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Because the fifth-generation (5G) mobile wireless networks show promise in meeting 

the service requirements of Internet of Things, 5G systems must be equipped with the ca-

pacity to interconnect all existing and emerging technologies. To keep up with this chal-

lenge, heterogeneous networks (HetNets) can be deployed; in HetNets, the coverage area 

of a macro base station is embedded with many smaller base stations. This paper presents 

the architecture of a HetNet with overlapping small cells (HNOSC) for 5G IoT networks. 

The proposed HNOSC architecture considers the movement of user equipment (UE) and 

the overlapping area between any two small cells. We develop an analytical model by 

using a Markov chain of three states to derive a closed-form formula for the total downlink 

transmission power (TDTP) in terms of the radius of each small cell, size of the overlap-

ping area, and UE mobility. Given the path loss factor and associated parameters of UE 

movement, the relationship between the coverage area of overlapping small cells and the 

TDTP consumption can be derived. Thus, the deployment of small base stations can be 

optimised to obtain the best trade-off between UE service quality and operator cost. 

 

Keywords: macro cell, small cell, power consumption, mobility, Markov chain 

1. INTRODUCTION 

Advancements in mobile wireless communication technology have led to a tremen-

dous growth in the number of wireless devices and the volume of transmitted data. One of 

the primary goals for the next-generation (i.e., fifth-generation (5G)) mobile communica-

tion networks is to provide data rates up to 1 Gbps. This can be achieved by combining 

several novel communication technologies, such as massive multiple-input-multiple-out-

put systems, millimetre-wave (mm-wave) systems, and small cell deployment [1, 2]. Re-

search on various aspects of 5G communication, such as network architectures, communi-

cation technologies and protocols, information security, and smart applications, has been 

increasing. In particular, one of the main directions of development in 5G mobile networks 

is the implementation of systems to support Internet of Things (IoT) communications. In 

2020, the number of IoT devices reached 50 billion, and the average number of devices 

connected to 5G communication networks was 10.3 per person (Fig. 1). In 2030, the num-

ber of IoT devices is expected to reach 80 billion, and the average number of connected 

devices is expected to reach 20.5 per person [1]. 

IoT networks with a considerably high number of device nodes require fast and low-

Received January 12, 2022; revised March 29, 2022; accepted June 2, 2022. 

Communicated by WeiKuang Lai. 
+ Corresponding author: sheu@ee.nsysu.edu.tw  
* This research was supported in part by Taiwan Ministry of Science and Technology under the two Grant Nos. 

MOST 110-2221-E-158-001 and MOST 110-2221-E-110-009. 



YAN-JING WU, TSANG-LING SHEU, WEI-LUEN LI 

 

408 

 

latency bandwidths. The deployment of heterogeneous networks (HetNets) [3, 4] is essen- 

tial for meeting the requirements. A HetNet (Fig. 2) has a multitier network architecture in 

which a macro base station (MBS) is overlaid with small base stations (SBSs). The area 

covered by the MBS at the center is referred to as a macro cell (in light blue), and the area 

covered by an SBS is referred to as a small cell (in yellow). The antennas used in the 

macro/small cells can be omnidirectional or directional. However, the macro cell has con-

siderably higher transmission power than do the small cells. User equipment (UE) located 

in the macro cell can access the communication system via the base stations through sev-

eral approaches. If the UE is located within the range of one or more small cells, it can 

associate with one of them or directly associate with the macro cell in the case of band-

width insufficiency in the small cells. However, if the UE is not located within the coverage 

of a small cell, then it can associate with only the macro cell. Small cells overlaid on a 

macro cell can provide fast, flexible, and low-cost demand-oriented transmission quality 

for IoT-connected devices, thereby preventing bandwidth insufficiency and network con-

gestion in the macro cell. The existence of hot spots results in substantial performance 

improvements in HetNets. Furthermore, UE possesses mobility and can move between 

different coverage areas. For example, such equipment can move across the boundary be-

tween the macro cell and a small cell or can move between two small cells. Small cells can 

be subdivided into femtocells, picocells, and microcells according to their individual cov-

erage radii in ascending order [5]. The location and number of SBSs in a HetNet affect the 

communication quality of IoT devices and the cost of operation and construction. However, 

the communication quality and the cost of operation and construction are mutually con-

strained. Studies [6-12] have focused on the overlaying area, number, and sleeping time of 

SBSs, in addition to bandwidth resource allocation for the MBS in a HetNet. 

