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Abstract 

The rapid development of wireless communication, space-based radar systems and active military 

radars in the past decades gives rise to the necessary of information security and electromagnetic 

waves pollution, which arouse the requirement of perfect electromagnetic absorbers in both military 

and civil areas. Since the isolation of graphene and the first experimental demonstration of so-called 

perfect metamaterial absorber carried out in the early 21
st
 century, a large amount of research has been 

directed at graphene based metamaterial absorbers. This thesis delivers pioneering developments on 

the design of printed graphene metamaterial absorbers on electromagnetic ranges including radio 

frequency, microwave frequency, and THz bands. 

This thesis focuses on the design and optimization of broadband metamaterial absorbers for civil 

and military applications and aims to provide novel ideas and combed design approaches for further 

development of the metamaterial absorbers with outstanding properties  

This thesis presents several broadband printed graphene metamaterial absorbers with competitive 

properties. For example, the two multilayer structure metamaterial absorbers in chapter 3 provide 

ultra-wide operation bandwidth covering from C band to Ka band, and from S band to Ku band, 

respectively; the ultra-thin metamaterial absorber in chapter 4 achieves a relative absorption 

bandwidth of 178% with a thickness of merely 0.3 mm; the novel printed graphene AMC based radar 

absorber has pioneering advances compared with conventional metallic AMC based absorbers; the 

genetic algorithm optimized absorber indicates potentials of coding metamaterial absorbers. For the 

first time, the printed graphene AMC based radar absorber is experimentally demonstrated. 

Furthermore, the printed graphene metamaterial absorbers presented in this thesis are angle-insensitive 

and polarization-independent, and possess good flexibility thanks to the printed graphene patterns and 

flexible dielectric substrates.  

This work significantly provides novel approaches and more design flexibility to metamaterial 

absorbers, and expands the applications of printed graphene in the design and fabrication of 

metamaterial absorbers.   
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Chapter 1: Introduction 

1.1 Background 

The electromagnetic (EM) absorber refers to structures that can absorb an incident EM wave. 

The study of electromagnetic absorbers can be traced back to the study of wave absorbers for the 

2-GHz band carried out in the mid of 1930s at the Naamlooze Vennootschap Machinerieen in the 

Netherlands [1]. The research on radar absorbers for military use was aroused during World War 

II and was carried out mainly by the German Schornsteinfeger Project [2] and the MIT Radiation 

Laboratory in the United States [3]. After the war, various types of EM-wave absorbers were 

proposed in the following several decades, mostly were composed of carbon-based materials and 

were developed for anechoic chamber applications [4].  

With the development of the cross-disciplinary field of metamaterials in the late 20
th
 century, 

many applications of metamaterials were proposed and experimentally demonstrated. Among 

various metamaterial applications, metamaterial absorber is a major breakthrough for 

electromagnetic research. The word “metamaterial” comes from the Greek word μετά meta, 

meaning "beyond" and the Latin word materia, meaning "matter" or "material". As the literal 

meaning, metamaterial is any material engineered to have a property that is not found in naturally 

occurring materials [5]. Metamaterials derive their properties not from the properties of the base 

materials, but from their newly designed structures. Electromagnetic metamaterials are arrays of 

structured subwavelength elements which may be described as effective materials via the electric 

permittivity and magnetic permeability [6]. Their newly designed structures, such as shape, size, 

and arrangement, give them outstanding properties capable of manipulating electromagnetic 

waves by enhancing, blocking, or absorbing [6]. The design flexibility of metamaterials makes 

them excellent candidates for electromagnetic wave absorbers. 

Metamaterials were first introduced to the design of absorbers in 2002 [7]. The first 

experimentally demonstrated metamaterial absorber was proposed in 2008 [8]. After the first 

experimental demonstration, different kinds of metamaterial absorbers were carried out in recent 

https://en.wikipedia.org/wiki/Meta
https://en.wikipedia.org/wiki/Latin
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years. In general, the ideal metamaterial absorber is supposed to absorb all incident 

electromagnetic waves without causing any reflection waves, regardless of the incident wave 

direction, polarization, and frequency [9]. However, this kind of ideal wave absorber does not 

exist in the real world. Therefore, the performance of metamaterial absorber characteristics is 

defined by the effective absorption with over 90% absorptivity, corresponding to the reflection 

coefficient of −10 dB or less. There are different types of metamaterial absorbers distinguished by 

their operation frequency bands. The narrow band absorbers provide effective absorption at a 

specific frequency point with a narrow bandwidth. Multi-band absorbers operate at several 

separated frequency points with narrow or wide bandwidths. The broadband absorbers have 

broadband effective absorption bandwidths covering wide frequency bands. In this thesis, the 

design and fabrication approaches are focused on the broadband metamaterial absorbers. Desired 

properties required for a good broadband metamaterial absorber are angle-insensitive and 

polarization-independent property, small unit cell and thickness, mechanical flexibility, and of 

course the broad effective absorption bandwidth.   

Due to the rapid growing research on printed conductive inks for electronic applications, 

various types of conductive inks, such as copper nanoparticle inks, carbon black and carbon 

nanotubes, and silver nanoparticle inks, have been used to design and fabricate metamaterial 

absorbers. The study of graphene ink has attracted a large amount of interest since the isolation of 

graphene in 2004 [10]. Comparing with other conductive inks, the high conductivity, stable 

thermal and chemical properties, and flexibility make graphene ink a standout candidate for 

metamaterial absorbers. Besides, the tunability of carrier density under a modulating electrical 

field makes graphene appropriate for designing switchable and tunable metamaterial absorbers. 

The tunable property of graphene can be realized by simply applying external electric field, such 

as an external DC voltage. With these unique properties, graphene is chosen to be utilized to 

design and fabricate the metamaterial absorbers introduced in this thesis. 

Genetic algorithms were first proposed in 1950 by Alan Turing [11], while the technique was 

first carried out in practice by Nils Aall Barricelli four years later [12]. Genetic algorithm is 
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inspired by the biological concept of evolution which explains the biological development of 

species with mating selection and survival of the fittest. The genetic algorithms are stochastic 

search algorithms which are often used in machine learning applications. As a type of algorithm 

which is utilized to solve optimization problems and find optimal solutions, genetic algorithm can 

be applied in many fields, such as math, natural science, and engineering. Thus, it is no surprise 

that genetic algorithm can be introduced to the design of metamaterial absorbers. However, there 

are a few drawbacks to this technique. For example, the program might take a lot of time to 

evolve and find optimal solutions due to the repetitive nature of the algorithm. Besides, it might 

miss the less optimal designs which have the possibility to provide greater global optimum 

because the algorithm cannot backtrack. Additionally, the mutation process could make the 

designs mutate in bad direction, inducing worthless designs to the population, which lead to a 

prohibitively long time required for the convergence. Therefore, when use the genetic algorithm 

to code metamaterial absorbers, special attentions should be paid to the fitness function and the 

diversity in the population in order to avoid these drawbacks. 

1.2 Motivation and Key Contributions  

In the past decade, the achievement of wireless technology has induced the growing use of 

radiofrequencies (RFs) and microwaves (MWs) emitted by the radio stations and wireless home 

devices [13]. Electromagnetic fields produce non-ionizing radiation, which gives rise to the so-

called electromagnetic waves pollution. Electronic devices such as microwave ovens, radio, 

smartphones, and Bluetooth earphones emit low intensity electromagnetic radiation at frequencies 

from 300 MHz to 300 GHz in our everyday life [14]. It is possible that these devices can work 

near to natural biological frequencies, interfering with sophisticated electric circuits that are 

present in the human body [15]–[17]. Some in vitro experiments showed that RF-MWs can be 

carcinogens and can induce DNA damage [18]–[20]. Except for the electromagnetic waves 

pollution, the rise of interference issues among different electronic devices is also need to be 

solved. For example, the global rollout of 5G cellular networks at around 3.5 GHz has already 

proven to cause interference with legacy satellite downlinks [21]. With the trend of the wireless 
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technology development and the growth of electronic applications and devices, it can be 

anticipated that problems like electromagnetic waves pollution and interference issues will 

emerge in endlessly and influence our daily life. Therefore, the requirement of broadband 

metamaterial absorbers with outstanding properties will also increase for reducing the 

electromagnetic waves pollution and solving interference issues. Broadband metamaterial 

absorbers are quite important for civil and military stuffs. 

The first experimentally demonstrated metamaterial absorber in 2008 was a narrow band 

absorber with a peak absorption located at 11.48GHz [8]. To extend the operation bandwidth of 

metamaterial absorbers, several approaches have been developed in recent years, including lump 

loaded method, multilayer structures, anti-phase reflection cancellation with artificial magnetic 

conductor (AMC), and introduction of multiple resonances through adding more resonators with 

different shaped patterns on a single plane. Besides, there are several methodologies, such as 

equivalent medium theory, interference theory and equivalent circuit model method, which can be 

used to analyze the absorption mechanism of metamaterial absorbers and provide guidelines on 

designing metamaterial absorbers. Although various design approaches and analysis 

methodologies have been proposed during the development of metamaterial absorbers in the past 

decades, the design of metamaterial absorbers is still a very complicated subject. Unlike the 

antenna design field, in which there could be software tools like Antenna Magus which can 

accelerate the design and modelling process, there is no such kind of tools or any “recipe” which 

can be used for metamaterial absorber design.  

Currently, the previously proposed artificial magnetic conductor (AMC) designs use metallic 

patterns on rigid substrates. The metallic patterns in conventional AMC structures provide nearly 

zero absorptivity, which means the absorption of these AMC-based absorbers can only count on 

the cancellation of reflections between different AMCs, hindering the operation bandwidth and 

wide-angle performance. Besides, the metallic patterns and rigid dielectric substrates in 

conventional AMC designs lead to poor mechanical flexibility. Furthermore, the phase difference 
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of reflections between different AMCs is mainly achieved through different types of shape or size 

of the AMC patterns, which limits the design flexibility.  

At present, there have been several papers introducing coding metamaterial absorbers, but 

very few. No detailed analysis or investigations about the algorithms could be found in those 

papers. However, the attempt of introducing concepts, such as coding, machine learning, or 

algorithms into the design of metamaterial absorbers is invaluable for the further development of 

metamaterial absorbers. 

The motivation for the study is to provide novel ideas and combed design approaches for 

further development of the metamaterial absorbers with outstanding properties. 

The main contributions of the thesis are listed as follows: 

1. The design approaches and analysis methodologies mentioned in this thesis are 

systematically sorted out. Several broadband metamaterial absorbers with competitive 

properties have been designed and investigated to demonstrate the novel ideas and 

approaches. On the other hand, the thesis is organized according to different design 

approaches. For example, Chapter 3 contains two broadband metamaterial absorbers with 

their operation bandwidth covering various frequency bands, and both of them are designed 

through multilayer structures and analyzed with equivalent circuit model method. 

2. The eddy current approach introduced in Chapter 4 is a novel approach for designing 

metamaterial absorbers. The main sandwich-like structure in the design is composed of an 

ultra-thin dielectric substrate with two layers of graphene printed resistive sheets patterned on 

its front and back surfaces, respectively. As the thickness of the dielectric substrate becomes 

thin enough to be omitted, the anti-parallel surface currents in the front and back surfaces 

constitute current loops like eddy currents flowing in closed loops within conductors, and 

lead to strong magnetic resonances and energy loss in the material. With the novel approach, 

the traditional limitation is broken and the absorbers with smaller thickness can achieve 

broader absorption bandwidth. 
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3. The broadband printable and flexible artificial magnetic conductor (AMC) based 

metamaterial absorber is designed and fabricated with fully screen printed graphene AMCs. 

Different from conventional metallic AMC patterns, the screen printed graphene AMC 

patterns have exactly the same shape and size. The desired anti-phase reflection cancellation 

is achieved by controlling the sheet resistance of the printed graphene AMC patterns. Since 

the printed graphene AMCs on their own can absorb the incident electromagnetic waves 

partially, the printable and flexible metamaterial absorber not only redirect but also absorb 

the incident waves so to provide a broader operation bandwidth and better wide angle 

performances compared with conventional AMC based absorbers. Due to the unique property 

of the printed graphene AMCs, a new guideline of the required phase different range is 

presented for effective absorption. Comparing with the conventional guideline of required 

phase difference for metallic AMCs, which is around 180° ± 37°, the new guideline of the 

phase difference range is enlarged to be 180° ± 78°. Besides, according to the experimental 

measurement results of the fabricated printed graphene AMC based absorber under different 

bending conditions, this absorber has reasonably good mechanical flexibility and can still 

provide greater than 70% absorption within most parts of its operation frequency band. This 

is the first time the printed graphene AMCs are proposed and experimentally demonstrated, 

this novel approach could have a wider application as it provides more degree of freedom in 

metamaterial absorber designs. 

4. Genetic Algorithm is introduced to the metamaterial absorber design and is used to 

optimize the printed graphene AMC based absorber to achieve broader effective absorption 

bandwidth. The Genetic Algorithm program is realized through MATLAB controlling CST 

Microwave Studio and is investigated in detail for further improvement of the code. 

Parameter settings (population size, evolution generations, and fitness function) of crucial 

importance in relation to the convergence of the program are analyzed. The drawbacks of the 

program are also discussed for further improvement. The program successfully provides a 

better solution (different arrangement of dual printed graphene AMC elementary unit cells) 
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which achieves a broader effective absorption bandwidth within limited evolution generations, 

indicating an invaluable potential for future development of coding metamaterial absorbers.  

5. A new approach to design tunable broadband THz metamaterial absorber with single 

layer graphene patterns is verified through numerical simulation with CST. The introduction 

of multiple resonances through adding more resonators with different shaped patterns on a 

single plane sometimes can lead to a larger unit cell, which is not a desired property for the 

metamaterial absorbers. Therefore, the new approach solves this problem in reverse through 

introducing multiple resonances by engraving the original patterns. The conventional 

approach starts from a completely empty or in another word, a blank plane and put different 

types of patterns on it, while the novel approach in reverse starts from a plane covered 

entirely by monolayer graphene and add engraved gaps on that. A tunable broadband THz 

metamaterial absorber with two gaps on the single layer of graphene is designed through this 

approach and demonstrates the feasibility of this design approach. 
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1.4 Thesis Organization 

Following this first introductory chapter, Chapter 2 deals with an overview of metamaterial 

absorbers and graphene, as well as the introductions of several important concepts and basic 

theory used later in followed chapters, and along with the principle of anti-phase reflection 

cancellation with AMCs and the abbreviated introduction of genetic algorithm. The overview 

mainly includes a review of the development of electromagnetic absorbers and graphene, together 

with previously proposed papers and works that covered these topics. A particular focus is given 

to the attempts to obtain broad effective absorption bandwidth, along with the metamaterial 

absorbers designed or fabricated with graphene.  

Chapter 3 concerns the multilayer structure approach and equivalent circuit model method. 

Two multilayer broadband metamaterial absorbers operating in microwave frequency bands are 
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designed through this approach with printed graphene patterns and analyzed through equivalent 

circuit model method. For the second absorber in section 3.2, a wide-angle impedance matching 

layer is added on top of the structure to guarantee the absorption performance of this absorber at 

relatively lower microwave frequencies.  

Chapter 4 focuses on the ohmic contact excited eddy current approach. An ultra-thin 

metamaterial absorber with an ultra-wide relative absorption bandwidth of 178% is designed with 

printed graphene resistive sheets to demonstrate the outstanding efficacy of the eddy current 

approach. The surface currents distribution and the power loss density of the absorber are 

investigated and analyzed to verify the influence of eddy currents on the effective absorption 

performance. 

Chapter 5 demonstrates the anti-phase reflection cancellation approach realized through 

printed graphene AMCs. A broadband printable and flexible AMC based radar absorber is carried 

out numerically and experimentally. The new guideline of required reflection phase difference is 

investigated. The fabrication process and experimental measurement process are introduced in 

detail.  

In Chapter 6, genetic algorithm is utilized to optimize the printed graphene AMC based 

absorber. Functional unit cells with different size are optimized in succession. The data derived 

from the program is analyzed to discuss about the convergence and drawbacks of the program for 

further improvement. 

Chapter 7 concerns the tunable THz metamaterial absorber composed of monolayer graphene 

pattern designed through pattern engraving approach. Modelling of graphene in THz regime with 

CST Microwave Studio is introduced first, followed by the detailed unit cell design and 

investigations of different parameters.  

The last chapter summaries the study in this thesis and concerns itself with a discussion of 

future plans for related work. 
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Chapter 2: Literature Reviews and Background 

Theory 

2.1 Metamaterial Absorbers  

2.1.1 Conventional radar absorbers 

The theoretical and experimental work with electromagnetic wave absorbers started in the 

mid 1930’s. The first patented absorber in 1936 was a quarter-wave resonant type for the 2-GHz 

region, which was designed to cover the rear of an antenna to improve the front-to-back ratio [4]. 

As radar became more and more important during World War II, the practical useful radar 

absorbers began to attract increasing attentions. Both Germany and the United States built up 

projects which carried a few absorber ideas from research. The Germans mainly focused on 

absorbers for radar camouflage, while the United States focused on using absorbers to improve 

radar performance through reducing interfering reflections from nearby objects [4]. From the 

projects came two well-known absorbers. One was the so-called Salisbury screen absorber [22], 

which was one of the first concepts in radar absorbers.  Fig. 2.1 (a) shows the original schematic 

diagram draft of Salisbury screen. Through locating a resistive sheet with 377 Ω/sq resistance at a 

quarter-wavelength distance away from the metal reflecting surface, a resonant absorber could be 

achieved. With the quarter-wavelength thick spacer, the electric and magnetic field from screen 

11 would be 180° out of phase with the electric and magnetic field of the radiation reflected from 

the surface 10 and could cancel it entirely or greatly reduce it [22]. The other was known as the 

Jaumann absorber, which was a 3-in thick rigid broadband material composed of alternate layers 

of rigid plastic and resistive sheets with resistance decreasing at a near exponential rate toward 

the back surface to provide a gradual transition from a low loss to a high loss medium [4].  
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In 1950s, a novel idea of broadband absorber design emerged. The idea was based on 

arranging gradually tapered material from characteristics near that of free space at the front 

surface to those of a dissipative medium at the back surface [23, 24]. Low reflection over a wide 

band of frequencies could be achieved through use of long gradual geometrical transition from a 

sharp point into dissipative material [4]. A variety of surface geometrics, such as pyramids, cones, 

and wedges, were carried out through experiments during that period, as shown in Fig.2.2. This 

idea has still been used even in the recently past decades [25]–[27]. The tapered shape of the 

pyramidal material performs a role similar to the tapered resistances of the Jaumann Sandwich 

structure as the example displayed in Fig 2.1 (b) [26]. As the electromagnetic waves pass into the 

pyramid, many small reflections are created and tend to cancel out [27]. The pyramids have to be 

at least one half wavelength long at the lowest frequency of interest to be effective, although this 

size can be reduced by the fact that the wavelength is mitigated when the electromagnetic waves 

pass through the pyramidal material, the use of technologies such as ferrite tiles other than 

pyramidal absorbers are still required to provide anechoic effects below 100 MHz because of the 

large size needed [26]. What makes ferrite tiles work is that their complex permeability and 

permittivity make them lossy materials and the waves passing through the ferrite materials can be 

        

                      (a)                                                                                (b) 

Fig. 2.1 (a) Schematic diagram draft of Salisbury screen [22]. (b) An example of Jaumann Sandwich 

using a straggered array of resistive sheets, and its transmission line model under normal incidence. 

Both the resistances and the distances from the metal wall are tapered. 

 



BROADBAND PRINTED GRAPHENE METAMATERIAL ABSORBERS 

 

29 
 

attenuated. Nowadays, the special RF (radio frequency) absorbing pyramidal materials widely 

utilized in the RF anechoic chambers are commonly carbon loaded foam pyramids with the 

gradual taper from tip to core. Sharp tips on the absorbers keep RF waves from bouncing off, 

allowing the radio waves to slowly transition from air to the lossy carbon inside of the foam.  

 

Fig. 2.2 Fibrous microwave absorber with gradually tapered geometry [24]. 

A type of resonant electromagnetic wave absorber, known as the crossed grating absorber 

[28]–[30], was proposed in 1970s. This type of absorber developed from the postulate of the 

possible effects of anomalous diffraction [31]. Through a reflective metal plane with an etched 

shallow periodic grid, a resonance could be created due to the interaction between the periodic 

grid and incident radiation, leading to a period of anomalous diffraction [28]. However, this kind 

of absorber was mainly used to absorb visible spectrum and was hard to be implemented with 

microwaves absorption. 

Althrough the conventional radar absorbers can provide effective absorption, their limitations 

are obvious. For example, the limitation of Salisbury screen is the narrow operation bandwidth 

since it only works at one specific frequency. For Jaumann Sandwich, the wider operation 

frequency bandwidth achieved, the more layers of resistances needed, which might lead to a large 

thickness and size of the absorber. As to the pyramidal materials, the lower operation frequency 

band means larger size of absorbers. 
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2.1.2 Electromagnetic metamaterials 

Electromagnetic metamaterials [32, 33] are arrays of structured subwavelength elements 

which may be described as effective materials via 휀(𝜔) and 𝜇(𝜔), the electric permittivity and 

magnetic permeability, respectively [6]. 

From the electromagnetic point of view, the wavelength λ determines whether a collection of 

atoms or other objects can be considered a material. Consider light, which is an electromagnetic 

wave consisting of oscillating electric and magnetic fields, passing through a plate of glass. Since 

visible light has a wavelength which is hundreds of times larger than the atoms of which the glass 

is composed, the atomic details lose importance in describing how the glass interacts with light 

[34]. In practice, the atomic scale can be averaged, conceptually replacing the otherwise 

inhomogeneous medium by a homogeneous material characterized by just two macroscopic 

electromagnetic parameters: the electric permittivity and magnetic permeability [34]. 

The electromagnetic parameters 휀 and 𝜇 need not arise strictly from the response of atoms or 

molecules: any collection of objects whose size and spacing are much smaller than λ can be 

described by an  휀 and 𝜇 . Although such an inhomogeneous collection may not satisfy the 

intuitive definition of a material, and electromagnetic wave passing through the structure cannot 

tell the difference [34]. In this way, from the electromagnetic point of view, an artificial material, 

or metamaterial, is created. Values of electric permittivity 휀  and magnetic permeability 𝜇  are 

determined by the scattering properties of the structured objects, which means that metamaterials 

owe their properties to subwavelength details of structure rather than to their chemical 

composition, and this leads to the design flexibility of metamaterials to have properties 

impossible to find in nature [35]. 

A negative index of refraction is an example of a material property that does not exist in 

nature but has been enabled by using metamaterial concepts [35, 36]. Negative index of refraction 

is a phenomenon first postulated by Veselago in 1968 [37] and was experimentally demonstrated 

in [38] and [39]. In addition to negative refractive index, many other applications of 
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metamaterials were demonstrated including invisibility cloaking [40], perfect lenses [41], and 

aberration free lenses [42]. Besides, the exotic and manipulatable electromagnetic characteristics 

make metamaterials perfect candidates for EM wave absorbers [8]. 

To understand the importance of metamaterials for EM wave absorbers, the general 

theoretical background is briefly introduced in the followed paragraphs. 

