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Abstract 
LTE heterogeneous networks (HetNets) is becoming a popular topic since it 
was first developed in 3GPP Release 10. HetNets has the advantage to assem-
ble various cell networks and enhance users’ Quality of Service (QoS) within 
the system. However, its development is still constrained by two main issues: 
1) Load imbalance caused by different transmission powers for various tiers, 
and 2) The unbalanced transmission power may also increase unnecessary 
handover rate. In order to solve the first issue, Cell range expansion (CRE) 
can be applied in the system, which will benefit lower-tier cell during user as-
sociation phase; CRE, Hysteresis Margin (HM) and Time-to-Trigger (TTT) 
will be utilized to bound UE within lower tier network of HetNets and there-
fore solve the second issue. On the other hand, the relationship of these para-
meters may be complicated and even reduce QoS if they are chosen incorrect-
ly. This paper will evaluate the advantage and disadvantage of all three para-
meters and propose a Markov Chain Process (MCP) based method to find op-
timal HM, CRE and TTT values. And then, the simulation is taken and the 
optimal combination for our scenario is obtained to be 1 dB, 6 dB and 60 ms 
respectively. First contribution of this paper is to map the HetNets handover 
process into MCP and all the phases of handover can be calculated and ana-
lysed in probability way, so that further prediction and simulation can be rea-
lised. Second contribution is to establish a mathematical method to model the 
relationship of HM, CRE and TTT in HetNets, therefore the coordination of 
these three important parameters is achieved to obtain system optimization. 
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1. Introduction 

In 3GPP Release 10 [1], the Heterogeneous Networks (HetNets) were first ap-
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plied and deployed as an LTE standard, in [2], the 3GPP also introduced low- 
power and small-range radio based stations, such as pico and femto cells, these 
low-cost small cells access points that support fewer users compared to macro 
cells [3]. The adoption of these low-power nodes (LPN) allows the HetNets to 
contain more than one tier. The benefit of HetNets is obvious, such network 
make sure the mobility and is more convenient for user equipments (UE) to 
access. Due to the shorter distance between the UE and the network, the weak-
ness of signal strength caused by path loss gets improved. Another advantage of 
HetNets is that the data transfer rate increased significantly because of the im-
proving spectrum reuse efficiency [4]. However, HetNets also face several chal-
lenges due to its unique structure. 

First issue is load imbalance caused by different transmission powers for var-
ious tiers. Due to structure of HetNets, UEs within the network may receive sig-
nals not only from same tier but also higher tiers. Since UEs prefer to choose 
signal with higher receiving power to obtain a better user quality of service 
(QoS), they may stick to higher tier cells and refuse to offload to lower tier cell. 
As a result, HetNets cannot operate efficiently higher tier cell that is overloaded 
while lower tier cell is of no use [5]. The second issue is handover problem, as 
afore mentioned, different transmit power in different tiers may cause frequent 
handover, among which, unnecessary handover occupied a considerable propor-
tion. The system throughput will severe affected by the unnecessary handover. 

In order to solve the first issue, the 3GPP first introduced the Cell Range Ex-
pansion (CRE) in release 10, this parameter can be considered as a virtual bias 
that added to the actual UE received power part to help UE with the association 
decision, the CRE is a practical power control technique in 3GPP standardiza-
tion [6]. In a multi-tier network, most UEs are served by the macro cell because 
of its higher transmitting power and wider coverage area, compared with the 
macro cell, the transmitting power of small cell is much lower, typically, the 
transmitting power of macro and small cell is 40 Watts and 0.24 Watts [7]. As a 
consequence, if traditional user association is adopted, most UEs will be allo-
cated to the macro cell, which may lead to a macro cell overload and much 
worse QoS experience. With the utilization of CRE, the UEs’ small cell receiving 
power strength is added by a CRE bias, which forces the UEs more likely to of-
fload to small cells. This virtual bias limited the macro cell load and obviously 
stabilizes the UE when it travels around the cell edges, at the same time, the 
ping-pong handover probability is also reduced, which increased the network 
capacity [8]. However, the CRE only focuses on the load balancing issue without 
taking interference issues into consideration, meanwhile, the CRE will also 
change the UEs’ handover position due to the coverage change by the small cells. 

The second issues can be solved by reasonable selecting different HM values 
to control the Handover Rate (HOR). As introduced in the previous part, the 
utilization of CRE will cause great impact in handover procedures. The determi-
nistic of CRE is normally based on the cell load and network system perfor-
mance, HOR is not considered when the CRE is chosen. It is introduced another 
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virtual bias which is called handover Hysteresis Margin (HM) [9] [10], to con-
trol the Received Signal Strength (RSS) during the UE association process. The 
HM is a constant variable which add to the serving cell RSS part, a handover de-
cision will be made if the following condition is satisfied: 1) The target cell signal 
strength is larger than the sum of HM and serving cell signal strength, and 2) 
Condition 1 is satisfied for TTT time, where, the TTT is Time-to-Trigger which 
represent the time interval that handover condition is fulfilled [11]. Both HM 
and CRE are virtual bias added to networks, but the directivity of these two pa-
rameters is different. A good combination of HM and CRE can not only increase 
the system throughput but also reduce the HOR. 

