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Abstract. A wide-band, compact size, long-range surface-tolerant ultrahigh frequency (UHF) radiofrequency
identification (RFID) sensor is proposed for internet of things (IOT) applications. The proposed sensor is designed
and fabricated on a rigid FR4 substrate. The equivalent circuit analysis is performed to validate the performance
of the sensor. The RFID tag exhibits a wide bandwidth of 455 MHz, long reading range with a compact size
(931 mm2 ) in comparison to the existing designs. The maximum reading range is found to be 11 m in free space.
The long reading range, good surface tolerance and compact size make the design fit for potential RF identification
applications. The performance of the designed RFID sensor is experimentally verified by mounting it on different
types of surfaces.
Keywords. Radiofrequency identification sensor; ultrahigh frequency device; wide band; long-range
radiofrequency identification; internet of things.
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1. Introduction
Smart technology, i.e. internet of things (IOT) is utilised
to connect the things wirelessly and has a wide range of
applications such as intelligent transportation systems
(ITS), smart hospitals, smart homes, healthcare, supply chains, smart shopping malls [1] etc. In order to
fulfill these applications, different technologies like 5G,
radiofrequency identification sensor (RFID) and robotic
controls are required to be integrated. Among these,
RFID is a technique that has captured significant attention due to its potential use in object identification, traffic
monitoring, health care applications, library management and as a material sensor [1–3]. RFID has increased
the scope of IOT due to its feature of getting embedded
with various sensors. In comparison to the traditional
bar code, the RFID technology has many advantages,
such as long reading range, non-visible identification,
rapid reading and writing.
The RFID tag mainly consists of two parts, an integrated circuited DC chip and an antenna. These parts are
used to transfer digital binary code through the backscattered process [4,5]. When RFID sensor comes in
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the range of the reader, then it transmits the information stored in it to the reader through radiowaves and
provides a unique identifier of the object on which the
tag is attached. In order to design a RFID tag, IC chip
impedance is required to be matched to the antenna
impedance for efficient transmission and reception.
Various design approaches have already been discussed for impedance matching and size reduction of
RFID tags, such as T-Matching [6], inductively coupled
loop [7], slots, meander lines [7], etc. RFID tag designs
reported in [5,8,9] are designed to be used on different
surfaces such as metal, glass and wood, but they exhibit
long reading range only for specific surfaces. Further,
their larger size limits the applications. Some multilayered structures are also reported in [10,11], but the
limitations to mount over different surfaces make them
surface-intolerant and hence restrict their commercial
uses. Further, most of the already reported RFID tags are
designed using traditional uniform meander lines having non-uniform current distribution along the length
due to their dipole-like structure. This leads to instability in impedance matching for varying surfaces of
different materials. This anticipates the development of
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some surface-tolerant long-range RFID sensors, capable
of providing efficient power transmission on different materials with a compact size so that they can be
mounted on small objects.
In this paper, a long-range compact RFID sensor
for all types of mounting platforms is designed using
non-uniform meander line technique. The complex
impedance matching of the proposed RFID tag antenna
is achieved at 866 MHz with the commercially available Higgs 4 IC chip having impedance equals to
20.55 − j191.45 [20]. The equivalent circuit analysis
and read range analysis for the proposed sensor tag are
performed to get its better physical insight. The designed
RFID tag exhibits long read range compared to the several reported designs.
This paper is organised in six sections. In §2 the design
and simulation of the proposed sensor is discussed. In §3
the equivalent circuit analysis is performed. Thereafter,
in §4 reading range analysis is performed. In §5 the fabrication and measurements of the fabricated prototype
is presented and finally the discussion is concluded in
§6.