 

      
Fig. 1. Growth in the number of IoT devices (2005-2030).  Fig. 2. Typical architecture of a HetNet. 

 

Studies [6-32] on energy consumption for the radio access network layer of a HetNet 

have mostly focused on the number and coverage area of SBSs, load balancing, bandwidth 

resource allocation, and SBS clustering. These studies can be divided into four main cate-

gories: 

 

(1) Those analyzing the impact of clustering SBSs on the total transmission power [6, 12-

15]. 

(2) Those focusing on allocation and spectral efficiency adjustment in SBSs and MBS to 
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reduce the total transmission power [7, 16-22]. 

(3) Those analyzing the impact of SBS sleeping time and load sharing on the system spec-

tral efficiency and power consumption [8, 23-25]. 

(4) Those investigating how the number of SBSs and their individual coverage sizes affect 

the system spectral efficiency and power consumption [9-11, 26-32]. 

In summary, most of the aforementioned studies have analyzed the impact of SBS 

deployment, such as the number of SBSs and their location, on the system power consump-

tion. However, they have not considered the following problems: 

(1) The coverage areas of SBSs may overlap, and the size of the overlapping area (OA) 

strongly affects the system transmission power. 

(2) UE mobility causes load variation in the MBS and SBSs, affecting the system trans-

mission power. 

To address these problems, a HetNet model with overlapping small cells (HNOSC) 

on a macro cell for 5G IoT networks is proposed in this paper. The proposed HNOSC 

model considers UE mobility as well as the size of the OA between two small cells. To 

obtain the optimal trade-off between UE service quality and operator cost, we establish an 

analytical model by using a Markov chain of three states to derive a closed-form formula 

for the total downlink transmission power (TDTP). Given the path loss factor and associ-

ated parameters of UE movement, the relationship between the coverage area of overlap-

ping small cells and the total transmission power consumption can be determined. 

The remainder of this paper is organized as follows. In Section 2, the proposed 

HNOSC is defined. In Section 3, we develop an analytical model for the HNOSC by using 

a Markov chain of three states to derive a closed-form formula for the TDTP. The numer-

ical simulation results and discussion are presented in Section 4. Finally, concluding re-

marks are given in Section 5 

2. PROPOSED HNOSC 

2.1 HNOSC Architecture 

 

Fig. 3 illustrates the proposed HNOSC architecture that supports 5G IoT network cha-

racteristics. In the proposed HNOSC model, the areas of small cells can overlap. The cov-

erage areas in the HNOSC architecture are classified into three cell types: macro, small, 

and double cells. The macro cell (indicated by the large, light blue circle) represents the 

coverage area of the MBS and comprises many small cells. Each of the small cells (indi-

cated by the light green circles) is composed of the range covered by an SBS. The union 

of two overlapping small cells is referred to as a double cell. UE is randomly distributed 

within the macro cell. Thus, UE can be either within the coverage of a double cell or out-

side. If the UE is located within the coverage of a double cell, it can be associated with 

either the MBS or one of the two SBSs by selecting the one with a higher signal-to-inter-

ference-plus-noise ratio. By contrast, if the UE is located outside any double cells, it can 

be associated only with the MBS. 

Furthermore, the UE can move between different cell coverages; for example, it can 

move between two small cells or between the macro cell and a double cell. The proposed 



YAN-JING WU, TSANG-LING SHEU, WEI-LUEN LI 

 

410 

 

HNOSC architecture considers UE mobility. UE mobility (denoted as ω) is defined as the 

probability of moving from one cell coverage to another during one unit of time. We as-

sume that the moving direction of UE at a cell boundary is uniformly distributed in all 

angles. As displayed in the upper of Fig. 4, UE located at a cell boundary moves out of the 

current cell only when the movement direction is limited between −π/2 and π/2. The area 

of the light green ring is equivalent to that in the bottom of Fig. 4, which represents the 

possible area through which the UE may pass during one unit of time (denoted as t). In the 

bottom of Fig. 4, L and l denote the circumference and thickness, respectively, of the light 

green ring in the upper of Fig. 4. Let t = 1. Then, ω can be derived and expressed as shown 

in Eq. (1) according to [33, 34], where E[V] and A denote the average moving speed of UE 

and the total area of the current cell in which the target UE is located, respectively. 

 
A

VEL




=




  (1) 

   
Fig. 3. HNOSC architecture.    Fig. 4. UE moving out of a cell and the equivalent area. 