This paper is organized as follows, in section two, a brief introduction of 
HetNets system model is included [12], then the detailed Markov Chain Process 
and its transition probability matrix is derived. In our previous work [13], we 
only focus on the optimization of CRE but the relationship of other two para-
meters, HM and TTT, are not considered. In section of this paper, the simula-
tion including further analysis of HM, CRE and TTT, which all take effects in 
the HetNets Handover process is taken according to our proposed method; and 
then the optimal values for three parameters in HetNets can be achieved. 

2. System Model and Methodology 
2.1. System Model 

Figure 1 displayed the system model which is used in this paper, as we can see 
from that, a single macro to small cell scenario is adopted here. The cell radius of 
macro cell is set to be 1 kilometer, the total simulation area is set to be a 2 by 2 
square kilometers square field. From the figure we can see that, a small cell is 
placed at a distance of D from the macro cell, for any UE inside the coverage, 
three parameters are assigned for it, with respect to the distance to the macro cell 
Dm, the distance to the small cell Ds, and an initial moving speed v. 

With the set up of the aforementioned three parameters, the mobility model 
of the UE can be determined. We consider that each UE has its initial location 
information, moving speed and moving direction associating to the current 
 

 
Figure 1. Two-tier HetNets System Model. 
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serving cell from time 1, which is represented by TTI 1. The current serving cell 
at TTI 1 is decided by the Receive Signal Strength (RSS) from different cells 
RSSm and RSSs. After TTI 1, the UEs will start to move as its assigned mobility 
model until TTI reaches 100. Due to the change of locations, UE’s distance to 
macro cell (Dm) and small cell (Ds) will change accordingly. When the UE move 
to the small cell boundary and the RSS of the serving and target cell represented 
by RSSS and RSST satisfy Equation (1) for TTT time a handover will happen. 

T SRSS RSS HM≥ +                         (1) 

Due to HetNets scenario applied in this paper, two different pathloss model is 
adopted for different tier UEs. The pathloss model for macro cell UE can be ex-
pressed as Equation (1). The distance d is in kilometres. 

( ), , 10 , ,128.1 37.6 logM t k M t kdδ = +                     (2) 

The distance d is in kilometres, the δM,t,k can be understanding as the pathloss 
of k UE at time slot t with macro cell M. In a HetNet scenario [14], the pathloss 
for small cell and macro cell should be different, the pathloss model for small 
cell is shown as follows. 

( ), , 10 , ,140.7 36.7 logS t k S t kdδ = +                     (3) 

where the S inside the subscript represent the cell type is small cell. Then, we de-
fine the included angle θ as the angle of UE and small cell, the distance between 
macro cell and small cell is expressed as D which is shown in Figure 2. Follow-
ing the cosine law, the relationship of Dm and Ds can be calculated as: 

( )2 2 22 cosm s sD D DD Dθ= − +                  (4) 

Based on Equation (2) and Equation (3) the RSSi,t,k of a certain UE allocated to 
a certain cell at each time slot can be calculated. 

, ,
, ,

, , , ,

i t k
i t k

i t k i t k

Pt
RSS

ξ δ
=                        (5) 

 

 
Figure 2. Markov Chain. 
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The Signal to Interference and Noise Ratio (SINR) can be derived from Equa-
tion (5), which is shown as follows. 

, ,

, , , ,
, ,

, , 2

1, , , , ,

i t k

i t k i t k
i t k n

j t k

j j i j t k j t k

Pt

SINR Pt
ξ δ

σ
ξ δ= ≠

=
+∑

                 (6) 

In Equation (6), the numerator represents the receiving signal strength which 
is affected by variables i, t and k. Similarly, the interference is the summation of 
surrounding cells signal strength and expressed by the first part of denominator. 
While, the second part σ2 is the thermal noise. 

2.2. Methodology 

We applied the same Markov model from our previous work [13]. However, we 
take a further step and focus on analysing the relationship among CRE, HM and 
TTT and their effects on UE handover rate. Firstly, we apply Discrete Time Ma-
rokov Chain to model handover process so that all UEs’ association can be 
represented by Markov States. TTT is divided into several TTIs, and each TTI is 
defined as one step in MCP. For each step, UEs will follow their mobility model 
and generate a new distance relationship to nearby cells, so as the transfer matrix 
and status vector. According to TTT’s definition, UE will not initiate handover 
process unless its SINR is below the predefined threshold during whole TTT. As 
a result, M states are considered as the status where UE is link to macro cell, and 
S states are considered as the status where UE is link to small cell. Similarly, I 
and I’ states represent that UE is undergoing handover process (either from ma-
cro to small cell or small to macro cell). Finally, this handover process loop can 
be transferred into MCP, which is displayed as Figure 2. 

