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Abstract: Numerous studies have been conducted on wireless communication networks to reduce
the costs associated with location registration and paging traffic caused by the movement of user
equipment (UE). Among them, a zone-based registration scheme is commonly used due to its
convenience of implementation. In a zone-based scheme, a set of non-overlapping cells are managed
as a single zone called a registration area (RA). The UE requests registration each time it enters a new
RA. The most significant drawback of the 1Z system (an RA consisting of one zone) is the degradation
in the service quality due to the registration traffic that frequently occurs at the RA boundaries. To
overcome this drawback, a 2Z system that can manage two zones with one RA has been proposed.
However, in the 27 system, the paging costs for the UE that has returned to the previous zone increase,
which can significantly degrade the performance compared to the 1Z system if the call-to-mobility
ratio (CMR) is large or if the probability of returning to the previous zone is small. In this study,
a new 2Z_Timer scheme is proposed to enhance the performance of the 2Z system. This method
involves initiating a Timer for the previously visited zone when the UE enters a new zone, making it
possible to retain the information of the previous zone for a specified threshold period. Simulations
were conducted using flowchart-based RAPTOR software to compare its performance to those of
the 1Z and 2Z systems. The results showed that the 2Z_Timer system effectively reduced the paging
costs, even when the CMR was high or the probability of returning to the previous zone was low.
Numerical results for various Timer thresholds showed that the 2Z_Timer system could lead to cost
reductions of 10.6% and 28.6% compared to the 1Z and 2Z systems, respectively.

Keywords: mobility management; location registration; paging; zone-based registration; timer-based
registration; two-zone registration; RAPTOR simulation

1. Introduction

In a wireless communication network, the continuous tracking and management of the
user equipment (UE)’s current location information is crucial to successfully establish incoming
calls for the UE. This function is referred to as mobility management. It was found that mobility
management consumes a significant amount of wireless frequency resources [1-3]. In the case
of 4G LTE, 34% of all traffic is related to mobility management [4]. An efficient data traffic
service is possible only when it is effectively managed [4-6]. Mobility management includes
two essential operations: location registration and paging [1,3,7,8]. Location registration is the
procedure in which the UE reports its current location information to the network every time
it enters a new registration area (RA). The network’s database then updates this information.
For the efficient processing of location registration, each RA is composed of one or more zones,
and each zone is structured as a set of cells that do not overlap with each other. Here, a ‘cell’
represents the area served by a single wireless base station. Paging is the process of sending
paging messages to all cells included in the current RA of the UE stored in the network
database when an incoming call is received. Therefore, the number of cells (or zones) included
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in the RA can affect the costs of the UE registration and paging-signal traffic (i.e., wireless
signaling costs). In other words, as the RA’s size increases, the registration cost decreases and
the paging cost increases. Ultimately, the RA’s size and the associated costs of registration and
paging have a trade-off relationship [9-11].

To date, many studies have been carried out to enhance the utilization of wireless
frequency resources for mobility management, as shown in Table 1. These studies can be
categorized into zone-based [10-13], distance-based [14,15], movement-based [16,17], timer-
based [18,19], and mobility prediction-based [20]. In particular, new mobility management
schemes for various moving devices beyond 5G and 6G have been recently discussed [21-23].
In Table 1, assuming a square-shaped RA, the registration occurrence points in each scheme
are compared when the UE moves from s to . The major advantages and limitations of the
schemes are also examined. The performance of each scheme depends on the UE’s movement
characteristics, such as the call-to-mobility ratio (CMR) and the probability (g) of returning
to the previously visited RA. Here, the CMR indicates the ratio of the number of calls to the
number of times the UE passes through the RA boundary during the unit time. That is, the
larger the CMR, the more frequently the UE has the characteristic of staying in the RA for a
long time and trying to initiate calls. Typically, if a 1Z scheme with one RA and a 2Z scheme
with two RAs are compared to each other, the larger the CMR and the smaller the g, the worse
the performance of the 2Z scheme compared to the 1Z scheme. Recently, a new algorithm has
been proposed to efficiently manage registration by predicting the UE’s moving direction in
advance. In addition, new schemes to utilize artificial intelligence machine learning algorithms
using training data on the UE mobility characteristics have been proposed [22,23].

