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Abstract: In this paper, a radio frequency identification (RFID) tag is designed and fabricated based on
highly electrical and thermal conductive graphene films. The tag operates in the ultrahigh-frequency
(UHF) band, which is suitable for high-power microwave environments of at least 800 W. We designed
the protection structure to avoid charge accumulation at the antenna’s critical positions. In the initial
state, the read range of the anti-high-power microwave graphene film tag (AMGFT) is 10.43 m at
915 MHz. During the microwave heating experiment, the aluminum tag causes a visible electric spark
phenomenon, which ablates the aluminum tag and its attachment, resulting in tag failure and serious
safety issues. In contrast, the AMGFT is intact, with its entire read range curve growing and returning
to its initial position as its temperature steadily decreases back to room temperature. In addition,
the proposed dual-frequency tag further confirms the anti-high-power microwave performance of
graphene film tags and provides a multi-scenario interactive application.

Keywords: RFID tag; anti-high-power microwave; graphene films; highly thermal conductivity; UHF

1. Introduction

RFID technology belongs to the sensing layer of the Internet of Things (IoT), which is
a non-contact, real-time, quick, secure, and accurate automatic identification technology
that is used extensively in the monitoring of logistics, unmanned retail, healthcare, and
other fields [1-5]. However, as high-power microwave research continues, military and
medical fields are flooded with electromagnetic waves, and accordingly, RFID tags in this
application need to be able to work safely under long-term exposure to microwave radiation.
Current metal antenna-based RFID tags cannot be worked in high-power microwave
environments such as microwave ovens. This is because the strong electromagnetic field
causes charge accumulation on the antenna’s surface and high-speed friction between
molecules generates high heat. It exceeds the material’s limit (aluminum foil thermal
conductivity is 214 W-m~1.K~!, ignition point is 500 °C), causing arc discharges, sparks,
and even deflagration phenomena, which can damage the tags and other items and pose
serious safety risks [6-8]. Additionally, the tip effect is a significant contributor to arc
discharge. The more curved the arc and the denser the charge on the metal surface, the
more obvious the tip effect is. Most commercial tag antennas are dipole-like bending line
forms, so the arc discharge is easy to occur at the parts of the antenna and chip binding
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and the antenna bend. The current design approaches for RFID tags that apply to the
high-power electromagnetic field are as follows: i. Covering the tag antenna with high
dielectric coefficient materials and increasing capacitance to allow the antenna conductor
to hold more charges; ii. Setting up a sacrificial or shielded conductor structure to disperse
charge accumulation; and iii. Setting up a microwave reflection or heat sink connection
structure at the chip to reflect or absorb heat [9]. These techniques are based on conventional
metal antennas, which call for the addition of extra structures to disperse or inhibit charge
buildup, resulting in complex fabrication procedures and high processing costs, thus
making them unsuitable for mass production and large-scale applications. The market
is in urgent need of a new material that is both electrically and thermally conductive to
achieve the replacement of traditional metal antennas in the fabrication of microwaveable
RFID tags.

With its special two-dimensional structure and phonon scattering mechanism, mono-
layer graphene has a thermal conductivity as high as 5300 W-m~!-K~!. However, mono-
layer graphene does not achieve the expected performance in practical applications owing
to its thickness of only 0.34 nm and its non-self-supporting structure, which makes it
difficult to transfer. Most importantly, the heat flux carrying capacity is limited and cannot
achieve the expected performance in practical applications [10-13]. Therefore, in this paper,
to obtain graphene films with outstanding flexibility, conductivity (10° S:-m~!), and thermal
conductivity (1300 W-m~!.K~1), graphene oxide (GO) films were prepared by vacuum
filtering and evaporative drying, then annealed at high temperatures and further stati-
cally calendered [14-16]. The specific preparation method can be found in the published
articles of our research group [17-20]. It is worth mentioning that the graphene films
can be prepared on large scales in rolls which effectively reduces the raw material cost.
In this work, we designed and fabricated the AMGFT using highly thermal conductive
graphene films. Firstly, we introduced the preparation and characterization of graphene
films and explain the mechanism underlying their high thermal conductivity. Then com-
bine the current distribution on the surface of the graphene film antenna with the design
and optimization of the antenna structure. The graphene film tag was manufactured and
its performance was tested, the results demonstrate graphene film has more advantages
compared to metallic materials in the use of a high-power microwave. In addition, we
proposed the dual-frequency tag providing a multi-scenario interactive application.

