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In this paper, a comprehensive survey on thermal and geometric design parameters of composite materials utilized in the
fabrication of modern RFID systems has been discussed mainly due to its advantages such as lightweight and high strength.
Designing of RF antenna setup requires careful consideration of material, geometric and fabrication parameters. Polymer
materials were chosen as the substrate and subjected to extensive studies to determine and predict the capability of the min-
iaturized RFID antenna. The effect of the polymer matrix composite (PMC) material on the antenna parameters such as gain,
bandwidth, and return loss is analyzed and realized that improvement in bandwidth and perfection in impedance matching can be
further accomplished by employing fractal structure. It is also discovered that the thermal properties affect the impedance and
operating frequencies, thus enabling multilayer PMC deploying fractal structured RFID antennas to be used for many applications

such as logistics, aerospace, biomedical, and mining.

1. Introduction

Recent trends in the field of composites involve vigorous
research in composite materials-based radio frequency
identification (RFID) antennas. RFID comprises of two
important elements, reader and tag. The radio waves are
travelling from the reader, whereas tag has the ability to
respond accordingly. The tag/reader is capable for both
transmission and receiving the data by means of RF an-
tennas. The major features of RFID technology are primarily
the contactless transmission of data and nonline of sight
between reader and tag. There tag encounters various en-
vironmental challenges such as grime, paint, fog, snow, ice,
and bottles with chemicals while in storage. A massive
utilization of UHF-RFID tag/readers in the day-to-day life
such as item movement tracing, railway rolling stock
identification, theft prevention, tracking library books, toll
collections, vehicle parking access control, building access
control, retail stock managements, proximity cards, and
vehicle immobilizer systems.

Electro-civil industries such as aerospace or shipbuilding
are widely using carbon-based materials in the fields as they
demonstrate superior properties such as higher corrosion
resistivity, long life time, and high stability within a wide
temperature domain. Due to the extensive properties of
carbon-based materials which are highly incorporated in
resonators, filters, transmission lines, and high gain antenna
designs, Aixin et al. communicated on composite meta-
materials, exhibiting abundant properties in the microwave
starting from 1GHz to 100 GHz [1]. RFID system com-
municating through antenna includes the substrate sand-
wiched between the patch and ground plane. The substrate
of the RFID antenna can be fabricated using a flexible heat
sensitive polymer or a rigid heat retardant polymer based on
the user application. Designing planar antennas is precisely
dependent on the dielectric constant values such as loss
tangent (Tan ) and relative permittivity (e,). An increase in
value of dielectric constant results in decrease of the antenna
size yielding a narrow bandwidth, due to capacitive load
influenced in RF energy [2]. Similarly, the thermal
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conductivity will influence the effects during the usage of
antenna, resulting in shift in operating frequency, thus af-
fecting the read range of the antenna. Design of RFID an-
tenna is crucial and RFID engineers must have a broad
vision about the temperature range experienced on the
substrate during usage such that the selection of composite
material should not deteriorate the overall performance of
antenna.

Multilayered composite materials comprising of card-
board, gypsum, and natural flaked graphite were considered.
The fundamental definite characters of radio-absorbing
materials are influenced by the working range of the radi-
ation wavelengths and thickness of the composite material.
Composite absorbing materials can be employed in the
RFID antenna as substrate, as well as radiating element to
decrease the weight of the antenna, to improve the durability
and to enhance the thermal expansion. The objective of the
utilization of composite material is to enhance the perfor-
mances such as gain and directivity, meanwhile suppressing
interferences among the elements of antenna and per-
forming with excellent transmission features in extensive
RFID antenna frequency ranges. Bucky paper (single-walled
carbon nanotube) is one of the most extremely conductive
materials.

The remainder of the paper is organized as follows.
Session 2 initiates with composite materials in RFID as a
radiating element and elaborates on antenna substrates.
Section 3 showcases the thermal conductivity measurement
setup followed by the thermal conductivity in RFID, and
conclusion is presented in Section 4.

2. Composite Material in RFIDs as Radiating
Flement and Substrates

Creation of optically transparent antennas appropriate for
RFID systems can be adapted to various forms through the
usage of conductive polymers [3,4]. In earlier days, RFID
technology applications implemented nonconventional
materials such as silver-ink, due to reasonable price.
However, they are impractical for flexible RFIDs and are
conformal as conductive polymers with the limitation of
operation in low frequency applications. Literature surveys
are proving that the composite materials used in RFID
antenna have equivalent radiation characteristics to that of a
traditional metal model. A popular fabrication method
suggested in the literature survey is to coat the graphene on a
nonplanar surface of the antenna.

