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Abstract:

This investigation primarily promotes a UHF RFID tag antenna for complex environment applications of smart card in free space
and near body scenarios. It also considers other high dielectric materials such as water and metallic objects. A dual dipole
antenna with T-match structure is chosen due to the advantage of providing high resilience towards change in impedance of high
dielectrics, and to ensure the reception of maximum signals at the blind spots of the antenna. The proposed geometry facilitates
placement of other off-the-shelf high and low frequency antennas on the card, enabling more features, higher performance, and
minimum field interaction between different frequencies. A presented RLC equivalent circuit model estimates the impact of body
layers on antenna impedance. A high read range of 7.7 meters in free space, 5.2 meters near body and 2.8 meters at the blind
spots is obtained. The novelty is shown by testing the antenna near metals and water, achieving high read range without any
design modifications. The proposed tag aims to provide new RFID applications that demand small size, less volume, low cost
and multifunctionality over various constraints, while showing good agreement with sensitivity, impedance matching and the read

range.

1 Introduction

Radio Frequency Identification (RFID) has seen an enormous egress
into our daily lives. It employs RF signals to identify targeted
objects and serves in many industrial applications such as medical
inventory, laundry management, brand protection, retail inventory,
customer service, race timings, security, logistics and asset manage-
ment [1,2]. With a cost of $0.10-0.20 for UHF tags mass production,
a passive tag’s chip does not require an on board battery source and
can offer up to 10 meters read range with various dependant fac-
tors such as tag use scenario fixed or mobile, directionality, gain,
operational frequency and sensitivity, all contribute to the tag’s effec-
tiveness [3]. Although RFID technology is robust in free space
scenarios, there are some implementation constraints for UHF tags
such as proximity issues when the human body, water and metal-
lic objects are present as they exhibit high permittivity values. For
instance, if the tag is close to or on the human body, due to high con-
ductivity properties, high power absorption occurs, reducing the gain
and ultimately the read range of the tag significantly [4-8]. Conven-
tional mass deployed UHF tag antennas that are designed for free
space are mostly unable to display the same performance when used
in on-body applications.

In the literature, several tag antennas are presented to overcome
these constraints such as [5] where a UHF tag is proposed for per-
ishable goods e.g. meat or milk ensuring a read range of 2.5 to 3
meters in the ETSI band [865.6-867.6 MHz]. In [6], a broadband
antenna is presented for near body operations by using two quar-
ter wavelength patch antennas connected with a ground plane on
Rogers RT 5880 substrate with dimensions of 67.5 x 32 mm? and
137 x 32 mm?, respectively, showing good impedance matching
but at the cost of a considerable thickness of 1.575 mm, restricting
it to limited space applications. In [9] and [10] a tag is designed on
FR4 substrate employed for human body monitoring and metallic
cylinder tracking. Considering the line of sight distance, 10 meters
read range is achieved in an open space environment and 3.5 to 4
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meters is observed for human and metallic object detection, respec-
tively. The reported tag is narrow band and proposed to operate at
US frequency band region only. Antennas presented previously have
a thickness greater than 0.5 mm [5-8, 11] and some of them use
ground planes to reduce the influence of the human body [5] ulti-
mately making them more expensive and difficult to place in smart
cards. Another 85.5 X 54 x 0.76 mm? tag design for a student ID
card is presented for on body applications on a PVC substrate for the
U.S. frequency band. This tag offers a good read range of 2.7 to 5.7
meters, when placed at various positions on the chest and aligned at
the line of sight direction only with the reader antenna at 915 MHz
and 4 Watt effective isotropic radiated power (EIRP) thus adding a
greater read range than EU EIRP at 3.3 Watt [12]. The large dimen-
sions of the tag does not allow any other antennas to fit in on the card.
A single layer wearable dipole UHF tag antenna for human body at
866 MHz is designed with the dimensions of 68 x 22 mm? . The
gap between the tag and body which affects impedance matching,
frequency tuning and realised gain is analysed. The realised gain
values are measured in free space and by varying the gap from 4-
20 mm. The antenna sensitivity is reduced beyond 8 mm gap. At 4
mm distance the antenna can read up to 3 meters while increasing
the distance above 8§ mm the theoretical read range of 6-7 meters
can be obtained [13]. Another interesting work in [14] shows the
effect of on body sewn conductive thread RFID UHF tag and sen-
sor antenna performance. Conductive threads are twisted together
with a conductivity of 20 ks/m, significantly lower than pure met-
als. The sewed tag was attached to the arm of human body and was
observed at various angles ranging from 0-360°. Results showed a
read range of 1.34 meters at EU frequency band and approximately
4 meters in the air. The potential reason for the lower read range is
the employment of the less conductive silver thread as compared to
other metals. In [12, 13], the dimensions and thickness of the tags
does not permit to fit in limited space of smart cards and the read
range of tags at blind spots and other angles is not discussed, thus
limiting the scope of applications where line of sight orientation of
the tags is not practically possible.
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Fig. 1: Scenario of smart card near body.

