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ABSTRACT

We demonstrate a flexible radiofrequency filter based on graphene assembly films with a high conductivity up to 106 S/m and a thickness of
10lm. The flexible high-conductivity graphene film (HCGF) used in the filter has a fifth-order low-pass Chebyshev frequency response, and
it operates at 3.6 GHz with a 0.82 dB in-band maximum insertion loss and 26.21 dB insertion loss at 5 GHz. Such performance observed in
the HCGF-based flexible filters is comparable to that of commercial copper-based filters in passband and roll-off. The HCGF exhibits good
mechanical flexibility even after 200 cycles of bending. Nearly no mechanical failure or performance degradation occurs during 20 cycles of
0�–50� bending for the flexible HCGF filter. Our results suggest that the flexible HCGF filter has good repetitive bending stability. This makes
this type of filter suitable for future applications in flexible wireless communication.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5074172

The development of flexible electronics offers benefits in a wide-
variety of potential applications. Major advantages over conventional
rigid electronics are in weight, volume, and portability. More specifi-
cally, flexible devices can be used in areas such as portable displays,
conformable radio frequency identification (RFID) tags, and wearable
health care.1–3 Therefore, wireless communication systems based on
flexible electronics have received considerable attention over the recent
years. Flexible components have been explored for modern wireless
communication systems, such as antennas, transmission lines, filters,
and inductors.4–7 However, the study of high-performance flexible
filters for suppressing spurious signals and interferences in the wireless
communication systems is far less explored and still an active subject
for research.8

Introducing flexibility into commercial filters has been attempted
by adoption of flexible substrates, such as liquid crystal polymers
(LCP), LCP copper clad substrates, and polydimethylsiloxane
(PDMS).9–11 These proposed materials with good mechanical flexibil-
ity can be fabricated from a low-temperature process, although the
conductor strips of filters are still based on traditional rigid solid

metals. To achieve the flexibility of conductor strips, liquid metal has
been used.12,13 However, the fabrication process is quite complicated
and difficult to control accurately. Therefore, a flexible material for
convenient fabrication will be the driving force to promote the devel-
opment of flexible filters.

Graphene is a very promising material for wireless wearable com-
munication applications owing to its high conductivity and other
unique properties. In previous reports, graphene-based filters have
demonstrated good performances in Terahertz frequencies, including
stepped impedance low-pass,14 flat-top band-pass,15 and band-stop
graphene filters,16 while those in microwave frequencies have barely
been covered so far. This is because the graphene filter is generally
based on monolayer graphene, which has a high sheet resistance and
relatively low conductivity,17,18 causing large insertion losses in the
microwave band. On the other hand, in our previous work, we have
reported that graphene assembly films consisting of multilayer
graphene nanosheets have low sheet resistance and excellent planar
conductivity.19 Moreover, flexible high-conductivity graphene films
(HCGFs) exhibit better mechanical toughness and flexibility than
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traditional rigid solid metal films, as well as offering an easier process
of production compared to that for liquid metal processes. These
properties make the HCGF a perfect candidate for flexible microwave
filters with high performance.

In this paper, we demonstrate a flexible low-pass filter (LPF) based
on the HCGF material. The flexible LPF operates at 3.6GHz with
0.82dB in-band maximum insertion loss and 26.21 dB insertion loss at
5GHz. Added stubs are designed to extend the 20dB rejection stop-
band from 5GHz to more than 12GHz. Significantly, the proposed fil-
ter is insensitive to bending deformation, since there are no signs of
degradation in both structural integrity and performance of the filter
after having been repeatedly bend with different angles and times.

The HCGF was fabricated by the following steps. First, a gra-
phene oxide (GO) suspension was diluted with ultrapure water to
obtain a GO aqueous solution with a concentration of 15mg/ml.
Thereafter, the diluted GO aqueous solution was dropped on a poly-
ethylene terephthalate (PET) film and then evaporated at room tem-
perature to obtain the GO assembly films.20 Second, the GO assembly
films were annealed at 1300 �C for 2 h and then at 2850 �C for 1 h in
an argon (Ar) gas flow environment. Finally, the HCGF quality was
achieved by a rolling compression process. Figure 1(a) shows the pho-
tograph of the HCGF indicating excellent flexibility. Scanning electron
microscopy [SEM; Fig. 1(b)] shows that HCGF is based on an assem-
bly or ordered stack of graphene layers with a total thickness of
�10lm. Figure 1(c) shows the X-ray diffraction (XRD) pattern of the
HCGF. The characteristic graphitic peak is located at 2h¼ 26.5�,
which indicates that the HCGF has a regular packing of graphene
layers and with an interlayer spacing (002) of �0.34 nm. A schematic
diagram is shown in the inset of Fig. 1(c). The strong intensity of the
diffraction peak (004) indicates a high degree of graphitization and
order in the HCGF material. Figure 1(d) illustrates the mechanical sta-
bility of the HCGF material. The HCGF material and wires were fixed
with two insulated clamps. Electrical resistance was measured by using
a digital multimeter (Agilent U1242B). After 200 cycles of bending
tests with bending speeds of 2Hz and bending degrees of 0� (initial

state) and 80� (bend state), the relative volume resistance of the HCGF
almost remains constant.

