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Abstract: Simple analog devices like manometers, manual valves, etc., have been ignored in the
digitization process that has characterized the transition towards Industry 4.0. The reason behind this
is that their substitution with the equivalent digital versions is high cost and needs re-wiring. This
study introduces a low-cost wireless and passive model aligned with the Industry 4.0 paradigm to
digitize analog indicators. The concept is based on electromagnetic (EM) shielding of the manometer’s
embedded radio frequency identification (RFID) tag. We designed and tuned a new tiny RFID tag to
be embedded into analog devices. Finally, a digitized manometer by RFID electromagnetic shielding
concept is simulated in the Ansys HFSS modeling environment.

Keywords: tiny RFID; metallic electromagnetic isolation; analog manometer; Ansys HFSS simulator;
passive digitization

1. Introduction

The digitization process of raw materials, semifinished and finished products, and
machines play a significant role in the Industry 4.0 revolution and rely mainly on the
Internet of Things (IoT) and radio frequency identification (RFID) technologies. However,
many challenges related to the digitization process include and are not limited to high cost,
energy consumption, and information integration. One of the digitization challenges is the
design and manufacturing of analogic indicators and manometers, which take into account
many industrial and engineering design considerations [1].

Analog devices like manometers, manual valves, handwheels, levers, clamps, etc.,
are very common on shopfloors. They are present in old machines, but also in the piping
system of modern plants, e.g., in fire extinguishers and in security elements such as cage
doors, etc. When integrated with old equipment and types of machinery, they are retrofitted
using digital devices, switches and IoT cabled or wireless solutions, but alternatively, their
monitoring is left to operators with consequent time loss, errors, etc. Sometimes, due to the
slow evolution of the phenomena they monitor, they are left unread for a long time with
possible consequences on safety (fire extinguishers), performance (wear and corrosion),
and so on. Such oblivion is critical for the concept of completely twinning [2] the shop
floor in order to be able to digitally manage the production (people and machines) in a
cyber-physical way [3].

Data collection based on the passive RFID tags approach is a valuable and competitive
solution for the digitization process as a low-cost, battery-less asset and has a long life
compared with other techniques [4]. However, a limitation of passive RFID systems is the
relatively short read range with respect to other active systems [5]. Larger read ranges
can be achieved at the cost of a bigger tag antenna size, which makes the integration
process into existing devices more difficult. Therefore, this study aims to simplify the
digitization process considering this drawback with low costs, using enabling technologies
and embedded systems for data collection in a real-time manner. The challenge is to
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design and embed small passive RFID tags inside the analog devices, keeping an acceptable
reading range. Many researchers have discussed RFID limitations and challenges dealing
with the environment and substances and their influences like reading range reductions
and wave reflections and suggested different possible solutions [6-8]. The general concept
of the methodology is based on the material behavior and its impact on the RFID system.
Hence, the radio waves pass through air, plastic, wood, and ceramics efficiently, while
there is a considerable reduction and reflection with other materials such as conductors
(e.g., metals). The use of metals in industrial environments creates blind spots for RFID
readers and disrupts their performance [9,10]. Covering the RFID tag with metals causes
electromagnetic (EM) shielding, but a movement of the metal cover removes the isolation
and turns the RFID chip on. The adverse effects of metals on RFID performance have also
been investigated by Arora [11].

This work aims to digitize analog devices by integrating new tiny passive RFID tags [9].
We performed experiments in large dimensions with commercial RFID tags to evaluate the
technical feasibility of the concept. A tag antenna was designed, virtually localized in an
analog manometer, and numerically simulated using Ansys HFSS V2021 R2 software.

Then, the EM shielding cover was optimized, and the final digitized analog manometer
performance was simulated. The following sections illustrate the state of the art, then the
methodology will be explained in detail. Later, in the experiments, Ansys HFSS simulation
practices and results are described, and finally, conclusions are drawn.