Nicholas et al. [4] fabricated the antenna in copper as
well as conductive polymer, Clevios PH500 PEDOT-PSS,
through description; the selected conductive polymer has
conductivity of 300 S/m. To optimize the conductivity, 10%
dimethyl sulfoxide (DMSO) is combined with polymer, and
to decrease the surface tension, 2% surfactant (Tween-21) is
added. On simulation of both the RFID antennas, it was
observed that the modified antenna shows conductivity
closely equal to 5x10°S/m, which is nearer to the con-
ductivity of copper 5.9 x10” S/m. For the substrate, poly-
ethylene terephthalate (PET) was chosen and the improvised
RFID antenna was fabricated on the conductive polymer,
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with the dielectric constant of 3.8 and the thickness of
0.5 mm. Since dipole antenna does not require ground plane,
the antenna is transparent, easy to design, and flexible in
nature. Few properties and its corresponding values of
graphene which is used as metal surface in the RFID antenna
are listed in Table 1.

Biocomposite materials such as wood plastic composite
(WPCQC) are served as antenna substrate, especially for the
frequencies 1-20 GHz. One of the popular selection of WPC
is polypropylene (PP) and Leucaena Leucocephala wood
filler used as an adhering (laminate) substrate for RFID
antenna. The WPC is a desirable material as it is commonly
available in nature and cost-effective with thermal resistance
up to 180°C of melting point. The hot and cold pressing
methods are used to construct the antenna substrate. During
the progression, certain gap dispute arises due to the for-
mation of internal blisters due to heat transmission. Mea-
surement of thermal distribution and dielectric properties
inside the substrate measurement is difficult to perform.
However, the study of temperature and pressure required for
hot/cold pressing, material moisture content, venting time,
and humidity are essential, since the water absorption leads
to the formation of air bubble inside the prototype, therefore
resulting in degradation of RF signal. The literature says that
the thermal properties of wood are mostly affected by
denseness, wood structure, fibre, moisture, and carbon
contents. Therefore, wood filler with polypropylene as RFID
substrate is laminated to provide tolerance to moisture
absorption and also raise the immunity to the thermal
conductivity.

In polymer thick film technology, the usage of con-
ductive paste as substrate is due to improved electrical
performance of printed RFID antennas even though the
conductive paste gives rise to increase in resistance [5]. This
technology works well at low temperatures on cost-effective
substrates, especially in membrane keyboards and electro-
magnetic shielding to avoid electromagnetic interferences in
the miniaturized electronic devices. Most commonly used
conductive pastes are copper oxide and silver oxide. The
particle density of the conductive silver paste provides
substantial increase in paste properties, as the resistance of
copper oxide paste is substantially increased after curing
when compared with silver oxide which remains invariable
irrespective of change in environmental conditions. The
resistivity of conductive paste can be decreased by 70%;
reliability improved around 2.4 times and also reduction in
area compared to conventional smart labels when particle
density is increased. Due to compression process, the
conductive silver particles create a contact with substrate
material and produce better performance compared to
copper engraved smart labels.

The composite materials are associated in injectable
RFID antenna; a passive RFID antenna is embedded at the
bottom of the skin to transfer the data for monitoring the
glucose level and orthopaedic identification. The antenna is
printed on plastic sheets as stickers and is fixed subdermally.
In traditional methods, the antenna includes conductive inks
and paints submerged inside the skin. This results in oc-
currence of imperfection due to ageing. Recent research on
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TaBLE 1: Properties of graphene-composite metal antennas [3].

Parameters Brass Zoltek Px 35 Aluminium
Tensile strength 450 4137 100
Tensile modulus 100 242 75
Density 8500 1810 2700
Electrical resistivity 6x107° 155%107° 3x107°
Temperature of melting (decomposition) of metal (GCM) (°C) 900 >650 650
Coeflicient of thermal expansion 191x10°¢ 8x107® 23.8%107°
polymer engineering development has devised injectable FEED
nanocomposite hydrogel material which is solid at body ANTENNA I
temperature [6-9]. The muscles act as ground plane and the
antenna injected on the fat gives accurate results compared
to conventional injectable skin antennas. This modified
RFID antenna provides sufficient substitution for the future PATCH
generation work on subdermal RFID antennas.

