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Abstract—The ever-increasing number of devices on wearable
and portable systems comes with challenges such as integration
complexity, higher power requirements, and less user com-
fort. In this regard, the development of multifunctional devices
could help immensely as they will provide the same func-
tionalities with lesser number of devices. Herein, we present
a dual-function flexible loop antenna printed on polyvinyl chlo-
ride (PVC) substrate. With a poly(3,4-ethylenedioxythiophene):
polystyrene (PEDOT:PSS) section as part of the printed structure,
the presented antenna can also serve as a temperature sensor by
means of change in resistance. The antenna resonates at 1.2-
and 5.8-GHz frequencies. The ohmic resistance of the temper-
ature sensing part decreases by ~70% when the temperature
increases from 25 °C to 90 °C. The developed antenna was char-
acterized using a vector network analyzer (VNA) in the same
temperature range and the S11 magnitude was found to change
by ~3.5 dB. The induced current was also measured in the GSM
frequency range and sensitivity of ~1.2%/°C was observed for
the sensing antenna. The flexible antenna was also evaluated in
lateral and cross-bending conditions and the response was found
to be stable for the cross-bending. Due to these unique features,
the presented antenna sensor could play a vital role in the drive
toward ubiquitous sensing through wearables, smart labels, and
the Internet of Things (IoT).

Index Terms—TFlexible electronics, Internet of Things (IoT),
poly(3,4-ethylenedioxythiophene): polystyrene (PEDOT:PSS),
printed electronics, sensing antenna, temperature sensor.

I. INTRODUCTION

LECTRONIC research in recent years has seen a major
focus toward the development of flexible printed devices
that could confirm curvy surfaces and hence, meet the require-
ment of many applications, such as e-organs, robotics, wear-
able systems, Internet-of-Things (IoT) interfaces, etc., [1]-[3].
These advances have enriched the quality and quantity of data,
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for example, by allowing the use of sensors and electronic
devices in locations where conventional planar electronics
could not reach. This also means a dramatic increase in the
number of sensing, computing, and communication devices,
which comes with challenges such as complex integration and
the need for more power or energy-efficient devices. In appli-
cations such as wearable systems, the increasing number of
devices could be detrimental as it comes at the cost of user
comfort. In this regard, the development of multifunctional
devices will immensely help, as even with lower numbers they
could provide the same level of functionality or richer data. In
this regard, the devices such as antennas, which are typically
used for wireless communication and power [4], [5], could
offer an attractive route forward. Utilizing antennas as sensors
is an interesting approach [6], as the concept can minimize
the number of passive components and could lead to low-
power solutions suitable for IoT applications in fields, such as
healthcare, logistics, etc.

Herein, we present a dual function printed loop
antenna which, in addition to typical communication
function, could also serve as the temperature sensor. This
study specifically addresses the issue of multipurpose elec-
tronic components. The sensing antenna presented in this
work has a square loop pattern and realized by printing silver
conductive paint on a 2.5 cm x 2.5 cm flexible polyvinyl
chloride (PVC) substrate. The temperature-sensitive part
was fabricated using conductive polymer PEDOT: PSS due
to its excellent electrical property and stability. The device
exhibits stable response under cross-bending condition, as
discussed later. The presented temperature sensor antenna has
also potential applications in smart packaging especially in
food and logistic industries or water [7] (Fig. 1). The simple
cost-effective fabrication technique used here makes the
presented antenna sensor approach attractive for large-scale
implementation. The presented antenna was characterized
using a vector network analyzer (VNA) to measure the return
loss (S11) at different temperatures. A theoretical study was
also performed to calculate the induced current in the antenna
and a comparison with the experimental result is presented.
Furthermore, a comparative study was performed with
a glass-based rigid antenna made of silver ink. The flexible
antenna is found to be more efficient in terms of applicability
and performance. In order to analyze the temperature sensing
performance, the temperature-sensitive part was fabricated
separately using silver electrodes and conductive polymer
poly(3, 4-ethylenedioxythiophene): polystyrene (PEDOT:PSS)
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Fig. 1. (a) Schematic illustration of sensing antenna system. (b) Potential
applications of sensing antennas.

and then the temperature sensing experiments were carried
out. The presented sensing antenna is flexible and hence useful
for wearables and similar applications. Furthermore, owing
to materials used here, the sensing antenna is disposable and
can possibly help to reduce electronic waste.

