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Summary 
 
Graphene is a monolayer of carbon atoms with remarkable electronic and 

mechanical properties. The attractive electronic properties of thin and thick films 
made of carbon nanotubes (CNTs) and graphene are increasingly being exploited 
for environmental and biological sensors.  In particular, their sensitivity, selectivity, 
fast response time, ability to operate at room temperature, and their passive nature 
(no power consumption) provide competitive advantages of CNTs in sensor 
applications. However, their design as RF wireless sensors requires the integration 
of an antenna with the sensor element. Moreover, while the plasmonic nature of 
graphene at terahertz frequency has been widely reported, investigations on the 
practical utility of graphene at the microwave frequencies used in wireless sensor 
nodes are sparse which is indicated in this thesis. 

First, an ink comprising graphene thick films of different concentrations 
(12.5%, 25% and 33% in weight) is prepared for deposition, by screen printing. 
Detailed investigation of the surface morphology of the films using Scanning 
Electron Microscopy (SEM) and Atomic Force Microscopy (AFM) reveals that the 
graphene films present a homogeneous dispersion of the filler with a comparatively 
lower surface roughness at higher concentrations, and negligible agglomerates. The 
films are then printed in between copper electrodes on FR-4 substrate, commonly 
used in RF circuits, and the measured scattering parameters analyzed. A 
measurement-based RF equivalent circuit model of the graphene film is developed 
using a microstrip transmission line with a gap loaded by the film.   

Second, investigation on various patch antennas with different substrates using 
Multi-Walled Carbon Nanotube (MWCNT) thin film deposition is addressed.  
Screen printing technique is used to insert a CNT film in a loading stub connected 
to the antenna patch. The variation of the CNT surface impedance modifies the 
resonant frequency from the reference value, as revealed by comparison of return 
loss measured with and without the CNT loading. This CNT stub loaded patch 
antenna can be used as a bio sensor. 

Third, a printed RF slot ring resonator is configured with a graphene thin-film 
for sensor application. The conductive losses in the graphene film are characterized 
by dielectric spectroscopy and considered in the design.  The graphene sensing 
element comprising the slot ring can be integrated with control electronics as a 
passive wireless sensor node. The novelty of this research is that RF losses are 
minimized by capacitively loading the ring at selective locations along its 
periphery. Dielectric spectroscopy is used to study variation in surface impedance 
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of the film for various graphene loadings, and RF simulations are corroborated with 
measurements on graphene loaded slot ring resonators used in ammonia gas sensor 
application. The measurement steps are taken into consideration. As mentioned, the 
ring resonant frequency shift in presence of the ammonia gas is the factor used to 
sense the gas.  

Fourth, a novel design of an aperture coupled antenna which is weakly coupled 
to an interdigitated capacitor (IDC) is presented that serves the dual purpose of 
antenna impedance matching and the sensing function, the latter enabled by a thick 
film of CNTs deposited on the IDC surface.  Simulations using CNT films of 
varying conductivity (or surface impedance) reveal that a strong antenna resonance 
can be produced.  Furthermore, a study of the patch antenna radiation pattern with 
and without the CNT film shows weak coupling between the film and the antenna 
(loss of 0.5 dB or less relative to patch alone). Thus, the sensor film and geometry 
can be independently optimized without affecting radiation pattern. 

 
Keywords: graphene, carbon nanotubes (CNTs), patch antenna, surface 
morphology, radio frequency (RF), microwave, resonator, screen printing, sensor, 
thin and thick films. 
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Chapter 1 

1.Introduction 

Graphene is a monolayer of carbon atoms which exhibits remarkable electronic and 
mechanical properties. Graphene based nano-materials have gained a lot of interest for many 
applications. In this thesis, a graphene ink with two concentrations (25% in weight and 33% in 
weight) was prepared and deposited, by screen printing. A detailed investigation of the surface 
morphology of the films using Scanning Electron Microscope (SEM) and Atomic Force 
Microscopy (AFM) reveals that the graphene films present a homogeneous dispersion of the filler 
with a comparatively lower surface roughness at higher concentrations, and negligible 
agglomerates. The films were then printed between copper electrodes on FR-4 substrate, 
commonly used in RF circuits, and the measured scattering parameters analysed. Finally, the 
reflection coefficient of a patch antenna, fabricated on FR-4 substrate with and without a stub 
loaded by a thin film were measured. 

Graphene is a monolayer of carbon atoms with remarkable electronic and mechanical 
properties amenable to several applications [41,48]. With proper solvent, surfactant and stabilizer 
chemistry, graphene flakes can be dispersed in different binders to produce inks with widely 
tunable rheology, which can be used with various printing methods to produce sensors [4-5].  Films 
can be realized with several techniques such as mechanical exfoliation of solvent assisted graphite 
and subsequent deposition by spin coating or drop casting [34], epitaxial growth [1,11], chemical 
vapour deposition [35], and more recently screen printing techniques [7,8].   

Graphene films have found many applications due to their unique electronic properties. In 
particular, great attention has been devoted to the use of graphene for biosensors (see e.g., [4,36-
37]), gas sensors (see e.g. [21,22]), metrological applications [16], and humidity and temperature 
monitoring [13], pressure [38]. Graphene has been widely analyzed at terahertz frequency (see e.g. 
[52]). Recently, the practical utility of graphene at microwave frequency has been investigated 
[19] and some applications as tunable devices introduced [16,44]. However, the material properties 
of Nano-materials such as carbon nanotubes and graphene films for different concentration of the 
filler at microwave frequencies is still at an early stage.  

In this thesis, the material effects of graphene films are investigated at microwave frequency. 
In particular, scanning Electron Microscopy (SEM), Atomic Force Microscopy (AFM), 
measurements and electrical characterization are used as a powerful set of tools to directly correlate 
the nature of the Nano fillers with the morphology of the nanocomposite films. The films with 
three different concentrations (12.5% in weight, 25% in weight and 33% in weight) are printed on 
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the gap of a microstrip line and the results of a full-wave model compared with the measured 
scattering parameters.  

Moreover, the effect of Carbon nanotubes (CNT) and graphene films are investigated on stub 
of various patch antennas by simulation as well as the measurement. The simulations were done 
by ANSYS HFSS. A good agreement is seen between the measurements and simulations. The 
main objective is measuring the resonance frequency of the stub loaded patch antenna before and 
after deposition of graphene or CNT onto the gap existed in the stub. To be noted that two 
prototypes of patch antenna are taken into consideration. First prototype resonates at around 5 GHz 
while the second resonates around 2.4 GHz which is applicable in wireless communications. In 
addition, graphene or CNT is deposited on different substrates in order to compare the results and 
examine the differences. In any cases the appropriate dimensions for the patch antenna were 
calculated based on [28]. Besides, the parametric simulation is used to verify the effects of the film 
dimensions and the gap position on the resonance frequency. Gain and radiation pattern are the 
other important factors which have been measured and simulated for the Graphene/CNT stub 
loaded patch antenna. 

Successively, a copper-clad slotted ring resonator loaded with graphene film is investigated. 
The ring itself resonates at 2.47 GHz while the ring with graphene shifts this frequency which can 
be sensed and used as a sensor. The ring with and without graphene 33% in weight was simulated 
by ANSYS HFSS as well as CST Microwave Studio. As the graphene film is simulated by a 
surface impedance Z=R+jX in HFSS, parametric simulation is used to examine the effects of R 
and X independently to show their influence on the resonance frequency as well as the return loss 
magnitude. Moreover, the circuit calculated for the gap with graphene is a parallel RC. 

