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Virtual Reference Tag Assisted Radio Frequency
Identification Localization and Tracking

Using Artificial Intellect Techniques in Indoor
Environment

Mathavan Nagaraj’, Stva Ranjant Seenivasan®

'Department of Electronics &Communication Engineering, Nadar Saraswatht College of
Engineering and Technology, Vadapudupatti, Theni, Tamil Nadu, India.
“Department of Computer Science and Engineering, Sethu Institute of Technology, Tamil Nadu, India.

Abstract: The application of Radio Frequency Identification (RFID) technology for localizing and tracking mobile objects within indoor
environments, primarily relying on Received Signal Strength Indicator (RSSI) readings, poses challenges in enhancing tracking accuracy
and minimizing errors. In response, we present the VIRALTRACK (Virtual Reference Tag Localization and Tracking) model, comprising
four key processes: signal improvement, optimization-based virtual reference tag allocation, quantum-based localization, and deep
reinforcement learning-based tracking. The Extended Gradient Filter (EGF) algorithm is introduced to mitigate RSSI fluctuations,
thereby enhancing signal efficiency. The Emperor Penguin Colony (EPC) optimization algorithm allocates virtual reference tags,
factoring in Signal-to-Noise Ratio (SNR), tag quantity, and environmental conditions, elevating tracking accuracy. Quantum Neural
Network (QNN) facilitates precise position estimation for moving targets, with the SignRank algorithm optimizing virtual reference tag
selection to reduce tracking errors. The Twin Delayed Deep Deterministic Policy Gradient (TD3) algorithm ensures effective tracking

by considering distance, phase, orientation, and previous coordinates. Simulations conducted using the NS3.26 network simulator
evaluate performance metrics, including tracking accuracy, tracking error, and cumulative probability, validating the efficacy of the
proposed VIRALTRACK model in RFID-based indoor localization and tracking.

Keywords: Radio Frequency Identification (RFID), Virtual Reference Tag Allocation, RFID reader, Quantum Neural Network (QNN),
Extended Gradient Filter (EGF)

Radiofrekvencna identifikacyja, lokalizacyja in
sledenje s pomocjo virtualne referencne oznake z
uporabo tehnik umetne inteligence v notranjem okolju

Izvle¢ek: Uporaba tehnologije radiofrekvencne identifikacije (RFID) za lociranje in sledenje mobilnih predmetov v notranjih okoljih,

ki temelji predvsem na odcitkih indikatorja moci sprejetega signala (RSSI), predstavlja izziv pri izboljsanju natancnosti sledenja in
zmanjsanju napak.V odgovor na to predstavlijamo model VIRALTRACK (Virtual Reference Tag Localization and Tracking), ki vklju¢uje stiri
klju¢ne postopke: izboljsanje signala, dodeljevanje virtualnih referen¢nih oznak na podlagi optimizacije, lokalizacijo na podlagi kvantne
metode in sledenje na podlagi globokega ucenja z okrepitvijo. Uveden je algoritem EGF (Extended Gradient Filter), ki ublazi nihanja
RSSIin s tem izboljsa uc¢inkovitost signala. Optimizacijski algoritem Emperor Penguin Colony (EPC) dodeljuje virtualne referen¢ne
oznake ob upostevanju razmerja med signalom in Sumom (SNR), koli¢ine oznak in okoljskih pogojev, kar povecuje natan¢nost sledenja.
Kvantno nevronsko omreZje (QNN) omogoca natan¢no ocenjevanje poloZaja premikajocih se ciljev, algoritem SignRank pa optimizira
izbiro navideznih referen¢nih oznak, da zmanjsa napake pri sledenju. Algoritem TD3 (Twin Delayed Deep Deterministic Policy Gradient)
zagotavlja uc¢inkovito sledenje z upostevanjem razdalje, faze, orientacije in prejsnjih koordinat. Simulacije, izvedene z omreznim
simulatorjem NS3.26, ocenjujejo kazalnike ucinkovitosti, vklju¢no z natan¢nostjo sledenja, napako sledenja in kumulativno verjetnostjo,
kar potrjuje ucinkovitost predlaganega modela VIRALTRACK pri notranji lokalizaciji in sledenju na podlagi RFID.

Klju¢ne besede: Radiofrekvencna identifikacija (RFID), dodeljevanje virtualnih referencnih oznak, bralnik RFID, kvantno nevronsko
omrezje (ONN), razsirjeni gradientni filter (EGF)
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1 Introduction

Automatic localization and tracking technologies have
garnered significant attention, driven by the increasing
prevalence of location-based applications. This is par-
ticularly crucial in scenarios such as logistics manage-
ment and construction worker supervision, where real-
time indoor localization and tracking of moving targets
play a pivotal role. The conventional Global Positioning
System (GPS) faces limitations in indoor tracking due
to issues such as signal blocking and non-line-of-sight
conditions [1-3]. As a result, Radio Frequency Identifi-
cation (RFID)-based tracking technology has emerged
as a promising solution, showcasing adaptability to
large-scale indoor environments and effectiveness
in non-line-of-sight conditions [4-5]. In the realm of
RFID-based tracking systems, the fundamental com-
ponents include RFID tags and readers. RFID read-
ers are employed to collect Received Signal Strength
Indicator (RSSI) information from moving target tags,
fostering communication and enabling the localization
and tracking of the target within indoor environments
[6-7]. Indoor localization using RFID technology can
be categorized into range-free and range-based ap-
proaches [8]. The former utilizes connection informa-
tion like hop size and anchor position, while the latter
incorporates distance estimation between the trans-
mitter and receiver for communication [9-10]. Range-
based approaches have demonstrated superiority in
large-scale scenarios, leveraging precise tag selection
based on RSSI [11]. RFID tags are classified into pas-
sive, semi-active, and active categories. Passive RFID
tags derive power from the electromagnetic field and
lack an internal power supply, whereas semi-active
tags receive power for internal circuits and broadcast-
ing from the reader’s electromagnetic field. Active RFID
tags have their power supply for both internal circuits
and broadcasting, offering long-range communication
and superior tracking accuracy [15-16]. Despite ad-
vancements, existing tracking algorithms, such as the
Hidden Markov Model (HMM) and linear regression-
based approaches, exhibit high tracking errors in in-
door environments [17-18]. This motivates the need for
further research to enhance tracking accuracy and re-
duce localization errors in RFID-based indoor tracking
systems. The proposed research aims to address these
challenges through a multi-faceted approach. Four key
processes are formulated to achieve the overarching
objective of improved tracking accuracy:

1. Signal Improvement: Mitigating RSSI signal fluc-
tuations arising from multipath effects and inter-
ference in indoor environments.

2. Optimization-based Virtual Reference Tag Alloca-
tion: Strategically allocating virtual reference tags
to optimize tracking accuracy.

3. Quantum-Based Localization: Leveraging quan-
tum-based techniques to enhance the precision
of initial target tag localization.

4. Deep Reinforcement Learning-Based Tracking:
Employing deep reinforcement learning for dy-
namic tracking in real-time indoor environments.

Existing RFID-based tracking systems grapple with is-
sues such as interference, signal-blocking, and low po-
sitioning accuracy. The proposed research aims to con-
tribute to the refinement of indoor tracking systems,
addressing these challenges and enhancing tracking
accuracy. The subsequent sections delve into each
formulated process, discussing methodologies, chal-
lenges, and potential contributions to the field. Fig. 1
represents the general RFID tracking system.

Table 1 represents the notation and description used in
our proposed VIRALTRACK model.

Table 1: Notation and its description

Notation | Description

X, The transmission power of the source
device
RX, |The remaining power of the wave at the
receiver
RX, |value of receiver gain
TX, transmitter gain
A wavelength
d distance between the source and the
destination
4 Virtual reference tag
R; Reference tag
r Distance from the reference tag in the
grid
Sy, The signal intensity of the virtual refer-
ence tag
Sk, The initial signal intensity of the reference
tag
y Distance factor
P Humidity
K Temperature
Wy, Weight value between the input layer and
hidden layer
e The threshold value of t th hidden neuron
U sigmoid function
3 Discount factor
TRP | True positive rate
9 Number of identified virtual reference tag
{ The total number of virtual reference tags.

This paper introduces the VIRALTRACK model, a novel
RFID localization and tracking system designed for in-
door environments, incorporating advanced artificial
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Figure 1: RFID tracking system

intelligence techniques. The key contributions of this
research encompass several innovative components.
Firstly, the Extended Gradient Filter (EGF) is proposed
to effectively mitigate the impact of noise-induced RSSI
fluctuations. Secondly, an optimization-based strategy
for virtual reference tag allocation is introduced, utiliz-
ing the Emperor Penguin Colony (EPC) algorithm. This
approach optimizes the number of virtual tags by con-
sidering factors such as Signal-to-Noise Ratio (SNR), tag
quantity, and environmental conditions like tempera-
ture and humidity, ultimately enhancing tracking accu-
racy. The third contribution involves Quantum-based
localization, where the position estimation is achieved
through a Quantum-Inspired Neural Network (QNN).
The SignRank algorithm is proposed to select the op-
timal virtual reference tag within specific grids, aiming
to reduce errors during tracking. Lastly, deep reinforce-
ment learning-based tracking is presented, employing
the Twin Delayed Deep Deterministic Policy Gradient
(TD3) algorithm. This method takes into account vari-
ous parameters, including distance, phase, orientation,
and previous coordinates, leading to a substantial im-
provement in tracking accuracy within indoor envi-
ronments. The proposed VIRALTRACK method is thor-
oughly evaluated based on tracking accuracy, tracking
error, and cumulative probability, demonstrating its
effectiveness in addressing challenges associated with
RFID localization and tracking in indoor settings.

2 Literature survey

In the realm of indoor object tracking for e-health ap-
plications, Radio Frequency Identification (RFID) tech-
nology has emerged as a prominent solution, as evi-
denced by various proposals in the literature. One such
proposition by Author [21] advocates for the use of ul-
tra-high frequency RFID to facilitate tracking and man-
agement of mobile tags within indoor environments,
particularly emphasizing its application in hospitals.
This system relies on signal information exchanged be-

209

tween RFID readers and tags, with a focus on utilizing
received signal strength for precise localization of pa-
tients and medical items. Meanwhile, Author [22] pro-
poses an indoor tracking system that integrates RFID
information with Inertial Measurement Unit (IMU) data.
Although the system employs the unscented Kalman
filter algorithm based on Received Signal Strength In-
dication (RSSI) data, its limitations in non-Gaussian en-
vironments are acknowledged.

In an attempt to address challenges associated with
RFID-based tracking, innovative methods are explored.
Author [23] introduces a spinning antenna-based sys-
tem, employing three key pieces of information—RSS],
Doppler frequency, and phase—for localization. Nota-
bly, preprocessing steps are incorporated to eliminate
signal noise, enhancing the accuracy of object locali-
zation. On a different front, the work of Author [24]
focuses on medical equipment tracking within indoor
spaces, utilizing RFID tag information to ascertain the
location of each piece of equipment. Moreover, ef-
forts have been made to enhance indoor positioning
algorithms, as seen in Author [25]'s work, which in-
corporates the LANDMARK algorithm and K-Nearest
Neighbor (K-NN) algorithm for RFID tags. However,
challenges are noted in the initial parameter selection
for K-NN, which impacts the system’s effectiveness in
indoor positioning scenarios.

Various strategies are proposed to compensate for
signal loss and improve accuracy in RFID-based track-
ing. Author [26] introduces a compensating signal
loss-based RFID system, leveraging a filter to mitigate
ambiguity in gathered information and employing a
triangulation algorithm for object localization. Similar-
ly, Author [27] integrates robust support vector regres-
sion and Kalman filter algorithms in a reference tag-
supported RFID system to track moving objects, with
the Kalman filter serving to eliminate RSSI fluctuations
from the received signal. Despite the effectiveness of
the system, concerns are raised about the time con-
sumption of the support vector regression algorithm,
impacting overall tracking accuracy. In the pursuit of
efficient tracking in indoor environments, Author [28]
presents a model with noise-filtering mechanisms for
mobile targets. The system’s design includes pre-filter
and post-filter components in RFID tags to enhance
the tracking process. Moreover, real-time tracking so-
lutions utilizing passive RFID tags and low-frequency
transmission are explored by Author [29], underscoring
the practical deployment of four passive RFID tags on
each moving object for accurate tracking within indoor
environments.

The advancement of localization methods extends
to the use of complex algorithms such as the particle
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filter, laser ranging model, and Density-Based Spatial
Clustering of Application with Noise (DBSCAN) algo-
rithm, as proposed by Author [30]. The intricacies of
tracking are further addressed by Author [31], who
introduces an active RFID-based moving target predic-
tion system. This system utilizes virtual reference tags
and a linear regression model to effectively track mov-
ing objects within indoor locations. Meanwhile, the
paradigm shifts in tracking strategies with device-free
systems, as illustrated by Author [32], who employs the
Hidden Markov Model (HMM) algorithm for trajectory
estimation of moving objects. Furthermore, the paper
by Author [33] introduces a differential received signal
strength-based tracking system for construction equip-
ment within indoor environments, utilizing four RFID
readers and signal information from mobile target tags
at different positions for precise tracking. A range-free
indoor tracking algorithm is also proposed by Author
[34], leveraging methods such as Framed Slotted Aloha
and Tree Walking algorithms. However, concerns arise
regarding the lack of noise removal in this approach,
potentially affecting the accuracy of mobile object
tracking. Finally, Author [35] proposes an indoor mo-
bile target tracking solution using the multi-direction
weight position Kalman filter, which integrates Gauss-
ian weight computation and velocity estimation to re-
move RSSI fluctuations and noise interference, thereby
enhancing overall tracking accuracy in indoor environ-
ments. These diverse approaches collectively contrib-
ute to the evolving landscape of RFID-based indoor
tracking systems, each addressing specific challenges
and pushing the boundaries of accuracy and efficiency
in different applications.