The performance of the UHF tag is severely affected near a metal-
lic surface. There are several RFID antenna structures proposed
for metallic object tagging. Metals are electromagnetic reflectors
and radio signals are unable to penetrate them. Several solutions
are proposed such as; a foam sheet of at least 3 mm thick-
ness between metallic surface and antenna, using metamaterials or
printed inverted-F antennas (PIFA). In [15], two UHF microstrip
dipole antennas are proposed to operate at 919 - 923 MHz with the
dimensions of 58 x 34 x 0.8 mm?> comprising three layers, cop-
per traces, a Roger 5880 substrate and a full copper ground plane.
The read range obtained from both tag antennas is 2 and 2.2 meters,
respectively. Although these tags are good candidates for metallic
surface tagging with even considerable thickness and dimensions
they are not suitable for limited area applications and read range
does not ensure long range detection. Another proposed approach
to apply tags on metallic objects is to use commercial RFID tags
and attaching a 2.5 mm thick sheet of Styrofoam 103.7 on the back
side of tag to avoid any interference with magnetic field. The Styro-
foam sheet assist in radiating electromagnetic field on the top side of
RFID tag. This method achieves a read range of 2 meters in a straight
line and comparable to off shelf expensive tags used for the metallic
mounting [16].

UHEF tags are also sensitive to the presence of liquids as they increase
the resistance loss in the equivalent circuit of the subject antenna.
The likelihood of signals being absorbed in liquids is greater at
higher frequency band. Several solutions are proposed similar to
those at near body and metallic surfaces, such as ground plane to
tolerate the effect of liquid or embedding tag inside the cork. These
solutions are costly and bulky as compared to label type tags. To
overcome these challenges, an off-shelf ALN-9768 Wonder Dog tag
is chosen from Alien. Based on the study of equivalent circuit mod-
elling to consider the effect of water, a modified tag is proposed by
adding a small resistance in parallel to the actual resistance of the
antenna. The proposed tag bandwidth is increased from 3.7 % to
13.5 % of -10 dB. The achieved read range is increased from 1.5 to
2.2 meters in free space and from 0.22 to 0.31 meters in line of sight
measurement for glass bottle filled with the liquid. Although the read
range is improved but still it is not a good candidate for long range
detection [17]. Thus, UHF tags can be customised for use near met-
als and other high dielectric materials such as liquid bottles but the
design geometry needs to be optimised accordingly and based on
published research, the tag width should be thick enough to reduce
the effect of interference caused by strong magnetic field. Most of
the research papers have shown the line of sight measurements and
there is limited or no information of read range at the blind spots of
the antennas thus limiting the wide applications of tags.

Based on above mentioned challenges, it is very important for the
UHF passive tag industry to design antennas that are low in cost,
small in size, provide competitive read range at the blind spots of
the antenna and compatible with other high dielectric materials. The
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Fig. 2: UHF antenna without inductive loop.
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Fig. 3: Dimensions of the proposed UHF antenna.

scope of this paper focuses on free space and near body applications.
It also highlights the impact of other high dielectric materials on the
performance of antenna, such as water and metallic objects.

There are various UHF dipole antennas proposed in the literature,
but most of them are good in terms of providing long read range
in line-of-sight for free space scenarios, but in our consideration, a
broadband UHF RFID tag antenna is proposed covering the 860-
960 MHz frequency region for high dielectric materials such as near
body, water and metallic objects. The suggested shape that meets
the performance criteria near high dielectrics is dual dipole antenna
geometry with a T-match structure. This geometry offers reception
of more signals at the blind spots. Also, the half wavelength struc-
ture of dual dipole geometry is observed as highly resilient towards
change in resistance and reactance values. The high resilience with
good conjugate impedance matching with the chip and high gain,
contributes towards good read range for free space while ensuring
a competitive range for high dielectric materials. Another target is
to overcome the issues of few or no detections at the blind spots
of antenna, which is met by optimising the geometry parameters to
obtain wide blind spots. The read range of the tag ensures detection
at difficult to read angles, aiding end users to maintain the required
minimum and maximum distance between the reader and the tag at
installation sites. The hall installed system successfully detects peo-
ple and it can be used at various locations such as conference rooms,
universities, entrance points of shopping centres or in corridors as
shown in Fig. 1.

