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Abstract

Radio frequency identification (RFID) is a cost-effective method to support the Industrial Internet of Things (IIoT) and is
an enabling technology for Industry 5.0. The use of RFID is particularly suited to IIoT as it does not require a line of sight
for communication and can be retroactively affixed to non-smart items. However, RFID communication is affected by the
properties of the material the tag is affixed to, specifically the material permittivity. Metal is commonly present in smart
factory environments and supply chains and impedes RFID communication. A suitable tag design is required to accommo-
date these challenges and ensure resilience for Industry 5.0 applications. The research presented in this paper has assessed
the communication performance of RFID antenna designs with and without metal present beneath the tag. The RFID tag
designs that performed reliably in the simulation were manufactured, and their read range was tested on materials of varying
relative permittivity and thickness to represent MP and NMP scenarios. The results have verified the robustness of “Cyber”
to “Physical” designs and provide recommendations to support practitioner IIoT tag selection.
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1 Introduction

The fifth industrial revolution, Industry 5.0, focuses on
human-centred, resilient and sustainable smart manu-
facturing systems [1] and is enabled by the collaboration
between cyber and physical systems to optimise production
and reduce waste forming a Cyber Physical System (CPS)
[2]. Industry 5.0 requires accurate tracking and monitoring
of physical assets with communication via the Industrial
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Internet of Things (IIoT) [1]. Due to the low cost and ease of
implementation, radio frequency identification (RFID) has
been identified as an enabling technology for Industry 5.0
[1]. RFID tags have been utilised in numerous applications
including supply-chain management [3], logistics [4] and
location positioning [5, 6]. Although active and semi-active
RFID tags provide greater range and location accuracy [7,
8], they are more expensive and require an on-board power
source. The significant cost savings of passive RFID has
resulted in wider adoption in industry and selection for reli-
able IIoT communication [7, 9].

Many factors impact RFID performance including (i) the
antenna and microchip, (ii) the casing, (iii) the application
environment and (iv) the RFID reader and antenna design;
this paper focuses on the tag casing and antenna design to
mitigate the impact of metallic objects in the application
environment. Metals affect frequency response, input imped-
ance and gain by causing changes to the reactance of the
RFID tag [10]. Metal products, components and machines
in industrial environments pose a challenge for developing
reliable communication using RFID. The RFID tag design
must compensate for the effects of the materials the tag is
deployed to track; this can be achieved using a dielectric
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spacer. Dielectric spacers offer a robust and cost-effective
solution for IIoT applications adopting RFID within harsh,
cost-sensitive manufacturing supply chains [11].

For manufacturing applications, understanding the range
of effective distances that an antenna can be located relative
to tagged products is essential to determine the practicalities
and cost-effectiveness of deployments [12]. Hence deter-
mining how, and to what extent, the properties of materials
affect the performance of antennas is essential to quantifying
the cost-effectiveness of RFID solutions within manufactur-
ing supply chains and to ensure technology resilience against
disruption for industry 5.0 [1]. Two key application areas
where this is imperative are production planning and product
tracking and recall, particularly for metallic goods such as
engines within automotive manufacturing, as highlighted in
[13]. Practically, however, physical testing of all variants of
tag design and substrate combination can be prohibitively
costly (in terms of time and production of tags).

The ability to design and evaluate an RFID tag in cyber
or simulation space enables low-cost, reliable deployment in
the physical space. Simulation may be used to demonstrate
return on investment or narrow the suitable tag selection
pool. However, because simulations use simplified models
of reality, they must be accompanied by real-world (physi-
cal) testing to ensure robustness. The research reported in
this paper has evaluated the efficacy of dielectric materials
to enhance the performance of RFID tags in simulation and
physical testing.

The paper is structured as follows: To provide a context
of the results, a summary of related theory is presented in
Sect 1.1. Section 2 outlines the methods used for evaluating
the RFID tag performance through simulation and physical
testing. The results are presented and discussed in Sect. 3.
The conclusions, limitations, future work and practical
implications of the research are presented in Sect. 4.

1.1 Related theory

The factors affecting the efficacy of RFID tags are (i) the
substrate they are in direct contact with, (ii) the thickness
of that substrate and (iii) the distance above a ground plane
if present. When an RFID tag is placed onto a substrate,
the dielectric properties affect the frequency response and
impedance matching properties of the antenna. The place-
ment and position of the tag on the product is important
and should be managed through implementing a controlled
attachment process. The substrate is attached to one side
of the antenna whilst air surrounds the other. The effective
dielectric constant of the tag is represented by an average of
the dielectric constant of the substrate, €,, and that of the air
around it (1.00059 = 1) [14]. Therefore, the effective permit-
tivity (£,4), when there is no ground plane, can be calculated
using the following equation [15]:
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When an antenna is placed on a dielectric substrate above
a ground plane (e.g. a metal product), the radio frequency
(RF) fields will be stronger within the dielectric [16] render-
ing Eq. (1) unsuitable for calculating €. The implication of
ground planes enhancing RF performance means viable manu-
facturing solutions require the investigation of antennas that
employ a dielectric and ground plane [17].

Dielectrics are typically used in a microstrip antenna [16]
in the form of a patch above a ground plane separated by a
dielectric; see Fig. 1. The ground plane introduces fringing
effects that make the antenna appear electrically longer than it
is physically [18]. These effects can be accommodated by using
an £, calculated using Egs. (2) or (3) depending on the ratio
of the width of the patch to the height of the dielectric [18].