Based on Fresnel equation, the reflectivity at the air interface of a medium with refractive 

index n for transverse electric (TE) and transverse magnetic (TM) polarized waves are as follow 

[6]: 

𝑅𝑇𝐸 = ||
𝑐𝑜𝑠𝜃 −

√𝑛2 − 𝑠𝑖𝑛2𝜃
𝜇𝑟

𝑐𝑜𝑠𝜃 +
√𝑛2 − 𝑠𝑖𝑛2𝜃

𝜇𝑟

||

2

                                                 (2.1) 

𝑅𝑇𝑀 = |
휀𝑟𝑐𝑜𝑠𝜃 − √𝑛2 − 𝑠𝑖𝑛2𝜃

휀𝑟𝑐𝑜𝑠𝜃 + √𝑛2 − 𝑠𝑖𝑛2𝜃
|

2

                                               (2.2) 

where 𝜃 is the angle of incidence, 휀𝑟 and 𝜇𝑟 are electric permittivity and magnetic permeability of 

the medium, respectively, and 𝑛 = √휀𝑟𝜇𝑟 is the refractive index of the medium. In the case of 

normal incident angle, i.e. 𝜃 = 0°, the above equations reduce to [6], 

𝑅𝑇𝐸 = |
1 −

𝑛
𝜇𝑟

1 +
𝑛
𝜇𝑟

|

2

                                                                (2.3) 

𝑅𝑇𝑀 = |
휀𝑟 − 𝑛

휀𝑟 − 𝑛
|
2

                                                                (2.4) 

According to Kirchhoff’s rule, the sum of the transmittance 𝑇(ω), reflectance 𝑅(ω), and 

absorbance 𝐴(ω) should be equal to 1 in the absence of scattering and diffraction [43]. In the case 

of electromagnetic wave absorbers, by using the metallic ground plane, a zero transmissivity can 

be achieved, and the absorptivity can therefore be written as 𝐴(ω) = 1 − 𝑅(ω). 
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For transverse electric and transverse magnetic polarized waves, the absorptivity equations 

are as follow, 

𝐴𝑇𝐸(ω) = 1 − 𝑅𝑇𝐸(ω) = 1 − |
𝑍 − 𝑍0

𝑍 + 𝑍0
|
2

= 1 − |
𝜇𝑟 − 𝑛

𝜇𝑟 + 𝑛
|
2

                                (2.5) 

𝐴𝑇𝑀(ω) = 1 − 𝑅𝑇𝑀(ω) = 1 − |
𝑍 − 𝑍0

𝑍 + 𝑍0
|
2

= 1 − |
휀𝑟 − 𝑛

휀𝑟 + 𝑛
|
2

                                (2.6) 

where 𝑍 is the impedance of the material and 𝑍0 is the impedance of free space. 

With the equations listed above, in order to get a near unity absorptivity for both polarizations, 

the reflectivity should equal to zero, which is equivalent to 휀𝑟 = 𝜇𝑟. This means impedance of the 

material should match that of air in order to minimize the reflection [44]. 

Metamaterials allow for the explicit design of the effective parameters 휀(𝜔) and 𝜇(𝜔). Hence, 

the design flexibility of metamaterials makes them excellent candidates for electromagnetic wave 

absorbers. 

2.1.3 Microwave metamaterial absorbers 

As mentioned in section 2.1.1, conventional radar absorbers suffer from many disadvantages. 

In order to overcome the limitations of the conventioanl radar absorbers and provide absorbers 

with better properties and design flexibility, Engheta proposed to introduce metamaterials to the 

design of absorbers in 2002 [7]. Although the operational bandwidth was still limited, this 

technological breakthrough reduced the thickness drastically.  

The first experimentally demonstrated metamaterial absorber was proposed by Landy et al. in 

2008 [8]. As shown in Fig. 2.3, the structure was composed of two metallic layers and a dielectric 

substrate. The top layer consisted of an electric ring resonator which provided the electric 

response along with the ground plane by coupling strongly to incident electric field at a certain 

resonance frequency. The second metallic layer, which consisted of a cut wire in a parallel plane, 

also contributed to the electric response [8]. These two metallic layers were spaced apart by a 
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dielectric substrate. The magnetic coupling was achieved via antiparallel currents in the centre 

wire of the electric ring resonator from the top metallic layer and the cut wire from the second 

metallic layer. An incident time varying magnetic field might couple to these antiparallel currents, 

giving a Lorentz like magnetic response [8]. Since the structure consisted of two metamaterial 

resonators that coupled separately to electric and magnetic fields, the combined design allowed 

for individual tuning of the electric and magnetic responses. 

 

The absorber in [8] was demonstrated a simulated absorptivity of 99% at 11.48 GHz and 

experimentally achieved a peak absorption greater than 88% at 11.48 GHz. Although the 

properties of less thickness and lightweight had been achieved, the absorber was still limited by 

narrow bandwidth due to its single resonating structure. In the past decades, there are three 

widely used approaches developed to widen the operation bandwidth of metamaterial microwave 

absorbers. The first one is the use of lumped elements [45]–[47], as the one displayed in Fig. 2.4. 

The proposed absorber has a unit cell structure as shown in Fig. 2.4(a), where four lumped 

resistors are mounted on each unit cell to obtain a broad absorption band. It can be observed from 

Fig. 2.4(b) that as the resistance value increases, the full width at half maximum bandwidth of the 

structure decreases gradually [46]. An optimum value of resistor (Rc = 150Ω) can provide a wide 

 

Fig. 2.3 Electric resonator (a) and cut wire (b). The unit cell is shown in (c) with axes indicating the 

propagation direction [8]. 
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absorption bandwidth as well as maintain the −10 dB reflection level. Although the effect of lump 

loaded approach has been experimentally demonstrated, this approach results in the complexity of 

fabrication due to the resistors on each unit cell.  

 

Comparing with the lump loaded method, a more simple and effective approach to obtain 

broadband absorption is to create multiple resonances through adding more resonators with 

different shaped patterns on the same plane [48]–[50]. Fig. 2.5 shows an example of this approach. 

The proposed absorber is a combination of two different structures with individual microstrip 

bends (I and II). From Fig. 2.5(c), it is observed that the structure I on its own achieves 70% 

absorption from about 8 GHz to 13.9 GHz, while the structure II on its own achieves 90% 

absorption from 13.8 GHz to 20.3 GHz. As the absorption bands of two structures are continuous 

while their absorption peaks are well apart from each other, it can be expected that the 

combination of them can provide a broadband absorption, as shown in Fig. 2.5(b).  

 

   (a)                                                   (b) 

Fig. 2.4 (a) Front view of the unit cell geometry. (b). Reflection coefficient for different chip 

resistor (Rc) values of the proposed absorber [46]. 
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Fig. 2.6 displays an example of the third approach, which introduces multiple resonances 

through multi-layer structures [51]–[54].This absorber is composed of two dual-band sub-cells. 

Between these two sub-cells, there is an air spacer with height t. The surface of each layer is 

covered by a metallic pentagon pattern. The bottom of second layer is a metal ground plane. Fig. 

2.6(c) displays the simulated result of this absorber. Four absorption peaks of resonance are 

observed at f1 = 9.14GHz, f2 = 10.46GHz, f3 = 11.86GHz, and f4 = 13.67GHz. At these 

frequencies, the absorption is nearly perfect [51]. 

   
(a)                                                              (b) 

 
(c) 

Fig. 2.5 (a) Front view of the proposed unit cell structure with geometrical dimensions. (b) 

Simulation results of the proposed structure. (c) Simulated absorption of the individual structure I 

and II [50]. 
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Fig. 2.7 shows the simulated surface current distribution at four resonant frequencies, 

illustrating the mechanism of the multi-layer absorber. In Fig. 2.7(a) and 2.7(b), the surface 

current of the metal ground plane is anti-parallel to the surface current of the metallic pentagon 

pattern of the lower layer, and the current loop is driven by the incident H-field, resulting in a 

strong magnetic resonance. As the electric response and the magnetic response appear 

simultaneously at the resonant frequency f1 = 9.14 GHz and f2 = 10.46 GHz, the absorber can 

absorb the incident EM waves. Since the surface current of the upper layer metal pattern is not 

anti-parallel to the current of the lower layer pattern or the ground metal plane, the magnetic 

resonance at frequency f1 = 9.14 GHz and f2 = 10.46 GHz is mainly induced by the lower layer 

sub-cell. For Fig. 2.7(c) and 2.7(d), it can be observed that the anti-parallel current exists in both 

layers, which means the magnetic resonance at these two frequencies is induced by the two layers 

together, or it can be explained as the magnetic resonance is induced by upper layer and 

strengthened by lower layer [51]. 

       

 
(c) 

Fig. 2.6 Unit cell of the metamaterial microwave absorber: (a) the perspective view and (b) side 

view. (c) Simulated absorption of the absorber [51]. 
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2.1.4 THz metamaterial absorbers 

Terahertz (THz) regime, which has inherent advantages in civil and military applications, is 

widely applied in detectors [55, 56], sources [57]–[59], imaging [60]–[62], sensors [63]–[65], and 

        

 

Fig. 2.7 Simulated surface current distribution for the broadband metamaterial microwave absorber 

at resonant frequencies [51]. 
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security systems [66,67]. Since few nature materials can respond to THz frequency, the potential 

payoffs of metamaterials drive a great of interest in THz-related applications [68]. In particular, 

due to the extensive requirements of absorbers in system applications [69]–[71], the research of 

THz metamaterial absorbers [72, 73] gets a very rapid growth in recent years. 

With different structures and periodic patterns, a variety of metamaterial absorbers with 

single-band [74, 75], multi-band [76], and broadband [77] absorption have been designed in 

spectral ranges of microwave [78, 79], terahertz [80], and optical regimes [81]. Among these 

absorbers, the broadband metamaterial absorbers are of great importance to the applications of 

THz identification [82, 83], imaging [84], energy harvesting [85], and so on.  

For THz regime, two common strategies are utilized to achieve broadband absorption. One is 

to generate extra resonances [86] which are contiguous in operation frequency band through 

introducing multiple different geometry patterned resonators on a single layer of unit cell. The 

other strategy relies on multi-layer structures [87, 88] with different periodic patterns or dielectric 

substrates for each layer. However, the former method normally leads to more complexity of the 

periodic patterns and larger size of unit cell, while the second strategy suffers from more sensitive 

to wide-angle incidence and fabrication complexity due to the multi-layer structures. 

In addition to wide operation bandwidth, tunable property is also an attractive function for 

THz metamaterial absorbers [89]–[91]. The previous reported tuning approaches can be classified 

into two categories. The first one depends on mechanical changes, such as tuning through 

nanoelectromechanical systems (NEMS) [92] and stretchable metasurfaces [93]. The second 

category realizes tunability through incorporating active materials including Vanadium di Oxide 

(VO2) [76, 94], liquid crystals [95], Indium Tin Oxide (ITO) [96], and phase change materials 

(PCMs) [97]. The properties of active materials can be controlled by an external stimulus instead 

of mechanical changes, which provides a higher tuning speed [98].  

As a single layer two dimensional hexagonal structured lattice of carbon atoms, graphene has 

become the most popular material in recent years due to its interesting electromagnetic properties 
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[99]. More importantly, the conductivity of graphene can be dynamically changed by tuning its 

Fermi energy through an external DC voltage [100]. The unique properties make graphene a 

perfect candidate for tunable broadband THz metamaterial absorbers [101]–[104]. Fig. 2.8 

displays a tunable multi-band THz absorber using a single-layer square graphene ring structure 

[104]. Although the absorption spectra can be tuned by changing the geometric dimensions of the 

patterns, the physical dimensions are fixed once the absorber is eventually fabricated. However, 

the tunability of graphene makes the tunable property of THz absorber possible. As shown in Fig. 

2.8 (b), it can be seen that the absorption performance can be manipulated by changing the 

chemical potential of graphene pattern. As the value of chemical potential increases, the 

absorption peaks move to higher frequencies.  

 

2.2 Graphene 

2.2.1 Geometry of monolayer graphene  

Graphene is a 2D allotrope of carbon, which is made out of carbon atoms arranged on a 

honeycomb structure, as shown in Fig. 2.9. Graphene is exactly one layer of graphite [105], 

which is ideally an infinite plane. However, real graphene exhibits edges that can either be zigzag 

or arm-chair (in Fig. 2.9 (b)) [106]. Graphene has been theorized by scientists for decades and has 

likely been produced unknowingly in small quantities for centuries, through the use of pencils or 

other similar applications of graphite [107]. It was isolated and characterized in lab in 2004 by 

         
(a)                                                                            (b) 

Fig. 2.8 (a) Perspective view of the proposed graphene-based dual-band THz absorber. (b) Absorption 

spectra with different values of graphene chemical potential under normal TE incident wave [104]. 

 



BROADBAND PRINTED GRAPHENE METAMATERIAL ABSORBERS 

 

40 
 

Andre Geim and Konstantin Novoselov at the University of Manchester [10], who were later 

awarded the Nobel Prize in Physics for their research on this material. 

 

Graphene plays an important role among systems with only carbon atoms. Fig. 2.10 shows 

several allotropes of carbon. The three dimensional allotrope of carbon in Fig. 2.10 is graphite, 

which is made out of stacks of graphene layers that are weakly coupled by van der Waals forces 

[109]. Carbon nanotubes, which can be obtained by rolling graphene along a given direction and 

reconnecting the carbon bonds, have only hexagons and can be thought as one-dimensional 

objects [110]. Fullerenes are molecules where carbon atoms are arranged spherically [111]. It can 

be obtained from graphene with the introduction of pentagons which create positive curvature 

defects. From the physical point of view, fullerenes are zero-dimensional objects with discrete 

energy states. On the other hand, it can also be thought as wrapped up graphene [109]. 

              

(a)                                                                (b) 

Fig. 2.9 (a) A flake of natural graphite [106]. (b) Graphene with zigzag and arm-chair edges [108]. 

 



BROADBAND PRINTED GRAPHENE METAMATERIAL ABSORBERS 

 

41 
 

 

The structural flexibility of graphene is reflected in its electronic properties. The sp
2
 

hybridization between one s-orbital and two p-orbitals leads to a trigonal planar structure with a 

formation of a σ-bond between carbon atoms which are separated by 1.42 Å. The σ-bond is 

responsible for the robustness of the lattice structure in all allotropes. The unaffected p-orbital, 

which is perpendicular to the planar structure, can bind covalently with neighbouring carbon 

atoms leading to the formation of a 𝜋-band [109]. Since each p-orbital has one extra electron, the 

𝜋 -band is half-filled. The Coulomb energies are very large due to the strong tight binding 

character of the half-filled bands, leading to strong collective effects, magnetism, and insulating 

behaviour due to correlation gaps or Mottness [112]. 

Fig. 2.11 shows the hexagonal structure with carbon atoms. Generic honeycomb lattices 

consist of two interpenetrating triangular sub-lattices denoted A (the blue one) and B (the yellow 

 

Fig. 2.10 Allotropes of carbon: Graphene (top left) is a honeycomb lattice of carbon atoms; graphite 

(top right) can be viewed as a stack of graphene layers; carbon nanotubes (bottom left) are rolled-up 

cylinders of graphene; fullerenes (C60) are molecules consisting of wrapped graphene by the 

introduction of pentagons on the hexagonal lattice [109]. 
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one). The structure can be seen as a triangular lattice with a basis of two atoms per unit cell. The 

lattice vectors can be written as [109], 

𝑎1 =
𝑎

2
(3, √3),          𝑎2 =

𝑎

2
(3,−√3)                                           (2.7)  

where 𝑎 ≈ 1.42 Å is the carbon-carbon distance. The reciprocal lattice vectors are therefore, 

𝑏1,2 =
2𝜋

3𝑎
(1,±√3)                                                            (2.8) 

Each lattice position has three nearest neighbours separated by 

𝛿1 =
𝑎

2
(1, √3),            𝛿2 =

𝑎

2
(1,−√3),            𝛿3 = −𝑎(1,0)                    (2.9) 

The positions of two points K and K’ at the corners of the graphene Brillouin zone are given 

by, 

𝐾 = (
2𝜋

3𝑎
,

2𝜋

3√3𝑎
),             𝐾′ = (

2𝜋

3𝑎
,−

2𝜋

3√3𝑎
)                                  (2.10) 

 

2.2.2 Properties of graphene 

Graphene is known as the thinnest material ever made with the one-atom thickness of 0.345 

nm. The density of graphene is 0.77 mg per square meter [113]. Although graphene has the 

thinnest thickness and light weight, it is the strongest material ever tested, with an intrinsic tensile 

         

Fig. 2.11 Left: The sp
2
 hybridization has three major lobes at 120°, while the remaining p-orbital is 

sticking out of the graphene’s plane. Middle: Lattice structure of graphene, consisting of two 

interpenetrating triangular lattices (a1 and a2 are the lattice unit vectors and  𝛿𝑖  are the nearest 

neighbour vectors). Right: Corresponding Brillouin zone. The Dirac cones are located at the K and 

K’ points [109]. 
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strength of 130 GPa and a Young’s modulus close to 1 TPa [114, 115]. The Nobel announcement 

illustrated this by saying that a 1 square meter graphene hammock would support a 4 kg cat but 

would weigh only as much as one of the cat’s whiskers, at 0.77 mg, which is about 0.001% of the 

weight of 1 m
2
 of paper [116]. 

Thermal transport in graphene has attracted attention due to the potential for thermal 

management applications. Early measurements of the thermal conductivity of suspended 

graphene reported an exceptionally large thermal conductivity up to 5300 W ∙ m−1 ∙ K−1 [117]. 

However, later studies primarily on more scalable but more defected graphene derived through 

chemical vapor deposition (CVD) method were unable to reproduce such high thermal 

conductivity measurements, producing a wide range of thermal conductivities between 1500–

2500 W ∙ m−1 ∙ K−1  for suspended single layer graphene [118]–[121]. The large range in the 

reported thermal conductivity can be caused by the difference of graphene quality and the 

measurement conditions. The potential for the high thermal conductivity can be seen by 

considering graphite, the 3D version of graphene that has basal plane thermal conductivity of 

over a 1000 W ∙ m−1 ∙ K−1 comparable to diamond [122, 123]. 

With the outstanding properties such as the thin thickness, light weight, excellent intrinsic 

tensile strength and thermal characteristics, graphene is naturally a great candidate for 

metamaterial absorbers. Additionally, the tunability of carrier density under a modulating 

electrical field makes graphene appropriate for designing flexible components, including tunable 

flexible THz metamaterial absorbers [124]. The tunable property of graphene can be realized by 

applying external electric field, such as an external DC voltage. Fig. 2.12 shows the tunability of 

graphene. At frequency lower than 100 GHz, the real part and the imaginary part of graphene’s 

surface conductivity almost stay frequency independent, while at frequency of lower THz, both of 

the two parts can be tuned according to various values of chemical potential. 
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2.2.3 Graphene synthesis 

The access to graphene is one hurdle for the development of applications based on graphene. 

Generally, there are two approaches to graphene. One is bottom-up approach which starts from 

small molecules that are used to build up graphene, while the other one is top-down approach 

which starts from graphite [108].  

The bottom-up approach focuses on the synthesis of graphene on solids using a carbon source. 

The mostly chosen method is chemical vapor deposition (CVD) [126] using a metal surface and 

small molecules, such as methane or acetylene. Different metal surfaces [127]–[129] have been 

used in this approach, but the most popular substrate is still copper. Typical copper foils used are 

polycrystalline with a thickness of around 25 μm. The growth temperature is about 1000 °C. The 

carbon source, such as methane, is used in a mixture with hydrogen and reacts on the surface with 

the C – H bonds cleaved [130, 131]. Carbon segregates on the surface and forms graphene. When 

crystals of graphene grow, they will interact with each other and start to form continuous films 

(as shown in Fig. 2.13). After the continuous films grown on metal surface, the grown graphene 

         

Fig. 2.12 The tunability of graphene’s surface conductivity from microwave to THz frequency bands 

[125]. 
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can be transferred to desired targeting substrate, such as SiO2 or polymer. The most popular 

methods for transferring graphene are based on etching or using a polymer, such as poly-

methylmethacrylate (PMMA). As displayed in Fig. 2.13 (d), the graphene binds to the PMMA 

and can be transferred to the desired substrate, and then the PMMA is dissolved with acetone to 

leave the graphene on the surface [131]. However, the crucial drawback of CVD growth of 

graphene on copper is the different thermal expansion coefficient of graphene and copper that 

causes wrinkling of graphene (as shown in Fig.2.13 (e)) after cooling, leading to the reduction of 

the quality of produced graphene [130].  

 

The isolation of graphene from graphite can be performed mechanically using adhesive tape 

[10, 132], or in solvents by sonication [133]–[136], shear mixing [137], or ball milling [138, 139]. 

Besides, the delamination of single layers of graphite can be facilitated using chemical methods 

that involve chemical functionalization and defunctionalization after processing [140, 141]. The 

most famous method to isolate graphene from graphite is the “scotch tape” method introduced by 

Novoselov et al. [10]. In the procedure of this method, an adhesive tape is used for repeatedly 

pealing of few-layers of graphene from flakes of graphite. After that, the adhesive tape is placed 

 

(a) 

       

                                      (b)                                                                                (c) 

Fig. 2.13 (a) Illustration of the formation process of graphene grown on copper surface. (b) Illustration 

of the transfer of graphene from metal surfaces by PMMA coating, metal etching, transfer on the 

desired substrate, followed by dissolution of the polymer, leaving graphene back on the substrate. (c) 

AFM images of graphene films transferred onto SiO2, displaying wrinkles [130, 131]. 
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on the SiO2/Si wafer and is pressed gently before peeled slowly off from the wafer. In this way, it 

is possible to deposit some flakes of graphene on the surface of the wafer [10].Graphene 

produced with this method has high quality. However, this method is not efficient for technical 

applications. To produce graphene from graphite more efficiently, other methods have been 

developed. Fig. 2.14 shows the procedure of liquid phase exfoliation method. The highly oriented 

pyrolytic graphite is sonicated in solvents, and through centrifugation single layer of graphene 

can be obtained together with bilayer graphene and few layer graphene [142, 143]. The graphene 

ink produced through this method can be further deposited and printed on substrate to form 

uniform films. 

 

The challenge that all methods for the synthesis of graphene have in common is that the 

quality of graphene differs. The density and type of defects can vary strongly depending on the 

type of processing. The defects can be those within the carbon framework, such as missing atoms 

or substituted atoms. To determine the quality of graphene by identifying the density of defects 

within the C-framework, Raman spectroscopic characterization of graphene is the most reliable 

method [108]. Raman spectroscopy of graphene can be performed by using several laser 

wavelengths ranging from the blue to red region of the light spectrum, among which the green 

laser is the most popular one. The Raman spectrum of graphene displays three major peaks (G 

peak, D peak, and 2D peak) that can be used to evaluate the quality of graphene. The G peak at 

about 1580 cm
-1 

is an allowed phonon emission and its intensity scales with the number of C-

  

Fig. 2.14 Liquid phase exfoliation of graphene [142]. 
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atoms probed by the laser spot. The D peak at about 1345 cm
-1

 is a consequence of forbidden 

phonon emission which is only possible due to the activation by defects and, thus, the D peak 

evolves with the introduction of defects. The 2D peak is the most intense peak in graphene, which 

is a result of an allowed phonon process. Since the intensity of the G peak remains almost 

constant, the rising of the intensity of D peak will lead to an increased 𝐼𝐷/𝐼𝐺 ratio [144, 145]. Fig. 

2.15 (b) displays the reference Raman spectra of graphene. When the density of defects is 0.77%, 

the 𝐼𝐷/𝐼𝐺 ratio equals to 2.2 and the distance of defects is about 2 nm, while the 2D peak is barely 

detectable, which means the structure of graphene is destroyed [145]. 

 

2.2.4 Printed graphene 

In the past decades, printed conductive inks for electronic applications have grown rapidly. 

Among various kinds of conductive inks, silver nanoparticle inks [146, 147] are expensive, 

(a)    

      

 (b)  

Fig. 2.15 (a) Raman spectra of graphene with different densities of defects[108]. (b) Reference Raman 

spectra of graphene that relate to densities of defects between 0.005% and 0.77% [145]. 
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copper nanoparticle inks [148, 149] are cheaper but easy to be oxidized, while conductive 

polymers [150, 151] are thermal and chemical instable and less conductive. Carbon black and 

carbon nanotubes [152, 153] have stable properties, but their typical sheet resistance is above 50 

Ω/sq, which limits their application for microwave components. Comparing with the conductive 

inks mentioned above, graphene ink is good candidate for microwave applications due to their 

high conductivity, relatively low cost and good flexibility. Graphene ink, a dispersion of graphene 

flakes in solvents, can be easily patterned via spraying [154]–[157], screening printing [158], 

inkjet-printing [159, 160], and doctor blading [161] technologies. 

Fig. 2.16 displays a printed graphene nano-flakes enabled flexible and conformable wideband 

radar absorber [154]. This absorber was fabricated through spraying method. The printed 

graphene patterns on top of the absorber have the sheet resistance of around 20 Ω/sq. 

