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Abstract — In a heterogeneous wireless network (HWN) that 
consists of various wireless networks (e.g., WiMAX and WiFi) 
and cellular communications (e.g., B3G and 4G), vertical 
handoff acts as an important mechanism for achieving 
continuous seamless transmissions and improving grade of 
service. This work thus proposes an adaptive vertical handoff 
algorithm with predictive RSS to reduce unnecessary handoff 
while increasing utilization and decreasing connection dropping 
significantly. The proposed approach determines the optimal 
target network in two phases: polynomial regression RSS 
prediction and Markov decision process analysis. Numerical 
results indicate that the proposed adaptive approach 
outperforms other approaches in the number of vertical 
handoffs and SWGoS while yielding competitive utilization. 
Keywords—Markov decision process, adaptive prediction, 

vertical handoff, heterogeneous wireless networks, RSS 

I. INTRODUCTION 
mportant wireless networks, including WiMAX [1] and 
WiFi [2], and mobile communications, such as WCDMA 

[3] and HSDPA/HSUPA [4], are being rapidly developed to 
achieve high transmission rate and better service of quality 
(QoS). These heterogeneous wireless networks obviously 
have differences in data rates, transmission ranges, traffic 
classes and access costs. Vertical handoff is a significant 
mechanism for fulfilling seamless data transfer when mobile 
nodes cross the overlay area between adjacent heterogeneous 
wireless networks. Several challenges exist in vertical 
handoff, including receiving RSSs from different networks, 
various service classes, determining the optimal target 
network for handoff and avoiding vibrating TCP congestion 
window [6][7]. The related works of handoff can be 
classified into three types: 1) RSS-based related approaches 
[8]-[12], 2) Cost-based related approaches [13]-[15], and 3) 
Others [16][17]. However, some critical issues still have not 
yet solved in these three-type related works, e.g., In the 
RSS-based approaches the RSS is dependent on the distance, 
they still has the same problem in heterogeneous wireless 
networks. In the cost-based approaches, using a single 
threshold will cause the ping-pong effect. In the other 
approaches, the computation complexity is too high while 
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using a periodical fast Fourier transform-based decay 
detection to determine the decay of received signal. 

To solve these problems in vertical handoff, a MDP 
cost-based RSS-prediction approach is proposed herein to 
perform vertical handoff in HWNs. The main contributions 
include 1) Adaptive RSS-prediction vertical handoff 
approach, and 2) Determining the optimal target network to 
handoff into. 

The remainder of the paper is organized as follows. 
Section II describes the network model and performance 
metrics for evaluations. Section III presents the adaptive 
vertical handoff with the predictive RSS approach. The MDP 
cost-based approach is detailed in Section IV. Section V 
evaluates the performance of vertical handoff in several 
important metrics, and compares the results to those of other 
approaches. Section VI draws some important conclusions. 

II. NETWORK MODEL 
This section first defines the model of a HWN, and then 

evaluates the proposed approach. We model a HWN covering 
an area with length L and width W consists of a single 
UMTS/B3G network, M WMANs and N WLANs. A 
WMAN and a WLAN are denoted as mWMAN and 

nWLAN , 
respectively, where m  (i.e., Mm <≤0 ) and n  (i.e., 

Nn <≤0 ) represent the network indexes. We also assume 
that the B3G UMTS network covers the entire area. Each 
WLAN is with the same transmission radius of 11R  and that 
of each WMAN is 16R . M  WMANs and N  WLANs are 
randomly deployed over the area. The signal strength 
received from 

nWLAN  and mWMAN  at any mobile node are 

denoted as 11
nRSS  and 16

mRSS , respectively. Each mobile 
node supports three interfaces to access WMAN, WLAN and 
B3G. A mobile node chooses only one interface for 
communication at any moment. Due to node mobility, a 
mobile node moves from a network i  to another network j . 
If their network-types are different, the mobile node should 
perform vertical handoff for continuous transmission. 
Conversely, if the network-types of these two networks are 
the same, the mobile node performs horizontal handoff.  

