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Abstract 

This paper presents an exact analytical model and performance evaluation for 

movement-based registration (MBR). Firstly, we derive an exact model that 

considers the sojourn time at each state by using a semi-Markov process (SMP). 

Secondly, unlike previous studies we separate the implicit registrations from real 

location registrations in the state definition for the SMP. Lastly, we classify a ring 

into several groups of cells if the stochastic property of a group of cells is 

different from those of the other groups of cells in the same ring. Using our new 

model, the numerical results are obtained to compare with the previous model. It 

is shown that MBR should be evaluated by our new model to get an accurate 

performance especially when generally distributed cell sojourn time is considered. 

 

Keywords: Movement-based registration, Semi-Markov process, Implicit 

registration 

 

1 Introduction 
 

Location management plays an important role in a mobile communication 

network. The network should update a mobile station (MS)’s location to connect 

an incoming call. Of these kinds of updating processes, location registration is the 

process by which a MS registers its location area (LA) in the network database 

whenever it enters a new LA. Since an LA consists of several base stations (BS),  
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when an incoming call to an MS arrives, the network should page the MS to know 

its exact BS and connect an incoming call to it, which is called paging. Generally 

speaking, when it comes to optimal use of radio channels there is a tradeoff 

relationship between the paging and registration cost [1-3]. 

Many registration methods have been proposed thus far: movement-based 

(MBR), timer-based (TBR), distance-based (DBR), zone-based registration (ZBR), 

and so on. In this paper, we consider MBR, which is known to be the most 

practical since it is effective and easily implemented under the framework of 

current systems [4, 5]. Although lots studies of MBR have been performed, 

accurate modeling and performance analysis of MBR has not yet been done [5, 6]. 

In this paper, in order to obtain an accurate registration cost of MBR, we 

suggest an analytic model. In addition, we adopt a semi-Markov process (SMP) 

model to consider an MS’s cell residence time, that may be different in each state. 

Numerical results for various situations will be given to show the exact 

performance of MBR. 

 

2 MBR and Network Architecture for MBR 
 

2.1 Movement-Based Registration 

 

The movement-based registration (MBR) scheme is a simple dynamic location 

registration strategy [4, 6-9]. In MBR, each MS maintains a counter, whose value 

is compared to a movement threshold M to trigger a location registration. In MBR, 

the MS registers its location and its counter is reset as 0, whenever the number of 

entered cells reaches the specified movement threshold M. If an incoming call to 

an MS arrives or an MS generates an outgoing call, the network can know the 

location information of the MS through call processing messages without any 

registration process, which is called as implicit registration (IR) [7]. In this paper, 

we only consider MBR with IR, an improved version of the original MBR. From 

now on, for convenience, MBR indicates MBR with IR in our study. 

 

2.2 Previous Model and its Problems 

 

An imbedded Markov chain (IMMC) model has been proposed to analyze the 

approximate performance of the MBR [8-10]. However, IMMC has two problems 

in defining the state right after the location registration or call occurrence.  

Firstly, in the IMMC model, MS enters the same state 0, i) when it registers its 

location or ii) when an outgoing/incoming call occurs. However, for the accurate 

analysis, state 0 should be separated into two different states depending on 

location registration or call occurrence, since sojourn time of each state is 

different.  

In addition, the previous studies assumed each cell in the same ring has the 

same transition probability. However, the cells of the rings beyond ring 1 cannot 

be assumed to have the same probabilistic characteristics. For example, in Figure  
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1, the MS in ring 1 moves to the cell (2, 0) and the cell (2, 1) of the ring 2 with the 

different transition probabilities, 0.25 and 0.5 respectively. When modeling like 

this, the exact performance analysis can be conducted. 

 

2.3 Network Architecture and Mobility Model 

 

In this study, we assume that a mobile communication network is composed of 

same-sized square cells, as shown in Figure 1 [11]. Similar to the IMMC model, 

followings are assumed in our new analytical model.  