2. The State of the Art
2.1. Potential of Wireless Networks in the Industry

Wireless network protocols as an IoT technology are used to enable physical objects
to collect and exchange data nowadays of Industry 4.0 era [12]. Wireless networks are
promising for current and future industrial aspects in terms of the digital transformation
of companies, especially in automating the process of logistics, asset tracking digitization,
monitoring, and controls [13]. The growing influence of IoT has created great potential
for increasing the share of wireless communication networks in the industry. Compiling
Hardware Meets Software (HMS) team annual reports for the last seven years (Figure 1)
show that the majority of industrial networks’ share (approximately 94%) is related to
industrial networks with cable platforms such as Fieldbus and industrial Ethernet [14].
However, the wireless network graph has constantly been rising, from about zero percent
in 2015 to 7% in 2021. This trend illustrates a clear picture of the future position of wireless
networks in the industry.
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Figure 1. Industrial networks” market shares.

In [15], the authors merged the wireless network and RFID technology to manage the
production line in a traditional manufacturing laboratory to avoid errors due to the manual
recording, remotely monitoring the manufacturing process via the internet, and evaluating
the workers’ progress. In [16], authors proved that the transmission speed, low energy
consumption, and a higher number of devices could be simultaneously operated using a
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wireless network. Furthermore, when discussing IoT applications in industry, we found
the acronym IloT that stands for Industrial IoT and that it is building a new domain with
respect to IoT in everyday products. All the considerations mentioned above demonstrate
that passive RFID could be a promising solution for digitizing analogical devices.

2.2. Embedded Passive RFID Tags

Passive RFID tags are increasingly used to automate systems, identify products, trace
assets, monitor, measure the process, and control their physical parameter [17]. But embed-
ding passive RFID tags requires many considerations related to the RFID itself, the object
or systems, and/or the space that contains the RFID [18]. In [19], the authors explained the
importance of the RFID tag design parameters in terms of size, shape, configuration, the
material of the antenna and chip, and the objects that RFID tags install on or are embedded.
The RFID tag design parameters are essential, so embedding passive RFID tags in the
analog indicators and manometers is a practical challenge and potential research area.
Digital transmitters could replace these manometers, but safety standards emphasize the
need to keep them as redundancies for analogical ones. These restrictions ensure that
operators/supervisors can monitor critical parameters such as boiler temperature and
pressure in both methods, on-site/physically and in an automation system/digitally [20].
In this regard, the purpose of our practical application is to digitize hotspots and trigger
points in an analog manometer passively and wirelessly.

Moreover, many industrial environments present “ATmosphere EXplosive” areas
where digital devices have to follow particular restrictions and their ATEX certified versions
have a higher cost than the standard ones.

2.3. Electromagnetic Isolation

The EM isolation between transmitter (RFID reader) and receiver (RFID tag) is a critical
problem in a pulse-modulated RFID system, where transmitter and receiver use identical
frequencies [21]. Metals can create blind spots in RFID reading zones by completely
reflecting high-frequency EM waves [22]. These blind spots cause signal interruption and
receiving signal strength indicator (RSSI) variations [23]. RSSI assesses the attenuation
of a received signal with respect to the source. The value of this parameter is always
negative, and numbers closer to zero indicate better power and quality of the network [24].
Therefore, embedding the passive RFID tags in the analogic devices will be affected by
the composed material of the devices, especially when the cover is made of metallic
components. The isolation of passive RFID tags from EM waves transmitted from the RFID
reader is not always a disadvantage, especially when the physical parameters required are
not continuously varied. So, the metallic interaction could play an essential role in RFID
isolation from the reader whenever needed in an automatic mode, and the passive RFID
tags could be detected whenever the metallic cover is (re)moved. This dynamic scenario
supported by the facts mentioned in the paragraphs above shall guide us to the main
research questions:

e Can RFID technology digitize the measurement process of analogic devices?
e  Are passive RFID tags appropriate to be embedded in the analogic systems collecting
the data wirelessly?

The following sections will clearly answer and explain how RFID technology can
support the digitization of the measurement process of analogic devices.