2 Antenna Design Consideration

The proposed length of the UHF tag is calculated using L = 0.5 x
¢/ f, but the unmodified conventional half-wave dipole antenna is
not significant as the reactance is too small to offer conjugate match-
ing with typical RFID IC, and also the size is very large to fit in
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Table 1 UHF tag dimension parameters.

Parameters Dimensions
(mm)
L 25.14
w 69.80
Al 19.80
A2 8.27
A3 9.26
A4 1
A5 2.28
A6 15.24
A7 4.96

most of the RFID applications. Therefore, some modifications are
required to achieve high performance. In literature, the dual dipole
shapes are also suggested for card size applications. The proposed
geometry of the tag antenna is a half-wave dual-dipole [18] with an
overall dimension of 25.14 x 69.80 X 0.05 mm? as shown in Fig.3
and Table 1.

The simulation of the dual dipole structure, which is approximately
half-wavelength, contributing to the real impedance as shown in
Fig. 2 (a) without any matching structure to show that the antenna is
highly capacitive with impedance of Zant= 8.36 - j152.69 Q which
needs to have a modification to make it inductive. The closed loop
of the antenna is based on a T-Match structure to meet the high
inductance requirements to achieve conjugate matching with the
capacitive impedance of the chip as shown in Fig. 2 (b) with Zant=
0.33 + j127.57 €2 impedance. Moreover, this dual dipole structure
has an advantage over conventional dipole antennas by offering high
resilience towards change in impedance values near high dielectric
materials. As can be seen in Fig. 3, this design has a large metal sur-
face to offer better performance for placement against high dielectric
surfaces, such as in proximity of human body or other high dielectric
materials.

A curved shape is applied to reduce the effect of diffracted fields
from the antenna edges. These edges ensure reception of more sig-
nal rays from the transmitting antenna, which provide sufficient
amplitude signals and increase antenna directivity [19]. The over-
all antenna impedance comprises a T-match short circuited stub and
the dual-dipole structure. The closed loop has a length A6 < W, is
connected to the dual dipole at the length A7 from the main structure
as shown in Fig. 3. The overall impedance at source point is given as
[20]:

2Zi(1 + )% Z,

T = 2T ) fa
ant 27+ (1+ «)2Z,

6]

whereas, Z; = jZo tan kA6/2 is the input impedance of the short
circuit stub. Moreover, Zy = 2761og( b/+/ rere is the characteris-
tics impedance of the two conductors with a spacing of A7 between
them. Z, is the antenna impedance value taken with(/)ut the T-match
short circuit stub. The term re = 0.25 x A4 and r, = 8.25 x A8
are the radii of the dual dipole and matching stub, respectively.
While, o« can be defined as the current division factor between T-
match and dual dipoles of the antenna [20]:

In(A7/r,
o= n( 7/Tﬁ) (2)
In (A7/re)
In passive UHF antennas, the tag is designed based on the complex
impedance matching with the associated RFID chip [21]. The pro-
posed tag is simulated via CST considering a Monza R6 chip with
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Fig. 4: Triple Tech card space allocation with LF, HF and UHF
antenna placement.
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Fig. 5: Schematic of UHF antenna enclosed in the PVC card.

a capacitive impedance of Zgpip= 13.5 - j126.56 €2 at 866 MHz and
demands a highly inductive antenna to achieve appropriate conjugate
matching at Zant= 13.5 + j126.56 2. All the structural dimensions
are considered by simulating the antenna into CST software and
focusing on achieving another important factor of wide blind spot
radiation pattern by considering gap A3. The gap is directly propor-
tional to the gain values of antenna. Whereas, the height of loading
bar A8 on A3 on top of inductive loop results in increasing gain
values. The parameters A6, A7 and A4 of the loop are adjusted to
match the complex chip impedance. The overall antenna geometry
is designed to achieve half wavelength at frequency of 866 MHz.
In the simulation by introducing the T-match combined dual-dipole
structure the overall length is reduced by 60.34% of the antenna
wavelength increasing its potential for smart card applications. This
tag is designed to fit within a smart Triple Tech card as shown in
Fig. 4 along with an LF antenna operating at 125 kHz and a HF
antenna with an operating frequency of 13.56 MHz. The dimen-
sion of the Triple Tech card is 85.60 x 53.98 mm?. The diameters
of LF and HF antennas are 19 mm and 18 mm, respectively. The
antenna sizes are chosen carefully to ensure appropriate placement
into the limited space of the card, with a maximum gap ensured
among antennas to avoid any interference.

