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Radio Frequency Identification (RFID), application technology is implemented to enhance
the efficiency of service through the integration of data automatically. RFID is a data
transmission technology comprising interconnected tags and readers designed to facilitate
the exchange of information. The human tissue layer appears to have an influence on the
RFID read range performance. The aim of this study is to examine and analyse the read range
performance under two conditions: in a free-space setting and when placed on a human body
model. Body Mass Index (BMI) serves as a requirement for studying its effect of fat layer

- thickness. The results reveal that the commercial RFID read range may be maximized up to
gmf‘”"& 5.3 meters in open space as per specification and decreases depending on the human body
Free space, model and varied fat layer thickness. The collected information evaluated using the CST
Human tissue layer, studio Suites 2021 Student Version Software and an open-field experiment with participants

Open-field measurement, N A
Read range, with varying BMIs.

RFID

INTRODUCTION retrieval of patient-specific medical records, containing crucial

personal health information (Mohammad et al., 2022). RFID

The Internet of Things (loT) is rapidly being used in a variety of  tags are often mounted to the object to be evaluated to identify

industrial settings. This technology can successfully increase job
productivity, work efficiency and provide users with
personalized information or services. RFID-based solutions
have been adopted due to the benefits of simultaneous
identification and placement (Xu et al., 2023). RFID
applications may additionally relate to healthcare loT
functionalities to increase flexibility in connecting broad
healthcare systems which consisted of various wirelessly
connected devices. RFID technology facilitates the regular
maintenance, and traceability of crucial health assets, ensuring
reliable functionality assessment and contributes to enhance the
patient safety. In the realm of medical informatics, RFID
assumes a prominent role in the accurate identification and
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it. However, RFID can be influenced by external factors in some
practical situations (Xiang et al., 2022).

The latest scientific research shows that the presence of a
human body in close proximity significantly affects the
performance of RFID antennas, resulting in limited reading
capabilities (Tajin et al., 2021). When integrated into garments,
the RFID tag might function consistently (Gmih & Farchi,
2020). The RFID tag antenna performs well in free space.
However, on-body performance is severely limited due to lower
radiation efficiency triggered by the loss of power in the body
of an individual (Tajin et al., 2021). The development of a
fitness tracker that is physically associated with the body of an
individual is projected (Miozzi, 2020). As a consequence, the
repercussions of the human body's lots of tissue layers,
consisting of skin, fat, and muscle, on read range performance
are being investigated. The electrical properties of human body
parameters as gathered from the datasheet presented in Table 1
are necessary as references in the study. In this study, it is crucial
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to analyze the performance variation in read range between the
free space condition and the human body model. CST Studio
Suites 2021 student version is used to simulate the RFID tag read
range as the reference for the open-field experiment. Human
body layer design would link to a database of human body
electrical characteristics for design and would use CST software
to simulate RFID performance on a human body model.

Table 1 Human body electrical properties

Body Sub Thickn  Perm Conduc Refere
Part Body ess ittivit  tivity nces
Part (mm) y (S/m)

Skin 15 41.32 0.855
Arm Fat 20 546  0.05 (Casula

&
Montisci
, 2019)
Muscle 30 5497 0.934
Skin 1.7 - -
Genera  Fat 8 - - (Yalduz
| et al,
2020)
Muscle 10 - -
Skin 2 - -
Arm, Fat 5 5.27 0.11 (Nie et
|eg al.,2021)
Muscle 20 52.67 1.77 (Farahat,
2021)
Skin 2 36.06 2.84
Chest Fat 4 5.03 0.23
or (Farahat,
stomac 2021)
h
Muscle 5 49.84 3.93
Skin 1 38.00 1.49
7
Genera Fat 5 5.28 0.11 (Bo Yin,
| 2021)
Muscle 20 52.72 1.77
9
Skin 2 35 3.8
Chest Fat 5 495 03 (Keshwa
or ni et al.,
arm 2021)
Muscle 20 48.4 5.12
Skin 1 49.9 -
(wet)
Chest,  Fat 5 558 - (Wissem
leg, El May,
arm 2021)
Muscle 40 5713 -

MATERIAL AND METHODOLOGY

In this part, the details of tools and the methodology to
achieve the study objectives are explained. This part begins with
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the explanation of RFID system and human body model. The
abdomen part was used as the main focus of this study. The
abdomen was chosen as the preferred focus of experiment
because has visible variations across diverse BMI ranges. The
read range and BMI formula also included as the study
references.

