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A B S T R A C T   

In the millimeter wave communication frequency band of 5G and coming 6G, the numbers of wireless electronic 
device will explosively grow. With the commitment of long-term carbon neutrality from various countries, metal 
replacement in millimeter wave antennas has become an urgent task to meet the requirements of green and 
sustainable development for the upcoming 5G era. In this paper, for the first time, phased array antennas (PAAs) 
based on highly conductive graphene-assembled film (GAF) were proposed for 5G millimeter wave applications 
with the advantages of light weight and high thermal conductivity. We designed and fabricated two PAAs of four- 
beam directional scanning phased array antenna (DSPAA) and continuous beam scanning phased array antenna 
(CSPAA). GAF linear antenna array has 212.5% wider operating bandwidth and 5 dB lower side lobes compared 
to the copper linear array. Based on GAF linear array and Butler matrix feed network, the GAF DSPAA was 
designed to work at 26 GHz. The GAF DSPAA has four beams with different directions at − 28◦, − 8◦, 6◦ and 22◦

respectively, showing excellent beam pointing performance. Furthermore, the GAF CSPAA demonstrated the 
ability to work in a satisfactory beam coverage ranging from − 28◦ to 28◦, and achieved a maximum radiation 
gain of 25.53 dBi at 26 GHz.   

1. Introduction 

The low frequency band (Sub-6G) of fifth-generation (5G) mobile 
communication has entered large-scale commercial deployment in 
various countries around the world [1]. As an important capacity sup
plement and capability improvement method, 5G millimeter wave 
communication technology has become the research focus of mobile 
communication [2–4]. At the same time, according to the evolution 
cycle of the mobile communication system, research on sixth-generation 
(6G) mobile communication technology is under consideration and 
planning [5–7]. For now, researchers have diverse vision for 6G, such as 
extremely low-power communications (ELPC), long-distance and 
high-mobility communications (LDHMC), and space-air-ground-sea in
tegrated communications (SIC), etc. But in general, it will need the 
support of key technologies in 5G such as millimeter wave communi
cation and Massive MIMO [8]. 

Phased array antenna is a key technology for target detection and 
autonomous driving environment perception [9–11]. In recent years, 
with flexible beam scanning and beamforming performance, millimeter 
wave phased array antennas have become an effective technical 
approach to realize Massive MIMO [12–15]. However, traditional an
tennas are mostly designed with metallic materials which suffer from 
high density, low thermal conductivity, poor corrosion resistance and 
mechanical stability. Especially in base-station communication, re
quirements on high-power handling, more functional and structural 
integration, and complicated deployment environment make metals 
face difficulties in heat dissipation and environmental reliability. 
Moreover, the mining and production of raw metallic materials can 
cause severe environmental pollution resource depletion [16–18]. Till 
now, more than 120 countries and regions around the world have put 
forward the goal of carbon neutrality with raising demands on envi
ronmentally sustainable development [19]. It is, thus, of far-reaching 

* Corresponding author. 
** Corresponding author. 

E-mail addresses: rongguo_song@whut.edu.cn (R. Song), hedaping@whut.edu.cn (D. He).   
1 These authors contributed equally to this work. 

Contents lists available at ScienceDirect 

Carbon 

journal homepage: www.elsevier.com/locate/carbon 

https://doi.org/10.1016/j.carbon.2022.05.026 
Received 8 January 2022; Received in revised form 7 May 2022; Accepted 11 May 2022   

mailto:rongguo_song@whut.edu.cn
mailto:hedaping@whut.edu.cn
www.sciencedirect.com/science/journal/00086223
https://www.elsevier.com/locate/carbon
https://doi.org/10.1016/j.carbon.2022.05.026
https://doi.org/10.1016/j.carbon.2022.05.026
https://doi.org/10.1016/j.carbon.2022.05.026
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbon.2022.05.026&domain=pdf


Carbon 196 (2022) 493–498

494

significance and value to seek new materials for antenna fabrication as it 
is an important and heavily-used part in wireless communication 
systems. 