Then, in evaluations the proposed approach is compared 
with important related approaches in different performance 
metrics: number of vertical handoffs, GoS and network 
utilization. First, the ping-pong effect occurs when a mobile 
node moves around the overlay area between two networks, 
causing unnecessary handoffs and increasing the handoff 
overhead. Fewer handoffs indicate a better handoff 
algorithm. Second, a handoff connection will be dropped 
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when the available bandwidth of the target network is not 
enough. The revenue loss of dropping connections is much 
higher than that of blocking of new connections. To 
maximize the revenue to the network provider, the Sum of 
Weighted Grade of Service (SWGoS) is adopted as an 
important metric, which is formulated by 

1 1 ,
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k k
k k
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SWGoS W W

K K
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where kB  and kD  represent the blocking and dropping 
probabilities of class k  traffic, and BW  and DW  represent 
the weights of blocking and dropping connections, 
respectively. In this paper, BW  and DW  are set to one and ten, 
respectively [19]. Third, network utilization is adopted as 
another performance metric. Higher network utilization 
indicates better performance. 

III. ADAPTIVE VERTICAL HANDOFF WITH PREDICTIVE RSS 
The proposed approach for vertical handoff in 

heterogeneous wireless networks is detailed in two aspects. 
First aspect is the adaptive vertical handoff with predictive 
RSS mechanism that is described in this section. Then, the 
time complexity of the proposed approach is analyzed. 

The adaptive vertical handoff with predictive RSS 
mechanism consists of two primary phases: the phase of 
predictive RSS with a hysteresis, and the phase of 
determining optimal wireless network to handoff in. In the 
first phase, a scheme of polynomial regression-based 
prediction of RSS is proposed to cooperate with a hysteresis 
in order to predict whether a mobile node moves closer to or 
away from the monitored network. In the second phase, the 
handoff cost is determined based on the Markov decision 
process (MDP) method [22]. The network with the least 
handoff cost is then selected as the optimal handoff network. 
The second phase achieves load balancing and non-dropping. 
The following three subsections describe the adaptive 
vertical handoff approach.  

3.1. The Importance of Hysteresis and Predictive RSS 
Handoff 

The RSS-based scheme with a hysteresis is adopted to 
avoid unnecessary handoff due to the ping-pong effect. For 
instance, 1H  shown in Fig. 1 indicates the hysteresis between 
B3G and WMAN, where the margins of 1H  are bounded by 

the lower threshold, 1,WMANS , and the higher threshold, 

2,WMANS , and the margin interval is denoted as 

1,2,1 WMANWMANH SS −=Γ . Although mobile nodes 

transmit/receive well between these two thresholds and thus 
avoid unnecessary handoff, they suffer from low data rate 
and weak RSS when the received RSS of the serving network 
is close to the low threshold. Such a low data rate and weak 
RSS causes serious low utilization and high dropping 
probability. The main reason is explained below and as 
shown in Fig. 2. 

Figure 2 shows a mobile node MN is moving from 
network 1 to network 2. In the RSS-based handoff approach, 
the mobile node performs handoff when it is in the overlap 
area; therefore, the handoff point may occur at point 2, 3, or 
4. This causes a serious ping-pong effect if the mobile node 

moves around the overlap area. In the RSS with a hysteresis 
approach, the mobile node performs handoff at point 4. 
Therefore, the mobile node receives too weak RSS from 
network 1. This results in a low data rate and high dropping 
probability. Thus, this work proposes a predictive RSS-based 
handoff approach to perform handoff at point 2 when the 
mobile node predicts that is moving toward network 2. The 
predictive RSS mechanism has two advantages. First, the 
handoff process can be performed before RSS becomes 
weak, and thus obtains better QoS and higher data rate. 
Second, it not only avoids unnecessary handoff, but also 
minimizes dropping probability obviously. 

 
Fig. 2.  Handoff points in different handoff approaches 

3.2. The Polynomial Regression-Based Predictive RSS 
Handoff approach 

Based on the hysteresis mechanism, this work proposes a 
polynomial regression predictive RSS handoff approach that 
consists of two steps: the preprocess step and the RSS 
prediction step. 