This research work focuses on the UHF antenna design, simulation
and realized antenna performance comparison. Two primary scenar-
ios are considered for modelling and experimental validation of the
proposed UHF tag antenna. The first scenario is in free space when a
person is holding a card in the lanyard, away from the body. The sec-
ond scenario covers near body simulations such as when the person
has placed the card in a wallet and that wallet is in the pocket.
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Fig. 6: UHF tag enclosed in a PVC card on human body patch.

Table 2 UHF tag dimension parameters.

Layers Thickness  Relative permittivity ~ Electrical conductivity
(mm) k(er) o (S/m)

Internal Organs 20 52.1 0.91

Bones 5 20.8 0.33

Muscles 10 55.1 0.93

Skin and Fat 5 14.5 0.25

Jeans 15 2.1 0.002

Leather 1.5 1.7 0.001

2.1 Tag Antenna in Free Space Scenario

This section covers the first scenario, when UHF antenna is posi-
tioned at the bottom of a card and placed in the lanyard or in free
space, the proposed design is simulated in the CST software by
enclosing the UHF tag on a Polyethylene terephthalate (PET) sub-
strate in the PVC card as shown in Fig. 5. The overall thickness of
the PVC card is 0.72 mm, half below and half above the UHF tag, the
UHF antenna has 0.01 mm thickness and is made up of aluminum
and the PET substrate has 0.05 mm thickness with e = 3 enclosed
in the PVC card.

2.2 Tag Antenna in Near Body Scenario

A scenario is considered to demonstrate a person holding the smart
card enclosed with the UHF antenna near the body as shown in
Fig. 1. In daily life, this situation is realised when a person typically
holds the card in the wallet and places in the pocket. The scenario
is modelled in CST as shown in Fig. 6 by creating 100 x 100 mm?
patch of human body with layers beginning from the internal organs,
bones, muscles, skin and fat, jeans to replicate the pocket, leather
for the wallet and the PVC card by using parameters mentioned in
Table 2 [22, 23].

3  SIMULATIONS RESULTS ANALYSIS

The effect of a human body on the radiation pattern, gain and input
impedance variation are investigated in this section. The directivity
of the proposed antenna in free space is 2.1 dBi with a radiation
efficiency of 70% and gain of 0.5437 dB. For near body scenario,
it behaves more like a directive antenna due to the presence of the
highly dielectric body by increasing its directivity to 5.853 dBi and
low radiation efficiency of 2.15% which consequently reduces the

Fig. 7: Radiation pattern of UHF tag in (a) Free space and (b) Near
body scenario.

gain of the antenna from 0.5437 dB to -10.82 dB as shown in
Fig. 7. Various simulations are performed to investigate the impact of
each layer on the proposed UHF antenna design as shown in Fig. 8.
It can be seen that the UHF antenna’s real impedance varies from
0.776 2 for the free space scenario to 34.25 € for a near body sce-
nario, whilst for the imaginary part, the variance is from 122.66 )
to 125.37 Q. Body layers offer high permittivity and conductivity
which is inversely proportional to resistivity and offers low resis-
tance for individual layers as shown in (3). Each layer of the body
behaves as a high pass filter and is explained in more details in
section 4. Resistance adds in a reciprocal fashion, therefore lower
values show high impact on the real impedance graph when summed
together. On the other hand, parallel capacitance adds in series and
produces less effect on the imaginary impedance.The impedance
displays excellent resilience towards trivial changes in the antenna
reactance, the imaginary part shows a very small overall change of
-3% and -0.94% for open air and near body scenarios, respectively
while for the real part there is a considerable change. The results
show a good conjugate impedance match of the antenna with the
RFID chip as shown in columns (a) and (c) of Table 3.