3 Problem statement

In the realm of RFID indoor tracking, researchers grap-
ple with persistent challenges in enhancing tracking
accuracy and minimizing errors. The proposed track-
ing model, denoted as T, introduces a comprehensive
approach where ‘m’ signifies the moving object, and
‘P" designates the indoor position based on an RFID
reader’s specific location [36]. Existing studies reveal
several issues; for instance, an optimization algorithm
for unconstrained indoor tracking struggles with effi-
cacy in the face of increased RFID tag interference. This
algorithm relies solely on the distance parameter, ne-
glecting crucial phase, location, and orientation infor-
mation, thus diminishing tracking accuracy [36].

T,={(m(P.P.....P))|(VR)(P, €L, (P4 <P,1,))

m

Another set of challenges arises in a semi-active RFID
system that encounters difficulties due to inadequate

noise removal and the dependence on triggers for sig-
nal transmission [37]. Additionally, the limitation of a
single RFID reader poses challenges in effectively track-
ing multiple mobile targets [37]. These issues persist in
data-driven approaches, like the KNN-HMM algorithm,
which grapples with complexities in initial parameter
selection and time consumption, ultimately dimin-
ishing tracking accuracy [38]. Similarly, passive RFID-
based real-time tracking systems face particle filter-
related challenges, including particle degradation and
sample depletion, particularly in non-Gaussian envi-
ronments [39]. Moreover, the utilization of passive RFID
tags introduces constraints related to power resources
and real-time tracking feasibility [39].

In a distinct approach, an indoor positioning system re-
lying on the support vector regression algorithm con-
tends with challenges stemming from ineffective noise
removal mechanisms, reduced localization accuracy
due to excessive reference tags, and prolonged pro-
cessing times [40]. These collective challenges under-
score the need for innovative solutions to enhance the
robustness and precision of RFID-based indoor track-
ing systems [40].

4 Viraltrack system model

In our proposed work, we confront the pervasive chal-
lenges inherent in existing indoor mobile object track-
ing systems. The architecture of our devised system
encompasses five pivotal components: RFID readers,
real reference tags, virtual reference tags, target tags,
and a centralized server. Opting for active RFID tags,
we leverage their extended communication range
and independence from power sources, drawing an
advantage for enhanced performance. Our conceptu-
alization adopts a 3D grid configuration, recognizing
the efficacy of real-time indoor tracking within a three-
dimensional spatial context. To strategically deploy our
system, we position four RFID readers in the ceiling of
the indoor environment, complemented by a singular
real reference tag allocated to each grid. Our primary
objective revolves around augmenting tracking accu-
racy and curbing localization errors within the indoor
setting. The procedural framework of the proposed VI-
RALTRACK system is illustrated in Fig. 2.

The first critical process in our framework is signal im-
provement, where we introduce the Extended Gradi-
ent Filter (EGF) algorithm. This algorithm operates by
effectively minimizing fluctuations in Received Signal
Strength Indicator (RSSI), thereby enhancing signal sta-
bility and, consequently, improving tracking accuracy.
The second process revolves around optimization-
based virtual reference tag allocation. Here, we em-



M. Nagaraj et al,; Informacije Midem, Vol. 53, No. 4(2023), 207 — 223

ploy the Emperor Penguin Colony (EPC) optimization
algorithm to strategically assign virtual reference tags,
addressing interference issues associated with real
reference tags in the RFID tracking system. By optimiz-
ing the allocation of virtual reference tags, we elevate
tracking accuracy.

The third pivotal process introduces quantum-based lo-
calization, incorporating the Quantum Neural Network
(ONN). This quantum-inspired approach accelerates
initial position estimation, leading to optimal results
in moving object localization. By leveraging quantum
principles, we navigate challenges associated with con-
ventional methods, reducing errors during the tracking
process. The final process employs deep reinforcement
learning-based tracking, employing the Twin Delayed
Deep Deterministic Policy Gradient (TD3) algorithm.
This algorithm harnesses RFID reader information to
accurately track moving target tags, contributing to a
comprehensive solution for increased tracking accu-
racy within the indoor environment.

In summary, our VIRALTRACK model integrates these
four processes cohesively, culminating in a robust sys-
tem that adeptly addresses the intricacies of indoor mo-
bile object tracking, demonstrating enhanced tracking
precision and reduced localization inaccuracies.

3D Gridbased T Tracking Systens

Figure 2: Proposed VIRALTRACK System model
4.1 Signal tmprovement

The primary process in our work is a signal improve-
ment since the indoor environment is highly affected
by the multipath effects, dead spots and interference.
These issues increase the noises in the received RSSI
signal. RSSl is a good indicator to predict the unknown
node’s current position. RSSI is an estimation of dBm,
which is 10 times the logarithm of the power ratio p
at the receiving end and the reference power p .. This
value is inversely proportional to the square of the dis-

tance. Hence, our work employs the EGF algorithm to
effectively remove the RSSI fluctuations caused by the
noise. The reason for selecting this algorithm is that
it performs better in multipath conditions. Besides, it
performs better than traditional algorithms such as the
Kalman filter.

In addition to RSSI, we evaluate the link quality evalu-
ator (LQI) that measures the position by beacon mes-
sage transmission. The low and high-frequency ranges
of RSSI and LQI can be followed: -75dBm and -25dBm
for low RF and high RF and 105 for low RF, and 108 for
high RF, respectively. A good measurement or estima-
tion of RSSI is required to understand the target posi-
tions. When the distance increases, then the RSS value
get decreases, and it's formulated as follows:

RSSI:—(10n10g10d+A) )

Where n represents the constant variable for signal
propagation, also called

To measure the distance between the reference tags to
the RFID readers, the following distance is computed
as follows,

(RSSI—4)/(10-10n)—1
S

Then, measures the signal attenuation factor by the fol-
lowing equation,

Distance = ()

_ RSSI- 4
~101og10(sd +1)

3)

The computation of RSS is that transmission power is
configured in the transmitting device TX and receiving
distance RX with power. Based on the Friis Free Space
Transmission Model, the RSS value decreases as the
distance of the source device, which is formulated as
follows,

ﬂ, 2
RX,=TX,xTX,xRX, (mj )

Where TX, is the transmission power of the source
device, RX, is the remaining power of the wave at the
receiver, RX, is the value of receiver gain, TX, Is the
transmitter gain, A is the wavelength, and d represents
the distance between the source and the destination.
Then, the RSS value is transformed into the RSSI, which
describes the received power of the reference power. P,
and the absolute value of P, Is 1? mW. The RSSI value is
computed as follows,
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RX

P

However, the increased received power result shows
a higher value of RSSI and the relationship between
the RSSI and received signal power is measured, and
the distance d is inversely proportional to the RSSI and
the ideal distribution of RX, Is not applicable. Further,
the radio signal’s propagation is interfered with many
influencing effects. A set of RSSI values computes a
mean value of RSSI, and the few packets are required
from each reference tag and RSSI over the time series is
computed as follows,

RSSI = S RSSI, ©

n'ico

If the EKF is applied on the RSSI signals, the approxima-
tion is applied, i.e. a = 0.75 and the approach uses the
large difference in RSSI values normalized. It is formu-
lated as follows,

RSSIn = ax RSSIn + (1 - a) *RSSIn—1 7)
The above equation means that the RSSI value cor-
responding to the signal strength over the distance
is based on the past mean value and the currently
obtained value of RSSI. Approximation technique is
applied to EKF for signal quality enhancement which
ranges between 0 and 1, and if the value is 0, then
signal quality filtering is no performed. Otherwise, it's
executed optimally. In the following, we described the
filtering of RSSI signals based on the obtained values of
LQl and RSSI.

The following equation performs the value of LQI-
based signal smoothing,

normalizeRSS,<LQ1( , =ax RSSI, + (1 - a) x RSSI,, (8)

The fusion value of LQl and RSSI by the normalized RSSI
can be as follows,

normalizeRSS,(F ~=axRSSI + (1 —-a ) xRSSI,_; (9)

()

Finally, the proposed normalization is executed by RS-
Sls and LQI values of recently measured are computed,
and it's executed by the following,

normalizeRSS,(B o = 9% RSSI, +(1-a)xRSSI,_, (10)

Therefore, EGF is applied by normalization of LQI and
RSSI values, and it is performed in Fig. 3

Figure 3: Conditions for Signal Quality Improvement

4.2 Optimization-based virtual reference tag allocation

Our work deploys virtual reference tags in indoor track-
ing to overwhelm the issues of real reference tags in the
RFID tracking system. In our 3D grid network, we place
one real reference tag in each grid. To reduce the inter-
ference created by the real reference tag. This is achieved
by reducing the number of real reference tags via virtual
reference tags. Here, the virtual reference tags are allo-
cated by the RFID reader node placed on the ceiling of
the indoor environment. It allocates several virtual ref-
erence tags by exploiting the Emperor Penguin Colony
(EPC) optimization algorithm. It performs faster than
traditional optimization algorithms (GWO, PSO, ACO) by
obtaining results within the four iterations. It considers
the succeeding parameters to compute the fitness func-
tion: SNR, number of tags and environmental factors
such as temperature and humidity; these parameters
are collectively termed attributes. Since these two en-
vironmental factors affect the RSSI signal in the indoor
environment, based on this information, the RFID reader
allocates virtual reference tags for each grid it monitors.
In EPC, the optimization is based on the heat transfer
and attractiveness between the penguins. Similarly, the
virtual reference tags are allocated based on the attrib-
utes in our process. Initially, the position of the virtual
reference tag is plotted based on the distance from the
reference tag, which can be formulated as,

R
V,=—an
r

Where V, denotes the virtual reference tag, R, denotes
the reference tag and r? denotes the distance from the
reference tag in the grid. The interference is also con-
sidered and minimized to facilitate effective communi-
cation between the tags, which can be formulated as,

S, =Sy e (12)

Where SV, denotes the signal intensity of the virtual

reference tag, S, Denotes the initial signal intensity of
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the reference tag, A denotes the signal coefficient, and y
denotes the distance factor, respectively. From this, the
attractiveness G can be formulated as,

G = A%pKle™ (13)

Where A denotes the surface area of the grid, 6 denotes
the connectivity factor, p denotes the humidity, and K
denotes the temperature, which affects the received
signals strength. The orientation of the spiral move-
ment of the penguin is represented as,

X axis= 77 cos Oe*’ (14)

Y axis= 77 sin @e*’ (15

1. Pseudo code: EPC algorithm

Initialization of population of tags;
Compute tag position;
Compute signal strength (S) function;
Determine reference tag position;
For iter = 1 to Max, _do
Compute repeat copies of tag population;
For i=1 to k population, do
For j=1 to k population, do
If §<$, then
Compute interference using eqn (12)
Compute attractiveness using eqn (17)
Compute spiral movement using eqn (14,15)
Compute updation of position using eqn (19)
End
End
End
Perform sorting and determine the best solution;
Update mutation factor;
Update signal coefficient;
end

The two points separated by a distance in the search
space are calculated, which is represented as,

61'
D= J.\/nz,uzez“g +n*e*de (16)
HI,

The multiplication of distance and attractiveness is per-
formed to optimally allocate the position of the virtual
reference tag, which can be expressed as,

' -1Yj
;ltanfl"f' Htan 122

. Xj
T+Ge 7

/tlln[(l—G)e }

" 1

X, =1e cosi—In<(1-G)e
I

. 1)
utan 120 utan~!=L

. X
it+Ge /

1
,uﬂln{(lG)e

Yp=1e
7

ptan

Lin lln (I—G)e

The new position of the penguin is computed by add-
ing the current position with the product of a random
vector and mutation factor, which can be formulated
as,

Up:(xp,yp)+0:7/ (19)

Where q, y denote the mutation factor and random
vector, respectively. This way of allocating the virtual
reference tag increases the tracking accuracy and re-
duces the error involved in tracking the target tag. The
pseudo-code of the proposed virtual reference tag al-
location is presented below.

4.3 Quantum based localization

To track the target moving tag, our work estimates its
position by a localization process. For this, we execute
Quantum inspired Neural Network (QNN) to esti-
mate the exact position of the moving target. To find
the initial position of the target tag, the RFID reader
considers the RSSI signal from the nearest virtual ref-
erence tag. QNN algorithm includes quantum compu-
tation and neural networks, improving the neural net-
work’s efficiency. QNN executes based on the quantum
neuron model, representing the transition relationship
between the quantum states and neuron states de-
rived from logic gates. This algorithm includes three
layers input layer, hidden layer and output layer. Here
RFID reader considers the RSSI signal for detecting the
initial position of the target tag. RSSI signal information
is considered as input, and the inputs are converted
into a range value of quantum state [0,1] with range

[0,72[} and the calculation of the input layer is defined

as follows,
X;:F(Z;j) (20)
T
ZP ==Y
n Ty (21)

Where n represent the number of neurons and Y It is
the nth input variable of the network, and the value of

A ﬂtan’]ﬁ

Y +Ge K (17)
-1 /.tta.nflﬁ

+Ge Y (18)
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n = 1. X Represent the input of Quantum. The second
layer is a hidden layer that represents the relationship
between input and output that is defined as follows,

X! =F(z) (22)

z! :%.G(a,)—Arg () (23)

u’h = ZquWF (Z; ) - F(/ut) = Zj,:lwm £ - F(u,) (24)

= Zj’wm.(cos(Zj ) + isz'n(Zj )) —cos( g, )—isin(u,)(25)

Where, w, Represent the weight value between the in-
put layer and hidden layer and y, Represent the thresh-
old value of t th hidden neuron. Substitute eqgn (23) into

eqn (25) and obtain zth as defined as follows,

zf’:%.G(at)—Arg(uf):%.G(at) (26)

> Mesin(Z) s (1))

D W,cos (Z,‘f_COS (4, ))

—Arctan

Where each metric belongs to the t'" neuron in the hid-
den layer and the value of t=1 and u, Represent the sig-
moid function.