Step 1. The preprocess step 

In prediction, some previous RSSs are important for 
determining the next predictive RSS. To intensify the 
polynomial regression-based curve fitting, the preprocess of 
accumulated generating operation, which is based on [20], is 
adopted for achieving the accuracy of the prediction results. 
The preprocess generates a new data sequence by summation 
of previous n  data, which is formulated by 

1,WLANS

2,WLANS

1,WMANS
2,WMANS

1,WLANS
2,WLANS

 
Fig. 1.  The thresholds of three hysteresises 
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where )( pS  means the original data sequence, and )(' nS  is 
the new sequence after executing the preprocess. The purpose 
of the preprocess is to smooth the fitting curve.  

Step 2. The RSS prediction step 

After the preprocess step, the new data sequence is used 
as the input data for curve fitting in the RSS prediction step. 
The predictive RSS in the new sequence is denoted as 

predictionRSS ' , which is computed by 

)1(' += tFRSS prenpredicatio ,                      (2) 

where ( )preF ⋅  is a polynomial function with 1+Z  unknown 

coefficients (i.e., ia , Zi ≤≤0 ). That is 
Z

Zpre tatatatatF ++++= 2
2

1
1

0
0)( .           (3) 

The preprocess predictive RSS of the previous thh  process is 
Z

hZhhhhpre tatatatatF ++++= 2
2

1
1

0
0)( . 

Let hR  be the RSS of the previous thh  process. Then, the 
sum of the square of difference between actual R  and 
predictive )(tFpre  of previous n  processes is defined as D , 
i.e.,  

.)]([
1

22
2

1
1

0
0∑

=

++++−=
H

h

Z
hZhhhh tatatataRD    (4) 

For determining each coefficient ia , we view each ia  in 
each polynomial as a variable and take partial differential of 
each ia  in (4), and then set each partial differential equation 
to zero. After that, we can obtain the following equivalent 
polynomials,  
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 (5) 

After determining all the summations of t  in (5), we can 
simplify this matrix of polynomials in (5) to an upper triangle 
matrix of polynomials. Each coefficient ia  can be 
determined by the Native Gauss Elimination method [21] as  

( ) ( )
,( )

1,,

1 ,
Z

i i
i i i j ji

j i j Zi i

a b C a
C = + ≤

⎛ ⎞
= −⎜ ⎟

⎝ ⎠
∑                      (6) 

where 0 , ,2 ,1 , −−= ZZZi .  
Consequently, the polynomial function of ( 1)preF t +  in 

(2) is obtained, i.e., the prediction of the preprocessed 
RSS, predictionRSS ' , is determined. Since predictionRSS ' , i.e., 

)1(' +nS , is computed by (2), the predictive RSS of the 
original sequence, predictionRSS , i.e., )1( +nS , can be 
determined by the reverse transformation of (1) as 

)(')1(')1( nSnSnS −+=+ .                     (7) 

We give an experiment of the polynomial 
regression-based predictive RSS. Fig. 3 demonstrates the 
actual and predictive RSSs of a mobile node moves in a 
heterogeneous wireless network, in which only three 
previous RSSs (i.e., 3=H ) are adopted for each prediction. 
In Fig. 3, the predictive RSS always predicts accurately even 
though the actual RSS is at the next point of each peak, which 
is the most difficult prediction point. The proposed prediction 
achieves an excellent Mean Relative Error (MRE) of 
0.7256% in this experiment. 
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Fig. 3. Predictive results by using polynomial regression 

After obtaining the predictive RSS of each neighbor BS, 
mobile nodes use the predictive RSS to determine the mode 
node moves closer to or away from the monitored target 
network. If current RSS of the serving network is less than 
the low threshold, the mobile node checks whether the 
predictive RSS of each target network is stronger enough or 
not by comparing the predictive RSS with the high threshold, 
i.e., 2,

,
WLAN

nWLAN
prediction SRSS ≥  or 2,

,
WMAN

mWMAN
prediction SRSS ≥ . The target 

network, whose predictive RSS satisfies above condition, 
will be added to the corresponding candidate list. Meanwhile, 
the mobile node checks whether the condition of vertical or 
horizontal handoff is satisfied or not. If it is true, the mobile 
node performs vertical handoff based on the network-type 
selection order of WLAN>WMAN>B3G. The benefit of 
using predictive RSS is to help the mobile node to know 
whether it is toward the target AP/BS or not. If yes and 
current RSS of the serving AP is lower than the low 
threshold, the mobile node performs handoff early. 
Consequently, predictive RSS brings two advantages: 1) 
dropping of handoff connections is avoided, and 2) higher 
data rate and transmission quality are achieved. 