 

Fig. 2.17 illustrates the printed graphene antennas. These antennas were designed for low cost, 

flexible and disposable wireless applications. They were printed on A4 papers through screen 

printing method. The printed graphene patterns have a sheet resistance of 37 Ω/sq, which can be 

 

Fig. 2.16 (a) Unit cell structure of the absorber. (b) Fabricate graphene absorber. (c) Flexible absorber 

conformably bended and attached to a metal cylinder. (d) SEM of top-view printed graphene. (e) 

Simulated S11 and absorption of graphene absorber under different substrate thickness [154]. 
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improved to be 1.2 Ω/sq on average after compression process. The printed patterns have 

excellent mechanical flexibility, which has a great potential in wearable and deformable 

applications [158].  

 

2.3 Important Concept and Basic Theory 

2.3.1 Sheet resistance and measurement (4-point) 

For microwave absorbers, thin films of conductors are normally dealt with. The concept of 

sheet resistance is critical to an understanding of thin film conductors, especially in microwave 

engineering where skin depth is very small. Sheet resistance is a convenient measurement of 

resistance of thin films which are nominally uniform in thickness. Sheet resistance is applicable 

to two-dimensional systems. When the term sheet resistance is used, it is implied that the current 

is along the plane of the sheet. Sheet resistance is usually expressed in ohms per square (Ω/sq) 

[162]. 

For a regular three-dimensional conductor, the resistance can be calculated as, 

𝑅 = 𝜌
𝐿

𝑊𝑡
                                                                     (2.11) 

 

 

Fig. 2.17 (a) Flexibility of the printed graphene antenna. (b)–(d) Printed graphene antennas. And 

screen-printing steps: (e) patterning graphene ink via exposed screen and squeegee, (f) annealing 

printed patterns and (g) compressing dried pattern with steel rolling machine [158]. 

 

e f g 
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where 𝜌 is the bulk resistivity (Ω.m) which is a property that is independent of frequency and 

geometry, L is the length of the conductor, W is width, and t is the thickness. 

Upon combining the resistivity with the thickness, (2.11) can be written as, 

 𝑅 =  
𝜌

𝑡

𝐿

𝑊
= 𝑅𝑠

𝐿

𝑊
                                                          (2.12) 

where RS = 𝜌/𝑡 is the sheet resistance. According to Eq.(2.12), if a conductor sheet has the same 

length and width, its resistance will have the same value with its sheet resistance. That’s the 

reason for the name “ohms per square”. A square sheet with the sheet resistance of 50 Ω/sq has an 

actual resistance of 50 Ω, regardless of the size of the square. 

 

Four-point probe based instruments are used to measure the sheet resistance by passing 

current through the outside two points of the probes and measuring the voltage across the inner 

probes as displayed in Fig.2.18. For a rectangular sample with a finite size, the sheet resistance 

measured with the four-point probe measurement can be calculated as [163], 

𝜌𝑠 =
𝑉

𝐼
𝐶𝑓 (

𝑎

𝑑
,
𝑑

𝑠
)                                                                   (2.13) 

where 𝐶𝑓 represents the finite-size correction factors. The specific values of 𝐶𝑓 for different 

geometries are displayed in Table 2.1. 

 

Fig. 2.18 Arrangement of four-point probe on a rectangular sample. 
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Table 2.1 Correction Factor 𝑪𝒇  for the Measurement of Sheet Resistivities with the Four-point Probe. 

d/s a/d=1 a/d=2 a/d=3 a/d≥4 

1.0   0.9988 0.9994 

1.25   1.2467 1.2248 

1.5  1.4788 1.4803 1.4803 

1.75  1.7196 1.7238 1.7238 

2.0  1.9454 1.9475 1.9475 

2.5  2.3532 2.3541 2.3541 

3.0 2.4575 2.7000 2.7005 2.7005 

4.0 3.1137 3.2246 3.2248 3.2248 

5.0 3.5098 3.5749 3.5750 3.5750 

10.0 4.2200 4.2357 4.2357 4.2357 

15.0 4.3882 4.3947 4.3947 4.3947 

20.0 4.4516 4.4553 4.4553 4.4553 

40.0 4.5120 4.5129 4.5129 4.5129 

∞ 4.5324 4.5324 4.5324 4.5324 

 

2.3.2 The Bode-Fano criterion 

As mentioned in Section 2.1, when the effective impedance of the absorber matches the free 

space impedance Z0, the reflection will be minimized and the absorption will be maximized. For a 

broadband absorber, a perfect match over a wide frequency band is desired. However, there exists 

a general limit on the bandwidth over which an arbitrarily good impedance match can be obtained 

in the case of a complex load impedance. It is related to the ratio of reactance to resistance, and to 

the bandwidth over which the impedance match is desired. This limitation is given by the Bode-

Fano criterion [164]. 

For a lossless network used to match a parallel RC load impedance, the Bode-Fano criterion 

states that 
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∫ 𝑙𝑛
1

|Γ(𝜔)|

∞

0

𝑑𝜔 ≤
𝜋

𝑅𝐶
                                                        (2.14) 

where Γ(𝜔) is the reflection coefficient seen looking into the arbitrary lossless matching network. 

Since ln(1) = 0, there is no contribution to this integral over frequencies for which |Γ| = 1, so the 

maximum mismatch out of the band of interest is desired. If assume this condition, the integral is 

limited to the bandwidth of interest ∆ω. Consider the idealized situation shown in Fig. 2.19, 

where the reflection coefficient is unity outside the band of interest and is Γm in the frequency 

range ∆ω [165]. 

 

For this simplification, the integral becomes 

∆ω 𝑙𝑛
1

Γm
≤

𝜋

𝑅𝐶
                                                               (2.15) 

Recalling that ln(x) = -ln(1/x) and solving for Γm, the result can be given as 

Γm ≥ 𝑒
−

1
2Δ𝑓𝑅𝐶                                                               (2.16) 

This can be solved for the maximum bandwidth for which a given RC product can be 

matched to within a given reflection coefficient. There are similar limitations on other forms of 

complex impedance. A general implication of the Bode-Fano limit is that one should not waste 

any match out-of-band, and that the best in-band match is obtained with Chebyshev rather than 

 

Fig. 2.19 Idealized reflection coefficient response. 
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maximally flat networks [165]. Such results are important because they specify an upper limit of 

performance and provide a benchmark against which a practical design can be compared. 

2.3.3 Equivalent circuit model 

Equivalent circuit model approach is widely used in metamaterial absorber design and 

analysis [166]–[169]. To understand this approach, a simple structure is taken as an example 

given in Fig. 2.20 (a). When t = λ/4, this is referred as Salisbury absorber. Its transmission line 

equivalent circuit is shown in Fig. 2.20 (b), and the input impedance can be calculated as 

1

𝑍𝑖𝑛
=

1

𝑅𝑠
+

1

𝑗𝑍𝑐𝑡𝑎𝑛𝛽𝑡
                                                     (2.17) 

When the thickness t = λ/4, 

1

𝑍𝑖𝑛
=

1

𝑅𝑠
+

1

∞
=

1

𝑅𝑠
                                                        (2.18) 

Which means, for Salisbury screen, Zin = RS. The reflection coefficient of this absorber is, 

𝛤 =
𝑍𝑖𝑛 − 𝑍𝑜

𝑍𝑖𝑛 + 𝑍𝑜
                                                                 (2.19) 

 

If Zin = Z0, the reflection Γ = 0, which means there is no wave reflected from the absorber. 

The purpose of the absorber design is to find the proper structure and materials to construct the 

absorber and meet the conditions to obtain as little reflected wave as possible in wide frequency 

 
(a)                                                                  (b) 

Fig. 2.20 (a) Typical absorber and (b) its transmission line equivalent circuit model. 
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band and incident wave angles. For Salisbury screen, if the Rs = 377 Ω, then the input impedance 

of the absorber Zin = RS = Z0, the screen has perfect absorption when the thickness is λ/4+nλ/2 

[170]. 

To design absorbers with better broadband performances, lower profiles, and wide-angle 

performances, the resistive frequency selective surface (FSS) based absorbers were designed. The 

resistive FSS based absorbers usually have periodically patterned resistive films, spacer and 

ground plane. Fig. 2.21 displays the examples of periodic FSS based structures and their 

equivalent circuits. The R and L can be created by the FSS patches, while C is induced by the 

gaps between the patches. The physical meaning of these C and L values of different FSS can be 

understood using simple electrostatic principles like capacitance of a parallel plate capacitor and 

inductance of two parallel wires. The inductive and capacitive surfaces can be combined together 

to produce a desired response [171]. 

 

 

Fig.2.21 Periodic structures comprising of complimentary elements and their corresponding 

equivalent circuits and frequency responsed. The patch array show a capacitive response, while the 

slot array presents an inductive response [171]. 
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Fig. 2.22 gives an example of a unit cell of a metamaterial absorber with a broadband 

absorption. The crisscross and fractal square patch along the electric field direction can be 

modelled as series RLC circuit (Rf, L1, and C1 in Fig. 2.22 (b)). To ensure the symmetry of the 

FSS, the crisscross arrange along the magnetic field direction. Electric and magnetic coupling 

occur between the vertical crisscross and the fractal square patch (as L2 and C2 in Fig. 2.22 (b)) 

[172]. The FSS impedance calculated according to the circuit model is 

𝑍𝑓 = 𝑅𝑓 +
1

𝑗𝜔𝐶1
+ 𝑗𝜔𝐿1 +

𝑗𝜔𝐿2

1 − 𝜔2𝐿2𝐶2
                                   (2.20) 

The impedance of the ground dielectric substrate can be obtained from transmission line 

method, which is 

𝑍𝑑 = j𝑍0√
1

휀𝑟
tan(

2𝜋𝑓

𝑐
√휀𝑟𝑑)                                               (2.21) 

 

With the equivalent circuit and Eq. (2.20) and (2.21), the optimized parameters of the 

designed absorber can be obtained. With these optimized parameters, the simulated reflectivity of 

this absorber with thickness of 4 mm can achieve -10dB from 5.27GHz to 18GHz. 

 

Fig. 2.22. (a) Unit cell of a broadband metamaterial absorber and (b) its equivalent circuit model [172]. 
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2.3.4 Interference theory 

In [173], the interference theory was introduced to analyze metamaterial absorbers and 

elucidate the absorption mechanism. The interference theory states that the two layers of metal 

structures in metamaterial absorbers are linked only by multiple reflections with negligible near-

field interactions or magnetic resonances, and the surface currents with anti-parallel directions are 

a result of interference and superposition, rather than excitation of a magnetic resonance. The 

interference theory approach can be explained with a simple and typical metamaterial absorber 

structure operating at terahertz frequencies, as shown in Fig. 2.23. This absorber structure 

consists of a cross-resonator array and a ground plane separated by d = 10 μm thick polyimide 

dielectric spacer [173]. 

 

 

Fig. 2.23. (a) Schematic structure of the metamaterial absorber unit cell, which repeats in the x and y 

directions. (b) Unit cell used to obtain the reflection and transmission coefficients at the air-spacer 

interface with the cross-resonator array. (c) The simulated results of |S11| and |S21|. (d) Surface anti-

parallel currents of the metamaterial absorber at the peak absorption frequency. The current at the cross 

flows to left direction, while the current at the ground plane flows to right direction [173]. 
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The above model treats the metamaterial absorber as a coupled system, and the possible near-

field interactions and magnetic resonance have been taken into account between the cross-

resonator array and the ground plane. However, in the interference model, the metamaterial 

absorber is decoupled into two tuned interfaces, with the cross-resonator array and ground plane 

located at two sides of the spacer. They are only linked by multiple reflections, while any near-

field interaction or magnetic resonance has been neglected. The presence of the metal cross-

resonance array can be considered resulting in an impedance-tuned air-spacer interface with 

dramatically modified complex reflection and transmission coefficients shown in Fig. 2.24. On 

the other hand, the ground plane functions as a perfect reflector with reflection coefficient -1 

[173]. 

 

 

Fig. 2.24. (a) Amplitude and (b) phase of the reflection and transmission coefficients at the air-

spacer interface with cross-resonator array, obtained by numerical simulations using the unit cell 

shown in Fig. 2.23 (b). Inset: Multiple reflections and interference model of metamaterial absorber 

[173]. 
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As shown in the inset to Fig. 2.24 (a), at the air-spacer interface with cross-resonator array, 

the incident light is partially reflected back to air with a reflection coefficient 𝒓12 = 𝑟12𝑒
𝑖𝜙12 and 

partially transmitted into the spacer with a transmission coefficient  𝒕12 = 𝑡12𝑒
𝑖𝜃12 . The latter 

continues to propagate until it reaches the ground plane, with a complex propagation phase 𝛃 =

𝛽𝑟 + 𝑖𝛽𝑖 = √𝜺𝑠𝑝𝑎𝑐𝑒𝑟𝑘0𝑑, where 𝑘0 is the free space wavenumber, 𝛽𝑟 is the propagation phase, 

and 𝛽𝑖  represents the absorption in the spacer. After the reflection at the ground plane and 

addition of another propagation phase β, partial reflection and transmission occur again at the air-

spacer interface with cross-resonators with coefficients 𝒓21 = 𝑟21𝑒
𝑖𝜙21  and  𝒕21 = 𝑡21𝑒

𝑖𝜃21 . 

Similar to the light propagation in a stratified media [174], the overall reflection is then the 

superposition of the multiple reflections, 

𝒓 = 𝒓12 −
𝒕12𝒕21𝑒

𝑖2𝜷

1 + 𝒓21𝑒
𝑖2𝜷

                                                         (2.22) 

where the first term is the reflection directly from the cross-resonator array, and the second term, 

including the “−” sign, is the reflection resulting from superposition of the multiple reflections 

between the cross-resonator array and ground plane. The absorption can be calculated through 

𝐴(𝜔) = 1 − |𝒓(𝜔)|2 since the transmission is zero due to the presence of the ground plane. With 

the reflection and transmission coefficients simulated and shown in Fig. 2.24, the absorption can 

be calculated in the decoupled metamaterial absorber system and the calculated results are in 

excellent agreement with the simulated results [173]. The absorption has a peak at 1 THz when 

the spacer thickness is about 10 μm. The explanation of the mechanism of this absorber is as 

follows. The multiple reflection (the second term in Eq.(2.22)) in the metamaterial absorber 

constructively interfere as evidenced by the fact that near 1 THz the phase change of a round trip 

is 2𝛽𝑟 + 𝜙21 + 1800 ≈ 3600 . The superposition of the multiple reflections then destructively 

interferes with the direct reflection (the first term in equation Eq.(2.22)) from the air-spacer 

interface with cross-resonators. With an optimized spacer thickness and in a narrow frequency 

range, these two terms completely cancel each other and results in zero reflection [173]. 
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According to the interference theory, it is not required in a metamaterial absorber to have 

simultaneous electric and magnetic responses. It is the destructive interference that causes the 

high absorption. 

2.3.5 Wide-angle impedance matching 

Wide-angle impedance matching (WAIM) is a method used in antenna array design to reduce 

the variation of reflection coefficient with scan angle and polarization [175, 176]. The wide-angle 

impedance matching layer can also be used to minimize the impedance discontinuity between the 

absorber and free space and improve the performance in terms of the angle of incidence [177]. 

A thin dielectric sheet has wave-reflection properties useful in wide-angle impedance 

matching. The admittance of such a sheet is purely susceptive and, thus can be regarded as a 

shunt capacitive susceptance in space. The variation of the effective value of this susceptance 

with incident angle 𝜃 and polarization can be used for compensating the corresponding variations 

of reflection at a phased array [175]. 

Generally, the effective susceptance 𝐵(𝜃) varies oppositely with increasing incident angle in 

the E and H plane. As the incident angle increases, the effective susceptance increases in H plane, 

because E is parallel to the sheet and the effective thickness in the wave direction increased with 

angle. On the other hand, it decreases in E plane, because E departs from parallel to the sheet and 

the field is influenced thereby in a lesser degree [178]. 

With the effective susceptance at broadside (𝐵(0) for 𝜃 = 0) as a reference, the variation of 

the effective susceptance with incident angle 𝜃 is expressed for H and E planes as [175], 

𝐵(𝜃)

𝐵(0)
=

1

cos𝜃
   (𝐻 𝑝𝑙𝑎𝑛𝑒)                                                       (2.23) 

𝐵(𝜃)

𝐵(0)
= cos 𝜃 −

𝑠𝑖𝑛2𝜃

𝑘𝑐 cos𝜃
    (𝐸 𝑝𝑙𝑎𝑛𝑒)                                    (2.24) 
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With increasing of dielectric constant 𝑘𝑐, the second part of equation (2.24) decreases and 

these ratios approach reciprocal relationship, as illustrated in Fig.2.25. Within the thin-sheet 

approximation, any variation between 0 and 60° can be realized if within the following value 

[175], 

|
𝐵(60°) − 𝐵(0)

𝐺0
| <

𝜋

4

𝑘𝑐 − 1

√𝑘𝑐

                                              (2.25) 

where 𝐺0 represents the wave conductance of free space. 

2.3.6 Eddy current 

What happens when a time-varying electric current passes through a simple loop of wire held 

near a conductor such as a metal plate? As shown in Fig. 2.26, the time-varying current flowing 

in the wire loop has the effect of inducing an electric current which flows in the metal plate. The 

current in the plate in some sense mirrors the applied current flowing in the wire loop, but flows 

 

Fig. 2.25 Normalized susceptance of thin dielectric sheet. 
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in the opposite direction. These induced currents are known as eddy currents, which in practice 

always flow in closed paths [179]. 

 

The inducing of eddy currents relies on the phenomenon of electromagnetic induction, which 

is first observed experimentally by Faraday, who hypothesized the existence of the electric and 

magnetic fields in order to explain the observations. The applied time-varying current means that 

a magnetic field is produced in the vicinity of the current loop. This time-varying magnetic field 

then couples with the nearby metal and induces electric current in the metal. The eddy currents 

that flow in the metal are themselves time-varying and produce their own associated magnetic 

field [179].  

2.4 AMC Structures for RCS Reduction 

The artificial magnetic conductors (AMC) could modify the reflect wave by altering their 

phase and amplitude [180]. The metasurface based on combination of AMC and PEC cells was 

proposed by Paguay et al. in 2007 [181]. The structures were in a chessboard like configuration. 

Its principle of operation was based on scattering cancellation. The reflected waves from AMC 

cells and PEC cells had a phase difference of 180°, which resulted in the destructive interference 

 
 

Fig. 2.26 Eddy currents induced in a metal part by a time-varying current loop in air. 
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and a null in the specular direction. The reflect energy was mainly scattered into four diagonal 

direction, leading to dramatically reduce the radar cross section (RCS) in the normal incident 

angel [181]. However, the operation frequency of this design was very limited. In 2009, a design 

of radar absorbing material based on a combination of two kinds of AMC units was proposed and 

the bandwidth of RCS reduction was broadened remarkably [182]. After that, different designs of 

dual AMCs were investigated to provide broadband RCS reduction [183]–[191]. In previously 

proposed works, the phase difference was obtained by either combining two AMCs with different 

size [183]–[186], or using different shapes in two types of AMC structures [187]–[189]. 

A guideline of phase difference between dual AMCs was proposed in the work [191]. As 

illustrated in Fig. 2.27 (a), the proposed chessboard surface consists of four elements: two AMC1 

with 4×4 square patches and two AMC2 with 4×4 circular patches. This surface can be treated as 

a planar array with a progressive phase shift of around 180° [191]. 

 

For this plane, the array factor can be represented by 

AF = 𝐼0 ∙ ∑ 𝑒𝑗(𝑚−1)(𝑘𝑑𝑥 sin𝜃 cos𝜙+𝛽𝑥)

𝑀

𝑚=1

∙ ∑ 𝑒𝑗(𝑛−1)(𝑘𝑑𝑦 sin𝜃 sin𝜙 +𝛽𝑦)

𝑁

𝑛=1

         (2.26) 

    
(a)                                                                  (b) 

Fig. 2.27. (a) One period of a square checkerboard surface that combines AMC1 and AMC2 structures 

alternately with their 4×4 square patches and 4×4 circular patches. (b) Approximate RCS reduction 

completed with Eq.(2.30) [191]. 



BROADBAND PRINTED GRAPHENE METAMATERIAL ABSORBERS 

 

63 
 

where 𝛽𝑥 and 𝛽𝑦 are the progressive phase shifts between the elements in the x and y directions, 

respectively. The distances 𝑑𝑥 and 𝑑𝑦 are the spacing between the elements along x and y axis, 

respectively, while M and N are the number of elements in x and y directions [191]. 

The principal maximum, directed along 𝜙0 and 𝜃0 can be found using (2.27) and (2.28) [192], 

tan𝜙0 =
𝛽𝑦𝑑𝑥

𝛽𝑥𝑑𝑦
                                                           (2.27) 

sin2 𝜃0 = (
𝛽𝑥

𝑘𝑑𝑥
)2 + (

𝛽𝑦

𝑘𝑑𝑦
)2                                           (2.28) 

The RCS reduction of a scattering surface, compared to that of a PEC, can be represented by 

RCS reduction = 10 log

[
 
 
 lim
𝑟→∞

[4𝜋𝑟2 |𝐸𝑠|2

|𝐸𝑖|2
]

lim
𝑟→∞

[4𝜋𝑟2(1)2]
]
 
 
 
= 10 log [

|𝐸𝑠|2

|𝐸𝑖|2
]                (2.29) 

which for a dual AMC chessboard surface can be approximately by [191] 

RCS reduction = 10log [
𝐴1𝑒

𝑗𝑃1 + 𝐴2𝑒
𝑗𝑃2

2
]

2

                             (2.30) 

where 𝐴1 and 𝐴2 are the reflection coefficient amplitudes of the two AMC structures, and 𝑃1 and 

𝑃2 are their reflection phases. In (2.29), the ratio of the scattered field and the incident field is 

equal to the reflection coefficient of the surface. Since the chessboard surface consists of two 

AMC surfaces, each of the AMC surfaces occupies exactly half of the area of the entire 

chessboard surface. Thus, the reflection coefficient of the entire surface can be expressed by the 

average reflection coefficient of the two AMC structures. Therefore, the RCS reduction can be 

approximated by (2.30), which does not include edge effects, but provides a good guideline for 

RCS reduction of a dual AMC surface compared to that of a PEC [191]. 

By applying (2.30), the boresight RCS reduction of a chessboard surface versus the phase 

difference of the two AMC structures is displayed in Fig. 2.27 (b). A 10 dB RCS reduction occurs, 
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in the ideal case of an infinite chessboard surface, with 180° ± 37° phase difference between two 

AMC structures [191]. 

2.5 Calling CST from MATLAB 

CST Studio Suite is a computational electromagnetic (EM) tool developed by Dassault 

Systemes Simulia. It is a high-performance 3D EM analysis software package for designing, 

analyzing and optimizing EM components and systems [193]. Common subjects of EM analysis 

include the performance and efficiency of antennas, sensors, absorbers and filters. In CST Studio 

Suite, EM field solvers for applications across the EM spectrum are contained within a single user 

interface and can be coupled to perform hybrid simulations to analyze whole systems made up of 

multiple components [193].  

MATLAB(an abbreviation of ‘matrix laboratory’), which combines a desktop environment 

tuned for iterative analysis and design processes with a programming language that expresses 

matrix and array mathematics directly [194], is a proprietary multi-paradigm programming 

language and numeric computing environment developed by MathWorks.  

An analysis of the available CST and MATLAB help showed that both programs support the 

use of the ActiveX framework [195]. ActiveX, which is a technology introduced in 1996 by 

Microsoft as a development of Component Object Model (COM) [196] and Object Linking and 

Embedding (OLE) technologies, is a framework for defining software components usable from 

programs written in different programming languages. The description of CST Studio indicates 

that any of its components can act as a managed OLE server, while OLE can be used to link and 

embed objects into other documents and objects developed by Microsoft [195]. Therefore, the 

Microsoft Windows and OLE technology can be a solution of calling CST from MATLAB. 

There are a few basic functions to work with the ActiveX interface [197]. Function actxserver 

can create a local or remote server, while function invoke can call a method for an ActiveX object. 