Mobile antennas can be realized using polymer mag-
netuo-dielectric (MD) material and copper coating as ra- SHORTING WALL
diating element. A schematic representation of polymer- SURSTRATE
based mobile antenna is shown in Figure 1. Polycarbonate is

SUBSTRATE

used as a substrate and the performances are evaluated and
compared with conventional FR 4 [10]. It is observed that
there is a difference in wavelength between the antenna
substrate and human body. This causes a shift in resonant
frequency, which is moderated by the usage of MD substrate,
resulting in greater efficiency. It was also detected that the
regression of performance of the antenna is reduced by
implementation of MD material when compared with
conventional material. The weight of the magneto-dielectric
antenna is 2.88g, which is slightly more compared with
traditional mobile antenna weighing 1.41 g.

In recent years, anisotropic conductive adhesives
(ACAs) are very popular in applications of RFID flip chip
packaging. The ACAs are having enormous advantages
when compared with conventional bonding materials due to
minimal cost, less processing steps, and lower processing
temperature for large scale RFID tag inlays manufacturing.
Majorly there are two types of ACAs, one is anisotropic
conductive pastes (ACPs) and another is anisotropic con-
ductive films (ACFs). Fabrication of a flexible RFID antenna
with polymer adhesive continues to prove as a struggle.
Compared to ACPs, the cost of ACFs is much higher and the
stability of RFID tags is low. ACAs are structured by
blending micro-sized spherical silver components with
possible curing agent into a thermos-set epoxy resin.
On aluminium blended with polyethylene terephthalate
(PET), the RFID chips were fabricated, silver/PET was
printed, and silver/paper antenna was printed through hot-
press bonding process. Reliability tests are performed and
flip chip on flex association were calculated [11] in which it
was discovered that during the hot-press process, the
polymer matrix is unstable and nonuniform. Hence, post-
curing was suggested to improve the stability of the antenna
substrate. The RFID tags adhering to the substances which
contain conductive materials result in degradation of ra-
diation properties such as impedance mismatch, shifting in
operating frequency, changes in radiation pattern, and re-
flection in radiating RF energy (S;;). These variations

FIGURE 1: Polymer-based mobile antenna on polycarbonate
substrate.

depend on the shape, size, and antenna distance from the
conductive material [11]. Thus, selection of composite
materials is very essential to improve the RFID reader/tag
antenna parameters.

3. Thermal Conductivity in RFID

RFID technology depends on common parameters, such as
pressure, luminosity, humidity, deformation, and temper-
ature. Due to measurement inaccuracy of the above pa-
rameters, the antenna performance is compromised.
Accuracy of antenna is of utmost importance in critical
applications and increase in temperature induces degrada-
tions in performance of RF signals. Temperature is nothing
but heat intensity present in any element or body. Therefore,
thermal analysis has become mandatory for commercial
applications of RFID antennas. As from the literature sur-
veys, parameters like operating frequencies and impedances
decline due to increased temperature in metallic parts and
substrate of the tag antenna [12, 13]. This results in im-
pedance mismatch between reader and tag; this discrepancy
can be avoided by self-tuning circuit in the RFID chip. The
self-tuning circuits are used for acquiring values from chip
memory bank for acknowledged input temperature values
and a RFID tag can be regulated and worked as a tem-
perature sensing element. This method can be adopted only
for fixed RFID tags, since the input impedance is a function
of received power. Thus, the self-tuning circuit can be ac-
tivated to accomplish various values of known input power
[14]. Table 2 presents association between the thermal ex-
pansion coefficient and the thermal coeflicient of relative
permittivity.



TaBLE 2: Input impedance of the three RFID chips as function of
temperature [12].

Real part of
impedance (Q)

Imaginary part of

Temperature (“C) impedance (Q)

30 6.85 8.03 745 -139 -134 -132
40 74 734 746 -138 -135 132
50 753 85 781 -138 -133 -131
60 769 86 816 -138 -133 -131
70 79 866 823 -134 -134 -131
80 852 879 934 -138 -133 -131

In the design consideration, RT6010.2LM is used as a
substrate (er=— 425ppm/°C), which gives high thermal
coeflicient. The RFID tag is activated with a very low power
sensor providing extraordinary read range, accomplished
with smaller size. The electrical performance is directly
proportional to the reading distance; hence, a low antenna
resistance is necessary, especially for long range systems,
e.g., airline baggage handling or parcel services. There are 2
methods to decrease the resistance: (1) increasing the track
height by repeated print of the coil structure or (2) in-
creasing the particle density within the paste by applying a
compression process. Due to its economic and ecological
advantages, the second method can be adopted. The
thermal modification of substrate contributes overall
sensitivity of tag. Konstantinos et al. described that the
variation in temperature results in slight increase of input
impedance by very little amount on real part while the
imaginary part remains unaffected. Due to the presence of
self-tuning circuit, the imaginary part remains almost
constant in the UHF-RFID chips. Some properties of
commonly used substrate are listed in Table 3. The sub-
strates and its corresponding coefficient of thermal ex-
pansion and temperature coeflicient of relative permittivity
are tabulated.