IV. MDP COST-BASED APPROACH 
In most RSS-based handoff algorithms, the target 

network with the strongest signal is always selected as the 
network to handoff into. Since mobile nodes select the same 
strongest network as the handoff-in network, it causes the 
available bandwidth of the strongest network is not enough 
for these mobile nodes and thus yields unbalance traffic 
loading among networks. This section thus proposes the 
Markov decision process (MDP) cost-based approach to 
define the handoff cost for all candidate wireless networks. 
Then, the candidate wireless network with the least handoff 
cost will be chosen as the target network to handoff into, and 
thus achieves the goal of load balancing.  

In this paper, the MDP approach formulates the bandwidth 
allocation problem as a Markov decision process and obtains 
the handoff cost for carrying a handoff connection by the 
network according to Markov decision theory [22]. Although 
MDP may cause huge state space for exact modeling into a 
Markov decision process, all previous researches made two 
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assumptions, namely link independence assumption and path 
cost separability assumption [23,24,25,26]. A simplified link 
model is proposed in [25] to further reduce the state space 
and computational complexity for multi-service loss 
networks. Moreover, MDP analysis has been adopted to 
determine the optimal code for single and multiple codes of 
resource management in B3G/UMTS successfully [27]. 

Based on the Markov decision process, the state of a 
wireless network is described by the bandwidth occupancy, 
and the network is assumed to support K classes of services, 
each with different QoS requirements. Now, we model each 
state of a wireless network w  of WLAN  or WMAN with 

total capacity wC  as a Markov process with a birth rate of i
kλ  

and death rate of i
kμ , where k  is the traffic class and i  

represents the state of bandwidth occupancy. Let 
( ), 0, 1, 2,..., ,wi i Cπ =  be the equilibrium probability of 

being in state i , which satisfies 
( ) ( 1), 1,..., ,i i

k k wi i i Cμ π λ π= − =                  (8) 
and 

0
( ) 1.

wC

i
iπ

=
=∑                                  (9) 

By forming a Markov decision process on the birth-death 
process, the long-term average reward loss rate, g, and a set 
of relative values, ( )v i , can be obtained, using the following 
set of simple expressions: 

1

1

( , )( ) ( 1)
( , 1)w

K
w w

wj j
jw w w

w w w w
C w

r
E Cv C v C

E C
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λ λ
=

−

− − =
−

∑
,       (10) 

1
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gv i v i
E iλ λ−
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and 

1
( ( ) ( 1))

K
w w w w
j j w w w

j
g r C v C v Cλ

=
= − − −∑ .              (13) 

The w
jr and w

jλ  are the network reward and the arrival rate 

of class j  traffic on network w , respectively. 
Equations (10)-(13) provide a simple way of obtaining the 

cost of carrying a class k  connection, where  the network 

reward is set to
w

w k
k k

br r
Z

ϖ= × , and the arrival rate w
kλ of class 

k  connection on network w is computed on-line based on 
the Exponentially Weighted Moving Average (EWMA) 
model of ( ), ,1

1

w
w w k
k new k old w

kB
λλ α λ α= − ⋅ + ⋅
−

. 

Based on the difference of relative values obtained from 
(10)-(11), the handoff cost of carrying a class k  connection 
on the network w with occupancy i  is denoted as ( )w

k iΓ  and 
defined as 

( ) ( ) ,
( )

,

w w
k

w k w
kk

v i b v i
if i b C

i
otherwise

μ
⎧ + −

+ ≤⎪= ⎨
⎪ ∞⎩

Γ
      (14) 

where w
kb  is the bandwidth required of the class k  handoff 

connection at network w . If there are several available 
neighbor networks in the candidate list, the network with the 
least cost will be chosen as the optimal target network, 

optNET , for the mobile node to handoff into. As a result, the 
MDP cost-based achieves several advantages: selecting the 
optimal target network, increasing transmission quality and 
achieving load balancing.  