4 EQUIVALENT CIRCUITS OF FREE SPACE AND
NEAR BODY SCENARIOS

This section presents the equivalent RLC circuit modelling of the
tag for free space and near body scenarios. It explains a simple
and efficient way to approximate antenna behaviour by circuit mod-
elling and considering the layers of a human body interacting with
the UHF antenna and chip. Modelling of the free space scenario
shows two main structures comprising the RFID chip and UHF
antenna.While, the near body scenario modelling consists of three
main structures UHF tag antenna, the RFID chip and a human body
model. Various investigations have shown human body model struc-
tural simulations [24] but there are no publications, to the best of
our knowledge, to describe basic RLC circuitry modelling repre-
senting the human body structure layers with an antenna and chip
to aid understanding of the effects of each component on the overall
antenna performance. The human body contains a large number of
water molecules which absorb RF radiation energy and act as capac-
itors in the RFID environment causing signal absorption, ultimately
resulting in degradation of tag detection. The electrical properties
of the human body such as permittivity and conductivity vary from
person to person and depend upon skin thickness, area of the body
under consideration and ethnicity [25]. A comparison of RLC equiv-
alent circuits with 3D modelling and realised results is provided in
Table 3 and section 5, demonstrating the accuracy of the proposed
model.
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Fig. 8: Impedance variation in ohms by adding layers of the proposed model. (a) Real impedance (b) Imaginary impedance

Table 3 Impedance values in ohms under different scenarios at 866 MHz.

Scenario Smart card Smart card Smart card near Smart card Smart card
3D simulation circuit modelling body 3D simulation with the body [28] RLC modelling by the proposed RLC modelling
Column (a) Column (b) Column (c) Column (d) Column (e)
Fig 4 Fig 9 Fig 5 Fig 10 Fig 11
Without RFID Chip 0.77 +j122.6 0.7 +j122.64 34.25 +j125.37 - 25.44 +122.6
With RFID Chip 14.27-j4.95 14.19 -j3.55 47.55-1.63 31.55 +j2.92 38.93 - j3.61
22548 0776
l - ]
L ant R ant '
1200 i =
Ti4dp
R _chip C_chi;{ :
= RFID Chip UHF Antenna

Fig. 9: Equivalent circuit model of UHF RFID antenna and the chip.

4.1  Equivalent Circuit Model of UHF Tag in Free Space
Scenario

The UHF antenna and Monza R6 chip model which is a representa-
tion of Passive Band Pass Filter for free space scenario is shown
in Fig. 9. The resistance and inductance values of UHF antenna
enclosed in the PVC card are taken from the circuit simulations per-
formed in the CST Design Studio and RFID chip values are taken
from Monza R6 manual. The equivalent RF model of the chip and
antenna is simulated as shown in [26, 27].The circuit modelling
results of an antenna with and without chip are shown in column (b)
of Table 3, it can be observed that at the resonance point in RLC cir-
cuit, the capacitance of the chip is cancelled by the highly inductive
reactance of the antenna by providing only real resistance values.
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4.2 Equivalent Circuit Model of UHF Tag in Near Body
Scenario

In [28], human body impedance analysis was performed to estimate
the electrical properties of tissues. The equivalent circuit model con-
sists of five high-pass filters (HPF) to represent the human body
impedance from the path of right to left hands and accommodating
changes with frequency. The electrical model consists of resis-
tance R of the liquid inside and outside of the cell in parallel with
the capacitance C showing the conductance of cell membrane at
high frequencies. The suggested model is simulated with the UHF
antenna and RFID chip to see the overall impact of human body
in terms of impedance as shown in Fig. 10. The antenna and chip
RLC model is taken from Fig. 9, the free space scenario and com-
bined serially with the suggested model. The equivalent model at the
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Fig. 10: Equivalent circuit model of the human body with UHF
RFID antenna and the chip.
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Fig. 11: Proposed equivalent circuit model of human body with
UHF RFID antenna and the chip.

Fig. 12: UHF tag testing in anechoic chamber by using balun.

866 MHz resonant frequency shows conjugate matching of the RFID
chip and antenna by leaving the impact of pure resistance and human
body impedance on the combined structure as shown in column (d)
of Table 3. It can be observed that the real and imaginary impedance
values with the chip are dissimulating from 3D simulation results of
the near body scenario. The major reasons could be the considera-
tion of different body area as it from left to right hands and also it
does not consider the equivalent structure of jeans and leather layers
in the RLC model.

Fig. 13: Realised smart card with UHF, LF and HF tags.

Table 4 RLC circuit values for proposed human body layers.