In another word, the function actxserver can be used to initialize and open a program acting as a 

managed one, while invoke can be used to access certain sections of the managed program [197]. 
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For example, the command cst = actxserver(‘CSTStudio.Application’) binds the 

‘CSTStudio.Application’ OLE-managed object to the ‘cst’ variable in MATLAB. To create a new 

empty project file in CST, the command mws = invoke(cst, ‘NewMWS‘) can be used. Through 

the ActiveX interface, all the commands that need to be executed in CST, instead of being 

contained in a VBA .bas file are contained in a MATLAB .m file, which offers complete control 

of CST MWS from within MATLAB [198]. With this technology, operations such as building 

models, investigating parameters, analyzing simulation results, and etc. are all accessible in 

MATLAB.  

2.6 Genetic Algorithm 

Genetic algorithms are utilized to solve optimization problems, which are problems of finding 

optimal solutions. Optimization problems can be found in many domains, from natural sciences 

to math and computer science, from engineering to social and daily life [199]. Whenever the aim 

is to maximize the profit and scores, or to minimize the cost and deviation, the essence of the 

optimization problems is to find the optimal solutions which have a better quality than others. 

The design of broadband metamaterial absorbers is exactly a general optimization problem. 

The broad effective absorption bandwidth can be affected by many factors, such as the geometry 

parameters of unit cell model, the sheet resistance of resistive patterns, and the dielectric constant 

of substrate.  Seeking for the widest effective absorption bandwidth among such plenty of 

influence factors can be a tedious task. With genetic algorithm, this tedious task can be processed 

by machines. If modelled in an appropriate kind of way, genetic algorithm is able to solve most 

optimization problems, including the design of broadband metamaterial absorbers. 

Genetic algorithm is inspired by the biological concept of evolution [200] which explains the 

biological development of species with mating selection and survival of the fittest. Firstly, the 

initialized solutions are generated randomly or manually at the beginning of the evolutionary 

process. Each solution represents a potential candidate for an optimum of the optimization 

problem. After initialization, two solutions in the initialized generation are picked out as ‘parents’ 
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to recombine and produce a ‘child’ during the crossover processing. The crossover operator 

allows the combination of the genetic material of two or more solutions [201]. From a biological 

perspective, most species have two parents who combine their genetic material and inherit it to 

their offspring. Crossover operators in genetic algorithms implement a mechanism that mixes the 

genetic material of parents [199]. A famous operator for bit string representation is n-point 

crossover, as illustrated by Fig. 2.28. Two ‘parents’ are divided into parts at n positions and 

alternately assembled to provide a ‘child’. 

 

The produced ‘child’ is then mutated to give a new solution. Mutation is based on random 

changes. Mutation operators change a solution by disturbing it with a mutation rate which 

represents the strength of the disturbance.  

In the fitness computation step, the fitness function measures the quality of the solutions. The 

better solutions generated are selected through fitness operator for the next generation. In the case 

of designing a broadband metamaterial absorber, the fitness operator is expected to give bigger 

weights to solutions which provide broader effective absorption bandwidth. 

Finally, the evolutionary cycle examines whether the termination condition has been met or 

not. If there is a ‘child’ in the new generation satisfies the termination condition, the processing 

ends up being a success, otherwise the evolutionary cycle continues and the new generation 

(produced ‘children’) replaces the initialized solutions to become new ‘parents’. 

The Algorithm in Table 2.2 shows the pseudocode of the basic genetic algorithm. 

    

Fig. 2.28 Example of one-point crossover (here the arbitrary point is assumed to locate in the middle). 
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Table 2.2  The Pseudocode of the Basic Genetic Algorithm 

Algorithm 1: Basic Genetic Algorithm 

1: initialize population as original 

generation 

2: repeat 

3:    repeat 

4:        crossover 

5:        mutation 

6:        fitness computation 

7:    until population complete 

8:    select and produce next generation 

9: until termination condition 

2.7 Chapter Summary 

This chapter deals with the literature review of metamaterial absorbers and graphene, with a 

focus on the development from conventional electromagnetic absorbers to metamaterial absorbers, 

and along with several specific examples proposed by previous papers. The review of graphene 

concerns its geometry, property, synthesis, and eventually the graphene based metamaterial 

absorbers.  

The chapter then details several important concepts and absorber related theory, which would 

be used or mentioned in the following chapters. The principle of AMC based radar absorbers is 

given in detail. The method to call CST from MATLAB is explained briefly, together with the 

abbreviated introduction of genetic algorithm.  
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Chapter 3: Multi-layer Broadband Printed 

Graphene Microwave Absorbers: Multi-layer 

Structures with Equivalent Circuit Model 

3.1 Triple-layer Polarization-independent Broadband Microwave Absorber 

3.1.1 Design and performances 

This section presents the design and numerical simulation results of a broadband and 

polarization-independent microwave absorber composed of three layers of metasurfaces with 

different patterns and sheet resistances. The numerical simulations of the absorber are performed 

through modelling the unit cell of designed absorber as an infinite periodic structure by applying 

periodic boundary condition in x and y directions with the full-wave software CST Microwave 

Studio 2016. 

Fig. 3.1 shows the schematic of the unit cell, which is composed of three layers of resistive 

surfaces, printed on three layers of substrates, respectively. A perfect electric conductor (PEC) is 

placed on the back side to block the transmission. The top dielectric substrate is modelled as 

open-cell polyethylene foam with relative permittivity (ε𝑟) of 1.05 and loss tangent (tan 𝛿) of 

0.02. The middle and bottom dielectric substrates are silicone material with relative permittivity 

of 2.9. The top and bottom resistive patches are square patches with same dimensions, while the 

middle resistive patches are circular rings. The sheet resistances of three layers of surfaces, from 

top to bottom, are 400 Ω/sq, 65 Ω/sq, and 110 Ω/sq, respectively. The optimized geometrical 

parameters of unit cell are: ℎ𝑡 = ℎ𝑚 = 2 mm, ℎ𝑏 = 1 mm, p = 7.5 mm, w = 7 mm, 𝑟𝑖𝑛 = 2.4 mm, 

𝑟𝑜𝑢𝑡 = 3.5 mm. 
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The absorptivity of the proposed absorber can be obtained through the formula 1 − 𝑇(ω) −

𝑅(𝜔), where 𝑇(ω) is defined as the transmission part and 𝑅(𝜔) is the reflection part. Since there 

is a perfect electric conductor (PEC) on the back side of the proposed absorber, the transmission is 

blocked. Therefore, the absorptivity can be calculated through 𝐴(𝜔) = 1 − 𝑅(𝜔) = 1 − |𝑆11|
2, 

where  𝑆11 is the reflection coefficient.  

The absorption performance of the absorber is displayed in Fig. 3.2. The effective absorption 

(with over 90% absorptivity) is achieved from 6 GHz to 50 GHz, with a relative absorption 

bandwidth of 157%. Due to its symmetric structure, the absorber has the property of polarization-

insensitive, which is illustrated in Fig. 3.2. The absorption performance keeps consistent as the 

polarization angle changes from 0° to 90° with a step of 30°. 

 
(a) 

   
(b)                                                  (c) 

Fig. 3.1 Unit cell geometry of proposed absorber with (a) perspective view, (b) top-layer and 

bottom-layer pattern, (c) middle-layer pattern. 
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The comparison of the effective absorptivity bandwidth and thickness between this design and 

some previously proposed absorbers is shown in Table 3.1, in which λ represents for the 

wavelength at the lowest operation frequency under normal incidence in free space. The 

comparison in Table 3.1 indicates the advantage of ultra-wide bandwidth of this triple-layer 

absorber. 

 

 

Fig. 3.2 Absorptivity characterisitics with various polarisation angles under normal incidence. 

Table 3.1 Comparison of This Work and Some Previously Presented Multi-layer Absorbers. 

Reference 

Effective 

absorption 

bandwidth 

(GHz) 

Relative 

bandwidth 

(%) 

Thickness 

(mm) 
Unit size (mm) 

[202] 5.6 - 16.8 100 6.13 (0.114 λ) 30 (0.56 λ) 

[203] 1.4 - 6 124 2.44 (0.11 λ) 52 (0.243 λ) 

[204] 3.7 - 17.5 130 11.5 (0.14 λ) 5 (0.062 λ) 

[205] 10 - 70 150 4.5 (0.15 λ) 6.4(0.213 λ) 

[206] 4.96 - 18.22 114 4.6 (0.076 λ) 13 (0.215 λ) 

This work 6 - 50 157 5 (0.1 λ) 7.5 (0.15 λ) 

 



BROADBAND PRINTED GRAPHENE METAMATERIAL ABSORBERS 

 

71 
 

 

In order to investigate the operation performance stability under various incident angles, the 

absorptivity results with different oblique incident angles for transverse electric (TE) wave and 

transverse magnetic (TM) wave are simulated and displayed in Fig. 3.3 (a) and Fig. 3.3 (b), 

respectively. It is worthy to point out that this triple-layer absorber has an ultra-wide-angle 

absorption property for TM mode. As the incident angle increases from 0° to 60° with the step of 

15°, the lower absorption frequency bound moves to higher frequency gently, while the upper 

absorption frequency bound changes much faster to higher frequency, leading to a wider effective 

absorption bandwidth. On the other hand, the absorption performance for TE wave mode is more 

sensitive to the incident angle. When the incident angle increases to 30°, the absorptivity keeps 

 
(a) 

 
(b) 

Fig. 3.3 Absorption performances under various incident angles for (a) TE and (b) TM mode. 
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around 90% grudgingly. As the incident angle increases continuously after 30°, the absorptivity 

decreases dramatically. 

3.1.2 Equivalent circuit model 

Based on the introduction and elucidation of equivalent circuit model method in basic theory 

section earlier, periodic structures comprising of tiled patches can be equivalent to series resistor 

inductor capacitor (RLC) circuits, with R and L created by the periodic patches, while C induced 

by the gaps between patches [171]. Fig. 3.4 displays the equivalent circuit model of the triple-

layer microwave absorber. The three layers of periodic resistive surfaces are equivalent to three 

RLC circuits in parallel, while the dielectric structures are modelled as transmission lines 

connected to RLC circuits.  

 

In Fig. 3.4, 𝑍0  is the free space impedance with value of 377 Ω, while 𝑍𝑖𝑛  is the input 

impedance of the proposed absorber;  𝑍𝑡, 𝑍𝑚, and 𝑍𝑏  represent the equivalent impedance of three 

layers of dielectric substrute from top to bottom;  ℎ𝑡, ℎ𝑚 and ℎ𝑏 are the thickness of dielectric 

substrates from top to bottom, respectively. For the three RLC circuits in parallel, the R and L are 

supposed to be provided by the resistive patterns on each layer of periodic resistive surfaces, and 

the C is induced by the gaps between the periodic patterns. According to transmission line theory, 

𝑍𝑖𝑛 can be described as: 

 

Fig. 3.4 Equivalent circuit model of the proposed absorber. 
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𝑍𝑖𝑛 = 𝑍𝐹𝑆𝑆𝑡
||𝑍4                                                              (3.1)  

𝑍4 = 𝑍𝑡

𝑍3 + 𝑗𝑍𝑡 tan(
2𝜋𝑓
𝑐 √휀𝑟𝑡ℎ𝑡)

𝑍𝑡 + 𝑗𝑍3 tan(
2𝜋𝑓
𝑐 √휀𝑟𝑡ℎ𝑡)

                                               (3.2) 

  𝑍𝑡 =  𝑍0/√휀𝑟𝑡  

𝑍3 = 𝑍𝐹𝑆𝑆𝑚
||𝑍2                                                           (3.3) 

𝑍2 = 𝑍𝑚

𝑍1 + 𝑗𝑍𝑚 tan(
2𝜋𝑓
𝑐 √휀𝑟𝑚ℎ𝑚)

𝑍𝑚 + 𝑗𝑍1 tan(
2𝜋𝑓
𝑐 √휀𝑟𝑚ℎ𝑚)

                                          (3.4) 

  𝑍𝑚 = 𝑍0/√휀𝑟𝑚 

𝑍1 = 𝑍𝐹𝑆𝑆𝑏
||𝑍𝑏                                                          (3.5) 

 𝑍𝑏 =  𝑗
𝑍0

√휀𝑟𝑏

tan(
2𝜋𝑓

𝑐
√휀𝑟𝑏

ℎ𝑏)                                              (3.6) 

𝑍𝐹𝑆𝑆𝑘
= 𝑅𝑘 + 𝑗𝜔𝐿𝑘 −

𝑗

𝜔𝐶𝑘
,   𝑘 = 𝑡,𝑚, 𝑏                                       (3.7) 

where ε𝑟𝑡 , ε𝑟𝑚  and ε𝑟𝑏
 are the relative permittivity of dielectric substrates from top to bottom, 

respectively.  

After the input impedance 𝑍𝑖𝑛 is calculated from (3.1)–(3.7), the reflection coefficient can be 

obtained through 

Γ =
𝑍𝑖𝑛 − 𝑍0

𝑍𝑖𝑛 + 𝑍0
                                                              (3.8) 

When the input impedance matches the free space impedance, the reflection coefficient 

becomes zero. In order to broaden the operation bandwidth of proposed absorber, the matching 

between input impedance and free space impedance should be achieved through a broad frequency 

range. The software Advanced Design System (ADS) and MATLAB are used to evaluate and 
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optimize the values of equivalent RLC circuits. The established values of lumped elements are 

shown in Table 3.2. 

 

The comparison between the reflection coefficients obtained from CST full-wave simulation 

and the equivalent circuit model analysis is shown in Fig. 3.5. The reflection coefficient from the 

equivalent circuit model analysis is under -10 dB from 6 GHz to 50 GHz. At the two resonant 

frequencies of 7.8 GHz and 37.8 GHz, the reflection coefficients are about -12.3dB and -23.6dB, 

respectively. The simulation and equivalent circuit model analysis results are in almost perfect 

agreement, verifying the precision of the equivalent circuit model. 

 

Table 3.2 Values of Equivalent Circuit Elements. 

Parameter Value Parameter Value 

𝑅𝑡 480 Ω 𝐿𝑏 0.08 nH 

𝑅𝑚 330 Ω 𝐶𝑡 
0.105 pF 

𝑅𝑏 160 Ω  𝐶𝑚 0.08 pF 

𝐿𝑡 0.3 nH 𝐶𝑏 0.26 pF 

𝐿𝑚 1.55 nH   

 

 

Fig. 3.5 Comparison of reflection coefficients obtained from equivalent circuit model analysis (red 

line) and full-wave simulation (black line). 
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3.2 Ultra-wideband Radar Absorber Operating in the S, C, X and Ku Band 

3.2.1 Design and performances 

Although the effective absorption bandwidth of the triple-layer microwave absorber 

introduced in Section 3.1 covers a great frequency range from 6 GHz to 50 GHz, corresponding 

to half of the C band (6–8 GHz), X band (8–12 GHz), Ku band (12–18 GHz), K band (18–27 

GHz) and Ka band (27–40 GHz) of the microwave band of the electromagnetic spectrum, there 

are still the S band (2–4 GHz) and the other half of C band (4–6 GHz)  which cannot be covered 

by the operation frequency band of the absorber. Additionally, the 10 cm radar short-band ranges 

roughly from 1.55 to 5.2 GHz, which is also cannot be covered by the triple-layer microwave 

absorber.  

The S band is used by plenty of devices and applications, such as the air surveillance radar, 

weather radar, and communications satellites, especially those used by NASA to communicate 

with the Space Shuttle and the International Space Station. Besides, the S band contains the 2.4–

2.483 GHz ISM band which is widely used for low power unlicensed microwave devices in our 

daily life such as wireless networking, electronics using Bluetooth, keyless vehicle locks, 

microwave ovens and so on. These widely used devices in the everyday life may have 

electromagnetic interference among each other and cause harmful EM wave pollution. In this 

section, an ultra-wideband radar absorber operating in the S, C, X and Ku band is designed to 

effectively reduce the electromagnetic interference and prevent harmful EM wave pollution. 

The schematic of the unit cell performed with the full-wave software CST Microwave Studio 

2016 is displayed in Fig. 3.6. The unit cell of proposed absorber is modelled as an infinite 

periodic structure by independently applying periodic boundary condition in X and Y directions, 

and Floquet boundary condition in Z direction. 
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As shown in Fig. 3.6, the unit cell is composed of two layers of graphene surfaces printed on 

two layers of substrates. Comparing with triple-layer absorber, the fabrication complexity of this 

absorber is reduced. To design an absorber which operates at lower frequencies while keep the 

relative frequency bandwidth as wide as the one provided by triple-layer absorber, a wide-angle 

impedance matching (WAIM) layer is added at the top of the designed structure. A perfect 

electric conductor (PEC) is assumed to be the metal ground plane and block the transmission. The 

bottom dielectric substrate of 6.5 mm thickness is chosen to be open-cell polyethylene foam with 

relative permittivity (ε𝑟) of 1.05 and loss tangent (tan 𝛿) of 0.02. The middle layer dielectric 

substrate and the WAIM layer are modelled as silicone material with relative permittivity of 2.9. 

The optimized geometrical parameters of unit cell are: ℎ1 = 4.5 mm, ℎ2 = 4 mm, ℎ3 =6.5 mm, p = 

 
(a) 

   
(b)                                                  (c) 

Fig. 3.6 Unit cell geometry of proposed absorber with (a) perspective view, (b) middle layer resistive 

pattern, and (c) bottom layer resistive pattern. 
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15 mm, w = 6 mm, e = 1 mm, l = 14 mm. The sheet resistances of two layers of resistive surfaces, 

from middle layer to bottom layer, are 400 Ω/sq and 150 Ω/sq, respectively. 

Fig. 3.7 displays the numerically simulated absorption performance of the absorber. The 

bandwidth of effective absorption (over 90% absorptivity) is from 2.2 GHz to 18.4 GHz, covering 

almost the whole S-, C-, X-, and Ku-band with relative absorption bandwidth remains 157%. The 

total thickness of the proposed absorber is 15 mm, which corresponds to 0.11λ at the lowest 

operating frequency. Due to the symmetric structure of the design, the absorber has polarization-

independent property. 

 

3.2.2 Equivalent circuit model 

The equivalent circuit model of the proposed absorber is displayed in Fig. 3.8. The two layers 

of periodic resistive surfaces are equivalent to two series resistor inductor capacitor (RLC) circuits 

in parallel, with R and L created by the periodic resistive patches, while C is due to the gaps 

between patches. The dielectric structures and the WAIM layer are modelled as transmission lines.  

 

Fig. 3.7 Absorption performance with various polarisation angles under normal incidence. 
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With the aforementioned method, 𝑍𝑖𝑛 can be described by the following equation: 

𝑍𝑖𝑛 = 𝑍ℎ1

𝑍3 + 𝑗𝑍ℎ1
tan(

2𝜋𝑓
𝑐 √휀𝑟𝑠ℎ1)

𝑍ℎ1
+ 𝑗𝑍3 tan(

2𝜋𝑓
𝑐 √휀𝑟𝑠ℎ1)

                                            (3.9) 

 𝑍3 = 𝑍𝐹𝑆𝑆1
||𝑍2                                                       (3.10) 

𝑍2 = 𝑍ℎ2

𝑍1 + 𝑗𝑍ℎ2
tan(

2𝜋𝑓
𝑐 √휀𝑟𝑠ℎ2)

𝑍ℎ2
+ 𝑗𝑍1 tan(

2𝜋𝑓
𝑐 √휀𝑟𝑠ℎ2)

                                        (3.11) 

𝑍1 = 𝑍𝐹𝑆𝑆2
||𝑍ℎ3

                                                    (3.12)  

𝑍ℎ3
=  𝑗

𝑍0

√휀𝑟𝑓

tan(
2𝜋𝑓

𝑐 √휀𝑟𝑓
ℎ3)                                         (3.13) 

 𝑍𝐹𝑆𝑆𝑘
= 𝑅𝑘 + 𝑗𝜔𝐿𝑘 −

𝑗

𝜔𝐶𝑘
,   𝑘 = 1, 2                                 (3.14) 

where ℎ1, ℎ2 and ℎ3 are the thickness of WAIM layer and two dielectric substrates from top to 

bottom, respectively. ε𝑟𝑠  and ε𝑟𝑓
 are the relative permittivity of silicone and foam substrates, 

respectively. 𝑍0 represents the free space impedance with value of 377 Ω, while  𝑍ℎ1
and 𝑍ℎ2

in 

(3.9) and (3.11) can be obtained through calculating 𝑍0/√휀𝑟𝑠 .  

 

Fig. 3.8 Equivalent circuit model of the proposed absorber. 

 



BROADBAND PRINTED GRAPHENE METAMATERIAL ABSORBERS 

 

79 
 

In order to match the input impedance with the free space impedance through a broad radar 

frequency band, the values of equivalent RLC circuits are evaluated and optimized using 

Advanced Design System (ADS) and MATLAB. The derived values of lumped elements are 

shown in Table 3.3. 

 

 

The red line in Fig. 3.9 displays the reflection coefficient of the unit cell obtained from CST 

full-wave simulation using periodic boundary conditions. It can be observed from Fig. 3.9 that the 

reflection coefficient is less than -10 dB between 2.2 GHz and 18.4 GHz, which leads to over 90% 

absorptivity within this frequency range. There are three absorption peaks located at 2.8 GHz, 9.2 

GHz, and 16.6 GHz, respectively. The reflection coefficient obtained from circuit model analysis 

Table 3.3 Derived Values of Equivalent Circuit Elements. 

Parameter Value Parameter Value  

R1 680 Ω R2 185 Ω  

L1 1.05 nH L2 0.15 nH  

C1 0.068 pF C2 0.35 pF  

 

 

Fig. 3.9 Comparison of reflection coefficients obtained from equivalent circuit model analysis (red 

line) and full-wave simulation (black line). 
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is also displayed in Fig. 3.9 by the black line, which is in good agreement with the red one, 

indicating the accuracy of the equivalent circuit model. 

3.2.3 Efficacy of the WAIM layer 

To investigate the influence of the WAIM layer on the absorption performance and verify the 

efficacy of the WAIM layer, the unit cell models with and without the WAIM layer are simulated 

with CST, respectively. Fig. 3.10 illustrates the simulated reflection coefficients, as well as the 

absorption bandwidth comparison of the unit cell with and without the WAIM layer. It can be 

seen from the comparison that although the WAIM layer increases the total thickness of the 

designed structure, it does improve the absorption performance and broaden the effective 

absorption bandwidth. 

 

The efficacy of the WAIM layer is also further investigated through the operation 

performance under wide incident angles. The absorption results with and without WAIM layer 

under oblique incident angles from 0° to 60° with the step of 10° for transverse electric (TE) 

wave and transverse magnetic (TM) wave are simulated and displayed in Fig. 3.11. It can be seen 

from the absorption contour maps that the absorber with WAIM layer (as shown in Fig. 3.11 (a) 

 

Fig. 3.10 The comparison of simulation results of the proposed absorber with and without the WAIM 

layer on top. 
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and (c)) has a much better wide-angle operation performance comparing with that without WAIM 

layer (as shown in Fig. 3.11 (b) and (d)), which verifies the efficacy of the WAIM layer. For TE 

mode illustrated in Fig. 3.11 (a), the absorption of the proposed absorber decreases as the incident 

angle increases. Within the operation frequency range (2.2 GHz – 18.4 GHz), the absorptivity 

keeps over 80% even at incident angle of 50°. On the other hand, with the incident angle 

increases to 60° under TM mode in Fig. 3.11 (c), the absorber remains broadband effective 

absorption (over 90% absorptivity). Although the operation frequency range moves slightly to 

higher frequency, the effective absorption can still be achieved in S-, C-, X-, and Ku-band. The 

performance under various incident angles indicates the ultra-wideband absorber based on double 

layer graphene patterns and topped with single WAIM layer is a wide-angle absorber. 

 

 
(a)                                                                                           (b) 

 
(c)                                                                                    (d) 

Fig. 3.11 Absorption contour map of the absorber with and without WAIM layer under oblique incident angles 

from 0° to 60° with the step of 10° for (a) TE mode (with WAIM layer), (b) TE mode (without WAIM layer), 

(c) TM mode (with WAIM layer) and (d) TM mode (without WAIM layer). 
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3.3 Chapter Summary 

In this chapter, two different multilayer broadband metamaterial absorbers based on printed 

graphene patterns are designed and simulated through multilayer structure approach and analyzed 

through equivalent circuit model method. Both of the two multilayer absorbers are polarization-

insensitive and angle-insensitive. They have exactly the same relative absorption bandwidth of 

157%, while operate in different microwave frequency bands. The effective absorption bandwidth 

at normal incidence of the first absorber in section 3.1 is from 6 GHz to 50 GHz, while that of the 

second one is from 2.2 GHz to 18.4 GHz, covering S-, C-, X-, and Ku-band. 