3. Materials and Methods

Passive RFID tags, due to the lack of internal power supply, are dependent on the
energy absorption sent from the RFID reader antenna, making the tag’s performance highly
linked to the environment and the installation location. For this reason, the RFID must
be tuned precisely for its installation substrate (analog manometer) then simulation must
be performed for all RFID tag, substrate, and metallic cover parameters [25,26]. For this
reason, the research methodology is divided into three sections.
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RFID Antenna

Experiment and conceptual test;
Design and tune a new RFID tag;
Electromagnetic isolation cover simulation and optimization.

The study methodology started with modeling EM isolation effects on commercial
RFID tags [26]. Due to the large dimension of general purpose RFID tags (a few centimeters),
a test bench was designed on a large scale. Modeling was done to test the initial concept and
determine the influential variables. In the second part, an analog manometer is introduced
as one of the possible applications to be digitized with this method. A tiny RFID tag was
designed and tuned to be implanted into the analog manometer. Finally, we execute a
compound EM simulation to validate the analog manometer digitization concept for the
embedded RFIDs, manometer, and metallic cover.

3.1. Experiment and Conceptual Test

The general idea was to design a bench test based on covering the RFID tags with
different metal plates. Circular openings with various radiuses were manufactured in metal
plates that allow electromagnetic waves to pass through. The RFID tag was slowly moved
towards or backward of the isolation area by rotating the metallic sheet, thus examining
the effect of changing the amount of EM isolation in RFID tags. The operating frequency
of UHF RFID was in the range of 860 to 930 Mhz. The size of the smallest RFID tag was
44 x 44 mm, therefore, the smallest size of the circular window was set to 40 mm, while the
largest size of the circular window to 80 mm, which corresponds to about A/4 at 900 MHz.
The EM waves emitted from the RFID reader antenna charge the tag antenna, and the
absorbed energy turn on the tag chip by moving the cover. A stepper motor drives the
shielding cover with an accuracy of 3° degree of rotation per step. The stepper motor
was driven in half-step mode by a 4ZeroBox (a microcontroller unit suitable for industrial
applications) and controls the metallic cover [27]. The measurements were performed by a
CAEN UHF RFID reader model R4300, and the data was sent to the computer through the
serial port (Figure 2a). The reader was connected to a 9 dB linearly polarized antenna by
SMA adapters and a 20 foot RG-58 cable with 1db per 10 feet loss in the 900 MHz frequency
range. According to Figure 2b, the metal cover moved from position 1 in steps of 3° to
position 2, so that half of the tag was exposed to EM waves, then moving from position 2
to 3 caused the entire surface of the tag antenna to be uncovered. The same pattern was
repeated in positions 4 and 5, and the whole surface of the tag antenna was to pass from
covered to uncovered and vice versa.

45° +45°
©26.00 Cm

@8.00 Cm
25.00 Cm

Stepper Motor cabels*
* Stepper motor is powered by four bit
digilanuHer

(b)

Figure 2. Test bench design and covering process.

RSSI measurements were performed in 1080 samples for three different RFID tags
and three different metal covers. The passive tags specifications are given in Table 1. The
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chips used in the RFID tags belong to the same family, but the structure and design of their
antennas were entirely different and designed for various purposes.

Table 1. Passive tags specification.

. . EPC User .
RFID Passive Tag Protocol Chip Type Memory Memory Antenna Size Read Range
True 3D QTTM ISO/IEC 18000-6C Impinj . . .
Long Reading (class 1 Gen2) Monza-4QT QTTM 128 bits 512 bits 72 x 72 mm 10-12m
- ISO/IEC 18000-6C - . .
Impinj h47 (class 1 Gen2) Impinj Monza 4E 496 bits 128 bits 44 x 44 mm 6-7m
Impinj Monza 4D 150 18000-6C, EPC Impinj Monza 4D 128-bit 32-bit 86 x 24 mm 8-10m

Class 1 Gen 2

3.2. Design and Tuning of RFID Tags

The commercial tags’ large dimension increased the modeling test bench size and
made it impossible to implement the concept directly in practical applications. Therefore, an
RFID tag was designed and simulated with the priority of keeping the antenna dimensions
so limited that they could be embedded in an analog manometer. The proposed solution,
shown in Figure 3, is based on creating an EM shield for the RFID tags located between
the dial layer of the manometer and a metallic cover. At least two RFID tags need to be
embedded under the shield layer to determine the measuring area of the manometer (green
or red zone).