The remainder of this article is organized as follows.
Section II presents the state of the art related to the recon-
figurable sensing antenna. The materials employed in exper-
iments, and fabrication and characterization methods are
described in Section III. The fabricated antenna response is
described in Section IV. Section V describes the performance
of the temperature sensing part followed by the theoretical
details regarding the antenna in Section VI. The results related
to the sensing antenna are described in Section VII. Finally,
the key outcomes are summarized in Section VIIL.

II. STATE OF THE ART

Significant progress in printed electronics and nanotech-
nology has opened new avenues for using functional
materials to develop sensing/electronic devices in flexi-
ble form factors and with wireless connectivity. These
advances have allowed connecting different types of sen-
sors to the cyberspace for applications, such as environ-
ment monitoring, wearable systems for health monitoring,
and security [8]-[10]. Several types of sensors used in these
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application include sweat [11], temperature [12], strain [13],
pH [14], radiation [15], volatile organic compounds [16], [17]
and biomarkers for health [18], [19], environment, etc. A vari-
ety of flexible substrates has been used for the development
of these sensors. In this direction, PVC is one of the most
popular substrates for printed sensors due to its good thermal
stability [14], [20], [22]. In parallel, the flexible or bend-
able antennas using a variety of materials has also been
explored [23]-[26]. In particular, the antenna using printed
sustainable materials is attractive [27], [28] as these could
lead to disposable or reusable IoT hardware for the future.
The trend thus far shows that the sensors and antenna are
developed separately and integrated on the same or differ-
ent substrates as per the requirements of target applications.
Several prior works have demonstrated the use of wireless
technology for the transmission of sensor data to portable
devices such as smartphones [11]-[29]. In fact, such schemes
have led to the emergence of new concepts such as mobile
health and telerobotic [30]. But it is also clear that these
schemes require an extra transmission antenna for communi-
cation, which leads to integration-related challenges. Thus, the
use of an antenna as a sensor is gaining attention in recent days
for ToT-based tags in multiple applications, such as electronic
packaging, transportations, and healthcare. Using the same
device for multiple functionalities is also an attractive solution
for other emerging challenges such as the electronic waste.

Reconfigurable sensing antennas have emerged as a unique
candidate for sensing solutions [31] and have attracted sig-
nificant attention after the advent of IoT [32], [33]. Some
of them include flexible antennas that are typically made of
conductive inks/pastes and useful for applications such as
wearable systems [34]-[38]. The conductive inks-based anten-
nas do not offer a longer life span, which is acceptable for
applications such as disposable smart labels or logos on the
packaging. There are reports of sensing antennas having ther-
mal switches. However, many of them are just capable of
switching beyond a threshold temperature values [39]. Using
the shift in frequency as a working principle, these antennas
are less sensitive due to their wider bandwidth. They have been
used for glucose, gas, and vapors sensing using the reflection
loss as a sensing parameter [40], [41].

When it comes to temperature sensors, the conven-
tional sensors are made of semiconductors [42], carbon
derivatives [11]-[18], and temperature-sensitive metal-oxide
composites [43] with sophisticated processing. These sensors
are typically fabricated on hard substrates, which restrict
their usability to applications where flexibility is not needed.
Recently, the printed and flexible temperature sensor have
also been explored for the use in biomedical and environ-
mental applications [44]. The temperature-sensitive material
plays an important role in deciding the performance of
these device. A variety of materials, such as polyaniline,
polystyrene, silicon, metal oxide, has been employed for resis-
tive temperature sensors [45]. Among these, the conductive
polymers have attracted significant attention owing to the
ease of processing and good electrical properties. However,
they suffer from low sustainability to temperature. In this
regard, the PEDOT:PSS is attractive as it is most stable
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TABLE I
COMPARISON OF THE PRESENTED SENSING ANTENNA WITH OTHER
TEMPERATURE SENSING SYSTEMS

S.No| Active |Substrate| Range | Sensitivity | Antenn Ref
Material °O) (/1°C) a
1 |FGO- PET -10-30 [-3.95x 10%| NC 47
PVDF
2 |PEDOT: Polyimide| RT — 100 1.09% No 48
PSS-GO
3 |PEDOT: PET 20-170 0.8% No 49
PSS/Ag
4 |LEC - Temp. - RC 51
threshold
5 [tBA-co- - Temp. - RC 50
PEGDMA threshold
6 |PEDOT: PVC 25-90 1.2% CL-SA | This Work
PSS