Layers Resistance Value Capacitance Value
(R) (9] (©) (pF)
Internal Organs Rro 549 Cro 923
Bones Rp 606 Cp 1470
Muscles Ry 107.5 Cum 1950
Skin and Fat Rsr 88.8 Csr 1027
Jeans Ry 293 K Cy 495
Leather Rp, 553.1K Cr 100

4.3 The Proposed Equivalent Circuit Model of the UHF Tag
in Near Body Scenario

In this section, an RLC circuitry is proposed as shown in Fig. 11 by
using 6 HPFs for individual layers that are represented in Fig. 6 to
calculate the impedance and to represent the approximate equivalent
3D structure of the human body presented in [23] along with jeans
and leather layers as shown in Table 2 together with the UHF tag
and the chip. A comparison is performed between [28] and proposed
equivalent structure to analyse the difference in considering different
body structures and validating proposed method. The resistance and
capacitance of the layers are calculated using (3):

:@7 R:é U:l 3)

¢ d A’ P

whereas, C' represents the capacitance of the body layers, & is the
relative permittivity of the material, €y is the permittivity of free
space 8.854 x 10712 Fim, A represents the surface area of the
plates which is human body layers in our case and d is the distance
between two consecutive layers. In case of resistance R, p is the elec-
trical resistivity, A represents the cross-sectional area and L shows
the length of the material under observation. Moreover, the inverse
of the electrical resistivity is the conductivity o. For simplicity, the
RFID chip model is converted from parallel to series equivalent. The
circuitry values are shown in Table 4. The results of the proposed
equivalent structure are shown in column (e) of Table 3 with and
without the RFID chip model. The real and imaginary parts of the
proposed model without the chip show -25% and -2.68% variation
and with chip -18% and 22.7% respectively with respect to 3D near
body modelling. The results show a close approximation to the CST
3D near body simulation.
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Fig. 15: Effect of reader antenna variable heights on UHF tag detection.

reader antenna height vs tag detection.

5 FABRICATION AND MEASUREMENT RESULTS
ANALYSIS

There are different methods suggested in the literature to test real-
ized antennas. In case of symmetrical geometry, due to the balanced
structure of dipole tag antennas, it is not possible to measure them
directly because the testing equipment has unbalanced terminated
ports. Thus, a balanced antenna, if connected with the unbalanced
testing ports will not provide correct impedance response as the cur-
rent flow to the two radiators of the antenna terminals is not equal.
Different methods are proposed to test the RFID tags, such as single
ended probes based on unbalanced testing ports which is not suitable
for balanced structures. A balun is used for balanced antennas such
as dipole antennas, effectively forcing equal current distribution in
both radiators of the antenna structure. The Imaging method is used
for balanced structures by mounting half part of the antenna on a
ground plane which provides the mirror image to replicate the other
half structure by doubling the impedance of measured half structure.
Differential probes are widely used for measuring balanced antennas
based on S parameters and two port network analyzer method [11].
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For experimental evaluation, the UHF tag is fabricated on a PET
substrate via a screen printing process. The PET substrate has the
thickness of 0.05 mm and aluminum etching has 0.01 mm thickness
as shown in Fig. 12. The measurement setup is established with a
two port Anritsu MS2028C 20 GHz Vector Network Analyzer and a
balun with differential probes mounted on an ABS material holder to
firmly hold a tag antenna under test. One end of a test fixture consist
of two SMA connectors that are connected with VNA and placed
outside the anechoic chamber and the other end has extension of two
inner conductors of coaxial cable to connect with the ports of an
antenna. The length of both coaxial cables is 103 mm. Two port full
calibration was performed on VNA to achieve high performance and
measurement accuracy, while a port extension technique was applied
to eliminate the effect of measurement fixture and to shift the cali-
bration plane from ends of SMA connectors to the tips of fixture
where antenna is placed.

A power reflection coefficient graph comparison has been performed
between the simulation, RLC equivalent circuit and the realized UHF
tag for free space and near body scenarios shown in Fig. 14(a) and
Fig. 14(b), respectively. It can be seen from the graphs that the
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Fig. 16: UHF tag testing environment scenario: (a) Free space in anechoic chamber (b) Near body in anechoic chamber (c) Free space in open

air (d) Near body in open air.

power reflection values of both scenarios shows a good comparison
with the simulation results using CST. Moreover, the free space sce-
nario shows a lower power reflection value as compared to the near
body scenario. The reasons of the high resistance value of 34.25 +
j125.37 Q is due to the high dielectric nature of the human body
as shown in Table 3 column (c) at 866 MHz and good impedance
matching of the antenna with the RFID chip through design optimi-
sation to perform well near the body.

