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Abstract—This paper presents the design and fabrication of a 

broadband microstrip attenuator, operating at 1-20 GHz, based 

on few layer graphene (FLG) flakes. The RF performance of the 

attenuator has been analyzed in depth. In particular, the use of 

graphene as a variable resistor is discussed and experimentally 

characterized at microwave frequencies. The structure of the 

graphene-based attenuator integrates a micrometric-layer of 

graphene flakes deposited on an air gap in a microstrip line. As 

highlighted in the experiments, the graphene film can range from 

being a discrete conductor to a highly resistive material, 

depending on the externally applied voltage. As experimental 

evidence, it is verified that the application of a proper voltage 

through two bias tees, changes the surface resistivity of graphene, 

and induces a significant change of insertion loss of the 

microstrip attenuator. 
 

Index Terms—Graphene, microstrip lines, nanoelectronics, 

tunable microwave devices. 

I. INTRODUCTION 

HE UNIQUE ELECTRONIC PROPERTIES of single layer 

graphene triggered a massive effort in theoretical and 

experimental characterization of this new material. Besides 

graphene, more and more attention, as witnessed by a huge 

number of publications [1-5], is paid to few layer graphene 

(FLG), a promising material for electronic applications. The 

possibility to open a band gap in FLG, namely bilayer 

graphene, by application of a perpendicular electric field, or 

by surface metal adsorption, enables the fabrication of 

effective graphene FET with current on/off ratio exceeding 

that of single layer graphene by one order of magnitude or 

more [1]. The physics of multilayer graphene includes the 

study of the sequence of graphene sheets that brings about the 

various 3D graphite crystals: for instance, bilayer graphene 

could be hexagonal simple or Bernal bilayer graphene [6]. 

FLG has sheet conductivity as low as about 10 /square in 

case of high quality suspended films [4], but typical values are 

in the range of 100-1000 /square.  
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Owing to its outstanding properties, graphene is used in 

radio-frequency nanoelectronics [7-9] to realize novel high-

speed devices such as field effect transistors [10], frequency 

multipliers [11], transparent solar cells [12], meta-materials 

[13], and graphene plasmonics [14]. Nevertheless, the 

possibility of using graphene in passively guided devices and 

antennas from microwaves to THz has been less explored 

[15]-[16]. This is mainly because such structures require 

electric sizes in the order of the electromagnetic wavelength, 

while the size of the first available graphene samples was 

much smaller. However, graphene chemical vapor deposition 

(CVD) currently allows obtaining samples of up to several 

centimeters, which has increased the research interest for 

realizing passive devices at such frequencies [17].  

In previous works [18]-[21], the potential application of 

graphene for the implementation of tunable microstrip 

components has been investigated only theoretically. In 

particular,  [18] reports the design of a graphene-based 

electronically tunable microstrip attenuator, operating at 5 

GHz with approximately 1 GHz bandwidth.  

In this paper, we experimentally demonstrate the use of FLG 

as a broadband tunable resistor at microwave frequencies. In 

particular, we present the design, fabrication, and testing of a 

graphene-based electronically tunable microstrip attenuator 

operating from 1 GHz up to 20 GHz. An innovative 

fabrication process of FLG is presented in Sec. II. The 

experimental verification of the tunable microstrip attenuator 

is reported in Sec. III. Some final remarks are reported in Sec. 

IV. This concept lays the groundwork for the development of 

tunable microwave and mm-wave passive components, likely 

to represent the fundamental building blocks for future 

transmitting/receiving (T/R) modules for nanoscale 

microwave communication systems.  

II. GRAPHENE FABRICATION: AN INNOVATIVE TECHNIQUE   

Standard graphene fabrication methods include three 

techniques, i.e., exfoliation, epitaxial growth, and chemical 

vapour deposition (CVD) on metal. In the first method a 

scotch tape technique is employed. In the second one, silicon 

is thermally desorbed and the result is a sublimation of Si 

atoms from the surface of the SiC (in ultra-high vacuum). In 

the CVD on metal catalyst, typically Ni, Cu, Ru, Ir, TiC, TaC, 

are in use. The process occurs at temperatures 850-1000°C. 