LEC: Liquid Elastomer Crystal, CL-SA: Chipless — Sensing Antenna, NC:
NFC antenna with chip, RC: RFID antenna with chip.

conductive polymers and could lead to temperature sensors
with high-temperature range [46]. Furthermore, their conduc-
tivity is tuneable, and this makes them attractive for sensing
antenna. A few PEDOT:PSS composite-based temperature
sensors [47]-[51] have been reported recently, but these either
do not have a suitable range of operation for biomedical or
smart packaging applications or are not suitable to be used
as sensing antennas due to poor electrical behavior. There is
hardly any flexible and chipless printed temperature sensing
antenna reported so far. A comparison of temperature sensors
and systems with the presented sensing antenna is shown in
Table L.

III. METHODOLOGIES
A. Material

Commercial PVC sheet and Silver Conductive Paint
(RS 186-3600) were procured from RS Components, U.K.
PEDOT:PSS was procured from Sigma Aldrich, U.K. In this
case, PEDOT:PSS was used as the active sensing material due
to its electrical property and stability in ambient conditions.

B. Fabrication

The antenna was fabricated using conductive silver paint
(RS 186-3600) on a commercial PVC substrate. Fig. 2(a)
shows the schematic diagram of the antenna (only Ag ink)
and the sensing antenna (PEDOT:PSS sensing element on the
antenna). The PVC was cut into 2.5x2.5 cm pieces and a pat-
tern was formed on the flexible PVC substrate using silver
paste as illustrated Fig. 2(b). The length of each side of the
square antenna was 2.5 cm with a conductive track width of
2 mm. The samples were then dried in a hot-air oven at 50 °C
for 30 min. The antenna along the whole structure was fabri-
cated using Ag ink. However, for a sensing antenna, a 2-mm
gap was left in the middle of the antenna just opposite to the
SMA (SubMiniature version A) connector (RS Components).
The SMA connectors were connected using Ag paste and
epoxy. Furthermore, a 10 ul PEDOT:PSS was dispensed in
the 2-mm gap using a micropipette. The samples were further
dried at 50 °C for 1 hr in an air oven. Thereafter, the samples
were electrically characterized to check the response of the
fabricated antennas.
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Fig. 2. (a) Schematic illustration of antenna design. (b) Fabrication steps.
(c) Optical images of fabricated antennas on glass and PVC substrate.
(d) Optical image of the experimental set up.
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Fig. 3. (a) Response of glass substrate-based antenna (S11 value) and com-
parison of experiment (Exp) results and theoretical analysis (simulation).
(b) Response of PVC substrate-based flexible antenna (Ag on PVC) and
temperature sensing antenna (PEDOT on PVC).

C. Characterization

The experiment was carried out with a PNA vector network
analyzer (VNA) (Agilent E83628). The sensors were first
connected with SMA connectors and then connected with
the probes of VNA. Prior to the measurement, open short
load (OSL) calibration was performed with Keysight 85052D
calibration kit. The S11 parameter or the return loss was



5104

w @
< 2
+ =
(a) O o
2
00 1.0 20 30 40 50 6.0
@
z
(b) . =
w
5 —11CM
- o [l S Lateral
o 28 2 ORI .
- 00 20 40 6.0 8.0 100 120
od
<
-
o
>
Q.
@
i)
(¢) . =
w
——No Bending
=L Cross
40 s
0.0 20 40 6.0 80 100
f(GHz)
Fig. 4.

IEEE INTERNET OF THINGS JOURNAL, VOL. 8, NO. 6, MARCH 15, 2021

"I Vv
25 5
x 2.0 1 g
= =
2 2
15 e
—— PEDOT 2
OnlyAg
1.0 1
06 08 10 1.2 14 4.0 6.0 8.0
5
24
4 o 4
= 22 =
cg mn 3
2.0 >
—— No Bendi 2
1.8—5(;;1 B
—11.0 cm 1
0.5 1.0 1.5 4.0 6.0 8.0
25 25
x 20 14
= = 20
()] w
> o >
g = No Bending 15
—11.0
1.0 =
Y710 12 14 16 19755060 70 80
f (GHz) f (GHz)