 

Assumption 1 When the MS leaves a cell, there is an equal probability, 0.25, that 

any one of four neighboring cells is selected as the destination. 

Assumption 2 The cell residence time 𝑡𝑚 follows a general distribution with 

mean 1/𝜆𝑚 and the interval time 𝑡𝑖𝑐 , 𝑡𝑜𝑐 of the incoming and outgoing call 

generations to/from each MS follow an exponential process with mean 1/𝜆𝑖𝑐 and 

1/λoc respectively. (𝑡𝑐 is the interval time of the call generation and follows the 

exponential distribution with mean 1/(𝜆𝑖𝑐 + λoc).) 

 

 

 
 

Figure 1. Location Area with mesh cells when M=4 

 

 

Figure 1 shows a location area of square cells when the movement threshold, M, 

is 4. On the figure, cells of the same shading form a “ring”. Under this network 

architecture, there are M rings with the movement threshold M. For instance, there 

exists ring 0, ring 1 … ring M-1 if the threshold is M. Registering its location 

when its counter value reaches the threshold M, an MS exists in one of the cells in 

the rings between ring 0 and ring M-1. We will suggest the exact mathematical 

model and analyze MBR by using the suggested modeling in the following part. 
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3 New Analytical Model of MBR 

 
3.1 Steady-State Probability of Semi-Markov Process Model 

 
Working with the semi-Markov process (SMP), we will now model the MBR 

for a network composed of same-sized square cells [12]. We can consider MS’s 

cell sojourn time that follows a general distribution by using SMP [13]. Under the 

network assumed in our study, the MS will move to one of the neighboring 4 cells 

when changing its state. The transition can be described by a 3-D random walk 

model that has 4 destinations and is modeled as in Figure 2, which shows a state 

transition diagram and transition matrix for the SMP when M is 3. The state in the 

transition diagram is defined as (𝑘, 𝑖, 𝑗). In (𝑘, 𝑖, 𝑗), 𝑘 means the counter value 

and 𝑖, 𝑗 means that the MS is in the cell (𝑖, 𝑗). For example, if the MS is in the 

cell (0, 0) and its counter value is 2, the state is (2, 0, 0).  

Note that, in our SMP model, there are two kinds of (0, 0) cells-(C, 0, 0) and (0, 

0, 0). Assume that an MS moves to a cell and then counter value reaches the 

movement threshold. At that time, the MS registers its location and then its state is 

defined to be (0, 0, 0). On the contrary, if a call to/from the MS generates (in other 

words, an implicit registration occurs), then the state is defined to be (C, 0, 0). 

 

 

𝑃 =

[
 
 
 
 
 
1 − 𝑚′ 0 𝑚′ 0 0 0
1 − 𝑚 0 𝑚 0 0 0
1 − 𝑚 0 0 0.25𝑚 0.25𝑚 0.5𝑚
1 − 𝑚 𝑚 0 0 0 0
1 − 𝑚 𝑚 0 0 0 0
1 − 𝑚 𝑚 0 0 0 0 ]

 
 
 
 
 

 

 

Figure 2. Transition diagram and transition matrix when M=3 

 

The transition probability m from the state (0, 0, 0) to the state (1, 1, 0) is the 

probability that MS moves to one of the neighboring cells between calls and is 

expressed by 𝑃[𝑡𝑐 ≥ 𝑡𝑚]. The transition probability m’ from the state (C, 0, 0) to  
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the state (1, 1, 0) is the probability that an MS moves right after the implicit 

registration occurs and is expressed by 𝑃[𝑡𝑐 ≥ 𝑟𝑚] . The recurrent transition 

probability to the state (C, 0, 0) is 1 − 𝑚′=1 − 𝑃[𝑡𝑐 ≥ 𝑟𝑚]. 𝑟𝑚 is the random 

variable which presents the residual time in the state (C, 0, 0).   