The output layer provides the output for position pre-
diction that is defined as follows,

Z, =|im(x") (27)
X' =F(z") (28)
Z° :% G(ao)—Arg(uO) (29)

= wa,.(cos(zlh)+isin(zth))—cos(uo)—isin(yo) (31)

Where, w, Represent the weight value and ° is repre-
sent the threshold value of the output neuron. Then
substitute the eqn (30) into eqn (31) and obtain (u°) as
follows,

Z;v:lwt.cos(zth ) —Cos (,uo)

Where, Z° represent the output which is known as the
optimal position for localization. To select the optimal
virtual reference tag for localization, we proposed the
SignRank algorithm. It ranks the virtual reference tag
inside each grid based on its distance. The SignRank
algorithm considered the weighted graph from the
QINN, and it is defined as follows,

G:(V,B*,B’) (33)

Where the value of B;. andBl.]_. are defined as follows,

. { 1, positivelink betweenito j
0

"= 34
Y , No positivelink betweenito j By
B 1, negativelink betweenito j

L= 35
" |0, Nonegativelink betweenito j 33

This algorithm supposes an RFID reader randomly vis-
its the virtual references tag for localization. The RFID
reader visits one neighbour’s virtual reference tag, then
RFID has positive and negative sign values and the high
positive value is denoted as rank one; based on these
rank values, the virtual reference tag is selected for lo-
calization. This value is based on the distance of the vir-
tual reference tag.

The positive and negative value is updated every time
to select the optimal virtual tag. From the ranking, it se-
lects the optimal virtual reference tag for localization.
Based on the selected RSSI signal received from the
virtual reference tag and moving target tag, the RFID
reader localizes the initial position of the moving target
tag. This way of localizing the moving target position
reduces the error during the tracking.
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2. Pseudo code: Quantum-based localization

INPUT: No. of virtual reference tags {vt1, vt2, ..vtn}, d
OUTPUT: Optimal virtual reference tag
Begin
Initialize {vt1, vt2, ..vtn}, RSSI signal
{
For each virtual reference tag {vt} do
Calculate weight value for every {vt}
End for
}
Optimal position is detected for localization
Take weighted graph (G) from QINN
For every nodeiin G do
For every neighbor j of node i do
if (Bij+ == 1) then
Select high positive rank node and set high
rank using eqn(34)
Optimal virtual reference tag is selected for
localization
else if (Bij- == 1) then
Put a low rank for virtual reference tag using
eqn(35)
End If
End For

End For

4.4 Deep reinforcement learning based tracking

To track the moving target in the indoor environment,
we propose the Twin Delayed Deep Deterministic Poli-
cy Gradient (TD3) algorithm, one of the deep reinforce-
ment learning algorithms. It is executed by the central-

Mo | 18 36)
AN HEYY
M _(a) 1-p
j:lﬂ.j M (37)

Figure 4a: Process of deep reinforcement learning-
based tracking

ized server using the information acquired by each
reader positioned in the indoor environment. It pro-
vides better results in tracking by learning the indoor
environment effectually. Besides, it outperforms exist-
ing reinforcement learning algorithms. It utilizes subse-
quent parameters to track the moving target: distance,
phase, orientation and previous coordinates. By utiliz-
ing this information in tracking, our proposed method
tracks the moving target tag effectually. The tracking of
moving tags is modelled as a Markov Decision Process
(MDP), which comprises attributes, namely state (S), ac-
tion (A), reward (R) and discount factor (3). The state
represents the state space of the system at a time (1)
upon which an action is performed by the agent. De-
pending on the action, the system receives a reward for
each time step. The discount factor denotes the accep-
tance of current rewards over upcoming ones. The pol-

¥

Figure 4b: a) One target b) Two target c) Multi target
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icy refers to the selection of action by the agent, and an
optimal policy is termed the policy of the agent, which
achieves expected returns. In our tracking process, the
state is defined as the current position of the moving
target tag, which includes the attributes. The process of
deep reinforcement learning-based tracking is repre-
sented in Fig. 4a, and Fig 4b represents the tracking po-
sition of the moving object, 4b.a represent one moving
target, 4b.b represent two targets and 4b.c represent
multi-target.

The action carried out by the DRL agent is tracking the
location based on state attributes. The reward is gener-
ated based on how well the agent tracks the target tag.
The implementation of tracking is formulated as,

Q(S’ A) = Eﬂ(s) [RTH + 28
+JQ(ST+1’AT+1)|S‘[:S7AT:A ( )

The value func-
tion on following the policy m (s) is termed as the ex-
pected return, which can be formulated as,

V. (s)=>7(A$0,(S.A)

aeh

(39)

The actor module performs actions based on the cur-
rent state attributes. The actor module is trained ac-
cordingly to achieve the optimal policy. The loss ob-
tained in the actor module is formulated as,

lA =E[Q01(S>A)

§=5,A, :71'¢(Sj)] (40)
Where ¢ and O1 represent the parameters of the on-
line poly network and online Q value network, the critic
module is incorporated to evaluate the actions taken
by the actor module to achieve the optimal policy. The
critic produces the Q value, which is improved by up-
dating the network parameters. The optimal Q-value
function is represented as,

xj = R(SjﬁAj) + lmini=l,2Qéi (Sj+177[¢,(sj+l )) (41)

Where, di and ¢’ Denotes the network parameters of
the target Q-value network and target policy network.
The reward that the agent can receive by taking an
action A in the state S is denoted as R(S, A). The loss
function of the critic module can be formulated as,

1 o \\2
N}:I 21;2(’“; nZ (SJ’ Aj))

The soft update is carried out to update target neural
network parameters. Similarly, the minimization of the
loss function /. and maximization of the loss function

(42)

I, It is carried out to perform the updation of online
Q-value parameters and online policy network param-
eters, respectively. The updation processes can be for-
mulated as,

¢ —t1p+(1-1)¢'

A N A (43)
i « t0i +(1-1)0i

This facilitates the agent to achieve optimal policy.

Thus improves the tracking accuracy in the indoor en-

vironment.

V. Experimental study

The performance of the proposed VIRALTRACK model
is evaluated, and simulation results are discussed. This
section includes three subsections: simulation setup,
comparative analysis and research summary.

4.5 Simulation setup

We design a 3-D grid network topology that includes
four RFID readers, one centralized server, sixteen real/
phy reference tags, thirty-two virtual reference tags,
and one target tag. The proposed VIRALTRACK model is
experimented with in 300 x 400 m simulation environ-
ment for RFID localization and tracking using intellec-
tual techniques in the indoor environment. The simu-
lation parameters are shown in Table 3. The system
configurations are illustrated in Table 2.

Table 2: System specifications

Hard Disk 500GB
Hardware RAM 4GB
Specification Network NS3.26
Simulator
Software Operating Ubuntu 14.04 LTS
Specification System

Table 3: Simulation parameters

Network Parameters

Area of simulation 300 X% 400m
Topology 3D Grid network
RFID reader 4
Centralized server 1
Real/Phy reference tag 16
Virtual reference tag 32

Target tag 1
Channel frequency 915MHz
Fading No
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Fig 5 represents the simulation environment of the
proposed VIRALTRACK model, which considers the 3D
grid topology. The proposed VIRALTRACK environment
includes four RFID readers, one centralized server, 16
real/phy reference tags, thirty-two virtual reference
tags, and one target tag.

= l S LT or'%
T T g W

Figure 5: Simulation Environment of proposed VIRAL-
TRACK model

And moving target with an RFID tag is also represented
in the Fig. RFID readers have small coverage covering
the number of virtual and reference tags. RFID reader
is used to track the reference tags in an indoor environ-
ment.

Fig. 6 represents the target tag tracking process using
the TD3 algorithm, performed by the centralized server
by each reader positioned in the indoor environment.
TD3 algorithm automatically learns the indoor environ-
ment and provides better tracking results, improving
tracking accuracy.
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Figure 6: Target tag tracking process using TD3 algo-

Inference of Inter channel No
Data rate 2 Mbps
SNR-based signal reception 10
The transmission power of RFID -45 dBm
Read range 1.62 m
Range of sensing 54 m
Range of inference 7.1m
Number of nodes 50
Control channel frequency 930 MHz
Radio Rx Sensitivity -91 dBm
Sensitivity reader power -70dBm
Sensitivity tag power -17dBm rithm
Transmission range 30m

4.6 Use case

Indoor localization using RFID tags is predominantly
used in smart home applications. The user’s location
information is gathered to make precise decisions in
many cases. The advantages of RFID systems, such as
non-LOS readability, contactless communication, in-
creased data rate and security, have enabled its use in
smart home applications. Further, the location infor-
mation of users in the smart home facilitates the indoor
navigation of elder age and visually impaired users.

Figure 7: Case diagram for an indoor scenario

Fig.7 depicts the use case diagram of RFID in the smart
home in which the RFID reader is placed in the living
room, which is responsible for tracking the location
with the help of tags. The reference and virtual tags are
placed in each room to transmit and receive radio sig-
nals with the moving target. For instance, the tags R1
to R4 are placed in the living room, R5 is placed in the
portico, R6 and R7 are placed in the bedroom, R8 in the
toilet, R9 in the Pooja room, R10 and R11 in the dining
room, R12 in the store room and R13 in kitchen.
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Table 4: RFID specifications

RFID model RC522

Type Active RFID
Frequency 902-928 MHz
Power source External source
Read rate 400 tags/sec
Read range 4 to 7 meters
Memory size 64 to 2052 bits
Transmission speed 19300 bps
Temperature operated -25°Cto 55°C
Communication standard USB
Output power 0.70mwW

The specifications of the RFID communication are pre-
sented inTable 4. The signals acquired from the moving
target are initially improved by using EGF to remove
the fluctuations. Further, the placement of virtual tags
in the 3D indoor environment by implementing EPC,
which considers SNR, temperature and humidity for
optimal solution. The tracking error is reduced by per-
forming the initial localization of the moving target us-
ing the QNN model. Finally, the accurate tracking of the
moving targets is performed by the centralized server
using TD3.

4.7. Comparative analysts

This section evaluates the performance of the proposed
VIRALTRACK model in terms of several performance
metrics, such as tracking accuracy, tracking error and
cumulative probability. From these performance met-
rics, we proved that our model work is better than ex-
isting models. The comparison analysis performs with
the PSO-TRACK [36], MOIT [37] and proposed VIRAL-
TRACK model.

4.7.1 Impact of tracking accuracy

This metric is used to evaluate the correctness of the
proposed VIRALTRACK model. Tracking accuracy is cal-
culated concerning the number of tags. Fig 8 compares
tracking accuracy for both proposed and existing mod-
els. The comparison result shows that the proposed VI-
RALTRACK achieves high accuracy compared to other
methods. And we proposed Extended Gradient Filter
(EGF) to remove noise and RSSI fluctuations, increasing
the tracking accuracy. In our method, we proposed op-
timization-based virtual tag allocation, which is used to
optimize the virtual reference tag by considering SNR,
many factors that affect the RSSI signal. Based on these
factors, the RFID reader allocated the virtual tags that
increase the tracking accuracy. And also, the proposed
work performs Quantum based localization which se-
lects the optimal virtual reference tag for localization.
The optimal localization method increases the track-

ing accuracy and reduces the error during tracking. We
proposed deep reinforcement learning-based tracking
that learns the indoor environment and provides bet-
ter tracking results, increasing tracking accuracy. The
existing method does not perform optimal localization
and tracking, which reduces tracking accuracy. The
proposed VIRALTRACK method achieves 20% high ac-
curacy than the MOIT method and 11% higher than the
PSO-TRACK method.

OVIRAL-TRACK OPSO-TRACK INIO[T|

Tracking accuracy(%s)

10 20 30 40 30
#of tags

Figure 8: Tracking Accuracy vs. No. of Tags

Table 5 illustrates the numerical analysis of tracking ac-
curacy concerning the number of tags. The table presents
the average value of tracking accuracy. From the numeri-

cal analysis, the proposed VIRALTRACK model achieves
high accuracy compared to others.

Table 5: Tracking accuracy (%) analysis

Method # of tags

VIRAL-TRACK 98.02 £ 0.5
PSO-TRACK 87.82+1.0
MOIT 806+ 1.5

4.7.2 Impact of tracking error

This metric evaluates the errors during tracking due to
random localization, noise, and multipath effects in an
indoor environment. If the tracking error is high, the
system will achieve poor accuracy. The tracking error is
calculated concerning SNR, number of tags and trajec-
tories.

Fig 9a compares tracking error for proposed and ex-
isting models for several tags. The comparison result
shows that the proposed VIRALTRACK model achieves
low tracking error compared to existing models. Be-
cause our proposed work performs optimal virtual ref-
erence tag allocation, which is used to reduce the in-
terference created by the real reference tag. The virtual
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Figure 9a:Tracking error vs. No. of tags
reference tag is allocated by using Emperor Penguin

Colony (EPC) algorithm, which optimally allocates the
virtual reference tag, reducing tracking errors.