Afterwards, the graphene gets transferred to desired substrates, 

by suitable techniques [22]. The CVD graphene fabrication 

method has a high potential for large areas (roll to roll 

production) [23]. It has the potential to enable monolayer vs. 

multilayer control (thanks to solubility features). 
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Fig. 1. Expandable graphite intercalated with chemical substances, 

before a), c) and after b), d) microwave irradiation-induced thermal 

expansion. 
 

 

Moreover, it can yield samples of good quality (depending on 

grain boundaries, defects etc.). A variant of the CVD 

deposition technique, is described in [24], where the few-layer 

graphene was synthesized in the absence of any metallic 

catalyst by microwave plasma enhanced CVD with gas 

mixtures of methane and hydrogen. 

The deposit consists of nanostructures that are several 

micrometers wide, highly crystalline stacks of four to six 

atomic layers of graphene, aligned vertically to the substrate 

surface. Then a comparative study of the electric field 

emission behavior of vertically aligned few-layer graphene 

and carbon nanotubes was evaluated in a parallel plate type 

setup in [25]. In the current design, the adopted graphene 

patch was obtained by means of an innovative technique 

introduced recently by the authors [26]. Expandable graphite 

produced and commercialized by Asbury is used as a source to 

obtain graphene nanoplatelets. This kind of expandable 

graphite is intercalated with chemical substances, normally 

sulfates and nitrates, inserted between the graphene planes of 

the graphite. As the material undergoes a sudden thermal 

shock, the intercalating substances vaporize: hence the gas 

exerts a pressure between neighboring planes, which then 

separates them, thus exfoliating the material. The fabrication 

method is a variant of the customary thermal expansion 

obtained in a more conventional oven: normally treatments of 

such a kind are carried out in ovens where the temperature is 

kept about 1000°C. 

The procedure realized by the authors is based instead upon 

the use of a normal household microwave (MW) oven: the 

MW irradiation of the sample produces a sudden heating of 

the graphite and the vaporization of the intercalating 

substances, which, in turn, modify the air dielectric properties, 

causes a series of sparks that self-feed the process.  

During the latter, the temperature grows above 1000°C.   
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2. Worm like structures obtained after the MW irradiation-

induced thermal expansion of the intercalated graphite. The scanning 

electron microscope micrographs show the implications of the 

expansion process on the intercalated multilayer graphite. 
 

 

The procedure based on MW irradiation yields several 

advantages, with respect to the customary heating in a 

conventional oven, namely it is cheaper and “green” (just 

about 10 sec of MW irradiation vs. the amount of energy 

needed in order to heat up the normal oven and maintain its 

temperature at a constantly high value), very fast, very safe, as 

the operator does not need introducing the intercalated, 

expandable graphite in a high temperature environment (e.g., 

as in a conventional oven), and eco-friendly (as it is solvent-

free).  

After the MW irradiation-induced thermal expansion, the 

samples appear to have the following morphological and 

structural characteristics (Fig. 1): worm like structure, very 

large particle area, thickness: 6±3 planes. To be specific, after 

the expansion of the intercalated graphite, the obtained 

 

      
 

Fig. 3. Graphene nanoplatelets freed from the worm like overall 

structure. The images show particles with the two dimensional lateral 

sides having sizes about tens micrometers and a thickness less than 

5 nm. 
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Fig. 4. Geometry of the measurement setup of the graphene-based 

microstrip attenuator. 

 

samples, in the form of worm like structures, are seen in 

Fig. 2. The scanning electron microscope micrographs show 

how the intercalated multilayer graphite turns out to have 

undergone an expansion process. By means of a short 

treatment with ultrasound in isopropylic alcohol, the graphene 

nanoplatelets can be freed from the worm like overall 

structure, thus forming particles with the two dimensional 

lateral sides having sizes about tens micrometers and a 

thickness less than 5 nm (i.e., several layers), see Fig. 3.  