Bending effect on fabricated sensing antenna and the corresponding VSWR values with and without PEDOT:PSS sensing material. Column I

shows the schematic of sensing antenna in different bending conditions. (a) Bending of sample without PEDOT:PSS. (b) Lateral bending of sensing antenna.
(c) Cross-bending of sensing antenna. Column II shows the respective S11 values and columns III and IV show the VSWR values (legends of column IV are
the same as column III). The legends in the plots show the bending radii 11.0 and 5.7 cm.

analyzed for different sensing antennas. The temperature
change experiments were performed using a temperature
controllable hotplate (Stuart CD162). A high-precision IR
thermometer (FLUKE 62 MAX) was used to monitor the
temperature while performing the experiments. The sensing
antenna was placed ~2 cm above the hotplate so that the
connector did not touch the heated surface as shown in
Fig. 2(d). The experiments were performed at ambient con-
ditions and the temperature of the probe was also monitored
during the experiments. Thereafter, the temperature of the
hotplate was increased to the desired value and the S11 param-
eter corresponding to that temperature was recorded. The
actual temperature on the sensor was recorded using the IR
thermometer.

IV. ANTENNA RESPONSE

Antenna design and computational analysis were per-
formed using commercially available software HFSS and the
results are compared with the experimental response. For
biomedical sensing applications, the antennas are designed
in the microwave range [40]. Hence, the initial experiments
were started with an antenna on a glass substrate that was
designed to resonate at ~4 GHz. However, the flexible sens-
ing antenna resonates at ~1.2 and ~5.8 GHz. Hence, it also
works with mobile phone radiations at the GSM frequency

range (900-1800 MHz). In this case, the GSM frequency was
employed to get the induced current that acts as the sens-
ing parameter in this study. Fig. 3(a) shows the comparison
between experimental and simulated values of S11 parameters
of loop antenna fabricated on a glass substrate using Ag ink.
Fig. 3(b) shows the experimental values of S11 parameters for
Ag-based antenna and sensing antenna having PEDOT:PSS
on the PVC substrate. It was observed that PEDOT:PSS
on the PVC substrate was suitable for temperature sens-
ing. Hence, further experiments were carried out using this
proposed antenna.

The fabricated flexible sensing antennas were further tested
under bending conditions. In this regard, two types of
antenna were employed: 1) Ag-based antenna on flexible PVC
and 2) PEDOT:PSS-based sensing-antenna on flexible PVC
substrate. Two types of bending conditions were taken under
consideration: 1) lateral bending—where the sensing patch
was bent during the bending and 2) cross-bending—where the
bending does not affect the sensing material. Two bending
radii, 5.7, and 11.0 cm, were employed in the experiments.
The bending radii were decided based on the radii of dispos-
able bottles used for water or beverages. Two different types
of parameters were taken into consideration for each sam-
ple: 1) S11 parameter with bending of the sensing antenna
and 2) voltage standing wave ratio (VSWR) parameters for
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each case. Row A of Fig. 4 illustrates the schematic of
flexible Ag antenna on PVC (column I), the S11 parameter
with the frequency of the flexible Ag antenna upon different
extent of bending (column II), comparison of VSWR val-
ues for Ag antenna (only Ag) and PEDOT:PSS-based sensing
antenna (PEDOT) without bending condition at 0.5-1.5 GHz
(column III) and 4-8 GHz (column IV) range. It is clear
from the S11 and VSWR values in Row A that the sens-
ing antenna has reasonable performance in both 0.5-1.5 GHz
and 4-8 GHz range with resonant frequencies at ~1.2 and
~5.8 GHz. Further experiments were carried out for the
PEDOT:PSS sensing antenna. Rows B and C show the effect
of lateral and cross-bending in PEDOT:PSS sensing antenna,
respectively. The later bending and cross-bending conditions
are explained schematically in column I of rows A and
B. Columns II-1IV illustrate the change in the S11 parameter
with frequency due to bending and the corresponding change
in VSWR values at 0.5-1.5 GHz and 4-8-GHz frequency
range, respectively, for rows B and C. The S11 and VSWR
values in column I, II, and III of row B suggest that the lateral
bending of the sensing antenna cause a significant shift in the
operating frequency and this would not be desirable for the
operation of the sensor. Moreover, the VSWR values of the
sensor show the extent of reflection loss for the sensors. The
performance of the sensing antenna was considerably good
at 0.5-1.5-GHz range, the VSWR value reduced considerably
upon lateral bending. However, the sensor showed a stable
response in the case of cross-bending as illustrated in row C
of Fig. 4. The VSWR value was close to 1 at 0.5-1.5-GHz
range as shown in column IV of row C, and thus, it has the best
performance at this frequency range. The sensing antenna was
further tested for temperature sensing applications.