An Aperture Coupled Patch (ACP) antenna loaded with CNT film is the last antenna type 
which is considered. The aperture coupled antenna is designed to resonate at 2.45 GHz. The CNT 
film is loaded on the feed line in two ways. First, directly it was inserted at the end of the feed line 
and second, it is loaded on an InterDigitated Capacitor (IDC) which is located at the end of the 
feed line. A suitable IDC with 10 fingers was designed for this IDC benefit is having a better 
impedance match between the feed line and the patch. Consequently, adding IDC to the feed line 
helps to sense the frequency shift better and more precisely. Gain was also simulated for this 
prototype.  
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Chapter 2 

2. Carbon nanotubes and Graphene 

2.1. Carbon nanotubes 

Carbon nanotubes (CNTs) constitute a unique class of materials with a wide range of 
applications. The sp2 chemical bonding of carbon atoms in CNTs provides exceptional electronic, 
thermal and mechanical properties [35]. With proper solvent, surfactant or stabilizer chemistry, 
CNTs can be dispersed in different binders to produce inks with widely tunable rheology that can 
be used with various printing methods. 

 

 
 (a) (b) 

Figure 1. Carbon nanotube types; (a) Single walled CNTs, (b) Multiwalled CNTs. 
(www.cheaptubes.com/product-category/single-walled-carbon-nanotubes/) 

 
The robust stability of CNTs to mechanical, chemical, and thermal stress further improves 

device reliability in harsh environments and offers broad process compatibility for integration with 
dissimilar materials. In addition, with appropriate functionalization and dispersion, these materials 
are biocompatible, facilitating a range of applications in bio- integrated devices. The incorporation 
of CNTs in printed devices therefore offers numerous opportunities, both as an alternative to 
existing materials and in enabling novel applications as shown in Figure 2. 
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Figure 2. Carbon nanotubes application. 
(www.cheaptubes.com/carbon-nanotubes-properties-and-applications/carbon-nanotubes-

applications-2) 

 

2.2. Graphene 

    Graphene films have found many applications due to the unique electronic properties of 
graphene [1]. Films can be realized with several techniques such as mechanical exfoliation of 
solvent assisted graphite and subsequent deposition by spin coating or drop casting, epitaxial 
growth, chemical vapor deposition, and more recently screen printing techniques [6,9].   

Graphene is a 2D structure with sp2 chemical bonding of carbon atoms, shown in Figure 3, 
providing remarkable electronic and mechanical properties [35]. Graphene based nano-materials 
have gained a lot of interest for developing sensors of various types [3-5].  With proper solvent, 
surfactant or stabilizer chemistry, graphene flakes can be dispersed in different binders to produce 
inks with widely tunable rheology, which can be used with various printing methods to produce 
sensors [5].  
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Figure 3. Graphene sheet and its carbon structure.  
(www.azom.com/article.aspx?ArticleID=14826) 

 
Graphene has different electronic structure respect to normal 3D materials. The Fermi surface 

including six double cones when the connection points of the cones (Dirac pointe) make its Fermi 
level as shown in Figure 4. An electric field can change the Fermi level in order to have either n-
doped or p-doped materials. To be noted that the conductivity of doped graphene can even be 
higher than of copper. It is so transparent which in optical region just absorbs 2.3% of the light. It 
is worth mentioning some of its common properties with carbon nanotubes; Being stronger than 
steel, very stretchable and the possibility to be used as flexible conductor. Moreover, graphene 
thermal conductivity is so higher than the silver. 

 

 

Figure 4. Graphene Fermi surface and level. 
(www.mdpi.com/2076-3417/4/2/305/htm) 

 
In particular, great attention has been devoted to the use of graphene for gas sensors (see e.g 

[8-9]), biosensors (see e.g., [4]), chemical sensors [11], metrological applications [13], and 
humidity and temperature monitoring [13]. 
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In addition, the pervasive use of wireless technologies in the Internet of Things mobile devices 
for health applications, real-time sampling of the spatial and temporal distributions of 
environmental pollutants in cities, etc., increases the demand for miniaturized wireless sensor 
nodes for portable and wearable applications. Nanotechnology-based sensors capable of being 
integrated in wireless sensor nodes have been investigated in [15,44], primarily focusing on 
antenna design.  However, the material properties of nano-materials such as carbon nanotubes and 
graphene films at microwave frequencies have not been addressed.  

Recently, thin-films comprising single-walled carbon nanotubes (CNTs) [6] and multi-walled 
CNTs [7] have been shown to tune microstrip patch antennas by controlling the film deposition. 
Preliminary study indicated that the frequency shift produced by CNT loading of a patch antenna 
may be used as a discriminator for gas sensing [8].  The film’s reactance is changed by exposing it 
to the gas, resulting in shift of the resonant frequency.  However, in prior investigations [8] the 
patch or any microstrip resonator needs to be in direct contact with the CNT thin film, which 
impacts the quality factor detrimentally. Therefore, nanomaterial-embedded microstrip resonators 
have limited utility in environmental sensing, wherein low concentrations of harmful gases such as 
ozone (60-80 parts per billion) need to be detected in ambient air. The high sensitivity required of 
these ambient sensors calls for improving the quality factor of the RF resonator, which is achieved 
by parasitically loading the resonator.   

 

 

Figure 5. Inkjet printed Single walled CNT flexible TFT.  
www.spie.org/newsroom/3169-cheap-green-printed-electronics?SSO=1 

 
Moreover, with proper solvent, surfactant and stabilizer chemistry, graphene flakes can be 

dispersed in different binders to produce inks with widely tunable rheology, which can be used 
with various printing methods to produce sensors [2-4].  Films can be realized with several 
techniques such as mechanical exfoliation of solvent assisted graphite and subsequent deposition 
by spin coating or drop casting [34], epitaxial growth [1], chemical vapour deposition [35], and 
more recently screen printing techniques [9]. 
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Figure 6. Graphene inks used for printed electronics.  
www.graphene-info.com/taxonomy/term/63/all 

 
Graphene has been widely analyzed at terahertz frequency. Recently, the practical utility of 

graphene at microwave frequency has been investigated [19,44] and some applications as tunable 
devices introduced [14,16,44]. However, the material properties of Nano-materials such as carbon 
nanotubes and graphene films for different concentrations of the filler at microwave frequencies 
is still at an early stage.  

 

 

Figure 7. Graphene application as gas sensors and bio sensors. 
https://www.beilstein-journals.org/bjnano/articles/5/85 



 

8 
 

Chapter 3 

3. Morphological and RF Characterization 
of Graphene composite films 

3.1. Introduction 

Thanks to unique electronic properties of graphene, it is used in various applications. Several 
techniques are used for realization of graphene films such as mechanical exfoliation of solvent 
assisted graphite and subsequent deposition by spin coating or drop casting, epitaxial growth, 
chemical vapor deposition, and more recently screen printing techniques [30-33].   

Various types of the sensors are realized and developed by utilizing graphene-based nano 
materials [41-45]. If solvent, surfactant and stabilizer chemistry are chosen properly, graphene 
flakes can be dispersed in different binders. As a consequent, inks with widely tunable rheology 
are produced in order to be used in various printing methods to realize different sensors [37]. The 
most important sensors which utilize the graphene films in their structure, are gas sensors (see e.g 
[21]), biosensors [36-37], chemical sensors [10], metrological applications [39-40] and humidity 
and temperature monitoring [13].  

Using wireless technology abundantly in Internet of Things, mobile devices for health 
applications, real-time sampling of the spatial and temporal distributions of environmental 
pollutants in cities draws the market attention to miniaturized wireless sensor nodes for portable 
and wearable applications. Therefore, engineers try to design wireless sensors in such a way that 
nanotechnology-based sensors can be integrated in their structures [22], [44]. To be noted that the 
properties of nano materials such as carbon nanotubes and graphene films have not been 
investigated adequately. 

In this chapter, microwave applications of the graphene films are under investigation. Screen 
printing technique prepares an ink comprising different concentrations of graphene thick films 
(12.5%, 25% or 33% in weight).  Especially, SEM, AFM, Raman spectroscopy measurements 
and electrical characterization are used as a powerful set of tools to directly correlate the nature 
of the nanofillers with the morphology of the nanocomposite films and their bulk electrical and 
electromagnetic properties.  