For the convenience of implementation, most standards [1,2,19] recommend a 1Z scheme
with one zone in an RA. Lin [10] first proposed a 2Z scheme with two zones in one RA
and showed that the greater the probability of returning to the previous RA, the better the
performance of the 2Z scheme. In addition, a 3Z scheme with three zones within one RA via
expanding the 2Z scheme has been proposed [11,12]. The performances of the three schemes
for various parameters were compared [13]. As mentioned, despite many research efforts, in
practice, most wireless communication networks adopt a zone-based registration scheme due
to its implementation convenience. That is, the UE requests registration each time it crosses
the RA’s boundary. When an incoming call arrives, paging is processed for all cells within
that RA. The most significant drawback of the 1Z system, which operates one zone within
an RA, is the handling of the frequent registration traffic (known as the ping-pong effect) at
the RA boundaries, resulting in service quality degradation for other subscribers [10,24-28].
To address this issue, a scheme involving the operation of two zones within an RA (the 2Z
system) has been proposed [10,13]. In the 2Z system, there is no registration cost for the UE’s
return to the previous zone. However, during the call setup, paging needs to be executed in
both the previous and new zones, leading to twice the paging cost compared to the 1Z system.

This study was based on the 2Z system. Additionally, this study suggests initiating
a Timer when the UE enters a new zone, allowing the UE to store information from the
previous zone for a specific time (the Timer threshold (T},)). This approach can reduce the
paging costs for UE that has completed additional registration due to Timer expiration,
including that which has entered a new zone. To evaluate the performance of the proposed
27_Timer system and compare it with the existing 1Z and 2Z systems, a simulation model
was developed using visual-flowchart-based RAPTOR software of Avalonia Edition [29].

The remaining sections of this paper are structured as follows. Section 2 explains the
operational methods of the 17, 2Z, and 2Z_Timer systems. It also describes the assumptions
necessary for the convenience of simulation, where a large wireless communication service
network is downscaled. Section 3 outlines the simulation model and explains additional
assumptions for the call arrival time and dwell time within a zone. Section 4 presents
simulation results using real-operational-environment parameters and compares the per-
formances of the three systems. Finally, conclusions are drawn and additional research
directions are presented in Section 5.
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Table 1. Summary of related works (®: registration; O: no registration).
Schemes Methodologies Advantages Limitations References
One zone-based (17)
RA
. High registration traffic
Easy to implement at RA boundaries [11,12]
Registration whenever RA
boundary is passed
Zone-based
Two zone-based (2Z)
RA
Reduced registrations Paging traffic resulting [10,13]
at RA boundaries from paging two RAs !
e
No registration when passing two
RA boundaries
Reduced registration . . .
Distance-based traffic moving only in a High paging traffic as [14,15]
e threshold increases
s ¢ specific area
Registration if UE moves above
threshold (=2) of distance
RA
Reduced registration Elcflfif(;i to implement,
Movement-based traffic for UEs that do & [16,17]

e

Registration every time UE passes
the RA boundary moving
threshold (=2)

not move much

moving-threshold
value setting




Electronics 2024, 13, 160

40f17
Table 1. Cont.
Schemes Methodologies Advantages Limitations References
RA
t zone timer Accurately locates ?i?fzigiciint
Timer-based @« expires UEs not moving for [18,19]
. performance from
a long time 17 scheme
s
Registration after the Timer
threshold exceeds ¢
RA
]
Efficient registration
Mobility management by oo .
prediction-based ‘l, predicting UE’s moving Difficult to predict the g [20]
5 t direction

Dynamic RA’s configuration using
the probability of returning to the

previous RA

2. Zone-Based Registration Scheme with Timer

Most wireless communication networks use a zone-based registration method due

to its convenience of implementation. When there is only one zone within an RA, it is
referred to as a 1Z system. When managing two zones (i.e., the previously visited zone
and the newly entered zone), it is called a 2Z system. The approach proposed in this study,
which involves using a Timer for the previous zone, is named the 2Z_Timer system. For the
mobility modeling of the UE, the following assumptions are adopted:

(i)
(i)

(iii)
(iv)

An area served by each wireless base station is called a cell, and the cell is formed in a
square shape;

Each zone consists of # cells. In a 1Z system, an RA is composed of one zone, whereas
in a 27 system, an RA is composed of two zones. Therefore, in a 1Z system, a new
registration must be processed every time the zone’s boundary is passed. However,
in a 2Z system, registration is not required when the UE returns to the previously
visited zone;

The probability of the UE returning to the previous zone is g, and the probability of
the UE moving in any one of the remaining three directions is equally (1 — 4)/3;
The paging delay is 1. That is, when setting the incoming call, #n cells are simul-
taneously paged in the 1Z system, or 2 X n cells in the 2Z system, to find the
corresponding UE.