In Egs. (2) and (3), ¢, is the relative permittivity of the sub-
strate, W is the track width and H is the substrate thickness.
Changing the ¢, of the material an antenna is attached to will
change the resonant frequency of that antenna and hence affect
the impedance matching at the operational frequency, resulting
in increased signal losses and read range reduction for the tag.
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Fig. 1 Microstrip antenna model
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2 Method for cyber design and physical
testing

Simulations were created and carried out using the EMPIRE
XPU electromagnetic software package [19] for tags placed
with metal present (NMP) and no metal present (NMP).
The simulation results were used to inform the selection of
tags for physical testing. Physical testing was conducted in
a laboratory environment.

2.1 Simulation/cyber testing

Two scenarios were evaluated with varying dielectric sub-
strates: (i) MP and (ii) NMP. All other variables were kept
constant.

For the MP test, the RFID tag antenna is located above a
rectangular metal component 160x30x 1 mm? with a die-
lectric material 160X 30 mm? of variable thickness (0.5 mm,
I mm, 2 mm, 4 mm, 6 mm, 8§ mm and 10 mm). The ¢, of
the dielectric was varied from 1 to 5 in steps of 1 to repre-
sent a variety of typical dielectric materials used in antenna
manufacture (e.g. FR4 and RT Duroid). The antenna was
coupled to a source with a resistance of 30.38 Q in series
with a 0.85 pF capacitor to represent the complex impedance
30.53—j211.81 Q of the Alien Higgs 3 RFID chip [20] at a
frequency of 868 MHz, the regulated ultra-high frequency
(UHF) RFID frequency in Europe.

The antenna designs evaluated were (i) commercially
available Alien Technology squiggle RFID tag (one standard
variant) [21], (ii) nested slot antenna (six variations) and (iii)
T-match dipole antenna (two variations) [22]. The Alien tech-
nology squiggle tag was chosen commercial option due to its
widespread adoption, ease of use and its specified read range
of up to 12 m [21]. The nested slot antenna has demonstrated
robust operation on different materials (e.g. see [23]) and is
easily tuneable to different &, values. The T-match dipole was
chosen as a common antenna for RFID tags which is easy to
design and impedance matches the RFID chip.

2.1.1 Matching RFID tag antennas on different materials

To limit the number of simulated ¢, values, antenna match-
ing was carried out using substrates with ¢, values of 1, 3 and
5 to give options across the permittivity values of typical die-
lectrics (e.g. air/polyurethane foam (1), silicone/polystyrene
(3) and glass (5)) used in the simulations. Discrete thick-
nesses were used to give a range of achievable substrates (i.e.
2 mm, 6 mm and 10 mm, respectively) without the structure
becoming too obtrusive for attaching to a product. Loss tan-
gents typically range from a worst case of 0.001 for low loss
to 0.01 for lossy materials (e.g. plastic) [24]. The substrate

Table 1 Six nested slot tag antennas designed to achieve S11<—15
dB

Substrate description Optimised

dimensions

Antenna name

e, Thickness ¢ Ground L (mm) [(mm)

r

(mm) plane?

Slot: &,=1,t=2mm 1 2 No 147 39

Slot: ,=1, 1 2 Yes 163 19.5
t=2mmM

Slot: £,=3,t=6mm 3 6 No 125 36

Slot: €,=3, 3 6 Yes 97 20.5
t=6mm M

Slot: &,=35, 5 10 No 100 32
t=10 mm

Slot: €,=5, 5 10 Yes 74 24
t=10 mm M

loss tangent for all the antenna simulations was set to the
worst case for a dielectric at 0.01.

A total of six slot tag antenna designs were used (see
Table 1). The antenna names have three possible terms at
the end to represent the design parameters. The first param-
eter (g,) is the relative permittivity of the substrate material
the tag was designed for. The second parameter () is the
thickness of the antenna substrate. Note that for antennas
in the MP scenario below the substrate, this is also the dis-
tance between the antenna and the metal. The final optional
parameter (M) indicates tags designed for metal.

The S11 parameter represents the reflection coefficient
and is one of the standard indicators of antenna performance
to identify when a good impedance match between the RFID
chip and antenna is achieved. For each substrate parameter
on the slot tag (Fig. 2), the lengths of the antenna L and slot
| were adjusted in repeated simulations until an S11 less
than — 15 dB was achieved. To reduce the computational
complexity, the slot width (w in Fig. 2) and antenna width
(Win Fig. 2) were kept constant at 2 mm and 20 mm, respec-
tively (as used in [23]).

The two T-match dipole designs (Fig. 3) were used as
a benchmark for comparison between tag design perfor-
mances. A substrate with values at the centre of the testing

—

Fig.2 Slot antenna geometry
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Fig.3 T-match dipole antenna geometry

Table 2 Dimensions of T-matched dipole RFID tags for S11<—15

dB

Antenna name W(mm) L(mm) a(mm) b (mm)
Dipole: €,=3, t=6 mm 3.46 144 23 11.15
Dipole: €,=3,t=6 mmM 3.46 115 19 41.15

range (i.e. £,.=3 and t=6 mm) was used in the “bench-
mark” designs. Two T-match antenna designs were created,
one that was impedance matched for location MP and the
other for NMP. The impedance matching for these tags was
achieved by adjusting the length of the antenna (L) and the
parameters of the T part of the antenna (i.e. lengths a and b
in Fig. 3). The parameters for these tags are listed in Table 2.
To compare the performance of the designed tags to a com-
mercially available tag, the Alien Squiggle RFID tag [21]
was simulated using the same parameters.