2. Preparation of Graphene Film

We purchased GO from Wuhan Hanxi Technology Co. LTD (Wuhan, China) and used
a five-step process to fabricate the graphene films. Firstly, GO and deionized water are
put into a homogenizing mixer to obtain GO aerogel (50 mg/mL). Secondly, GO aerogels
are scraped into GO films (2 mm) on polyethylene terephthalate substrates. Thirdly, the
GO films are dried at 200 °C in an oven for 6 h. Then the obtained dried GO films were
annealed at 2850 °C for 2 h under an argon atmosphere. Finally, under a compressed
pressure of 300 MPa, graphene films can be obtained.

Next, we investigated the flammability and thermal conductivity of graphene films and
aluminum foil as shown in Figure la—e. Two identical strips of graphene film and aluminum
foil were heated by a heat source of 60 °C at one end simultaneously. After 2 min, the surface
temperatures of the sample strips were measured by the thermal infrared camera Testo 865.
The surface temperature at the source end of the graphene film strip was 35.5 °C, which was
6 °C lower than that of aluminum. Furthermore, the GF strip was found to have a smaller
temperature gradient than an aluminum strip. From the position of 1.5 cm, the surface
temperature of the graphene film strip was almost 3 °C higher than the aluminum [21].
These results indicate that the graphene films have superior thermal spreading performance,
which show great advantages in high-temperature resistant applications for RFID.
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Figure 1. High-temperature experiment of (a) aluminum and (b) graphene. (c) The platform for

thermal conductivity test. (d) The image of thermal infrared camera. (e) The surface temperature of
strip-shaped aluminum foil and graphene film after heating at 60 °C for 1 min.

3. Antenna Design

We further optimize the antenna structure to avoid charge buildup at critical antenna
locations to prevent the antenna from arcing and detonation during heating. The geometry
of the proposed AMGEFT is shown in Figure 2a. We constructed two models using CST
simulation software, solved Maxwell’s equations by finite integration method, meshed
the parameter domain with a rule of 15 cells per wavelength, and obtained the simulation
current diagram of the antenna. The simulated current distribution of the antenna surface
with and without a high-temperature resistant design is shown in Figure 2b. The arrows
indicate the flow path of the surface current, and the intensity of the magnetic field caused
by the surface current is distinguished by color. It can be seen from the current distribution
that the current density is high at the antenna port and the antenna bend without the
heat-resistant design. As a result, it may burn the chip’s internal integrated circuit (IC)
at the antenna port and also cause tip discharge at the antenna bend. To avoid these, we
loaded a central rectangular block at the bottom of the antenna port and smoothed all the
bends and sharp corners at the end of the antenna. The center rectangular block is loaded
to increase the current flow path and effectively reduce the current density and magnetic
field strength at the antenna port, which can reduce the heat circulation of the chip. The
tip corner smoothing process also reduces the magnetic field strength, thus achieving the
effect of avoiding tip discharge.
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Figure 2. (a) The geometry and parameter diagram of the proposed antenna. (b) The simulated
current distribution of antenna surface at 915 MHz with (up) and without (down) high-temperature
resistant design.

In order to conjugately match the complex impedance of the antenna and the chip
at 915 MHz, parameter optimization has been carried out (Figures S1 and 52). It can be
concluded that the end loading area primarily influences the real part of the antenna input
impedance, and the size of the T-matching structure has a greater impact on the imaginary
part of the antenna impedance. The optimized antenna parameters are shown in Table 1.

Table 1. Optimized parameters of the proposed antenna.