A UHF passive RFID temperature sensor tag antenna is
designed and simulated using EM software. A cavity backed
slot antenna is proposed in this design as a RFID tag an-
tenna. Polytetrafluoroethylene (PTFE) material is realized as
temperature sensing material due to its high thermal ex-
pansion around 140 ppm/°C. In the centre of the slot an-
tenna, a copper-layered PTFE pole is employed and is
vicinity to the cavity ceiling. Thus, between cavity ceiling and
PTFE surface, a loaded capacitor is induced. When tem-
perature increases, PTFE approaches cavity ceiling, thus
there is a change in frequency of slot antenna due to the
thermal expansion. The expansion results in a frequency
deviation of 30 MHz/10°C and of 10.5 m read range with the
calculated value. Figure 2 shows the linear relationship
between thermal displacement vs temperature variations
[15-19]. Generally, the thermal expansion can be realized at
moderate temperatures. The effects of thermal expansion
can also be experimented in metallic nanostructures through
5nm-wide RFID slot antenna by providing additional de-
gree of freedom in the nanostructure results in improved
functionality in thermal modulation. The effects of thermal
variation are established by comparing the features of air-
filled slot antenna and spacer-filled slot antennas.
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The EM software and coupled mode method (CMM)
were used to simulate and measure the modulation in
resonant frequency at different temperature. The tempera-
ture deformation of slot antenna is embedded on glass
substrate. During the increase of heat gradually from 25°C to
190°C, it is observed that the width of slot antennas is di-
minished from 5nm to 2nm due to thermal expansion.
During heating, the slot antenna thickness increases linearly.
Thus, variation in frequency of operation can be reduced by
impregnating the nanostructures with active materials, for
example, vanadium dioxide-based nanostructures.

3.1. Thermal Monitoring Measurement Setup. The thermal
properties were measured using thermal property analyser.
The antenna under test (AUT) is experimented by perfectly
insulating the small antennas in the Fresnel region and the
temperature is monitored [20-24]. The cold temperature
measurement setup which is maintained under —100 °C can
be extended to full cold-hot temperature spectrum. The
liquid nitrogen is filled in the bottom part to cool the AUT;
the heat conduction mechanism is designed without af-
fecting the performance reduction build up on the surface of
AUT in a laboratory setup with a material under test (MUT).
MATLAB was used to develop the model and the flowchart
of thermal prognostic cycle is shown in Figure 3.

At room temperature, it attains —105°C and the resonant
frequency is measured with the help of RF cable. The
temperature is monitored by the thermistors and data
logger. Multiprobe system is used to measure the RF changes
with respect to the variation in the temperature. Thus, it
determines the RF dependency with respect to changes in
temperature within the same setup. This testing method
leads to a very efficient and cost-effective thermal testing. It
is focused on three important parameters, volume heat
capacity, thermal diffusivity, and thermal conductivity with
respect to the temperature. SVR algorithm is used to find the
probable temperatures; using this algorithm, a prognostic
model is established. Irregularities in temperature along with
the joints of RF power cables are compared with the output
temperature. Thus, the degradation can be analyzed and
corrected.

3.2. Performance Evaluation of Thermal Sensitivity between
Composite and Traditional Materials. For the performance
evaluation of RFID reader/tag antennas, monitoring the
thermal sensitivity is a very essential parameter. Yang et al.
[25] identified two important sensing approaches for
thermal monitoring which are electrical and thermal
properties of sensing materials. The temperature-dependent
electrical properties are sensed with water and high density
polyethylene-Ba0.35r0.7TiO3 (HDPE-BST). The thermal
expansion properties are measured with mercury and pol-
ytetrafluoroethylene (PTFE). In antennas, the patch is
constructed for electrical properties, due to narrow band-
width characteristics, favourable for sensing operations. To
determine electrical sensing properties, initially water is
embedded as substrate of patch antenna to reconfigure the
antenna resonant frequency with temperature (Af/AT);
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TaBLE 3: Properties of frequently used substrate [12].