V. TEMPERATURE SENSING

PEDOT:PSS is sensitive to temperature and its rate of car-
rier mobility rises or its resistance decreases with increasing
temperature [46]. The PEDOT:PSS element in the antenna was
tested for temperature sensing. A temperature sensing sample
was prepared separately on PVC substrate with PEDOT:PSS
having two silver electrodes. The sensing sample was then
characterized using LabVIEW-enabled digital multimeter and
heating arrangement, i.e., a hotplate having digital display
control, as described in Section III. The temperature-sensitive
PEDOT:PSS with two Ag electrodes was placed on the digi-
tal hotplate and the temperature was varied from 25 ° C to
90 °C. The resistance decreased with the increase in tem-
perature as illustrated in Fig. 5(a). The sensor was left to
saturate before the temperature of the hotplate underneath was
increased to the next higher value. The resistance decreases
and reaches a stable state in around 8-12 s for a temperature
increase of ~5 °C from 30 °C to 35 °C, as shown in Fig. 5(b).
Furthermore, the sensor was exposed to different temperatures,
and the response (R/Rp) was recorded. Fig. 5(c) shows the
change in R/Ry with temperature and Fig. 5(d) shows the same
for normalized conductance (o /0y).

As the sensor is a part of the antenna, the conductance value
is an important parameter for the induced current. In this case,
the change in normalized conductance showed a nice quadratic

5105

20 4‘0 éo 80 20 40 60 80
T (°C) T(°C)

(c) (d)

Fig. 5. (a) Change in normalized resistance with time. (b) Sensor response
(R/Rp) for temperature increase of ~5 °C, from 30 °C to 35 °C. (c) Response
of sensor at different temperature (T). (d) Change in normalized conductance
(0/0@) with temperature.

fit with the variation in temperature. The dependence of con-
ductance with temperature can be expressed as a second-order
equation, Y = ax®> + bx + ¢ as shown in Fig. 5(d), where
a=11le—4, b = —2e¢ — 3, and ¢ = 0.3. In the literature
also, a quadratic relation between resistance and temperature
is reported [52], [53]. The relation between the parameters
was further employed in the antenna model to calculate the
induced current. However, the resistance, in this case, is lin-
ear with temperature ¥ = mx+¢’, as shown in Fig. 3(c) where
m = 0.96¢ — 3 and ¢’ = 1.1. The resistance changed by about
60 2 for a change of temperature of 5 °C from 30 °C to
35 °C, while the noise is ~2.7%, which was calculated by
measuring the fluctuations of response from the linear fit and
the temperature resolution, i.e., minimum difference between
two detectable consecutive temperature values (calculated to
be ~2 °C).

VI. ANTENNA DETAILS

In order to understand the induced current through the sens-
ing antenna and the effect of the temperature on the same,
a theoretical analysis [54], [S5] was performed with small
loop assumptions. The aim of this study was to calculate the
average current in far-field through the antenna and hence, to
see if the model works in the frequency range of interest.
The equivalent circuit for a receiving antenna contains an
open-circuit voltage Voc, a load impedance Z;, and an input
impedance Z, connected in series as illustrated in the inset
of Fig. 6(a). The current flowing through the loop is related
to Voc. With these assumptions, the induced current / can be
written as

1= _Yoc

ZL + Za

The voltage developed across the open terminal of the
loop can be explained by Faraday’s law for the time-varying

ey
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obtained from the theoretical study.

magnetic flux. For a loop having N turns, the voltage is

Voc = —ijffE-dE 2

where @ = 2xf is the radian frequency, B magnetic flux den-
sity through the loop, and ds is the incremental surface area of
the loop. The direction of the area, in this case, is normal to
the loop. Considering the loop to be small, the approximate
magnetic flux crossing the loop is [ [ B - ds ~ B(xb?), where
B is the magnitude of magnetic flux. Moreover, the magnetic
flux density can be calculated as B = uH, where 1 = pofi,
is the permeability of the material. (o = 47 x 10~/ H/m, the
permeability of free space and w, is the relative permeability
of the material.) Hence, the induced voltage in an N turn small
loop can be calculated as

Voc = —joNrb*pop-H. (3)
The voltage across the Z; can be calculated as
VL = VOCL- 4
Za+ 7L

Whereas, the induced current is determined using the input
impedance of the antenna, which is defined as Z, = R, +jX,,
where R, is the input resistance, and X, is the input reactance
of the antenna. In addition, the input resistance also has two
parts R, = R, + Rq, where, R, is the radiation resistance,
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and Rq is the ohmic resistance of the antenna. The radiation

resistance of a small N-turn loop antenna is
2

N7 b?