As the first two-dimensional material discovered in the world [20], 
graphene has excellent electrical, thermal and mechanical properties 
[21–23]. Since its discovery, it has been applied to various fields such as 
biology, chemistry, medical science, and communication [24–27]. In 
our previous work, we prepared a graphene-assembled film (GAF) with 
high conductivity and realized the mass production. GAF has the ad
vantages of light weight, flexibility, mechanical stability and high 
chemical stability compared with metal materials. Based on the GAF, 
various antenna structures have been designed, such as dipole antennas, 
microstrip antennas, wearable antennas, and single-beam millimeter 
wave antennas [28–32]. In addition, a four-beam directional scanning 
phased array based on the substrate integrated waveguide (SIW) Butler 
matrix was proposed [33]. However, the SIW-based feed network of the 
antenna is complicated in design, expensive to process and hard to 
realize continuous beam scanning. 

In this work, we proposed two beam scanning phased array antennas 
based on highly conductive GAF for 5G mobile communication appli
cations. We firstly designed a GAF linear array antenna working at 
26.08 GHz, which conforms to the 5G NR communication frequency 
band proposed by World Radio Communication Conference 2019. The 
GAF linear array antenna has the measured − 10 dB impedance band
width from 25.81 to 26.23 GHz. Based on the GAF linear array antenna, 
a GAF directional scanning phased array antenna (DSPAA) and a 
continuous beam scanning phased array antenna (CSPAA) are designed. 
The test results show that the four beams of DSPAA based on low cost 
microstrip Butler matrix point to − 28◦, − 8◦, 6◦, and 22◦ respectively, 
and the beam of BSPAA can continuously scan in the range of − 28◦–28◦. 
The proposed GAF multibeam and beam scanning phased array antenna 
in this work reveal its valuable prospects in 5G millimeter mobile 
communication. This research has broad prospects for 5G communica
tion, radar, automotive driving and other typical millimeter wave ap
plications requiring phased array antenna. 

2. Characterization of graphene assembled film 

The graphene-assembled film was fabricated in three steps [30]. 
Firstly, the graphene oxide (GO) suspension (purchased from Wuxi 
chenyi education technology Co. Ltd.) with the concentration of 15 
mg/mL was uniformly coated on the polyethylene terephthalate (PET) 
substrate and dried at room temperature to obtain the free-standing 
GO-assembled film (GOAF). Secondly, the GOAF was annealed at 
1300 ◦C for 2hrs and at 2850 ◦C for 1hr in argon (Ar) gas atmosphere. 
Finally, the large area GAF was prepared by a rolling compression 
process with 150 MPa pressure. 

Fig. 1(a) shows the digital photo of free-standing GAF with a large 
area of 70 cm × 55 cm and the density of 1.59 g/cm3, which is only 18% 
of copper (8.65 g/cm3). The GAF can be folded in half three times, as 
shown in the illustration of Fig. 1(b), indicating that the GAF has 
excellent flexibility and mechanical stability. The conductivity of GAF is 
1.1 × 106 S/m tested by Four-Probe Method. In Fig. 1(b), the Raman 
spectrum of GAF shows small D (1344 cm− 1) peak and sharp G (1582 
cm− 1) peak, which proves GAF has less lattice defects and high con
ductivity. As shown in Fig. 1(c), the X-ray diffraction (XRD) pattern 
shows two characteristic graphitic peaks locate at 2θ = 26.5◦ (002) and 
2θ = 54.7◦ (004), respectively. The two characteristic graphitic peaks 
indicate the interlayer spacing of graphene layer is 0.34 nm and also the 
high graphitization structure of GAF. The SEM image in the illustration 
of Fig. 1(c) shows the GAF with thickness of 23 μm has a regular stacking 
structure, which is consistent with the XRD results. In addition, Fig. 1(d) 
illustrates the infrared image of thermal conduction comparison of GAF 
and copper. The GAF has very high thermal conductivity compared with 
copper foil. 