2.1.2 Effective permittivity values for each simulation
setup

The effective permittivity helps to determine the length of
antenna required to obtain resonance at the required frequency
(i.e. 868 MHz for UHF RFID systems); see Egs. (1)—(3). The
calculated effective permittivities are listed in Table 3. Equa-
tion (1) was used for the NMP simulations which are unaf-
fected by substrate thickness, so the value for each effective
permittivity is only calculated once. Equations (2) and (3) were
used for the MP simulations which include the thickness of the
substrate, so the calculations were repeated for all the required
combinations of ¢, (i.e. 1, 3, 5) and thicknesses (i.e. 0.5 mm,
1 mm, 2 mm, 4 mm, 6 mm, 8 mm and 10 mm).

RFID reader
antenna

Tl
Tag

|

Fig.4 Measurement setup with RFID tags on foam

2.1.3 Simulations on substrates for MP and NMP scenarios

Each antenna design was simulated on different substrates
with different thicknesses. For each simulation, the radia-
tion efficiency, total efficiency and gain were recorded. The
radiation efficiency is the ratio of the amount of power that
the antenna radiates to the amount of power that is accepted
at its terminals. The total efficiency is the ratio of the amount
of power that is radiated to the amount of power put into
the antenna and includes the mismatch loss. The gain is the
amount of power that is transmitted in the direction of peak
radiation compared to that of an isotropic radiator with the
same input power. The goal is to get the efficiency values
close to 100%. A higher gain value results in a higher read
range of the tag. Each tag simulation was run 35 times, and
an average was taken to yield the results given below.

2.2 Physical read range testing

The location of the RFID reader antenna (RFID-RA) [25] was
fixed, and the read performance was measured as the average
received signal strength indicator (RSSI) over 50 reads at
each location. Reads were taken from 0.5 to 6 m using 0.5-m
intervals. The test setup is shown in Figs. 4 and 5. Polyure-
thane foam (230 mm X 175 mm X 70 mm) backing was used
in all testing to physically support the tag without affecting
the EM behaviour with €,=1.04, similar to that of air [26].
The Dipole, Slot and Alien Squiggle antenna designs from
the simulations were etched onto Rogers RO3003 material

Table 3 Effective permittivity

for different simulation setups Subst.ralte. NMP Substrate thickness (mm) MP
permittivity &,

for all antennas 0.5 1 2 4 6 8 10
1 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
2 1.5 1.9 1.9 1.8 1.8 1.7 1.7 1.7
3 2.0 2.9 2.8 2.7 2.5 2.5 24 2.4
4 2.5 3.8 3.7 35 33 32 3.1 3.1
5 3.0 4.8 4.6 4.4 4.1 3.9 3.8 3.8
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Fig.5 Read range measurement setup a on polyurethane foam, b on
silicone, ¢ MP and d on silicone with MP

which has a dielectric constant of 3 (+/—0.04) and a loss
tangent of 0.0013 at 10 GHz [27]. The thickness of the dielec-
tric material was 1.52+/—0.08 mm with a copper cladding
of 35.00+/—0.05 um. The RFID chip used for all the tag
antennas was the Alien Higgs 3 SOT.

For the first test, the tags were located on. In the second test,
each tag was attached to an aluminium plate (255 mm X 120
mm X3 mm). To investigate the effects of a dielectric material
on performance, the three tags were placed onto a 10-mm thick
silicone separator with £,=2.9 [28]. The final experiment was
used to determine the effect of dielectric spacers on read range
performance, evaluated by attaching the tags to the silicone
spacer on a metal plate. The read performance of each of the
tag designs was measured in the four described measurement
test setups, as shown in Fig. 5.

3 Results and discussion
3.1 Results of the simulations
A summary of results for the different combinations of tag

designs is summarised in Tables 4 (MP) and 5 (NMP). The
average radiation efficiency (16.0 to 60.2%, SD=18.0 to

39.0) is lower for all the tags with MP than NMP (78.4 to
97.2%, SD=1.3 to 14.8). This is the result of a wider varia-
tion in the effective permittivity of the substrate with the MP
simulations (see Table 3). The commercial Alien Squiggle
tag had greater radiation efficiency when there was NMP (i.e.
16.0%, SD=18.0 MP compared with 91.3%, SD=6.9 NMP).

The total efficiency results are presented in Tables 6
(NMP) and 7 (MP). In the NMP scenarios, the tags designed
for NMP performance had a better total efficiency (e.g. 30.5
to 76.1%, SD=11.4 to 22.8) than the tags designed to work
MP (e.g. 1.2 t0 3.6%, SD=1.0 to 2.5). However, on inspec-
tion of the MP results, the antennas designed for MP show
a lower average total efficiency (1.8 to 11.2%, SD=4.1 to
22.6) than for the tags designed for NMP (10.2 to 15.4%,
SD=11.3to 17.2). Table 7 also indicates, in the worst case,
all tags yield a total efficiency of near zero; i.e. they do not
radiate at all when placed MP.

The average gain values were lower for all tags in the simula-
tions for MP scenarios (—24.5 to—9.0 dBi, SD=8.5 to 15.0)
compared with NMP designs (—19.9 to 0.9 dBi, SD=0.6-3.8)
quantifying the significant effect of the metal on antenna gain.
The highest gain values were for the tags slot: ¢,=5, t=10 mm M
(2.6 dBi) and slot: £,=5, =10 mm (2.3 dBi) for MP trials, show-
ing that the presence of metal can help increase the gain. None-
theless, the tags designed for NMP showed lower variations
(SD=0.7 to 11.9) and higher average (average gain=—13.0 to
0.9 dBi) compared with tags designed for MP applications (aver-
age gain=—22.0to—12.3 dBi, SD=0.6-15.0), implying that the
NMP tags may be more robust choices for a variety of different
materials.