The transition probability from the state (0, 0, 0) to state (C, 0, 0) is 1 −
𝑃[𝑡𝑐 > 𝑡𝑚]. Particularly the probability 𝑃[𝑡𝑐 > 𝑡𝑚] that an MS moves to another 

cell except the state (C, 0, 0) before a call is generated can be obtained as below. 

𝑃[𝑡𝑐 ≥ 𝑡𝑚] = ∫ ∫ 𝜆𝑐𝑒
𝜆𝑐𝑡𝑐𝑓𝑚(𝑡𝑚)𝑑𝑡𝑚𝑑𝑡𝑐 = 𝑓𝑚

∗(𝜆𝑐)
∞

𝑡𝑚

∞

0

 

𝑃[𝑡𝑐 ≥ 𝑟𝑚] means that an MS in the state (C, 0, 0) moves to the state (1, 1, 0) and 

is simply obtained as below. 

𝑃[𝑡𝑐 ≥ 𝑟𝑚] = ∫ ∫ 𝜆𝑐𝑒
𝜆𝑐𝑡𝑐𝑓𝑟(𝑟𝑚)𝑑𝑡𝑐𝑑𝑟𝑚 =

𝜆𝑚(1 − 𝑓𝑚
∗(𝜆𝑐))

𝜆𝑐

∞

𝑟𝑚

∞

0

 

However, in our model the residual sojourn time in the state is different. To get 

the steady-state probability of �̃�(𝑘,𝑖,𝑗) considering the residual sojourn time, we 

first calculate the steady-state probability π of the states for the usual Markov 

chain 𝑃(𝑘,𝑖,𝑗). It can be obtained by using the following balanced equations. 

𝜋𝑃 = 𝜋,      ∑ 𝜋(𝑘,∙,∙)𝑘 = 1  (𝑘 = 𝐶, 0, 1, 2,⋯ ) 

Then, the steady-state probability can be obtained as below. 

�̃�(𝑘,∙,∙) =
𝜋(𝑖,∙,∙)𝜏(𝑖,∙,∙)

∑ 𝜋(𝑥,∙,∙)𝜏(𝑥,∙,∙)𝑥
 

Here 𝜏(∙,𝑖,𝑗) is the average sojourn time in all rings. 𝜏(∙,𝑖,𝑗) can be solved by 

considering the residual sojourn time of the state (𝑖, 𝑗). 

𝜏(𝐶,0,0) 

= 𝐸[𝑖𝑛𝑡𝑒𝑟𝑎𝑟𝑟𝑖𝑣𝑎𝑙 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑡𝑤𝑜 𝑐𝑎𝑙𝑙𝑠 | 𝑇𝑐 < 𝑅𝑚]   

    +𝐸[𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑙𝑎𝑠𝑡 𝑐𝑎𝑙𝑙 𝑎𝑛𝑑 𝑒𝑛𝑡𝑒𝑟𝑖𝑛𝑔 𝑜𝑡ℎ𝑒𝑟 𝑐𝑒𝑙𝑙 | 𝑇𝑐 > 𝑅𝑚] 

  = ∫ ∫ 𝑡𝑐𝑓𝑐(𝑡𝑐)𝑓𝑟(𝑟𝑚)
𝑟𝑚

0

∞

0

𝑑𝑡𝑐𝑑𝑟𝑚 + ∫ ∫ 𝑟𝑚𝑓𝑟(𝑟𝑚)𝑓𝑐

𝑡𝑐

0

∞

0

(𝑡𝑐)𝑑𝑟𝑚𝑑𝑡𝑐 

𝜏(0,0,0) 

= 𝐸[𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑒𝑛𝑡𝑒𝑟𝑖𝑛𝑔 𝑎 𝑐𝑒𝑙𝑙 𝑎𝑛𝑑 𝑚𝑜𝑣𝑒𝑚𝑒𝑛𝑡 𝑡𝑜 𝑜𝑡ℎ𝑒𝑟 𝑐𝑒𝑙𝑙 | 𝑇𝑐 > 𝑇𝑚] 