RFID System

The RFID sensor system consists of an RFID tag combined with
an RFID reader, facilitating the transmission of data. The
element known as the antenna establishes the interaction
between the RFID tag and the reader (Xiang et al., 2022). RFID
tags can be divided into distinct groupings, specifically passive
and active RFID tags. Active RFID tags are endowed with an
integrated power source, commonly a battery, facilitating
autonomous operation. On the other hand, passive RFID tags
operate devoid of battery requirements, relying upon external
RF signals for both power and data transmission (Gao & Lu,
2022).

Passive RFID tags offer the advantages of not requiring
maintenance, more affordable, and have great lifespan due to
battery less operation. The reader transmits a specific frequency
of signal through the transmitting antenna when interrogating a
passive RFID tag. Upon tag transmission to the antenna, an
induced current is present, and the energy required for signal
transmission can be derived from this current (Gao & Lu, 2022).
The tag chip functions through modification of the signal data.
Passive RFID technologies can be classified in accordance with
the frequency of operation of RFID tags, which can be a low-
frequency (LF) at 125 kHz, high-frequency (HF) at 13.56 MHz,
or ultra-high-frequency (UHF) with a frequency range of 860-
960 MHz. The variance between UHF bands of frequency is
defined by national regulations (Xiang et al., 2022).

The 9662 RFID tag model with the standard EPC Class 1
Gen 2 (RichAfid, n.d.). As displayed in Figure 1, it selected as
the commercial RFID tag model to be replicated and simulated
in CST software before being executed for the read range in the
open-field experiment. The RFID tag model functions within the
frequency range of 860-960 MHZ, exhibiting a read range from
5.0 meter until 6.0 meter. 70 mm x 17 mm antenna supported on
the RFID tag using Alien Higgs-3 as the chip. The antenna is
constructed using PET as the substrate material with dimension
83+ 1 mm (RichAfid, n.d.). Figure 2 represents the
implementation of a Chainway C72 UHF RFID reader with
dimensions 164.2 x 80.0 x 24.3 mm and 654 g as the weight will
be used in the open-field measurement analysis. The RFID
reader operates using Android 6.0 and Java as the programming
language. Several frequencies can be detected using this RFID
reader model such as 865 until 868 MHz, 920-925 MHz, and
902-928 MHz with referring to the protocol of EPC C1 Gen 2 or
ISO 18000-6C (Chainway, n.d.).

Fig. 1 9662 RFID tag model

16

© 2024 Penerbit UTM Press. All rights reserved



Faishal Adilah Suryanata et. al.

Circular Polarized Antenna

Fig. 2 Chainway C72 UHF RFID reader (Stopforth, 2021)
Human Body Model

The primary constraints affecting body-worn antennas are
associated with the electrical properties of the human body,
encompassing factors like permittivity and conductivity.
Consequently, the presence of the human body layer can exert a
considerable adverse impact on antenna performance.
Therefore, the human body layer is critically important for
optimizing the antenna. The human model implemented in the
most recent study referred to the skin, fat, and muscle layer.
From an electromagnetic standpoint, all of the layers are lossy
dielectrics with varying thicknesses and frequency complex
permittivity (Ahmed et al., 2019). The electrical properties of
human body parameters as gathered from the datasheet
presented in Table 2 are necessary as references in the study.
According to further research obtained from a respectable
publication, abdominal electrical tissue differentiated with
certain BMI categorization was chosen as the body component.
Table 4 shows the electrical characteristics of the abdomen in
relation to BMI.

Table 2 Human abdomen electrical properties

Body Sub BMI  Thic Perm Cond Refere
Part  Body kness ittivit uctivi nces
Part (mm) vy ty

(S/m)
Fat Unde 12 9115 0.042
rweig
ht
Abdo Fat Norm 36 9115 0.042 (Chy,
men al 2022),
(Sakai,
2023)
Fat Over 47 9115 0.042
weigh
t
Fat Obes 64 9115 0.042
e
Read Range

The RFID tag read range is the range of maximum distance
that an RFID reader is capable of reading and is extremely
important in RFID applications (Bansal et al., 2022). The read
range of passive RFID tags is impacted by the frequency of
operations, the specific type of reader and tags, disturbance, and
the condition of the surroundings. (Tsalapati et al., 2021). The
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equation 1 is the formula used to calculate read range accurate
measurements. (Bansal et al., 2022),

_ i(PEIRPGrT) 1/2 _ i(PEIRPGrT) 1/2 (1)

R =
max 4n Pic 4n Ptag

where A signifies the bandwidth in free space corresponding
to the operating frequency of the reader, while Pgjrp = Py Gey,
denoted as the product of P,, (RFID reader's transmitted power)
and G, (RFID reader's gain), represents the aggregate effective
radiated power. Moreover, T symbolizes the power transmission
coefficient of the RFID tag, and P;. stands for the sensitivity of
the RFID chip (Bansal et al., 2022).