In order to achieve the optimization values for HetNets, probability formula 
should be obtained from this MCP. Consider a UE’s initial state is M1, which 
represents that it is link to a macro cell right now. Its probability of moving to 
next state M2 is PM(x), meanwhile, its probability of moving back to itself is 1- 
PM(x). The same rule applies for all M states until Mn transfer to I1, which means 
that handover process is initiated. Within I states, it has 100% chance to move to 
next I state till handover process is finished and UE has been reallocated to small 
cell, which is in S1 state. The rules for S and I’ are the same for M and I states, so 
that the whole MCP loop is established. One important property for I and I’ 
states is that traffic signals play the dominant part to guarantee the handover 
process during these phases. Consequently, UE can barely receive information 
signal during handover states and too many handover phases will dramatically 
reduce the UE’s QoS. 

Since we have understood all the states’ physical meanings, we may be able to 
establish transfer probability formula, which is PM(x) and PS(x) shown in Figure 2 
(x is the number of TTI). In MCP, it represents the chance to continue checking 
handover status. As long as UE receives signals from both macro cell and small 
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cell, it will have the probability moving to next state till handover process. 
Therefore, we define our MCP transfer probability as follows: Consider a small 
cell UE stays in S state, it will receive signals not only from macro cell (RSSM,x,k) 
but also from small cell (RSSS,x,k). These two signal powers will compete to trans-
fer UE from S states to I’ states. When RSSM,x,k is the greater one, it will lead to 
the situation that UE has the intention to initiate handover process and reluctant 
to stay in small cell network. The situation will be opposite if RSSS,x,k is the larger 
one. At this time, HM bias, α, and CRE bias, β, will increase the weight of RSSS,x,k 
and constrain UE from moving back to the macro cell, which is shown in Equa-
tion (8). In Equation (7), however, they may play the opposite roles because CRE 
has another function to offload UEs from macro cell to small one. 

The transfer probability formulas are expressed as below: 

( )
, ,

, , , ,

S x k
M x

M x k S x k

RSS
P

RSS RSS
β

α β
=

+
                  (7) 

( )
, ,

, , , ,

M x k
S x

M x k S x k

RSS
P

RSS RSSαβ
=

+
                   (8) 

Transfer Matrix T can be obtained after the MC process and its transit proba-
bility is defined, then, the model of UEs’ handover process affecting by HM and 
CRE is established. Table 1 listed the transfer probability used in our simulation, 
it is a 4-state transfer matrix. After the set up of probability transfer matrix, the 
state probability vector V at x-th step can be calculated as Equation (9). 
 
Table 1. Markov Transfer Matrix (T). 

 M1 M2 M3 M4 I1 I2 I3 I4 S1 S2 S3 S4 I1' I2' I3' I4' 

M1 1-PM(x) PM(x) 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

M2 1-PM(x) 0 PM(x) 0 0 0 0 0 0 0 0 0 0 0 0 0 

M3 1-PM(x) 0 0 PM(x) 0 0 0 0 0 0 0 0 0 0 0 0 

M4 1-PM(x) 0 0 0 PM(x) 0 0 0 0 0 0 0 0 0 0 0 

I1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 

I2 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

I3 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 

I4 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 

S1 0 0 0 0 0 0 0 0 1-PS(x) PS(x) 0 0 0 0 0 0 

S2 0 0 0 0 0 0 0 0 1-PS(x) 0 PS(x) 0 0 0 0 0 

S3 0 0 0 0 0 0 0 0 1-PS(x) 0 0 PS(x) 0 0 0 0 

S4 0 0 0 0 0 0 0 0 1-PS(x) 0 0 0 PS(x) 0 0 0 

I1' 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 

I2' 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 

I3' 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 

I4' 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
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1
1

x

x i
i

V V T
=

= ∏                            (9) 

In Equation (9), the V1 is the probability of UE’s initial state, which is ex-
pressed as 1 in the vector. For example, if a macro cell UE is in the state M1 in 
time 1, then its initial probability vector will be expressed as [1, 0, 0, ..., 0]. With 
the TTI increases, the UE is moving, which will cause the probability Pmx and 
Psx changing in the Markov Transfer Matrix (T), according to Equation (9), the 
vector V will also change. As a result, the vector for any UE at any step x can be 
calculated, so that the HOR in each state will be obtained. 