The equivalent circuit models of the two absorbers are investigated thoroughly. The results 

derived from the equivalent circuit models agree well with the full-wave simulation results, which 

indicate the accuracy of the equivalent models. For the second absorber, a single WAIM layer is 

added at the top of the structure to improve the wide-angle and broadband frequency performance 

at relatively lower microwave frequencies. The numerical simulation results under various 

incident angles show a good absorption performance for both TE and TM modes, indicating the 

efficacy of the WAIM layer. 

Due to the fabrication complexity of the multilayer structures with multi-layer graphene 

patterns, there is no experimental validation for the simulation results in this chapter. However, 

the experimental demonstration can be expected in the near future with the rapid development of 

graphene printing techniques.   
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Chapter 4: Novel Ultra-thin Printed Graphene 

Radar Absorber with Ultra-wide Fractional 

Bandwidth 

Generally, with fixed geometry of patterns for a metamaterial absorber, when the thickness of 

the dielectric substrate is increased, the absorption bandwidth will have a red shift, moving to 

lower frequencies. In this chapter, an ultra-thin printed graphene radar absorber with novel 

absorption mechanism is introduced. This absorber provides better absorption performance and 

works at lower frequency bands when the thickness of dielectric substrate decreases. 

4.1 Design and Ultra-wideband Performance 

This metamaterial absorber consists of two layers of printed graphene sheets, one layer of 

dielectric substrate, and a metal ground plane. As shown in Fig. 4.1, the two resistive sheets are 

printed on the top surface and bottom surface of the dielectric substrate, respectively, composing 

a sandwich-like structure. The metal ground plane is put on the back of the sandwich structure. In 

CST numerical simulation, the top layer of patterns have a sheet resistance of 10 Ω/sq, while the 

bottom layer of patterns have a sheet resistance of 1600 Ω/sq, and the dielectric substrate is 

chosen to be silicone with dielectric constant of 2.9 and loss tangent of 0.1. A perfect electric 

conductor (PEC) is used to simulate the metal ground plane. The geometric parameters in Fig. 4.1 

are as follows: P = 45 mm, a = 36 mm, b = 27 mm, c = 12 mm, d = e = 3 mm, w = 4.5 mm, L = 

44.5 mm. The thickness of the dielectric substrate is 0.3 mm. 
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The simulated absorption of this metamaterial absorber at normal incidence is displayed in 

Fig. 4.2 through the red line. This absorber can achieve the effective absorption (over 90% 

absorptivity) from 1.15 GHz to 20 GHz, with an ultra-wide bandwidth of 21.15 GHz and the 

relative absorption bandwidth of 178%.  

In order to investigate the performance of this absorber at various angles of incidence, the 

absorption performance at different incident angles for transverse electric (TE) and transverse 

magnetic (TM) waves are simulated separately, and the results are displayed in Fig. 4.2 (a) and 

Fig. 4.2 (b), respectively. The absorption results in Fig. 4.2 (a) indicate that for the TE mode, the 

absorptivity and the effective absorption bandwidth decrease slightly as the incident angle varies 

from 0° to 60°. When the incident angle is increased to 60°, the absorptivity is still over 80% 

from about 1.08 GHz to 17 GHz. For the TM mode, the absorptivity also changes slightly as the 

incident angle varies from 0° to 40°. As the incident angle raised, the absorptivity at lower 

frequency bands decreases while it increases at higher frequency, indicating that for the TM mode, 

the effective absorption band have a blue shift as the incident angle increases. In conclusion, this 

absorber shows relatively stable performances at wide incident angles for both TE and TM waves. 

    
(a)                                                                             (b) 

Fig. 4.1 The schematic diagram of the sandwich structure composed of two layers printed graphene 

patterns and one layer of dielectric substrate. (a) The top layer patterns of the structure and (b) the 

bottom resistive sheet. 
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4.2 Influence of Different Parameters on Absorption Performances 

To analyze the influence of the dielectric substrate’s thickness and the printed patterns’ sheet 

resistances on the absorption performances. The unit cell model with different parameters is 

required to be simulated. To begin with, the sheet resistance of the bottom square patch is 

changed from 600 Ω/sq to 3100 Ω/sq with a step of 500 Ω/sq. From Fig. 4.3, it can be seen that 

the absorption within the frequency range from 5 GHz to 10 GHz reduces to a value lower than 

    

(a) 

 

(b) 

Fig. 4.2 Simulated absorption performances at incident angles from 0° to 60° with a step of 20° for (a) 

TE waves and (b) TM waves, respectively. 
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90% when the sheet resistance increases to 2100 Ω/sq. On the other hand, when the sheet 

resistance decreases to 600 Ω/sq, the absorption at the middle part of frequency range is below 

90%. It is worth noting that with a sheet resistance of 1100 Ω/sq, this absorber can achieve an 

even broader effective absorption bandwidth. Furthermore, the over 80% absorptivity can still be 

achieved over a broad frequency band within the large changing range from 600 Ω/sq to 3100 

Ω/sq, indicating that this design has a great tolerance of fabrication deviations for the printed 

graphene resistive sheets at the bottom layer.   

 

Fig. 4.4 shows the absorption results of the absorber with different sheet resistances of the 

printed resistive patterns on the top layer. With the sheet resistance lower than 5 Ω/sq, the 

absorption at around 13 GHz decreases and cannot achieve 90% absorptivity. When the sheet 

resistance is increased to 20 Ω/sq, the better absorption performance is obtained with higher 

absorptivity over the operation frequency range, indicating an optimization of the absorption 

performance with higher sheet resistances for the top layer patterns. However, as the sheet 

 

Fig. 4.3 Simulated absorption performances with various sheet resistances of the bottom square. 

patch. 
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resistance keeps increasing to higher than 50 Ω/sq, the absorption performance at lower 

frequencies gets worse. 

 

The influence of the thickness of dielectric substrate is investigated and illustrated in Fig. 4.5. 

Unlike common metamaterial absorbers, thicker dielectric substrate of this absorber cannot result 

in a red shift of the absorption bandwidth. With the thickness increases from 0.1 mm to 1.5 mm, 

the absorption performance at lower frequency band (from 1.25 GHz to 3.68 GHz) almost keeps 

unchanged, while the absorption performance from 3.68 GHz to 25 GHz decreases. Comparing 

the absorption results with various values of substrate thickness, it is obvious that thinner 

dielectric substrate provides broader effective absorption (>90%) bandwidth. 

The influence of the dimension of center square patch is also investigated and illustrated in 

Fig. 4.6. With the side length increased from 4 mm to 12 mm, the lower border of effective 

absorption band almost keeps unchanged, while the upper border moves to higher frequency, 

 

Fig. 4.4 Simulated absorption performances with various sheet resistance values of the top layer pattern. 
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leading to a broader effective absorption bandwidth. When the side length increases to longer 

than 16 mm, the square patch keeps enlarged and the absorption performance gets worse. 

 

 

 

Fig. 4.5 Simulated absorption performances with various thickness of the dielectric substrate. 

 

 

Fig. 4.6 Simulated absorption performances with various dimensions of the center square patch. 
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The dimension of the interstices on the top and right sides of the outer square ring is 

investigated. The absorption results of the absorber with different size of interstices are illustrated 

in Fig. 4.7. It can be seen that with narrow interstices (when the dimension is 1 mm or 2 mm), the 

absorption of the middle part of the frequency band is below 90%.  When the interstices are wider 

than 3 mm, the absorptivity at lower frequency band (around 2.5 GHz) decreases as the interstices 

become wider, while the absorptivity at higher frequency band (around 17.5 GHz) increases. 

Although the absorptivity has certain fluctuations at different frequencies, the effective absorption 

bandwidth almost keeps unchanged as the dimension increases from 3 mm to 5 mm. 

 

4.3 Investigation of Absorption Mechanism 

The distributions of power loss density for TE mode at frequency 3 GHz, 10 GHz, 13 GHz, 

and 17 GHz are illustrated in Fig. 4.8 to investigate the absorption mechanism. It can be seen that 

this structure resonates at different spatial areas for different frequencies. At 2 GHz, the power 

loss locates mainly at the corners of both the inner centre square and outer square ring, while at 8 

 

Fig. 4.7 Simulated absorption performances with various dimensions of the interstices on the top and 

right sides of the outer square ring. 
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GHz, the power loss takes place at the edges of the inner centre square and outer square ring. At 

14 GHz, the power loss is mainly concentrated at the interspace part on the left of the centre 

square and the two interstices on the right side of the outer square ring, while at 20 GHz, the 

power loss density distributes at the interspace between unit cells, the two interstices on the top 

side of the outer square ring, and the interspace between the inner centre square and the outer 

square ring on each of the unit cells, with more of the power loss occurs at the interspace on the 

right part of the centre square. 

 

To elucidate the absorption mechanism of the ultra-thin metamaterial radar absorber more 

thoroughly, the distribution of surface currents at 14 GHz is displayed in Fig. 4.9. Fig. 4.9 (a), (b) 

and (c) show the surface currents in the top layer of printed graphene pattern, the surface currents 

in the bottom layer of resistive sheet and the overall surface currents in both layers, respectively. 

               
                                       (a)                                                            (b) 

              
                                        (c)                                                            (d) 

Fig. 4.8 Distributions of power loss density for TE (transverse electric) mode at (a) 3 GHz, (b) 10 GHz, 

(c) 13 GHz, and (d) 17 GHz. 
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The arrows in the figures signify the directions of the surface currents. The surface currents in the 

bottom layer of resistive sheet might be excited by the ohmic contact between the metal ground 

plane and the resistive sheet. At the contact, some of electrons from one material move to the 

other material due to the different energy of charge carriers in different materials, leading to a 

double layer that balances the electrochemical potentials in both materials and creates a 

discontinuity in the electric potential, which contributes to the surface currents in the bottom layer 

of resistive sheet observed in Fig. 4.9 (b). As shown in Fig. 4.9 (a) and (b), the surface currents in 

the outer square ring from the top layer of resistive patterns and the surface currents in the bottom 

layer of resistive sheet have opposite directions. The anti-parallel surface currents lead to strong 

magnetic resonances. The thickness of this substrate is very thin, which is merely 0.3 mm. If the 

distance between the surface currents from two layers can be ignored, these surface currents, as 

displayed in Fig. 4.9 (c), can together constitute current loops like eddy currents flowing in closed 

loops within conductors, and lead to energy loss in the material. Comparing with the distribution 

of power loss density in Fig. 4.8 (c), the locations of these eddy currents are exactly the same 

with the locations where the power loss occurs. This also explains the influence of substrate 

thickness on the absorption performance to a certain extent. As the thickness of dielectric 

substrate increases, the distance between the anti-parallel surface currents from the two layers of 

resistive patterns also increases and cannot be omitted, which means no eddy currents can be 

achieved.  
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4.4 Chapter Summary 

This chapter concerns the eddy current approach, according to which the absorbers with 

smaller thickness can achieve broader absorption bandwidth. To demonstrate this approach, an 

ultra-thin broadband metamaterial radar absorber which is composed of two different layers of 

printed graphene resistive patterns placed on the front and back surface of the 0.3 mm dielectric 

substrate is designed. 

        
                                       (a)                                                                            (b) 

 
(c) 

Fig. 4.9 Distributions of surface currents at 17 GHz for TE mode. (a) The surface currents in the top 

layer patterns of the unit cell, (b) the surface currents in the bottom resistive sheet and (c) the overall 

surface currents in both layers. 
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 The mechanism of the high absorption in broadband is elucidated through the distributions of 

power loss density and surface currents. As the thickness of the dielectric substrate becomes thin 

enough to be omitted, the anti-parallel surface currents in the front and back surfaces constitute 

current loops like eddy currents flowing in closed loops within conductors, and lead to strong 

magnetic resonances and energy loss in the material. This absorber is numerically simulated to 

achieve an effective absorption from 1.15 GHz to 20 GHz, with a relative absorption bandwidth 

of 178%. Compared with other metamaterial radar absorbers proposed in recent years, this design 

has significant advantage in thickness and relative absorption bandwidth, indicating the 

outstanding efficacy of the eddy current approach.  
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Chapter 5: Experimental Demonstration of 

Controlling Graphene Sheet Resistance for 

Broadband Printable and Flexible AMC Based 

Radar Absorber: Anti-phase Reflection Cancellation 

Approach 

Current artificial magnetic conductor (AMC) designs use metallic patterns on rigid substrates 

and focus on shapes and sizes of AMC structures, rather than on material performance, which has 

hindered operation bandwidth and design flexibility. In this chapter, a novel approach to achieve 

the effective phase difference between two AMC structures with printed graphene resistive sheet 

is presented. To verify the novel approach of designing printed graphene AMCs, a fully screen 

printed graphene AMC-based broadband and flexible microwave radar absorber is designed, 

analyzed, and experimentally demonstrated. The presented absorber not only redirects but also 

absorbs the incident wave so to broaden the operation bandwidth. Contrasting to other reported 

works, the phase characteristics of the AMCs are realized through the control of the surface 

resistance provided by printed graphene laminates. The AMCs in this design are composed of 

printed graphene ring arrays with exactly the same shape and size, but different sheet resistances. 

By carefully designing the sheet resistance of printed graphene laminates, the optimized anti-

phase reflection cancellation between AMCs can be achieved. With printed graphene AMCs and 

flexible dielectric substrate, the presented absorber has a broadband effective absorption (above 

90% absorptivity) from 7.58 GHz to 18 GHz, is polarization insensitive under normal incident 

and can work at relatively wide incident angles. Furthermore, this absorber is capable of bending 

easily with notable performance, which makes it ideal for applications with irregular and uneven 

shapes. 
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5.1 Printed Graphene 

5.1.1 Graphene conductive ink preparation and screen printing process 

Pristine graphite flakes (Alfa Aesar, >99%) were first dispersed in 400ml of N-Methyl-2-

pyrrolidone (NMP, Sigma, >99%) in a concentration of 20 mg ml
-1

. After sonication for 24h, the 

mixture was filtered with a 300-mesh stainless steel screen and centrifuged at low speed (500 rpm) 

for 20 min. Then NMP was removed from the obtained dispersion through vacuum filtering. In 

order to achieve appropriate viscosity for screen printing, the collected graphene nanoflakes were 

re-dispersed in viscous solvent Ethylene Glycol (Alfa Aesar, >99%) at concentration of 50 mg 

ml
-1

. 

 

Screen printing was performed to print graphene patterns on normal A4 printing papers. The 

semi-automatic pneumatics screen printer (YICAI4060PV) with pneumatic cylinder 

(XINGCHEN CQ2B32-20, max press of 0.7 MPa) was used for screen printing. The printer 

worked at a printing speed of 70–90 mm 𝑠−1 with a 70° angle squeegee. The printing screen of 

49 mesh was specially fabricated and patterned with capillary film (ULANO, EZ50-Orange) to 

achieve the uniform laminate and resolution. The printed samples were dried in an oven under 

                       

(a)                                                                       (b) 

Fig. 5.1 (a) Screen printer and (b) roller compressor. 
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vacuum environment at 120° for 5 hours. Samples with required sheet resistances were obtained 

through a further rolling compression.  

5.1.2 Characterization of printed graphene sample 

The conductivity of the prepared samples can be obtained through 

𝜎 =
1

𝑅𝑠 × 𝑡
                                                                   (5.1) 

where  𝑅𝑠 is sheet resistance of printed graphene patterns, which can be measured using 4-

point probe station (Jandel, RM3000) and semiconductor characterization system (Keithley, 

4200C), while t is the thickness of the printed graphene patterns, which can be represented by the 

average thickness of the printed layers measured based on cross-section SEM view. 

Fig. 5.2 and Fig. 5.3 display SEM images of 3 samples of the printed graphene laminates on 

paper substrate. The three rectangular samples had the dimension of 8 mm × 25 mm, with Sample 

1 and 3 were printed at the same time to make sure they had the same sheet resistance after the 

printing process, while Sample 2 with a higher sheet resistance was printed separately from the 

others. Then the compressing process was only applied to Sample 3 to obtain a sheet resistance 

lower than Sample 1. By using the 4-point probe measurement, the sheet resistances of Samples 1, 

2, and 3 were measured to be 36.6 Ω/sq, 98 Ω/sq, and 8.7 Ω/sq, respectively. Through controlling 

the thickness of the printed graphene laminates during the printing and compressing processes, 

different sheet resistances of graphene laminates can be achieved. With relatively lower printing 

speed and squeegee pressure, the graphene laminate of Sample 1 was made thicker than that of 

Sample 2, as shown in Fig. 5.2 (a) and (b), resulting in a relatively lower sheet resistance. Based 

on the cross-section SEM view in Fig. 5.2 (a), the average thickness of Sample 1 (uncompressed 

sample) was measured to be around 54 μm. With the measured sheet resistance of 36.6 Ω/sq, the 

conductivity was calculated to be 506 S/m according to Eq.(5.1).   
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To obtain a much lower sheet resistance, rolling compression was applied in preparing 

Sample 3. Unlike the uncompressed samples with porous structure which limits the conductivity 

(Fig.5.3 (a) and (b)), the graphene laminate of Sample 3 had much denser surface, as shown in 

Fig. 5.3 (c) and (d). The average thickness of compressed Sample 3 was measured to be 18.7 μm, 

and the conductivity was calculated to be 6.14×10
3
 S/m, which led to a sheet resistance of 8.7 

Ω/sq. More details of printed graphene electrical properties can be found in [208, 209]. 

(a)    

(b)   

Fig.5.2 SEM images of printed graphene laminates on paper substrate: cross-section view of 

uncompressed (a) sample 1 (sheet resistance of 36.6 Ω/sq) and (b) sample 2 (sheet resistance of 98 

Ω/sq) with 500× magnification.  
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5.2 Design of Printed Graphene AMCs and Numerical Simulation Results 

5.2.1 AMC cells with square-ring arrays 

As displayed in Fig. 5.4 (a), two AMC structures with different sheet resistance are 

periodically arranged in a chessboard configuration. Each AMC structure is composed of a 4 × 4 

square ring patch array with 16 unit cells as seen in Fig. 5.4 (b). Fig. 5.4 (c) displays the single 

unit cell with parameters a = 5.6 mm, b = 4.4 mm, p = 7 mm, h = 3.5 mm. The shape and size are 

exactly the same for the two AMC structures. The only difference between them is the sheet 

resistance. CST Microwave Studio is used to simulate the phase characteristics and absorption 

properties of the proposed AMC structures and radar absorber. In the simulation, the AMC square 

ring patches are modelled with different sheet resistance rs1 and rs2. Silicone with dielectric 

constant of 2.9 is chosen as the substrate. A PEC is used as the ground plane. To obtain 

broadband anti-phase reflections for two AMC structures, the reflection phase difference between 

two AMC structures is required to be around 180° in the widest possible frequency band. The 

    
(a)                                                                                                      (b) 

    

(c)                                                                                                   (d) 

Fig. 5.3 SEM images of printed graphene laminates on paper substrate: Top view of (a) uncompressed 

sample 1 and (b) compressed sample 3 (sheet resistance of 8.7 Ω/sq) with 100× magnification, (c) 

uncompressed sample 1 and (d) compressed sample 3 with 1000× magnification. 
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sheet resistances rs1 and rs2 for AMC 1 and AMC 2 are optimized to be 8 Ω/sq and 120 Ω/sq, 

respectively. 

 

By modelling the unit cell in Fig. 5.4 (c) as an infinite periodic structure, the reflection phases 

of the AMC structures with different sheet resistance can be obtained and the phase difference 

between them is displayed in Fig. 5.5. Following array theory, in the ideal case of an infinite 

chessboard surface, a phase difference within 180° ± 37° can provide a 10 dB RCS reduction (90% 

absorptivity). From Fig. 5.5, the phase difference is maintained between 143° ~ 217° from 7 GHz 

to 13.8 GHz. As illustrated in Fig. 5.6, each individual AMC structure provides very narrow band 

absorption. However, the combination of them, thanks to the combined phase characteristics due 

to the difference of the surface resistance, exhibits much wider absorption bandwidth. 

Furthermore the bandwidth can be controlled by adjusting the sheet resistance, which provides an 

 

(a) 

       

(b)                                                        (c) 

Fig. 5.4 Proposed metasurface AMC absorber and unit cell. (a) Chessboard configuration of the 

metamaterial radar absorber. (b) AMC structure with a 4 × 4 square ring patch array. (c) Single unit 

cell with square ring patch. 
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opportunity of novel tuning mechanism for tuneable radar absorbers either electronically or 

optically. 

 

As illustrated in Fig. 5.6, the AMC structure with sheet resistance of 120 Ω/sq cannot achieve 

over 90% absorptivity within the given frequency band. The AMC structure with sheet resistance 

of 8 Ω/sq can achieve over 90% absorptivity with narrow bandwidth from 6.34 GHz to 7.85 GHz, 

which provides a narrow relative absorption bandwidth of 21%. By combining them in a 

chessboard configuration, the effective phase difference between two AMC structures leads to 

destructive interference and anti-phase reflections are cancelled out, which results in over 90% 

absorptivity from 6.68 GHz to 12.27 GHz with a relative absorption bandwidth of 59%, 

increasing the absorption bandwidth significantly. It is worth to point out that the absorption in 

our proposed structure is not only influenced by the cancellation effect of reflections due to the 

phase difference, but also by the absorption of AMC cells due to their own resistance. 

Nevertheless, the phase cancellation has played a dominant role as indicated in Fig. 5.6. 

 

Fig. 5.5 Reflected phases of two AMC structures and the phase difference between them. 
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5.2.2 AMC cells with optimized circular-ring arrays 

The foregoing design verifies the novel approach of achieving the effective phase difference 

between two AMC structures with printed graphene resistive sheet. Based on the foregoing 

design, the graphene printed AMC structures with circular-ring arrays are presented in this 

section to obtain a wider effective absorption bandwidth. 

Similar with the foregoing design, the elementary unit cell of AMCs is composed of printed 

graphene resistive circular ring, two layers of dielectric substrates, and a metal ground plane. CST 

Microwave Studio has been used to optimize the elementary unit cell design. 

Each elementary unit cell, as shown in Fig. 5.7 (a), is modelled as an infinite periodic 

structure by independently applying periodic boundary condition in x and y directions, and 

Floquet boundary condition in z direction. A perfect electric conductor (PEC) is assumed for the 

metal ground plane. The supporting dielectric substrate of 3 mm thickness is chosen to be silicone 

(Polymax, SILONA Translucent Silicone Sheet 60ShA FDA) with dielectric constant of 2.9. 

Silicone substrate is not only hydrophobic (not suitable for printing graphene on it) but also not 

 

Fig. 5.6 Simulated absorption results of proposed radar absorber and two different AMC structures. 
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suitable for compressing process. Graphene rings are printed on hydrophilic paper with dielectric 

constant of 3.5 and thickness of 0.1 mm, which is placed on the top of the silicone substrate. The 

printed graphene patterns are simulated as ohmic sheet surfaces with specific resistances in the 

design. 

 

Fig. 5.7 (b) shows a 4 x 4 elementary unit cell array, which constitutes a unit AMC lattice. To 

investigate the effects of combination of AMC lattices with different sheet resistances, various 

combinations have been studied numerically. It is revealed that 2 x 2 dual AMC lattices, as shown 

in Fig. 5.7 (c), can provide much wider effective absorption bandwidth than if only uniform AMC 

lattices (i.e., all rings have the same sheet resistance) are used. Such 2 x 2 dual AMC lattices have 

been used to constitute a functional unit cell of the proposed radar absorber. To verify the novel 

          

(a)                                                                 (b) 

       

(c)                                                                (d)  

Fig. 5.7 (a) Elementary unit cell of the AMC radar absorber:  p = 7.5, rout = 3, rin = 2.4, h = 3, ht = 0.1 

(unit: mm). (b) Unit AMC lattice of 4×4 elementary unit cell arrays. (c) Functional unit cell of 2×2 dual 

AMC lattices. (d) Chessboard configuration of periodically arranged AMCs of the proposed printed 

graphene radar absorber. 
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approach of achieving phase cancellation purely through different sheet resistances of two AMCs, 

the appropriate sheet resistances for AMC1 and AMC2 which can meet our design requirement 

were optimized to be 8.7 Ω/sq and 98 Ω/sq through numerical simulation, respectively. Fig. 5.7 (d) 

illustrates the bird’s view of the absorber, which has a chessboard configuration composed of 

many functional unit cells. 