Moreover, two concentrations of graphene ink including 25% and 33% in weight are prepared 
and deposited by screen printing technology. The surface morphology is applied on the films by 
using the two methods of Scanning Electron Microscope (SEM) and Atomic Force Microscopy 
(AFM). The morphology reveals that the graphene films present a homogeneous dispersion of the 
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filler with comparatively lower surface roughness at higher concentrations and negligible 
agglomerates. Then the produced graphene films are printed onto FR4 substrate between copper 
electrodes normally used in RF circuits in order to measure the scattering parameters. 

3.1 Film Preparation  

Screen-printing is used to deposit graphene as a thick film (each layer is about 10 µm thick) 
across the gap between two electrodes. The screen printing table is shown in Figure 8. 

 

 
Figure 8. Screen printing table (Carbon group Laboratory, DISAT) 

 
The relative composition of screen printing paste is defined by a procedure implied in [16]. 

Graphene 12.5% in weight is a combination of 9.4% in weight ethyl cellulose and 78.1% terpineol. 
7.5% in weight of castor oil (Sigma Aldrich) is added to graphene films to ameliorate its dispersion 
and make 25% in weight graphene films. Ethyl cellulose plays 3 important roles as film binder, 
rheology modifier and steric stabilizer. The combination of α-Terpineol as a high boiling point 
solvent and Ethanol as a volatile solvent is sonicated by a titanium ultrasonic horn for 16 hours. 
The result is evaporation of the solvents and remaining a printable paste. The films size of 3×3 
mm2 is chosen to be printed across the gap between copper electrodes etched on the FR-4 substrate. 
Serigraphy is used to deposit the graphene films with thickness of 10-20 µm on thr FR4 substrate. 
Figure 9 shows the steps of composite preparation in brief. 
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Figure 9. Steps of composite preparation. 
https://ieeexplore.ieee.org/document/8477446 

 

3.2 Morphology Characterization 

A strong set of tools can be utilized to bind the morphology of the nanocomposite films with 
their bulk electrical and electromagnetic properties. Optical images, SEM, AFM and linked 
electrical characterization are accounted as these useful tools. Figure 10 shows the optical image 
of graphene 25% and graphene 33% in weight. 

 

Figure 10. Optical images (20X). Graphene 25% in weight (left image) and Graphene 33% in 
weight (right image) 

https://ieeexplore.ieee.org/document/8477446 
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The investigation on the surface topography was done by using a beam acceleration voltage 

of 5 kV via a Scanning Electron Microscope (SEM) measurement method. SEM analysis shows 
that graphene flakes of 25% and 33% in weight were uniformly dispersed throughout their films 
as shown in Figure 11. 

 

 

Figure 11.  SEM images of Graphene 25% and 33% in weight. 
www.mdpi.com/2311-5629/4/2/32/pdf 

Moreover, Atomic force microscopy (AFM) measurement method is used to analyze the 
polymers including graphene flakes with the lateral sizes of few micrometers. It was done in room 
temperature by using SPI 4000 system in tapping mode. The polymers under measurement were 
shown different topological characteristics. The log-normal distribution is applied on the measured 
data in order to gain the clusters thickness and the grain distribution lateral size as well.  The AFM 
images are seen in Figure 12. accompanied with the relevant analysis. The both SEM and AFM 
images and analysis demonstrate a homogenous dispersion of the filler and negligible 
agglomerates in graphene films under investigation. 
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Figure 12. AFM analysis of graphene films of 25% and 33% in weight. a) roughness; b) 
maximum cluster height; c) grain dimension 

www.mdpi.com/2311-5629/4/2/32/pdf 

 

3. 3.  Electrical Characterization of Graphene Films 

3.3.1 Graphene Sheet Resistance 

Resistance measurement has been done on one or two-layer graphene film. To be noted that 
each layer has almost 10 µm thickness and the graphene film was deposited on FR4 substrate by 
screen printing technique. The graphene sheet resistance is measured by using the four-probe 
method with a Solatron 1286 electrochemical interface as shown in Figure 13.  
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Figure 13. Four probe method: Solartron SI 1260 (left), sample holder (center), sample on FR4 
2×1 cm (right). 

The measurements have been tabulated in Table 1. As it is expected, the sheet resistance is 
inversely proportional to the thickness of the film; it means that increasing concentration of 
graphene flakes leads to decreasing the sheet resistance. As it is seen in the table 3.1, the graphene 
film with low concentration of 12.5% in weight is approximately as high as the resistance of the 
binder ethyl cellulose. It is crystal clear that the higher concentration graphene films, with 33% in 
weight, are of special interest to RF applications because of having higher conductivity and 
consequently lower resistance from 25 to 200 Ω. 

 Table 1. Sheet resistance of graphene films (Ωs per square). 

Sample One-layer Two-layer 

Ethyl cellulose > 2e8 > 2e8 

12.5 wt.% 2e7 2e6 
25.0 wt.% 650 440 
33.0 wt.% 240 160 

 
3.3.2 Equivalent Microwave Circuit  

The goal of this section is to investigate the behaviour of graphene films at microwave 
frequencies by depositing the films into the gap made in the middle of the transmission microstrip 
line as shown in Figure 14. Successively, its equivalent microwave circuit is designed and 
calculated for graphene film of 25% in weight.  

 



 

14 
 

 

Figure 14. Microstrip line with graphene thin film deposition in the gap. 

The line width is 3 mm and the gap spacing is 2.6 mm. Photo etching is used to put the line on 
a FR4 substrate with thickness of 1.56 mm. To be noted that FR4 nominal relative permittivity is 
4.3 when its loss tangent is 0.03. Regarding the deposition technique explained in previous section, 
a two-layer graphene film with dimensions of 3×3 ��� is screen printed on the mentioned gap. 
The measured scattering parameters for a film with ethyl cellulose only and a film with graphene 
12.5% in weight are displayed in Figure 15. 

 

Figure 15. Measured scattering parameters for a film with ethyl cellulose only and a film with 
graphene 12.5% in weight. 

It is seen that a film with graphene 12.5% in weight has the same transmission coefficients as 
a film only with binder. Next step is proceeding with measurements and simulations of the 
microstrip transmission line for various graphene loading arrangements. An unfilled gap has 
similar low transmission as the binder, thus confirming its insulating behavior.  
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In addition, A circuit model for the graphene thick film is derived using Advanced Design 
System (ADS) simulations by fitting the amplitude and phase of the measured S-parameters. the 
symmetrical circuit topology of this ADS model is shown in Figure 16. The resistance represents 
loss of the graphene film, and is the most important parameter in RF design.  Since graphene is a 
conductive material (it has enhanced conductivity due to large surface area), the film across the 
gap can be represented by a resistance in parallel with a capacitance (which represents the gap 
capacitance).  The capacitance in the series path has a very small value (less than 2 pF) and 
therefore it does not influence the equivalent circuit (hence not shown in Figure 16.).   

 
 

 

Figure 16. Equivalent circuit model of Microstrip line with gap loaded by a graphene thick film. 

First, a line with a gap (no graphene film) is modeled using the microstrip gap, an additional 
capacitance (Cgap = 0.01 pF) and microstrip line models available in ADS library. The binder in 
the gap and the graphene film 12.5% in weight behave the same way as the microstrip line with an 
unloaded gap. The film composed of 25% in weight of graphene film can be represented with RC 
elements (Rg  = 291 Ω, Cg = 0.8 pF) in parallel as shown in Figure 16.  

Measurements and model-derived fitted data are compared in Figure 17 and Figure 18 for the 
case of graphene films 12.5% and 25% in weight, respectively.  Good agreement is observed 
between the circuit model and the measurements over 1-5 GHz range. 
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Figure 17. Measurements (dashed line) and simulations (solid line) for the graphene film 12.5% 
in weight. 

www.jpier.org/PIERL/pierl76/06.18040903.pdf 

 

Figure 18. Measurements (dashed) and simulations (solid) for the graphene film 25% in weight. 
www.jpier.org/PIERL/pierl76/06.18040903.pdf 
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Measurements of the transmission coefficient of the reference line as well as the microstrip 

line with gap for various graphene-loading compositions are shown in Figure 19. 