3. Results and discussion 

3.1. GAF linear array antenna 

In order to obtain high gain, narrow beam coverage and high 
directivity, a serially-fed 10-patch microstrip linear array antenna (LAA) 

Fig. 1. (a) The digital photo of GAF with area of 70 cm × 55 cm; (b) The Raman spectrum after being folded in half three times (illustration) of GAF; (c) The XRD 
pattern and SEM image (illustration) of GAF; (d) Thermal conduction comparison of GAF and copper. (A colour version of this figure can be viewed online.) 
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is designed as the element of GAF phased array antenna. Fig. 2(a) shows 
the schematic diagram of the serially-fed GAF linear array. The GAF 
radiation patch (silver white part in Fig. 2(a)) is composed of 10 
microstrip rectangular patches that meet the Taylor distribution in se
ries. The length (l) of all patches is equal, which is the half equivalent 
wavelength of the working frequency in the dielectric substrate. The 
width is symmetric about the center of the GAF linear array, and satisfies 
the Taylor distribution of w1:w2:w3:w4:w5 = 0.27:0.44:0.67:0.88:1. 
Each patch is fed in series by a microstrip line along the x-axis direction. 
In order to ensure that the current phases of the elements of the 
microstrip patch linear array are equal, the length of the feed line with 
the characteristic impedance of 100 Ω is also selected to be half of the 
equivalent wavelength of the working frequency in the dielectric sub
strate. To match the 100-Ω microstrip line to the 50-Ω impedance of the 
input port, a quarter wavelength impedance converter is added to the 
left of the linear array. Rogers RT/duriod 5880 PCB with a thickness of 
0.5 mm, dielectric constant of 2.2 and loss tangent of 0.0009 is selected 
as the dielectric substrate (the gray part in Fig. 2(a)). The structure is 
modelled and simulated in the CST Studio. After parametric optimiza
tion, the structural parameters of the GAF microstrip LAA are shown in 
Table S1. In addition, the current intensity distribution of the GAF LAA 
at 26 GHz is shown in Fig. S1. The maximum current density is in the 
center patch of the LAA, and the patches of two sides are sequentially 
weakened, which has high symmetry. Fig. 2(b) shows the digital photo 
of the optimized GAF antenna produced by the laser engraving method. 
A 2.92 mm coaxial connector is used to facilitate instrument testing. The 
vector network analyzer (Keysight N5247A) is used to test the perfor
mances of GAF LAA. For comparison, the same copper LAA is fabricated 
(shown in Fig. S2) and measured using the same method. Fig. 2(c) de
picts reflection coefficient results of GAF and copper LAA. The GAF LAA 
resonates at 26 GHz with the reflection coefficient of − 39 dB, which 
conforms to the 5G NR communication frequency band proposed by 
World Radio Communication Conference 2019. The measured − 10 dB 
impedance bandwidth is 25.79–26.3 GHz, which is 212.5% of that of 
copper antenna’s 25.92–26.16 GHz. This is because each GAF antenna 
element has a lower Q value than the copper element, resulting in a 
wider bandwidth of the overall array antenna. To further demonstrate 
the radiation performance of the GAF microstrip linear array, the 
measured H-plane and E-plane normalized radiation pattern of GAF and 
copper LAA are shown in Fig. S3 and Fig. 2(d), respectively. With 

comparing the H-plane radiation pattern of GAF LAA, the E-plane ra
diation pattern has a narrow half-power beam width of 10◦, indicating a 
high gain characteristic, which is due to the arrangement of the 10 
patches along the E-plane. More importantly, due to the uniform loss 
characteristics of GAF, the radiation sidelobe of GAF LAA is more than 5 
dB lower than that of copper antenna. The measured gain of the GAF and 
copper LAA are shown in Fig. 2(e). The GAF LAA has a maximum gain of 
15.75 dBi. The radiation efficiency of GAF and copper LAA at 26 GHz are 
83.3% and 90.9%, respectively, as shown in Fig. S4. An efficiency loss of 
7% is acceptable for high gain antenna arrays. 