+𝐸[𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑒𝑛𝑡𝑒𝑟𝑖𝑛𝑔 𝑎 𝑐𝑒𝑙𝑙 𝑎𝑛𝑑 𝑛𝑒𝑥𝑡 𝑐𝑎𝑙𝑙 | 𝑇𝑐 < 𝑇𝑚] 

= ∫ ∫ 𝑡𝑐𝑓𝑐(𝑡𝑐)𝑓𝑚(𝑡𝑚)
𝑟𝑚

0

∞

0

𝑑𝑡𝑐𝑑𝑡𝑚 + ∫ ∫ 𝑡𝑚𝑓𝑚(𝑡𝑚)𝑓𝑐

𝑡𝑐

0

∞

0

(𝑡𝑐)𝑑𝑡𝑚𝑑𝑡𝑐 

= 𝛕(𝟏,𝟏,𝟎) = 𝛕(𝟐,𝟎,𝟎) = 𝛕(𝟐,𝟐,𝟎) = 𝛕(𝟐,𝟐,𝟏). 
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3.2 Location registration cost 

 

We mentioned two kinds of location registrations. Only when the counter value 

reaches the movement threshold is registration cost incurred. We can explain the 

registration cost equals the steady-state probability of the ring M-1 times the 

registration cost for one registration. The registration cost can be obtained where 

U is the cost for one registration. 

𝐶𝑈 = 𝑈�̃�(𝑀−1,∙,∙)𝜆𝑚 = 𝑈
𝜋(𝑀−1,∙,∙)𝜏(𝑀−1,∙,∙)

∑ 𝜋(𝑗,∙,∙)𝜏(𝑗,∙,∙)𝑗
𝜆𝑚 

 

3.3 Paging cost 

 

Although several effective paging schemes have been suggested, simultaneous 

paging that pages all cells at the same time is adopted in most mobile 

communication systems. The paging cost can be obtained where V is the cost for 

one paging. 

𝐶𝑉 = [𝑡ℎ𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑎𝑔𝑒𝑑 𝑐𝑒𝑙𝑙𝑠 𝑤ℎ𝑒𝑛 𝑡ℎ𝑒 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 𝑖𝑠 𝑀]

× [𝑡ℎ𝑒 𝑖𝑛𝑐𝑜𝑚𝑖𝑛𝑔 𝑐𝑎𝑙𝑙 𝑟𝑎𝑡𝑒 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑡𝑖𝑚𝑒] × 𝑉 

= 𝑉 (1 + ∑ 4𝑖

𝑀−1

𝑖=1

) 𝜆𝑖𝑐 = 𝑉(1 + 2𝑀(𝑀 − 1))𝜆𝑖𝑐 

 

3.4 Total cost 

 

The signaling cost is composed of the location registration cost and the paging 

cost. The total signaling cost can be obtained as;  
𝑇𝐶 = 𝐶𝑈 + 𝐶𝑉  

       =  𝑈
𝜋(𝑀−1,∙,∙)𝜏(𝑀−1,∙,∙)

∑ 𝜋(𝑗,∙,∙)𝜏(𝑗,∙,∙)𝑗
𝜆𝑚 +  𝑉(1 + 2𝑀(𝑀 − 1))𝜆𝑖𝑐 

 

4 Numerical Results 
 

We’ll compare the performance of MBR under the various situations in this 

section. To obtain numerical results, the situations are assumed to be as in 

previous studies [4, 6, 8]. 