The specifications for the LPF under consideration are as follows:
the filter has a low-pass Chebyshev frequency response with a 3 dB
cut-off frequency of 3.6GHz and a very wide rejection band, and the
out-of-band insertion loss at 5GHz is expected to be higher than
20 dB. According to these requirements and the normalized frequency
curve of a Chebyshev filter,21 the fifth-order low-pass prototype with
Chebyshev response is chosen. Discrete inductance (L) and capaci-
tance (C) values are shown in Fig. 2(a) and can be calculated using the
following equations:

L2 ¼ L4 ¼
Z0g2
2pfc
¼ Z0g4

2pfc
; (1)

C1 ¼ C5 ¼
g1

Z02pfc
¼ g5

Z02pfc
; (2)

C3 ¼
g3

Z02pfc
: (3)

Here, the normalized element values are22 g0¼ g6¼ 1, g1¼ g5
¼ 1.7058, g2¼ g4¼ 1.2296, g3¼ 2.5408, Z0¼ 50 X, and fc is the cut-off
frequency. When the circuit is implemented using a microstrip line,
the series inductance can be replaced by a high impedance line. A
shunt capacitor is realized with an open-circuited stub. The lengths of
high-impedance lines (lL) and open-circuited stub (lC) are obtained,
respectively, using the following equations:

lC ¼
kgC
2p

tan�1 2pfcZ0CCð Þ; (4)

lL ¼
kgL
2p

sin�1
2pfcL
Z0L

� �
: (5)

FIG. 1. (a) Photograph showing the graphene film. (b) Cross-sectional SEM image.
(c) XRD pattern and a schematic diagram of the ordered stacking structure (inset).
(d) Photograph showing stability testing for the HCGF.

FIG. 2. The design of the HCGF filter. (a) The circuit diagram. (b) The 3D geometric
model of the HCGF filter, w0¼ 2.42mm, w1¼ 9.10mm, w2¼ 0.40mm, w3
¼ 10.00 mm, w4¼ 1.00mm, l0¼ 10.00 mm, l1¼ 3.10mm, l2¼ 4.20 mm,
l3¼ 5.60 mm, and l4¼ 5.00mm. (c) Insertion losses of the filter for various conduc-
tivities of the filter (r). (d) The simulated jS11j and jS21j responses of the designed
filter with and without added stubs.
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Here, kgC and kgL are the dielectric wavelength of inductance and the
dielectric wavelength of capacitance, respectively. The characteristic
impedance of the high-impedance lines (Z0L) is set as 110 X, while
the characteristic impedance of open-circuited stub (Z0C) is chosen as
15 X.

Based on the filter obtained by the above method, the transmis-
sion zero point is obtained by parallel added stubs on the high imped-
ance line, which allows realization of a better stop-band response.23

The electrical length of the open-circuited stub is calculated using the
following equation:

bl5 ¼ 2kþ 1ð Þp
2
: (6)

In the simplest case, k¼ 0 and b is the phase change constant, which
is 2p/k0. The lengths (l1, l2, l3, l4, and l5) and widths (w1, w2, w3, w4,
and w5) of the microstrip line sections can be obtained, as shown in
Fig. 2(b).

The design process of the HCGF based filter is demonstrated in
Figs. 2(a) and 2(b), which display the circuit diagram and the 3D geo-
metric model of the flexible LPF, respectively. The LPF consists of
three layers, including the HCGF conductor strip, substrate, and
ground from top to bottom. In addition, the outline of the LPF con-
sists of two 50 X lines at two sides, five low- and high-impedance lines
in the middle, and two added stubs on both sides. To ensure the best
effect of the filter, the calculated values are optimized by simulation.
The flexible LPF is fabricated on a Ro5880 substrate with a relative
permittivity er of 2.2 and a thickness d of 0.787mm. Figure 2(c) shows
the insertion loss of the LPF for various conductivities r of the gra-
phene film. The values of conductivity are set to 1.1� 103 S/m,
1.1� 104 S/m, 1.1� 105 S/m, and 1.1� 106 S/m. The insertion losses
in the passband increase with the decrease in r, which is mainly
caused by the conductive losses. The corresponding insertion losses at
2GHz deteriorates from 0.36 dB to 0.85 dB, 2.15 dB, and 5.28 dB.
Figure 2(d) shows the simulated results of the proposed filter with and
without parallel added stubs. It can be observed that the stopband
enormously broadens with the parallel added stubs, which can be
extended from 5GHz to more than 12GHz, and higher-order har-
monics are suppressed. Besides, the parallel added stubs do not affect
the jS11j of the filter.