2.1. One-Zone System (1Z System)

Figure 1 shows the operating characteristics according to the UE’s movement in the

1Z system when n = 4. The UE moves to the previous zone with the q. The 1Z system
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processes registration every time the UE moves across the RA’s (or zone’s) boundary. That
is, new registration traffic is generated whenever the UE moves to cells that belong to a
different RA. As such, the phenomenon of the deteriorating service quality of other UE
due to the registration traffic caused by the UE’s movement that frequently crosses the RA
boundary is called the ping-pong effect [10,24,27].

b
t 1-q)/3 Zone
|
a
q
|
1-9)/3

q: probability of returning to previously visited zone
Figure 1. A 1Z system (one zone in a registration area).

It is necessary to develop a simulation model by downsizing the overall coverage area
served by the wireless communication network. As shown in Figure 1, when the UE moves
from a to b, a registration procedure is required. After executing the registration, the UE
stays in the zone again. In other words, it is assumed that the simulation is carried out by
configuring only one zone. When the UE selects one of the four directions and moves, it
stays in the same zone again. In the 1Z system, registration is carried out every time the UE
enters a new RA. Thus, the network can accurately know the UE’s RA information. Thus,
the UE can be found by paging n cells included in the RA during a call connection.

2.2. Two-Zone System (2Z System)

There is no registration cost when the UE moves between an old zone and a newly
registered zone (new zone) in the 2Z system, unlike in the 1Z system. As shown in
Figure 2, after the registration is terminated, if the UE moves from c to d, then the network
database stores two zones (new and old zones). According to the UE’s movement, the
solid line indicates a case in which registration is executed and the dotted line describes
no registration. If the UE proceeds from e to f and returns to the old zone, registration is
not required. Additionally, when the UE moves back to the new zone with a probability
(9), there is no registration cost. This can greatly reduce the registration costs for UE that
frequently crosses the RA boundary between old and new zones.

a-q9)/3 @Q-9)/3

0Old Zone
(Previously visited zone) [ I New Zone
o e e — 1
: C et (]
A-q)/3 | U a-q)3
1 cell -1
|
I —-f--a
|
I_ T - i
1-9)/3 1-9)/3
= Registration =====> No Registration

Figure 2. A 27 system (two zones in a registration area).
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In a 2Z system, simulations are executed considering only two zones: new and old
zones. Here, if the UE moves to another zone and requests registration, it stays in the
new zone. If it returns to the old zone, it is considered to be in the old zone. In Figure 2,
assuming a paging delay of 1, which means that paging messages must be sent in a single
attempt when the incoming call arrives, eight cells (2n = 8) need to be paged to successfully
establish the call in a 2Z system. In other words, because the UE returns to the old zone
without requesting registration, the network does not know whether the UE is in the new
zone or back in the old zone. Thus, in a 2Z system, 2n cells included in new and old zones
must be paged at all times when setting the incoming call.

2.3. Two-Zone System with Timer (2Z_Timer System)

The 2Z_Timer system is based on the 2Z system. Additionally, when the UE proceeds
to the new zone, it drives the Timer for the previous zone. The network checks whether
the Timer for the UE returning to the old zone has expired. If the Timer has expired
(that is, Timer > Threshold = T},), a new registration is performed. Therefore, additional
registration costs are required when the Timer expires after returning to the old zone.
However, compared to those of the 2Z system, the paging costs of the 2Z_Timer system can
be reduced.

Figure 3 shows the operation of a 2Z_Timer system. Similar to a 2Z system, whenever
the UE crosses between old and new zones, no registration costs are incurred. The moving
probability between zones is the same as shown in Figure 2. In Figure 3, the (%) indicates
the case of an incoming-call occurrence in each zone. The 2Z_Timer is operated as follows
to connect an incoming call:

(i) To initiate the incoming call generated, n cells are paged while the UE stays in the
new zone. As in (1), if the UE moves from c to d and an incoming call occurs, the
call can be successfully established by paging n = 4 cells;

(ii)  If the Timer expires after re-entering the old zone, the UE’s RA information is updated
at an additional registration cost, and n cells are paged for an incoming-call setup
staying in that zone. In (¥2), after the Timer expires and the registration is processed,
four cells are paged while residing in the old zone;

(iii) In contrast, if the Timer does not expire after relocating in the old zone, 21 cells need
to be paged, in the same way as in the 2Z system. As shown in (%3), if the Timer has
not expired, 2n = 8 cells are paged.

