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Abstract. In the applications of millimeter and sub-millimeter wave, the conductivity of metal parts in 
electronic devices can easily degrade when conventional metals like copper are employed. Furthermore, 
oxidation may arise when such devices are utilized in severe environmental conditions. To avoid this, 
conventional conductors such as copper can be coated with other non-active materials to inhibit this 
problem. Monolayer graphene is used in this study as a coating layers for copper in millimeter-wave 
antennas. Two types of graphene coatings are investigated: non-doped and doped monolayer graphene. 
These coatings can either be used as the patch, ground or both conducting layers of a microstrip patch 
antenna. Results showed that coating using doped graphene improves the performance of antenna in 
terms of gain, radiated power and radiation efficiency by 11.81 %, 8.48 %, and 11.48 %, respectively, 
compared to antennas made using copper and coated using gold and non-doped graphene at millimeter-
wave frequencies. Meanwhile, at sub-millimeter wave frequencies, the metal (copper and gold)-based 
antenna showed worse performance compared to millimeter waves. Furthermore, coating of the 
conducting elements for the sub-millimeter wave antenna using doped and non-doped graphene 
improved gain, radiated power and radiation efficiency by 33.94 %, 32.73 % and 32.01 %, respectively, 
for the coating with doped graphene, and about 14.87 %, 16.56 %, and 15.72 % for the coating with non-
doped graphene. This indicates the suitability of graphene-based antennas in both frequency bands and 
the expected levels of improvements for different parameters when these antenna elements are coated 
with doped and non-doped graphene. 
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1. Introduction 

Technologies for 5G and beyond require antennas that offer high gain, capacity, and wide spectrum 
beside the ability of steering. New spectrums have been made available in the millimeter-wave bands 
(MMW) due to the increasingly crowded spectrum used by the preceding generations of communication 
standards. Classical antennas are incapable to serve these new higher frequencies due to the challenges 
in fabrication, which are mainly miniatured 1. In mobile communications antennas, radiation efficiency 
is one of its most significant figures of merit, with power efficiency being one of the most affected 
parameters 2. Various applications in sectors such as military, healthcare, wearable, and etc, requires 
efficient antennas for wireless communications. For example, healthcare-related literature presented the 
application of wireless techniques to monitor and assess patients with Parkinson s disease and freezing 
of gait (FOG). The accuracy of such systems are improved via different designs of body wireless sensor 
networks, and providing quantitative and objective evaluations using different antennas 3 4. 

Materials such as graphene is promising for MMW and sub-MMW band compact antennas as they 
are capable to radiate with higher efficiencies in these frequencies 5. Graphene is a layer of single atom 
carbon, which is suited for application in the MMW frequencies. Due to its consistent conductivity, it 
can be also applied potentially in wireless nanosensors and devices operating in the sub-millimeter-wave 



 

(sub-MMW) band 6. Besides graphene, numerous studies have researched on the employment of highly 
conductive materials in the MMW and sub-MMW bands, such as carbon nanotubes (CNT), carbon black 
and nickel 7. Coating is considered an essential technique in enhancing surface quality and protecting a 
substrate or conductor. Furthermore, coating can prevent corrosion in microelectronic parts, 
interconnects, implantable devices and aerospace components 8. However there is an interesting gap in 
applying graphene as coating material, as its promising potential in improving device properties have 
been identified 79. Moreover, a brief description of the production and functionalization of graphene as 
coating material, its assessment and future perspectives was presented in 10.  

