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POMDP-Based Cell Selection Schemes for Wireless Networks

Po-Hsuan Tseng, Member, IEEE, Kai-Ten Feng, Senior Member, IEEE, and Chao-Hua Huang

Abstract—To acquire higher network capacity, the cell selec-
tion problem is formulated based on the partially observable
Markov decision process (POMDP). It observes/predicts unavail-
able cell loading information from those non-serving base stations
and takes actions for maintaining active base station set and
handover target selection. Various utility functions are designed
to consider different factors in the proposed POMDP-based cell
selection (POCS) schemes, including system capacity, handover
time, and mobility of mobile station. With the considerations of
cell load as a hidden Markov model and predicted mobility in the
reward function, simulation results show that the proposed POCS
schemes can outperform conventional received signal strength
based and load balancing methods.

Index Terms—Partially observable Markov decision process,
hidden Markov model, cell selection.

I. INTRODUCTION

O guarantee quality of service (QoS), feasible cell selec-

tion scheme can enable mobile stations (MSs) to asso-
ciate with a base station (BS) that possesses the best channel
and network conditions. In high-speed downlink packet access
(HSDPA), fast cell selection allows MSs to maintain an active
set which contains the candidate BSs, and the MS selects
the serving BS (SBS) with the strongest pilot signal in the
active set. Notice that MS will execute cell selection or re-
selection procedure to find a suitable cell after power-on or
link loss according to the LTE-A system. In 802.16m, either
the MS or the SBS can initiate the handover procedure and
select the next SBS. The procedure of transferring MS from
the connection with its original SBS to the next BS is called
handover. Handover helps the MS fulfill its QoS requirements
from selecting a better SBS, but the procedure of handover
also causes extra time delay and communication overheads.
The first stage of handover is recognized as the cell selection
scheme.

There are two main categories to initiate the cell selec-
tion/handover procedure as follows. (i) Load Balancing [1]:
The number of connections of each BS is usually unequal
due to the non-uniform population distribution. When the
total amount of traffic in current cell exceeds the capacity
limit (a.k.a. hot spot problem), the goal of this category is to
enhance user throughput by off-loading the data transmission
to its neighboring cell with the load-balancing cell selection
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procedure. (ii) Mobility [2], [3]: Due to user movement, the
received channel quality decreases when the MS moves out of
current cell coverage. The goal of this category is to minimize
the handover frequency while maintaining system capacity
with proper cell selection design.

A partially observable Markov decision process (POMDP)
based handoff [4] has been proposed to observe the signal
strengths from each BS according to either measurement or
prediction to estimate the hidden states as the SBS sequence.
In this paper, a POMDP framework is modeled from a dif-
ferent perspective to select the next SBS based on traffic load
information as a hidden Markov model (HMM), given that the
traffic information of neighbor BSs is not fully known by the
MS. Two different versions of the POMDP-based cell selection
(POCS) schemes are proposed associated with different utility
functions including system capacity and mobility of MS with
handover cost. Simulation results validate that the cell load and
mobility information benefits the proposed POCS schemes.

II. SYSTEM MODEL

There are N BSs in the considered wireless network
environment and MSs move randomly in the BSs coverage
area. The MSs are in charge of maintaining an active set and
selecting the best SBS from its active set based on different
objective functions at every predefined timeslot. The number
of associative BSs in an active set is M. -, represents the
ratio of handover time cost per timeslot, i.e., 0 < v, < 1. If
the new SBS is different from the original SBS, the ratio vy,
timeslot is utilized for the MS to exchange control message
with the selected BS without transmitting data. Moreover, at
most L. MSs are allowed to connect to a BS, and each MS
obtains the traffic load information from its active set. Since
the MS would not maintain an active set with all the BSs in
the network, i.e., M < N, the traffic load information for all
the BSs will not be known exactly by the MS which induces
the adoption of POMDP framework.

The difference between POMDP and Markov decision pro-
cess (MDP) is that the MDP requires full information while the
POMDP can tolerate uncertainties and gain information from
observations. In cell selection scheme, cell load for each BS
is quantized into units of the MS’s number. Specifically, the
cell loading state sy (t) represents the number of connections
of the kth BS at timeslot ¢, where s, (t) € S, Vk € {1,..., N}
and S = {1, ..., L}. Since full information of cell loading is
not observable, the belief state which stands for the statistical
probability of cell loading state is utilized to represent the
state uncertainty. The belief state vector of the kth BS is rep-
resented as b[sy(t)] = {b1[sk(t)] ... bi[sk(t)] ... brlsk(?)]}
where b;[si(t)] stands for the probability of s;(t) = ¢ and

