 2.14 dBi at 3.8 GHz, 

indicating valid power transmission, but this is not stable as the gain cannot stay 

above 0 dBi for the entire three desired frequency ranges. 

Another dual-band array antenna was further proposed with bandwidths of 

1.74-2.72 GHz (55.96%) and 3.44–6.26 GHz (81.98%), consequently revealing it 

as a good candidate for high data rate IoE system in both 2.4 GHz and 5 GHz WiFi 

and WLAN mobile communication use. The peak gains of this antenna are 2.37 

dBi and 2.55 dBi at 2.05 and 5.06 GHz, respectively, showing remarkable power 

transmissions and radiation performances at both frequencies, strong and stable 

wireless connections can therefore be guaranteed, but with the increase in size 

(70 × 210 mm) for sacrifice.  

The work in Chapter 7 took the graphene ink industrial production to the next 

level by investigating the feasibility of Cyrene ink circulation method and the 
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change in sheet resistance after every shear mixing operation cycle. This method 

is based on a recent research about highly conductive (7.13 × 104 S m-1) and stable 

Cyrene graphene ink. By using this sustainable method, the severe limitations 

brought by the very high price of Cyrene can be eliminated by reusing the ink after 

centrifugation, separating the supernatant liquid and the highly concentrated 

graphene slurry. It was found that, with an increasing cycle number, the sheet 

resistance decreases first, then rises to a steady state, indicating a balance between 

the rising trend of resistance brought by the increase of interfaces and the declining 

trend caused by filling of gaps by small thin flakes can be achieved in the end. The 

performance of the recycled cyrene graphene ink printed battery-free wireless 

UHF RFID sensory tag has successfully verified the ink quality for valid power 

transmission.  

Within this field, further research can be focused on: 

⚫ Actual application tests of the designed antennas, i.e., on curved walls, pillars, 

or human body, can be further investigated, as the change in substrate would 

likely cause degradation of radiation. If necessary, a tunable metasurface layer 

can be added on top to enhance the directivity of the antenna and realize higher 

gain, or put in between to reflect the signals in the opposite direction to the 

degrading substrate. 

⚫ The efficiency boost of adding shear mixing exfoliation before ultrasonication 

bath treatment should be evaluated. It is known that adding shear mixing 

would increase exfoliation efficiency, but no systematic optimization process 

has been done. The conductivity and concentration of two set of ink samples 

can be compared, with one set of them processed with certain shear mixing 

time then ultrasonication treatment, the other set taken straight to 
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ultrasonication with the same bath sonication time. This should show how 

shear mixing procedure helps enhancing graphene ink fabrication efficiency. 

⚫ The dual- and tri-band antennas in Chapter 5 and 6 are either too big for 

portable devices or suffering from instability of radiation performance. To 

achieve better integration with the vast development of 5G technology, 

compact antennas with reliable power transmission functionalities are needed. 

Alterations in design structures should be carried out to improve. 

⚫ The major cause of the discrepancy between simulation results and 

experimental data lies in the unevenness of the printed graphene layer. The 

sheet resistance of printed graphene layer can range from 0.3-3.5 Ω/sq, which 

means some structural designs may not function as what we expect. An 

improved method for smoother, controllable, and more precise graphene 

printing should be developed and evaluated. 

 