OVIRAL-TRACK OPSO-TRACK EMOIT
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Figure 9b: Tracking Error vs. No. of trajectories

Then we perform Quantum based localization, which
selects the optimal virtual reference tag localization,
reducing tracking errors. To reduce tracking error, we
proposed a deep reinforcement learning algorithm
that learns the indoor environment automatically and
takes action based on the current status of the envi-
ronment, which reduces tracking error and increases
tracking accuracy. The proposed VIRALTRACK model
reduces by 15 cm lower than the MIOT model and
13cm lower than the PSO-TRACK model for the number
of tags. Similarly, Fig 9b represents the comparison of
tracking error for the number of trajectories. The result
shows that the proposed VIRALTRACK model achieves
less tracking error than the existing model by perform-
ing optimal localization and deep reinforcement-based
tracking. The proposed VIRALTRACK reduces 18cm less
than the MIOT model and 14cm less than the PSO-
TRACK method.

Fig 9c represents the comparison of tracking error for
SNR. The Fig. clearly states that the proposed VIRAL-
TRACK model achieves less tracking error compared to
the existing model by reducing the fluctuations of RSSI

OVIRAL-TRACK OPSO-TRACK EMOIT

Tracking ervor (cm)

A

SNR

Figure 9c: Tracking Error Vs. SNR

signal using the Extended Gradient Filter (EGF), which
increases single strength and reduces tracking error.
And the optimal virtual tag allocation considers the
SNR for calculating fitness value, thus reducing track-
ing errors. The proposed VIRALTRACK method achieves
13cm less than the MIOT model and 9cm less than
the PSO-TRACK model. Table 6 illustrates the numeri-
cal analysis of tracking error, which shows the average
value of tracking error for SNR, No. of tags and No of
trajectories. From the numerical analysis, the proposed
model achieves less tracking error than an existing
model.

Table 6:Tracking error (cm) analysis

Method SNR #of tags | #of trajectories
VIRAL-

TRACK 49+0.05| 3.8+0.05 446 +0.05
PSO-

TRACK 9.78+0.10| 8.8%0.10 8.52+0.10
MIOT 18385 11828+015| 2242015

4.7.3 Impact of cumulative probability

This metric is used to evaluate the cumulative prob-
ability during tracking. It is calculated based on the
target positioning of the RFID tag. And also it refers to
the probability that measures the odds of two or more
events happenings during RFID localization and track-
ing in an indoor environment. Fig 10 represents the
comparison of the cumulative probability of proposed
and existing methods for SNR. The Fig. shows that the
proposed VIRALTRACK model achieves high cumula-
tive probability compared to existing works because
our work achieves high probability for all four process-
es of RFID localization and tracking using intellectual
techniques in an indoor environment. First, we pro-
posed EGF to remove RSSI fluctuations, thus increasing
tracking accuracy, which increases the probability val-
ue of signal power. Second, we proposed optimization-
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based virtual reference tag allocation, thus increasing
the allocation probability of virtual reference tags by
reducing the tracking error. And third, we proposed
Quantum based localization, thus increasing localiza-
tion accuracy and probability. Finally, we proposed
deep reinforcement learning-based tracking, which
reduces tracking error and increases tracking accuracy
and probability. And the cumulative probability is cal-
culated by adding the four process probability values.
The four processes achieve high probability, and then
the cumulative probability also achieves high probabil-
ity compared to existing models.

OVIRAL-TRACK OPSO-TRACK EMOIT ‘

140

Cumulative probability (%)
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Figure 10: Cumulative Probability vs. SNR

Table 7 represents the numerical analysis of cumulative
probability for SNR. The table illustrates the average val-
ue of cumulative probability. From the analysis, the pro-
posed VIRALTRACK model achieves 14% higher than the
MOIT model and 8% higher than the PSO-TRACK model.

Table 7. Cumulative probability (%) analysis

Method # of tags

VIRAL-TRACK 97.08 £ 0.5
PSO-TRACK 89.76 £ 1.0
MOST 83.6+1.5

4.7.4 Impact of true positive rate

This metric is used to calculate the accuracy of the RFID
tracking system. TRP represent the proportion of the
number of correctly identified virtual reference tag to
the total number of virtual reference tag. It is calculated
as follows,

a

TRP =— (44)
I

Where TRP represents the true positive rate, 2 repre-

sents the number of identified virtual reference tag and
{ represents the total number of virtual reference tags.
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Fig 11 compares the true positive rate for the proposed
and existing models for motion speed. The Fig. clearly
states that the proposed VIRALTRACK model achieves a
high true positive rate compared to an existing model.
In our method, we reduce RSSI fluctuations, improving
signal strength and tracking accuracy. And also, deploy
the virtual reference tags in indoor tracking, which re-
duces the interference created by the real reference
tag, thus increasing tracking accuracy and true positive
rate. QINN-based localization is performed to detect
the initial position of the target tag. Then reinforce-
ment learning-based tracking is performed to increase
tracking accuracy, thus also increasing the true positive
rate. In this way, we accurately track moving objects in
an indoor environment, thus increasing the true posi-
tive rate.

OVIRAL-TRACK  oPSO-TRACK  =mMOIT

TPR
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Motion speed

Figure 11a: True Positive Rate vs. Motion speed
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Figure 11b: True Positive Rate vs. Number of tags

Similarly, Fig. 11b represents the comparison of the
true positive rate for both the proposed and existing
model for some tags. The Fig. shows that the proposed
VIRALTRACK model achieves a high true positive rate.
The value of the true positive rate is increased expo-
nentially with the increasing number of tags. The pro-
posed VIRALTRACK achieves a high true positive rate by
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performing signal improvement, optimization-based
virtual reference tag allocation, Quantum-based locali-
zation, and deep reinforcement learning-based track-
ing, which increases the true positive rate.

Table 8: True positive rate analysis

Method Motion speed # of tags

VIRAL-TRACK 0.82 +0.001 0.82 £ 0.001
PSO-TRACK 0.62 + 0.005 0.72 £ 0.005
MIOT 0.54+0.015 0.58 £0.015

Table 8 represents the numerical analysis of the true
positive rate for motion speed and number of tags
for both the proposed and existing models. The table
illustrates the average value of the true positive rate.
From the numerical analysis, the proposed VIRALTRACK
achieves a high true positive rate.

The VIRALTRACK model presented in this study dem-
onstrates superior performance compared to existing
Radio Frequency Identification (RFID) localization and
tracking models in indoor environments. The Extended
Gradient Filter enhances received signals, significantly
boosting tracking accuracy. An optimization-based
virtual reference tag allocation minimizes interference
from multiple real reference tags, further refining sys-
tem performance. Quantum Neural Network-based
Localization accelerates initial position estimation,
providing optimal results in moving object localiza-
tion. The Tracking and Detection Dimensional Deep
Deterministic Policy Gradients (TD3)-based learning
algorithm ensures accurate tracking of moving targets
by leveraging RFID reader information. Through sig-
nal improvement, optimized tag allocation, quantum-
inspired techniques, and deep reinforcement learning,
the VIRALTRACK model represents a notable advance-
ment in RFID-based localization and tracking, promis-
ing enhanced accuracy and adaptability in dynamic
indoor settings.

5 Conclusion

This paper proposes VIRALTRACK, a novel system de-
signed for Radio Frequency ldentification (RFID) lo-
calization and tracking within indoor environments.
The primary objective is to enhance tracking accuracy
and minimize errors during the tracking process. An
innovative Extended Gradient Filter (EGF) algorithm
is proposed to refine signal strength by reducing Re-
ceived Signal Strength Indication (RSSI) fluctuations.
The deployment of virtual reference tags, managed
by the Emperor Penguin Colony (EPC) optimization
algorithm, addresses challenges associated with real
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reference tags in RFID tracking systems, ultimately
augmenting tracking accuracy. The subsequent step
involves target moving tag localization, employing a
Quantum-inspired Neural Network (QNN) for precise
position estimation and error reduction during track-
ing. The final stage incorporates a deep reinforcement
learning-based tracking mechanism utilizing the Twin
Delayed Deep Deterministic Policy Gradient (TD3). This
comprehensive approach significantly enhances track-
ing accuracy within the specified environment. The
VIRALTRACK model’s performance is evaluated based
on tracking accuracy, tracking error, and cumulative
probability, positioning it as a promising advancement
in RFID-based localization and tracking. Future work
aims to address the impact of moving target shadows
on RSSI signal quality and explore multi-target localiza-
tion to further enhance overall efficiency.
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Abstract: This paper addresses the issues that are prone to occur in the process of thinning and polishing ultra-thin wafers, such

as deformation, fragmentation, damage, etc. A study was conducted on a photoacid generator (PAG) and graphite powder (C) as a
load for polypropylene carbonate (PPC), utilizing microwave heating for bonding layers to achieve a rapid, efficient, and convenient
temporary bonding solution. For the (PPC+PAG+C) bonding structure, the highest average shear strength reached 5.1 MPa. During the
debonding process, microwave heating of the graphite powder transfers heat to the bonding layer, causing the acid generator within
the bonding layer to decompose, facilitating rapid and convenient debonding.

Keywords: temporary bonding; debonding; wafers; Polypropylene carbonate (PPC); microwave

Mikrovalovno proZena zacasna vez | locevanje na
osnovt polipropilen karbonata

Izvleéek: Clanek obravnava tezave, ki se lahko pojavijo v procesu tanjsanja in poliranja ultra tankih rezin, kot so deformacije, drobljenje,
poskodbe itd. Izvedena je bila studija fotokislinskega generatorja (PAG) in grafitnega prahu (C) kot obremenitvi za polipropilen
karbonat (PPC) z uporabo mikrovalovnega segrevanja veznih plasti, da bi dosegli hitro, u¢inkovito in priro¢no resitev za zacasno
spajanje. Pri strukturi spajanja (PPC+PAG+C) je najvisja povprecna strizna trdnost dosegla 5,1 MPa. Med postopkom lo¢evanja se z
mikrovalovnim segrevanjem grafitnega prahu prenasa toplota na vezni sloj, zaradi ¢esar generator kisline v vezivnem sloju razpade, kar
omogoca hitro in priro¢no locevanje.

Klju¢ne besede: zacasno spajanje; locevanje; Rezine; polipropilen karbonat (PPC); mikrovalovna pecica
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1 Introduction

advantages of 3D integration are not only the small

Technological advancements are approaching the
physical limits of chip size, rendering traditional hori-
zontal integration based on Moore’s Law inadequate.
By 2020, technology nodes had shrunk to a few na-
nometers [1]. With the development of three-dimen-
sional integration, it is widely believed to supplement
the current Moore’s Law. Vertical integration technol-
ogy is currently being actively developed [2]. The main

size of IC chips, but also the ability to achieve high-
density serial interconnects and low power consump-
tion, which is difficult to achieve with traditional 2D-LSI
methods [3]. 3D integration can be achieved through
chip-to-chip stacking [4], chip-to-wafer stacking [5,6],
or wafer-to-wafer stacking [7,8]. Compared to the
other two methods, wafer-to-wafer stacking has the
main advantages of uniform integration and maximum
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throughput (as long as the device wafer yield is high)
[9], thereby reducing costs. However, thicker wafers are
difficult to meet the heat dissipation and packaging
requirements of high-end chips, and often require the
thinning of the wafer to the desired thickness. When
the wafer thickness is reduced to below 200um, ultra-
thin wafers become brittle and prone to warping [10].
Therefore, the semiconductor industry has proposed
various temporary bonding/debonding technologies
to temporarily bond the device wafer to a thicker rigid
carrier substrate using an appropriate adhesive [11].

The methods of debonding can be divided into ther-
mal slide-off debonding, chemical debonding, me-
chanical debonding, and laser debonding [12,13,14].
The drawback of thermal slide-off debonding is the re-
quirement of high temperature, which may not be suit-
able for some ultra-thin wafers that cannot withstand
high-temperature treatment. Additionally, the process
of an ultra-thin wafer sliding off the carrier wafer may
lead to damage. Chemical debonding involves immers-
ing the bonded substrate into a chemical solution to
release the bonding adhesive. However, uncontrolled
floating of the device substrate in the solvent bath dur-
ing and after debonding may cause device failure [15].
Mechanical debonding is a relatively aggressive meth-
od of separating ultra-thin wafers from carrier wafers at
room temperature using special tools, but it may lead
to damage due to the thin and brittle nature of ultra-
thin wafers. Laser ablation of the sacrificial polymer
layer is another method for temporary chip handling.
However, the moment of laser corrosion can generate
localized high temperatures, which may damage the
entire bonded wafer. This method has also been used
for controlled transfer of molds between two wafers,
such as using polyimide or PET as an adhesive for man-
ufacturing low-cost AFM devices [16]. Debonding is ex-
pensive, requiring specialized decryption equipment
and taking a long time. PPC (polypropylene carbonate)
is a polymer of propylene oxide and carbon dioxide.
This polymer has biodegradable properties and can be
used for disposable applications. In the field of bond-
ing technology, PPC is readily available, and its excel-
lent adhesive strength allows reconfigured wafers to
withstand mechanical grinding. Additionally, its ther-
mal decomposition properties enable easy separation
of ultra-thin chips from the carrier wafer by heating the
bonded pair to a relatively low temperature. The bond-
ing strength of PPC is dependent on the concentration
of the bonding solution, and the bonding effect of PPC
varies at different bonding temperatures [17].

In order to overcome the above-mentioned shortcom-
ings, extensive research was conducted in this study
on a temporary bonding/debonding scheme based
on PPC. A controlled experiment was designed, and
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ultimately a bonding structure utilizing a microwave
heating environment, with PPC as the primary adhe-
sive, a moderate amount of PAG, and graphite powder,
was developed. The highest average shear strength
achieved was 5.1 MPa. During the debonding process,
microwave heating of the graphite powder was uti-
lized, which then transferred heat to the bonding layer,
causing the acid generator within the bonding layer
to decompose at a lower temperature, leading to the
decomposition of the entire bonding layer and achiev-
ing rapid and convenient debonding. This temporary
bonding/debonding scheme is cost-effective and func-
tionally efficient.