 

Figure 19. Transmission coefficient measurements. 
www.jpier.org/PIERL/pierl76/06.18040903.pdf 

 
On the other hand, the measured S-parameters for various graphene loading arrangements are 

shown in Figure 20. and compared with the results of a full-wave analysis obtained with HFSS. In 
the full-wave analysis, the film deposition is modeled as a surface impedance of values Z=(1e6-
j150) ohms for the case of graphene film 12.5% in weight, Z=(450-j120) ohms for the case of 
graphene 25% in weight and Z=(160-j100) ohms for the case 33% in weight. The graphene film 
33% in weight shows a marked increase in transmission across the gap due to reduced sheet 
resistance. 
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Figure 20. Measurements and simulations agreement of the transmission and reflection 
coefficients. 

https://ieeexplore.ieee.org/document/8477446 
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Chapter 4 

4. CNT and Graphene stub-loaded patch 
antenna  

4.1 Patch Design 

Microstrip patch antenna is so popular to be used in a range of frequency from 1 to 6 GHz. 
Since the communication systems were developed in 1970s, the need for the patch antennas with 
its proper dimension and performance were being emerged. The flat form and convenient weight 
in comparison with the parabolic reflectors and other huge antennas, pave the way for it to be a 
useful nominate in airborne and spacecraft applications. Currently, by taking advantage of high 
dielectric constant materials, its size reduced more which is suitable to use in handsets, GPS 
receivers and other mass-produced wireless devices [10]. Application of the patch antenna can be 
widely seen in 2.4 GHz or 5 GHz WLAN systems. Therefore, the next step is to proceed to design 
a patch antenna in order to meet the requirements. Figure 21 shows the configuration of the 
microstrip patch antenna. 

 

Figure 21. Microstrip patch antenna  
https://ieeexplore.ieee.org/document/7523197 

 
The fundamental design is starting with calculating the correct amplitudes for the length (L) 

and width (W) of the patch. As it is shown in Figure 22. parts of electric field lines on slots reside 
in air. As a consequent, the phase velocity varies in air and substrate causes that TEM mode is not 
supported by the transmission line. So, the quasi-TEM mode would be the dominant mode. 
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Accordingly, an effective dielectric constant (�����  is considered to take it into account also the 

effect of fringing fields and the wave propagation in the line. 
 

 

Figure 22. Electric field lines 
www.ijser.org/paper/Design-And-Simulation-Of-Microstrip-Patch-Arrayantenna-For-Wireless-

Communications-At-2.4-Ghz.html 

Since some parts of fringing fields are in the air and not concentrated entirely in substrate as 
shown in Fig 4.2 , the ���� is less than ��. 

 

ε	

 � ���
� � ���

� �1 � 12 �
����/�	                           (1) 

where,  
ε	

 = Effective dielectric constant  
ε� = Dielectric constant of substrate  
h = Height of dielectric substrate  

   W = Width of the patch 

   TM�� dominant mode is propagating only if the patch length would be ����/2 which is 

slightly less than λ/2. The TM�� mode indicates that the field varies one λ/2 cycle along the length 
while there is no variation along the width of the patch. Therefore, the voltage is maximum along 
the patch width while the current is minimum according to the open ends.  

 

Figure 23. Side view of patch antenna 
www.ijser.org/paper/Design-And-Simulation-Of-Microstrip-Patch-Arrayantenna-For-Wireless-

Communications-At-2.4-Ghz.html 
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The normal elements are cancelling each other whereas the tangential ones are in phase and 
fortifying each other results in maximizing the radiated field. The edge connected to feed line as 
well as the opposite one are radiating edges which act as slot antennas whose gaps are via the patch 
edge and the ground plane. The fringing field yields that the electrical dimension of the patch looks 
bigger than the physical size with the extension of �  in each edge.  

� � 0.412ℎ (&'((��.)�(*+��.�,-�
(&'((��.�./�(*+��./�

                     (2) 

 
Thus, the physical patch length L is: 

 �  ��� − 2∆L             (3) 

In other words, the  ��� is calculated by a given resonance frequency 2�: 

 ��� � 3
��45&'((                 (4) 

The resonance frequency 2� for any TM67 mode in rectangular patch antenna is: 

2� � 3
�5&'(( �(

8
9 �� � (:;����/�           (5) 

For having better radiation, the patch width is estimated as: 

< � 3
��4=>4?@

A
                  (6) 

Feed line width formula is: 

<���B � 
C.-/×E

�(FG5
>4?@.H@IJ �

− 1.25×L          (7) 

4.1.1 Feed points 

The variable factor in patch antenna is related to the feed method in order to provide the desired 
feed point impedance which matches the patch impedance and control the polarization. The three 
usual methods are Inset feed, coaxial feed and Aperture coupled patch antenna. In this thesis, the 
inset feed and aperture coupled ones are taken into consideration. It is noted that the aperture 
coupled patch antenna will be described in Chapter 5. 

4.1.2 Inset feed method 

The important factor in Inset feed is calculating d in order to match the patch with the input 
impedance of 50 Ωs: 

 

M � 9
N cos�� R=STU

VTUW                    (8) 

 XY:	Z[M	\Y:	are referred to input resonance impedance and input resonance resistance. 
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Figure 24. Inset feed microstrip patch antenna 

4.2 First prototype antenna 

First prototype antenna implies a design of an inset feed patch antenna with graphene or CNT 
stub loaded which the patch itself resonates around 5 GHz. To obtain this goal, first we start to 
design an inset feed patch antenna with FR4 substrate. The parameters and its calculation are as 
following: 
 
FR4 substrate characteristics which used in this project are: 

- Height (h) = 1.6 mm 
- Permittivity (ε��= 4.35 
- Loss tangent = 0.03 
- Resonance frequency (2��= 4.9 GHz 
- Patch width = 12 mm 

ε	

 � -.).��
� � -.).��

� �1 � 12 �.,
�����/�	= 3.7 

 

� � 0.412(1.6� ().C��.)�(
@A
@.^��.�,-�

().C��.�./�(@A@.^��./�
 = 0.72 mm 

 

 ��� � )��
�(-._�√).C ≈ 16 mm        
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 �  ��� − 2∆L = 16-2(0.72) ≈ 15 mm 

 

<���B � 
C.-/×�.,

�(aG×√H.ba?@.H@IJ �
− 1.25×0.035 ≈ 3 mm 

Inset feed = 7 mm             
 
The substrate and ground plane dimension are the same and set to 52×52 mm. The schematic 

figure of this design is shown in Figure 25.  

 

Figure 25. CNT stub loaded patch antenna scheme 
https://www.mdpi.com/2311-5629/4/2/32/pdf 

 
Moreover, the fabricated CNT loaded patch antenna is depicted in Figure 26. 
 
 



 

24 
 

 

Figure 26. Fabricated CNT loaded patch antenna 

 
The antenna schematic in HFSS is also shown in Figure 27. 
 

 

Figure 27. CNT loaded patch antenna schematic in HFSS 

    Regarding the Multi Wall carbon nanotubes (MWCNTs) size and position, the 2 or 3 layer 
CNT film with dimension of 3x3 mm has been inserted in the gap located at the center of the stub. 
Taking advantage of ANSYS HFSS full wave analysis, the CNT has been simulated as surface 
impedance which changes in various ambient and consequently results in shifting the resonance 
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frequency of the patch antenna. Feed line is excited with a wave port and the stub terminated with 
a via hole connected to the ground plane. 

4.2.1 Simulation and Measurement 

As indicated previously, ANSYS HFSS is used to modeling the patch antenna. The simulation 
as well as the measurement includes 3 parts of patch only, patch plus stub and the  CNT stub loaded 
patch antenna as shown in Figure 27. It is noted that CNT types which have been used in this 
project varies from 1 layer to 3 layer structure. Moreover, parametric simulation is done to show 
the effect of each parameter on the results in order to choose the best and proper value for them. 