Q-3 0-9)/3

Old Zone
(Previously visited zone) I New Zone
o e = " *: incoming call occurrence
| : c——>d(Xx1) (% 1) Run Timer for old zone.
| *23 4 ’ 4 cellsare paged.
(1-9)/31 R or(Xf - -/
-1 cell —
”””””””””””””””””””””””” (#2) Timer expires (Timer=T)
| ) i Registration processing
| ==pF==>1 4 cells are paged.
| i (#3) Timer does not expire (Timer< Ty)
I | | No registration processing
_—————— 8 cells are paged.
(1-¢q)/3 1-q)/3
— Registration ===== No Registration

Figure 3. A 27 system with Timer (two zones in a registration area and the use of Timer).

Table 2 shows comparisons of the registration and paging trials for the three systems
while the UE travels from s to t. This example shows a situation in which the UE connects
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two incoming calls (%) as it moves and returns to the previous RA. In the 1Z system, three
registrations are treated every time the UE crosses the RA’s boundary. A total of eight cells
are paged for two incoming calls while returning to the ¢ point. In the 2Z system, when the
UE returns to the previous RA, registration is not executed (the number of registrations is
two) and a total of 16 cells are paged while setting up calls. In contrast, in the 2Z_Timer
system, the Timer is first checked for the UE that has returned to the previous RA. If the
Timer is expired (Case 1), an additional registration is needed (a total of three registrations)
and eight cells are paged for two calls. When the Timer does not expire (Case 2), registration
is not required (the number of registrations is two) and a total of 12 cells are paged by
combining 4 cells for the first call and 8 cells for the second call.

Table 2. Operations of three systems (®: registration; O: no registration, %: incoming call, n = 4).

One-zone-based system (1Z) Two-zone-based system (2Z)

Number of cellsin RA (1) =4
* : Incoming call occurrence

Number of registration=2

Number of cells paged = 16
RA

~~

Number of registration= 3
Number of cells paged =8

S

Two-zone-based system with Timer (2Z_Timer)

| cell Yes No

| I

t RA || Case 1: Timer=Ty, Case 2: Timer< Ty,

Number of registration=3 || Number of registration=2
Number of cells paged =8 Number of cells paged = 12

Therefore, the 2Z_Timer system takes advantage of the 2Z system without performing
registration when the UE returns to the previous RA. In addition, the paging costs can
be reduced compared to the 2Z system by additional registration due to Timer expiration.
In the following section, a simulation model is described and the performances of the
three systems are compared. The system performance can be greatly influenced by various
parameters, such as the Timer threshold (T,), CMR, g, and number of cells (1) in the RA.

3. Simulation Model

Figure 4 shows a flowchart of the simulation. For the simulation, the following was
additionally assumed:

(i) The number of calls generated in a unit time (h) follows a Poisson distribution with a
mean of A. The rates of the originating (A,)- and incoming (A;;,)-call occurrences are
equal. Thatis, A = Ayt + Az, Thus, the intervals between call arrivals are distributed
exponentially with an average of 1/A [11-14,30];

(ii) According to the implicit registration function (IRF) provided by a wireless com-
munication network [1,12,19], the UE’s RA information can be updated without an
additional registration cost after the originating- or incoming-call setup;

(iii) The UE’s residence time in a zone follows a gamma distribution with the parameters

1 _

shape =« and scale = . The average dwell time is E[T, | = 5 = a [30].
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| Entering new zone. Run Timer for previous zone.

!

Call Arrival Time ~ Exp(1/2)

J <

Zone Residence Time ~ Gamma(a, ), E[T,,] =1/n = af

Call Arrival Time =
Zone Residence Time

Move to the old zone with prob. of .
The probability of moving in the other three directionsis (1—4)/3.

Moving to previous
old zone?

Timer expires?

Yes (Timer=T,)
r
. . . Registration required . . . Registration required
Registration not required. (Timer Expiration) Registration not required. (New 2Z formation)
12 ¥ 2 v
Number of cells paged =1 Number of cells paged = Number of cells paged =2n Number of cells paged =n
| | 7 [ I
No
UE=1000?
Yes
End

Figure 4. Simulation model.

The simulation was performed using RAPTOR [29], a free, open, and visual-flowchart-
based software program. Using the RAPTOR menu, the flowchart-based design can be
easily converted into the Java or C++ programming languages, enabling more detailed
algorithm implementation and testing. Ten simulations were carried out, with 1000 units
of UE using different seed numbers to calculate the registration and paging costs for a total
of 10,000 units of UE, as follows.

3.1. Location Registration

In the initial state, it was assumed that the UE had moved from another zone to a
new zone. In the case of the 2Z_Timer system, the Timer for the previous zone was started.
If the call arrival time to the UE was less than or equal to the staying time in the zone,
registration was not performed. For the incoming call, 7 cells were paged. When the UE
moved to another zone before the call arrived, it proceeded to the previous zone with a
probability of g and to one of the remaining three zones with a probability of (1 — g)/3. The
probability of movement between zones is presented in Figures 1 and 2.