 

2.2 Parameters and Assumptions 

 
To derive the TDTP in terms of the radius of each small cell, size of the OA, and UE 

mobility, we establish an analytical model of HNOSC by using a Markov chain of three 

states [35] (discussed in Section 3). The parameters used in the analytical model are listed 

in Table 1. N represents the total quantity of UE and m represents the total number of double 

cells in the system. ω represents UE mobility and E[V] represents the average moving 

speed of the UE. R and r represent the coverage radii of the MBS and SBSs, respectively. 

dc denotes the distance between the centers of two overlapping small cells for a double cell. 

Cs and Cr represent the total number of channels in a small cell and the minimum number 

of channels required for connecting UE to the system per unit of time, respectively. A chan-

nel can physically refer to a resource block, frequency band, time slot, or code.  and Pw0 

are the power attenuation factor and the reference power per unit of distance for calculating 

the downlink transmission power, respectively. 

We can make the following assumptions for obtaining the steady-state probabilities in 

the analytical model: 

(1) UE always moves within the coverage area of the MBS. 
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(2) UE can always be associated with a base station (either macro or small). 

(3) UE is uniformly located within the coverage area of the MBS. 

 
Table 1. Parameters used in the HNOSC. 

Parameters Descriptions 

N The total number of UE 

m The total number of double cells 

ω The UE mobility 

E[V] The average moving speed of UE 

R The coverage radius of the MBS 

r The coverage radius of an SBS 

dc The distance between the centers of two overlapping small cells 

Cs The total number of channels in a small cell 

Cr The minimum number of channels required for a UE 

 The power attenuation factor with regard to distance 

Pw0 The reference power per unit of distance 

 The antenna gain 

3. ANALYTICAL MODEL OF HNOSC 

3.1 State Transition Diagram 

 
As illustrated in Fig. 5, the state transition diagram of the HNOSC architecture, which 

comprises three states, MCDC, DCMC, and DCDC, is obtained by using a Markov chain 

[35]. MCDC indicates that the UE is within the macro cell but not within any double cells. 

Thus, the UE can be associated with only the MBS in MCDC. DCMC indicates that the 

UE is within a certain double cell but is associated with the MBS, and DCDC indicates 

that the UE is within a certain double cell and is associated with one of two SBSs in the 

double cell. Let S1, S2, and S3 be the long-run proportions of time that the Markov chain 

are in MCDC, DCMC, and DCDC, respectively. Alternatively, the long-run proportion of 

time that the Markov chain in state i is named the steady-state probability of state i. Let Pij 

denote the transition probability from state i to state j. A total of nine transition probabili-

ties exist in Fig. 5, which are denoted as P11, P12, P13, P21, P22, P23, P31, P32, and P33. When 

UE is within a certain double cell and is associated with one of the two SBSs in the double 

cell (i.e. at the state DCDC), the UE hardly has an opportunity to change its association 

with the MBS. Consequently, P32 is equal to zero in Fig. 5. 

       Double Cell

OA

NOANOA

 
Fig. 5. State transition diagram of the HNOSC.    Fig. 6. Two portions of a double-cell coverage. 
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To derive the transition probabilities shown in Fig. 5, the UE mobility from one cell 

coverage to another is necessary, which is a function of the radius of a small cell (r), the 

distance between the centers of two SBSs for a double cell (dc), and the average moving 

speed of the UE (E[V]). As presented in Fig. 6, the area created by each double-cell cov-

erage overlaid on the macro cell can be divided into two regions: OA and non-OA (NOA). 

If the UE is within the coverage of a double cell, it can receive signals from both SBSs or 

only from one of the two SBSs depending on which area (OA or NOA) it is located in. As 

defined in Section 2.1, UE mobility is calculated using Eq. (1). In the proposed HNOSC 

architecture, the UE can move from one cell coverage into another through five possible 

cases: 

(1) From the macro cell into a double cell (denoted as ωmd) 

(2) From a double cell into the macro cell (denoted as ωdm) 

(3) From the OA into the NOA within a double cell (denoted as ωon) 

(4) From the NOA into the OA within a double cell (denoted as ωno) 

(5) In a double cell, but not moving out of the current double cell (denoted as ωdd) 

 
The UE mobility in each of these cases can be obtained by substituting L and A in Eq. (1) 

with their corresponding values, which are derived as follows. 

 

• From the macro cell into a double cell (denoted as ωmd) 

Let Ldc and Adc denote the perimeter and coverage area of a double cell, respectively. 