Parameter Values (mm) Parameter Values (mm)
L 58.64 T 16.06
w 25.00 Tw 9.00
h 3.70 G 3.00
I 2.50 Cw 5.00
wy 18.00 dl 1.20
g 0.15 d2 5.00

4. AMGFT Tests and Results

Instead of conventional metal etching technology, we employ the LPKF laser ma-
chine to engrave the antenna outline, which has the advantages of high precision, simple
process, and environmental protection [22,23]. The carved antenna is transferred to the
high-temperature resistant substrate polyimide (PI) [24] and the chip is inverted and encap-
sulated in the antenna port using a semi-automatic binding machine (Figure S3a). It should
be noted that besides loading the center rectangular block to reduce the heat circulation of
the chip during the antenna structure design, we cover the chip with Hasuncast 735 vinyl
which is purchased at Hazen brand glue shop to shield it from the strong electromagnetic
field environment (Figure S3b), which is crucial for high-temperature protection.
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The read range of the tag is an important performance indicator, which can be derived
from the Friis equation as follows:

A [PGG A |PGGt
Ros =g\ "B “ax\ " B @

where 7 is the power transmission coefficient, P, and G, are the transmitted power and
realized gain of the reader, P;, G; are the incident power and realized gain of the tag.
EIRP = P,G; is the equivalent isotropic radiated power of the reader, which is the value
specified for each region. P, = TP; is the least power needed to wake up the device, that is,
the chip sensitivity is also a fixed value, and the R6 chip sensitivity chosen for this paper is
—20 dBm. Therefore, within a certain range, the read range of RFID tags can be enhanced
by increasing T (the ideal value is 1) and G;.

Figure 3a shows the digital photograph of the proposed AMGEFT in curled status,
indicating excellent flexibility. The simulated and measured curves of the realized gain
and the read range (measured using the setup in Figure 3b) are shown in Figure 3c,d,
the measured value of antenna realized gain exceeds —5.01 dBi in the whole UHF band
(860 MHz to 960 MHz), slightly lower than the simulated value. The measured read range
of the tag is greater than 5.79 m in the whole UHF band, with a maximum value of 10.43 m
at 915 MHz, which meets the practical application requirements of the tag. Figure 3e shows
the simulated and measured radiation patterns in terms of AMGFT read range at 915 MHz
in E-plane, which is a typical dipole-like radiation pattern.
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Figure 3. (a) Photographs showing the AMGFT including the front view and twisting test. (b) Exper-
imental setup for read range test. (c,d) Simulated and measured antenna (c) realized gain, (d) tag
read range, and (e) radiation patterns in terms of AMGFT read range at 915 MHz in E-plane.

Take the heating experiment in a microwave oven as an example we investigate the
applicability of AMGFT in high-power microwave environments. We attached the AMGFT
and the aluminum tag to the plastic box, being exposed to the high-power microwave
environment with a frequency of 2.45 GHz and a power of 800 W. During the heating
process, the aluminum tag will spark within 5 s. The experimental process is shown in
Figure 4a and Video S1. The arc discharge occurs at the antenna bend, and the aluminum
antenna is ablated to break resulting in tag failure. In contrast, the AMGFT is intact and
can work stably in a microwave oven. As seen from Figure 4b, after heating, the read range
of AMGEFT decreases slightly but returns to the initial state as the temperature gradually
cools down. This is due to the significant change in the chip input impedance with the
increase in temperature. This change is, however, reversible in a certain range: once the



Materials 2023, 16, 3370 60f9

tag temperature drops back to room temperature, its read range is restored, ensuring the
microwave stability of the designed tag.
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Figure 4. (a) Heating the AMGFT and aluminum tag in the microwave oven. (b) Variation of AMGFT
read range before and after heating. (c) AMGFTs attached to three daily microwaveable materials.
(d) Read range of AMGFT with and without substrate after microwave heating.