2 Design and experiment

2.1 Bonding/debonding principle

The paper proposes a fast, efficient, and convenient
temporary bonding solution using microwave heating
of the bonding layer. A microwave oven is a common
household appliance used for heating food, operat-
ing on the principle of generating microwaves inside
the cavity to create a uniform microwave electric field.
Although microwaves do not produce heat on their
own, when concentrated and directed onto an object
capable of absorbing microwaves, the polar molecules
within the object undergo intense movement, similar
to friction, resulting in the heating of the object and
the generation of heat. Graphite powder is capable
of absorbing microwaves and generating heat; for in-
stance, when applied to paper, it can even burn a hole
through it. In terms of thermodynamics, amorphiza-
tion is an unfavorable process at equilibrium. When
certain materials (e.g., silicon wafers) in the exposed
area are directly heated by microwaves, crystallization
occurs, while the metal-coated area, which shields ra-
diation and undergoes indirect heating, does not ex-
perience crystallization. These results indicate that cer-
tain areas of the sample can be shielded with a metal
coating to prevent crystallization, while exposed areas
can undergo microwave-induced crystallization [18].
The glass substrate used in this experiment does not
undergo crystallization during the microwave anneal-
ing process.

The main concept of this approach involves using
PPC as the primary adhesive and adding a controlled
amount of PAG and graphite powder to achieve tem-
porary bonding of two glass pieces. When debonding
is required, the bonded piece is placed in a microwave
oven.The microwave heats the graphite powder, which
then transfers the heat to the bonding layer, causing
the acid generator within the bonding layer to decom-
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pose. This triggers the breakdown of the entire bond-
ing layer, ultimately achieving rapid and convenient
debonding, as shown in Fig. 1.
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Figure 1: The principle of bonding/ microwave
debonding process based on PPC+PAG+C.

2.1 Design of Experiments

Investigation of baking parameters

Procedure: Prepare a 20% mass fraction PPC solution
and coat the PPC solution onto a glass wafer. Place glass
slides in oven set at different temperatures for solvent
evaporation, and then use a hot press to bond the wa-
fers in the air environment. The baking parameters are
as follows: temperatures of 70°C, 100°C, and 130°C and
baking times of 30 minutes, 30 minutes, and 5 minutes,
respectively. Finally, obtain the bonded glass wafer and
conduct a residual stress test after it has cooled.
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Figure 2: Maximum shear strength of the bonding
sheet at different baking temperatures for 20wt%PPC.

Fig. 2 shows that baking at 70°C for 30 minutes result-
ed in a shear strength of only 3.1 MPa, which falls far
short of the desired outcome. This may be due to the
temperature being insufficient, leading to slow solvent
removal. As a result, after cooling, some solvents may
not have been completely removed, causing a loose
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internal structure in the bonding layer. Increasing the
temperature to 100°C resulted in a shear strength of 5.1
MPa, which is more in line with expectations. Further
rise of the temperature to 130°C allowed achieving the
same effect in just 5 minutes, compared to the 30 min-
utes required at 100°C what significantly reduced the
bonding time and enhance the efficiency of the bond-
ing process.

Investigation of PPC concentration

Bonded glass slides using adhesive with PPC mass frac-
tions of 15%, 20%, and 25% by using baking parame-
ters at 130°C for 5 minutes were prepared. The bonding
strength using a shear stress tester (Flat-push tester),
for different PPC concentrations, was measured and
the result is shown in Fig. 3.
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Figure 3: Shear strength of bonding sheets for differ-
ent PPC concentrations.

The bonding strength is highest for the 20% mass frac-
tion of PPC adhesive, with a shear strength of 5.5 MPa.
For the 25% mass fraction, the shear strength is 5.2 MPa
and the lowest is for the 15% mass fraction of PPC, at
only 4.99 MPa. The photo acid generator (PAG) used in
the experiment is 4-isopropyl-4'-methyl-diphenyliodo-
nium tetra(pentafluorophenyl)borate, developed by TCl
Corporation. It is capable of generating a large amount
of acidic substance starting at 200 °C without UV light
exposure. With UV light exposure, it can slowly start acid
generation at 100°C. Additionally, the addition of copper
powder as a catalyst in the PAG can lower the tempera-
ture at which acid generation begins [19,20]. The sub-
strate used is glass and is chosen because, unlike silicon,
it does not hinder the absorption of microwaves.

In order to verify if the addition of graphite powder in
the (PPC-PAG) adhesive allows debonding with micro-
waves at lower temperatures and to study the phenom-
ena during debonding the following preliminary experi-
ment was conducted, as shown schematically in Fig. 4.
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Experimental Scheme

The pre-mixed PPC-PAG solution was applied to two glass
pieces for pre-curing. Pre-curing refers to the curing of
the bonding agent before baking. The purpose of this
step is to allow the bonding agent to lose some of its sol-
vents, forming a shape with a raised edge and a concave
center. Dry graphite powder(15 mg) was then added to a
100mm? glass piece and flattened to ensure good contact
with the bonding layer while maintaining good compac-
tion. The bonding was then carried out using a hot press
according to the parameters shown in Table 1. During
this period, the bonded piece with added graphite was
tested while still in the bonded state. After cooling down
from bonding, the glass pieces were placed in a Panasonic
DS2000 microwave oven with 1000 W of power at a fre-
quency of 2.45 GHz along with a cup of water to prevent
accidents. The pieces were exposed to microwaves for a
certain period of time to achieve debonding The experi-
mental results will be discussed in Section 3.

Table 1: Adhesives and bonding parameters

Parameter Value

Bond serial number 1 2
PPC quantity vol. (%) 20 20
PAG quantity vol. (%) 5 5
Graphite amount (mg) 15 0
Pre-curing temperature (°C) 25 25
Pre-curing time (min) 1 1
Curing temperature (°C) 130 130
Curing time (min) 5 5
Pressure (MPa) 0.2 0.2

pressed

In comparison to the preliminary experiment, three
temporary bonding options were prepared to test the
effectiveness of microwaves in heating the bonding
layer for debonding.

The determination of graphite parameters for the three
options is shown in Table 2, while the bonding agent
uses 20wt% PPC and 5wt% PAG. The three bonding op-
tions, depicted as Options A, B, and C are shown in Fig.
4. Option A involves directly mixing graphite into the
adhesive, thoroughly stirring it, applying it to the glass
slide, and then bonding it using microwave heating.
Option B utilizes water-soluble graphite with better mi-
crowave absorption properties in the pencil tip, allow-
ing it to achieve higher temperatures when subjected
to the same microwave exposure, furthermore, in B pa-
per is coated with graphite on both sides and placed
between the bonding layers to ensure evenly distribu-
tion of graphite powder on the white paper. In Option
C, after pre-curing the glass slide, graphite powder is
added and compacted in the central part of the glass
slide, followed by solidification bonding.

Table 2: Selection of graphite parameters
Option | Graphite

Graphite Paper area

quantity composition

A 15 mg Graphite powder |\

B Coveringa |Water-soluble 1cm?
piece of pencil
paper

C 15mg Graphite powder |\

Hot- Debonding

(microwave

Pre-
) . ’ Glass
OGN PPCPAGHC [ _ bonding plasma)
) R e .
B Hot- Debonding
Ie= Glass pressed i
NN PPCPAG . SS Glass (microwave
()p;on - curing - bonding plasma)
——
e Glass 3 minutes
Glass e
Paper coated with toner
Add Hot- Debonding
. aphit microwave
NN 0 PAG Pr'e &tap ) e Graphite Glass preSS’ed Glass ( P
Option : curing powder e bonding £
& Glass Glass Glass Glass ISP 3 minutes

Figure 4: Three temporary bonding options marked as Option A, B, C. Debonding is the same for all bonded options,

i.e. microwave treatment took 3 minutes.
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3 Results and discussion

Our experimental results show that after adding graph-
ite to the original bonding option (PPC+PGA) the shear
strength of the bond can still be maintained at the
same level. Fig. 5 shows the appearance of the two
glass sheets with and without the addition of graphite
powder in the bonding layer after heating at 180°C for 5
minutes. The bonding layer produced a reddish-brown
substance due to acid decomposition and reaction
with the PPC adhesive, forming a liquid with flow-like
properties and emitting a certain amount of irritating
gas. Because the graphite powder has a certain particle
size, some cavities are formed in the middle, contain-
ing a mixture of gases produced by the decomposition
of the adhesive and air. The presence of air inside the
cavities leaked in during the decomposition process
when the gas slightly lifted the glass sheet. After cool-
ing, the remaining material was measured for bonding

(a)

Figure 5: Heating the bonding samples at 180°C for 5
min: (@) with and (b) without added powder graphite.
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strength as shown in Fig. 6. It can be observed that the
bonding strength of the remaining material bonding
layers has significantly decreased. The maximum shear
strength of PPC+PAG is 2.98 MPa, while PPC+PAG+C is
3.99 Mpa. The bonding strength of the adhesive with
added graphite is stronger than that without graphite,
possibly because the addition of graphite increases
friction, resulting in a greater force required to push
open when measuring the shear stress. Fig. 7 shows the
separated glass sheets.

4.5

@ @ =
o 5 o
T T T

Shear strength (MPa)

=
)
T

2.0

PPC+PAG PPC+PAG+C

Adhesive material

Figure 6: Shear strength of bonded samples for pro-
cess without and with added powder graphite.

In Option A, the bonded sheets showed no significant
temperature change after microwave treatment be-
cause the heat generated during the graphite bonding
was diluted by the adhesive, preventing it from concen-
trating. In Option B, the bonded sheets also showed no
significant temperature change after microwave treat-
ment because when the graphite was applied to the pa-
per, most of the contact area was with the paper rather
than the adhesive, so any heat generated was unlikely
to propagate to the adhesive or the glass surface. In Op-
tion C, the bonded sheets showed a significant overall
temperature increase for at least 100°C after microwave
treatment, along with a noticeable pungent odor from
the decomposition of the acid and its reaction with the
PPC. Some of the adhesive on the glass has disappeared,
and the remaining adhesive is mixed with graphite pow-
der. Through comparison with the control group, the
bonded sheets just removed from the microwave could
be pushed open manually with a tool, and the surface
of the adhesive exhibited a filamentous appearance,
indicating that the required temperature for bonding
had been achieved. In summary, options A and B were
unable to generate sufficient heat for debonding with
microwave plasma treatment, while the process C suc-
cessfully demonstrate use of microwaves for rapid and
convenient debonding.
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Figure 7: Stripped bonding piece after debonding (a)
with and (b) without added powder graphite.

After comparing the three experimental bonding/
debonding option, it can be concluded that process op-
tion Cis the most effective. In this process, the bonded
sheets showed the formation of a yellow-brown sub-
stance on the surface after microwave treatment what
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require less force to debond. The adhesive appeared in
a liquid state and the glass sheet remains undamaged.
This process scheme of temporary bonding/debond-
ing it met all the expectations of the experiment such
as low cost and high efficiency.

4 Conclusions

In this work the temporary bonding solutions using
a photogenerated acid generator (PAG) and graph-
ite powder © as a load for polypropylene carbonate
(PPC), with the bonding layer heated by microwaves
to achieve a fast, efficient, and convenient bond-
ing/debonding process were investigated. For the
(PPC+PAG+C) bonding structure, the highest average
shear strength reached 5.1 Mpa. For the debonding
process, microwaves were used to heat the graphite
powder, which then transferred heat to the bonding
layer, causing the acid generator inside the bonding
layer to decompose at room temperature, leading to
the collapse of the entire bonding layer and thus it is
achieved rapid and convenient debonding.

Among the three different process options introduc-
tion of powder graphene in the bonding/debonding
scheme, only the process option C resulted in efficient
debonding with microwaves at room temperature.
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Linear Thermal Expansion of 0.5Ba(Zr,,1t,,)0 -
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Abstract: We report the linear thermal expansion coefficient of lead-free ferroelectric ceramic barium zirconate titanate - barium
calcium titanate 0.5Ba(Zrq,Tigs)O5-0.5(Bag,Can) TiO; (BZT-BCT). The material was prepared by solid-state synthesis and consolidated by
sintering at 1450°C. BZT-BCT crystallizes in the perovskite phase. The microstructure of the ceramic with about 95 % relative density
consists of about 10 um-sized grains. The contact dilatometry of the ceramic specimen reveals the change of slope of the linear
thermal expansion curve at 84°C. This is in good agreement with the peak of the dielectric permittivity versus temperature at about
85°C indicating the transition from the low-temperature polar ferroelectric phase to a high-temperature nonpolar phase or Curie
temperature. The thermal expansion coefficients of the polar tetragonal and nonpolar cubic phases of BZT-BCT are 7.69x10° K (40°C
- 80°C) and 12.39x10° K" (100°C - 600°C), respectively. The thermal expansion data are among the material data needed in the design
of thin- and thick-film structures for energy-harvesting and energy-storage applications.

Keywords: 0.5Ba(Zry,Tins)05-0.5(Bag;Cag3) TiOs (BZT-BCT), lead-free, ferroelectric ceramic, linear thermal expansion

Linearnt temperaturnt raztezek volumenske

keramike 0.5Ba(Zr,,1t,,)0,-0.5(Ba, Ca, ,)Ti0,

Izvlecek: V delu poro¢amo o linearnem temperaturnem raztezku volumenske keramike barijevega cirkonata titanata - barijevega
kalcijevega titanata 0.5Ba(ZrqTios)O3-0.5(Bag,Cags) TiOs (BZT-BCT). Material smo pripravili s sintezo v trdnem stanju in sintranjem pri
1450°C. BZT-BCT kristalizira v perovskitni fazi. Mikrostrukturo keramike s =95% relativno gostoto sestavljajo zrna velikosti okrog 10

pum. Linearni temperaturni raztezek keramike smo izmerili s kontaktno dilatometrijo od sobne temperature do 600°C. Pri temperaturi
84°C opazimo spremembo naklona krivulje raztezka. Ta podatek se ujema s temperaturo maksimuma dielektri¢nosti v odvisnosti

od temperature, ki oznacuje prehod nizkotemperaturne polarne feroelektri¢ne faze v visokotemperaturno nepolarno fazo oziroma
Curiejevo temperaturo. Vrednosti linearnega temperaturnega raztezka polarne in nepolarne faze BZT-BCT sta 7.69x10° K" (40°C — 80°C)
in 12.39x10° K (100°C - 600°C). Podatke o temperaturnem raztezku keramike potrebujemo pri na¢rtovanju tanko- in debeloplastnih

struktur, namenjenih zbiranju in shranjevanju energije.