To facilitate multiple features on a single smart card, a combination
of two other tags is also suggested. LF antennas are conventionally
used for access control and item level identification, whereas HF
antennas can be widely use in smart shelves, library books, con-
tactless payments and asset tracking [29]. The smart card has low
frequency and high frequency antennas such as OMT LF antenna
and a Circus NXP HF antenna respectively as shown in Fig. 13.
Although there are less chances of frequency interaction as these
antennas operate at different frequencies, but some mutual coupling
effect can be seen if multiple antennas are placed close to each other

[30]. To ensure the maximum performance of these three tags at dif-
ferent frequencies, there must be suitable space between each tag
boundary. The tags are tested on a smart card with distance varying
from 1-7mm to find out the optimum distance required between the
boundaries of tags. After several variations, it is verified that there
must be at least 5 mm distance among individual tags to ensure that
all the tags perform reasonably in the presence of other frequency
band tags placed in close proximity.

The height of the reader antenna is considered an important aspect
to determine the detection of the card in any environment. An exper-
imental setup has been established at the LSBU laboratory to analyse
the impact of reader antenna height on the number of detections as
shown in Fig. 15(a). The UHF reader used in testing is an Impinj
Speedway R420 which is compatible with EPC Gen2 standard con-
nected with the circularly polarized antenna and a frequency range
of 865-870 MHz and gain of 5.5 dBi. It can be seen from Fig. 15(b)
that 1 to 2.5 meters height variation the reader antenna is able to
detect the card at a constant rate. The height of antenna is chosen as
1.5 meters for further set of experiments.

Measurements on the smart card have been performed in the ane-
choic chamber environment at LSBU as shown in Fig. 16(a),
Fig. 16(b) for free space and near body respectively. The distance

between the reader and the card is 1.5 meters. The rotator stand
is rotated at 15-degree intervals from 0 - 360 degrees to detect the
instances of card detection using the Impinj Multireader software.
The power levels range from 15 dBm to 30 dBm with an increment
of 1 dBm every 14 seconds. The E-plane is recorded by placing the
card vertically and the H-plane of the tag is measured by placing
the card horizontally on the turn table and repeating the same pro-
cess as described above. An ABS (Acrylonitrile Butadiene Styrene)
material card holder is fabricated to hold the card and to avoid any
material interference factors. The same scenario is setup in open air
to realise a realistic environment for free space and near body sce-
narios as shown in Fig. 16(c) and Fig. 16(d) by repeating the same
process as mentioned for the anechoic chamber environment and the
data is obtained to compare and validate the results of UHF tag for
simulation, anechoic chamber and free space scenario. The radiation
pattern is recorded in dBm as shown in Fig. 17(a) . A close agree-
ment can be observed between the measured results in simulation,
free space and the anechoic chamber environment, highlighting the
validity of results in such scenarios. The theoretical read range of the
UHF tag can be calculated from the Friss equation if antenna param-
eters are known [21] (4).

e A PrGrGRrt @)
Ar Pth

Here, ) is the wavelength, Py is the power transmitted by the reader,
G is the gain of the transmitting antenna. The maximum transmit-
ted power of the speedway reader is 31.5 dBm [31], the product of
PrGr is equivalent to the EIRP, the effective radiated power of the
reader, G R is the gain of the receiving tag antenna, Py, is the min-
imum threshold power to activate the RFID tag chip. Whereas, 7 is
defined as the power transmission coefficient shown as:

- 4RchipRant
|Zchip + Zant|2
Zenip = Benip + 7 Xcnip 18 the impedance of the chip and Zant =
Rant + 7 Xant is the impedance of the tag antenna. Another prac-
tical approach to calculate the maximum read range of RFID tags

0<7<1 (&)
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Fig. 18: Read range of UHF tag near the body.

by avoiding simulation errors and practical test mishandling is by
modifying the Friss equation and using maximum Pgirp (Effective
isotropic Radiated Power) which is 3.3 Watt for the European region
and is allocated for RFID applications by government authorities,
Py, being the minimum threshold power to turn on the RFID chip,
G being the maximum gain of the transmitting antenna as shown
in [26] and [31](6).