A2 )

R, = 31200( 5)

However, the ohmic resistance attributes to the power loss
in terms of heating due to the current flow. If the conductivity
of the material is o, then the ohmic resistance (i.e., the surface
resistance) for each turn is typically approximated as follows:

Ro =2 |1 ©)
a o

where b is the radius of the loop and a is the radius of the
wire. The small loops have high inductance, which can be

calculated as
L= wubN-{In| —)—-2). @)
a

In general, the reactance X, is the inductance associated
with the antenna. Hence, the input impedance can be written as

(. (8b Nrb*\’
Z; =Ry + joubN-|In| — ) —2) =31200
a A2
b 8b
+ —,/% + joubN? <ln(—> - 2). 8)
a o a

Hence, the current induced in the small loop can be
calculated as

] — _ja)NijZMOMrH

7+ 31200(N;—£2)2 + 22+ joubN? (in(22) - 2)
©))
This equation describes the effect of the load impedance
on the current in the loop. Fig. 6 shows the obtained current
values with (A) temperature and (B) frequency. The plots sug-
gest that induced current increases with temperature and has
a higher influence in higher frequencies. However, Fig. 6(b)
shows that the current also increases at low-frequency ranges.
The experiments were performed with the sensing antenna as
a receiver in the GSM range (900-1800 MHz) with mobile
phone radiation to measure the induced current as discussed
later. Before performing the tests using the mobile phone, the
sensing characterization was performed for the printed sensing
antennas using VNA and temperature arrangements.

VII. TEMPERATURE SENSING ANTENNA

The temperature sensing properties of the antenna were
tested by increasing the temperature of the antenna using
a controllable hotplate. The S11 parameter was measured for
the sensing antenna at different temperature conditions. It was
observed that the magnitude of return loss decreased due
to the enhancement of temperature. This can be attributed
to the change in the resistance of the sensing PEDOT:PSS
element that leads to the overall change in the sensing
antenna impedance. Fig. 7(a) and (b) shows the S11 parameter
versus frequency for PEDOT:PSS sensing antenna at different
temperatures ranging from 25 °C to 90 °C at 1-2.5 GHz and
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Fig. 7. Response of antenna at different temperatures. (a) and (b) S11 param-
eter analysis of antenna at 1-2.5 GHz and 5-6 GHz frequency range. (c)
and (d) response (ASpp) at different temperatures for the above-mentioned
frequency ranges, respectively. (e) and (f) show the frequency shifts due to
the temperature changes for the above two frequency ranges, respectively.

5-6 GHz frequency range, respectively. Fig. 7(c) and (d) shows
the change in S11 parameter magnitude (AS11) with tempera-
ture for the said frequency ranges, respectively. The shift in the
frequency due to the temperature changes was also studied as
illustrated in Fig. 7(e) and (f). The shift, in this case, was nom-
inal and did not show any trend. Thus, the change in the S11
parameter (AS11), which indicates the change in power, was
more reliable for temperature detection. The sensors were cal-
ibrated so that the absolute temperature can be measured along
with the change of the temperature. However, the same can
also be achieved by integrating a reference sensing antenna in
to the system.

The sensing antenna was further tested in the GSM range
(900-1800 MHz). In this case, the sensing antenna was kept
at ~1 cm from a GSM mobile phone that was transmitting
the RF signal and the rectified induced current was mea-
sured using a digital multimeter at different temperatures.
The temperature was changed using the hotplate and an IR
thermometer was employed to measure the temperature of
the sensing antenna during the experiment. It was observed
that the induced current was higher in the case of higher
temperatures as predicted previously using the simulation.
Fig. 8(a) shows the change in the current response (Al/ly)
with time. Furthermore, the response was also compared with
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Fig. 8. (a) Response (Al/l) of the temperature sensing antenna with time
for different temperature values. (b) Comparison of the experimental and
theoretical results of the temperature sensing antenna.

the simulation results and the experimental results were found
to be at per with the simulation as shown in Fig. 8(b).