Gain(dB)

Figure 3. Analog manometer conceptual solution design.

Rotation (degree)

3.2.1. Analog Manometer Digitization Concept

Analog manometers are widely used in industry to measure various physical parame-
ters. Despite the diverse applications for which these manometers are designed, they all
have similar mechanical mechanisms. The basic concept of this study was to implant small
RFID tags on a single-side printed circuit board (PCB) FR4 substrate in analog manometers.
The FR4 layer is placed on the manometer dial layer and covered with a metal cover to ro-
tate with the manometer’s pointer. The impact of cover addition weight on the manometer
performance was neutralized by two offset adjustment screws inside the manometer. A
circular opening in line with the pointer direction in metallic cover let EM waves pass to
turn on the red or green zone RFID tag. A typical commercial RFID reader determines the
manometer zone (green or red) by reading the tag’s electronic product code (EPC) numbers.

3.2.2. RFID Tag Design

Commercial RFIDs in the 900 MHz frequency band are usually designed in the size of a
few centimeters. Many restrictions, including (i) lambda wavelength in this frequency band;
(ii) limited sensitivity of RFID microchips; (iii) chip and antenna impedance matching, have
made it impossible to reduce RFID tag dimensions smaller than a specific size. Engineers
designing RFID tags for general use consider the optimal point between antenna size and
antenna gain (which determines the reading range) [28]. For this reason, their dimensions
are too large to be embedded in a manometer with a diameter of 100 mm. Therefore,
designing and simulating a new RFID tag with a tiny size preference was necessary. Despite
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their variety and diversity of uses, RFID tags all have fixed components that must be
designed in perfect harmony with each other. The steps for creating an RFID tag are shown
in Scheme 1 [29].

RFID application | | Choice of application and determination of restrictions
| Determination the antenna material and substrate
Parameter v
requirements ‘ Determinate the RFID chip input impedance ‘
‘ Determine the antenna design method and variables
Simulation Run parametric simulation and optimization |
. Build and assemble the prototype version ‘
Build RFID

Design
requirements met?

Scheme 1. RFID tag antenna design process.

Application Requirements and Restrictions

Frequency Band

RFID technology covers a wide bandwidth from 125 kHz to 5.4 GHz. In the low-
frequency band, the antenna size increases due to the increase in wavelength, and the
data transmission speed and reading range decrease. Despite the advantages of the high-
frequency band, such as reducing the antenna size and increasing the speed and reading
range, it is not an appropriate option for industrial environments due to reducing the
penetration of EM waves in objects. Therefore, we have selected the 866 MHz (mid-
frequency band), the most common frequency band in industry applications.

Antenna Pattern and Dimension Limitation

Bench test outputs showed that their RSSI chart pattern changed in two ways whenever
the cover rotated and the tags exited the EM shield. Rectangular tags create an M-shaped
pattern with two peaks, and square and circular tags create an A-shaped pattern with
one maximum point. Therefore, due to the manometer shapes, the best option for our
application was a circular dipole RFID tag. In terms of dimensions, manometers are
designed and manufactured in less than one centimeter to several tens of centimeters.
We chose the WIKA pressure gauge PG521.100 as a case study for digitization. Detailed
specification material and dimensions of the manometer are given in [30]. Due to the
manometer dial plate limitation (94 mm diameter), we had to keep the RFID tag dimension
under about 20 mm. The green and red area tags were located at a distance of £/(8) from
each other.

Antenna Material and Substrates

Choosing the suitable material and substrate is one of the most important parts of
designing an RFID tag. As shown in Figure 4, the entire body of the manometer, except for
the central part, is made of stainless steel. The RFID tags are all implanted on a standard
single-layer FR4 PCB substrate with 1.6 mm of thickness coated with a 35 um thick copper
layer as the RFID tag antenna. This layer is located directly on the dial plate.
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Red zone

Metallic coating thickness (T)
]

[ ! l
_' Tag and coating layer gap (G)

Figure 4. Digitized manometer components and materials.