The reactance of the CNT film varies when expose to different ambient when its resistance 
remains constant; therefore, it is modeled by a resistance and variable reactance. The ground plane 
and patch are modeled as Perfect Electric Conductor (PEC). Regarding return loss, Figure 28 
shows the agreement between the simulation and measurement for the reference antenna and for 
the 3 layer CNT stub loaded patch antenna as well. It is seen a frequency shift of 230 MHz from 
4.36 GHz to 4.13 GHz in reference and CNT loaded antenna respectively. To be noted that the 
simulation results are obtained by considering the reactance of -1 KΩ for 3 layer CNT film. The 
difference in magnitude refers to the CNT film conductivity which is not estimated precisely. 

 

Figure 28. S11 measured and simulated results for reference and 3 layer CNT loaded antenna. 
https://ieeexplore.ieee.org/document/7481993 

Other investigation is done by inserting 1 and 2 layer CNT thin films into the gap and changing 
the reactance of the surface impedance in simulation to see what happens. Figure 29 shows the 
results. It is crystal clear that there is an agreement between the measured return loss obtained from 
3 layer CNT loaded antenna and the simulated result with the reactance of -1 KΩ.  
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Figure 29. Measured and simulated S11 results for patch only and various CNT compositions 

In case of using graphene sheet instead of CNT, the results are shown in Figure 30.  

 

Figure 30. Measured and simulated S11 results for patch only and various graphene 
compositions. 

As a matter of considering CNT or graphene sheet size effect on resonance frequency, Figure 
31 shows that there is approximately 20 MHz positive shift in frequency from 4.022 to 4.039 GHz 
when the film size changes from 3×3 ��� to 4×3 ��� whereas almost 20 MHz negative 
frequency shift from 4.022 to 4 GHz is seen when the film size changes from 3×3 ��� to 4×4 
��� The most shifted frequency is related to the film of 4x4���.  
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Figure 31. Parametric analysis on the film dimension 

 

4.2.2 Radiation pattern and Gain 

Taking advantage of an anechoic chamber with a double ridge horn (1-18 GHz), the radiation 
pattern is measured at a distance of 2.7 m. It is not observed a symmetric graph for the measured 
E-plane co-polarization pattern because of using coaxial cable as a feeding line. Moreover, cross-
polarization is less than -22 dB in each plane. The agreement between the measurement and 
simulation is noticeable as shown in Fig Figure 32 and Fig Figure 33 for both the reference 
uncoated antenna and the CNT loaded 3 layer antenna. To be noted that the losses of the CNT film 
are not considered accurately in the simulation.  
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Figure 32. Measured and simulated radiation pattern (co-pol) of the reference uncoated antenna 
in the principal planes. 

https://ieeexplore.ieee.org/document/7481993 

 

  Figure 33. Measured and simulated radiation pattern (co-pol) of the CNT-loaded 3-layer 
antenna.  

https://ieeexplore.ieee.org/document/7481993 

In addition, the measured gain for 3-layer CNT loaded antenna is 2.9 dBi at 4.13 GHz while 
for unloaded antenna is 3.3 dBi at 4.36 GHz. The gains simulated in HFSS for the CNT stub loaded 
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antenna is 2.85 dBi at 4.13 GHz whereas for the base patch+stub antenna is 3.88 dBi at 4.36 dBi. 
The whole results are shown in Figure 33-36. 

 

 

Figure 34. Normalized gain of patch+stub at 4.36 GHz. 

 

Figure 35. Gain of patch+stub at 4.36 GHz 
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Figure 36. Normalized gain for CNT stub loaded antenna at 4.13 GHz 

 

Figure 37. Gain of CNT stub loaded antenna at 4.13 GHz. 

 

4.2.3 Parametric simulation  

The new CNT loaded patch antenna under investigation is as Figure 38. The goal in this 
parametric simulation is focused on the reactance of the surface impedance which varies in 
different ambient while its resistance is fixed. To be memorized that the CNT or graphene thin 
film is simulated by a surface impedance in ANSYS HFSS. 
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Figure 38. CNT loaded patch antenna- new design 

The values used for substrate FR4 is as below: 

- Relative permittivity (ℰ�� = 4.4 
- Loss tangent = 0.02 
- Substrate thickness = 1.6 mm 

The reactance of the surface impedance varies from 0 to -2000 when the resistance is fixed to 
50 Ω. The comparison between the parametric simulations, patch only and patch plus 4 mm stub 
is shown in Figure 39. The results show that there is a considerable 492 MHz shift in resonance 
frequency from 4.183 to 4.675 GHz related to the reactance of 0 and -2000 respectively. This 
frequency shift can be sensed by a sensor to recognize the new ambient characteristics. 
 

 

Figure 39. Parametric simulation of surface impedance sheet reactance 
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Gain is the other parameter under investigation when reactance of the graphene sheet varies. 
The simulations show that by varying the graphene sheet reactance from -400 to -2000 the gain 
increases as demonstrated in Figure 40 to Figure 42. 

 

 

Figure 40. Gain at R=50 Ω &Xs=-400. 
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Figure 41. Gain at R=50 Ω & Xs=-1200. 

 

Figure 42. Gain at R=50 Ω & Xs=-2000. 
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4.3 Second prototype antenna 

These prototype patch antennas resonate at around 2.4 GHz which is applicable for wireless 
communication. 

4.3.1 Patch antenna with FR4 substrate 

We go forward with the formulas in order to design a suitable patch antenna which resonates 
at 2.4 GHz: 

          ℰ��� � -.-��
� � -.-��

� �1 � 12 �.,
)/��

@
A ≈ 4.08 , 

           ��� � )��
�(�.-�√-.�/ ≈ 31�� 

          ∆L=0.412(1.6)
(-.�/��.)�(bI@.^��.�,-�
(-.�/��.�./�(bI@.^��./�

≈ 0.74�� ,         

           L=30-2(0.74)≈ 28mm and W is set to 24 mm.  

           w
		i � 
C.-/×�.,

	(aG×√H.ba?@.H@IJ �
− 1.25×0.035 ≈ 3 mm 

           Inset feed = 10 mm             
 
The substrate and ground plane dimension are set to 75×65 mm. This design is shown in Figure 

43. 

 

Figure 43. CNT loaded patch design at 2.4 GHz  
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4.3.2 Parametric analysis 

Parametric analysis helps us to investigate the effect of each parameter separately and find the 
best values which meet our requirements. 

Regarding parametric analysis for gap position, the following results are obtained: 

- Patch only resonance frequency ≈ 2.56 GHz 
- Patch + stub 8mm: resonance frequency ≈ 2.3320 GHz 
- Patch+stub 8mm+CNT (Xs=-200): resonance frequency ≈ 2.21 GHz 
- Patch+stub 5mm+CNT (Xs=-400): resonance frequency ≈ 2.432 GHz 
- Maximum frequency shift (≈240 MHz) between the patch+stub and the     CNT Xs=-200 

Parametric analysis of gap position in the stub has been investigated and shown in Figure 44. 
 

 

   Figure 44. Parametric analysis of gap position with FR4 substrate 

Stub width variation is another point which is worth considering. The case is composed of 
5mm PEC+3mm CNT+11mm PEC. Just its width varies from 3 to 1 mm. It is seen that for the 
width of 3 mm we have better return loss of -25 dB. 
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Figure 45. Stub width variation effects on results 

 
Moreover, the dimension of the CNT film has an important role in shifting the frequency as 

well as the return loss magnitude. In this case its dimension impact is investigated when the 
impedance of CNT fixed at Z=50-i400. 

 

 

Figure 46. CNT film dimension effects on the results 

Normalized gain also simulated at 2.4 GHz for E-plane as well as the H-plane. 
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Figure 47. Normalized gain of CNT loaded patch antenna resonating at 2.4 GHz 

4.4 Patch antenna with Arlon substrate 

        Arlon is the second substrate on which the design and simulations were focused. The 
Arlon has permittivity of 4.5, loss tangent of 0.0035 and thickness of 0.78 mm. To achieve the best 
return loss at resonance frequency of 2.4 GHz, which is so applicable in wireless communications, 
the design is as depicted in Figure 48. It is seen that the feedline width is reduced from 3 to 1.5 
mm. The patch length and width are 29 and 38 mm respectively. Inset fed is set to 8 mm. The 
second stub is prolonged from 6 to 10 mm.  