The absorptivity of printed graphene AMC surface can be obtained through the formula 1 −

𝑇(ω) − 𝑅(𝜔) , where 𝑇(ω) is the transmission and 𝑅(𝜔) is the reflection. Due to the metal 

ground plane on the back side of the metamaterial surfaces, the transmission is blocked, which 

means the absorptivity can be calculated by 

𝐴(𝜔) = 1 − 𝑅(𝜔) = 1 − |𝑆11|
2                        (5.2) 

where 𝑆11 represents the reflection coefficient. 

 

    

   (a)                                                                          (b) 

    

   (c)                                                                                (d) 

Fig. 5.8 (a) Reflection phase and (b) reflection magnitude of the AMC1 with sheet resistance of 8.7 

Ω/sq. (c) Reflection phase and (d) reflection magnitude of the AMC2 with sheet resistance of 98 Ω/sq. 
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The reflection phase and magnitude of AMC1 (sheet resistance of 8.7 Ω/sq) are shown in 

Fig.5.8 (a) and (b), respectively. It resonates at 8.6 GHz and 20.4 GHz, with two narrow effective 

absorption bands. Fig. 5.8 (c) and (d) show that, on the other hand, AMC2 (sheet resistance of 98 

Ω/sq) resonates at 14.8 GHz. Apparently, on its own, either AMC1 or AMC2 can absorb incident 

EM wave in some spectrums, but clearly neither of them can provide any phase cancellation 

which can lead to a wide-band effective absorption. 

To achieve a wide-band effective absorption, AMCs with different sheet resistances and 

phase characteristics (AMC1 and AMC2) are arranged as 2 × 2 dual AMC lattices to form a 

functional unit cell (Fig. 5.7 (c)). The functional unit cells are then periodically placed in a 

chessboard configuration, as displayed in Fig. 5.7 (d). The absorption principle of the chessboard 

metasurface is based on the anti-phase reflection property. When the phase difference of the 

reflection coefficients between the two AMC lattices is around 180°, the reflected fields interfere 

with each other destructively, which leads to cancellation of reflected waves. According to (5.2), 

the decrease of reflection magnitude results in the increase of absorptivity. Since the AMC 

structures consisting of printed graphene rings can be very lossy, the phase cancelling criteria of 

180° ± 37° between two AMCs which was derived for lossless metal patterns with unity 

reflection magnitude is no longer appropriate for printed graphene surfaces [191]. Thus, a new 

design methodology or guideline is required based on the unique reflection property of printed 

graphene AMCs. 

Here the concept of standard array theory [192], [211] is used to work out the required phase 

difference for printed graphene AMCs, which is an approximation approach but useful design 

guideline. The functional unit cell of the chessboard configuration, consisting of 2 × 2 dual AMC 

lattices (each lattice has 4 × 4 elementary unit cells), can be modelled as a 2 × 2 array composed 

of 2 types of lattices. Since the two lattices occupy the same area of the array surface, the incident 

power is distributed evenly to each other. Suppose that the incident electric field is 𝐸𝑖𝑛 and there 

is no coupling between them, then the reflected electric field components can be expressed as 
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𝐸𝑟𝑓_1 = 𝛤1 ∙ 𝐸𝑖𝑛 = 𝐴1𝑒
𝑗∙𝑃1 ∙ 𝐸𝑖𝑛                                       (5.3) 

𝐸𝑟𝑓_2 = 𝛤2 ∙ 𝐸𝑖𝑛 = 𝐴2𝑒
𝑗∙𝑃2 ∙ 𝐸𝑖𝑛                                       (5.4) 

where 𝛤1,2 represent reflection coefficients ( 𝐴1,2 and 𝑃1,2 are the magnitudes and phases) of 

AMC1 and AMC2, respectively. 

The total reflected electric field is then given by  

𝐸𝑟𝑓_𝑡𝑎𝑡𝑜𝑙 = 𝐴𝐹1 ∙ 𝐸𝑟𝑓_1 + 𝐴𝐹2 ∙ 𝐸𝑟𝑓_2                                  (5.5) 

where 𝐴𝐹1,2 represent the array factors and can be expressed as [211] 

𝐴𝐹𝑖(𝜃, 𝜙) = ∑ 𝑊𝑛𝑒𝑗𝑘0 sin𝜃∙(𝑥𝑛 cos𝜙+𝑦𝑛 sin𝜙)  

𝑁

𝑛=1

                         (5.6) 

where 𝑖 = 1 𝑜𝑟 2,  𝑥𝑛 and 𝑦𝑛  represent the coordinate of the nth element, and  𝑊𝑛 is its 

complex excitation coefficient. 

In the radar absorber design, infinite periodic structure is assumed and edge effects are 

neglected. Since two AMC lattices are arranged anti-symmetrically in the functional unit cell 

hence each of them occupies half area of the chessboard, the array factors from eq. (5.6) can be 

approximated to be 
1

2
 for both AMCs, which means according to eq. (5.5), the reflection 

coefficient of the absorber surface can be approximated by the average reflection coefficients of 

two AMC structures [191] 

𝑆11 =
𝐴1𝑒

𝑗𝑃1 + 𝐴2𝑒
𝑗𝑃2

2
                                                       (5.7) 

In order to find the relationship between magnitude difference and required phase difference 

to achieve effective absorption for two printed graphene AMCs, i.e., lossy AMCs, the magnitude 

and phase differences between the two lossy AMCs based on the numerically simulated reflection 

coefficients of the individual AMC lattices were calculated and displayed in Fig. 5.9 (a) and (b), 

respectively.  
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5.2.3 Analysis of required reflection phase difference between two printed graphene 

AMCs  

Since the effective absorption needed by a radar absorber is higher than 90%, we combine 

(5.2) and (5.7) and obtain the required absorption as, 

𝐴(𝜔) = 1 −
1

4
[𝐴1

2 + 𝐴2
2 + 2𝐴1𝐴2 cos(𝑃1 − 𝑃2)] > 90%                       (5.8) 

 

         (a) 

 
(b) 

Fig. 5.9 (a) Reflection magnitudes of two lossy AMC lattices and the difference between them. (b) 

Reflection phases of two lossy AMC lattices and the difference between them. 
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By calculating this inequality in MATLAB with the reflection magnitudes 𝐴1 and  𝐴2 

obtained from CST full wave numerical simulation, the required phase difference |𝑃1 − 𝑃2| can 

be obtained and illustrated in Fig. 5.10. 

 

In Fig. 5.10, the gray shaded area represents the region of phase differences that satisfy the 

requirement to achieve more than 90% absorption. It can be seen that the required phase 

difference changes over frequency. From 0 GHz to 5 GHz, due to the reflection magnitudes of the 

two AMC lattices are near unity, the required phase difference is around 180° ± 37°, which is 

consistent with that of metal AMC surfaces. From 5 GHz to 9.5 GHz, the reflection magnitudes 

of the AMC lattices as well as the difference between them change rapidly over frequency (as 

shown in Fig. 5.9 (a)), which lead to the steep edge of the gray shaded region. From 9.5 GHz to 

19 GHz, the required phase difference is around 180° ± 78°, which has a broader range 

comparing with that of metal surfaces. This is because the absorption of printed graphene radar 

absorber counts on not only the cancellation effect of reflections due to the phase difference, but 

also the absorption of graphene AMC lattices. From 20 GHz to 21 GHz, there is a gap on the 

 

Fig. 5.10 The required phase difference range calculated through (5.8) with simulated reflection 

magnitudes to achieve 90% absorption. 
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required phase difference, which means no such values can satisfy (5.8). In other words, for the 

two presented AMCs with fixed dimensions and chosen sheet resistances, the effective absorption 

(>90%) cannot be achieved within this frequency range no matter how. This gap is caused by the 

large reflection magnitude difference between the two AMCs. 

To further illustrate the effect of the reflection magnitude difference between two AMC 

lattices, an extreme condition that the two AMC lattices have absolutely opposite reflections can 

be considered, which means the phase difference is 180°. Then (5.8) can be simplified as, 

𝐴(𝜔) = 1 − |
𝐴1 − 𝐴2

2
|
2

> 90%                                                   (5.9) 

According to (5.9), when the magnitude difference |𝐴1 − 𝐴2| is 0.632, the absorption is 90%. 

When the magnitude difference |𝐴1 − 𝐴2| is greater than 0.632, the effective absorption cannot 

be achieved even with an absolutely opposite reflection phases. In Fig. 5.9 (a), it can be seen from 

the red solid line that the magnitude difference is greater than 0.632 from 20 GHz to 21 GHz, 

which leads to the gap in Fig.5.10. 

5.3 Numerically Simulated Absorption Performance  

Comparing the phase difference (red solid line) in Fig. 5.9 (b) with the required phase 

difference range (gray area) in Fig. 5.10, the phase difference between the two AMC lattices 

satisfies the requirement from 8.5 GHz to 19.8 GHz, which means the effective absorption can be 

obtained within this frequency band. As shown in Fig. 5.11, the simulated radar absorption at 

normal incident (the red line) indicates the proposed radar absorber can achieve a wide bandwidth 

from 7.94 GHz to 19.35 GHz. The discrepancies are due to the fact that the simulation results in 

Fig. 5.11 are based on the functional unit cell (2 × 2 dual AMC lattices, Fig. 5.7 (c)), whereas the 

results in Fig. 5.10 are based on two elementary unit cells of AMCs. The former has taken into 

account of mutual coupling between the different AMC lattices and the elementary unit cells, 

while the latter has only simulated coupling between the elementary unit cells. 
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Radar absorbers with lossless AMC structures depend strictly on phase difference, therefore 

normally cannot provide wide bandwidth, especially when the incident angle becomes large [182], 

[183], [184]. To investigate the performances at various incident angles, the effective absorption 

bandwidth at different incident angles for transverse electric (TE) and transverse magnetic (TM) 

waves have been studied numerically, and the results are displayed in Fig. 5.11 (a) and (b), 

respectively. The data indicate that for both TE and TM waves, the absorption and bandwidth 

decrease gently as the incident angle increases from 0° to 45°. Generally, unlike metal AMCs 

 

   (a) 

 

    (b) 

Fig. 5.11 (a) Simulated absorption at incident angles of 0°, 15°, 30° and 45° for the TE radiation and 

(b) TM radiation. 
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chessboard absorbers, the printed graphene absorber shows comparatively good performance at 

wide incident angles for both TE and TM waves. A comparison of relative effective absorption 

bandwidth at normal and 30° incident angles for TE wave between the proposed radar absorber 

and other known wideband AMC chessboard ones is presented in Table 5.1. 

 

5.4 Fabrication of Printable and Flexible AMC Based Radar Absorber 

The graphene absorber with overall dimension of 210 mm × 240 mm using home-made 

graphene ink was printed to experimentally demonstrate the simulation results. Limited by the 

screen printer, it is difficult to print two AMCs with different sheet resistances on the same paper. 

The two types of AMC lattices with sheet resistances of 98 Ω/sq and 8.7 Ω/sq (Sample 2 and 

Sample 3 in Fig. 5.2 and Fig. 5.3) were printed separately on normal A4 sized paper. The photo 

of printing screen used in fabrication is shown in Fig. 5.12 (a). This printing screen was patterned 

with capillary film (ULANO, EZ50-Orange) and could be used to print two AMC lattices each 

time. Since the dimension of the ring is too thin for 4-point probe station to measure, rectangles 

with dimension of 8 mm × 25 mm around the lattices were printed for sheet resistance 

measurement. The AMC lattices with desired sheet resistances were then cut out (as shown in Fig. 

5.12 (b)) and spliced on silicone substrate with adhesive, arranged in chessboard configuration as 

designed. A thin copper plane with the same size of chessboard surface was placed at the back of 

the silicone substrate as ground. Fig. 5.12 (c) displays the printed graphene radar absorber. 

Table 5.1 Comparison of Relative Effective Bandwidth (BW) at Normal and 30° Incident 

Angles for TE Wave between this Work and other Wideband AMC Chessboard Designs. 

Reference 

Relative 

effective BW 

(%) at normal 

incident 

Relative 

effective BW 

(%) at 30° 

incident 

Number of 

AMC types 

in the 

chessboard 

[182] 40.2% 20% 2 

[183] 63% 45% 2 

[184] 91% 43% 4 

This work 83.5% 77.3% 2 
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5.5 Experimental Demonstrations of Absorption Performance and Flexibility 

The printed graphene absorber was measured in the anechoic chamber with the experimental 

setup as displayed in Fig. 5.13. Two horn antennas (Aaronia AG, PowerLOG 70180) with 

frequency range of 700MHz – 18 GHz were connected to the HP8510 vector network analyzer 

(VNA) as transmitter and receiver, respectively. To obtain a 20 dBm source power from the VNA, 

power amplifier (5.9 – 18 GHz, Mini-Circuits, ZVE-3W-183+) was used during the measurement. 

The time gating function in the VNA was applied to eliminate the noise and the interference 

between the two horn antennas during the measurement.  

In the measurement setup, a pair of horn antennas working as transmitter/receiver was 

connected to HP8510 VNA to measure the reflection from the sample. The sample and the 

antennas were supported by two height adjustable stands to make sure they were at the same 

height. According to the far field region formula 2 × 𝐷2/𝜆, with the antenna dimension ( 𝐷 ) of 

17.5 cm and the highest measured frequency of 18 GHz, the required measurement distance for 

far field should be 3.675 m. Therefore, the sample was placed vertically and 1.9 m away from the 

antennas for normal incident case, and in this way the distance between the transmitter and the 

receiver was 3.8 m, which satisfied the far field measurement distance. For various incident 

angles measurement, one more stand was required, and a thick cotton string with a chalk tied on 

one end of it was used to draw an arc on the ground and mark specific locations for the 

          

              (a)                                                        (b)                                           (c)  

Fig. 5.12 (a) The printing screen patterned with capillary film (ULANO, EZ50-Orange). (b) Graphene 

printed unit AMC lattice sample. (c) Photo of the printed graphene AMC radar absorber. 
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transmitter and receiver according to different measured incident angles. As illustrated by the 

schematic diagram in Fig. 5.13 (b), the cotton string was fixed to the bottom center of the stand 

used to support the sample, and a chalk was tied on the other end of it. The length of the cotton 

string between the stand bottom center and the chalk was kept to 1.9 m. With the stand bottom 

center as circle center and the cotton string as radius, a circular arc was draw by the chalk and the 

specific incident angles with accordingly reflective angles were marked on the arc for the 

transmitter and receiver. The full 2-port measurement calibration model, which could provide 

best magnitude and phase measurement accuracy in HP8510 but require measurement of all four 

S-paramenters of the two-port device, was chosen for the measurement, and a thru, an open 

circuit, a short circuit, and a sliding load were used to calibrate at Port 1 and Port 2. The HP8510 

gating feature in the time domain measurement function was used to remove noise, unwanted 

mismatches, and responses of multiple transmission paths to provide smoother trace in the 

frequency domain plot. 

 

The experimental results at normal incident are displayed in Fig. 5.14 (a) and (b). Due to the 

limitations of the experimental conditions, the measurement is conducted only in the range of 6 − 

18 GHz. Fig. 5.14 (a) shows the measured reflection coefficient between two horn antennas for 

three cases (copper PCB board, silicone substrate attached on the copper PCB board with blank 

A4 paper and adhesive on it, printed graphene radar absorber).  

      
   (a)                                                                                        (b) 

Fig. 5.13 (a) Measurement setup in the anechoic chamber. (b) Schematic diagram for specific incident 

angle (θ) measurement. 
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From Fig. 5.14 (a), it can be seen that the reflection coefficient of the printed graphene radar 

absorber is much lower than that of the other two cases, demonstrating high EM absorption of the 

absorber under normal incident. From Fig. 5.14 (b), it can be seen that within the measured 

frequency range, the radar absorber has an impressive performance with an effective absorption 

from 7.58 GHz to 18 GHz. The simulated data are in reasonably good agreement with the 

measured although discrepancy can be observed. There could be various reasons that have caused 

the discrepancy, such as, the variation of the printed sheet resistance deviations, geometric 

variation of the absorber, uneven surface due to adhesive between the paper and silicone 

substrates and etc. 

  
(a) 

 
(b) 

Fig. 5.14 (a) Reflection coefficient comparison of different samples and absorption of the absorber in 

measurement. (b) Comparison of simulation results and measurement results for normal incidence. 
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To further investigate the absorber performance, the absorption at 0°, 15°, 30°, and 45° 

incident angles for TE and TM modes were measured and illustrated in Fig. 5.15 (a) and (b), 

together with the comparison between measured and simulated results at 45°. For both TE and 

TM waves, when the incident angle increases up to 45°, the absorber can still provide ˃85% 

absorption within the measured frequency range. The results indicate a very good absorption 

performance at wide incident angles. 

 
    (a) 

 
    (b) 

Fig. 5.15 (a) Measured absorption at incident angles of 0°, 15°, 30° and 45°, with simulated absorption at 

45° for the TE incidence and (b) TM incidence. 

 



BROADBAND PRINTED GRAPHENE METAMATERIAL ABSORBERS 

 

115 
 

 

Measurements for two different bending cases were carried out to investigate the effects of 

bending of the absorber. The cylinders used in the measurement were wrapped up by foils and 

have different circumferences of 583 mm and 432 mm, respectively. During measurement, the 

transmission coefficient of the cylinder wrapped by foils was measured first. Then the printed 

graphene radar absorber was attached to the cylinder wrapped by foils to be measured, as shown 

in Fig. 5.16. According to the circumferences of the cylinders, two bending cases have bending 

angle of 148° and 200°, respectively. The measurement results are illustrated in Fig. 5.17. The 

absorber in bending case 1 (bending angle of 148°) provides four effective absorption peaks 

located at 9.4 GHz, 11.5 GHz, 14.3 GHz, and 18 GHz, respectively, whereas in bending case 2 

(bending angle of 200°), the absorber can still achieve four effective absorption peaks at 9.8 GHz, 

11.5 GHz, 13.3 GHz, and 16.8 GHz, respectively. The measurement results demonstrate that even 

 

Fig. 5.16 Two bending cases with bending angular of 148° and 200°, respectively. 

 

Fig. 5.17  Measured absorption results for different bending cases. 
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though a single wideband effective absorption (> 90%) cannot be provided in these two bending 

cases, the printed graphene radar absorber can still achieve absorption greater than 70% within 

most parts of the spectrum from 8 GHz to 18 GHz and greater than 90% in some discrete bands. 

5.6 Investigation of the Discrepancy between Simulation and Experimental Results 

To understand the causes of the discrepancy, uneven distribution of adhesive used to fix the 

paper on top of silicone substrate and geometric variation are further investigated. Fig. 5.18 (a) 

illustrates a kind of air layer induced by the uneven distribution of adhesive. The fabrication 

deviations in dimensions of AMC lattices vary randomly. The inner diameter of the circular rings 

is measured to be around 4.7 ± 0.1 mm, while the outer diameter is around 6.12 ± 0.12 mm, such 

as the one shown in Fig. 5.18 (b), which should be 6 mm according to the design. The 

compressing procedure is the main reason which leads to the wider circular rings in fabrication 

sample. 

 

A better match between the simulation results and measurement results is tried to be dug out 

by varying the values of different parameters in simulation. However, even one or two valleys or 

peaks (of the simulation and measurement results) can be better matched separately by modifying 

certain parameters of the unit cell model; it is difficult to match all valleys and peaks at the same 

time. This is because the fabrication deviations are not unified or periodic while the functional 

     

(a)                                                                  (b) 

Fig. 5.18 (a) The air layer (surrounded by red dash line) due to the uneven distribution of adhesive. (b) 

Measured diameter of circular ring on the fabricated sample. 
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unit cell model in simulation is periodic. It’s hard to simulate those complex and random 

deviations with periodic unit cells. 

Four parameters of the model are mainly considered. The first one is the diameter of circular 

rings as mentioned previously. The compressing procedure is the main reason which leads to the 

wider circular rings in fabrication. The second one is the thickness of silicone substrate (with a 

tolerance allowance given by POLYMAX is ± 0.3 mm [212]), which is about 3 ± 0.15 mm 

according to the measurement. The thickness of the silicone substrate is thicker than 3 mm at the 

outside edges and thinner than 3 mm at the middle part. The third one is the sheet resistance of 

graphene patterns, which are about 8.7 ± 0.7 Ω/sq and 98 ± 5 Ω/sq for two AMCs. The fourth one 

is the air gap induced by the uneven distribution of adhesive, as shown in Fig. 5.18 (a). 

The detailed investigation of parameters is introduced in the following paragraph according 

to the simulation results in Fig. 5.19 (with the matched valleys or peaks marked in circle). The 

parameter modifications are summarized in Table 5.2 (with the modifications highlighted). 

For Fig. 5.19 (a), the outer diameter is modified to 6.2 mm, and the sheet resistance of AMC1 

is modified to 9.5 Ω/sq. It can be seen that the low frequency boundary of -10 dB bandwidth is 

matched at about 7.6 GHz. 

For Fig. 5.19 (b), the sheet resistances are modified to 8 Ω/sq and 103 Ω/sq, respectively. The 

thickness of silicone substrate is modified to 2.85 mm. A 0.1 mm air layer is added to one AMC1 

lattice in the functional unit cell. Compared with the original one, the modified simulation has a 

better match in the absorption peak at around 12 GHz. 

For Fig. 5.19 (c), the outer diameter is 6.2 mm; with the sheet resistance of AMC1 is 8 Ω/sq 

and the thickness of silicone substrate is 2.85 mm. An air layer is added to one AMC1 lattice. As 

the air layer becomes thicker, two absorption peaks appear at about 8.5 GHz and 15.6 GHz, 

which might lead to the two more absorption peaks in measurement results. 
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For Fig. 5.19 (d), the inner diameter is 4.6 mm, while the thickness of silicone substrate is 

modified to 2.85 mm. An air layer of 0.3 mm is added to one of AMC1 lattice and one of AMC2 

lattice. It is clear that the results match better at 18GHz with absorption of 95%. 

 

                                        (a)                                                                                  (b) 

  

                                 (c)                                                                                  (d) 

        

                                         (e)                                                                                   (f) 

Fig. 5.19 (a)–(d) Comparison of measurement results and simulation results with different modified 

parameters. (e) Measured absorption at various incident angles, with simulated absorption at 45° for TE Mode 

and (f) TM Mode. 



BROADBAND PRINTED GRAPHENE METAMATERIAL ABSORBERS 

 

119 
 

For Fig. 5.19 (e), the inner diameter is 4.6 mm, the outer one is 6.2 mm, and the thickness of 

silicone substrate is 3.1 mm. For Fig. 5.19 (f), the outer diameter is 6.2 mm, the thickness of 

substrate is 2.85 mm, and a thicker air layer is added to one of AMC1 lattices. With these 

modifications, the TE mode and TM mode results achieve better matches, respectively.  

 

5.7 Chapter Summary 

In this chapter, novel graphene AMC radar absorber with specific sheet resistances is 

designed and screen printed. By properly arranging two printed graphene AMC lattices in a 

chessboard configuration and controlling the sheet resistances of the patterns, a desirable printed 

graphene radar absorber is obtained, which has achieved broad effective absorption bandwidth. 

The absorption mechanism of this new approach relies not only on the reflection cancellation 

between two AMCs but also on the absorption of the printed graphene patterns. The relationship 

between reflection magnitude difference and required phase difference of the two AMC lattices to 

achieve effective absorption has also been investigated thoroughly. 

Both simulation and measurement results indicate that the absorption frequency band covers 

X band (8 – 12 GHz) and Ku band (12 – 18 GHz). Meanwhile, unlike other previously reported 

Table 5.2 Summarized Parameter Modifications According to Different Simulation Results Displayed 

in Fig.5.19. 