The surface current distributions of the HCGF filter at 2 GHz
and 5GHz are shown in Figs. 3(a) and 3(b), respectively. In the pass-
band at 2GHz, low loss propagation of the signal can be realized using
the HCGF filter. In the stopband, the electric signal at 5GHz is
restrained inside the low-pass filter. These results show the effective
selectivity of signal propagation in the passband and stopband. The
proposed filter is measured with a Network Analyzer (PNA, Keysight
N5247A). Under flat circumstances, the simulated and measured S-
parameters of filters are shown in Figs. 3(c) and 3(d). There is good
agreement between the simulated and measured results. Figures 3(c)
and 3(d) show that two poles of jS11j and transmission zeros of jS21j
are generated for providing the expected bandpass characteristics and
sharp frequency response, and it has a maximum insertion of up to
0.82 dB in the passband. The measured result of out-of-band insertion
loss is 26.21 dB at 5GHz, which meets the design requirements. The
LPF shows good stopband effects indicating that a 20 dB rejection
stopband can be extended to more than 12GHz, as shown in Fig. 3(d).
To further study the flexibility properties of the LPF, we repeatedly

bend the filter along the X axis at an angle of h as shown in Fig. 4(a).
Figure 4(b) shows the prototypes of filters with different angles. We
compared jS11j and jS21j responses between the flat condition (0�) and
the bend condition (10�, 20�, 30�, 40�, and 50�) in Figs. 4(c) and 4(d).
The jS11j results show that the minimum return losses in flat condi-
tions are 14.31 dB, and the change in values of the minimum return
loss from angles of 10�, 20�, 30�, 40�, and 50� is 0.7 dB, 1.67 dB,
0.40 dB, 1.12 dB, and 0.28 dB, respectively. The two poles of jS11j are
basically unchanged, which are around 2.3GHz and 3.1GHz in Fig.
4(c). The measured results of cutoff frequency at 0�–50� are almost
around 3.6GHz in Fig. 4(d). Compared with the flat condition, when
folded angle h is altered to the aforementioned values, the

FIG. 3. (a) The simulated current distribution of the filter in the passband. (b) The
simulated current distribution of the filter in the stopband. (c) Simulated and mea-
sured S-parameters for the filter. (d) jS21j responses for the filter.

FIG. 4. (a) Drawing to illustrate the flexibility property of the HCGF filter and the
model of filter bending. (b) Photographs showing the prototypes of filters with differ-
ent bend angles. (c) jS11j responses of the filter for various angles. (d) jS21j
responses of the filter for various angles.
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corresponding maximum insertion loss is increased by 0.27 dB,
0.21 dB, 0.12 dB, 0.29 dB, and 0.63 dB, respectively, in Fig. 4(d).
Compared with flat conditions, there are very small changes of the
jS11j, jS21j, cutoff frequency, and poles. Therefore, the proposed LPF
made by HCGF shows excellent flexibility, which can still maintain
good performance during bending cycles.

To further investigate the stability of HCGF LPF, a copper filter
with the same size was fabricated. Figure 5(a) shows the measured
jS11j and jS21j of the HCGF filter in the flat state, bent at 50� and then
restored to 0� for 20 times. The result shows that the curve of bending
20 times overlaps with the curve when unbent, indicating that the sta-
bility performance of the flexible filter is well preserved. Figure 5(b)
shows the same fatigue testing for the copper filter. The values of jS21j
of the copper filter are all under the 20 dB after bending only 1 time,
which means that the copper filter is performing poorly. The loss of
performance for the traditional copper filter mainly results from metal
fatigue. Figure 5(c) shows prototypes of graphene and copper filters
and their partially enlarged drawing. The labeled microstrip line is
magnified 30 times and observed by optical microscopy. It is shown
that progressive and localized structural damage occurs when copper
is subjected to cyclic loading. Once the load is above a threshold for
copper, microscopic cracks begin to form at grain interfaces, and the
structure starts to fracture.24 In Fig. 5(c), there are several obvious
breaks in the microstrip line of the filter, which leads to the failure of
the filter. However, the surface of graphene is still smooth and intact
even after 20 cycles of repetitive bending. The stability of the graphene
filter was significantly improved compared with that of the traditional
copper filter, which will substantially increase the service life of the
flexible filter.

In summary, a flexible microstrip low-pass filter based on HCGF
is investigated and verified through simulation and measurement. The
flexible filter operates at 3.6GHz with 0.82 dB in-band maximum
insertion losses and it possesses 26.21 dB insertion losses at 5GHz.
Added stubs are applied to realize a wider stopband for extending the
20 dB rejection stopband beyond 12GHz. The designed filter exhibits

insensitivity to bending. Compared with the traditional copper film
devices, the HCGF filter keeps surface smoothness and remains intact
after repeated bending, while obtaining better durability and mechani-
cal flexibility. The proposed filter has potential for applications in 5G
communication systems as well as in wearable and implantable
electronics.

This work was supported by the National Natural Science
Foundation of China (51672204 and 51701146) and Foundation of
National Key Laboratory on Electromagnetic Environment Effects (No.
614220504030617).
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