Next, to verify the general applicability of AMGFT, we selected three common microwave-
safe materials (plastic, ceramic, and glass) as substrates of AMGFT, as shown in Figure 4c.
Figure 4d depicts the read range curves of AMGFT with and without substrate after
microwave heating. After heating for 1 min at 800 W in the same environment, the
substrate effect on the tag read range follows the order of glass > ceramic > plastic and
both the ceramic and glass substrates shift the maximum read range frequency to a lower
value. These phenomena can be explained by the effect of changing the dielectric constant
and the bending angle of the substrate on the read range. When the bending angle of the
substrate is the same, the higher the dielectric constant of the substrate material, the greater
the influence on the complex impedance of the antenna and the read range of the tag; with
the same dielectric constant of substrate material, the tag read range decreases with the
increase in bending angle. The dielectric constant of glass is lower than that of ceramic, but
it requires bending deformation of the tag to be attached to its sidewall. The combination
of these two factors makes the read range of AMGFT on the bottle substrate lower than
that on the ceramic substrate.

In fact, most people do not have special RFID readers to read the information on RFID
tags. Nowadays, with the increasing prevalence of NFC-equipped mobile phones, people
can use NFC to obtain chip information anytime, anywhere. Therefore, the dual-band
anti-high-power tag is demanded. As shown in Figure 5a, the proposed dual-band tag
contains two modules, UHF tag measuring 28 mm x 54 mm and a high frequency (HF)
tag measuring 15 mm x 28.2 mm, which are linked with a dual-band chip. By bringing
the NFC-equipped mobile phone near the tag on the lunch box, we can promptly obtain
the information stored in the tag such as the type of food as shown in Figure 5b. As most
RFID tag models in the market contain sharp-angle structures. So the sharp-angle part
of the antenna is reserved in the design of the dual-frequency tag in order to reduce the
design cost and processing difficulty. After heating in the microwave oven, the dual-band
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tag, which excludes the advantages of structural improvements, still worked well, further
validating the advantages of graphene in the thermal field.

UHF tag

28 mm
15 mm

28.2 mm

54 mm

— _ 7'Product Type:
= Chicken steaks covered rice
Production date:
November 30, 2022
Shelf life:
2 days
Nutrients:
N Protein, fat, carbohydrates
\\ Cooking method:
\ Heating in the microwave oven
yat 800w for 1 minute

Figure 5. (a) The geometry and details of the dual-band AMGFT. (b) The demonstration of the tag as
an electronic smart label compatible with NFC devices.

5. Conclusions

In conclusion, the anti-high-power microwave UHF RFID tag based on highly thermal
conductive graphene films is designed and fabricated in this paper. The microwave stability
of AMGFT was verified by the contrast experiment of exposing the AMGFT and aluminum
tag in the high-power microwave environment with a frequency of 2.45 GHz and a power
of 800 W for 1 min. Then, the read range test was carried out on attachments with different
dielectric constants and bending angles, which provides the possibility for more application
scenarios. What is more, the proposed dual-band tags preserving sharp corners make the
design and use of tags more intelligent and convenient and further confirmed the advantage
of graphene in thermodynamics. These results extend the application field of tags and
provide a solution for tags working in high-emission fields.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/ma16093370/s1, Figure S1: (a,b) Variations of changing
the T-matching ring length (T;) on (a)simulated antennas impedance and (b) return loss response
vs frequency. (c,d) Variations of (c) antennas impedance and (d) simulated return loss response of
antennas vs frequency for different T-matching ring width (Ty,); Figure S2: (a,b) Variations of chang-
ing the end loading width (d;) on (a) simulated antennas impedance and (b) return loss response
vs frequency. (c,d) Variations of (c) antennas impedance and (d) simulated return loss response of
antennas vs frequency for different end loading length (W); Figure S3: (a) The device of flip chip
bonding. (b) Hasuncast 735 vinyl; Video S1: Experimental demonstration of the heating of tags in a
microwave oven. In this movie, the GFMT and the aluminum tag are attached to the lunch box and
then placed in a microwave oven heating for one minute at 800 W. During the heating process, the
aluminium tag will spark within 5 seconds, burning the tag and its attachments. While the GFMT is
intact and the maximum read range after heating was measured to remain at 10 m.
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