Several recent pioneering studies have highlighted the ability of graphene to efficiently decouple 
their underlying surface from the environment [4-8]. This is due to the inert chemical property of 
graphene which enables its employment as a protective metal layer against oxidation and corrosion in 
electrochemical applications 11. Both monolayer and multilayered graphene films have exhibited 
acceptable transparency 12, indicating that graphene coating does not alter the optical features of the 
metal placed beneath it 13. Moreover, monolayer graphene film is impermeable to the gas molecules 14, 
with a good capability in protecting the underlying metal (copper) against oxidation 15 8. Besides that 
graphene film, generated by using chemical vapor deposition (CVD) process, demonstrated anti-
oxidation ability of the metallic surfaces grown on copper (Cu) and copper/nickel (Cu/Ni) alloys 15. 
Graphene coating of copper increases their resistance to the electrochemical degradation 16, while low-
alloy steels coated with graphene nanocomposite enhanced anticorrosive efficacy by more than three 
orders in comparison to bare steel 17. Graphene can be applied as anti-corrosion coatings of metal 
surfaces via spray-coating onto metallic layer, besides that, posterior annealing also provides an active 
and scalable way to use graphene as a coating material for the protection of metal surfaces 18. The 
widespread use of graphene in the forthcoming decades will result in its considerable reduction in price. 
For instance, the price of the bulk-order CVD monolayer graphene on copper have decreased from 1000 

2) in 2010 to less than 2 2) in 2020 19.  

Based on these recent findings, it is more efficient for copper layers to be coated with graphene for 
use in the MMW and Sub-MMW bands. This is due to the expected degradation of copper conductivity 
in these frequency bands, while simultaneously avoiding the complexity and cost of applying full 
graphene layer as conductor. Besides that, thin graphene coatings over the conventional copper is 
expected to be sufficient to enable conductivity in the MMW and sub-MMW bands due to the small skin 
depth. Moreover, most conventional materials which have been used as protective coating materials for 
such as tin, nickel, and gold (except for silver) are relatively lower in conductivity compared to copper, 
as shown in Table 1 20. Besides conductivity, Tmax indicates the safety, stability and compatibility of 
these materials in complying with the working temperature of graphene 21. Another parameter in this 
table, the crimp contact resistance, relates the ability of the materials as terminal connections in cables 
and devices. For graphene, its crimp contact resistance is dependent on its layer charge density 22, 
therefore resulting in a relatively lower value for doped graphene 23. Nonetheless, the material 
conductivity remains the most significant property in this study among the three aforementioned 
properties 20 2425. This is because the other properties are more critical in other applications in being 
applied as terminal connectors, and such applications are beyond the scope of this work. Furthermore, 
the use of graphene as a tunable element has been investigated extensively in nanophotonics, indicating 
potential in providing a good range of tunability via the control of doping level by an external bias 26. 

Besides offering itself as a low loss coating material to potentially protects its existing conductors, 
graphene provides sufficient conductivity levels capable of enhancing antenna performance in the 
MMW and sub-MMW 27 28. It is expected that the coating of these layers significantly improve gain, 
radiated power and radiation efficiency, besides featuring lower losses. However, the level of 
improvements for such coating is not well-characterized in literature. This work studies antennas 
operating in the MMW and Sub-MMW bands using two types of coatings: non-doped and doped 
monolayer graphene, the values of chemical potential bias (doping) are (0ev and 0.5ev) respectively. 



 

These coatings of conductive layers, patch and ground of antenna, are implemented to examine the level 

our knowledge, such investigation is yet to be reported in literature. The organization of this paper is as 
follows. The following section presents the method of determining the monolayer graphene conductivity 
across the frequencies of interest, followed by the chosen antenna topology, parameters and coating 
configurations. The improvement levels in terms of gain, radiated power and radiation efficiency are 
analyzed between different microstrip antennas made using gold-coated, graphene-coated (non-doped) 
and doped graphene-coated conductors, prior to the concluding remarks. 