III. TUNABLE MICROSTRIP ATTENUATOR 

A. Design of the Tunable Attenuator 

The graphene-based microstrip attenuator consists of a 

microstrip line with a gap, where the FLG is located. The 

circuit is designed on a TSM-DS3 Taconic dielectric substrate 

with thickness h=254 m, r=3.0 tan=0.0011, and metal 

thickness t=17 m (Fig. 4). To obtain 50- microstrip lines, a 

width W=620 m was adopted. The length of the gap is 

L=500 m. The gap area is filled with graphene nanoplatelets 

(Fig. 3), with dimension in the order of 5-10 m. 

The schematic of the experimental set-up is shown in Fig. 4: 

the structure consists of the microstrip line with a gap, where 

the FLG is located, and two bias tees to proper bias the 

graphene. The operation principle of the attenuator is based on 

the tuning of the graphene resistance, as discussed in  [18]-

[21]. Differently from previous works, the bias of the 

graphene is performed by using commercial bias tees, which 

allow for broadband operation. 

The electromagnetic modeling of the structure is based on a 

commercial FEM solver, where the graphene is modeled as an 

infinitely thin resistive patch with assigned resistance . 

Fig. 5a shows the simulated scattering parameters of the 

structure, for different values of  (20, 80, and 150 /square). 

The simulation results show the broadband performance of the 

structure. In addition, it is interesting to analyze the different 

contributions to the insertion loss, coming from reflection 

(|S11|2) and dissipation (1-|S11|2-|S21|2): for small values of 

graphene resistance, the major contribution to the insertion 

loss comes from dissipation, whereas for higher values of  

the contribution of reflection and dissipation are comparable 

(Fig. 5b). Note that the same effect can be practically obtained 

by using a circuit with two 50- microstrip lines connected to 

a series lumped resistor, with resistance R= L/W.  

 
(a) 

 
(b) 

Fig. 5. Simulated frequency response of the microstrip attenuator: 

(a) scattering parameters, for different values of the surface resistance 

(solid lines refer to |S21|, dashed lines refer to |S11|); (b) different 

components of insertion loss at the frequency of 10 GHz. 

 

B. Experimental Validation 

A prototype of the microstrip attenuator has been fabricated 

to verify the electromagnetic performance and tunability of the 

proposed structure. The manufacturing of the circuit has been 

performed by using a LPKF micro-milling machine. A 45° 

slope between the microstrip line and the gap has been 

introduced, to guarantee a better deposition of the graphene 

nanoplatelets (Fig. 6a).  

DC and RF measurements have been performed by using 

the setup shown in Fig. 6b, which includes an Anritsu test 

fixture UTF 3680-20 and two bias tees SigaTek SB14D2. The 

measurements were performed with different values of DC 

voltage VDC applied to the bias tees. For each value of DC 

voltage, DC current and insertion loss in the frequency band 

from 1 to 20 GHz were measured. For RF measurements, the 

calibration was performed at the SMA connectors of the test 

fixture, thus removing the effect of the bias tees (calibration 

ports in Fig. 6b).  

Fig. 7 shows the value of DC current IDC entering the bias 

tee and passing through the graphene patch versus DC bias 

voltage, and the resulting DC resistance R=VDC/IDC. The value 

of R for zero bias voltage was measured by using a 

multimeter. Current IDC increases with increasing VDC, which 

corresponds to decreasing resistance R (from approximately 

R=1.1 k at VDC=0 to R=40  at VDC=5.5 V).  

The measured insertion loss is shown in Fig. 8 for different 

values of DC bias voltage. Due to the position of the 

calibration ports, this insertion loss accounts for losses of the 
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(a) 

 
(b) 

Fig. 6. Experimental verification of the graphene-based microstrip 

attenuator: (a) microscope photograph of the prototype, showing a 

microstrip line and the gap region; (b) photograph of the 

measurement setup.  

microstrip lines and the graphene patch only. The tunability of 

the insertion loss is observed over the entire frequency range. 