The idea of using the sensing antenna is to reduce the num-
ber of electronic components in a system and this is achieved
through a multifunctional antenna. Although the proposed
flexible sensing antenna showed an encouraging response in
temperature sensing in the reported bending range, one of the
major issues with this type of sensing antenna is the sig-
nificant shift in the resonant frequency upon large bending.
The effect of bending is significant for lateral bending con-
dition as illustrated in Fig. 4. The simultaneous variation of
bending and temperature could be handled by mathematical
compensation with appropriate system design after modeling
the same theoretically. Another solution for this issue would be
a thicker substrate and stretchable inks that have stable elec-
trical properties with stretching or bending. However, a thick
substrate may restrict the bendability of the antenna, and thus,
there exists a tradeoff between the substrate thickness and its
bendability. The sensing antennas were found to be stable for
15-16 weeks after they were stored in ambient conditions.
The effect of humidity was minimum as the sensor operates
in 25 °C-90 °C and at high temperature, the adsorption of
water was minimum. However, the stability of the sensing
antenna can further be increased by using a thin transparent
coating and proper storage.
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Fig. 9. Bland-Altman plot of the measured temperatures using the ther-

mometer and the proposed temperature sensing antenna.

The performance of the sensing antenna was found to be
superior compared to its counterparts as described in Table 1.
The sensor showed a maximum of 70% change in resistance
for a temperature change of ~60 °C for a temperature range
from 25 °C to 90 °C. The antenna was found to be resonating
at 1.2 and 5.8 GHz. The developed antenna was characterized
using VNA in the above temperature range and a sensitivity
of ~1.2%/°C was observed. A maximum of ~20% change
in reflection loss was observed for 25 °C-90 °C temperature
change at a frequency of ~5.8 GHz. As a comparative study,
the Bland-Altman plot of the measured temperatures using the
thermometer and the proposed temperature sensing antenna is
illustrated in Fig. 9. The plot shows that the measured values
using the temperature sensing antennas are in the range of
+1.96SD (i.e., standard deviation).

VIII. CONCLUSION

In this article, PEDOT:PSS-based chipless printed loop
antenna is presented for temperature sensing application. The
antenna was fabricated in both glass and flexible PVC sub-
strate. It was observed that the flexible PEDOT:PSS sensing
antenna performance was better compared to the rigid glass-
based antenna. A series of bending experiments was also
carried out and the cross-bending condition was found to be
suitable for the sensing applications. The temperature sensing
part was fabricated separately and characterized at different
temperatures from 25 °C to 90 °C. The sensor showed a max-
imum of 70% change in resistance for a temperature change
of ~60 °C. The temperature sensing was also characterized
separately using a digital multimeter for a temperature range
from 25 °C to 90 °C. The sensor showed a 70% change in
resistance for a temperature change of ~60 °C. A compar-
ative study was performed with a glass-based rigid sensing
antenna. However, the flexible sensing antenna was found to
be more efficient in terms of applicability and performance.
The antenna was found to be resonating at 1.2 and 5.8 GHz.
The developed flexible antenna was further characterized using
VNA in the temperature range of 25 °C-90 °C to measure
the change in the S11 magnitude. A sensitivity of ~1.2%/°C
was observed for the sensing antenna. The antenna was found
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to be suitable for bending applications as well. It was also
observed that the return loss and resonant frequency change
significantly once the antenna undergoes a lateral bending.
However, the antenna is found to be more stable in the case
of cross-bending conditions. The value of VSWR was found
to be satisfactory even in bending conditions. A maximum of
~20% change in reflection loss was observed for a tempera-
ture change from 25 °C to 90 °C at a frequency of ~5.8 GHz.
This flexible sensing antenna can be used as temperature sens-
ing applications in smart labels. Furthermore, the temperature
sensing antenna could be integrated with clothes and poten-
tially used for the measurement of body temperature to trace
patients of infectious viral diseases such as COVID. With
features, such as printability and disposability, the presented
sensing antenna could provide an affordable solution for large-
scale deployment. Future work will involve a detailed study
on measurement of human body temperature.
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