Fig. 7 illustrates the UE mobility from the macro cell to a double cell. In this figure, Loa 

represents the arc length of the OA; half of Loa is marked in light green. Assume the exist-

ence of an isosceles triangle comprising with sides r, r, and dc; the length of the light green 

arc (i.e. Loa/2) can be formulated as shown in Eq. (2) on the basis of the theorem of cosines. 

Loa, as indicated in Eq. (3), can be derived by rewriting Eq. (2). Then, the corresponding 

value of L in Eq. (1), denoted as Ldc, can be derived as presented in Eq. (4), and it is indi-

cated by the bold red curve in Fig. 7. Prior to determining the corresponding value of A in 

Eq. (1), denoted as Amc, the yellow area with slash lines in Fig. 7, denoted as As, is derived 

as Eq. (5) by subtracting the sector with radius r and angle φ from the area of the afore-

mentioned isosceles triangle. Then, the size of the OA (denoted as Aoa) is the difference 

between the area of the regular rhombus and 4As, as expressed in Eq. (6). The coverage 

area of a double cell (i.e. Adc) is obtained by subtracting Aoa from 2r2, as expressed in Eq. 

(7). Therefore, Amc, which represents the coverage area of the macro cell excluding Adc, 

can be derived using Eq. (8). Finally, as presented in Eq. (9), ωmd is obtained by replacing 

L and A in Eq. (1) with Ldc and Amc, respectively. 
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• From a double cell into the macro cell (denoted as ωdm) 

Fig. 8 illustrates the UE mobility from a double cell into the macro cell. By substituting 

L and A in Eq. (1) with its corresponding values Ldc and Adc, respectively, we can derive 

ωdm as shown in Eq. (10), where Ldc and Adc are derived in the preceding case. 

 

dc

dc
dm

A

LVE




=


  (10) 

 

  
Fig. 7. Illustration of ωmd.              Fig. 8. Illustration of ωdm. 

 

• From the OA into NOA within a double cell (denoted as ωon) 

Fig. 9 illustrates the UE mobility from the OA into the NOA within a double cell. The 

perimeter of the OA region is 2Loa, where Loa is calculated using Eq. (3). The area of the 

OA region (i.e. Aoa) is calculated using Eq. (6). Therefore, ωon can be obtained by sub-

stituting L and A in Eq. (1) with 2Loa and Aoa, respectively, as expressed in Eq. (11). 

 

oa

oa
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A

LVE




=




2  (11) 

• From the NOA into the OA within a double cell (denoted as ωno) 

Fig. 10 displays the UE mobility from the NOA into the OA within a double cell. Here, 

the corresponding value of L in Eq. (1) is equal to 2Loa, and the corresponding value of 

A in Eq. (1) is derived by subtracting Aoa from Adc, where Adc and Aoa are already derived 

as Eqs. (7) and (6), respectively. Then, ωno can be formulated as Eq. (12). 
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Fig. 9. Illustration of ωon.                 Fig. 10. Illustration of ωno. 

 

• In a double cell, but not moving out of the current double cell (denoted as ωdd) 

Because ωdm indicates the UE mobility from a double cell into the macro cell, ωdd can 

be derived as follows: 

 

dc

dc
dd

A

LVE




−=


 1 . (13) 

Then, the nine transition probabilities can be formulated using Eqs. (14)-(22), where 

oa and na denote the probabilities of the UE being located within the OA and NOA re-

gions, respectively, in the event that they have no available channels to allocate. 

P12 = md  na  (14) 

P13 = md  (1 − na) (15) 

P11 = 1 − (P12 + P13) (16) 

P21 = dm (17) 

P23 = on  (1 − na) + no  (1 − oa) (18) 

P22 = 1 − (P21 + P23) (19) 

P31 = dm (20) 

P32 = 0 (21) 

P33 = 1 − P31  (22) 
 

As described in Section 2.2, we assume that all pieces of UE are uniformly located 

within the coverage area of the MBS and denote the total number of channels for an SBS 

as Cs. Let Coa and Cnoa denote the total available channels for the OA and NOA regions of 

a double cell, respectively; they can be obtained using Eqs. (23) and (24), respectively. 