In particular, a larger tuning range is achieved at lower 

frequency (5.5 dB at 1 GHz), while smaller values down to 2.5 

dB are achieved at the frequency of 20 GHz. 

The measured insertion loss at 10 GHz versus DC bias 

voltage is shown in Fig. 9a: the insertion loss does not change 

significantly for low values of DC voltage, and it rapidly 

decreases for VDC>2 V. A tuning range of approximately 4.5 

dB was measured. The insertion loss can be shown in a more 

effective way versus R= L/W, in order to compare 

experimental results with simulations (Fig. 9b). Two major 

phenomena can be observed: the measurement results exhibit 

saturation for large values of resistance, and there is a shift 

between simulation and measurement results. The saturation 

effect is due to the (finite) maximum value of graphene 

resistance, which does not grow to infinity (Fig. 7). The shift 

is partially due to additional losses, but there is another 

possible explanation: the fabricated graphene patch is larger 

than the gap area, and consequently the value of R measured at 

DC results lower than the effective graphene resistance at RF 

frequency. Therefore, the measured curve of insertion loss is 

shifted towards lower values of resistance. 

  
Fig. 7. Measured DC current and DC resistance of the graphene-

based microstrip attenuator. 

 
Fig. 8. RF measured insertion loss of the attenuator versus frequency, 

for different value of the bias voltage VDC. 

When setting a value of bias voltage of 6 V the circuit 

breaks. As observed in Fig. 7, the DC current grows 

significantly when increasing the DC bias voltage. For a bias 

voltage VDC=5.5 V, the measured current is IDC=140 mA, 

corresponding to a total DC power of 0.77 W dissipated by the 

graphene patch. Preliminary thermal measurements performed 

by using a thermo camera show a temperature increase up to 

80°C. This value could be underestimated, as the camera 

makes an average of the graphene area and surroundings.  

 

C. Final Remarks 

The proposed device is not directly comparable with 

commercial devices and microwave attenuators based on  

state-of-the-art technologies, e.g., solid-state attenuators, in 

terms of compactness and overall performance (accuracy, 

repeatability, achievable levels of resistance, attenuation, etc.). 

However, the main purpose of the present contribution is to 

demonstrate the possibility of using a novel material, based on 

stacked graphene, for microwave applications. To this aim, a 

complete characterization of the material, including 

breakdown features, has been carried out. Moreover, many 

technical and practical issues have been overcome, like correct 

deposition/positioning of graphene flakes and shaping of the 

microstrip gap. The achieved practical solution is very 

preliminary: nonetheless, it shows an appreciable attenuating 

effect, besides a wide operation bandwidth. Further 

improvements of the present configuration are on their way to 

design and fabrication, as the object of further work. 
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(a) 

 
(b) 

Fig. 9. RF measured performance of the graphene-based microstrip 

attenuator: (a) measured insertion loss at 10 GHz versus DC bias 

voltage; (b) simulated and measured insertion loss at 10 GHz versus 

graphene resistance. 

IV. CONCLUSION 

The use of graphene as a variable resistor has been discussed and 

experimentally demonstrated in this paper with the aim of 

implementing an electronically tunable microstrip attenuator. The 

attenuator consists of a microstrip line with a gap, filled with 

graphene nanoplatelets. The graphene patch was obtained by means 

of an innovative technique, based on thermal shock. Depending on 

the applied voltage (which in turn modifies the resistance of 

graphene), the proposed attenuator exhibits a measured tunability of 

the insertion loss up to 5.5 dB. The attenuator presents broadband 

performance, measured from 1 to 20 GHz. The concept discussed in 

this specific case can be easily extended to several classes of passive 

microwave and mm-wave components in microstrip, coplanar, and 

substrate integrated waveguide technology.  
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