3.1.1 Efficiency variation for tags on different substrates
with NMP

The commercial tag was evaluated with total efficiency
simulation results presented in Fig. 6a. Inspection of the
results indicates the tag works well for all materials however
reduces its effectiveness as the substrate thickness increases,

Table 4 Simulated radiation

L Tag name Radiation efficiency (total efficiency %)

and total efficiencies (%) results

for RFID tags on different Max Min Average Standard deviation

substrates (NMP)
Squiggle 97.5 (96.8) 71.2 (15.3) 91.3 (48.5) 6.9 (25.9)
Dipole: e,=3, =6 mm 97.3 (94.9) 91.1 (53.0) 95.5 (72.9) 1.7 (14.3)
Slot: £,=1, t=2 mm 96.0 (91.8) 86.1 (41.4) 93.0 (77.0) 2.7 (15.0)
Slot: £,=3, t=6 mm 94.4 (92.5) 90.1 (58.1) 92.5 (76.1) 1.3(11.4)
Slot: £,=5, t=10 mm 91.4 (83.9) 72.3(7.4) 80.0 (30.5) 5.4 (22.8)
Dipole: ¢,=3, r=6 mm M 94.7 (8.6) 67.9 (0.8) 84.0 (3.0) 8.8 (2.5)
Slot: e,=1,t=2mm M 99.7 (4.5) 95.6 (2.8) 99.5 (3.6) 1.3 (0.5)
Slot: £,=3, t=6 mm M 99.8 (9.3) 87.2 (0.6) 97.2 (2.2) 3.8 (2.1
Slot: €,=5, t=10 mm M 99.7 (4.8) 53.5(0.4) 78.4 (1.2) 14.8 (1.0)
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Table 5 Simulated radiation

L Tag name Radiation efficiency (total efficiency)

and total efficiencies (%) results

for RFID tags on different Max Min Average Standard deviation

substrates (MP)
Squiggle 62.8 (7.6) 0.0 (0.0) 16.0 (1.9) 18.0 (2.2)
Dipole: €,=3, t=6 mm 81.2 (45.7) 0.6 (0.0) 41.2 (10.2) 27.3 (12.6)
Slot: £,=1, t=2 mm 80.6 (38.7) 0.9 (0.0) 42.5(12.4) 252 (11.3)
Slot: £,=3, t=6 mm 87.2 (45.2) 0.4 (0.0) 47.6 (15.4) 304 (16.4)
Slot: £,=5, t=10 mm 90.3 (63.4) 1.6 (0.0) 47.3 (13.8) 31.7 (17.2)
Dipole: €,=3, r=6 mm M 78.9 (34.5) 0.1 (0.0) 25.5(4.9) 24.6 (11.1)
Slot: e,=1,t=2mmM 99.5 (19.5) 1.5 (0.0) 60.2 (1.8) 39.0 (4.1)
Slot: £,=3, t=6 mm M 94.2 (50.4) 0.2 (0.0) 57.1 (7.6) 33.5(13.8)
Slot: £,=5, t=10 mm M 99.5 (75.6) 0.3 (0.0) 42.1 (11.2) 30.8 (22.6)

with the lowest total efficiency (15.3%) on a 10-mm sub-
strate. The simulation also suggests this tag is best suited to
a substrate with £,=2 (e.g. polytetrafluoroethylene (PTFE)
[29] as this yields higher efficiencies for all material thick-
nesses (max 95.3% at 2 mm). The total efficiency results of
the dipole tag are presented in Fig. 6b, showing an improved
range of functionality when compared with the squiggle tag,
for larger substrate thicknesses and higher permittivities.
The efficiency was greater than 53% for all simulations. The
tag performed best on materials within its design criteria
(i.e. rubber (hard) [30]). The read range results for the three
slot tags NMP operation are detailed in Fig. 6c—e. As with
the dipole design, each slot design had the largest total effi-
ciency at the values that the tags were designed for. All the
simulations for Slot: ¢,=1, r=2 mm had a total efficiency
greater than 41.4% and Slot: €,=3, t=6 mm had a total effi-
ciency greater than 58.1% for all simulations showing good
all-round performance for many materials and thicknesses.
The slot designed for the extreme case, €,=5 (e.g. glass
Pyrex [31]) and t=10 mm performed poorly in general and
with a maximum efficiency of 56% (at £,=5 with a 4-mm
substrate), showing poor performance for any likely uses in
industry for NMP scenarios.

Table 6 Simulated total gain (dBi) results for RFID tags on substrates
(NMP)

With the exclusion of the slot er=35, t=10 mm, the designed
tags perform well over a wide range of substrate materials and
thicknesses for use in industry where the tag is to be positioned
for NMP scenarios. The simulated tags can also be seen to out-
perform the squiggle tag for much of the target permittivities
and substrates.

3.1.2 Total efficiency results for tags designed to work MP
in an NMP scenario

The tags specifically designed for MP operation performed
poorly in all NMP scenarios. The simulated total efficiency
results for Dipole: €,=3, =6 mm M when there is no
ground plane for example (Fig. 6f) yields the highest total
efficiency of 8.6% on a substrate with a &, of 4-mm and
10-mm thick, significantly lower than for the tag designed
for NMP (0.8 to 8.6% compared with 53 to 95%).