3.2. GAF four beam directional scanning phased array antenna 

For 5G millimeter wave communications, the high directivity of the 
antenna can bring benefits of strong signal strength, low noise and great 
channel capacity (according to Shannon’s law). However, in order to 
achieve omni-directional coverage of base station signals, higher 
deployment costs will be required. The multi-beam directional scanning 
antenna is a perfect solution to reduce deployment costs while main
taining channel capacity. To reduce cost and facilitate processing, 
microstrip Butler matrix is designed to achieved four beam directional 
scanning phased array antenna (DSPAA). The Butler matrix consists of 
three parts: quadrature hybrids, crossover and phase shifters. The four 
quadrature hybrids, two crossover and four phase shifters are reasonably 
combined to form a four-beam Butler feeding network as shown in 
Fig. S5. Ports 1–4 are the feeding ports of the Butler matrix, and Ports 
5–8 are the corresponding output port connected to the LAA. Each 
feeding port inputs a signal, and the four output ports will generate four 
signals with the same power but different phases. Table S2 summarizes 
the detail of phase changes. Fig. 3(a) is the top view of the microstrip 
GAF Butler matrix. In order to facilitate impedance matching with LAA, 
the Butler matrix microstrip line is designed with a characteristic 
impedance of 100 Ω. Fig. 3(b) shows the simulated results of the phase 
changes in GAF Butler matrix, which is consistent with the expected 
design. The proposed GAF DSPAA containing a Butler matrix and four 
GAF LAAs is shown in Fig. S6. Fig. S7(a) shows the simulated reflection 
coefficient of Ports 1–4. Due to the symmetry of DSPAA about the y-axis 
direction, the reflection coefficients of Port 1 and Port 2 coincide with 
Port 4 and Port 3 respectively. The port isolations of DSPAA are shown in 
Figs. S7(b) and (c). When the ports work individually, the mutual 

Fig. 2. (a, b) The structure diagram (a) and digital photograph (b) of GAF linear array antenna. (c) Simulated and measured reflection coefficient. (d) Measured E- 
plane radiation pattern of GAF LAA and copper LAA. (e) Simulated and measured gain of LAA. (A colour version of this figure can be viewed online.) 
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Fig. 3. (a) The structure of microstrip Butler matrix feeding network (P1-4 are the input ports, P5-8 are the output ports). (b) Phase difference of each output port of 
Butler matrix feeding network. (c) Simulated 3-D radiation patterns with Ports 1–4 excited. (d) Digital photograph of GAF four beam DSPAA. (e) Measured 2-D 
radiation patterns with different ports activated of GAF DSPAA. (A colour version of this figure can be viewed online.) 

Fig. 4. (a) Digital photograph of the GAF CSPAA. (b–d) Measured reflection coefficients (b) and isolations (c, d) of GAF CSPAA. (e) Measured 2-D radiation pattern at 
different scanning angles of GAF CSPAA. (f) The simulated and measured gain of CSPAA within the working frequency band. (g) Simulated 3-D radiation pattern 
when the port phase difference is − 135◦, − 90◦, − 45◦, 45◦, 90◦ and 135◦. (A colour version of this figure can be viewed online.) 
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influence is low. As shown in Fig. 3(c) and Fig. S8, the Beams 1–4 is the 
simulated radiation patterns when the Ports 1–4 of GAF DSPAA are 
activated. The maximum radiation of GAF DSPAA points to four di
rections of − 28◦, − 8◦, 8◦ and 28◦ respectively. The digital photo of GAF 
DSPAA and copper DSPAA are shown in Fig. 3(d) and Fig. S9, respec
tively. As shown the measured reflection coefficients in Figs. S10(a) and 
(b), the GAF DSPAA has awider impedance bandwidth than copper 
DSPAA. In addition, the GAF DSPAA has similiar isolations of each ports 
to the copper DSPAA at 26 GHz, as depicted in Figs. S10(c)–(f). Fig. 3(e) 
and Fig. S11 is the measured H-plane radiation patterns of GAF DSPAA 
and copper DSPAA. The four beams of GAF DSPAA point to − 28◦, − 8◦, 
6◦ and 22◦ respectively, which are consistent with the simulated results 
and copper measured results of − 31◦, − 10◦, 11◦, 31◦. 