3. Performance Evaluation 

In this section, simulation is taken to analyse the CRE, HM and TTT under dif-
ferent combination, the simulated parameters are summarized in Table 2 (all 
the simulations are taken by the MATLAB). 

Figure 3 and Figure 4 show how handover rates react to CRE and HM with 
TTT = 40 ms. Generally speaking, it can be concluded that both CRE and HM 
will reduce handover rate as they grow. However, their influence degree may 
differ in many aspects. Firstly, the effect of CRE decreases rapidly and can be 
neglected when it reaches 9 dB, where handover rate stands still. While HM’s ef-
fect on handover rate keeps increasing and achieve the limitation when HM 
reaches 7 dB. Secondly, the starting and ending point of CRE and HM is differ-
ent. HM can reduce handover rate from 9% to almost 0% while CRE can only 
make it to around 3%. All these phenomena display the superiority of HM in 
handover control, and the reason may be obtained from MCP probability for-
mula and physical meanings of two parameters. HM’s main purpose is to delay 
the handover process and bound the UEs to their original serving cells, which 
including both macro cell and small cell. CRE, on the other hand, has another 
function to offload the UEs from macro cell to small cell so that decent HetNets 
 
Table 2. List of Simulation Parameters. 

Parameters Value 

Carrier frequency 1800 MHz 

Bandwidth 1 MHz 

Cell layout Single macro to small cell 

Transmit power of macro cell 40 W/46 dBm 

Transmit power of small cell 0.25 W/24 dBm 

Noise power −174 dBm 

Number of TTI 100 

CRE 1 - 10 dB 

HM 1 - 10 dB 

TTT 40, 60, 80, 100 ms 
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Figure 3. Handover Rate vs. CRE. 
 

 
Figure 4. Handover Rate vs. HM. 
 
network efficiency can be maintained. As a result, CRE and HM may take oppo-
site effects on handover control when UEs try to handover from macro cell to 
small cell. It also explains why handover rate will still remain 3% no matter what 
CRE value the network takes. However, HM’s effect on increasing total 
throughput is limited due to its lack of offloading effect in HetNets network. Its 
rapid effect of handover control also restricts that HM bias may not reach a large 
value. Therefore, an optimal combination of CRE and HM value is required for 
HetNets network. 

Figure 5 shows how handover rate changes with CRE Bias for different TTT 
values. It can be observed that in four curves, handover rate will decrease with 
CRE, which follows our prediction by Equation (8). It is because that CRE vir-
tually increases coverage of small cells and therefore restrains UEs’ handover 
from small cell to macro cell. With the growth of TTT, the initial handover rate 
drops dramatically, it suggests that increasing TTT will also benefit controlling 
handover rate. The ending point for each curve, however, increases slightly as 
TTT increases. This phenomenon is triggered by the increasing weight of β in  
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Equation (7), CRE will help to offload UEs from macro cell to small cell. As 
TTT’s effect on handover drops, CRE may lead a small growth of handover rate 
for I states in Figure 2. 

Figure 6 introduces how handover rate changes with HM Bias for different 
TTT values. It shows that TTT has a significant effect in handover rate control, 
which follows the prediction of MCP as well. It can be reflected from two as-
pects: initial point and reaching-zero bias. When TTT = 40 ms, handover rate 
initial point is up to 18%, after which drops rapidly below 2% when TTT is set to 
100ms. Besides that, HM’s reaching-zero point is also further limited as TTT in-
creases, which is only 2 dB when TTT is 100ms. In other words, with selected 
TTT value, we may mitigate HM$’s side effect on system total throughput. 

By analysing the relationship among CRE, HM and TTT, TTT is set to be 60 
ms, which meets our predefined mobility model. Then, the combination of CRE 
and HM is simulated by optimizing system total throughput and Figure 7 is 
generated. According to Figure 7, 1 dB and 6 dB will be the optimal value for 
HM and CRE in this scenario. 

 

 
Figure 5. Handover Rate vs. CRE under different TTT. 
 

 
Figure 6. Handover Rate vs. HM under different TTT. 
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Figure 7. System Total Throughput vs. CRE and HM. 

4. Conclusion 

This paper proposes a Markov Chain Based Process to model HetNets system 
and analyses three main parameters during HetNets UEs offloading and han-
dover—HM, CRE and TTT. This paper also establishes a mathematical method 
to model the relationship of HM, CRE and TTT in HetNets, therefore the coor-
dination of these three important parameters is achieved to obtain system opti-
mization. Finally, the optimal combination of HM and CRE for system perfor-
mance is generated by our proposed MCP model, which is 1 dB and 6 dB respec-
tively. However, the mobility model in our current work is not practical yet be-
cause we assume all the UEs’ velocity remains still during the whole TTT. In our 
future work, we will focus on establishing a more realistic mobility model and 
also take further study on how the velocity changing affects HetNets Handover. 
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