The results for the three slot tags designed to work MP
(Fig. 6g—i) were similar to the dipole yielding maximum effi-
ciencies of 4.5% for Slot ¢,=1, t=2 mm M, 9.3% for Slot:
€,=3,t=6 mm M and 4.8% for Slot: ¢,=5, =10 mm M.
The trend throughout the simulations was an increase in

Table 7 Simulated total gain (dBi) results for RFID tags on different
substrates (MP)

Tag name Max Min Average Standard Tag name Max  Min Average  Standard
deviation deviation
Squiggle 1.8 -6.0 -1.8 24 Squiggle -42 =523 =245 14.7
Dipole: €,=3, t=6 mm 19 -0.7 0.6 0.9 Dipole: £,=3,/=6 mm 1.1 -413 —-13.0 11.4
Slot: &,=1, t=2 mm 1.7 -1.7 0.9 0.9 Slot: &,=1,=2 mm 06 -285 -90 8.5
Slot: &,=3, t=6 mm 1.7 =05 0.7 0.7 Slot: £,=3,=6 mm 1.4 -412 -104 10.6
Slot: £,=5, t=10 mm 1.2 -99 -48 3.6 Slot: £,=5,t=10 mm 23 —460 -123 11.9
Dipole: e,=3,t=6mmM -86 -198 —15.1 3.8 Dipole: e,=3,t=6 mmM —-0.1 -40.7 -22.0 11.7
Slot: e, =1, t=2mm M -11.3 -134 -123 0.6 Slot: e,=1,=2 mm M 00 -360 -202 9.3
Slot: £,=3,t=6 mm M -83 -213 -167 38 Slot: £,=3,=6 mm M 1.1 =515 -186 13.5
Slot: ¢,=5,t=10mmM  -11.6 -244 -199 3.7 Slot: &,=5,t=10 mm M 26 =507 =211 15.0
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t=2mmM, h Slot: £,=3, r=6 mm M, i Slot: ,=5, r=10 mm M
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efficiency with either an increase in permittivity (e.g. 0.6%
ate,=1105.7% at e,=5 when on a 6-mm thick substrate) or
an increase in thickness (e.g. 0.8% at 0.5-mm thick to 3.1%
at 10-mm thick on a substrate with a €, of 3).

It is noted that the increase in permittivity results in higher
efficiency values as the effective permittivity approaches
the permittivity the tag was designed for. However, all tags
designed to work with MP were an order of magnitude less
efficient than those designed for NMP in NMP conditions.

3.1.3 Simulated total efficiency for tags designed for NMP
in an MP scenario

The simulation results for the total efficiency values of the
tags, designed to work with NMP, with variance of the set
of substrate parameters (e.g. €,=1 to 5, thickness=0.5 to
10 mm) used previously but with a rectangular piece of
metal (160 x30x 1 mm) below each tag are given in Fig. 7.
The substrate is sandwiched between the tag and metal, so
the substrate thickness represents the distance between the
antenna and metal. These sets of results were undertaken to
determine how well tags that are designed for applications
with NMP can perform with MP and how thick a substrate
is required for the tags to work robustly and reliably.

The commercial Alien Squiggle tag is not described as
being able to work when placed MP [21], and hence, it was
adopted as a benchmark of performance for these simula-
tions. The total efficiency for the Alien Squiggle tag above
metal derived from the simulations can be seen in Fig. 7a.
This tag does not respond when located 0.5 mm from the
metal with any of the ¢, values. The efficiency improves as
the thickness of the dielectric is increased with the largest
efficiency of 7.6% achieved when the thickness is 10 mm and
the ¢, is 1, similar to the values seen when a tag designed for
MP conditions was located with NMP.

The tags designed to work with NMP showed more leni-
ency than the squiggle tag, with the dipole tag (Fig. 7b)
yielding a maximum total efficiency of 45.7% (¢,=3 and the
thickness =10 mm). It is noted, however, in close proximity,
the efficiency is drastically reduced, less than 0.5% when the
tag is 0.5 mm or 1 mm away from the metal. The total effi-
ciency for the dipole tag shows an increase as the thickness
of the substrate is increased (i.e. average increase of 25% for
all 5 permittivities) with maximum values occurring at its
design point &, = 3. For demonstration, the effect of permit-
tivity can be seen to peak at £, =3 thickness =8 mm with
total efficiency values of 1.4%, 16.8%, 36.2%, 31.6% and
18.9% for the permittivities of 1, 2, 3, 4 and 5, respectively.

The simulated total efficiency results for the designed slot
tags Fig. 7c—e. All three tags show an increase in efficiency
with an increase in substrate thickness (i.e. for Slot: £,=3,
t=6 mm on substrate with ¢, of 3 the efficiency changes from
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0.1% on 0.5-mm substrate to 42.4% on 10-mm substrate)
as the tags are moved further from the detuning effects of
the metal. The slot tags also perform better the higher their
designed ¢, with maximum efficiency values of 10.5% for
Slot: €,=1, =2 mm, 45.2% for Slot: &,=3, t=6 mm and
63% for Slot: ¢,=5, =10 mm. However, unlike the dipole
tag, the maximal performance of each tag does not coincide
with its design point when in an MP condition.

In general, all designed tags outperformed the squiggle
tag in the MP scenario, and at low permittivity and low sub-
strate thickness, all tags yield the worst efficiency.

3.1.4 Simulated total efficiency results for tags designed
to work with MP in an MP scenario

The simulated total efficiency results for the tags designed to
work with MP in the MP scenario can be seen in Fig. 7f-i.
The maximum total efficiency for the dipole was 34.5% and
occurred at its design parameters. The tag had an efficiency
greater than 25% for all simulations when the ¢, was 3,
excluding close proximity to the metal with substrate thick-
nesses of 0.5 mm and 1 mm (efficiencies of 0.6% and 3.4%,
respectively). The total efficiency was greatly reduced for all
the other permittivities; e.g. for €, of 5, the average efficiency
for all thicknesses was 0.2%, showing a high performance at
the design point but little flexibility around this.