RFID Chip Impedance Matching and Resistant

Numerous chips are designed and manufactured in the RFID frequency bands, but
they are mostly not solderable and not available for commercial use in mass-production
assembly lines. NXP UCODE G2iM is a series of passive identification transponder chips
in the 900 Mhz frequency band. UCODE G2iM SL351003 is a six-pin chip in the solderable
SOT886 package [31], which provides —17.5 dBm read sensitivity. As shown in Figure 5,
pins 1 and 3 are the RFP and RFN pins connected to the tag antenna, and pins 4 and 6 are
the chip external battery pins (active mode configuration).

Dimension

0.035 0.44 027 0325 063 056 14

Figure 5. RFID tag Antenna and chip Geometry.

To transfer the maximum power absorbed by the tag antenna to the chip, the inter-
nal impedance of the designed antenna must be precisely equal to the conjugate input
impedance of the chip. The higher the sensitivity and operating frequency of the tag, the
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more it allows the designer to design tags in smaller sizes. The internal impedance of the
chips has a complex parameter that can be expressed as follows:

Zc = Rc +ch‘Za = Ra +an (1)

The chip impedance (Z.) and antenna impedance (Z,) are both frequency-dependent
and contain a real impedance part (R) and complex impedance part (X). The internal
resistance table of the SL351003 chip in the frequency band is given in Table 2 [31]. Due
to the European frequency band standard, the impedance of 866 MHz in designing and
tuning the tag antenna has been considered.

Table 2. SL.351003 chip Input impedance.

Real Complex

Symbols Parameter Frequency Part (R) Part (X) Units
866 MHz 27 —234
z Impedance 915 MHz 24 —222 Q
953 MHz 23 —213

3.3. Electromagnetic Shielding Cover Simulation and Optimization

EM isolation in the form of frequency shift and reduced transmission power can affect
the proper functioning of the tags. For this reason, after adjusting all the parameters at
the best point in the last section, we examine the effect of the metal plane in S11 and gain
diagrams for a complete rotation of the metal cover. S11 is the most quoted parameter
regarding antennas which represents how much power is reflected from the antenna
and hence is known as the reflection coefficient. RFID antennas are two-way antennas
(transmitter and receiver), and the gain diagram shows how well the waves are absorbed
or propagated by the antenna. All simulation in this study was carried out with Ansys
HFSS 2021 R2 software based on Finite Element Method (FEM) solver.

4. Results

This section presents the results of practical experiments and simulations in the fol-
lowing three sections:

Isolation modeling results;
RFID tag and isolator simulation results;
Digitization simulation results.

The first part presents the modeling results of isolation and the effect of different
metals and openings in EM isolation rate and its impact on RSSI parameters. The second
part presents the simulation and tuning results of the designed RFID antenna. We sweep
the W parameter (Figure 5) to adjust the resonant frequency of the embedded tag inside
the manometer without an isolator cover. Then, we tune the whole manometer with the
metallic cover at the optimum points. In the last section, we examined the performance
of RFID tags in digitizing manometers (green and red zone detection) by simulating their
gain changes.

4.1. Experimental Test Bench Results

The RSSI parameter changes were measured for the commercial tags against EM
isolation. EM waves can reach the RFID antenna through circular openings in the metallic
coating layer. 4Zerobox rotates the metallic layer to change the EM isolation rate and
measure the RFID RSSI response via an RFID reader. The tests were performed in an
environment without EM reflection to prevent the effects of unwanted noise on the outputs.
The RSSI changes of each tag are examined against the EM isolation created by different
metals, including stainless steel, galvanized steel, and iron (actually, it was AISI 304, a
carbon steel used in sheet metalworking, but we use the label “Iron” to easily distinguish it
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from stainless steel). The isolation covers and circular opening made a different percentage
of EM isolation for the tags. RSSI is shown in the separate curves in Figure 6, and the
average change of all curves is given as a black line in charts. Metals cause different effects
in the EM field, depending on their shape, thickness, density, and EM properties. The
QTTM and H47 tags were both dual-dipole designs so that they could be read in any
polarization without limiting the installation angle. The Impinj tag was a simple dipole
with a rectangular antenna shape, leading to a different RSSI pattern with two peaks (M
shape) against magnetic shielding. The maximum RSSI occurred when half of the tag was
covered by metals (steps 2 and 4 in Figure 2b). The True 3D QTTM Long Reading tag had
the highest amount of RSSI against various metals in an A-shaped pattern with a peak. The
difference between the maximum and minimum RSSI in iron and stainless-steel diagrams
was more significant than galvanized Steel.