In the 1Z system, registration must be executed whenever the UE enters a new RA. In
contrast, if the UE re-enters a zone within the previous zone, registration is not required in
the 2Z or 2Z_Timer systems. In the 2Z_Timer system, when the UE moves to the previous
zone, the Timer value operated earlier is checked. If the Timer has expired (Timer > T}), a
new registration procedure is completed, and # cells are paged in the case of an incoming
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call generated while staying in that zone. If the Timer has not expired, 2n cells need to
be paged for an incoming call. The paging scheme for each system is explained below
in detail.

3.2. Paging
The paging cost is calculated for each system as follows:

(i) In a 1Z system, when an incoming call arrives, the corresponding UE for a call
connection can be accurately found by paging n cells at the same time;

(i) Ina 2Z system, 2n cells must be paged simultaneously to make the incoming call
successful under a paging delay of 1;

(iii) Unlike the 1Z and 2Z systems, the 2Z_Timer system pages 1 or 2n cells depending on
whether the Timer has expired:

(a) To ensure an incoming-call initiation for a UE that has entered a new zone
before returning to the previous zone, n cells are paged;

(b) ~ When the Timer of the UE returning to the previous zone has not expired,
2n cells are paged. If the Timer has expired, a new registration procedure
(registration via Timer expiration) is processed, and  cells are paged to find
the UE before entering another zone.

The system parameters required to perform the simulation were referred to in the
following studies:

(i) For the most basic parameter, assuming CMR = 1, the performance of the 2Z_Timer
system was analyzed and compared with those of the other systems. A CMR =1
represents a situation in which the UE attempts one call on average while moving
to another RA, which was assumed in most studies [10-16] to compare the system
performances. Note that when A =1 and E[T),| = 1, CMR = 1 was obtained, on average;

(ii) In zone-based registration, the 3GPP [1,19] recommends that UE staying in one RA
for a long time be periodically registered with a Timer threshold. Here, the system
can select one of the zone timer lengths (1, 2, 5, 10, 20, 30, 45, or 60 min);

(iii) Assuming a square RA, the probability of moving in one of the four directions was
1/4 [10,12-14]. The simulation was executed on the assumptions that the UE did not
return to the previous RA (g = 0.1) and that the UE frequently returned to the previous
RA (g4=0.5);

(iv) The number of cells included in an RA was analyzed for environments of 4, 9, and 16,
assuming square-shaped cells [12-15];

(v) The unit registration cost was assumed to be 10 times the paging cost per cell for an
incoming call. This was assumed in several studies [1,2,10,19].

4. Numerical Results

The performances of the three systems varied depending on various factors. The
simulation was conducted to obtain the total registration cost and paging cost of each UE
during the unit time. The performances were compared for variable factors, such as the
call-to-mobility ratio (CMR = %), Th, g, and n.

Considering real operational environments, the following fundamental parameters
were used:

n = 9: the number of cells in one zone;

A = Aout + Aiy = 0.5+ 0.5 = 1: the average call occurrence rate over the unit time;

V = 1: the unit paging cost per one cell for an arriving incoming call [1,19];

U = 10: the unit processing cost for one registration [1,19].

The unit registration cost was incurred when the UE relocated to a new RA. The unit
cost associated with the Timer expiration was assumed to be equal to U =10[1,2,10,19]. Note
that the outgoing-call and incoming-call occurrence rates during the unit time were the
same. After call processing, the network could update the UE’s zone information without
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additional registration costs by the IRF. As for the Timer threshold, the representative
Th =1,2,5,20, and 60 min recommended by the 3GPP [19] were considered.

Figure 5 shows the total cost versus the CMR when T}, = 20 min and q = 0.4. For
example, CMR = 1 refers to a situation in which a UE connects one call while staying in
a zone for an hour on average. The 2Z_Timer system checked the Timer for the UE that
returned to the old zone and performed registration if the Timer was more than 20 min. It
did not require registration if the Timer was less than 20 min. In the figure, the solid line
shows the total (registration + paging) cost (left side), and the dotted line indicates the
relative reduction (reduction ratio (%), right side) in the cost. Also, in the dotted line, the
O-shape represents the relative reduction ratio of the 2Z_Timer system compared to the 2Z
system, and the X-shape represents the reduction ratio of the 2Z_Timer system compared to
the 1Z system. If the reduction ratio has a negative value, the cost of the 2Z_Timer scheme
is relatively large. If it has a positive value, the cost of the 2Z_Timer scheme is smaller than
those of the other schemes.