Body Mass Index (BMI)

Body Mass Index (BMI) is an indicator and credible
anthropometric methodology that assists in determining the
proportion of body fat and reviewing a person's nutritional and
health state (Mohajan & Mohajan, 2023). BMI measurement is
referring to the BMI range divisions such as underweight ( <
18.5 kg/m? ), normal ( 18.5 — 24.9 kg/m? ), overweight ( 25 -
29.9 kg/m? ), and obese (30 and higher) (Soeroto AY, 2020).
The formula is offered by equation 2 whereas weight and height
are included in the calculation (Chatterjee, 2020),

BMI = Weight / Height? )

RESULTS AND DISCUSSION

The study outcome provides specific information in this part
while also making references to the electrical characteristics of
the abdomen and the technical specifications of the RFID tag
and reader. The collection of data on the electrical properties of
the abdomen focuses on various BMI categories, including
underweight, normal, overweight, and obese. The abdomen part
has been selected for analysis and investigation of the impact on
the RFID read range performance through software simulation
and open-field experiment.

Free space

RFID tag is set up in the free space design environment,
which is an empty area with no interference. Before
commencing the simulation operation, the 9662 RFID tag model
must be replicated. The S11 parameter is crucial in order to
efficiently simulate the read range where it is for maximizing
the dimensions of the RFID tag model. After the RFID tag
model has been optimized using the S11 parameter, it could
potentially be processed for read range analysis for confirmation
of maximum read range as per specification. Figure 3 illustrates
the front structure of the RFID tag replication model, while
Figure 4 presents the back view of the design.

RFID CHIP

TR

Fig. 3 RFID tag front view of the design replication
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RFID CHIP

&

Fig. 4 RFID tag back view of the design replication

Read Range

The Read Range (RR) inspection is carried out under two
conditions: in free space and on a human body model. Figure 5
illustrates a graphical representation of the read range in free
space conditions. At a frequency of 910 MHz, the graph displays
a peak distance of 5.3 meters, encompassing a range from 5.0 to
5.5 meters. The read range reported is comparable with the
datasheet, which shows that with the frequency ranges 902-928
MHz and 865-868 MHz, the RFID tag read range can possibly
be encouraged about 5.0 to 6.0 meters. In human body context,
the proximity of the RFID tag to the body directly influences the
read range which is affected by the body’s specific
characteristics (Suryanata et al., 2023).

55

/"/\
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.
//

.

Read Range (m)
\
7
e
e

25

r T T T
860 880 900 920 940 960
Frequency (MHz)

Fig 5. Free space condition read range graph

The human body model (abdomen) was developed with the
CST software, which is linked to the design replication of the
9662 RFID tag. The design of the human body model
necessitated the specification of tissue layer thickness,
permittivity, and conductivity as essential factors. With an
increase in Body Mass Index (BMI), resulting in varying fat
layer thickness, the read range performance of RFID is
diminished. Each BMI category corresponds to varying levels
of body fat. As caloric intake increases, adipose tissues expand
and contribute to higher body fat percentages. Conversely, a
reduction in BMI correlates with the accelerated metabolic
processes, which leads to the use of stored energy, and the
reduction of adipose tissues. Body fat is also influenced by an
individual’s age and sex (Jeong et al., 2023). Due to higher body
fat percentages, the individual’s BMI influences the
performance of RFID tag read range. Figure 6(a) presents an
underweight BMI fat layer of the abdomen tissue with a
thickness of 12 mm, and Figure 7(a) demonstrates a simulated
Read Range (RR) graph. The influence of the underweight
human tissue layer seems to reduce the RR to 0.4400 m with
169% differences with free space condition. Figure 6(b)
indicates a normal fat layer with the thickness of 36 mm and the
RR reduces to 0.2062 m or 185.021% differences with free
space condition, as apparent in Figure 7(b). Figure 6(c) outlines
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an overweight model with more fat thickness about 47 mm,
resulting in a reduction in the RR that having 185.076%
difference with free space condition or decreases to 0.2054 m in
Figure 7(c). The obese fat layer has the largest fat layer with 64
mm as demonstrated in Figure 6(d) and reduces the RR until -
18.2100 m according to Figure 7(d). Based on the simulation
graph analysis, the read range decreased further as the fat layer
increased. Figure 8 illustrates a comparison of RR performance
in free-space condition and on individuals with different BMI,
with reference to Malaysian frequency specification (910-920
MHz).