Before deriving the probability of the UE being located within the OA region that has no 

available channels to allocate (i.e. oa), we must determine the possible quantity of UE 

located within the OA region, which is denoted as N1 and obtained using Eq. (25). N1 

comprises three terms, Noa, Nno, and Non, which denote the quantity of UE initially located 

within the OA region, the average quantity of UE moving from the NOA into OA regions, 

and the average quantity of UE moving from the OA into NOA regions, respectively. The 

three terms on the right-hand side of Eq. (25) can be formulated as Eqs. (26)-(28). UE 
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within the OA region of a double cell would receive service if the product of N1 and Cr is 

greater than Coa, where Cr denotes the minimum number of channels required for UE, as 

defined in Section 2.2. Otherwise, it would not receive service. Accordingly, oa can be 

formulated as Eq. (29). 

2
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Similarly, before we determine the probability of the UE being located within the 

NOA region that has no available channels for allocation (i.e. na), we can derive the pos-

sible quantity of UE located within the NOA region, denoted as N2, as expressed in Eq. 

(30). N2 comprises five terms: Nnoa, Nmd, Non, Ndm, and Nno. Non and Nno are already defined 

and formulated previously; Nnoa denotes the quantity of UE initially located within the 

NOA region, Nmd denotes the average quantity of UE moving from the macro cell into a 

double cell, and Ndm denotes the average quantity of UE moving from a double cell into 

the macro cell. Nnoa, Nmd, and Ndm can be formulated as Eqs. (31)-(33). UE located within 

the NOA region of a double cell receives service if the product of N2 and Cr is greater than 

Cnoa. Otherwise, it would not receive service. Similar to Eq. (29), na can be formulated as 

Eq. (34). 

N2 = Nnoa + Nmd + Non − Ndm − Nno (30) 
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Finally, the three steady-state probabilities, S1, S2, and S3, can be obtained by solving 

the following system of linear equations. 

11 1 21 2 31 3 1

12 1 22 2 32 3 2

13 1 23 2 33 3 3

1 2 3 1

P S P S P S S

P S P S P S S

P S P S P S S

S S S

+ + =


+ + =


+ + =
 + + =

 (35) 

3.2 TDTP Derivation 
 

To determine the TDTP for the proposed HNOSC architecture, let Pw1, Pw2, and Pw3 

be the downlink transmission power of UE in MCDC, DCMC, and DCDC, respectively. 

Pw1, Pw2, and Pw3 pertain to the coverage radius of the base station, the reference power 

per unit distance (i.e. Pw0), and the power distance attenuation coefficient (i.e. ). Using  

and Pw0 defined in Section 2.2, we can express Pw1, Pw2, and Pw3 as Eqs. (36)-(38), where 

 stands for the antenna gain. Thus, the TDTP for the macro cell and each double cell, 

denoted as Pm and Pd, respectively, can be obtained using Eqs. (39) and (40), respectively. 

As shown in Eq. (41), the TDTP consumed in the system, denoted as Pt, is obtained by 

summing Pm and Pd. Thus, the TDTP consumed in the system can be represented by a 

closed-form formula in terms of the coverage radii for the MBS and SBSs, size of the OA, 

and UE mobility. The deployment of SBSs can be optimised to obtain the best trade-off 

between UE service quality and operator cost. 
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( )2211 SPwSPwNPm +=  (39) 

33SNPwPd =  (40) 

( )332211 SPwSPwSPwNPt ++=  (41) 

4. NUMERICAL SIMULATIONS 

4.1 Parameters and Values 
 

We present an evaluation of the system performance of the proposed HNOSC archi-

tecture by using the analytical model developed in Section 3. The parameter settings are 

presented in Table 2. The total number of UE or IoT devices, denoted as N, is set to 1000. 

The transmission radii of the MBS and each SBS (i.e. R and r) are maintained at 5000 and 

150 meters, respectively. Because the size of the OA region of a double cell is related to r, 

we assume that the distance between the centers of two overlapping small cells is 0.2r. 
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Table 2. Parameters and settings. 