110 3¢ - 45

100

90

@
(e}

~1
(e}
1

(o)}
o

a1
(e}

reduction ratio (%)

.
o

Total Cost (bits/hour/UE)

30

20

10

00 02 04 06 08 10 12 14 16 18 20 22 24 26 28 30
Call-to-mobility ratio (CMR)

=17 —=27 —27 Timer =j=(1Z-2Z Timer)/1Z --:iz--(2Z-2ZTimer)/27Z

Figure 5. Total cost and reduction ratio versus CMR (call-to-mobility ratio).

When the CMR increased, the 1Z system outperformed the 2Z system. The reason
was that the larger the CMR (that is, the longer the UE’s residence time in the zone than
the call arrival time interval), the less likely the UE is to return to the previous zone, and
thus the greater total cost for the 2Z system than for the 1Z system. In the case of the
27 _Timer system, it consistently showed smaller total costs than the other systems. The
higher the CMR of the UE, the longer it remained in the zone, enabling the more accurate
identification of its location, ultimately resulting in a lower paging cost for the 27Z_Timer
system. The results showed that the total cost of the 2Z_Timer system was reduced by
15.0% and 27.7% compared to those of the 1Z and 2Z systems, respectively.

Figures 6 and 7 show the registration and paging costs according to the Timer thresh-
olds (Ty) under CMR = 1 and g = 0.4. Note that for the 1Z and 2Z systems, the registration
and paging costs were not influenced by the T},. Thus, the cost remained constant regardless
of the T},. However, in the 2Z_Timer system, when the T}, increased, the registration cost
decreased while the paging cost increased slightly. Accordingly, it was observed that the
registration cost of the 2Z_Timer system was greater than that of the 2Z system. However,
the difference decreased as the T}, increased. Note that if the T}, was more than a certain
amount of time (T}, = 20 min when CMR = 1), the registration cost no longer decreased.
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In addition, the paging cost did not change significantly. On average, the registration
cost of the 2Z_Timer system was increased by 20.3% compared to that of the 2Z system,
whereas it was decreased by 29.4% compared to that of the 1Z system. As shown in Figure 7,
regardless of the Ty, when installing the incoming call, 9 cells of the 1Z system and 18 cells
of the 2Z system were paged. In contrast, in the 2Z_Timer system, a substantial reduction
in the paging cost was achieved by paging only nine cells for the UE entering a new zone
and the UE that returned to the previous zone (and performed registration due to the Timer
expiration). Based on these results, it was evident that the paging cost of the 2Z_Timer
system was always less than that of the 2Z system. The paging cost of the 2Z_Timer system
was slightly higher than that of the 1Z system. The paging cost of the 2Z_Timer system
decreased by 44.7% on average compared to that of the 2Z system, and it increased by
10.6% compared to that of the 1Z system.

The total cost was calculated by adding the registration and paging costs. As shown
in Figure 8, when the paging delay was 1 (that is, when an immediate connection was
required during an incoming-call setup), the total cost of the 2Z system was always greater
than that of the 1Z system. The 2Z_Timer system always performed better than the other
systems. This was because, in the 2Z_Timer system, the paging costs could be effectively
reduced by conducting registration only when the Timer expired, without carrying out
registration when the UE returned to the old zone, such as in the 2Z system. On average,
the total cost of the 2Z_Timer system was 10.6% lower than that of the 1Z system and 28.6%
lower than that of the 2Z system.

The total cost according to the change in the probability (q) of returning to the previous
zone is shown in Figure 9 when Ty, = 20 min and CMR = 1. For the 1Z system, the total cost
was determined regardless of the 4. In the 2Z system, as the g increased, the UE frequently
returned to the previous zone. The total cost was then decreased because the registration
cost was reduced. For the same reason, the registration costs could be reduced in the
27_Timer system. However, compared to the 2Z system, its reduction effect was relatively
small due to the registration cost caused by the Timer expiration. In this example, it was
observed that the total cost of the 2Z_Timer system was always less than those of the 1Z
and 2Z systems. The total cost of the 2Z_Timer system was decreased by 10.7% compared
to that of the 1Z system and by 31.1% compared to that of the 2Z system.
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Figure 10 shows the total costs versus the n at T}, = 20 min and g = 0.4. The results
show the total cost for n =4, 9, and 16. Note that if the # increased, causing the number of
cells that needed to be paged to increase, the performance of the 2Z_Timer system resulted
in a reduction in the paging cost, further enhancing its performance compared to the other
systems. The total cost of the 2Z_Timer system was decreased by an average of 30.1%

compared to that of the 2Z system and by 13.4% compared to that of the 1Z system.