2. Materials and methods 

Coating the conducting layers of a microstrip antenna using graphene first requires the calculation and 
characterization of its properties in the MMW and Sub-MMW frequency bands. An elliptical microstrip 
antenna is chosen as subject of investigation to maintain simplicity 29. Its dimensions are listed in Table 
2 for operation in both MMW and Sub-MMW bands. The surface conductivity of the graphene coating 
layer is modelled as an infinite sheet in terms of surface impedance using the Kubo formula.  30 31. The 
total amount of surface conductivity ( ) at the frequency range lower than 5 THz is dominated by the 
intraband factors, whereas the interband factors are less significant. This can be observed in the (real 
and imaginary) surface impedance within MMW and Sub-MMW bands that illustrate in Figures 1. This 
figure shows the surface conductivity of a monolayer graphene and its surface impedance, which is 
calculated based on surface conductivity. 
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where   is conductivity of monolayer graphene which basically includes two parts: the intra and inter 
band conductivity(  , ), the symbols , , e, and  are angular frequency, 
chemical potential, temperature

, respectively.  
Next, to investigate the effect of doping, the graphene layer conductivities are calculated according to 
various chemical potentials, representing the doped graphene (DG). The electrical conductivity of the 
graphene can be improved based on the method by post doping graphene film (GF) using large area 
potassium (GF-K). This then increases the carrier density of the graphene film 32. Conventional graphene 
without any chemical potential is denoted as non-doped graphene (NDG). Then, the calculated values 
of the frequency-dependent surface impedance are used in the modeling of monolayer graphene, which 
will then be inserted into a commercial electromagnetic solver, CST Microwave Studio, to be evaluated 
in the form of a microstrip antenna design 33 34 28. The design parameters of the proposed patch antenna 
are depicted in Table 2.  

The topology of the copper-based antenna (CBA) is shown in Figure 2(a), which has been designed 
on a flexible, thin and lightweight Polyethylene terephthalate (PET) substrate, which features are 
important for wearable antennas 35.  In simulations, this PET substrate is considered as ideal, loss-free. 
Monolayer DG, NDG and gold are then applied as coating onto the copper conducting layers of this 
antenna before further assessments. Figure 2(b) illustrates the topology of the antenna coated using 
monolayer graphene via deposition. Figure 3 summarizes the procedure of this study. Upon completion 
of simulation and optimization for resonance in the desired bands of frequencies (MMW and Sub-MMW 



 

bands), all antennas will be assessed in terms of reflection coefficient, gain, radiated power, and radiated 
efficiency. Radiation efficiency is one of the most significant parameters of antenna, particularly in 
mobile communications. Various methods can be used to calculate radiated or received power, and this 
work applies the directivity-gain method 2 for this purpose.  

 

                                                                                                                     (5) 

The values of gain and directivity here in it is linear scale instead of  in decibels. 

3. Results and discussion 

It is known that the antenna performance is expected to improve if the conducting layers of the 
antenna are coated with materials that have better conductivities 36 . The results showed that the use of 
DG as copper coating material improved the antenna performance parameters in comparison to pure 
copper and gold coating. However, note that the use of NDG does not show much improvement in these 
frequencies, especially in reducing metal losses and improving radiation efficiency. Figure 4 illustrates 
the variations of metal loss for the elliptical patch CBA. When its conducting layers are coated with 
gold, NDG and DG, coating with DG shows the lowest metal loss values. On the other hand, Figure 5 
presents the variation in these parameters for a similar patch antenna designed to operate in the Sub-
MMW band. The curves showed the increase in metal loss in conventional conductors (copper and gold). 
The radiated power for the same coated models at MMW band is shown in Figure 6. Coating with DG 
exhibited the highest radiated power, whereas Figure 7 shows the effect of coating on the radiated power 
from the same antenna in the Sub-MMW band. 

The reflection coefficients of these models in the MMW band are depicted in Figure 8. Coating 
CBA conducting layers using DG exhibited the best (minimum) reflection coefficients, followed by the 
antenna coated using gold. Figure 9 shows the effect of coating using the same materials on the reflection 
coefficient of the same elliptical patch but designed with dimensions that works in the sub-MMW band. 
The slight shift in resonant frequency is caused by the different impedance matching caused by the small 
difference in conductivity. This is because all antenna models have been designed with the same 
dimensions for operation in the same band, either MMwave or sub-MMwave. In Figure 8, the shift of 
resonance between graphene coating and gold coating is small. However, as the frequency increases, the 
variation in graphene conductivity becomes more significant especially when it is being doped. This is 
evident from Figure 9, where the resonant frequency of the 0.5eV doped graphene is slightly shifted 
further from the rest of the curves.  Coating with graphene shows excellent results in this band, besides 
indicating an improved graphene tunability at these frequencies. Figure 10 shows the radiation patterns 
of the copper-based antenna when it is coated with gold and graphene, respectively.  