Sl bilsk(D)] = Yo, Plsk(t) =i = 1.
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With N BSs in the network, the dimension of belief
state LY grows exponentially as the number of BSs in-
creases, which is infeasible for practical implementation. A
sub-optimal strategy is considered in this paper that each
BS keeps track of its cell load and estimates the transition
probabilities separately. The belief state comprises sufficient
statistical information for the past history. A linear state
vector denotes the probability that each BS contains num-
ber of MSs at the beginning of a slot, i.e., ¥[sg(t)] =
{1[sk ()], - .- Yil[sk(¥)], - . . ¥r[sk(t)]}. With sufficient statis-
tic 9[s(t)], the belief is evolved as P{sy(t) |¢[sk(t)]} for
the kth BS. Therefore, when N BSs evolve independently,
b[sk(t)] can be obtained from [si(t)] V& € {1,..,N}.
This strategy reduces the statistical dimension of belief states
from LY to N. The sufficient statistical information and
the performance loss due to dimension reduction have been
discussed in [5].

In the POMDP framework, the objective for an MS is
to choose the action for both the SBS selection and active
set maintenance in order to maximize the reward. An MS
maintains its active set A, where the element of A is the
index of the BS in the active set. The SBS is selected among
the BSs in the active set as a;(t), where a;(t) € .A. For
the ease of representation, the action is denoted as a vector
a(t) = [a1(t) az(t)], where az(t) is a 1 x M vector and it con-
tains all the elements of .4 to provide active set maintenance.
Based on the current cell load state s (¢) at current timeslot
t and historical information of cell load sg(1 : ¢t — 1) from
time 1 to t— 1, the transition probabilities are estimated by the
kth BS to describe the cell load transition. T} represents the
cell loading state transition probability in which current cell
loading state of the kth BS only depends on the previous state
and historical actions, i.e., Tg[sx(t) =i | sp(t — 1) = j] =
Plsp(t) =i | sg(t —1)=j,a(l : t — 1)], where a(1 : ¢t — 1)
denotes actions from time 1 to ¢ — 1. Each BS periodically
broadcasts its transition probability and only the latest T}, of
the kth BS should be kept by the MS.

The observation o (t) represents the observed number of
connections for the kth BS at timeslot ¢, and ok (t) € O, where
O = S. The expression Q[si(t) = i| = Plog(t) =i |sk(1 :
t),a(l : ¢t —1)] represents the likelihood of observation o ()
from the resulting historical state si(1 : ¢) and action a(1 :
t — 1). Providing that sj(t) is available, the observation is
described as a Dirac delta function as Q[s(t) = i] = d[i —
sk(t)] VE € A and Vi € S. On the other hand, if s(t) is
not available, the belief is predicted based on the transition
model while the observation is described as Qs (t) = i] =
1/L, ¥k ¢ A and Vi € S. For example, M = N stands for
the availability of the entire cell loading information and the
POMDP model becomes equivalent to an MDP model. The
belief update can be acquired by Baye’s Theorem as,

bi[sk(t)] = P{sk(t) =tlox(1:¢t),a(l:t—1)} =
Qlsk(t) = i]Zle T[sk(t) =i | se(t — 1) = jlbj[sk(t — 1)]
Plor (D)oL t—1),a(l:t—1)] '

Since the number of reduced belief state is equal to the number
of BSs as IV and each of the state is updated by a specific
equation, it can be concluded that the time complexity is
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significantly reduced to O(N). Furthermore, r[sy(t),a(t)] is
the expected reward by taking the action a(t) at state s(¢).
The expected reward over the states is derived as

L
Rib[si(t),a(t)} = > bilse(®)] - rlsi(t) = i.a®)] . (D)
i=1

Consequently, the optimal policy to maximum expected re-
ward for cell selection problem is to select the action as

a(t) = R{b[sr(t)],a(t)} - 2

arg max
vke{l...N},a(t)

III. PROPOSED POMDP-BASED CELL SELECTION
SCHEMES

A. Capacity-based POCS (C-POCS) Scheme

The reward function of proposed capacity-based POCS (C-
POCS) scheme is defined to achieve high system capacity:

r[sk(t) = 4,a(t)] = Zx[as (t)]? log, (1 4+ T'k(t)) , 3)
where ) N
A R @

W is the total network bandwidth, and T'y(¢) represents the
SNR for the kth BS-to-MS link at timeslot ¢. Notice that
compared to conventional capacity objective function, the term
% includes the bandwidth allocation by considering the cell
loading. It helps the MS avoid selecting the BS with higher

load such as to decrease the occurrence of hot spot problem.