Table 3 summarizes the main results shown in Figures 5-10. As a result of analyzing
various parameters, it was observed that the 2Z_Timer system always outperformed the
1Z and 2Z systems. On average, the total cost of the 2Z_Timer system was reduced by
10.6~15% compared to the 1Z system and by 27.7~31.1% compared to the 2Z system.
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be superior to that of the 1Z system, as indicated in other studies [10-14].

(@)
(ii)

Comparing the 1Z and 2Z systems, the performance of the 1Z system was always
better than that of the 2Z system, except when the CMR was small at 0.1 for a paging delay
of 1. This was because, in the case of the 2Z system, even if the UE returned to the previous
RA, the paging costs were always twice those of the 1Z system. When the CMR was small,
the dwell time in the RA was reduced, which often returned to the previous RA, eventually
improving the performance of the 2Z system due to the reduction in the registration cost.
Note that if multiple paging attempts are possible, the performance of the 2Z system can

Based on the numerical results, several key conclusions can be drawn, as follows:

When an appropriate Ty, is set in consideration of the UE’s CMR, the performance of

the 2Z_Timer system is always superior to those of the 1Z and 2Z systems;

The performance of the 2Z_Timer system improves as the T}, increases, although its

improvement effect is not very significant at a certain threshold or higher;
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(iii)

(iv)

v)

(vi)

Table

The total cost of the 2Z_Timer system decreases as the CMR (or E[T},]) increases due
to the reduced paging cost obtained by preventing the UE from entering other zones
as the CMR increases;

As the probability (g) of returning to the previous zone increases, the performance of
the 2Z_Timer system is better than that of the 1Z system. Note that as the g increases,
the cost of the 2Z_Timer system decreases, similar to the total cost of the 2Z system;
If the paging delay is constrained by 1, the performance of the 1Z system is superior
to that of the 2Z system. Nevertheless, if the CMR is relatively small, the total cost
of the 27 system can be less than that of the 1Z system. This is because, when the
CMR is small in the 2Z system, the zone residence time is small, and the number
of cases returning to the previous zone increases, resulting in a reduction in the
registration cost;

As the number of cells included in a zone increases, the performance of the 2Z_Timer
system is further improved and is better than that of the 2Z system due to the reduced
paging cost. Even when n = 4 is small, the 2Z_Timer system is always superior.

3. Summary of main results (V: total cost reduction ratio (%)).

Call-to-mobility ratio (CMR) Timer threshold (T},)
0.1 *—— CMR (I) —> 3 1 «—— T} (20 min) —— 40
wor (2] [2] [= ] [[= | w2 ] [= ] [=] |[=]
performance performance
v v
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I 1
I I
g 2]
1 A 4 LY
1 H 15.0% e } § e
Best , ) es . .
performance 2Z_Timer | | 27Z_Timer | performance 2Z_Timer | | 2Z_Timer ‘
2Z
performs better than 1Z when CMR is small; Performances of 1Z and 2Z do not change with T},.
1Z performs better than 2Z when CMR is large. For CMR =1, T}, = 20 min is appropriate.
The probability of returning to the previous RA (g) Number of cells in an RA (n)
0] #=—— g(0.25) =—— 05 1 t— (9 — 1l
v (2] [ [ [[7] we (=] [=] [=] [[=]
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v v
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| |
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| (2] | =]
l I 4 l A 4
o7 PR LTS
per fi;s\tance 27Z_Timer | ‘ 27 _Timer | per fi:'lsltance 27 Timer | | 27 Timer |
17

performance is independent of g.

As g increases, the difference in performance between 1Z and 2Z

becomes smaller.

Higher n indicates better performance of 1Z than 2Z.
27_Timer’s performance improves more than that of 27 as
n increases.

To summarize our results, a 2Z system was proposed to reduce the registration cost
caused by the ping-pong effect, the most significant problem in the 1Z system. However,
because the two RAs are managed in the database, the paging costs are twice as much as

those

of the 1Z system when the incoming call is connected. In contrast, in the 2Z_Timer

system, the paging costs could be effectively reduced by driving a Timer for the previously
visited RA when the UE enters a new RA, and the advantages (reduction in the registration
cost at RA boundaries) of the 2Z system can be used. As a result of the performance
comparison, it was observed that the proposed 2Z_Timer system always performed better
than the 1Z and 2Z systems.
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5. Conclusions