Substrate Coeflicient of thermal expansion (x/y/z axis) Thermal coefficient of relative permittivity (er)
RT6010.21.M 24/24/27 ppm/°C —425 ppm/°C
RT6006 47/34/117 ppm/°C —410 ppm/°C
RO4350B 10/12/32 ppm/°C +50 ppm/°C
RO4003 C 11/14/46 ppm/°C +40 ppm/°C
RT5870 22/28/173 ppm/°C —-115ppm/°C
RT5880 31/48/237 ppm/°C —-125ppm/°C
140
120

100
80
60
40
20

THERMAL DISPLACEMENT AL (L)

0
0

0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018
TEMPERATURE (°C)

— AL/L

F1GURE 2: Comparison between thermal displacement and temperature.
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Update the Cable Joint Health State

UPDATE SIMULATION MODEL

Thermal Model

DECISION ALGORITHM INDICATIONS

a. Power Cuts
b. Model Issues
c. Sensor Failures

FIGURE 3: Thermal monitoring flowchart.

permittivity of water reduces from 80 at 20°C to 67 at 60°C.
To find the sensitivity of the antenna, the parameters such as
frequency shift/temperature, gain realization, and band-
width are calculated [26-32]. Thus, the observed result is
3.2 dB realized gain with 4.33% bandwidth and 4 MHz/10°C
frequency shift.

Since water inside the substrate is difficult to control and
low reliability of the design, a novel composite material HDPE-
BST was proposed to integrate with the patch as a substrate. The
measurement of the antenna material parameters such as loss
tangent and relative permittivity was studied under different
temperatures. Due to small observed gain, it was noted that
there is a significant decrease of read range to 42m at 16 °C.

The read range is calculated by using Friis transmission
equation. The designed antenna is simulated using HEFSS
software and the results are compatible with the calculated
results. The design is fabricated and the prototype is measured
in the anechoic chamber. In Figure 4, structure of slot antenna
HDPE-BST sensing antenna is depicted.

For identifying thermal properties, cavity backed slot an-
tennas are created to integrate mercury as sensing material
inside the cavity. For temperature monitoring, the large co-
efficient of thermal expansion of mercury (180 ppm/°C) is
appropriate. Tunable cavity resonators can be used to change
the tuning gap between cavity ceiling and the metal post in
cavity effectively. This results in small variation (Approx.
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FIGURE 4: Structure of the HDPE-BST sensing antenna.
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FIGURE 5: Capacitive loaded cavity backed RFID slot antenna structure.
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UHF ANTENNA | |——|

SMA

CO-AXIAL CABLE JOINTS
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FIGURE 6: Structure of PTFE sensing antenna.

13MHz/10 °C) in the order of ym, which effectively causes
changes in frequency transformation in MHz. The sensing
material forms a huge capacitive loaded with cavity backed in
the slot antenna. According to the change in temperature, a
change in gap thickness is created, which produces change in
resonant frequency of the RFID slot antenna, as shown in
Figure 5.

Since integration of mercury as liquid is difficult inside
the cavity, an alternative sensing element based on PTFE was
proposed. Due to the solid state of PTFE, higher sensitivity
was achieved by close proximity to the ceiling of the cavity
[33-38]. The prototype antenna, fabricated with PTFE,
observed 40 MHz/10°C with read range of 14 m, which is the
best option for sensing elements compared to the other

proposed designs, thus making composites to be highly
desirable as sensing antennas in practical applications
[39-43]. For a constant temperature, the read range follows a
normal distribution with a sharp peak at the resonant fre-
quency. However, as the temperature increases, the graph is
skewed with the same normal distribution with slightly
lesser read range values [44-54]. General structure of PTFE
sensing antenna is depicted in Figure 6.

4. Conclusion

In this communication, the properties of composite mate-
rials used in modern RFID system have been discussed and
studied due to its appreciable properties such as lightweight
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and high strength. Thermal properties and structural design
specifications of the substrate materials have been reviewed
and discovered that the thermal properties affect the im-
pedance and operating frequencies. Designing of RF passives
antenna requires consideration of material, structure, fab-
rication parameters, and other uncertainties. The effects of
composite material have been studied in detail and the
performance of the compact multiband RFID antenna was
forecasted using the models. By extending this approach,
investigation of the behavior of complete setup can be
calculated, containing other prime parameters, such as RFID
antenna size, structure, and losses in material, and thermal
variation with frequency. Based on the parameters, the gain
of the antenna, bandwidth, and reflection coefficients can be
inferred. For further improvement, miniaturization can be
attained by deploying suitable fractal geometry RFID an-
tennas with composite material. The composite material-
based antennas can be used for many applications such as
biomedical, satellite, and mining applications.

Data Availability

The data used to support the findings of this study are in-
cluded within the article.
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