3.3. GAF continuous scanning phased array antenna 

DSPAA can detect and transmit information in several fixed di
rections by switching mechanism, but lacks the function of continuous 
beam scanning. Therefore, the GAF continuous scanning phased array 
antenna (CSPAA) is further designed. The GAF LAA is arranged in the H- 
plane direction (y-axis) at interval of one wavelength to form an array. 
Fig. 4(a) and Fig. S13 show the digital photo of the GAF CSPAA and 
copper CSPAA consisting of 12 LAAs, respectively. The position and 
sequence of the 12 GAF LAAs are marked along the y-axis. The measured 
reflection coefficients of GAF and copper CSPAA are shown in Fig. 4(b) 
and Fig. S14(a), which match the simulated results in Fig. S12(a). The 
measured − 10 dB impedance bandwidth of Port 1 of GAF CSPAA is 
25.98–26.38 GHz, which is 200% of that of copper CSPAA’s 
26.16–26.36 GHz. In addition, the measured − 10 dB impedance band
width of port 6 of GAF CSPAA is 210% of that of copper CSPAA, which is 
consistent with the measured result of LAA. The measured isolations of 
Port 1 and Port 6 of GAF CSPAA (Fig. 4(c) and (d)) are consistent with 
the simulated results (Figs. S12(b) and (c)) and copper CSPAA (Figs. S14 
(b) and (c)), which indicate that the port spacing is positively correlated 
with isolation level. The isolation between ports exceeds 35 dB, which 
ensures that they can work independently without adjacent interference 
and has a great influence on the increase of channel capacity during 
wireless signal transmission. Figs. S15(a) and (b) show the schematic 
diagram and photo of the test environment in microwave anechoic 
chamber when the radiation performance of CSPAA was under 
measured. RF signal is generated by vector network analyzer. TMYTEK’s 
BBox can accurately control the phases of the 12 LAAs’ input signals 
independently thus realizing the continuous beam scanning of the GAF 
CSPAA. Fig. 4(e) and Fig. S14(d) show the measured H-plane radiation 
pattern of GAF and copper CSPAA at different scanning angles at 26 
GHz. It can be clearly seen that when the port feeding phase difference 
values are − 135◦, − 90◦, − 45◦, 0◦, 45◦, 90◦, 135◦, the GAF and copper 
CSPAA achieves the same beam pointing to 28◦, 18◦, 9◦, 0◦, − 9◦, − 18◦, 
− 28◦ respectively with the half-power beam width of 5.3◦, which is 
consistent with the simulated results of Fig. S12(d). It should be pointed 
out that for the convenience of testing, only a limited number of angles 
have been selected. In practice, if the feeding phase difference is 
continuously adjusted, the beam direction will also change continu
ously. Fig. 4(f) shows the simulated and measured radiation gain of GAF 
and copper CSPAA between the working frequency band. The GAF 
CPSAA has a maximum gain of 25.9 dBi, which is only 1.2 dB lower than 
that of copper. The 3-D radiation pattern can intuitively show the beam 
direction of the antenna in space. Fig. 4(g) and Fig. S16 show the 
simulated 3-D radiation patterns at different feeding phase differences. 
When the phase difference is zero, the radiation direction of GAF CSPAA 
is perpendicular to the antenna plane (0◦). When the phase difference is 
set to specific values other than zero, CSPAA can obtain continuous 
beam scanning in different directions from − 28◦ to 28◦. 

4. Conclusion 

In conclusion, this work demonstrates 2 mm-wave phased array 
antennas based on highly conductive graphene-assembled film. The GAF 
antennas have good working performance and satisfy the requirements 
of 5G millimeter wave beamforming technology. Compared with copper 
antenna, GAF antenna has better working bandwidth and radiation 
sidelobe performances. The GAF DSPAA has four input ports with four 
beams pointing to − 28◦, − 8◦, 6◦ and 22◦ respectively. Furthermore, the 
GAF CSPAA has a maximum radiation gain of 25.53 dBi at 26 GHz and a 
narrow half-power beam width of 5.3◦, which are similar to the results of 
copper antenna. By changing the phase difference of input signals, the 
beam of GAF CSPAA can be continuously scanned within a range of 
− 28◦–28◦. This research shows a broad application prospect in large- 
capacity, low-latency, and high-density access that are required for 
future 5G millimeter wave wireless communications. At the same time, 
the GAF beamforming technology can also be used for wireless detection 
and sensing applications of millimeter wave radar. 
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