2. Design and simulation
The design of the proposed RFID tag is shown in figure 1. The central part of the structure consists of a
rectangular loop with an excitation point at the upper
arm of the loop just like the folded dipole. Further,
non-uniform meander lines are designed at both ends
of the loop. In order to maintain the uniformity in current along the meander dipole lines, their lengths are
chosen in decrement fashion. The sensor is designed on
a single-sided copper-plated rigid FR4 substrate having
εr = 4.4, tan δ = 0.02 and thickness = 1.54 mm with 35
microns copper deposition. The dimensions of the sensor are given in table 1. The tag design is simulated in
Ansys HFSS software tool. The simulated impedance

Figure 1. Design of RFID sensor with dimensional parameters.
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characteristics is shown in figure 2a. The RFID tag
exhibits an impedance equals to 4.5 + j192.7 at 866 MHz
which is in good agreement with the impedance of
Higgs 4 IC, thereby leading to long reading range and
wide bandwidth. The simulated return loss for the RFID
tag is shown in figure 2b. It is observed that the tag
exhibits a wide −10 dB bandwidth of 455 MHz from
567 to 1052 MHz with a minimum value of S11 (dB) at
866 MHz.

3. Equivalent circuit analysis
In order to get better physical insight of the proposed
RFID sensor tag, the equivalent circuit analysis has been
performed. As per the techniques to model the equivalent circuits of RFID tags suggested in [19] and keeping
in view the structure of the proposed RFID sensor tag
(figure 1) its equivalent circuit model is predicted as represented in figure 3. A simple RLC series combination is
a better choice to model the reactance of a small dipole
antenna [19]. Moreover, it is quite cumbersome to estimate the values of inductance and capacitance for the
meander line geometry. Therefore, the field couplings
between these lines are modelled as a series RLC (L a ,
Ra , Ca ) circuit. The central loop of the RFID design is
modelled as a short stub matching network with series
(L 1 ) and shunt inductance (L 2 ). Further, the IC chip is
modelled as a parallel RC network as discussed in [19].
The calculated values of the lumped parameters at 866
MHz are also shown in figure 3.
The equivalent circuit analysis is performed using the
following design equations [19]:
L eq = L 1 + L 2 =

1
ω0 C c

L1 L2
L1 + L2
L2
α=
L1 + L2




 L 2 + 2Ra Q a 2 − L
 se
se
ω0
La =
2
1
Ca =
.
2π f a Q a Ra
L se =

(1)
(2)
(3)

(4)
(5)

To achieve maximum power efficiency, conjugate
matching is performed by using eqs (1) and (2). The
values of series and parallel inductances are evaluated
by using eq. (3). Equations (4) and (5) are used to calculate the values of the capacitor and the inductor of the
proposed sensor. In order to validate the extracted equivalent circuit model of the proposed design, the matching

Pramana – J. Phys.

(2021) 95:116

Page 3 of 6

116

Figure 2. (a) Simulated impedance characteristics of the RFID sensor and (b) simulated S11 (dB) characteristics of the RFID
sensor.

in [20]. Further, Z A represents the equivalent of series
combination of Ra , L a , Ca and parallel combination of
L 1 , L 2 . The calculated value of Z A is 17.11+j191.59.
It is observed that the imaginary part of Z A and Z C
are perfectly matched. The real parts of both Z A and
Z C are quite closer with a minor error of 3.44 due to
the approximation of meander lines applied in equivalent circuit modelling. This impedance matching clearly
validates the extracted equivalent circuit model of the
proposed RFID tag.

Figure 3. Equivalent circuit for the proposed RFID sensor

4. Reading range analysis
Read range is an important parameter to measure the
performance of a RFID tag antenna. The reading range
(dmax ) of the RFID tag in any arbitrary direction (θ , )
is measured using Friss transmission equation [20].