() (d)

Fig. 6 The Abdomen tissue layer of underweight BMI with fat
layer about 12 mm (a), normal BMI with 36 mm (b), overweight
47 mm (c). and obese with 64 mm (d)
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Fig. 7 Underweight BMI simulated read range graph with the
maximum value at 0.4400 meters (a), normal BMI simulated read
range at 0.2062 m (b), obese BMI simulated read range graph at
-18.21 m (c), overweight BMI simulated read range graph at
0.2054 m (d)
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Fig. 8 Comparation graph of read range performance between
in free-space condition and on individuals with various BMI
referring to Malaysian frequency specification

Open-Field Measurement Analysis

The open-field experiment can be conducted by utilizing the
CST software to stimulate the read range (RR). The simulation
and measurement are not directly correlated because the exact
permittivity and thickness of the tissue layers are unknown for
individuals with varying BMI. The average permittivity and
thickness were used only for reference comparison. The
comparison would be used to analyze the curve characteristic
between the measured results. The RFID tag was attached to the
abdomen of four people with varying BMIs such as
underweight, normal, overweight, and obese during the
experiment, as illustrated in Figure 9. Figure 10 illustrates the
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open-field measurement settings of RR by attaching the RFID
tag on the subject. To examine the variances in RR between
different countries, this study required the use of a variety of
frequencies including Malaysia (910-920 MHz), Thailand (920-
925 MHz), Indonesia (923-925 MHz), Singapore (920-925
MHz), Vietnam (920-923 MHz), and the United States Standard
(902-928 MHz) (Limited, 2024; NF. Miswadi, 2022;
Technologies, 2022). Table 3 presents the RR data of the RFID
tag in free space conditions with different frequency ranges. On
average, across all frequency ranges, the RR signifies that the
RFID tag can be detected at a distance of 6 m, which aligns with
the RR specified in the RFID tag datasheet, ranging from 5to 6
m range. When the RFID tag was attached to a human model
representing an underweight BMI, as shown in Table 4, The RR
decreased significantly to an average of 0.3283 m, exhibiting a
179 % reduction compared to the free space condition. In the
case of normal BMI, presented in Table 5, the RR decreased to
0.2733 m, indicating a 182% reduction due to the increased
thickness of the fat layer. Table 6 demonstrates that the
individuals with an overweight BMI, the read range further
decreased to 0.1766 m, reflecting a 188 % reduction compared
to free space condition. Finally, in Table 7, for the obese BMI
category, the RR decreased to 0.1183 m, indicating a reduction
of 192 % compared to free space condition. The RR
performance is influenced by the thickness, permittivity, and
conductivity of the human body layer, wherein the fat layer
thickness plays a notable role. Without barriers such as the
human body, metal, or other conductive materials, the RR can
be substantially prolonged in free space. Furthermore, minor
variations in RR reading performance may arise due to
discrepancies in frequency ranges adopted by different nations
(Suryanata, 2023). Within the table structure, the symbol
denoted by ““/” representing the RFID tag readability through the

Table 3 Free space condition open-field experiment

Read Range Distance (meter)

No.

7.0 65 60 55 920 45

4.0 35 30 2.5 2.0 15 1.0 0.5

Malaysia /
(910-920 X X / / /
MHz)

Thailand / /
(920-925 X X / /

MHZz)
Indonesia / /
(923-925 X / / /

MHz)
Singapore / /
(920-925 X X / /

MHz)
Vietnam / /
(920-923 X X / /

MHz)

United / /

States (902- X X / /

928 MHz)

Total
Average

6 meter
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RFID reader, whereas “x” symbol indicates the incapacity of the
RFID tag to be detected by the reader.