No Cover Materials
RFID Shield .
Tag Stainless Steel Galvanized Steel Iron
RSSI
STANLESS STEEL 20 GALVANIZED STEEL IRON
True 3D Zz -25.7 dBi -25 /s 3L B 2
-30
QTTM :2: .
Long o e o

Reading -23.2 dBi

RSS! (DBI)

-45° -36° -27° -18° -9° 0° 9°

=8 Cm

RSS! (DBI)

RSS! (DBI)

18° 27° 36° 45°
COVER ROTATION (DEGREE)
= @=6Cm + @=5Cm - @=4Cm —Average

-45° -36° -27°-18° -9° 0° 9° 18° 27° 36° 45°
COVER ROTATION (DEGREE)
= @=6Cm + @=5Cm - @=4 Cm — Average

-45° -36° -27° -18° -9° 0° 9° 18° 27° 36° 45°
COVER ROTATION (DEGREE)
#@=6Cm 4+ @=5Cm - $=4 Cm —Average

——@=8 Cm ——@=8Cm

Impinj h47
\ -35.2 dBi

RSS! (DBI)

-20
-25
-30
-35
-40
-45
-50
-55
-60
-65
-70

-45° -36° -27° -18° -9° 0°

——@=8Cm

STANLESS STEEL GALVANIZED STEEL IRON
-20
-25
-30
-35
-40
-45
-50
-55
-60
-65

-70
-45° -36° -27° -18° -9° 0° 9° 18" 27° 36° 45°
COVER ROTATION (DEGREE)
* @=6 Cm P=5Cm =4 Cm —Average

-20
-25
-30
-35
-a0
-a5
-50
-55
-60
-65

-43 dBi
-43.5 dBi

RSS! (DBI)
Rss! (DBI)

0
-45° -36° -27° -18° -9° 0° 9° 18° 27° 36° 45°
COVER ROTATION (DEGREE)
@=6 Cm @=4Cm @=5Cm —Average

9° 18° 27° 36° 45°
COVER ROTATION (DEGREE)
= @=6Cm + @=5Cm R=2 Cm —Average

——@=8 Cm —~—@=8Cm —=

Impin;j
Monza
-33.4 dBi

RSS! (DBI)

——@=8 Cm = @=6 Cm

-7
-45° -36° -27° -18° -9° 0°

GALVANIZED STEEL IRON

-20
-25
-30
-35
-40
-45
-50
55 ©F
-60

-65

STAINLESS STEEL -20
-28.7 dBi
27.4dBi 1y

-30
-35
-40
-45
-50
-55
-60
-65

RSS! (DBI)
RSS! (DBI)

9° 18° 27° 36° 45° 70
COVER ROTATION (DEGREE)
@=5Cm  @=4 Cm —average

0
-45° -36° -27° -18° -9° 0° 9° 18° 27° 36° 45°
COVER ROTATION (DEGREE)
= @=6Cm + @=5Cm - B=4Cm —Average

-45° -36° -27° -18° -9° 0° 9° 18° 27° 36° 45°
COVER ROTATION (DEGREE)
=6 Cm #=5Cm

——@=8Cm ——@=8Cm

Figure 6. RSSI measured for RFID tags with different covering materials.