B. Mobility and Handover-based POCS (MH-POCS) Scheme

Considering the mobility of MS, the received SNR would
not be fixed when the MS moves fast in the network. There-
fore, not only the current reward such as capacity at timeslot
t but also the future reward predicted by the mobility of MS
should be taken into consideration. Assuming that beyond the
close-in distance dy, the path loss model of distance dj(t) for
the kth BS-to-MS link at timeslot ¢ [6], can be written as

PL[d(t)] = A+ 10alog,, [d’;it)

] +n(t), Vd; > do(5)

where A = 201log,, (4’;‘10) is the decibel path loss at distance
do; A is the carrier wavelength and « is the path loss exponent.
n(t) represents the shadowing effect with normal distribution.
According to the experimental results from Gudmundson
model [3], the fading process of two consecutive observation
samples can be expressed as

En(t — 1)n(t)] = o2 - exp , (6)

(_ |di(t —1) — dk(t)|)
K
where di(t — 1) and di(t) are the distances of these two
consecutive observation samples and  represents how fast
the correlation is decayed with the distance. Based on (6),
when dj,(t — 1) ~ di(t), the signal variance o2 demonstrates
that the fading effect between n(t — 1) and n(t) are strongly
correlated as di(t — 1) and di(¢) of two observation samples
are close to each other. As a result, the path loss model for
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Fig. 1. Schematic diagram for the distance estimation between the MS and
its associated BS.

two consecutive points can be derived from (5) as

di(t)
di(t—1)

In Fig. 1, p(t) denotes the position of MS at timeslot ¢
and p'(t) represents the position of MS at the /th simulated
time interval after p(t). At is the predefined length of a
timeslot. Assuming that the referenced distance dj,(0) and the
referenced path loss PL[d(0)] are acquired as the empirical
values while PL[d(t —1)] and PL[d(t)] are also obtainable
at time instants ¢ — 1 and ¢. From (7), the distances dj (¢ — 1)
and dj(t) can be acquired with the known values of dj(0)
and PL[d,(0)]. By the law of cosines, 6(t — 1) in Fig. 1 is
calculated based on dj,(t — 1), di(t) and d,, (¢t —1). Assuming
that the velocity and moving direction from p(t) to p(t+1) are
the same as those from p(t — 1) to p(¢), i.e., v(t) = v(t — 1)
and 6(t) = 6(t — 1), the MS’s moving distance is also the
same as d, (t) = dp,(t — 1) = v(t — 1) - At. Therefore, based
on 0(t — 1), di(t — 1), dp,(t — 1), the following steps can be
utilized to predict the expected capacity from p(t) to p(t+1):

1) Define the simulated time interval %: To avoid dra-
matic change of SNR as the MS moves, the continuous
movement of MS is modeled by spliting At into A
simulated time intervals, where A is selected to be a
large number. As % is small, the value of SNR changes
slowly within the simulated time interval.

2) Predict the SNR: The distance from the MS’s position
p!(t) to the kth BS denoted as d. () is obtained by

2
[%@P:m@_ma{%ﬁ_n+kgggﬁ]

— 2dp(t — 1) {dm(t — 1)+ IW] cos[A(t — 1)].

PL[d(t)] — PL[dy(t — 1)] = 10alog { ] )]

Since the path loss from the kth BS to p!(¢) as PL[d! (t)]
can be calculated in (7) by d}(t), dj(0), and PL[d}(0)],
the MS can therefore calculate the predicted SNR for the
kth BS-to-MS link at the Ith simulated timeslot after
p(t), ie., the value of T} (t+ &t -1).
Based on the predicted SNR I'} (t+ 4t 1) from the kth
BS, the future reward considering MS’s movement can be
calculated. To further address the timing cost, the procedure
of handover causes transmission delay, and the transmission
interrupt can influence the QoS of network communication. By

TABLE 1
SIMULATION PARAMETERS

Parameter Type

| Parameter Value |

Separated Distance between BSs 1.5 km
Number of BSs N 20
Transmit Power of BS 46 dBm
Carrier Frequency 1.9 GHz
Bandwidth 10 MHz
Antenna Height for BS 30 m
Correlation Factor < 50 m
Maximum number of connections L 32
Timeslot 1 second
close-in distance dg 100 m

combining the mobility of MS with timing cost, the reward
of MH-POCS scheme is defined as

r[sk(t) =1i,a(t)]

=ﬂwmwm¥§§m4HmG+%wﬂ.
3

where 73, is the penalty by conducting handover procedure as

0, ai1(t)=ay(t—1)
%Wﬁ”:{vm(&w¢£@—n

If a1(t) is the same as a;(t — 1), SBS will not be changed
and no handover is needed, i.e., handover cost is equal to 0.
On the other hand, if the selected BS is changed, handover
time cost will be incurred. Therefore, it can avoid ping-pong
effect, i.e., too many unnecessary handover occurrences, when
MS moves around the cell edges.