 
Inner 

diameter 

(mm) 

Outer 

diameter 

(mm) 

Sheet 

resistance 

of AMC1 

(Ω/sq) 

Sheet 

resistance 

of AMC2 

(Ω/sq) 

Thickness 

of silicone 

(mm) 

Air layer 

added to 

AMC1 

Air layer 

added to 

AMC2 

Original 4.8 6 8.7 98 3 No No 

Fig. 2. (a) 4.8 6.2 9.5 98 3 No No 

Fig. 2. (b) 4.8 6 8 103 2.85 Yes No 

Fig. 2. (c) 4.8 6.2 8 98 2.85 Yes No 

Fig. 2. (d) 4.6 6 8.7 98 2.85 Yes Yes 

Fig. 2. (e) 4.6 6.2 8.7 98 3.1 No No 

Fig. 2. (f) 4.8 6.2 8.7 98 2.85 Yes No 
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AMC based absorbers, the absorber in this work is much less sensitive to incident angles and 

performs well under various incident angles for both TE and TM waves.  

The printed graphene radar absorber also has reasonably good mechanical flexibility and can 

still provide greater than 70% absorption within most parts of the X and Ku bands in two bending 

cases. In a word, not only novel screen printed graphene radar absorber based on phase 

cancellation as well as absorption has been achieved, but new methodology of radar absorber 

designs applying dual lossy AMCs with different sheet resistances has also been demonstrated 

analytically, numerically and experimentally. This approach could have a wider application as it 

has provided more degree of freedom in radar absorber designs, i.e., not only the unit cell shapes 

but also the sheet resistances of the shapes can play a significant part in the design metric. 
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Chapter 6: Optimization of AMC Based Coding 

Metamaterial Absorbers: Genetic Algorithm 

In Chapter 5, a printed graphene AMC based flexible and broadband radar absorber is 

designed, investigated and experimentally demonstrated. In this chapter, the printed graphene 

AMC based radar absorber will be further investigated and optimized through genetic algorithm 

to obtain a broader absorption bandwidth. The previous design is based on the functional unit cell 

composed of 2 × 2 AMC lattices which are arranged in the chessboard configuration. The two 

AMCs (with 8.7 Ω/sq and 98 Ω/sq) occupy the same area of the surface, with incident power 

distributed evenly to each other. In order to find a better solution, a novel functional unit cell is 

required. Therefore, the AMC based coding metamaterial absorbers with novel functional unit 

cells are introduced. Within the novel functional unit cells, the previously mentioned distribution 

of AMCs is disturbed. AMCs with different sheet resistances are re-arranged in the chessboard 

configuration according to genetic algorithm, and different AMCs no longer occupy the same 

area of the surface. 

6.1 The Genetic Algorithm Program Outline 

To begin with, a functional unit cell with relatively smaller size is chosen to be optimized. 

Since the previously designed distribution of AMCs needs to be disturbed, the AMC lattices are 

no longer required. As shown in Fig. 6.1, the new functional unit cell is made out of 4 × 4  arrays, 

which are exactly 4 × 4  elementary unit cells. The unit cell design stays unchanged as the one in 

Fig. 5.7 (a). The sheet resistances of two AMCs remain to be 8.7 Ω/sq and 98 Ω/sq, respectively. 
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The general outline of the genetic algorithm program for this optimization is illustrated 

through the flow chart in Fig. 6.2. The program begins by randomly generating a series of DNA 

sequence which defines the genetic code of the functional unit cell. Each DNA sequence 

represents an individual and consists of a string of 0 and 1, created by the pseudorandom scalar 

integer generation function in MATLAB. The length of the string is 16 bits, which means every 

sequence contains 16 DNA, representing the 16 elementary unit cells. The size of population is 

set to be 30, which means 30 randomly generated 16-bit DNA sequences form the original 

generation. After the initialization, the program triggers CST and manipulates it to open the target 

file, in which the structure contains the designed functional unit cell. Then CST can set the values 

of sheet resistances of 16 circular rings one by one according to the previously generated DNA 

sequence (DNA with a binary 0 will be converted into 8.7 Ω/sq while DNA with a binary 1 will 

be converted into 98 Ω/sq). Once a 16-bit sequence is read completely, CST updates the structure 

and runs the simulation. The absorption is calculated in CST through S11 and the results are 

exported as .txt file which can be read and analyzed by MATLAB. The program in MATLAB 

uses the results to calculate the effective absorption bandwidth and stores the value of bandwidth 

into a two-dimensional array. The two-dimensional array defines a 20-by-30 matrix, representing 

       

Fig. 6.1  Schematic of functional unit cell with 4 × 4 arrays of elementary unit cells. 
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the 20 generations with each generation containing 30 individuals (the population size). The 

matrix can be used to store the bandwidth provided by every individual. After 30 sequences are 

simulated, the best individual with broadest absorption bandwidth in this generation will be 

selected and compared with 11.41 GHz.  

The absorption bandwidth reference of 11.41 GHz is given by the design in Chapter 5. Once 

the program finds an individual with the DNA sequence which can provide an absorption 

bandwidth larger than 11.41 GHz, the termination condition is reached and the program will end. 

However, it was found this termination condition can be achieved easily during the program 

testing. Therefore, the termination condition was changed to be 20 generations to search for a 

better solution. The program will not end until the original population completes the 20 

generations’ evolution. 

Back to the flow chart, the 30 individuals will then be evaluated according to the fitness 

function. The values of effective absorption bandwidth of 30 individuals are used as weights for 

selection. In this way, the individuals with broader absorption bandwidth are more likely to be 

selected as parents. The size of parents remains the same as original population size, meaning the 

“parents” are still made up of 30 DNA sequences. 3 copies (10% of the population size) of the 

previously selected best individual’s DNA sequence are added into parents group and replace the 

first three individuals in parents. Then the crossover process takes place in parents. For each 

individual as “mother”, another individual is randomly selected from parents to be the “father”. 

The crossover points between “mother” and “father” are randomly generated 16-bit one-

dimensional array containing zeros and ones. For each bit in the DNA sequence of “child”, if the 

value reads 1, the corresponding DNA from “mother” will be selected; otherwise it will be the 

one from “father”. After the “child” is built up, it will be mutated. During testing, it was found 

that a lower mutation rate might have a better effect. Hence, the mutation rate in this program is 

set to be 2%. The crossover and mutation are repeated for 30 times to build 30 children which are 

used to form the next generation. 
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6.2 Comparison of Absorption Bandwidth in Different Generations 

When designing a genetic algorithm program, there are a lot of details have to be considered; 

how large a population to use, what is the value of crossover rate or mutation rate; how to set an 

appropriate termination condition. Since the purpose of this program is to optimize the absorption 

bandwidth of the AMC based absorber introduced in Chapter 5, the original termination condition 

of this program was the achievement of an absorption bandwidth lager than 11.41 GHz (the 

simulation results of the AMC based absorber in Chapter 5). After testing the program, it was 

found this termination condition can be achieved within no more than 10 generations, with the 

solution providing an absorption bandwidth ranging from 11.4 GHz to 11.8 GHz. To investigate 

whether this program can give a better solution with broader absorption bandwidth or not, the 

       

Fig. 6.2  Flow chart detailing Genetic Algorithm run procedure. 
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termination condition is set according to the evolution generations. The program will end 

automatically after the targeted evolution generation.  

To begin with, the number of generation is set to be 10. Fig. 6.3 illustrates the structure which 

has the DNA sequence of the best individual in the 10
th
 generation, along with the absorption 

results provided by this generated structure. The 16 elementary unit cells in the functional unit 

cell are numbered from left to right and top to bottom. The number of each elementary unit cell 

corresponds to the bit position of the DNA sequence. The value of the bit corresponds to the sheet 

resistances, with “0” representing 8.7 Ω/sq and “1” representing 98 Ω/sq. In this way, the 

distribution of the different elementary unit cells can be translated from the DNA sequence map 

(Fig. 6.3 (c)) of the best individual given in Table 6.1. From Fig. 6.3 (b), the effective absorption 

bandwidth is 11.825 GHz (from 8.75 GHz to 20.575 GHz). 

 

       

(a)                                                                         (b) 

                     

(c)                                                                        (d) 

Fig. 6.3 (a) Schematic of generated functional unit cell after 10
th

 evolution generation (rings in gold 

have sheet resistance of 8.7 Ω/sq while rings in lilac have sheet resistance of 98 Ω/sq). (b) The 

numerically simulated absorption results of the generated structure. (c) The DNA sequence map of 

the best individual in 10
th

 generation. (d) The translated distribution of different elementary unit 

cells. 

 

11.825 GHz 
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The number of generation is then set to be 20 for the termination condition for further 

investigation. The generated DNA sequence map of the best individual in 20
th
 generation and the 

correspondingly converted structure schematic are displayed in Fig. 6.4. From the DNA sequence 

map, there are three different bits compared with the one of 10
th
 generation, locating at the 1

st
, 5

th
, 

and 14
th
 elementary unit cell. The arrangement of the elementary unit cells translated from this 

DNA sequence provides a broader effective absorption bandwidth of 12.375 GHz, ranging from 

8.45 GHz to 20.825 GHz, with a relative absorption bandwidth of 84.5%, which is increased 

comparing with the functional unit cell design with evenly distributed AMCs which has an 

effective absorption bandwidth of 11.41 GHz and a relative absorption bandwidth of 83.5%. 

   

 Table 6.1  DNA Sequence of the Best Individual in the 10
th

 Evolution Generation. 

Bit 

Position 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

Bit 

Value 
1 0 0 0 1 0 1 0 0 0 1 0 1 0 1 1 

      

 

 (a)                    (b)  

(c)   

Fig. 6.4  (a) The DNA sequence map of the best individual in 20
th

 generation. (b) Schematic of 

generated functional unit cell (rings in gold have sheet resistance of 8.7 Ω/sq while rings in lilac have 

sheet resistance of 98 Ω/sq). (c) The simulated absorption results of the generated structure.  

 

12.375 GHz 
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In order to better understand the evolutionary process, the values of effective absorption 

bandwidth achieved by all individuals from the 1
st
, 2

nd
, 7

th
, 13

th
, and 20

th
 generations are recorded 

and displayed in Table 6.2, with top three best individuals are highlighted in red and worst three 

individuals are highlighted in green for each generation. Through comparing the top three best 

individuals over these generations, it can be seen that the individuals of best fitness in each 

generation are well reserved as the first three individuals in the next generation. Based on this 

precondition, individuals with better fitness (which means broader absorption bandwidth) are 

produced from generation to generation through the evolution. For example, the first and second 

individuals in the 7
th
 generation indicate the best solution from the 6

th
 generation could provide an 

absorption bandwidth of 11.45 GHz. Hence the third individual should also have 11.45 GHz 

bandwidth before evolution. However, the third one in fact provides a wider bandwidth of 11.525 

GHz, which means the crossover and mutation processes result in a good evolution and build a 

better individual. The same situation arises in the 13
th
 generation with two kinds of good 

evolution cases leading to a wider bandwidth of 12.375 GHz and 11.825 GHz, respectively. In 

conclusion, the increasing of evolution generations can lead to better individuals with broader 

absorption bandwidth. However, as the number of evolution generation increases to 20, no one 

can exceed the absorption bandwidth of 12.375 GHz. On the other hand, the individuals with 

bandwidth of 12.375 GHz increase in number as generation evolves. The individual with 

bandwidth of 12.375 GHz first arises in the 13
th
 generation, and there is only one individual could 

provide this wide bandwidth, while in the 20
th
 generation most individuals can provide the 

bandwidth of 12.375 GHz, which indicates the program is converging on this solution. 

Additionally, the worst 3 individuals in the selected 5 generations are highlighted in green for 

comparison. From the 1
st
 to the 13

th
 generation, it can be seen from Table 6.2 that the individuals 

with narrow absorption bandwidth are dying out. The worst solution of the 1
st
 generation is 0.05 

GHz, while it is 8.25 GHz for the 2
nd

 generation; 9.175 GHz for the 7
th
 generation; and 9.525 

GHz for the 13
th
 generation. This trend of the worst individual is a result of natural selection by 

the fitness function. However, the trend changes in the 20
th
 generation. The worst 3 solutions in 
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20
th
 generation are worse than that of the 13

th
 generation. Through the investigation of the data, it 

is found that a bad kind of mutation occurs in the 16
th
 generation (due to the limitation of space 

for Table 6.2, the data of 16
th
 generation is not included). The second individual in the 16

th
 

generation should have provided a bandwidth of 12.375 GHz, but it turns out to be 3.275 GHz. 

As the generation evolves, the introducing of that bad seed (the mutated solution with 3.275 GHz) 

results in the existence of the solutions with bandwidth of 3.825 GHz, 4.7 GHz, and 6.2 GHz.  

 

Table 6.2  Comparison of Absorption Bandwidth in the 1
st
, 2

nd
, 7

th
, 13

th
, and 20

th
 Generations. 

    Generation 

 

Individual 

1st 

Generation 

2nd 

Generation 

7th 

Generation 

13th 

Generation 

20th 

Generation 

1 3.775 11.45 11.45 11.45 12.375 

2 9.15 11.45 11.45 12.375 12.375 

3 8.25 11.45 11.525 11.825 12.375 

4 10.75 10.7 11.45 9.525 12.375 

5 9.975 11.225 10.55 10.75 12.375 

6 11.35 10.425 11.45 10.725 9.525 

7 10.175 9.55 11.025 11.45 11.45 

8 10.7 10.8 9.175 11.45 12.375 

9 10.8 8.25 11.45 10.8 6.2 

10 8.775 8.25 11.375 11.625 12.375 

11 11.45 10.575 11.525 11.625 12.375 

12 10.325 10.8 11.625 11.025 8.975 

13 11.45 10.175 9.85 10.8 12.375 

14 9.725 9.5 10.975 10.8 11.625 

15 0.05 9.725 11.025 12.175 12.375 

16 3.75 9.725 10.725 10.45 12.375 

17 10.575 10.925 11.025 9.775 12.375 

18 2.55 11.45 9.85 10.4 9.525 

19 9.5 9.5 9.85 11.825 12.175 

20 10.8 10.4 10.725 11.825 11.625 

21 9.85 10.75 10.725 9.775 8.975 

22 3.35 10.8 11.45 10.725 12.375 

23 10 9.15 10.45 11.625 12.375 

24 10.45 11.45 11.45 10.75 3.825 

25 6.7 8.25 11.45 10.4 12.375 

26 8.7 10.7 10.725 11.825 10.525 

27 10.85 10.175 11.45 11.625 4.7 

28 4.325 9.85 9.175 9.975 12.375 

29 2.925 9.85 10.475 9.775 11.625 

30 11.225 9.85 9.175 11.825 12.175 
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6.3 Optimization of Dual AMCs Functional Unit Cell with 6 × 6  Arrays 

The aforementioned analysis verifies the effect of number of generations on the better 

solution. With a population size of 30, 20 generations are almost sufficient for the convergence of 

this program. In this section, the size of the functional unit cell is enlarged to search for a broader 

absorption bandwidth compared with the one of 12.375 GHz. The enlarged functional unit cell 

consists of 36 elementary unit cells, which means a DNA sequence of 36 bits is required by each 

individual. In general, the Genetic Algorithm program with a longer DNA sequence needs lager 

population size and more generations to converge. However, CST requires more time to run the 

structure due to the larger functional unit cell, leading to a much more running time required by 

the whole program. Therefore, while the number of generation remains 20, the population size is 

reduced to 20.  

Fig. 6.5 illustrates the generated DNA sequence map of the best individual in 20
th
 generation 

and the schematic of the correspondingly converted functional unit cell. From Fig. 6.5 (c), the 

effective absorption bandwidth of the generated functional unit cell is 12.465 GHz (from 8.52 

GHz to 20.985 GHz), which is broader than that of the functional unit cell with 16 elementary 

unit cells. Through analyzing the data of 20 generations, it is found a broader absorption 

bandwidth of 12.39 GHz arises firstly in the 14
th
 generation. After evolved, the absorption 

bandwidth of 12.465 GHz is achieved in the 20
th
 generation. Since the solution of 12.465 GHz 

arises for the first time in the 19
th
 generation, it is obvious that this program is not converged with 

20 generations. A larger size of population or more generations might be required for the 

convergence of the program. However, the better solution has already been achieved even 

without the convergence, which means an absorption bandwidth broader than 12.465 GHz can be 

expected with a larger population size, more generations, or a larger size of functional unit cell. 
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(a)  

(b)        

(c)  

 

Fig. 6.5  (a) The DNA sequence map of the best individual in 20
th

 generation. (b) Schematic of 

generated functional unit cell after 20
th

 evolution generation (rings in gold have sheet resistance of 8.7 

Ω/sq while rings in lilac have sheet resistance of 98 Ω/sq). (c) The numerically simulated absorption 

results of the generated structure.  

 

12.465 GHz 
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6.4 Chapter Summary 

This chapter concerns the optimization of printed graphene AMC based metamaterial 

absorber with genetic algorithm. Firstly, the program outline is introduced through the flow chart. 

Next, the functional unit cell composed of 4 × 4 elementary unit cells is optimized through the 

program. Comparing to the original functional unit cell with operation bandwidth of 11.41 GHz, a 

broader effective bandwidth of 12.375 GHz is achieved. Finally, an enlarged functional unit cell 

with 6 × 6 elementary unit cells is optimized and a broader effective bandwidth of 12.465 GHz is 

achieved. With the smaller size of functional unit cell, the convergence of the program has been 

realized. However, the convergence is not achieved for the later one with larger size of functional 

unit cell due to the limited population size and generations of the program, which means the 

better solution of 12.465 GHz is achieved even without the convergence. It can be expected that 

with a larger function unit cell, which should be composed of 8 × 8 elementary unit cells as the 

one in the previous design, a better optimized solution with absorption bandwidth broader than 

12.465 GHz can be achieved with the convergence of this program. 

The data derived from the program is analyzed to discuss about the convergence and 

drawbacks of the program for further improvement. With the development of machine learning, 

the genetic algorithm program has invaluable potential for future development of coding 

metamaterial absorbers. 
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Chapter 7: Monolayer Graphene Tunable Terahertz 

Absorber: Pattern Engraving Approach 

In this chapter, a polarization-independent and angle-insensitive broadband tunable 

metamaterial absorber in THz regime is designed and simulated based on a single-layer graphene 

pattern with two hollow square-ring gaps and topped with a wide-angle impedance matching 

(WAIM) layer. To generate extra contiguous resonances and obtain a broadband absorption, 

unlike conventional method of adding multiple different geometry patterned resonators which 

result in a large unit cell size, the proposed graphene pattern is designed by engraving two square-

ring gaps on a conventional square graphene patch. The utilization of WAIM layer on top of the 

structure not only improves the absorption under normal incidence, but also guarantees the wide-

angle performance. 

7.1 Modelling of Graphene (Kubo Formula) in Terahertz Regime 

As graphene is a single layer of carbon atom material, the patterned graphene in the proposed 

design is modelled as a 2D tabulated surface impedance layer with optical conductivity. The 

surface conductivity of graphene can be derived from Kubo formula [213] as follows [214], 

𝜎(𝜔, 𝜇𝑐 , 𝛤, 𝑇) = 𝜎𝑖𝑛𝑡𝑟𝑎(𝜔, 𝜇𝑐 , 𝛤, 𝑇) + 𝜎𝑖𝑛𝑡𝑒𝑟(𝜔, 𝜇𝑐 , 𝛤, 𝑇)                           (7.1) 

𝜎𝑖𝑛𝑡𝑟𝑎(𝜔, 𝜇𝑐 , 𝛤, 𝑇) =
𝑗𝑒2

𝜋ℏ2(𝜔 − 𝑗2𝛤)
∫ 휁 (

𝜕𝑓(휁)

𝜕휁
−

𝜕𝑓(−휁)

𝜕휁
)𝑑휁                (7.2)

∞

0

 

𝜎𝑖𝑛𝑡𝑒𝑟(𝜔, 𝜇𝑐 , 𝛤, 𝑇) = −
𝑗𝑒2(𝜔 − 𝑗2𝛤)

𝜋ℏ2
∫

𝑓(−휁) − 𝑓(휁)

(𝜔 − 𝑗2𝛤)2 − 4(휁/ℏ)2

∞

0

𝑑휁            (7.3) 

𝑓(휀) =
1

𝑒(𝜁−𝜇𝑐)/𝑘𝐵𝑇 + 1
                                                                   (7.4) 

where ω is angular frequency, μc is chemical potential, 𝛤 is a phenomenological scattering rate 

which is assumed to be independent of energy ζ, T is temperature of Kelvin,  e is the electron 

charge, ℏ is the reduced Planck’s constant, kB is Boltzmann’s constant, and f(ζ) is the Fermi-Dirac 
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distribution. The two terms σintra and σinter are due to intraband contributions and interband 

contributions, respectively [214]. 

The chemical potential μc is determined by the carrier density ns [214], 

𝑛𝑠 =
2

𝜋ℏ2𝑣𝐹
2
∫ 휁[𝑓(휁) − 𝑓(휁 + 2𝜇𝑐)]𝑑휁

∞

0

                                       (7.5) 

where υF ≃9.5×10
5 

m/s is the Fermi velocity. Through chemical doping or applying a bias 

voltage, the carrier density can be changed, leading to the change of chemical potential, which 

governs the surface conductivity of graphene.  

The carrier relaxation time 𝜏 is an important parameter required to calculate the scattering 

rate 𝛤, which determines the conductivity of graphene. The carrier relaxation time is mainly 

related to carrier mobility and the quality of graphene, therefore can be controlled through 

chemical doping or changing the mobility of carriers. Since graphene has an ultra-fast response 

rate to photons, the relaxation time is generally very short [215]. In this design, the chemical 

potential and relaxation time are set to be 1.0 eV and 0.1 ps, respectively. 

7.2 Design with Graphene Pattern Engraving Approach 

The numerical simulations of the tunable absorber are performed with frequency domain 

solver in the full-wave software CST Microwave Studio. The unit cell is modelled as an infinite 

periodic structure through independently applying periodic boundary condition in X and Y 

directions, and Floquet boundary condition in Z direction. 

A schematic of the designed unit cell is illustrated in Fig. 7.1. It can be seen from the 

schematic that the proposed absorber is composed of a single WAIM layer at top, a single-layer 

patterned graphene with the dielectric substrate, and a ground plane at the bottom.  For the 

WAIM layer and dielectric substrate, the TOPAS polymer with a relative permittivity ε of 2.35 is 

utilized. A reflective layer of gold with conductivity σ of 4.56×10
7
 S/m and thickness of 0.2 μm is 

applied as ground plane. The periodic graphene patterns are obtained through cutting off two 

square-ring gaps with different size from the conventional square arrays. 



BROADBAND PRINTED GRAPHENE METAMATERIAL ABSORBERS 

 

134 
 

 

With the WAIM layer topped, the conventional periodic array made up of single kind of 

intact square graphene patches (as displayed in Fig. 7.2 (a)) is simulated firstly. The red line in 

Fig. 7.3 indicates that the absorption of periodic square patterns fluctuates around 80% within a 

wide bandwidth. However, the over 90% absorptivity can only be achieved at about 3.93 THz. 

Next, the inner square-ring gap is cut off from the square patch and the absorption performance is 

shown by the blue line in Fig. 7.3. With the inner square-ring engraved, the absorption is 

improved within a broadband. Except for the absorption peak at 3.93 THz, the over 90% 

absorptivity can be obtained within a range of frequencies between 1.78 THz to 3.05 THz. On the 

other hand, when the outer square-ring gap is engraved from the square patch, the over 90% 

absorptivity can be obtained at lower frequencies within a range of between 0.91 THz to 2.77 

THz.  

        

Fig.7.1 (a) Schematic of the broadband tunable metamaterial absorber. (b) Top view of the patterned 

graphene layer. The geometry parameters of the structure are set as (unit:μm): ht = 18, hb = 20, l = 6, e = 3. 
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When the inner and outer square-ring gaps are cut off from the square graphene patch at the 

same time, the broadband effective absorption with over 90% absorptivity is achieved from 0.93 

THz to 4.06 THz with a bandwidth of 3.13 THz and a fractional bandwidth of 125%. As shown in 

Fig. 7.4, the numerical simulation results show a high consistency as the polarization angles vary 

         

 (a)                                                      (b)                                                        (c) 

Fig.7.2  Unit cell with (a) conventianl graphene patch, (b) graphene patch with inner square-ring gap, (c) 

graphene patch with outer square-ring gap. 