Klju¢ne besede: 0.5Ba(Zr,,Tios)O5-0.5(Bag,Caos) TiO; (BZT-BCT), brez svinca, feroelektri¢na keramika, linearni temperaturni raztezek

*Corresponding Author’s e-mail: barbara.malic@ijs.si

1 Introduction

The discovery of the high piezoelectric properties of
the barium zirconate titanate - barium calcium titanate
solid solution 0.5Ba(Zr ,Ti ,)O,-0.5(Ba,,Ca )TiO, (BZT-
BCT) bulk ceramic has revealed its great potential for
many piezoelectric applications including actuators,
transducers, and energy harvesting devices [1] - [3].

As an example, an intravascular ultrasound transducer

made of BZT-BCT has been prototyped [4]. It is also be-
ing studied as a promising biocompatible material for
bone regeneration [5], [6]. BZT-BCT has gained the at-
tention of the ferroelectric/piezoelectric communities
as one of the most promising environment-friendly
alternatives to commercially widely spread lead-based
piezoelectric ceramic materials such as Pb(Zr,Ti)O3
(PZT) due to the Restriction of Hazardous Substances

How to cite:
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(RoHS) regulations [7] - [9]. Recently it has been report-
ed that it possesses promising energy storage proper-
ties [10], [11].

BZT-BCT exhibits a Curie temperature of about 85-90 °C.
In the proximity of room temperature, the coexistence
of rhombohedral, orthorhombic, and tetragonal phas-
es of solid solutions of Ba(Zr,,Ti )0, and (Ba,,Ca,,)TiO,
with the molar ratios close to unity contributes to en-
hanced piezoelectric properties [12], [13]. It was shown
that the grain size strongly influences the piezoelectric
properties and the phase transitional behaviour of BZT-
BCT bulk ceramic; the enhanced piezoelectric response

was characteristic for grain sizes exceeding 10 um [14].

In numerous miniature devices, such as microelectro-
mechanical systems (MEMS) or energy harvesters, the
space constraints favour the use of piezoelectric ce-
ramic elements in the form of thin or thick films [15],
[16]. One of the key parameters for designing such
devices includes the thermal expansion coefficients
of the constituent materials. In case of a large differ-
ence in thermal expansion coefficients of the film and
the substrate, the induced stresses may contribute to
lowering the piezoelectric response [17] - [19]. Clamp-
ing the screen-printed thick film by the substrate re-
sults in poor densification during sintering [20]. Tensile
stresses in the film that arise due to the thermal expan-
sion coefficient mismatch may lead to the evolution of
cracks [19]. Various effects of stresses generated by the
thermal expansion mismatch also affect other func-
tional properties, such as breakdown strength [21],
[22], which is important in energy storage applications.

There are some publications on the thermal expan-
sion coefficient of Ca- and Zr-modified barium titanate
ceramics [23] - [26] but to our knowledge, there is no
reported study on the linear thermal expansion coef-
ficient of BZT-BCT ceramic. Such data would contribute
to efficiently designing the processing of dense and
crack-free BZT-BCT thick films where the powder slurry
is screen-printed on a platinized alumina substrate.
Such films could find applications in energy harvesting.

Our study aims to prepare perovskite BZT-BCT ceramic
with a high relative density, uniform microstructure,
and adequate low- and high-field dielectric properties.
The linear thermal expansion coefficient from room
temperature to 600 °C is measured.

2 Materials and methods

BZT-BCT powder was prepared using alkaline earth car-
bonates ((BaCO,, 99.8% and CaCo,, 99,95% both from
Alfa Aesar, Karlsruhe, Germany) and transition metal
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oxides (TiO,, 99.8% also from Alfa Aesar, Karlsruhe, Ger-
many and ZrQO,, 99.8% from Tosoh, Japan). The metal
content was checked gravimetrically. The 25 g batches
of stoichiometric fractions of the reagents were ho-
mogenized using isopropanol in a planetary mill (PM
400, Retsch) with yttria-stabilized zirconia milling bod-
ies (3 mm, Tosoh, Japan) for 2 h at 200 rpm. The median
particle size of the milled powder was 0.45 um as deter-
mined by laser granulometry (Microtrac S3500 Particle
Size Analyzer) using isopropanol as a dispersion liquid.
The calcination of the loosely pressed reagent mixture
(P =50 MPa) took place at 1300 °C for 4 hours in the air
with heating and cooling rates of 5 K/min. The powder
was again milled for 2h at 200 rpm in a planetary mill,
dried at 120 °C and sieved. The powder was shaped
into pellets (diameter: 8 mm) or bars (40 mm x =7 mm x
=5 mm) by uniaxial (P = 50 MPa) and isostatic pressing
(P =300 MPa). The powder compacts were sintered at
1450 °C for 4 hours in the air with heating and cooling
rates of 5 K/min.

The phase composition of the calcined powders and
crushed sintered specimens was analyzed by X-ray dif-
fraction (XRD, X'Pert PRO MPD, PANanalytical, CuKa1 ra-
diation, time/step: 100 s, interval between data points:
0.0016°). The density of the sintered samples was de-
termined pycnometrically (Micromeritics, AccuPyc llI
1340 Pycnometer).

The ceramic samples were ground and polished using
standard ceramographic techniques. Thermal etching
of the polished sections at 1350 °C for a few minutes re-
vealed the grain boundaries. A field-emission scanning
electron microscope (FE-SEM JEOL JSM-7600) with an
energy-dispersive X-ray spectrometer (EDXS, INCA Ox-
ford 350 EDS SDD) was used for the analysis of the mi-
crostructure. The grain size was determined using the
Image Tool software.

For low- and high-field dielectric measurements, the
disks were cut to the thickness of 0.5 mm and polished.
An annealing step to 600 °C for 1 h followed by a slow
cooling (1 K/min) was used to release the stresses of
mechanical operations. The Au electrodes with a diam-
eter of 3 mm were RF-magnetron sputtered on the fac-
es of the disks (5 Pascal). The dielectric permittivity (g)
and losses (tan ) were measured between +150 °C and
-40°C with a cooling rate of 1 K/min (Agilent E4980A
Precision LCR meter, 1V). The polarization-electric field
hysteresis loops were measured at room temperature
with a sine voltage at the frequency of 50 Hz (Aixacct
TF analyzer 2000).

For the measurement of the thermal expansion, the
ceramic bars were cut to the dimensions of 25 mm x
5 mm x 4 mm. The faces of the bars were plan-parallel



S.W. Konsago et al,; Informacije Midem, Vol. 53, No. 4(2023), 233 - 238

polished. Thermal stresses were released as described
above. The dimensional changes of the specimen
upon heating and cooling were measured with a con-
tact dilatometer with a corundum measuring system
(Netzsch DIL 402 PC) between room temperature and
600 °C with the heating and cooling rates of 5 K/min
in air.

3 Results and discussion

Figure 1 contains the XRD patterns of BZT-BCT pow-
der after the calcination at 1300 °C (a) and the ceramic
sintered at 1450 °C (b). The XRD patterns of both sam-
ples reveal a perovskite phase without any noticeable
secondary phases. The unit cell distortion could not be
determined using a standard X-ray diffractometer, syn-
chrotron radiation would be needed to obtain a deeper
insight into the phase composition of the material, c.f.
[13], [27] - [29]. According to the phase diagram [13],
the coexistence of the orthorhombic phase cannot
be excluded at room temperature besides rhombohe-
dral and tetragonal phases in the morphotropic phase
boundary region.

The relative density of BZT-BCT ceramic is 95.4 %. The
microstructure shown in Figure 2 a) is uniform, with a
unimodal grain size distribution and a mean grain size
of 9.66 + 4.84 um (Figure 2 b)). EDXS analysis confirmed
a uniform distribution of elements within and between
individual grains (EDXS spectra are not shown). Trace
amounts of a secondary phase were observed at some
grain junctions (see the inset of Figure 2 a)) but due to
their small size, their chemical composition could not
be reliably determined on the level of FE-SEM.
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Figure 1: XRD patterns of BZT-BCT powder calcined at
1300 °C and ceramic sintered at 1450 °C. The peaks are
indexed according to the BaTiO; cubic phase (PDF 01-
074-4539).

235

6 100
mean
5. ar
(9,66 +4,84) um 4
4 - /, 723 grains ;@
S 1w Jr | 160 5
= £
5 /! {40
O 21 i
W
N / 120
1
0 | | ! ! |_|-|-|'I-. rl Al Qo
0 o 25 30

10 15 20
Size (um)

Figure 2: a) SEM micrograph of the microstructure of
BZT-BCT ceramic and b) grain size distribution. Inset
in panel a) reveals an intergranular phase located at a
grain junction.

Figure 3 shows the temperature dependence of the di-
electric permittivity and losses as a function of temper-
ature in the frequency range from 100 Hz to 100 kHz.
Dielectric permittivity and losses at room temperature
and 1 kHz are 3165 and 0.029 in agreement with re-
ported values for ceramics with similar grain sizes [14].
There is no significant change in the dielectric permit-
tivity in the frequency range from 100 Hz to 100 kHz in
the measured temperature range. The change of slope
at about 40 °C is attributed to the rhombohedral-te-
tragonal phase transition, and the dielectric permit-
tivity peak at about 85 °C to transition to the cubic
phase or Curie temperature. The grain size influences
both phase transition temperatures; for the ceramic
with about 10 um-sized grains, the respective values
were 87 °C and 35 °C [14]. Broadening of the permit-
tivity peak, characteristic of polycrystalline ferroelec-
trics, is related to the micron size of the crystallites and
the presence of two cations on each cation sublattice
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site. We do not observe any noticeable frequency peak
shifting in the measured frequency range supporting
the ferroelectric nature of the BZT-BCT ceramic. It has
been shown that processing conditions and grain size
strongly influence the ferroelectric or relaxor nature of
BZT-BCT [14], [27].

Figure 4 shows the room temperature polarization-
electric field (P-E) hysteresis loops measured at 50 Hz.
The sample survived the maximum applied field of 70
kV/cm, indicating its good dielectric breakdown resist-
ance. The remnant polarization P, and coercive field E,
are about 13 pC/cm? and 5.9 kV/cm, respectively, indi-
cating a good ferroelectric response of BZT-BCT. Hao et
al obtained similar P, and E. values for the ceramic with
10 um-sized grains [14].

Figure 5 shows the dilatometric curves of BZT-BCT ce-
ramic, revealing linear thermal expansion or contrac-
tion upon heating or cooling. There is not much dif-
ference between the heating and cooling curves. Two
main slopes are discerned in both cases with the inflex-
ion point at 84.0 °C. The thermal hysteresis between
the heating and cooling runs is quite small. We note
that the inflexion temperature corresponds well to the
dielectric permittivity peak temperature, cf. Figure 3.
The thermal expansion coefficient (TEC = (AL/L))/AT),
determined from the cooling curve in the tempera-
ture range from 40 °C to 80 °C, is 7.69x10° K. In this
temperature range the tetragonal phase prevails [13],
but the coexistence of a rhombohedral phase cannot
be excluded judging from the evident change of slope
at about 40 °C in the dielectric permittivity curve (cf.
Figure 3). As the temperature increases, the TEC pro-
gressively increases as well. From 100 °C to the final
temperature of 600 °C, in the temperature range of the
cubic phase, the TEC is 12.39x10° K.

As explained earlier we could not find the thermal
expansion data for BZT-BCT. The TEC of the base for-
mulation of BZT-BCT solid solution, the prototype fer-
roelectric BaTiO,, is 6.5x10° K in the tetragonal phase
and 9.8x10° K in the cubic phase (125 °C - 200 °C)
measured by contact dilatometry [30]. It is noted that
the change in the slope of the thermal expansion of Ba-
TiO, at the phase transition temperature is sharp and
accompanied by a noticeable shrinkage which is a fin-
gerprint of a first-order phase transition and is not the
case with BZT-BCT. Here, we observe only the change in
the slope of the thermal expansion. Tian et al. studied
(Ba,Ca)TiO,-Ba(Zr,Ti)O, with slightly different molar ra-
tios of cations compared to BZT-BCT formulation, and
they incorporated various rare-earth dopants. They
measured a TEC of about 5x10° K at lower tempera-
tures and a TEC of about 11x10° K" at higher tempera-
tures, the final temperature being 400 °C. The exact
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value of TEC and the TEC-inflexion point’s temperature
depended on the studied materials’ chemical composi-
tion[31], [32]. Our results are in good agreement with
these latter dilatometric studies of the (Ba,Ca)TiO,-
Ba(ZrTi)O, solid solutions.
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Figure 3: The dielectric permittivity and losses as a
function of the temperature of BZT-BCT ceramic.
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4 Conclusions

In conclusion, this study focused on determining
the thermal expansion behavior of 0.5Ba(Zr,Ti )O.-
05(Ba,,Ca,,)TiO, (BZT-BCT) bulk ceramic. The powder,
prepared by solid-state synthesis, was compacted and
sintered to a high relative density at 1450 °C for 4 hours.
The ceramic crystallized in the perovskite phase. The mi-
crostructure consisted of about 10 um sized grains. The
measurement of the dielectric permittivity versus tem-
perature revealed two anomalies which could be related
to the phase transitions of the predominantly rhombo-
hedral to tetragonal phase at about 40 °C and to cubic
phase at about 90 °C. The hysteretic dependence of the
polarization versus the electric field confirmed the ferro-
electric nature of the ceramic. The dilatometric measure-
ments revealed the thermal expansion coefficients of the
polar and cubic phases of 7.69x10° K" (40 °C - 80 °C) and
12.39x10° K" (100 °C — 600 °C). The study results contrib-
ute to the design of thick and thin-film structures based
on BZT-BCT in various energy-harvesting and/or energy-
storage applications.
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Abstract: The paper explores the evolution of wireless positioning technologies across cellular network generations, emphasizing the
advancements from 2G to the current 5G and anticipating the upcoming 6G around 2030. Positioning methods, such as Theta-Theta,
Rho-Rho, and Hyperbolic, are discussed for both two-dimensional and three-dimensional applications, revealing the complexities

and improvements in accuracy. The limitations of methods like Theta-Theta are addressed, and enhancements through multi-antenna
systems are explored. The role of Ultra-Wideband (UWB) technology in overcoming the limitations of Received Signal Strength
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location determination, catering to diverse applications from industrial automation to sports and rehabilitation.
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Centimetrska natancnost pozicioniranja v
sodobnih brezzZicnih celicnih omreZjih — Zelja ali
resnicnost?