Finally, we analyze the time complexity of the 
MDP-based adaptive predictive RSS approach. The analysis 
includes two parts: 1) the polynomial regression-based 
predictive RSS approach, and 2) the MDP cost-based 
approach for determining the optimal target network. First, 
the handoff algorithms compute the predictive RSS based on 
solving Z  Linear Equations by the Gauss Elimination, 
where each factor of any linear equation is determined by H  
previous RSSs. The time complexity of Gauss Elimination is 

)( 3ZO , where Z  is the dimension of the ZZ × square 
matrix. In the worst case, there are at most N  WLANs and 
M  WMANs within the transmission range of a mobile node. 
The total time complexity of handoff detection procedure is 
thus 

)()( 33 MZONZO + .                          (15) 
Since Z  is a constant when the order of polynomial function 
is decided, it needs a constant time for each predictive RSS. 
Consequently, if MN ≥ , the time complexity 
becomes )( 3NZO ; otherwise, it is )( 3MZO .  

Second, the MDP cost-based approach is proposed to 
select the network with the least handoff cost from the 
candidate list as the optimal target network to handoff into. 
The time complexity for determining the minimum 
MDP-based cost network is ( )O N or ( )O M for the WLAN or 
WMAN, respectively. Finally, the time complexity of the 
proposed MDP cost-based predictive RSS approach is 

3( ) ( )O NZ O N+ , if MN ≥ . Otherwise, it 
becomes 3( ) ( )O MZ O M+ . Since Z  is a constant value, the 
time complexity is ( )O N  if MN ≥ ; otherwise, it is ( )O M , 
where N  and M  are the numbers of WLANs and 
WMANs, respectively. 

V. NUMERICAL RESULTS 
This section evaluates the proposed approach (i.e., 

denoted by PreRSS-Poly+MDP) by comparing various 
performance metrics, including number of vertical handoffs, 
SWGoS and network throughput. Several compared 
approaches include 1) the RSS-based approach with a single 
threshold (denoted by RSS-T) [8] and 2) the RSS-based 
approach with two thresholds as an interval of a hysteresis 
(denoted by RSS-HT) [10], and 3) the adaptive cost-based 
approach with a predictive RSS hysteresis (denoted by 
PreRSS-Cost) [28]. 

In simulations, the evaluated heterogeneous wireless 
networks consist of a single B3G/UMTS network, 100 
WLANs and 10 WMANs, where WLANs and WMANs are 
randomly deployed. The topology covers an area with 
3000(m) of length and 3000(m) of width. The number of 
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mobile nodes ranges from 10 to 70 and the mobility of 
random-way point is adopted for each mobile node with 
random direction and random velocity from 1 to 25 m/s. The 
transmission range of B3G covers the whole area, that of each 
WLAN is 100(m), and that of each WMAN is 1000(m). The 
bandwidth of B3G/UMTS, WLAN and WMAN are 384 
Kbps, 54Mbps and 15Mbps, respectively.  

The simulation considers two classes of traffic: the 
constant bit rate (CBR) and variable bit rate (VBR) classes. 
The CBR traffic is assumed to arrive at the heterogeneous 
network to a Poisson distribution with arrival rate λ . The 
average holding time of the CBR traffic is exponentially 
distributed ( μ ) and its mean is normalized to unity. On the 
other hand, the VBR traffic is assumed to arrive based on a 
Pareto distribution with the parameters of _ 1.1onα = , 

_ 1.5offα =  and 1β = , where α  is the shape parameter 
and β  is the scale parameter.  

The RSS received by a mobile node is different when it 
uses different wireless networks. In WLAN, the RSS is 
computed based on 

10 _
10010 log

( 39.37)RSS factorRSS
distance

⎛ ⎞
= ⋅ ⎜ ⎟⋅⎝ ⎠

 (dbm),    (16) 

where factorRSS _  is the signal decay factor and we set 2.8 
to factorRSS _  [29]. The RSS is affected not only by 
distance but also by environment factors of transmissions. In 
this work, ,1WLANS  and ,2WLANS  are set to -80 and -75 (dbm), 
respectively. In WMAN, the RSS received by mobile node is 
computed based on the propagation model in [29]. In the 
propagation model, when the distance between a mobile node 
and a BS is d  (m), the )(dRSS  is formulated by 