4.2. RFID Tag and Isolator Simulation Results

In Section 3.2, after explaining the reasons for designing a new RFID for embedding
in the manometer, we described the designing steps and antenna geometry. In this step,
to determine the dimensions of the antenna and adjust the parameters, we must first
determine the parameters of the RFID tag by the EM wave simulator and then choose the
metal cover parameters by embedding them in the manometer. Finally, by rotating the
metal cover in 360 degrees cycles, we simulate the performance of the entire assembly
against the EM field to digitize the manometer.
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4.2.1. RFID Parametric Simulation

In the next step, after determining and selecting the material and the initial geometry of
the antenna to perform impedance matching, we should examine the parameters affecting
the input resistance of the antenna and the S11 diagram. The optimal point of each variable
was determined separately and in combination by EM simulation software and parametric
simulation. Parameters D1- to D3 were static, and their dimensions were defined according
to the size of the antenna port and RFID chip. The H parameter was also fixed due to the
same thickness of the copper coating on the FR4 layer (about 35 pm for FR4 1 oz). Due
to the limited size of the designed RFID tag described in Section Antenna Pattern and
dimension limitation, R parameters were specified in some way to keep the tag dimension
less than 20 mm. Therefore, we tried to create the impedance matching by performing
parametric analysis in only variables parameter W. The cross-section area and distance of
conductors are two critical components in determining the size of capacitors, inductors,
and resistors. The sweep in the W parameter simultaneously leads to change in both these
components. As a result, the impedance matching can be tuned accurately to the primary
operating frequency (900 MHz) by creating a frequency shift. The W parameter was swept
in the range of 0.31-0.37 mm, and its effect in the S11 plot was investigated in Figure 7a. As
shown in Figure 7b, the simulated input impedance at the UHF RFID central frequency is
Zin = 10.3 +j234. The electric field or “E” plane shows the polarization or direction of the
radio wave. The magnetic field or “H” plane lies at a right angle to the “E” plane. Co and
cross-polarization in the H and E plan are shown in Figure 7c,d.

S Parameter Plot 1 HF$SOesignt ™ | Cureinta Z Parameter HFSSDesign1 ™ Curve Info
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Figure 7. (a) Frequency tuning by sweeping W parameter; (b) antenna input impedance; (c) co-and
cross-polarization of E plane (XZ plane); (d) co-and cross-polarization of H plane (YZ plane).

4.2.2. Isolation Cover Parametric Simulation

We tried to optimize the tag at the best working point in the previous step. In this step,
we seek to optimize the metal cover to create the most damaging effect in the gain diagram
and maximize the difference in both the gain graphs of shielded and non-shielded modes.
Eventually, this difference in gain will cause the tags to be turned on or off by moving the
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manometer’s pointer. According to the measurements made in the bench test, we expected
that the EM shield coating would eliminate the frequency matching by creating a frequency
shift. It would be led to reducing the power transfer received by the tag antenna to the chip
and eventually causing the chip to turn off. Therefore, after adding the metallic cover step
by step, each parameter is checked by rotating the cover in two modes: J = 0° (the tag is
covered) and & = —90° (the tag is not covered). The ultimate goal is to create the highest
significant possible difference in the gain of the RFID tag in 2 cases when the cover angle is
0° and uncovered at —90° (Figure 4).

RFID Tag and Cover Gap

The first parameter that was examined after adding the cover was the distance between
the RFID tag and the EM cover, which was simulated as a hybrid parametric simulation
at the same time as the cover was rotated. According to the results shown in Figure 8a,
the smaller the gap between the tag and the metallic cover led to the more significant the
difference in RFID gain between covered and without cover conditions (the best case is the
enormous difference), which creates a difference of about 19 dBm in RFID gain. Therefore,
according to the dimensions of the RFID tag chip, a distance of 0.15 mm was determined as
the optimal distance.
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Figure 8. Metallic EM shield cover tuning parameters. (a) The optimal point of tag and cover gap;
(b) the optimal point of the cover opening part radius; (c) the Optimal point of electromagnetic
cover thickness.