Izvlecek: Ta ¢lanek opisuje metode, ki se uporabljajo v brezzi¢nih celi¢nih omrezjih za dolo¢anje polozaja terminala ali druge brezzi¢ne
naprave. Clanek obravnava metode in njihovo natan¢nost pri doloc¢anju lokacije. Vse generacije celi¢nih omrezij, od druge generacije
(2G) naprej, imajo vgrajene mehanizme za dolocanje polozaja uporabnika. Natancnost se je z razvojem generacij povecevala in se
pricakuje, da bo dosegla centimetrsko natanénost v Sesti generaciji. Dolocene industrije, kot so zdravstvo in industrijska proizvodnja,
zahtevajo $e posebej natan¢no dolocitev poloZaja, zato je za sodobna celicna omreZja klju¢no, da to omogocajo na cenovno ugoden,
energetsko ucinkovit, zanesljiv in varen nacin. Pomembno je, da so te storitve zagotovljene predvsem znotraj stavb. Rezultati nase
raziskave kaZejo, da sta peta (5G) in Sesta (6G) generacija zelo blizu izpolnitvi omenjenega merila centimetrske natancnosti pri
dolocanju polozaja.

Kljuéne besede: pozicioniranje, brezzi¢ni sistemi, centimetrska natancnost, 2G, 4G, 5G, 6G
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1 Introduction

Wireless cellular networks have long been seen as a

The pursuit of highly accurate location systems has promising platform for precise location capabilities.

become an integral part of modern society, where
location-based services are ubiquitous and essential
for numerous applications, from navigation and emer-
gency response to asset tracking and virtual reality (VR)
/ augmented reality (AR) / extended reality (XR). High
positioning accuracy is of utmost importance in many
of the industries listed in Table 1.

Even the second generation (2G) wireless systems ena-
bled identification, which determined the terminal’s
position according to the coverage of an individual sec-
tor of the base station. This worked everywhere, but the
accuracy depended on the size of the cell and/or sector.
However, achieving centimeter-level accuracy in such
networks is not a trivial task, as it involves overcoming
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a variety of technological challenges and reconciling
different factors that affect localization accuracy. Bet-
ter accuracy can already be obtained by measuring the
strength of the received power, but we must know the
signal losses on the radio path. From this, we can esti-
mate the terminal’s distance from nearby base stations
and then determine its position using the intersections
of the virtual circles formed around the base stations
by the calculated distance values. Since the strength of
the received power depends on the orientation of the
user’s device and the environment in which the user
is located, the accuracy is good only when the user is
in the direct line of sight or near the base station. In
modern cellular networks with enough bandwidth (5G
and 6G) we can expect to determine the position of any
object very precisely, even with centimeter accuracy
[1]. Centimeter-level accuracy will be of utmost impor-
tance in industries such as healthcare and manufactur-
ing, as well as logistics, sports and gaming.

Table 1: Industries and value of accurate positioning.

Industry Value of positioning

Military and defense Locating people

* Unmanned aerial vehicle
(UAV) navigation

 Unmanned underwater
vehicles (UUV) navigation

* Robot navigation

Healthcare e Locating patients and
management, visitors
hospitals, and

e Tracking medical

clinics ;
equipment
Warehousing, e Product inventory
logistics and . .
distribution . Coll[s!on avom!ance anpl
maritime precise docking
*  Optimizing routes
Manufacturing * Managing inventory
e Optimizing workflow
*  Quality assurance
Sports, *  Enhanced analytics
entertainment, and | . |
gaming mproving player

performance

e Location aware apps
(VR/AR/XR)

The remainder of this scientific paper is structured as
follows: The next section gives a basic understanding
of cellular networks. Then, we dive into the details of
how accurately devices can be located within these
networks. Here, we explore the current state-of-the-art
methodologies, technological advances, and potential

240

ways to bridge the gap between wishful thinking and
practical reality. Additionally, we scrutinize the limita-
tions of conventional positioning approaches based
on measurements of signal strength, time-of-arrival,
and angle-of-arrival. What follows is a discussion on
positioning in 5G, driven by the escalating demand for
improved accuracy and the significant pressure on the
wireless industry to develop innovative solutions that
meet these expectations. The fifth section is dedicated
to positioning accuracy and the extent of uncertainty,
expressed as an area. In conclusion, this scientific in-
quiry not only illuminates the theoretical aspects of
achieving centimeter-level positioning accuracy in
wireless cellular networks but also provides valuable
insights into the practical feasibility and real-world
challenges that lie ahead. By presenting a comprehen-
sive overview of the current situation, this paper aims
to foster dialogue and collaboration among research-
ers, industry representatives, and policymakers to turn
the aspiration of centimeter-level positioning in wire-
less cellular networks into a tangible reality.

2 Cellular networks

In the second generation (2G), a simple time measure-
ment method has been used for decades. The princi-
ple behind this method is that the base station sends
a command to the terminal. Based on the response, it
sets the corresponding time delay of the signal. This
functionality basically enabled normal communication
between the base station and fast-moving terminals,
but the position accuracy was inaccurate. Therefore, the
extended Cell ID was introduced for the location-based
emergency call service [2]. In 2G networks, time was
typically measured with a resolution of about 4.615 ps
and an uncertainty or margin of error of around +20 ps.

In the fifth generation (5G), we expect to be able to de-
termine the position of the terminal with an accuracy
of better than one metre. New technical solutions are
used, e.g. determining the angle of transmission and re-
ception, measuring the signal propagation time across
several cells and measuring the time difference when
user devices only receive signals. The latter is typical
for satellite navigation. It enables the terminal to deter-
mine its position without the network knowing about
it, as an terminal does not utilise network resources [3],
[4]. In addition to broadband mobility [5], increased re-
sponsiveness, constant availability, enhanced security
and other improvements, 5G, which meets the capac-
ity requirements of modern applications, will also bring
more accurate determination of the position of wire-
less devices. The 5G is unlikely to deliver everything we
expect of it, especially when deployed in a non-stan-
dalone mode of operation [6].
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Much of what is promised in 5G - including position ac-

curacy of a few centimeters - will probably be delivered

by the sixth generation (6G). The following enhance-
ments in 6G may contribute to the expected accuracy
of around one centimeter:

- Densification of base stations and antennas al-
lows more precise triangulation and localization
of devices.

- Technologies such as massive MIMO (Multiple In-
put Multiple Output) and beamforming improve
signal strength and directionality, enhancing the
accuracy of location estimation.

- Integration of edge computing capabilities ena-
bles faster data processing closer to the source (at
the network edge). This facilitates real-time data
analysis and decision-making, leading to more
accurate localization results.

- 6G networks may use artificial intelligence and
machine learning algorithms to analyze large
amounts of data and optimize localization algo-
rithms. Al can learn from patterns and improve
the accuracy of location estimation over time.

The 6G, designed to be superior to previous genera-
tions in all parameters, will be used in the fight against
modern challenges facing humanity, such as epidem-
ics and natural disasters, allowing us to monitor peo-
ple’s movements and save lives without violating their
privacy. Tracking is one of the most important features
of modern wireless cellular networks and opens many
use cases in the field of digitalisation. With digitalisa-
tion, the industry is also striving for automated pro-
duction processes and mobile robots with centimeter-
accurate positioning, especially indoors where global
satellite navigation systems do not work [7]. In sport
and rehabilitation, knowledge of posture in combina-
tion with biomechanical feedback [8] helps to promote
the athlete’s motor skills and monitor their training.

3 Positioning methods

Modern localisation methods use electronic devices,
which are an example of complex and sophisticated
high-frequency technology in engineering. These pro-
cedures are essentially based on a system of high-fre-
quency electromagnetic beacons distributed in space.
By processing signals from these beacons and knowing
their positions, the receiving device can determine its
position with a certain degree of accuracy. In doing so,
it employs two-dimensional positioning through one
of the following geometric methods [9]:

- Theta-Theta (with two azimuths),

- Rho-Rho (with two distances),

- Rho-Theta (with distance and azimuth),
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- Hyperbolic (with distance differences of up to
three beacons).

The methods mentioned above are applicable for de-
termining the position of an object in two dimensions.
For three-dimensional positioning, a minimum of four
beacons must be available.

The 3rd Generation Partnership Project (3GPP) com-
mittee identified positioning methods in 3GPP Re-
leases 15, 16, and 17, all related to power, angular, or
time measurements. 5G indoor positioning in offices,
shops, etc., is specified in 3GPP Release 16, with certain
enhancements for industrial applications (e.g., manu-
facturing, logistics) in 3GPP Release 17. Combining 5G
and the Satellite Navigation System (GNSS) can achieve
a positioning accuracy of ten meters outdoors or in ru-
ral and urban clear sky areas.

Positioning methods in 4G (3GPP Release 15) use the

following mechanisms:

- Observed Time Difference of Arrival (OTDoA),

- Uplink Time Difference of Arrival (UL-TDoA),

- Positioning methods based on power measure-
ments (RSS).

In 5G, the list of aforementioned mechanisms is ex-
panded by two more (3GPP Release 16 and 17), namely:
- Round trip time (RTT),

- Angle of Arrival/Angle of Departure (AoA/AoD).

3.1 Theta-Theta Method

In the Theta-Theta system (positioning with two azi-
muths), as illustrated in Figure 1, a terminal at an un-
known location measures the angle between the
reference direction determined by north and the orien-
tation towards two or more base stations with known
locations. By utilizing the measured angles, the termi-

$2 (x2,y2)

S1(x1, y1)

Figure 1: Positioning with the Theta-Theta system: the
terminal measures the azimuth angle 6 - between the
reference direction determined by north - and the ori-
entation to two or more base stations at an unknown
location.
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nal determines its position at the intersection of the
lines.

The terminal position T (x, y) is calculated from equa-
tion (1):

_ y,-tan(6,)-x,

= M
tan (6, )—tan(6,)

,x=y-tan(6’1)

This system is not very accurate due to the imprecision
in angle measurements. The error is proportional to the
distance between the terminal and the beacon, which
can be calculated using equation (2):

AP=r-sin(Aa)=r-Aa )
where AP is the positioning error, r is the distance be-
tween the terminal and the base station (beacon), and
Aa is the angle measurement uncertainty. If lines p1
and p2 in Figure 1 intersect perpendicularly, the error
area is the smallest. Therefore, it makes sense to choose
base stations that are perpendicular to each other in

Transmitter with one
antenna

Angle
of
Arrival

Receiver with more

antennas
Receiver with more
antennas
Angle -.......3%8 o
>
of 0.\
Arrival

Transmitter

Figure 2: Multiple antennas on the receiver side enable
AoA measurements.
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relation to the user’s position. As already mentioned,
the positioning error of the Theta-Theta system in-
creases proportionally to the distance of the terminal
from the base station(s). For example, with an angular
uncertainty of +1 degree at a 100 m distance from the
base station, using equation (2), the positioning error
is 1.7 meters. If the distance of the terminal from the
base station increases by a factor of ten, the error also
increases by a factor of ten, reaching 17 meters.

To determine the angle at which the terminal receives
the beacon signals, i.e. the angle of arrival, a system
with several antennas is used, where multiple antennas
can be on the receiving side (Figure 2) or on the trans-
mitting side (Figure 3).

Angle
--------- F Transmitter with
of -~ >0
Departure D more antennas

Receiver

Receiver

b Angle
‘\‘)OD W, of
N Departure

Transmitter with more
antennas

Figure 3: Multiple antennas on the transmitter side en-
able AoD measurements.

In a multi-antenna system on the receiving side (Figure
2), the angles of arrival (AoA) are measured. Each an-
tenna receives a signal with a different phase, allowing
the calculation of the antenna’s direction. In the case
of a system with several antennas on the transmitting
side (Figure 3), the angles of departure (AoD) are meas-
ured. Each antenna transmits at its own time, and the
receiver receives signals with different phases, ena-
bling the calculation of the transmission angle. In both
cases, AoA and AoD, the angle can be calculated from
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the measured phase difference of the signals arriving at
the pair of receiving antennas, as illustrated in Figure 4.

antenna #1

antenna #2

Phase
detector

Figure 4: Positioning with the Theta-Theta system.