The calculations are as following: 

               W= 
)��
�(�.-�= �

-..�� ≈ 38��  

          ℰ��� � -..��
� � -..��

� �1 � 12 �.C/
)/ ��

@
A ≈ 4.32   

           ��� � )��
�(�.-�√-.)� ≈ 30�� 

          ∆L=0.412(0.78)
(-.)���.)�( bI

G.JI��.�,-�
(-.)���.�./�( bI

G.JI��./�
≈ 0.36��            

           L=30-2(0.36)≈ 29mm 

           w
		i � 
C.-/×�.C/

	(aG×√H.a?@.H@IJ �
− 1.25×0.035 ≈ 1.5 mm 

           Inset feed = 8 mm             
 
The substrate and ground plane dimension are set to 60×55 mm. The design is shown in Figure 

48. 
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     Figure 48. CNT loaded patch antenna with Arlon substrate 

It is observed from simulation of the patch alone, patch plus stub 1mm as a reference point 
and patch plus stub CNT loaded patch antenna that the frequency shift by inserting the CNT film 
(Z=50-i200) is decreased by 80 MHz which can be sensed and used as a sensor. 

 

 

Figure 49. Simulation results of the antenna with Arlon substrate  

Normalized gain also simulated at 2.4 GHz for E-plane as well as the H-plane. 
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Figure 50. Normalized gain of CNT loaded patch antenna with Arlon substrate resonating at 2.4 
GHz 
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Chapter 5 

5. Aperture Coupled Patch antenna 

Carbon nanomaterials like carbon nanotubes (CNTs) and graphene, in favour of the fast 
progress in nanotechnology, are being vastly used in sensor applications profiting from their 
noticeable carrier mobility, large surface area/volume ratio, adjustable surface chemistry, and the 
ability to operate at ambient temperatures. By integration of the CNT chemical detector comprising 
a thin-film or thick-film passive circuit element (such as planar resonator or capacitor on a 
dielectric substrate), with radio frequency (RF) antennas, nanotechnology has the potential to be 
used in the development of ubiquitous wireless sensor networks. Based on its application, it is 
beneficial to use these wireless points in fixed or moving positions for monitoring hazardous 
chemicals as well as the environmental pollutants and its effects on health, for instance. The 
antenna can work in multiple transmit/receive modes to make the detected data transfer between 
various sensor nodes.  

Previously, CNTs have been incorporated directly in antenna structure of the sensor. In this 
case, the performance is degraded because of CNT films losses. As a consequent, radiation 
efficiency is weakened at the communication frequency of the sensor. To reduce the impact of 
these losses, the CNT film shall properly integrate with the antenna in a way that does not affect 
the antenna radiation performance as well as the sensor efficiency at the presence of the antenna. 
This goal can be reached by minimizing the coupling between the sensor and antenna element. In 
order to reducing this coupling effect, an aperture coupled patch antenna, which the CNT thick 
film sensor is inserted in its feed line, is used. In this regard, two types of the antenna are deployed. 
First, the CNT film deposited at a gap located in the extension of the feed line. Second, design and 
incorporating InterDigitated Capacitor (IDC) into the feed line in order to meet the requirements 
of sensing and antenna impedance matching as well.  

5.1 Aperture Coupled Patch antenna Design 

Aperture Coupled Antenna has 3 layers including the microstrip feed line, ground plane with 
coupling aperture, antenna substrate and radiating patch as shown in Figure 51. 
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Figure 51. Layers of Aperture Coupled Patch antenna 
https://www.researchgate.net/publication/268357579_Large_aperture_coupled_microstrip_patch

_antenna_arrays_proposal_for_the_opto-electronic_control_of_micro_and_mm-
wave_radiation/figures?lo=1 

 
The open circuit terminated feed line, simulated in HFSS, should have the length of 0.739λ. 

The center of aperture has 0.211λ distance from the end of feed line as depicted in Figure 52. 
According to the open circuit transmission line, the voltage is 0 and the current is maximum at the 
distance of λ/4. Considering the effects of patch loading and ground aperture, this distance is 
reduced to 0.211λ. 

 

Figure 52. Feed line dimensions in aperture coupled antenna 
https://pdfs.semanticscholar.org/f36e/6547818f642c26c92b9c9a1507b1ad3e3624.pdf 

For instance, we start to design an aperture coupled patch antenna to work in ISM 2.4 GHz 
band. Two different dielectric layers are being used in its structure; the antenna substrate (Rogers 
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RO3010) on the top with dielectric constant of 10.2, tan δ = 0.0035, thickness of 1.6 mm, and the 

feed substrate (Rogers Ultralam 1250) on the bottom with dielectric constant of 2.54, tan δ = 
0.0015, and the same thickness.  

The geometry of feed and patch layer is shown in Figure 53 and Figure 54. 

 

Figure 53. Patch layer geometry 

 

Figure 54. Feed layer geometry 

The estimated dimensions for slot length and width are 0.148λand 0.016λ respectively. In 
addition, the feed substrate height is set to 0.0169λ. the whole dimensions are indicated in Figure 
55.  
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Figure 55. Feed substrate and slot dimensions 
https://pdfs.semanticscholar.org/f36e/6547818f642c26c92b9c9a1507b1ad3e3624.pdf 

 
Regarding the simulation in HFSS, the model is shown in Figure 56. 
 

 

Figure 56. Aperture coupled patch antenna HFSS model 

The return loss of -47 dB at 2.45 GHz shows that it would be good alternative to use in wireless 
applications. The S11 simulated result is depicted in Figure 57. 
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Figure 57. Return loss of the aperture coupled patch antenna 

5.2 ACP CNT loaded antenna Design  

Previously, a wireless gas sensor has been realized by incorporating single walled carbon 
nanotube thin film in patch antenna [14], [21] and the CNT film surface was made to have 
maximum sensibility to ammonia [8]. The chemical reaction of exchanging charge carriers 
between the CNTs and gas makes RF impedance change in relevant circuit. The loaded CNT film 
changes the resonant frequency of the antenna whenever exposes to gas. This frequency shift is 
the important factor in measuring the sensor response [36-38]. In spite of a considerable shift in 
frequency, the radiation is degraded strongly by the loaded CNT film in series with the patch. 
Therefore, it is necessary to design a good structure in order to minimize the series loading effect 
in order to improve the radiation efficiency. The aperture coupled seems to be a proper choice to 
resolve this problem. Because the feed line current is isolated from the antenna current by a slot 
aperture placed in ground plane. By inserting the CNT film at the end of the feed line on microstrip 
gap or IDC, the coupling between the feed line with connected sensor and aperture coupled antenna 
is minimized; therefore, there is no impact on radiation and gain of antenna as well as the sensing 
behavior. 

First, inserting CNT film directly at the end of feed line is taken into consideration. The 
aperture coupled patch antenna, as before, resonates at 2.45 GHz. The feed substrate is Rogers 
RO3010 with thickness of 1.6 mm, permittivity of 10.2 and patch substrates and loss tangent of 
0.0035. The patch substrate is Rogers Ultralam 1250 with thickness of 1.6 mm, permittivity of 2.5 
and loss tangent of 0.0015. The geometry of Feed line CNT loaded ACP antenna is shown in 
Figure 58. 
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Figure 58. CNT loaded ACP in HFSS. 

To be noted that the stub included 4 mm copper+ 3 mm CNT + 4 mm copper and CNT film 
size is 3×3 ���. The return loss simulated for different values of the surface impedance as below: 

- R=0.5 Ω, X=-15 
- R=20 Ω, X=-100 
- R=1000 Ω, X=0 

Figure 59 shows the relevant simulations in HFSS. 
 