The simulated total efficiency results for the slot tags
designed to work MP, presented in Fig. 7g—i, respectively,
show a similar trend with each of the tags yielding the largest
efficiency when the permittivities were equal to the designed
values; however, they showed more flexibility than the dipole
tag. All three of the Slot tags showed a greater reduction in
total efficiency as the permittivity value changed from the
designed value; e.g. for Slot: £,=3, r=6 mm M, the aver-
age efficiency on a substrate with a value of 3 was 30.2%,
whereas for permittivity of 4, it was 4.5%, and permittivity
of 5, it was 2.4%.

The largest total efficiency for each slot tag were 19.5%,
50.4% and 75.6% for Slot: ¢,=1, t=2 mm M, Slot: &,=3,
t=6 mm M and Slot: £,=5, t=10 mm M, respectively. These
results demonstrate the increases in total efficiency that can be
achieved with higher permittivity substrates and that perfor-
mance of designed tags for MP adhere well to their design point.

In general, none of the tags designed to work with MP
worked well in close proximity < 0.5 mm from the metal
ground plane. The tags designed to perform with MP also
strongly adhere to their design point with a significant reduc-
tion in efficiency upon straying from the design ¢,. In addi-
tion, it appears the deviation from the &, has a much greater
impact on efficiency than the deviation from the designed
substrate thickness when the thickness is > 1 mm.
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3.2 Read range simulation results
3.2.1 Summary of simulated read range results MP testing

A summary of the simulation results for the performance
of the tags designed for MP and designed for NMP when
located with MP is presented in Table 8. The results indicate
the Dipole and Slot tags performed better (i.e. larger read
ranges) than the Alien Squiggle tag in the MP scenario. In
addition, the maximum predicted read ranges for the tags
designed to work MP (e.g. Slot: £,=3, t=6 mm M, max
read range of 11.1 m) were similar to the tags not designed
to work MP (e.g. Slot: £,=3, =6 mm, max read range of
11.5 m) when both types of tags were simulated in MP
conditions. However, the average read ranges for the NMP-
designed tags (average read range between 4 and 4.9 m)
were higher than the MP-designed tags (average read range
between 1.8 and 2.9 m). This shows that the NMP-designed
tags are more robust in the MP conditions than the MP-
designed tags, once again contradicting the hypothesis.

3.2.2 Summary of simulated read range results for tags
in NMP testing

A summary of the simulation results for tag performance
when located on different dielectrics with NMP is detailed
in Table 9. The table contains an average read range for each
tag for all the simulated combinations of &, values (1 to 5)
and thicknesses (0.5 to 10 mm). The table also includes the
maximum predicted read range for each tag and the percent-
age of results that were either above 6 m or below 1 m. A
comparison of the NMP read ranges with the equivalent MP
results shows that all the NMP tags perform better (i.e. aver-
age increase in read range of 7.9 m) than the tags that were
designed to be in MP conditions. The anomaly in the NMP
performance is the slot tag designed for a ¢, of 5, Slot: €,=35,
t=10 mm as its average read range was 4.6 +/—0.2 m, lower
than the other NMP tags. This indicates that the design of
this tag with a high €, and thickness was less robust to being

located on the different simulated substrates than the other
NMP tag designs.

3.3 Results of the physical test for RSSI read range

The results of the experiment for the physical tags when
they were attached to foam support are presented in Fig. 8.
The tag with the largest read range was the Alien Squiggle
tag which was read at the maximum distance possible in
the laboratory of 6 m. This is expected as this tag should
have been able to be read at greater than 10 m from the
simulations. The Dipole and Slot tags were predominantly
readable up to 4 m distances from the RFID-RA except for
the Slot: ,=35, r=10 mm M which read up to 1 m and the
Dipole: ¢,=3, t=6 mm M which only read up to 0.5 m. It
is interesting to note that the manufactured Slot tags did
not achieve the same read ranges as the commercial Alien
Squiggle tag since the simulations indicated that the Slot
tags would achieve a higher read range when on the permit-
tivity of 1. Furthermore, the two tags that were only read at
distances < 1 m were designed for operation with MP, and
in the first set of trials (Fig. 8), the tests were conducted in
NMP conditions.

The results when using the manufactured tags on sili-
cone are represented in Fig. 9. The largest read range was
observed for the Alien Squiggle tag at 6 m. The shortest
read range was obtained from the Dipole: ¢,=3, =6 mm M
tag at only 0.5 m, followed by the Slot: £,=5, =10 mm at
1.5 m. All the remaining tag designs resulted in an average
read ranges of 4 m. It is noted that there is little difference
between the silicone substrate results and the foam sub-
strate results for most of the tags (i.e. only the Slot: €,=35,
t=10 mm tag showed a different read range on the differ-
ent materials). This is likely due to only the permittivity
of the material the tag is attached to being changed in the
measurement setup (i.e. £,= 1 for foam and &,=2.9 for sili-
cone). This mirrors the results observed in the simulations
in Sect. 3, which showed very little change in the predicted
read range for different €, values (i.e. the average change

Table 8 Summary of simulation

Antenna name Average read Max read Percentage above Percentage below
rgsults for _RFID .tags on range (m) range (m) 6-m read range 1-m read range
different dielectrics (MP)

Squiggle 1.4 6.0 5.7 45.7

Dipole: €,=3, t=6 mm 4.0 11.1 31.4 28.6

Slot: €,=1, t=2 mm 4.9 10.5 45.7 14.3

Slot: €,=3, t=6 mm 4.9 11.5 429 17.1

Slot: €,=5, t=10 mm 4.5 12.7 343 28.6

Dipole: ¢,=3, t=6 mm M 2.0 9.7 14.3 60.0

Slot: ,=1,t=2mm M 1.8 9.8 11.4 457

Slot: €,=3, t=6 mm M 2.8 11.1 14.3 429

Slot: £,=5,t=10 mm M 2.9 13.2 14.3 514
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Table9 Summary of simulation Antenna name Average read Max read Percentage above Percentage
re.:sults for RFID .tags on range (m) range (m) 6-m read range below 1-m read
different dielectrics (NMP) range