In this study, a new scheme of utilizing Timer for previously visited zones is proposed
to reduce the paging cost with a two-zone registration method. The 1Z system currently
used in wireless communication networks has one zone per registration area (RA) with
registration traffic that frequently occurs at the RA boundary, which is considered the
greatest disadvantage. To overcome these shortcomings, a 2Z system that can manage two
zones as one RA has been proposed. However, this is also difficult to implement due to
the load of the paging cost for the user equipment (UE) that has returned to the previous
zone. Therefore, in the new 2Z_Timer system, the Timer for the previous zone is run for
the UE entering a new RA so that the old zone’s information is available only for a certain
threshold (T1,). In the 2Z_Timer system, the paging cost incurred is the same as that in the
27 system if the Timer did not expire after returning to the previous zone. However, the
paging cost can be reduced through a new registration process when entering a new zone,
and when the Timer expires in the previous zone.

To evaluate the performance of the proposed system, a visual-flowchart-based RAP-
TOR software program was used to obtain the registration and paging costs for a total of
10,000 units of UE. First, if the call-to-mobility ratio (CMR) increased and the UE stayed
in the zone for a long time, the performance of the 2Z system was worse than that of the
1Z system because the UE did not return to the previous zone. However, in the 2Z_Timer
system, even if the CMR increased, the paging costs could be reduced when the UE stayed
in the new zone, resulting in a decrease in the total cost. Second, as the Timer threshold
(Ty) increased, the performance of the 2Z_Timer system improved. Due to additional
registration costs caused by UEs returning to the previous zone upon Timer expiration,
the registration cost increased compared to that of the 2Z system, although it was lower
than the registration cost of the 1Z system. In the 2Z_Timer system, the paging cost was
always lower than that of the 2Z system. Although the paging cost of the 2Z_Timer system
was slightly higher than the paging cost of the 1Z system, it remained at a similar level.
Therefore, when the total costs of registration and paging were compared, it was ultimately
confirmed that the 2Z_Timer system resulted in a cost reduction of 10.6% compared to
the 1Z system and of 28.6% compared to the 2Z system. Third, as the probability of re-
turning to the previous zone increased, the advantage of the 2Z system could be used in
the 2Z_Timer system, which could reduce the registration cost. Even if the registration
cost was increased due to Timer expiration, the performance of the 2Z_Timer system was
superior to those of the 2Z and 1Z systems due to the reduction in the paging cost. Finally,
in the case of paging all at once, as the number of cells included in a zone increased, the
performance of the 2Z_Timer system was further improved due to the reduction in the
paging cost. In summary, the newly proposed 2Z_Timer system outperformed the 1Z and
27 systems as a result of simulating various system parameters. On average, the total
(registration + paging) cost can be reduced from 10.6% to 15% compared to the 1Z system
and from 27.7% to 31.1% compared to the 2Z system.

In this study, a simulation method was used to evaluate the performance of the
27 _Timer system. However, this simulation environment could be very different from an
actual wireless communication network. As a major system constraint, for the convenience
of analysis, the same number of cells in a square-shaped RA was first assumed. However,
in reality, the cell’s size and the number of cells in an RA may differ by service region
considering the radio propagation network. Second, as mentioned earlier, most wireless
communication networks use the 1Z system due to its convenience of implementation. The
issue of the difficulty of realizing a system with a Timer remains. Finally, if the paging
delay is not 1, but multiple paging attempts are possible, the 2Z’s performance may be
better, as can seen in other studies. For further studies, after deriving analytical results
for the 2Z_Timer system, the simulation results should be confirmed using the actual
wireless communication parameters. The performance of a mobility management system is
influenced by various parameters. In an era when various mobility devices are expected
to appear in the future, optimal values of the parameters for each device are required. To
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obtain them, it is necessary to apply a machine learning algorithm that has recently been
used in various fields.

In particular, new mobility management schemes using artificial intelligence machine
learning algorithms (the so-called Al-powered zone-based registration approach) have
been proposed. In this study, there was a limit to the application of an Al-powered method
due to the difficulty of collecting training data on the moving characteristics of UE. In
future studies, if various Al-powered algorithms are applied using a UE-specific CMR and
g, better performance algorithms can be developed.

In the future of beyond 5G and 6G wireless communication services, a wide variety of
mobile devices, including smartphones, are expected to emerge. Given the limited wireless
frequency resources, mobility management functions for these devices will become increas-
ingly important. Therefore, mobility management systems that can leverage the mobility
characteristics (CMR and g) of each device will be necessary. Future research should focus
on dynamic mobility management strategies tailored to the mobility characteristics of each
device. Additionally, research should explore the use of a Timer in the 3Z system, which
can offer a performance superior to that of the 2Z system.
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