EIRP
c
(6)
τ G tag (θ, ),
dmax (θ, ) =
4π f
Pc

Figure 4. Impedance matching verification of the proposed
RFID design.

where θ represents the gain of the tag, τ is the power
transmission coefficient, EIRP is the effective isotropic
radiated power and Pc is the minimum threshold RF
power required to turn on the chip. In an effort to
represent the importance of non-uniform meandering
technique, for the purpose of increasing the read range of
the proposed design, a comparison study for the uniform
meander line (UML) and non-uniform meander line
(NUML) based RFID sensors has been conducted by
scaling all the dimensional parameters of the structure.

of impedance of the designed RFID sensor with that of
the Higgs 4 IC chip is verified. For this verification, the
RFID sensor impedance is taken as Z A and that of the
IC is taken as Z C as shown in figure 4. The impedance
is calculated using the values of the component evaluated for 866 MHz as represented in figure 3. As per the
circuit (figure 4), the RFID impedance Z C is the parallel
combination of RC and CC . This gives the value of Z C
as 20.55−j191.24 which is equal to the value reported
Table 1. Dimensions of the proposed RFID sensor.
Parameters

a

B

c

d

e

F

g

h

i

j

L

W

Dimensions (mm)

18

11

4

2

1

5.5

3

3

4

1

49

19
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Table 2. Comparison of UML and NUML reading ranges for varying area scale factor.
Area scale
factor (δA )
0.89
0.92
0.94
0.96
0.98
1.0
1.02
1.12
1.40

Design with uniform
meander lines

Reading range
(m)

UML-1
UML-2
UML-3
UML-4
UML-5
UML-6
UML-7
UML-8
UML-9

7.0
7.2
7.3
7.5
7.92
8.2
9.05
9.53
10.0

The scaling is performed by taking the area of the proposed design as one. For different area scale factors (δA ),
the read ranges are listed in table 2. UML-1 to 9 represent uniform line sensors and NUML-1 to 9 represent
the non-uniform sensors. It is observed that non-uniform
line-based RFID sensors exhibit larger read range than
the corresponding uniform meander line-based sensors
for the same area scale factor. Further, it is also observed
that as the area of the sensor increases, the read range
increases. In order to obtain large read range with compact size of the sensor, the size of the proposed design is
chosen as that of NUML-6. Further, the radiation pattern
of the NUML-based RFID sensor is similar to the dipole
antennas, which enhances it uses for large-range potential RF applications such as traffic monitoring, object
identification, library management etc.
A comparison of reading range of the designed RFID
tag with uniform and non-uniform meander lines for different types of surface mounts has also been performed
as shown in figure 5. It is observed that the NUML-based
RFID sensor exhibit much larger read range than the
UML-based tag sensor. Moreover, the proposed NUMLbased design exhibits higher read range for wooden and
paper surfaces which makes it fit for object identification in cargos where heavy goods are transferred through
ship or air planes in wooden boxes. Due to the compact
size and large range of the proposed RFID, it can also be
best suited for postal delivery applications where couriers are transferred in paper bags for identification of
the packet in a large consignment from an appreciable
distance.

Design with non-uniform
meander lines
NUML-1
NUML-2
NUML-3
NUML-4
NUML-5
NUML-6
NUML-7
NUML-8
NUML-9

Reading range (m)
8.80
9.20
9.35
9.50
9.86
11.0
11.47
11.7
11.8

Figure 5. Read range of the proposed RFID for various surface mounts.

Figure 6. Fabricated prototype of the proposed tag.

5. Fabrication and measurement
A prototype of the designed RFID sensor is fabricated
on the FR4 substrate, as shown in figure 6. An EPC
global Class-1, second generation Higgs 4 IC with input
impedance 20.55 − j191.45 at 866 MHz is used for
complex conjugate impedance matching. The return

Figure 7. Simulated and measured impedance plots of the
proposed sensor.
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Table 3. Comparison of the measured vs. theoretical read
range of the proposed sensor antenna at 866 MHz.
Read range (m)