Parameters Settings 

The total number of UE (N) 1000 

The coverage radius of the MBS (R) 5000 meters 

The coverage radius of an SBS (r) 150 meters 

The distance between the centers of two small cells (dc) 30 meters 

The total number of channels in a small cell (Cs) 10 

The min. number of channels required for a UE (Cr) 1 

The power attenuation factor with regard to distance () 2 

The reference power per unit of meter (Pw0) 1 nano-Watt 

The antenna gain () 2 

The total number of double cells (m) 3~29 

The average moving speed of UE (E[V]) 2~20 meters/second 

 

Accordingly, the diameter of a double cell is 330 meters. The total number of channels in 

a small cell (i.e. Cs) is 10, and the minimum number of channels required for a piece of UE 

(i.e. Cr) is 1. The reference power per meter is 1 nano-Watt. The power attenuation factor 

with regard to distance is set to 2. The antenna gain is fixed at 2. By varying the total 

number of double cells (i.e. m) within the macro cell and the average moving speed of UE 

(i.e. E[V]), we observe the impact of these parameters on the TDTP. The corresponding 

transition probabilities between any two states in the analytical model for the proposed 

HNOSC can be derived. The steady-state probabilities for the three states and the TDTP 

consumed in the system are obtained by running the calculations on MATLAB [36]. 

 

4.2 Results and Discussions 

 

The average moving speed of UE is set to 10 meters/s and Fig. 11 shows the TDTP 

for different numbers of double cells (i.e. m). As illustrated in this figure, the blue curve 

(i.e. Pm, as expressed by Eq. (39)) exhibits a declining trend, whereas the red curve (i.e. 

Pd, as expressed by Eq. (40)) increases with m. This is because the higher the number of 

double cells is, the larger the coverage area of double cells is in the HNOSC architecture, 

which in turn leads to the decrease in the quantity of UE connected to the macro cell; that 

is, Pm decreases as m increases. This also explains why Pd increases with m. The two 

curves, Pm and Pd, intersect when m is approximately 25. This is because the probability 

of UE connecting to the macro cell is much lower than that of UE connecting to a double 

cell at m = 25 and because Pm and Pd are positively related to their individual coverage 

radii (i.e. R and r). R is much larger than r. Therefore, the increase in the coverage area of 

double cells gradually enhances the TDTP consumed in all double cells, and finally, Pd 

exceeds Pm at the crossover point. According to Eq. (41), the curve in grey shows the 

TDTP consumed in the system (i.e. Pt). Pt decreases as m increases until m is 23 but ex-

hibits an upward trend when m exceeds 23. Regarding the concave curve, the minimum Pt 

at m is approximately 23. 
Furthermore, we set the number of double cells to 21 and 25, respectively. The aver-

age moving speed of UE (i.e. E[V]) is changed from 2 to 20 meters/s with a 2 meters/s 

increment. Fig. 12 shows the TDTP variation with respect to different average moving 

speeds; Pd increases but Pm decreases with the increase in E[V], regardless of N. The 

probability of UE moving from the macro cell into a double cell (i.e. ωmd) is higher than 
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that of UE moving from a double cell into the macro cell (i.e. ωdm) because the coverage 

area of all double cells is always larger than the macro cell coverage at both m values. That 

is, the quantity of UE moving into double cells is greater than that of UE moving out of 

double cells; thus, more UE is disconnected from the MBS and connects to the SBSs. This 

phenomenon becomes more obvious with the increase in E[V]. This thus explains why Pd 

increases but Pm decreases when E[V] is increased. Moreover, Pm derived at m = 21 (i.e. 

the blue curve with circle marks) is higher than that derived at m = 25 (i.e. the blue curve 

with diamond marks) because that derived at m = 21 has a smaller coverage area of double 

cells. In contrast to Pm, Pd derived at m = 21 (i.e. the red curve with circle marks) is lower 

than that derived at m = 25 (i.e. the red curve with diamond marks) due to the same reason. 

 

  
Fig. 11. Pm, Pd, and Pt versus m.           Fig. 12. Pm and Pd versus E[V]. 

5. CONCLUSIONS 

This paper proposes a HetNet with overlapping small cells (HNOSC) for 5G IoT net-

works. The proposed HNOSC considers not only the overlapping coverage between two 

small cells but also the UE mobility. To obtain the best trade-off between UE service qual-

ity and operator cost by optimising the deployment of SBSs, we develop a state transition 

diagram that includes three states, MCDC, DCMC, and DCDC, with nine transition prob-

abilities between any two states based on the theory of Markov chains. The steady-state 

probabilities of MCDC, DCMC, and DCDC are obtained by solving a system of linear 

equations derived from the state transition diagram. Subsequently, the TDTP consumed in 

the system is determined. Numerical simulation results reveal that setting an appropriate 

area covered by all small cells results in the minimum TDTP when the coverage radii of 

the MBS and SBSs, size of the OA between any two small cells, and average moving speed 

of UE are given. In future studies, we will investigate a HetNet with three or more over-

lapping small cells and with different movement models of UE in the macro cell. 
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