Cover Opening Part Size

Based on the bench test results, it emerged that the RSSI rate improved with increasing
the diameter of the cover opening part, the dimensions of the opening part would have a
substantial effect on the amount of tag received gain. For this reason, we simulated this
parameter in combination with the rotation of the EM cover. The results of the cover opening
radius sweeping in the range of 6 to 12 mm are shown in Figure 8b. As expected, the larger
opening size increased the gain of the tag when the tag was not covered (& = —90°). Due
to the size limitation, we considered the maximum possible size of opening radius (12 mm)
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for the opening part. This opening size increases the difference gain (with and without
cover) from 19 dBm to 22 dBm.

Isolation Cover Thickness

In the last step, we investigated the thickness of the EM shield cover and the effects of
this parameter on the output gain by parametric simulation. Figure 8c shows the sweep
results of this parameter from 0.5 to 2 mm. The results clearly show that the thickness of
the protective layer does not have a significant effect on the gain of the RFID tag, so we
consider its minimum value of 0.5 mm as the optimal point.

4.3. Digitization Simulation Results
4.3.1. Metallic Isolation Effect on the Reflection Coefficient

After optimizing all the variables of the RFID tag and the magnetic cover separately
and determining all the parameters, we can simulate the whole set with a combined
simulation and examine the result of adding an EM shield. For this purpose, we must
examine the reflection coefficient (or S11 parameter) in the total bandwidth at two angles
@ =0° (EM isolated) and @ = —90° (without electromagnetic isolation). As shown in
Figure 9, rotation of the electromagnetic cover creates a frequency shift of about 300 MHz
in the S11 diagram. The bandwidth was reduced from 0.46 MHz to 0.26 MHz after creating
the magnetic shield so that there is no overlap bandwidth between the two graphs.

Ansys | CurveInfo
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Figure 9. Electromagnetic isolation impact on S11 grape.

4.3.2. RFIDs Total Gain and Digitization

After tuning all the effective parameters in the RFID tag and the insulation cover
layer, we can now check the performance of the tags embedded in the manometer. For
this purpose, we measure the total gain changes of both tags in a complete rotation of the
metallic cover. As shown in Figure 4, the red zone tag was mounted at & = —90°, and the
green zone tag was mounted at & = —270° manometers. By rotating the metal cover, the
EM waves reached the tags from the opening part and caused them to be read by the RFID
reader. This gain increased in 2 intervals of 100° degrees to the center of angles —90° and
—270° (Figure 10).
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Figure 10. RFID tag total gain and switching angles.

5. Discussion

The metallic covers and parasitic elements cause EM isolation for the RFID tags. Near-
field metal covers create an inductive and capacitive coupling that changes the antenna’s
input impedance. Chip and antenna impedance mismatch causes only a tiny portion of
the absorbed energy to be transferred to the chip. If the energy transferred to the chip
is less than the Pj;,, it leads to turning off the chip. Py, or reading sensitivity means
the minimum input power of the chip to turn it on. NXP states that this parameter is
—17.5 dBm in SL3s1003, which means that the chip is off as long as the power gain chart is
below this value [31]. The intersection of this line (—17.5 dBm) with the gain diagram in
Figure 10 shows that the red tag from &J = —40° to —140° and the green tag from &J = —219°
to —320° are clear readable for the RFID reader. To better understand the performance
of the tags and switching points, Figure 11 shows the trigger angles during a 360-degree
rotation of the manometer pointer. The locating of the manometer pointer in each zone (red
or green) leads to only activating the same zone tag, and the RFID reader easily determines
the zone through the EPC code of the chips. In this way, thanks to RFID technology and
the EM isolation effect as an advantage, we introduced a method to digitize manometer
passively and wirelessly.

Such an integrated passive RFID tag and the metallic cover allow the manometer to
be easily read by already installed RFID readers or by installing an antenna on movable
objects (e.g., forklifts, bicycles often used in large industrial plants, or even in the industrial
cleaning trolleys), thus reducing the necessary number of readers. The study demonstrated
the feasibility of a Passive RFID tag and EM isolation to retrofit industrial analogical devices
such as manometers, handwheels, etc., in an effective and low-cost way.
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