Marble
Wooden
Paper
Plastic
Glass
Free space

Calculated

Measured

9.8
11.5
11.3
10.8
10.0
11.0

9.0
10.5
10.2
9.50
9.20
10.5

loss, impedance and read range patterns of the proposed
sensor are measured in anechoic chamber as per the
experimental measurements reported in [12]. The reading range of the sensor has been measured using the
Supernova Skyetek RFID reader which is connected
to a circularly polarised antenna of 9 dBi gain (G t ).
The output power (Pt ) of the reader was adjusted to

Figure 8. Simulated and measured radiation patterns of the
proposed sensor.
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27 dBm. The minimum threshold power necessary to
activate the sensor chip is −20.5 dBm. The performance
of the sensor is experimentally verified by mounting it
on different objects/materials to test the feasibility of
the fabricated sensor from the perspective of practical
realisation. The sensor antenna is tested for both ETSI
and FCC frequency bands. The read range at different
sensor orientations for 866 MHz frequency is measured
and a maximum of ∼10% variation is observed which
shows the significant performance of the proposed sensor. Further, in order to validate the measured values
of read range for different mounting objects, it is compared with their corresponding calculated values using
Friss equation as listed in table 3. Despite the mounting
of the proposed sensor on different surfaces, the proposed RFID sensor is capable to detect the object up to
a maximum of 11 m range in free space. Further, for the
working frequency range the simulated and measured
impedance of the proposed sensor tag are compared and
observed to be in agreement as shown in figure 7. The
simulated and measured co and cross polarisation radiation patterns are in agreement as shown in figure 8.
This signifies that the far-field performance of the proposed RFID sensor is good which makes it suitable for
potential long-range applications such as detection and
navigation. The designed tag is single layered and compact in size so that it can be easily mounted on smaller
objects. The large bandwidth and surface tolerant feature
make its useful for accurate and instantaneous detection
over a long distance, which is highly desirable in the
IOT system. The performance of the designed RFID tag
is compared with the existing tags in terms of size, bandwidth and read range as listed in table 4. It is observed
that the proposed tag is compact and exhibit long read
range and wide bandwidth compared to the existing
RFID tags. The designs reported in [5,8,12] exhibit long

Table 4. Comparison with the existing RFID tags.
References

Substrate (Thickness) (mm)

Overall area (mm2 )

[4]
[5]
[8]
[9]
[10]
[11]
[13]
[14]
[15]
[16]
[17]
[18]
This work

FR4 (0.2)
FR4 (3.2)
FR4 + Air Gap (1.6)
Rubber (1.3)
Foam + FR4 (4.6)
RT5880 (1.58)
PET (0.5)
Teflon (0.5)
Polyester (0.059)
PET (0.75)
PET (0.8)
Paper (0.5)
FR4 (1.56)

2916
3526
3224
3969
4664
4384
4211
1250
2652
2587
1800
2480
931

Bandwidth (MHz)
141
100
150
93
70
80
78
80
70
102
165
40
455

Reading range (m)
8.2
12
14.6
1.4
6.5
5
0.24
2.8
17.71
3
8
5.78
11
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range in comparison to the proposed design but they possess large area and small bandwidth which limits their
practical uses.
6. Conclusion
In this paper, a non-uniform meander line-based design
of compact, long-range wide-band UHF RFID sensor is
proposed. A prototype of the design has been fabricated
and its performance is experimentally verified. The
equivalent circuit for the designed RFID tag is also analysed with its validation through impedance matching
with the Higgs 4 IC chip. In comparison to the existing
RFID designs, the proposed tag exhibits a wide bandwidth of 455 MHz with a compact size of 4.9 × 1.9 cm2
and a long reading range of 11 m. A comparison of uniform and non-uniform meander line-based RFID tags
has been presented to highlight the technique of increasing the read range through the use of NUML-based
RFID tags. Detection capability of the proposed RFID
sensor is verified by mounting it on different types of surfaces for testing the practical utilisation. These features
make the design useful for various potential applications
such as traffic monitoring, transportation systems, object
identification at airport and railway stations, healthcare,
supply chain, smart shopping malls etc.
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