Squiggle 8.3 12.0 77.1 0

Dipole: €,=3, t=6 mm 10.6 12.2 100 0

Slot: £,=1, t=2 mm 10.9 11.9 100 0

Slot: £,=3, t=6 mm 10.7 11.9 100 0

Slot: £,=5, t=10 mm 6.1 11.2 429 0

Dipole: €,=3, t=6 mm M 1.9 3.6 0 0

Slot: e,=1,t=2mm M 24 2.7 0 0

Slot: £,=3,t=6 mm M 1.6 3.8 0 22.9

Slot: £,=5,t=10 mm M 1.1 2.6 0 57.1

in the predicted read range for the designed tags over all ¢,
was 2.6 m).

The results for the tags when attached to the metal plate
are presented in Fig. 10. The tags that were read were Slot:
g,=1,t=2 mm up to 4.5 m, Slot: £,=3, =6 mm up to
2 m, Dipole: €,=3, t=6 mm up to 1 m and Slot: ¢,=35,
t=10 mm up to 0.5 m. This outcome was unexpected as the
tags that were designed for NMP outperformed the tags that
were designed for operation for MP, further contradicting the
hypothesis. For example, Slot: ¢,=3, =6 mm designed for
NMP operation outperformed the Slot: £,=3, 1=6 mm M
its MP counterpart which did not read with a read range of
2 m. In addition, the tag that was designed to perform best
on the thinnest substrate Slot: e,=1, f=2 mm (i.e. 2-mm
thick substrate) was the one that achieved the largest read
range of 4.5 m. This result is because there was only a small
separation of 1.52 mm+/—0.08 mm between the tags and

Average RSSI

250
Distance (cm)

350 450 550

=== Dipole: £r=3, t=6mm == «® @ Siot: gr=1, t=2mm M

e Squiggle e Slot: er=1, t=2mm
e Sot: £r=3, t=6mm e «® = Sjot: er=3, t=6mm M

e Slot: er=35, t=10mm @ «® == Sjot: er=5, t=10mm M

== = == Dipole: er=3, t=6mm M

Fig.8 Measurement results with RFID tags on foam (The legend is
ordered as per the highest average RSSI at 50 cm)

the metal surface due to the thin substrate that the antennas
were printed on. This phenomenon could be partially due to
tolerances in manufacturing for each tag, for example, vari-
ations in the tag printing, microchip soldering and substrate
thickness which all impact tag readability. Furthermore, the
simulation suggested that all tags in regions very close to
metal performed poorly; however, the simulation does not
account for additional reflections and multipath influences
that may occur within a room. Further work will be required
to understand why the tags designed to work in NMP con-
ditions did not perform in accordance with the simulated
scenario.

The final sets of results are for the tags located MP, with a
10-mm silicone spacer between, as presented in Fig. 11. The
largest read range observed was 4.5 m achieved by the Slot:
€,=3, t=6 mm, and the shortest was 0.5 m by Dipole: £,=3,
t=6 mm M. Two tags achieved a read range of 4 m, the Slot:

Average RSSI
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Fig.9 Measurement results of RFID tags on 10-mm thick silicone
(The legend is ordered as per the highest average RSSI at 50 cm)
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Fig. 10 Measurement results with RFID tags 1.52 mm from metal
(i.e. only the Rogers RO3003 material). The legend is ordered as per
the highest average RSSI at 50 cm. Note: only 4 tags could be read

€,=3,t=6 mm M and the Dipole: ¢,=3, r=6 mm. The
Slot: £,=1, t=2 mm, Squiggle and Slot: ¢,=5, t=10mm M
tags achieved a read range of 2 m. Finally, the Slot: ¢,=35,
t=10 mm and the Slot: e,=1,r=2mmMa l.5mand | m
read range, respectively.

All the tags except the Slot: €,=1, t=2 mm showed an
increase in read range (average increase=2.1 m+/—1.9 m)
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Fig. 11 Measurement results of RFID tags MP with 10-mm silicone
spacer (The legend is ordered as per the highest average RSSI at
50 cm)
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when the silicone spacer was added when compared with
a direct attachment to the metal. The Slot: £,=1, r=2 mm
tag’s read range decreased from 4.5 m (directly MP) to 2 m
(MP with silicone spacer). The situation is complicated,
however, since the Slot: £,=1, =2 mm tag did show an
increase in RSSI when measured at 0.5 m, with a value of
5225 MP and 6807 when MP and silicone. This is most
likely due to the fact that when the tag was located on the sil-
icone spacer and metal, the effective permittivity was higher
(i.e. €,=2.38) than the value that this tag was designed for
(i.e. &,=1). For the Slot tags designed with relative permit-
tivities of 3 and the dipole tag, it was the NMP-designed
versions of the tags (Slot: £,=3, =6 mm and Dipole: €,=3,
t=6 mm) that outperformed the ones designed for MP oper-
ation (Slot: €,=3, t=6 mm M and Dipole: ¢,=3, r=6 mm).
This result perhaps indicates how these tag designs may be
more robust than their MP-designed counterparts. However,
with the Slot tags on the permittivity of 5, it was the MP-
designed tag Slot: €,=5, =10 mm M that performed better
than the NMP equivalent Slot: ,=5, t=10 mm with read
ranges of 3 m and 1.5 m, respectively. It should be noted that
experimental conditions for this slot tag were closest to its
design parameters (i.e. on a 10-mm substrate above metal)
as the experiments were performed with a 10-mm silicone
substrate.