The performance of the antenna when its conducting layers are coated with gold, NDG and DG for 
both operating bands (MMW and Sub MMW) are summarized in Table 3 and 4, respectively. Based on 
Table 3, the c improved the antenna gain, 
radiated power, and radiation efficiency by about 11.81 %, 8.48 %, and 11.48 %, respectively, compared 
to the uncoated antenna. On the other hand, the results in Table 4 showed that the coating of the antenna 
conducting parts using doped and non-doped graphene improve its gain, radiated power, and radiation 
efficiency by 33.94 %, 32.73 % and 32.01 %, respectively for the DG coating. The same parameters are 
improved by about 14.87 %, 16.56 %, and 15.72 % for the NDG coating. The coating of antenna at the 
sub-MMW band shows better performance improvement that due to the skin effect, where the current is 
mainly concentrated on the surface of conducting layer. The skin depth is inversely proportional with 
frequency, where at high frequencies, most of the current are concentrated in the top layer (coated layer), 
which has a better conductivity compared to the inner (copper) layer in this frequency band 37 38. The 
difference between directivity and realized gain is caused by the loss of dissipated power in the parts of 



 

antenna elements (patch, ground, feedline and substrate), where the metal loss represents a main part of 
it. The improvement of the antenna parameters is owed to the conductivity of graphene, which reduces 
the metal loss of antenna when it is coated with graphene by 98.86 % for DG and 49.76% for NDG at 
Sub-MMW band. Meanwhile, coating of the antenna with DG reduces the metal loss by about 96.61 % 
at MMW band. The difference in performance of graphene coating in the two bands is due to two 
reasons. Firstly, the conductivity of graphene is a frequency dependent property, which is also dependent 
on the level of doping. Secondly, the changing skin effect (due to frequency) in the two distinct bands 
also affects the overall performance of the antenna.     

4. Conclusions 

The use of graphene and gold as the coating for copper conductors in an elliptical microstrip antenna 
is proposed and investigated. The frequency-dependent surface impedance of monolayer (non-doped 
and doped) graphene is firstly calculated before being inserted into the electromagnetic solver. Their 
properties are then applied as a coating layer on different elliptical microstrip antennas operating in the 
MMW and sub-MMW band. Results indicated that coating the conducting layers of the copper-based 
antenna using doped graphene improved the performance of the antenna most efficiently in these 
frequency range, in terms of gain, radiation efficiency and radiated power. The use of NDG coating 
exhibited similar or slightly lesser performance compared to the pure copper antenna and the antenna 
with copper coated using gold. In addition to that, it is also noticed that the copper- and gold-based 
antennas have poorer performance than that of graphene-based antenna in the sub-MMW band.  Finally, 
it can be concluded that the performance of the elliptical patch antenna can be improved depending on 
coating technology. Coating of the antenna  conducting parts using doped graphene in the MMW band 
on average improved the antenna performance by between 8.48 % and 11.81% compared to the uncoated 
antenna. Meanwhile, coating the conducting parts of the antenna using doped and non-doped graphene 
improved its performance by about 32 % to 33.94 % and 14.87 % to 16.56 %, respectively in the sub-
MMW band. Moreover, graphene as coating material provides similar (and better) conductivity as gold 
in these frequency bands of interest. In addition to that, simulation results of graphene coated copper 
antennas and fully (direct) graphene antenna showed an approximately similar performance, potentially 
reducing the use of graphene. Finally, this work shown that the graphene-based antenna is suitable for 
beyond 5G applications due to the flexibility and lightweight features of the monolayer graphene coating 
on conventional copper conductor.  
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 Table 1: Properties of Coating (plating) Material 39 20 

 Tin Silver Nickel Gold CNT 40 Graphene 




