 ( ) ( ) ,transRSS d P PL d σ= −                        (17) 

where transP  is the transmit power and )(dPL  is the path loss 

at distance d . The path loss at distance d is defined as 
( ) 10 log( ),PL d S n d= + ⋅ ⋅                        (18) 

where S  denotes the path loss constant that depends on the 
propagation environment and n  denotes the path loss 
exponent which range is from 2 to 4. Meanwhile, ,1WMANS  

and ,2WMANS  are set to -95 and -92 (dbm), respectively.  
First, we evaluate the performance metrics under different 

arrival rates ranging from 6 to 16, as demonstrated in Figs. 
4-6. In Fig. 4, the proposed PreRSS-Poly+MDP approach 
yields the least number of vertical handoffs, but RSS-T results 
in the worst results. Meanwhile, the numbers of vertical 
handoffs of all approaches increase when the arrival rate 
increases. The number of vertical handoffs of 
PreRSS-Poly+MDP gently increases while the arrival rate 
increasing, but that of RSS-T, RSS-HT and PreRSS-Cost 
increase obviously. In Fig. 5, since PreRSS-Poly+MDP 
determines the optimal network based on the analysis of 
Markov decision process, it avoids performing handoff to a 
target network, which has strong RSS but lacks enough 
bandwidth for the handoff connection. As a result, the 
dropping probability of PreRSS-Poly+MDP is zero and thus 
yields the least SWGoS. However, SWGoS of RSS-T and 
RSS-HT are almost above 7.7 under different arrival rate, as 
shown in Fig. 5. PreRSS-Cost yields competitive SWGoS to 
PreRSS-Poly+MDP, because it considers the network that 
has the most available bandwidth as the target network and 

thus avoids dropping. Then, the network utilization is 
evaluated as demonstrated in Fig. 6. Since the data rate of 
WLAN and WMAN is larger than that of cellular 
communications, e.g., B3G/UMTS, more the period of 
staying at WLAN or WMAN results in higher utilization. 
Therefore, more the number of vertical handoffs to WLAN or 
WMAN a mobile node yields, more the utilization the 
network has. From Fig. 6, we can observe that RSS-T yields 
the highest network utilization. PreRSS-Poly+MDP yields 
competitive utilization to that of PreRSS-Cost and RSS-HT. 
Unfortunately, in Fig. 4 RSS-T and RSS-HT yield much 
higher number of vertical handoffs than PreRSS-Poly+MDP.  

In summary, the proposed PreRSS-Poly+MDP approach 
results in the least number of vertical handoffs, the best 
SWGoS and competitive utilization than RSS-T, RSS-HT and 
PreRSS-Cost. The SWGoS of PreRSS-Poly+MDP is very 
low, but that of RSS-T and RSS-HT obviously increase as the 
arrival rate, mobility, or NDS increases. The primary reason 
is that the PreRSS-Poly+MDP selects the WLAN/WMAN 
with the least cost as the optimal target network for handoff, 
where the cost is determined by the Markov decision process 
analysis. Specifically, the proposed approach achieves load 
balancing and avoids unnecessary handoff, while yielding 
competitive utilization. Consequently, PreRSS-Poly+MDP 
outperforms other approaches in all performance metrics of 
vertical handoff in heterogeneous wireless networks.  

VI. CONCLUSIONS 
This work proposes a polynomial regression predictive 

RSS approach with the MDP-based optimal network 
selection for handoff in heterogeneous wireless networks. 
The proposed approach consists of a two-phase procedure. In 
the first phase, a predictive RSS based on the polynomial 
regression with a hysteresis algorithm is proposed to predict 
whether a mobile node moves closer to or away from the 
monitored wireless network. In the second phase, the handoff 
cost is determined based on the Markov decision process 
(MDP) analysis, and the candidate network with the least 
handoff cost is selected as the optimal handoff network. The 
time complexity of the proposed approach is analyzed 
as ( )O N or ( )O M , where N  and M  are the number of 
WLANs and WMANs, respectively. Numerical results 
indicated that the proposed approach outperforms other 
approaches in number of vertical handoffs and SWGoS, 
while yielding competitive utilization. Meanwhile, the 
proposed approach yields none dropping probability, which 
meets the requirement for optimal vertical handoff in 
heterogeneous wireless networks. 
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Fig. 4. Number of vertical handoffs under various arrival rates 
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Fig. 5. SWGoS under various arrival rates 
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