 

 

Fig.7.3 Absorption performance of the structure with different kinds of patterns. 
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from 0° to 90° with a step width of 30°, illustrating the polarization-independent property of the 

designed tunable absorber. The simulation results indicate that within the operating frequency 

band (from 0.93 THz to 4.06 THz) of the tunable absorber, the outer square-ring gap mainly 

contributes the high absorption at lower frequencies while the inner one mainly contributes at 

relatively higher frequencies. Consequently, the two gaps together provide an ultra-wideband 

effective absorption (>90% absorptivity). 

 

7.3 Analysis and Discussion 

To elucidate the absorption mechanism, the electric field distribution and the surface current 

distribution of four absorption peaks (located at 1.1 THz, 2 THz, 3 THz, and 3.8 THz) under TE 

mode are investigated and illustrated in Fig. 7.5. As shown in Fig. 7.5 (a), the electric field, 

surface currents on the graphene layer, and surface currents on the ground layer at 1.1 THz are 

displayed by the figures from left to right, respectively. As observed in the surface currents at 1.1 

THz, the electric resonance is mainly excited by the inner gap on its top side. Then the oscillating 

 

Fig.7.4 Absorption performance with various polarization angles under normal incidence. 
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currents flow along the graphene pattern, while the flowing currents on the golden ground layer 

are in the inversed direction, arousing strongly magnetic resonance. These electromagnetic 

resonances lead to the absorption peak at 1.1 THz. At 2 THz, the electric resonance is mainly 

excited by the inner gap on its bottom side. Compared with the electric field which spreads 

almost the entire pattern at 1.1 THz, the electric field at 2 THz concentrates on the top and bottom 

sides of both inner and outer gaps. Unlike the magnetic resonance shown at 1.1 THz, the surface 

currents on the graphene layer mainly flow in the same direction with the currents on the ground 

layer. When it comes to 3 THz, the electric field distribution has another different contour with 

the intensive electric field locating at four corners of outer gap. The relatively uniform electric 

field spreads almost the entire pattern like that of 1.1 THz. The surface currents on the graphene 

layer emit from the bottom of the pattern and flow to the top, which are in the inverse direction of 

the currents on the ground layer. Intensive currents converge at the center small square 

surrounded by the inner square-ring gap. For the situation at 3.8 THz, the electric field 

concentrates around the midline of the pattern. The surface currents on the graphene layer emit 

from top and flow to bottom, keeping the same flow direction with the currents on the ground 

layer. 
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(a) 

   
(b) 

   
(c) 

   
(d) 

Fig.7.5 (TE mode) Electric field distribution and surface current distribution in the graphene layer and the 

bottom ground plane under normal incidence at (a) 1.1 THz, (b) 2 THz, (c) 3 THz, and (d) 3.8 THz.   
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The parameters related to the two square-ring gaps are changed to investigate the different 

effects of the size, location and width of the gaps on the absorption. Fig. 7.6 (a) shows the 

simulation results of the structure with various sizes and locations of inner gap. When l = 2 um, 

the inner gap has relatively smaller size and locates at a position closer to the center of graphene 

pattern. With this geometry, the structure achieves over 90% absorptivity within a limited 

frequency band from 0.93 THz to 2.8 THz as shown by the green line in Fig. 7.6 (a). As the value 

of l increases, the inner gap becomes larger and moves away from the center. The over 90% 

absorptivity can be obtained in a broader frequency band compared with the bandwidth when l = 

2 um. Meanwhile, the absorptivity at 1.5 THz and 2.6 THz increases while that of 2 THz 

decreases. On the other hand, the absorptivity around 3.3 THz increases at first, reaching the 

maximum value of 97.5% when l is set to be 6 um, then decreases. Adhering to the principle of 

smooth effective absorption in a broad continuous frequency band, the most appropriate value for 

l is 6 um. Fig. 7.6 (b) displays the absorption results with different sizes and locations of outer 

gap. As e increases from 1 um to 5 um, the outer gap gets smaller size and locates at a position 

closer to the inner gap. The results indicate that the size and location of outer gap mainly affect 

the lower frequency bound of the effective absorption (>90%) band. The increasing of e results in 

a blue shift of the lower frequency bound, while the higher frequency bound almost stays 

unchanged, leading to a shrinking of effective absorption bandwidth. Although e with smaller 

values can provide wider effective absorption bandwidth, the price is the fluctuation of 

absorptivity. After weighing the pros and cons, the value of e is set as 3 um. 
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(a) 

 

(b) 

Fig.7.6 Absorption performance of the absorber with different size and location of the (a) inner gap and (b) 

outer gap, respectively. 
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Fig. 7.7 (a) and (b) illustrate the numerical simulation results with different inner gap width 

win and outer gap width wout, respectively. The analysis of these two parameters is similar with 

that of e. By changing the values of win and wout, broader effective absorption bandwidth can be 

obtained at the cost of absorptivity fluctuation. For the purpose of obtaining a smoother 

 

(a) 

 

(b) 

Fig.7.7 Absorption performance of the absorber with different width of the (a) inner gap and (b) outer 

gap, respectively. 
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absorption curve in a broad continuous bandwidth, the optimized value is 0.5 um for both win and 

wout. 

The influence of the thickness of the WAIM layer on the absorption is illustrated in Fig. 7.8. 

Without the WAIM layer, the structure provides two narrow effective absorption (>90% 

absorptivity) bandwidth with the center frequency located at 1.3 THz and 3 THz, respectively. As 

the thickness of the WAIM layer increases from 0 to 18 μm, the bandwidth of effective absorption 

keeps extending. The ultra-broadband effective absorption from 0.93 THz to 4.06 THz is obtained 

with the 18 μm thickness of the WAIM layer. When the thickness increases to 27 μm, the 

structure provides near-unity absorption from 1 THz to 1.5 THz. However, the continuous 

bandwidth of effective absorption is interrupted at around 2.3 THz. From the numerical results, 

we choose the thickness of 18 μm as the optimized value.  

 

 

Fig.7.8 Absorption performance of the absorber with different thickness of the WAIM layer. 

 



BROADBAND PRINTED GRAPHENE METAMATERIAL ABSORBERS 

 

143 
 

7.4 Valuable Properties of Tunable Absorbers 

7.4.1 Switchable broadband Terahertz absorber/reflector 

Due to the tunable property of graphene, the absorption of the proposed absorber can be 

tuned by changing the surface conductivity of graphene sheet. According to (5), the chemical 

potential, which governs the surface conductivity of graphene, can be controlled dynamically 

through chemical doping or applying bias voltage. Here, through varying the chemical potential 

μc from 0 eV to 0.4 eV, the absorber shows a switchable property. The numerical simulation 

results illustrated in Fig. 7.9 indicate the proposed structure can operate as a switch with 

corresponding off and on states controlled by the chemical potential. For the chemical potential of 

0 eV, even the absorption peak can only provide around 19% absorptivity, whereas over 90% 

absorptivity can be obtained when the chemical potential increases to 0.4 eV. 

 

 

Fig.7.9 Absorption performance of the absorber with chemical potential tuned from 0 eV to 0.4 eV. 
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7.4.2 Tunable broadband absorbers 

Additionally, the effective absorption (>90% absorptivity) band of the proposed structure can 

also be tuned by changing the chemical potential. With a chemical potential of 0.4 eV, the 

effective absorption has a fractional bandwidth of 30.5%. The fractional bandwidth extends to 

125% and 129% when the chemical potential is set to be 1.0 eV and 1.2 eV, respectively. It can 

be seen from Fig. 7.10 that as the chemical potential increases, the proposed absorber achieves a 

broader effective absorption bandwidth and a larger fractional bandwidth. However, when the 

chemical potential increases from 1 eV, the extension of fractional bandwidth is at the cost of 

absorptivity fluctuation, especially the absorptivity at around 1.5 THz, which drops below 90% 

when the chemical potential increases to 1.4 eV. 

 

7.4.3 Ultra-wide-angle performance 

The efficacy of the WAIM layer on the sensitivity of absorption to incident angle is further 

investigated through wide-angle performance of the absorber. Fig. 7.11 shows the absorption 

 

Fig.7.10 Absorption performance of the absorber with chemical potential tuned from 0.4 eV to 1.4 eV. 
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contour maps which illustrate the numerical simulation results under oblique incident angles from 

0° to 80° with the step of 10° for transverse electric (TE) wave and transverse magnetic (TM) 

wave, respectively. From the absorption contour maps, the absorption peak keeps over 90% 

absorptivity up to 70° incident angle for TE mode and 80° incident angle for TM mode, 

respectively. Although the absorption spectra has a blue shift over the operating frequency as the 

incident angle becomes larger, the over 80% absorptivity can be achieved within a broad 

frequency band over a wide range of incident angles up to 70° for both TE mode (with a 

bandwidth of 1.5 THz) and TM mode (with a bandwidth of 2 THz). The performance under 

various incident angles indicates the proposed structure is an ultra-wide-angle absorber, verifying 

the efficacy of the WAIM layer. The comparison of incident angle sensitivity between the 

proposed absorber which applies the WAIM layer and previous reported tunable broadband 

absorbers without WAIM layer emphasizes the effect of the WAIM layer on broadening the 

operation angles of absorber. 
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7.5 Chapter Summary 

In this chapter, the tunability of monolayer graphene is applied to metamaterial absorber. A 

broadband tunable metamaterial absorber based on single-layer of graphene pattern and topped 

with a WAIM layer is designed and investigated to numerically demonstrate the pattern 

engraving approach. The design starts from a unit cell covered by a layer of graphene patch, and 

 

(a) 

 

(b) 

Fig. 7.11 Absorption contour map of the absorber with under oblique incident angles from 0° to 80° with the 

step of 10° for (a) transverse electric (TE) wave and (b) transverse magnetic (TM) wave, respectively. 

 

 

 

 

 

Fig.5.11 
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then two different square-ring gaps are engraved from the intact graphene patch one by one. The 

influence of two square-ring gaps on the absorption is investigated through changing the 

geometry parameters of both gaps. 

This absorber can provide over 90% absorptivity with a broad bandwidth of 3.13 THz and a 

fractional bandwidth of 125% under normal incident when the chemical potential of the graphene 

is set as 1.0 eV. The electric field distribution and surface current distribution are analyzed to 

elucidate the mechanism of broadband absorption. The numerical simulation results of the 

proposed absorber indicate the polarization-independent and angle-insensitivity properties. Due to 

the WAIM layer, the broadband absorption with over 80% absorptivity can be achieved within a 

wide range of incident angles up to 70° for both TE mode and TM mode.  

The tunable property of the absorber is also investigated by varying the chemical potential of 

the graphene sheet. The absorber can be used for switching applications with the on and off states 

are controlled by the values of chemical potential. Besides, the fractional bandwidth of the 

proposed absorber can be tuned from 30.5% to 129% by changing the chemical potential from 0.4 

eV to 1.2 eV. With these valuable properties, this absorber is appropriate to be scaled to the 

infrared and visible frequencies and applied to identification, sensing, detecting, and imaging 

applications. 
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Chapter 8: Conclusions and Future Works 

This thesis focuses on the study of printed graphene and graphene monolayer metamaterial 

absorbers with broadband effective absorption. Novel and combed design approaches are 

investigated and demonstrated through several correspondingly designed metamaterial absorbers 

with broad effective absorption bandwidth, angle-insensitive and polarization-independent 

properties, and relatively small unit cell and thickness.  

To begin with, a triple-layer microwave absorber is designed through multilayer structure 

approach and its equivalent circuit model is investigated thoroughly. The operation frequency 

ranges from 6 GHz to 50 GHz, covering from C band to Ka band of the microwave band of 

electromagnetic spectrum. In order to design an absorber which can work at lower frequency and 

cover the S band, a similar but different microwave absorber with two layers of printed graphene 

patterns is designed and analyzed through the same approach. With the introduction of a WAIM 

layer on top of the structure, this absorber can operate at lower frequency ranging from 2.2 GHz 

to 18.4 GHz and remain the relative absorption bandwidth of 157%. Besides, the broadband 

absorption performance at various incident angles is guaranteed owing to the WAIM layer. 

The novel design approach based on ohmic contact excited eddy currents is proposed and 

numerically demonstrated through the design and simulation of an ultra-thin broadband 

metamaterial radar absorber. According to the mechanism of the eddy current, as the thickness of 

the dielectric substrate becomes thin enough to be omitted, the anti-parallel surface currents in the 

front and back surfaces of the substrate constitute current loops like eddy currents flowing in 

closed loops within conductors, and lead to strong magnetic resonances and energy loss, which in 

another word is that the absorber with smaller thickness should be able to achieve better 

absorption performance. Therefore, the influence of the thickness on the absorption performance 

is investigated, and the results are as expected. Eventually, the ultra-thin absorber with 0.3 mm 

dielectric substrate is designed and numerically simulated to provide an effective absorption from 

1.15 GHz to 20 GHz, with a relative absorption bandwidth of 178%. However, the fabrication 
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and experimental measurement are required for further investigation and demonstration of this 

approach. 

The thesis also demonstrates the novel printed graphene AMC based radar absorber. The 

printed graphene AMCs with specific sheet resistances (8.7 Ω/sq and 98 Ω/sq) are designed and 

fully screen printed. The specific sheet resistances of printed samples are obtained through 

controlling the screen printing and compression processes. During the fabrication, controlling the 

sheet resistance wasn’t easy as the semi-automatic screen printer (YICAI4060PV) and manual 

roller compressor were used. The settings of parameters, such as printing speed, type of 

squeegees, squeegee pressure and squeegee angle, can have different kinds of influence on the 

final printed samples. Therefore, the controlling very much depends on experience. Due to the 

aforementioned reasons, it is unsurprised that the printed samples have several types of 

fabrication deviations. However, a reasonable good match between the measurement and 

simulation results is still achieved even with these fabrication deviations, demonstrating the 

feasibility of printed graphene AMC approach. In addition to that, the experimental measurement 

results indicate the printed graphene AMC based radar absorber also has a good mechanical 

flexibility and can provide greater than 70% absorption within most parts of the X and Ku bands 

in different bending cases. Meanwhile, the angle-insensitive property of AMC based absorbers 

can also be improved through the novel printed graphene AMCs. This approach could have a 

wider application as it has provided more degree of freedom in radar absorber designs. 

To explore the potential of metamaterial absorbers with different sheet resistances on a single 

surface, genetic algorithm programming is applied to optimize the printed graphene AMC based 

radar absorber. The original arrangement of dual AMCs in the chessboard configuration is 

distributed and new arrangement is found through the genetic algorithm. With the functional unit 

cell of 4 × 4 arrays, the optimized absorber can provide an effective bandwidth of 12.375 GHz, 

which is broader than the original designed absorber with a larger functional unit cell of 8 × 8 

arrays. Further investigation is taken place on the functional unit cell of 6 × 6 arrays, and a better 

effective bandwidth of 12.465 GHz is achieved even without the convergence of program. It can 
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be expected that with further improvement, the genetic algorithm program has invaluable 

potential for future development of coding metamaterial absorbers. 

The tunable conductivity of monolayer graphene is utilized to design the tunable THz 

metamaterial absorber. The tunability comes from the varying conductivity of graphene tuned by 

changing the chemical potential through external voltage. The absorption peak varies more than 

70% when the chemical potential is changed in the range 0 – 0.4 eV. This gives the idea of 

applying the absorber in switching applications with the on and off states controlled by an 

external voltage. Additionally, the relative absorption bandwidth of the absorber can be tuned 

from 30.5% to 129% by changing the chemical potential from 0.4 eV to 1.2 eV which means not 

only the absorption performance but also the effective absorption bandwidth of the absorber can 

be tuned according to the demands. The flexibility of tunability makes the absorber appropriate to 

be applied to identification, sensing, detecting, and imaging applications. 

In summary, this thesis has proposed several novel design approaches which have potential 

value for the future development of metamaterial absorbers. It also has covered various types of 

metamaterial absorbers with broad effective absorption bandwidth. The possible future steps and 

improvements for the related work are listed as followed. 

1. The multilayer structures with different printed graphene sheet resistances in Chapter 

3 and Chapter 4 are difficult to fabricate at the time, especially the resistive sheet with 1600 Ω/sq 

sheet resistance in Chapter 4. However, the fabrication techniques of printed graphene based 

applications have improved greatly over the years. The fabrication and experimental 

measurements of these designs can be expected in the near future. The experimental 

demonstration of the ohmic contact excited eddy currents approach in Chapter 4 is of vital 

importance and might lead to a major breakthrough in metamaterial absorber research area. 

2. The design and fabrication of the novel printed graphene AMC based radar absorber 

in Chapter 5 can be improved. The paper-silicone interface would create unwanted reflection 

because the refractive indices of the materials are slightly different and the index mismatch 
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results in the unwanted reflections. The reason that the graphene patterns are printed on paper is 

not only because the silicone substrate is hydrophobic but most importantly the printed patterns 

need to be compressed to control the sheet resistance. It is impossible to do the compression on 

silicone. Although the effects of unwanted reflections have been considered in the design by the 

paper layer in numerical simulations, yet some other fabrication deviations are induced by the 

paper-silicone interface, such as the air gap induced by the uneven distribution of adhesive 

between the paper and silicone. Therefore, the experiments can be improved through printing the 

graphene ink patterns on a single material that is suitable for graphene ink printing and 

compression. Kapton might be a candidate for the improvement. 

3. Since the novel printed graphene AMC approach in Chapter 5 has been 

experimentally demonstrated, more printed graphene AMC based metamaterial absorbers can be 

designed and fabricated to explore the potential of printed graphene AMCs with different sheet 

resistances. By combining the various sheet resistances with different shapes or sizes of printed 

graphene AMCs, broader effective absorption bandwidth can be expected. 

4. The genetic algorithm program in Chapter 6 achieves an optimized broader effective 

absorption bandwidth successfully even without the convergence of the program. By 

investigating the data derived from the program, some drawbacks or problems are discovered. 

Firstly, the program might take a lot of time to realize the convergence. Secondly, the mutation 

process could lead the structures mutate to unwanted direction, inducing worthless solutions to 

the population, which results in a prohibitively long time for the program to achieve convergence. 

To some degree, the first drawback is caused by the second problem partially. Thirdly, the 

program might pass the less optimal designs which have the possibility to provide greater global 

optimum because the algorithm cannot backtrack. This issue has a few solutions that can be 

implemented to combat it. The widely used method is to inject more randomized solutions into 

the algorithm in order to promote a greater diversity in the population. However, this method 

might lead to more time required for convergence. There is another method provided here, which 

hopefully can solve the three aforementioned problems to some extent at the same time. The 
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solution relies on controlling the mutation direction. A selection function can be added to 

mutation process to weed out unwanted mutation and keep the good ones. In this way, by 

increasing the mutation rate and adding the selection function to the mutation process, a greater 

diversity in the population can be achieved, and meanwhile less bad or worthless mutation can 

take place during the evolution, and thus reducing the time required for convergence. With the 

improvement of the genetic algorithm program, it can be further used for coding metamaterial 

absorbers in the future. 

5. So far the functional unit cells designed in Chapter 5 and Chapter 6 are all composed 

of two AMCs with different sheet resistances. With the successful demonstrations in both 

approaches mentioned in Chapter 5 and Chapter 6, a functional unit cell with more different sheet 

resistances on the single surface can be designed and optimized to investigate the potential of 

multi-(sheet)resistance approach for broader effective absorption bandwidth. 

6. The pattern engraving approach demonstrated in Chapter 7 can be further used or 

investigated to design transparent metamaterial absorbers. As more engraved gaps added to the 

original intact monolayer graphene patch, the transparency rate can be improved. Therefore, this 

approach might be potential for the future development of transparent metamaterial absorbers. 
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Appendix: MATLAB code 

clc; 
clear; 
  
cst = actxserver('CSTStudio.Application'); 
mws = cst.invoke('NewMWS'); 
mws.invoke('OpenFile','C:\Users\My Documents\GeneA.cst'); 
solver = mws.invoke('FDSolver'); 
export = mws.invoke('ASCIIExport'); 
plot1d = mws.invoke('Plot1D'); 
  
filename = strcat('\\...\home$\GA\GeneAresult.txt'); 
  
dna_size = 16; 
pop_size = 30; 
cross_rate = 0.2; 
mutate_rate = 0.02; 
n_generation = 20; 
seed_size = 3; 
  
pop = randi(2,pop_size,dna_size)-1; 
  
for i = 1 : n_generation 
     
    for j = 1 : pop_size 
        dna = zeros(dna_size); 
        for d = 1 : dna_size 
            if pop(j,d) == 0 
                dna(d) = 8.7; 
            else 
                dna(d) = 98; 
            end 
        end    
        
        mws.invoke('StoreDoubleParameter','rs1',dna(1)); 
        mws.invoke('StoreDoubleParameter','rs2',dna(2)); 
        mws.invoke('StoreDoubleParameter','rs3',dna(3)); 
        mws.invoke('StoreDoubleParameter','rs4',dna(4)); 
        mws.invoke('StoreDoubleParameter','rs5',dna(5)); 
        mws.invoke('StoreDoubleParameter','rs6',dna(6)); 
        mws.invoke('StoreDoubleParameter','rs7',dna(7)); 
        mws.invoke('StoreDoubleParameter','rs8',dna(8)); 
        mws.invoke('StoreDoubleParameter','rs9',dna(9)); 
        mws.invoke('StoreDoubleParameter','rs10',dna(10)); 
        mws.invoke('StoreDoubleParameter','rs11',dna(11)); 
        mws.invoke('StoreDoubleParameter','rs12',dna(12)); 
        mws.invoke('StoreDoubleParameter','rs13',dna(13)); 
        mws.invoke('StoreDoubleParameter','rs14',dna(14)); 
        mws.invoke('StoreDoubleParameter','rs15',dna(15)); 
        mws.invoke('StoreDoubleParameter','rs16',dna(16)); 
        
        mws.invoke('Rebuild'); 
        solver.invoke('Start'); 
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        mws.invoke('SelectTreeItem','Tables\1D Results\absorption'); 
        plot1d.invoke('PlotView','magnitude'); 
        export.invoke('FileName',filename); 
        export.invoke('Mode','FixedNumber'); 
        export.invoke('Step','1001'); 
        export.invoke('Execute') 
  
        result = h_remove(filename); 
        result = importdata(filename); 
  
        flag = 0; 
        f_min = 0; 
        f_max = 0; 
         
        for k = 1:1001 
            if flag == 0 
                if result(k,2)>0.9 
                    flag = 1; 
                    f_min = result(k,1); 
                end 
            else    
                if result(k,2)<0.9 
                    flag = 0; 
                    f_max = result(k,1); 
                end 
            end 
            if f_max - f_min > 0 
                break 
            end 
        end 
  
    bandwidth(i,j) = f_max - f_min; 
     
    end 
     
    [maxvalue,location] = max(bandwidth(i,:)); 
    best_fit_each_G(i,1:dna_size) = pop(location,1:dna_size); 
    best_fit_each_G(i,dna_size+1) = maxvalue; 
     
    for b = 1:seed_size 
        pop_mom(b,:) = pop(location,:); 
    end 
     
    fitness = bandwidth(i,:)/10; 
     
    idx = randsample(pop_size,pop_size,true,fitness);    
    for j = seed_size+1 : pop_size 
        pop_mom(j,:)=pop(idx(j),:);        
    end 
     
    pop = pop_mom;  
    pop_dad = pop; 
    for k = 1:pop_size 
        if rand < cross_rate 
            n = randi(pop_size); 
            cross_points = randi(2,1,dna_size)-1; 
            for m =1:dna_size 
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                if cross_points(m) 
                    child(m) = pop(k,m); 
                else 
                    child(m) = pop_dad(n,m); 
                end 
            end 
  
            for t = 1:dna_size 
                if rand < mutate_rate 
                    if child(t) == 0 
                        child(t) = 1; 
                    else 
                        child(t) = 0; 
                    end 
                end 
            end    
            pop(k,:) = child; 
        end 
    end 
    disp(i)        
end 
     
disp(bandwidth) 
  
mws.invoke('save'); 

 

 