𝑈 = 1.0, 𝑉 = 0.1, 𝜆𝑚 = 1, 𝜆𝑖𝑐 = 𝜆𝑜𝑐 = 0.25 (𝜆𝑐 = 0.5) 

We mentioned that in order to analyze our model we assumed that the call 

interval follows the exponential distribution and that the residual sojourn time 

follows the general distribution. To analyze our model, we assume the residual 

sojourn time follows exponential and gamma distribution with different 

parameters and the same mean value. 
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Figure 3. Comparison of registration cost between IMMC and SMP (𝜆𝑖𝑐 = 𝜆𝑜𝑐 =
0.25) 

 

Table 1. Comparison of registration cost between IMMC and SMP (𝜆𝑖𝑐 = 𝜆𝑜𝑐 =
0.25) 

M 1 2 3 

Exp(1)_SMP 0.692 0.525 0.536 

Exp(1)_IMMC 0.692 0.525 0.536 

Gamma(2, 0.5)_SMP (A) 0.745 0.564 0.550 

Gamma(2, 0.5)_IMMC (B) 0.665 0.515 0.525 

difference ratio [=(B-A)/A] -10.74% -8.69% -4.51% 

Gamma(0.5, 2)_SMP (C) 0.611 0.468 0.513 

Gamma(0.5, 2)_IMMC (D) 0.732 0.539 0.552 

difference ratio [=(D-C)/C] 18.68% 15.19% 7.57% 

 

Figure 3 and Table 1 shows the registration cost for various thresholds when 

𝜆𝑐 = 0.5 (𝜆𝑖𝑐 = 𝜆𝑜𝑐 = 0.25  ). According to our expectations, when the cell 

sojourn time follows the exponential distribution, the registration costs are much 

the same whether the registration cost is obtained by IMMC or by SMP.  

However, in Figure 3 and Table 1, when the cell sojourn time follows the 

gamma distribution, the registration cost of SMP is very different from the 

registration cost of IMMC. For example, with Gamma(2, 0.5) and M=2, the 

registration cost of IMMC is less than that of SMP by 8.7%, but, with Gamma(0.5, 

2) and M=2, the registration cost of IMMC is more than that of SMP by 15.2%. 

 

From the numerical results for various cases including Table 1, we can see that, 

in general, when the cell sojourn time follows the gamma distribution with larger 

variance than an exponential distribution, IMMC underestimates the registration  
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cost compared to SMP. On the contrary, we can also see that, in general, when the 

cell sojourn time follows the gamma distribution with smaller variance than an 

exponential distribution, IMMC overestimates the registration cost compared to 

SMP. In conclusion, MBR should be evaluated by our SMP model to get an 

accurate performance especially when generally distributed cell sojourn time is 

considered. 

 

 

Figure 4. Total cost with various distribution (M=2) 

Figure 4 shows the paging cost, the registration cost and the total signaling cost 

when the cell residual sojourn time follows Gamma(0.5, 2) and Gamma(0.25, 4) 

with M=2. The x-axis shows the CMR (call to mobility ratio = 𝜆𝑖𝑐/𝜆𝑚) and it is 

about how many times the calls are generated compared to the number of cell 

entrances. The bigger the CMR is, the more frequently the MS generates calls. 

When the CMR is relatively big, the calls tend to increase the paging cost and 

decrease the registration cost due to the implicit registration.  

In this study, as the simultaneous paging is assumed, the paging cost 

proportionately increases as CMR increases. If a selective paging is possible, the 

paging cost steeply decreases especially for large CMR and then far less total 

signaling cost is possible [3, 4, 14]. 

 

5 Conclusion 
 

In this paper, MBR with implicit registration, an improved version of MBR, 

was considered. In order to obtain a more accurate registration cost estimate for 

MBR, we suggested a new analytical model and analyzed its performance. There 

are three differences from prior work in our paper. Firstly, we derive the exact 

model that considers the sojourn time at each state by using a semi-Markov 

process. Secondly, we separate the implicit registrations from real location 
registrations in the state transition diagram while conventional studies have not consi- 
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dered that. Lastly, we classify a ring into several groups of cells if the stochastic 

property of a group of cells is different from those of the other groups of cells in 

the same ring. Under various conditions, the numerical results show that with 

regard to analytical accuracy our suggested model is much more exact than the 

results of previous models. 
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