The phase difference ¢ is calculated according to equa-
tion (3):

go:£-27r

A

The angle of arrival 0,, at which the signals arrive, de-
pends on the distance d between the receiving anten-
nas, the wavelength A of the signal, and the measured
phase difference ¢. The angle of arrival is calculated ac-
cording to equation (4):

OA

0, = arcsin—
2nd

qa 27 -sind (3)
A

(4)

Beam shaping by adjusting the phase difference be-
tween the antennas [7] is more effective in the millime-
ter wave part of the spectrum, where optical technolo-
gies are used for better accuracy [8].

The Theta-Theta method is rarely used in its version
based only on basic geometrical laws and phase meas-
urements. However, with the use of additional mecha-
nisms enabled by modern cellular networks, this meth-
od becomes very accurate.

3.2 Rho-Rho Method

In the Rho-Rho system (positioning of the terminal
with two known distances), the terminal at an un-
known location measures the distance between it and
two or more base stations with known locations (Fig-
ure 5). The terminal position T (x, y) is calculated from
equation (5):
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2_ 2, 2
pr=x+y

Py =(x—x,)

Figure 5: Positioning the terminal with the Rho-Rho
system: the distance between the terminal at an un-
known location and two or more base stations at
known locations is measured.

The terminal determines its location using the trilat-
eration process, based on the intersections of virtual
circles formed by the distance, calculated from the
travel time measurements from the base station to the
terminal. The terminal’s position is defined as the inter-
section of two circles, each with a base station at the
center. The uncertainty of the travelling time refers to
non-ideal measurements, so the distance from the ter-
minal represents a ring and not a circle, and the result
is that the intersection of the rings in Figure 6 is a green
uncertainty region.

True range

AN

Uncertianty region

Y%
e

Range due to
measurement error

Figure 6: Uncertainty region (depicted by the green
patch) in the Rho-Rho positioning system.

The size and shape of the uncertainty region depends
on the distance between the centres of the rings and
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their thicknesses. Another weakness is that the inter-
section of two rings results two solutions, introducing
ambiguity. This can be resolved by measuring the dis-
tance from a third base station (e.g. from RSSI data, see
section 3.5) or by knowing the previous position of ter-
minal, which is likely close to the current position.

3.3 Rho-Theta Method

In the Rho-Theta system (positioning of the terminal
with a known distance and angle), the terminal meas-
ures the distance to the base station and its azimuth
(Figure 7). The terminal position T (x, y) is calculated
from equation (6):

x=p-sin(6’)
yzp-cos(é’).

Figure 7: Positioning with the Rho-Theta system in-
volves the terminal at position T(x, y) measuring the
distance to the base station and its azimuth.

3.4 Hyperbolic Method

In the Hyperbolic system, a terminal at an unknown
location measures the time differences between itself
and two base stations at known locations. A 5G re-
ceiver only computes its position based on the relative
time of the individual base stations, which is known
as the Downlink Time Difference of Arrival (DLTDOA).
In 4G, this function is referred to as observed time dif-
ference of arrival (OTDOA) [12], described in the 3GPP
Release 15 specifications. In both cases, the time differ-
ence of the base stations is measured, but they must
all be ynchronized. The user terminal, in this case, func-
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tions similarly to a satellite navigation signal receiver.
For this purpose, base stations transmit a positioning
reference signal (PRS). The accuracy of the calculation
of the terminal’s position depends on the synchroni-
zation and measurement of time differences. The hy-
perbolic method for determining position has been
used for years by maritime systems (e.g. LORAN, now
e-LORAN) and satellite navigation systems such as GPS,
GLONASS, Galileo, Beidou and others.

3.5 Received Signal Strength Measurement

Pr

Figure 8: Received Signal Strength measurements. The
terminal calculates the distance to the base station
from the RSSI indicator.

Ideally, we can determine the power of the received
signal using equation (7):

p PG G

(7)
R

(47rd )2
d is the distance between the transmitter (P, G) and
receiver (P, G,), and A is the wavelength of the signal.

Using the Received Signal Strength Indicator (RSSI) to
determine position is simple and requires only negligi-
ble additional costs. The measurement is independent
of the modulation process and data transfer rate and
does not require synchronization between devices. It
works best near the base station, as accuracy depends
on distance and environment, as shown in Figure 9.

Since it is not possible to know signal losses on the radio
path in a dynamic mobile environment, and the meas-
urement result is also affected by the orientation of the
user device, a comparison with a pre-made learning da-
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N

fading + path loss

/

Received signal strength

>
>

Distance

Figure 9: The problem of positioning from the meas-
ured received power depends on the distance from the
base station and the environment.

tabase is useful [13]. The RSSI at a distance d from the
transmitter is calculated according to equation (8):

RSSI, =—-10-n-log,, (d )+ RSSI, ®)

RSSI, is constant, index n represents losses in space and
depends on environment (Table 2).

Table 2: Index n in different environments [10].

Environment Environment index (n)
Free space 2
Metropolitan area
Office building
Factory

N~ W
w | (U

Distance measurement is enhanced through indirect
means, particularly by measuring time. 3GPP Release
8 introduced cell identification, present in all cellular
network generations, with accuracy dependent on
cell or sector size. In 4G, Timing Advance improved cell
identification by adjusting the expected time delay for
receiving the terminal’s signal. 5G introduced a multi-
cell Round-Trip Time (RTT) measurement function, ena-
bling the terminal to determine distances without time
synchronization. The RTT value, representing the time
each frame travels from the transmitter to the receiver
and back, is used to calculate distances to individual
5G base stations (gNBs). Taking into account signal pro-
cessing time, the distance (d) between the transmitter
and the receiver is calculated using the speed of light
(c) in equation (9):

_RIT
2

d c 9)

However, due to factors affecting the accuracy of RSSI
determination, such as antenna patterns, reflections,
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and obstacles, RSSI alone is rarely used for precise dis-
tance measurements and positioning.

For more accurate time measurements, a signal with
the largest possible bandwidth is required. This is an
advantage of ultra-wideband radio communication
systems (UWB). Modern mobile networks provide suf-
ficient radio spectrum, facilitating more precise time
measurements and, consequently, more accurate po-
sitioning.

4 Positioning in 5G

The positioning method in 5G, defined in 3GPP Release
15, is known as Observed Time Difference of Arrival (OT-
DOA). Certain conditions must be met for this method:
The base stations (gNBs) must be synchronised, the po-
sitions of the gNBs must be known, and at least three
beacons are required. The position is calculated by the
receivers of the gNBs. In this scenario, 5G terminals are
passive, as they only receive signals, similar to satellite
navigation terminals.

As far as time and angle-based positioning methods
are concerned, 5G introduces several improved param-
eters for better accuracy. The delay error variance de-
creases in the order of the square of the bandwidth as
the bandwidth increases. Angle variance remains com-
pletely independent of the bandwidth. 5G offers a sig-
nificant improvement in bandwidth compared to LTE
(20 MHz for 4G compared to 100 to 400 MHz for 5G).
Received power is inversely proportional to all estima-
tion variances and can be increased by beamforming.
5G provides five different choices for subcarrier spac-
ing (15 kHz, 30 kHz, 60 kHz, 120 kHz, and 240 kHz). The
subcarrier spacing linearly increases the angle variance
and simultaneously linearly decreases the delay vari-
ance. To counteract this effect, increasing the receiving
power is a natural solution.

Different antenna patterns (varied spacings and the
number of polarisations in the antenna array) do not
affect the delay variance but rather the total number
of antenna elements in the array. The number of rows
and columns of the antenna array results in a cubic de-
crease in the angle variances.

In the 5G architecture (3GPP Release 16), specific ele-
ments are dedicated to positioning:

The Location Management Function (LMF) receives re-
sults of measurements and assistance information from
the gNB and the terminal, via the Access and Mobility
Management Function (AMF), to compute the position
of the terminal.
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A new NR Positioning Protocol (NRPPa) is introduced
between the radio network and the core network,
which carries positioning information between the ra-
dio network and the LMF via the Next Generation Con-
trol plane (NG-C) interface. The LMF configures the 5G
terminal using the LTE Positioning Protocol (LPP).

5G utilizes two reference signals for positioning: the
Positioning Reference Signal (PRS) in the downlink and
the Sounding Reference Signal (SRS) in the uplink.

Beamforming can be used for more precise position-
ing, which improves the signal-to-noise ratio by in-
creasing the gain of the beamforming. The terminal
position is provided in terms of the Angle of Departure
(AoD), while multiple antennas at the gNB in the uplink
enable precise Angle of Arrival (AoA) measurements.

Table 3 presents a comparison of the estimated aver-
age positioning accuracy of various technologies [7].

Table 3: Positioning accuracy of different technologies.

Technology

Accuracy (m)

4G 20-50
5G on cmWaves 10-20
5G on mmWaves <1

5 Positioning accuracy and area of

uncertainty

As an illustration of position accuracy determination,
we consider the AoA method, which is closely linked
to the area of uncertainty. This scenario is depicted in
Figure 10 with two base stations (Tx1, Tx2) and a mo-
bile user (Rx).

Tx,

Figure 10: Geometry for determining the position and
uncertainty area of the terminal (receiver).
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The two stations are separated by a distance x, and the
user sees the transmitters at an angle a. We also con-
sider the angle measurement error, denoted by A. By
changing the angle a, we can observe changes in the
size of the uncertainty area. In our example we assume
that the distance between the receiver and each trans-
mitter is the same (d1 =d2 =d).

To calculate the distance of the receiver from the trans-
mitters, equation (10) is used. It is consistent with the
basic geometry of an isosceles triangle.

Sin[—ij

where d is the distance between the receiver and each
transmitter, x is the fixed distance between the trans-
mitters, and a is the angle at which the receiver sees
both transmitters. The position error 6p is determined
by equation (11). The expression can be simplified due
to the small value of the error:

N | =

d= (10)

5p:d-sin(2A):d-2A (1)

Finally, we come to the equation (12) for calculation the
area of uncertainty.

(d-2A)

sin o

A= (12)

The input data for calculating the uncertainty area are
as follows: distance between transmitters (x) is 500 m,
measurement error (A) is 10 milliradians, and angle (a)
is between 1 and 178 degrees. We use the Matlab tool
for the calculation. The Figures 11 and 12 show how the
uncertainty area varies with angle and distance [16].

1000

00

800 |

Uncertainty area [Sq. meter]
g

0 Il Il Il | Il 1 1
» “ ) ) 10 12 10 160 18
Angle [deg.]

Figure 11: Uncertainty area as a function of angle.
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Figure 12: Uncertainty area as a function of distance.

Figure 11 shows that the uncertainty area decreases
as the angle increases. In this case, the smallest area of
uncertainty is when the angle of arrival is 120 degrees,
and the user is at 289 meters. At that point the area of
uncertainty is 38.5 m? and consequently the most pre-
cisely determined location. If the angle approaches
zero or 180 degrees, the area increases greatly due to
the geometry of the angle and the trigonometric func-
tions, so that these extreme angles are not taken into
account in the calculation. We can logically conclude
that the measurements become less accurate as the
distance between the user and the base stations in-
creases, as it is shown in Figure 12.

6 Results and discussion

We can conclude that centimeter positioning accuracy
with cellular technologies is possible inside buildings
under certain conditions. This is possible on mmWave
frequencies using mechanisms built into modern cellu-
lar networks as: Downlink Observed Time Difference of
Arrival (DL-TDOA, assisted by the terminal), Uplink Time
Difference of Arrival (UL-TDoA, assisted by the base sta-
tion), and RTT.

Methods used for positioning outside buildings, how-
ever, allow the positioning with a few meters’accuracy
on cmWave frequencies, which is sufficient for most
smart outdoor applications, e.g. smart agriculture, out-
door asset tracking, environment monitoring, smart
city infrastructure, outdoor events, and the like. In out-
door cases, for less precise measurements, we can use
other previously mentioned methods. In many outdoor
cases, a combination of cellular and satellite technolo-
gies is very useful, e.g., combination of 5G and GPS.

Finally, the design of the antenna (MIMO or single-
beam antenna) and the antenna pattern have a great
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influence on the accuracy of the position determina-
tion. Narrower beamwidth means a higher gain of the
antenna, which results in higher received power and
higher accuracy in determining the distance. Narrow
beamwidth also improves user positioning resolution,
reduces the susceptibility to more reflections from
the environment and reduces interference. Therefore,
MIMO antenna with beamforming [17], [18], offers the
positioning accuracy down to sub-meter level, which
is much better than a standard single-beam antenna.

7 Conclusions

This paper discusses positioning methods in modern
cellular networks that may be suitable for the new
challenges brought by the smart industry. When using
several base stations, the position can be determined
by different signal measurement methods: (a) by meas-
uring the Angle of Arrival (AoA), (b) by measuring the
Angle of Departure (AoD), (c) by measuring the Round-
Trip Time (RTT), and (d) by measuring the Observed
Time Difference of the received signal (OTDoA).

As seen from the example in Chapter 5, the accuracy
of position determination is closely related to the size
of the uncertainty area. This depends on the angle at
which the user sees the base stations and the distance
from the base stations. The uncertainty area strongly
depends on the triangle geometry of the base stations
and the user.

If a single base station is available, we can use the Rho-
Theta method, which identifies the distance between
the terminal and the base station by measuring the
Round-Trip Time (RTT) and the angle by measuring the
Angle of Arrival (AoA).

The combination of different methods for determining
the position of the terminal and adding new ones to
the standards allows for better position accuracy.

We can summarize the findings in a few observations:
the 5G system can perform positioning without
user intervention,

(b) all devices receive a positioning service,

(c) the advantage of the large computing capacity is
available in the network,

(d) there is low battery consumption of the termi-

nals, and finally
positioning accuracy in 5G can be of the order of
centimeters.
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