| EIRP [EIRPmax

T = dmax PGr = dmax EIRP, (6)
Now, to calculate the read range of UHF tag at 866 MHz, (4) and
(5) are evaluated in MATLAB for the simulation results, (6) is eval-
uated for the realized results obtained from the anechoic chamber
and a comparison is performed as shown in Fig. 17(b). The realized
results show the high read range of 7.7 meters and 2.8 meters at the
blind spots of F plane and 7.2 meters in the H plane.The obtained
results show the appropriateness of UHF tag’s performance for long
read range especially at the blind spots where the tag antenna is still
achieving 2.8 meters read range which is not a common case among
the antennas discussed in the literature.
The UHF tag performance is now analysed for near body scenario
with a person holding the smart card in the pocket and standing
at the same distance of 1.5 meters in an anechoic chamber and in
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open air as shown in Fig. 16 (c¢) and (d). The readings are recorded
for H-plane of the UHF tag as this is the realistic position of the
card in the pocket while the person moves from 0 to 360 degrees
at 15-degree increment and the power of reader is level up from 15
dBm to 30 dBm with the increment of 1 dBm. As the smart card
aligns vertically with the pocket so the simulations of the YZ plane
are compared with the realized scenario and the results obtained
are shown in Fig. 18. It can be seen that the maximum read range
obtained near the body is 5.2 meters and the minimum read range
at the blind spots of the antenna is 2.8 meters, showing the in tag
resilience near the body scenario especially at the blind spots, prov-
ing it suitable for near body applications.

It can be observed that the read range of UHF tag is consistent in the
free space and near body scenario. The geometry of the antenna is
highly resilient towards body influence in terms of signal absorption
and offers an excellent solution for low or no detection of individuals
holding cards near the body. The directivity of the antenna in the near
body scenario is higher at the main beam direction (zero degree),
it shows energy is well radiated and accepted by antenna, hence
the read range is enhanced in this direction. However, the RFID
tag becomes unidirectional due to the presence of the human body.
Therefore, the human body can be considered an obstacle, creating
blind spots in practical scenarios. The proposed tag performance is
compared with relevant literature as shown in Table 5 showing it’s
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Fig. 19: UHF tag experimental performance analysis in anechoic chamber. (a) Near metal (b) Near bottle of water (c) Graphical representation

of read range vs gap between objects and UHF tag antenna.

novelty as compared to other UHF tags in the literature.

Another approach used to validate the uniqueness of tag antenna is
by testing the tag in the anechoic chamber in proximity to a metallic
surface and on a bottle of water as shown in Fig. 19(a) and Fig. 19(b),
respectively, to analyse performance near high dielectric materials
that cause a drastic reduction in the read range due to resistance
losses. In the literature, several solutions are proposed to overcome
this issue such as introducing a sheet of styrofoam or ground plane
in the antenna structure but they add considerable size and cost,
while the read range improvement is negligible in line of sight mea-
surement [16], [17]. Conversely, the proposed design is capable of
performing without any design modification or ground plane inser-
tion. The UHF tag antenna is tested by directly placing on both metal
and water bottle surface and by adding paper of variable thickness
from 0.2 to 2 cm to investigate the impact on the read range perfor-
mance. The obtained results are shown in Fig. 19(c), it can be seen
that the tag does not respond to the metal but with just 0.2 cm gap
it is able to achieve a read range of 2.9 meters and with 2 cm gap
it has the read range of 9.6 meters which is very high as compared
to existing published work as shown in Table 5. Likewise, the per-
formance of tag antenna near the water bottle offers the read range
of 4.3 meters by direct placement on bottle and up to 7.7 meters by
introducing a 2 cm gap using paper between the bottle surface and
antenna. All the results are compared in Table 5 with existing liter-
ature work to show the contribution of proposed UHF tag antenna
which is an ideal candidate for free space, near body, metallic sur-
faces and water.

6 CONCLUSION

This work describes the design, simulation and realization of a small
footprint wideband UHF tag antenna with dimensions of 25.14 x
69.80 x 0.05 mm? to target smart card limited areas for diverse
near body applications. The proposed antenna has a lower volume
employing a PET substrate and high read range of up to 5.2 meters

10

for near body applications and 7.7 meters of read range in free space
environment. A close approximation of the equivalent RLC circuit
for the considered scenarios is provided to initially visualize poten-
tial antenna properties. The tag antenna provides read range of nearly
2.8 meters at blind spots, reducing the chances of missed detections.
To show the novelty and high resilience, the UHF tag antenna is
tested against high dielectric materials such as metallic objects and
water and still offers high read range of 2.9 to 9.6 meters and 4.3
to 7.7 meters receptively when a gap is introduced between the tag
and objects surface. This proves the tag is indeed suitable for more
commonly signal limiting real life scenarios.
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