 

Figure 59. Return loss simulation for various resistance and reactance of the surface impedance 
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Table 2. Surface impedance effect in ACP 

Configuration 
Resonance 

Frequency (GHz) 
Return loss 

(dB) 
Frequency shift 

(MHz) 

ACP only 2.45 -47.4 Reference point 

Feed+stub+cnt+stub 
R=0.5,  X=-15 

2.18 -27.45 270 

R=20,   X=-100 2.28 -29 170 

R=1000,  X=0 2.35 -32.3 100 

 
Table 2 implies that whenever the resistance increases, the resonance frequency shift from the 

reference point is decreased. To be noted that the resonance frequency shift is occurred when the 
ambient is changed and can be sensed by a sensor for realizing the ambient characteristics. 

 

5.3 ACP configuration with InterDigitated Capacitor (IDC) 

As already mentioned, InterDigitated Capacitor (IDC) is added in extension of the feed in 
order to have a better impedance match between the feed line and the patch. Moreover, inserting 
the CNT film into IDC results in meeting our sensor application needs. 

The ACP with IDC configuration is designed to work in ISM 2.4 GHz band. Two dielectric 
layers are being used in its structure; ; the feed substrate (RT Duroid 5880) on the bottom with 

dielectric constant of 2.2, tan δ = 0.0009, thickness of 0.762 mm, and the antenna substrate (Rogers 

RO3010) on the top with dielectric constant of 10.2, tan δ = 0.0035, and the thickness of 0.508 
mm. A thin slot located in ground plane in the middle has the role of coupling between the two 
mentioned parts. 

The dimensions of the ACP are shown in Figure 60 and Figure 61. The dimensions (in mm) 
of the patch are given by  j= 35 and kj= 25. The slot has  l= 14, kl= 1 when both the substrates 
have  lmn= 80, klmn= 75 and the feed line has  �= 50, k�= 0.5 for 50 Ωs impedance.  
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Figure 60. Patch layer geometry 

 

Figure 61. Feed layer geometry 

As shown in Figure 62, an IDC of surface area 5.0 × 5.8 mm2 with 10 interleaved fingers, five 
on each side, each of width 0.4 mm and inter-digit spacing of 0.2 mm, is connected at the end of 
the microstrip feed line.  The connection pad joining all the fingers on one side has the dimensions 
5.8 × 0.4 mm2. The novelty of this ACP is using IDC at the end of its feed line in order to 
accommodate the CNT thick film and consequently add the sensing application to the antenna. 
The CNT film which works as a sensor, is simulated by a surface impedance comprising a parallel 
RC circuit, with R being the resistance of the CNT film (usually very low due to high conductivity 
of CNTs) and the capacitance C resulting from the shunt reactance of the film and the IDC 
geometry. 

Fig 5.13 shows the ACP antenna with IDC simulated in HFSS. 
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(a) 

 

 
(b) 

 

Figure 62. (a) Proximity-coupled feed line with IDC connected in series. (b) The simulated 10 
fingers IDC in HFSS. 

 

 

Figure 63. HFSS model of ACP antenna with IDC 

5.4 Simulation Results 

Simulation first goal is to find the suitable dimensions for IDC in order to have the minimum 
return loss (S11) at 2.45 GHz. It is found that the IDC size of 4×5.8 ��� results in -22 dB return 
loss at 2.45 GHz (fig 5.14). Second, the CNT film is deposited on the IDC and parametric 
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simulation has been done on its surface impedance to assess its effect on the antenna efficiency. 
The shunt resistance is set to 100 and 1000 Ωs per square. The simulations show that resistance 
change solely does not have any strong influence on resonant frequency and the return loss value 
as well. 

 

 

Figure 64. Return loss of the ADP_IDC patch sensor as a function of the film impedance.  

 

Shut capacitance, in contrary, has impact on both the resonant frequency and return loss. 
Therefore, impedances of 100-j50 and 1000 j-150 have been taken into consideration. Four probe 
impedance measurement is used to measure surface impedance on MWCNTs [8]. It is obvious that 
the return loss not varies significantly when we used IDC sensor film structure in ACP and remains 
as low as -22 dB. As indicated in Table 3, frequency shifts are 120 and 140 MHz for impedances 
of Z=1000-j150 and Z=100-j50 respectively. 

Table 3. Surface impedance effect in ACP with IDC 

Configuration 
Resonance 

Frequency (GHz) 
Return 

loss (dB) 
Frequency shift 

(MHz) 

ACP + IDC only 2.45 -22 Reference point 

ACP+IDC+CNT 
R=100,  X=-50 

2.31 -27 140 

R=1000,   X=-150 2.33 -29 120 

 
Figure 65 shows the radiation pattern for the loaded ACP IDC with CNT film. The simulated 

gain is 6.6 dB at 2.3 GHz and the CNT surface impedance is Z=100-i50. 
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Figure 65. Gain for the loaded ACP IDC with CNT film. 
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Chapter 6 

6. Microwave Ring Resonator 

6.1 A copper-clad slotted Ring Resonator Design 

In this chapter, a copper-clad slotted ring resonator is designed and fabricated on 0.79 mm 
thick FR-4 substrate (dielectric constant of 4.3 and loss tangent of 0.03) with a microstrip 
proximity-coupled feedline of length 17 mm.  The size of the substrate is 35×35 mm2. 

First, a slotted ring without the graphene film is designed to resonate at 2.45 GHz (inner radius 
12.7iR =  mm, slot width 0.5sW =  mm) as shown in Figure 66.  The slot line mode is excited by 

proximity-coupling with the 50 Ω microstrip feed line.  

6.2 Graphene loaded slotted Ring Resonator Design 

 In order to examine the resonant response of the loaded ring, graphene films of size 3×3 mm2 

and either 25% or 33% in weight concentrations are sequentially inserted along the ring at 90° and 

180°, clockwise with respect to the feed line at 0°, and full-wave electromagnetic simulations are 
performed by modeling the graphene film at the resonant frequency as a surface impedance. Due 

to circular symmetry, only the film locations 90° and 180° are of interest.  A film cannot be 

deposited at 0° as it interferes with the slot excitation field resulting from the feedline.  

Furthermore, the film at 90° location produces the cross-polarized or orthogonal resonant mode of 

the same characteristics as the fundamental mode obtained with the 180° film orientation, and 
therefore, is not considered. 
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Figure 66. The slotted ring resonator and its realization with graphene thin film deposition. 

6.3 Simulation and measurements 

Both loaded and unloaded configurations of the slotted ring resonator are characterized at 
microwave frequencies by measuring the reflection coefficient at the feed port using a Vector 
Network Analyzer (Agilent E8361A). These resonators have been designed and simulated in CST 
Microwave Studio and ANSYS HFSS with the graphene film modeled as a surface impedance. To 
be noted that the full-wave 3D simulation in CST and HFSS captures all the electromagnetic and 
parasitic coupling effects. 

The simulated graphene loaded and unloaded ring resonator is shown in Figure 67. Tangential 
Electric field for the base line ring resonator is also depicted in Figure 68. 

 
 

 

Figure 67. Graphene loaded and unloaded ring resonator models in HFSS. 
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Figure 68. Tangential E field in base line ring resonator at 2.47 GHz. 

 The unloaded ring is measured first, and it shows a resonance at 2.47 GHz. This is the baseline 
geometry used to study the effects of graphene films.  Excellent agreement is observed between 
the measured and simulated results in Figure 69 for the unloaded ring. Next, a graphene film 33% 
in weight with size of 3×3 mm2 is inserted across the slot in the ring resonator, diametrically 

opposite to the feed at the location 180°, and the return loss of the loaded resonator is measured. 
A good agreement between simulated and measured data is also observed for the loaded film 
configuration in Figure 69. 
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Figure 69. Base line and Graphene loaded ring simulations and measurements. 