Table 4 Underweight BMI condition open-field experiment

Read Range Distance (meter)

No. Less
7.0 6.5 6.0 55 50 45 4.0 35 30 25 2.0 15 1.0 than
1.0
'(\gﬂ)a%sz'g . . . x X X X X X X X X X 0.3300
MHz)
Thailand X X X X X X X X X
(920-925 X X X X 0.3300
MHz)
Indonesia X X X X X X X X X
(923-925 X X X X 0.3200
MHZz)
Singapore X X X X X X X X X
(920-925 X X X X 0.3300
MHz)
Vietnam X X X X X X X X X
(920-923 X X X X 0.3300
MHz)
United X X X X X X X X X
States (902- X X X X 0.3300
928 MHz)
Total 0.3283 meter
Average

Table 5 Normal BMI condition open-field experiment

Read Range Distance (meter)

No. Less
7.0 6.5 6.0 5.5 50 45 4.0 35 3.0 25 2.0 15 1.0 than
1.0

?gigasgszlg X X X x X X X X X X X X X 0.2700
MHz)

Thailand X X X X X X X X X

(920-925 X X X X 0.2800
MHZz)

Indonesia X X X X X X X X X

(923-925 X X X X 0.2800
MHz)

Singapore X X X X X X X X X

(920-925 X X X X 0.2600
MHz)

Vietnam X X X X X X X X X

(920-923 X X X X 0.2700
MHz)
United X X X X X X X X X

States (902- X X X X 0.2800

928 MHz)

Total

0.2733 meter
Average
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Table 6 Overweight BMI condition open-field experiment

Read Range Distance (meter)

No. Less
7.0 6.5 6.0 55 50 45 4 35 30 25 2.0 15 1.0 than
1.0
I(\gil:)a)gszlg . . . x X X X X X X X X X 0.1600
MHz)
Thailand X X X X X X X X X
(920-925 X X X X 0.1700
MHz)
Indonesia X X X X X X X X X
(923-925 X X X X 0.1700
MHZz)
Singapore X X X X X X X X X
(920-925 X X X X 0.1700
MHz)
Vietnam X X X X X X X X X
(920-923 X X X X 0.2000
MHz)
United X X X X X X X X X
States (902- X X X X 0.1900
928 MHz)
Total 0.1766 meter
Average
Table 7 Obese BMI condition open-field experiment
Read Range Distance (meter)
No. Less
7.0 6.5 6.0 5.5 50 45 4.0 35 30 2.5 2.0 15 1.0 than
1.0
I(\gi:)aészlg X X X X X X X X X X X X X 0.1100
MHZz)
Thailand X X X X X X X X X
(920-925 X X X X 0.1100
MHz)
Indonesia X X X X X X X X X
(923-925 X X X X 0.1100
MHz)
Singapore X X X X X X X X X
(920-925 X X X X 0.1200
MHz)
Vietnam X X X X X X X X X
(920-923 X X X X 0.1100
MHz)
United X X X X X X X X X
States (902- X X X X 0.1500
928 MHz)
Total 0.1183 meter
Average
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When considering the presence of barriers like the human
body, metal, or other conductive materials, the RR extension in
free space can be significantly affected. Additionally, the
variance in frequency ranges between different nations may
result in slight changes in RR reading performance.

Under
18.5
kg/m?

Fig.9 Graph of simulated read range in free space condition

Note-taker

Fig.10 Open-field experiment process

CONCLUSION

The attachment of RFID tags under varying BMI conditions
presented unique challenges. In the simulated read range using
interference-free environment, the performance of an RFID tag
can be reached up to 5.3 meters in free space without any signal
interference that could diminish read range (RR) performances.
The fat layer within the human body was found to influence the
performance of RFID tag in terms of RR. The BMI categories
of underweight, normal overweight, and obese were used as part
of the experiment parameter. An open field experiment was
conducted to investigate RR in a real-world setting. Under free
space conditions, the RR could reach up to 6 meters. However,
the read range performance decreased as the thickness of the
body’s fat layer increased. Underweight conditions exhibited a
significant reduction in RR performance, reaching as low as
0.33 meter, representing a 179% decrease compared to the
performance in free-space condition. For individuals with a
normal BMI, the RR performance showed a reduction of 0.27
meters, corresponding to a 182% decrease. In the overweight
condition, the RR decreased by 188%, reaching 0.1766 meter.
The greatest reduction in RR performance compared to free
space conditions was observed in the obese category, with a
192% decrease (0.1183 meter). The read range demonstrated
efficient performance in the free space condition without any
interference from materials such as metal, the human body, or

Journal of Medical Devices Technology

other conductive substances. However, the performance was
reduced due to variations in BMI conditions. The higher
thickness, permittivity, and conductivity of the abdominal tissue
layer contributed to the reduction in RR performance.
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