3.4 Discussion of read range measurement results

The RSSI values fluctuated as the distance between tag and
reader was increased. This behaviour would not be expected
if the experiments were to be undertaken in free space (or in
an anechoic chamber), as the RSSI should decrease stead-
ily with an increasing distance [32]. However, these meas-
urements were carried out in a laboratory, so reflections of
the signal from the floor, walls and any objects within the
room will influence the results. Reflections result in multiple
delayed multipath signals arriving at the RFID-RA simul-
taneously which can cause significant fluctuations in RSSI
(as noted in [33-35]). To aid comparison, an average of the
measured RSSI’s for each tag in each test setup is shown in
Table 10.

The largest average RSSI on the foam was the Dipole:
€,=3,t=6 mm (RSSI=4160), followed by the Slot: ¢,=1,
t=2 mm M tag (RSSI=3908). The Dipole: ¢,=3, t=6 mm
tag was specifically designed for the Rogers RO3003 sub-
strate the antennas were printed on, and therefore, the higher
performance is as expected. However, the performance of
the Slot: £,=1, =2 mm M was unusual as it was designed
to operate MP. The highest average RSSI recorded on
the 10-mm silicone substrate was the Alien Squiggle tag
(RSSI=4241) with the Dipole: ¢,=3, t=6 mm the sec-
ond highest (RSSI=3800). When attached directly to the
metal, the Slot: £,=3, =6 mm had the highest average
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Table 10 Average RSSI for all
measurements of each RFID tag

Antenna name Foam Metal (RO3003) Silicone Silicone + metal
Squiggle 2892 0 4241 532

Slot: ,=1, =2 mm 2117 1378 1592 1101

Slot: £,=3, t=6 mm 1751 2659 2504 4596

Slot: £,=5, t=10 mm 483 97 1099 964

Dipole: €,=3, r=6 mm 4160 259 3800 3302

Slot: e,=1,t=2mm M 3908 0 3180 1269

Slot: €,=3, t=6 mm M 1563 0 2632 2264

Slot: £,=5,t=10 mm M 598 0 1002 420

Dipole: ¢,=3, t=6 mm M 197 0 406 255

RSSI=2659, and the Slot: £,=1, =2 mm had the second
highest RSSI=1378. That none of the tags, designed for
operation MP, worked when they were attached directly to
the metal, is perhaps not surprising as they were designed
with a larger separation than the substrate thickness. Nev-
ertheless, all the tags had a larger average RSSI with the
silicone spacer (overall RSSI average =2273) than when
directly on the metal (overall RSSI average =488). As
expected, the dielectric spacer reduced the effects of the
metal on the RFID tag impedance mismatch.

In terms of the total average RSSI performance for each
of the designed tags, the tags with the highest RSSI were
the Slot: €,=3, t=6 mm (total average RSSI=2878) and
Dipole: €,=3, t=6 mm (total average RSSI=2880). This
demonstrates that these designs were the most robust tags
observed throughout the measurements which are in line with
the results of the simulations. At the other end of the scale,
the Dipole: €,=3, t=6 mm M showed unexpectedly very low
RSSI values (total average RSSI=215) throughout the meas-
urements which may have been an error in the etching of the
tag or with the soldering of the chip to the antenna, resulting
in a mismatch and an increase in transmission losses.

4 Conclusions, limitations, further work
and practical implications

The research presented in this paper demonstrates the read
range of RFID tags may be accurately predicted from simu-
lation results to enable “Cyber” comparisons of designed
tags. The measurements were performed on different materi-
als in MP and NMP scenarios to investigate the robustness
of tag performance. The simulation results indicated that
tags designed to work for NMP are more robust to changes
in permittivity than tags that have been designed for the
use of MP components. The measurement results further
demonstrated that tags designed to work with NMP are more
robust than tags designed with MP when attached directly
to the metal surface. Furthermore, the results suggest the

Slot design has the potential to work in unknown geom-
etries but requires careful design. The paper contributes to
the wider research discussion surrounding the use of simu-
lation efficacy prior to the deployment of IIoT and Industry
5.0 technologies.

Recent research highlights the need for accurate detec-
tion of tags when multiple tags are present or to detect those
which are absent (e.g. [36, 37]). The tags were assessed for
performance as a lone tag; further assessment is needed to
determine if the results are replicated with multiple tags. For
practical purposes, the physical testing was conducted in a
laboratory environment which is not representative of envi-
ronments in logistics, warehouses or factories. Future work
will include testing within industrial environments across
different domains. In addition, the focus was on evaluating
the efficacy of passive RFID tags; further work is necessary
to assess whether the simulation of active and semi-active
tags correlates with real-world performance on and not MP.
Further work could also explore the effect of handling of the
tags on performance in real industrial settings and the loca-
tion and orientation of the tag on the product.

The practical implications relate to the selection of the
most appropriate tag for industrial use. If the same tag is
required to work on a variety of products, it is best to use a
tag designed not to work MP. However, if tagging of metal
products is essential for robust performance, tags would
require a dielectric substrate to separate their antennas from
the detuning effects of the metal. The results indicated that
tags have much higher efficiencies on permittivities that
they are designed for, especially in MP scenarios. There-
fore, to achieve the highest total efficiency, RFID tags should
be designed specifically for the material properties of the
products that they are going to be applied to. Although this
could result in higher initial production costs and delays,
whilst appropriate designs are evaluated, the benefits include
more robust, reliable and larger read ranges. The result of
these improved tags may include increased confidence in any
knowledge derived from analysing the performance of the
intelligent products, packaging and processes.
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