6.4 Equivalent Circuit Model of graphene film  

Since the graphene film is deposited over the slot gap, the equivalent circuit of the film is a 
parallel RC circuit, as discussed in Chapter 3.  The capacitance due to graphene film is very small 
and the conductivity, inversely proportional to the sheet resistance, is the most important parameter 
of interest in RF characterization of the graphene film. For the parallel RC circuit, the admittance 
is given by  

1 .Y j CR ω= +      (9) 

The impedance is then 

 1 ( )
R I

R R RC
Z Z jZ

Y

ω= = − = −
∆ ∆

   (10) 

 21 ( )RCω∆ = +                                                        (11) 

It follows that  

 RZ R∆ =                                   (12) 
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Using Eq. 11 and Eq. 13 into Eq. 12 it is obtained 
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Since the films are square in shape, the sheet resistance is identical to surface resistance, R.  
Thus, it follows that the surface conductivity of the graphene film is given by 

 1
,

Rt
σ =                    (16) 

where t is the film thickness.    
 
 
 

The measured data for the graphene-loaded ring resonator with a film thickness of 10 µm 
corroborates with the simulated data (see Figure 69) corresponding to a surface impedance of 

20 30S R IZ Z jZ j= − = −  Ωs per square used in the simulation.  It follows from Eq. 14 and Eq. 16 
that the RF conductivity of the graphene film is given by 1,540 S/m. The capacitance C determined 
form Eq. 15 is 0.9 pF at the resonant frequency of 3.97 GHz. 

Parametric simulation has been done by varying the resistance (R) and reactance (X) of the 
surface impedance as shown in Figure 69 and Figure 70. 

 

 

Figure 65. Parametric simulation: R=a=20 Ω & X=b varies from -30 to 0. 
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Figure 70. Parametric simulation: X=0 & R=a varies from 1 to 61 Ω. 

 
The results show that by increasing the reactance from -30 to 0 at fixed resistance of 20 Ω, 

return loss increases from -30 to -19 dB while the frequency decreases from 3.96 to 3.8 GHz. In 
case of making the reactance fixed at 0 and resistance variation, it is seen that by increasing the 
resistance from 1 to 61 Ω, return loss increases from -24 to -12 dB as well as the frequency from 
3.8 to 3.93 GHz. 

6.5 Application as a gas sensor 

The ring resonator loaded with graphene film exposed to ammonia gas in order to test its 
sensibility towards the gas. The photo of the lab is shown in Figure 71. 

Sensors were tested in a home-made system where ammonia in helium (450 ppm) was diluted 
with synthetic air by means of flow meters (Teledyne Hastings Instruments HFM 300 controller 
and flow meters HFC 302, Teledyne Hastings, Hampton, VA, USA) in a constant air flow of 1000 
SCCM (standard cubic centimeters per minute). The investigated range of ammonia concentration 
was 1 – 50 ppm.  

All the sensors were heated by a Ni-Cr wire, located underneath the sensor, alimented with a 
DC power supply (Peak Tech, Nanjing, Jiangsu, China). A PT1000 resistance temperature detector 
(RS Pro, London, UK) was used for sensors temperature determination. Two different sensors 
were then tested between 150°C and 250°C in a chamber having a volume of 0.1 L. The films’ 
impedance was measured by means of a LCR meter (Hioki 3533-01, Nagano, Japan) by alimenting 
the sensors with an AC tension of 1 V at 1 kHz. Finally, cross sensitivity measurements were 
carried out towards CH4 (50.0 ppm in air), CO (10.0 ppm in air), N2O (15.0 ppm in air), CO2 
(500.0 ppm in air), O3 (0.5 ppm in air), NO2 (0.1 ppm in air), and humidity (50% of 
relative humidity at room temperature) under the same flow of 1000 SCCM. 
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Figure 71. Gas sensing experiment 

 
The normal ampoule used for this experiment shown in Figure 72. Regarding that our sensor 

has 5 cm length and width and does not pass through the ampoule, a plastic box shown in Figure 
73 used to satisfy our requirements. It is done by making two holes on the top of the box, one for 
passing the gas and the other for passing the Network Analyzer cable. 

 

 
Figure 72. Ampoule 
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Figure 73. The replaced plastic box 

 
The results shown in Figure 74 highlights that the presence of ammonia gas has some effects 

on the return loss as well as the resonant frequency which can be sensed and used as a gas 
sensor. The frequency shift is about 50 MHz from 2.25 GHz for the graphene-loaded ring in air 
to 2.3 GHz for the graphene-loaded ring in ammonia ambient. The return loss for the former is 
about -24 dB when for the latter is around -37 dB. 

 

 
Figure 74. Measurement of graphene-loaded ring resonator in various ambient 
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Chapter 7 

Conclusion 

In this thesis, the material parameters and electrical conductivity of graphene films in the 
microwave region of the electromagnetic spectrum were experimentally investigated. Possible 
application of composite graphene films at the microwave frequencies shows that it is useful in 
wireless (RF) sensor applications. Detailed investigation of the surface morphology of the films 
using SEM, AFM reveals that the graphene filler is was homogeneously dispersed over the film 
surface with a comparatively lower surface roughness at higher concentrations, and negligible 
agglomerates. Uniform distribution of the filler into the composite’s polymeric matrix can be 
achieved, at high graphene (i.e. 33% in weight) concentrations, by a proper combination of binders 
and dispersants (i.e. PVB, PVP, and linoleic acid). Sheet resistance measurement using the four-
probe method on bare films compares reasonably well with the surface resistance derived from a 
full-wave analysis of films printed in between copper electrodes on FR-4 substrate. More 
specifically, an increasing trend in the conductivity, with the number of printed layer and 
concentration of graphene was found. Furthermore, dielectric spectroscopy suggested a low-
frequency (up to tens of MHz) behavior predicated on an insulating matrix (with storage and 
dissipative components) percolated by a conductive filler associated to a chemical (quantum) 
capacitance and to an electron transport resistance.  

Moreover, a circuit model of thick films loaded with different amounts of graphene have been 
presented and discussed. Films made of binder alone, as well as binder plus graphene (weight 
fraction of 12.5% and 25%), were printed across the gap of microstrip lines, and experimentally 
studied to produce a circuit model in ADS. The S-parameter results reveal that low (12.5% in 
weight upon the screen printing paste total mass) graphene loadings have negligible impact on the 
RF properties of the ethyl cellullose binder used for the polymer thick film deposition. Therefore 
lightly loaded graphene films are prone to behave like “lossy” insulators where the dielectric loss 
is dominated by the substrate and binder. On the other hand, S-parameter measurements of  
graphene films 25% in weight fit with an equivalent circuit comprised of a single RC parallel 
element. Such a model can be easily ascribed to the formation of nano-capacitors composed of 
graphene nano-platelets distributed into an insulating matrix (film’s binder and FR-4 substrate). 

In addition, microstrip, patch antenna and ring resonator structures loaded with the graphene 
composites were fabricated to investigate the electrical properties of the films in the microwaves. 
To be added an aperture coupled patch antenna with InterDigitated Capacitor (IDC) loaded with 
graphene film was simulated to investigate the effect of the film in resonance frequency shift. 
Transmission (and reflection) coefficients of copper etched microstrip turned out to depend not 
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only on the graphene concentration but also on the binder composition. Different resonance 
frequency shifts associated to an inductive reactance behavior was found for the various graphene 
concentrations which can be sensed and used as sensor applications such as gas and bio sensors. 
In this study, the focus was on gas sensor application. 

Future studies are focused on realizing the aperture coupled patch antenna with IDC loaded 
with graphene film in laboratory. Investigation on using graphene films in periodic structures in 
microstrip transmission line and measuring its dispersion diagram and transmission coefficient is 
another future objective.  

Further studies to clarify the influence of ethyl cellulose, PVB, PVP different polarity, 
polarizability), and capability of creating hydrogen bonds on the surface impedance of graphene 
in the microwaves region are currently taking place. Moreover, the covalent adsorption of “small 
surfactants” (i.e. linoleic acid) on the graphene surface and its effect on RF electrical properties is 
also being investigated. 
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