©))

IV. PERFORMANCE EVALUATION

The simulation parameters of path loss model in (5) adopt
the model parameters of terrain type B in [6]. Received signal
strength (RSS) is utilized as a quality measure to indicate the
link quality between BS and MS. To avoid ping-pong effect,
conventional RSS-based scheme selects the new SBS when
its RSS is greater than the original SBS with a hysteresis
threshold A. Two RSS-based schemes are simulated based on
different settings of A as follows. The parameter A of RSS-f
is fixed as 3 dB while A of RSS-v varies along with the time
cost of handover. When the time cost of handover increases, A
is augmented in order not to spend too much time on handover.
The relationship between 7, and A is established as:

logo(1+T) = (1 —yn)logy(1+T + A). (10)

The left-hand side of equality in (10) means the capacity
of connecting to original SBS; while the right-hand side
represents the capacity of connecting to the new SBS. Since
there are three unknown parameters, A = 3 dB when ~;, = 0.3
are defined to calculate the corresponding SNR values as T',.
To obtain the relationships of A and 3, (10) is derived as

(1)

RSS-v and RSS-f are the conventional schemes without cell
loading information to serve as the performance benchmarks.
To validate the gain of cell loading information to the cell
selection problem, an MDP case M = N = 20 is considered

A=(1+T,)™% —1-T,.
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Fig. 2. The capacity and handover probability under different time costs of
handover for scenario 1.

the upper bound of all POCS schemes. On the other hand,
load balancing (LB) scheme in [1], which considers full
information of cell load in capacity-based reward, is also
compared. Without mobility prediction, LB scheme can be
regarded as an MDP case of C-POCS scheme.

In scenario 1, MS moves at a constant speed v = 12
m/s crossing several cell edges. Since scenario 1 considers
a straight line movement where the trajectory of MS is pre-
dictable, it is shown in the left subplot of Fig. 2 that MH-POCS
scheme can provide higher capacity performance. C-POCS
scheme outperforms conventional RSS-based methods, which
demonstrates the effectiveness of HMM for cell load under a
regular movement case. By considering mobility in a regular
movement scenario, MH-POCS scheme can outperform LB
scheme even with small number of BSs in active set, i.e., M =
3, achieving the tradeoff between computational complexity
and capacity. Compared to LB scheme, i.e., M = 20, POCS
schemes with M = 3 reduces the signaling cost significantly.

A random walk model is adopted for the MS with velocity
between 9 and 15 m/s in scenario 2. Cell loading information
has a significant impact on capacity when time cost of
handover is small, i.e., all POCS schemes outperform the
RSS-based methods in the left subplot of Fig. 3. There is no
guarantee that the predicted mobility information would result
in better performance. If an MS’s movement follows a random
walk model, the mobility prediction might even degrade the
performance. As shown in the left subplot of Fig. 3, C-POCS
scheme outperforms MH-POCS scheme when M = 1. When
M = 3, there is an intersecting point where the MH-POCS
scheme is better than C-POCS scheme when the time cost is
large. This is attributed to the consideration of handover cost
for MH-POCS scheme. When M = 19, MH-POCS scheme
outperforms C-POCS and LB schemes. This demonstrates
that joint considerations of mobility prediction, cell load and
handover cost are necessary in the reward function design
to achieve higher capacity such as MH-POCS scheme under
a random walk scenario. Moreover, M should be carefully
chosen based on the time cost of handover of current system.

Handover probability refers to how frequent an MS select
new SBS. Ping-pong effect can be observed from handover
probability. The right subplots of Figs. 2 and 3 illustrate the
handover probability under different time costs of handover.
There exists a crossover point at 300ms between the RSS-v
and RSS-f methods due to the derivation of I', from (11).
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Fig. 3. The capacity and handover probability under different time costs of
handover for scenario 2.

C-POCS and RSS-f schemes do not consider the impact of
handover time costs as their handover probabilities are not
influenced by the time cost of handover. With consideration
of handover time cost, handover probabilities of MH-POCS
and RSS-v methods decrease as time cost of handover rises,
which successfully avoid ping-pong effect. Higher handover
cost penalizes the capacity and makes an MS reluctant to
perform handover.

V. CONCLUSION

POMDP-based cell selection (POCS) methods are designed
to consider both cell load and mobility to achieve higher
network capacity. Capacity and mobility of mobile station
with handover time are considered in the design of C-POCS
and MH-POCS schemes, respectively. Higher system capacity
can be achieved by C-POCS method which validates the
impact of predicted information of cell load. The consideration
of handover time in MH-POCS scheme decreases handover
probability which can effectively alleviate the ping-pong ef-
fect. Based on the simulation results, MH-POCS scheme can
outperform the other methods. A small number of BSs in the
active set, e.g., M = 3, is suitable for the MH-POCS scheme
in a regular movement case. In a random walk case, M should
be designed based on the time cost of handover in the system.
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