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Abstract— The demand for hybrid networking, in which different ac-
cess technologies are integrated to support mobile networking, has wit-
nessed significant increase recently. One major challenge in hybrid net-
working is vertical handoff provisioning. In this paper a mobility-based
network planning optimization for hybrid networks is proposed. The op-
timization objective is to minimize the rate of up-going vertical handoff
events and to maximize the total number of users supported by the net-
work. The optimal placement of APs with respect to these two objectives
is formulated as an integer programming problem. Our results show that
considering the mobility pattern in the planning phase of network deploy-
ment can significantly improve the infrastructure performance.

I. I NTRODUCTION

Hybrid networking or next generation wireless networking
is expected to be the future of wireless networking, where dif-
ferent access technologies such as IEEE 802.11/16 and third
generation (3G) cellular networks are integrated to support
ubiquitous wireless networking [1]. This networking architec-
ture consists of two layers. At the top layer, the overlay net-
work works as a more global service and in the bottom layer,
the underlay network is considered as a more local service.
Overlay network availability is in general higher compared to
the underlay network but it provides lower data-rates at higher
expenses [2]. Examples of this type of integration are IEEE
802.11/16 or IEEE 802.11 with third generation cellular net-
works. An example of hybrid network deployment is shown in
Fig. 1.

The optimal deployment of wireless infrastructure has been
extensively studied in the literature [3], [4], [5]. The conven-
tional constraints in the planning of wireless networks are ca-
pacity, signal strength and frequency channels. In [3] the prob-
lem of finding a simple WLAN network planning method, to
maximize both the coverage area and the overall signal qual-
ity, is explored. The authors in [4] present a series of Internet
Transit Access Point (ITAP) placement algorithms to build ef-
ficient multi-hop wireless neighborhood networks. The goal is
to find the optimal deployment of ITAPs that minimizes the to-
tal number of required ITAPs under certain user bandwidth re-
quirement constraints and various wireless link models. In [5],
the optimal placement of wireless relays is derived, through
numerical solutions to integer programming. However, in this
paper, we are concerned with the optimal planning of hybrid
networks.
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Fig. 1. Sample hybrid network structure; APs deployment has resulted in
having two independent clusters.

Another issue in wireless mobile networking is handoff
and mobility management. Since the radio spectrum is lim-
ited, pico/micro-cellular and WLAN architectures will be used
more and more in the future to provide users with high data-
rates. The result is that as the radius of coverage area is de-
creasing the crossing of coverage borders, commonly referred
to as handoff, which was not initially a problem has become
one of the major networking performance criteria. Handoff
between two different access technologies is called vertical
handoff (VHO) [6]. Vertical handoff from a lower layer to
an upper layer is an undesirable incident, because resources
at higher levels are more limited [6]. In this paper we show
that in access technologies such as IEEE 802.11, because of
their shorter range, handoff occurrences can be a major issue
which occurs very frequently and must be considered in the
network planning phase. In addition, we show that the conven-
tional capacity-based planning methods are not as useful as we
may expect, mainly because the average utilization of WLAN
APs are generally far below saturation point. In other words,
in WLANs the capacity insufficiency event is much more in-
frequent compared to handoff events.

Therefore, one objective in the planning of the network can
be the minimization of the vertical handoff rate. Intuitively,
in some network deployments it might be better if we bundle
some APs together instead of spreading them over the deploy-
ment area. That way although the APs might not be support-



ing the highest possible amount of traffic, the reduction in the
vertical handoff rate can be significant. However, this single
objective to minimize the rate of vertical handoff events is not
enough since in the worst case the algorithm may choose the
areas with the least amount of demand because the handoff rate
would be small for those areas. Here, we take a second objec-
tive to be the total amount of supported traffic which we wish
to maximize.

To the best of our knowledge, this paper is the first work
where the inefficiency of conventional planning methods due
to the more frequent handoff events is considered and an in-
teger programming method to minimize the vertical handoff
rate is proposed. In what follows, we first present our system
model and assumptions and then the integer programming for-
mulation. Finally the performance results and conclusion are
presented.

II. A SSUMPTIONS ANDSYSTEM MODEL

In the network planning or upgrade process the goal is to add
N new APs to the the underlay architecture which may already
have N0 APs. The deployment area is divided into an H-by-W
grid space and each block is called a cell. We assume that
each cell may contain an AP. The set of adjacent cells with an
AP inside them form a cluster. When the planning is done we
might have several independent clusters as depicted in Fig. 1.
Vertical handoff occurs when a mobile user having an active
call leaves a cluster and starts to use the overlay networking
services. In this paper our objective in the network planning
is to minimize the total rate of the up-going vertical handoff
events and to maximize the total supported number of network
users.

One key observation here is that the user mobility pattern
is independent of the infrastructure presence and its variations.
Generally this is true, because users are commonly not con-
cerned about how the networking services are achieved and
they make their movements decisions independent of that. This
allows us to look at the steady-state occupancy distribution of
each cell independently of how the final deployment for the
underlay network is done. Furthermore, we assume that all
arrival and departure processes are memoryless. As shown in
Fig. 2, we denote byλ(i, j) the call arrival rate to cell(i, j),
the call termination rate byµ(i, j) and call handoff rates from
cell (i, j) to each of its neighboring cells byH(i, j, k).

III. M OBILITY AND EQUILIBRIUM STATE

We divide the vertical handoff minimization problem into
two parts. Here, we use the mobility pattern to find the ex-
pected number of users in each possible AP coverage area and
in the next section we use this knowledge to formulate the
problem as an integer program. Clearly, the handoff rate out of
each cell is proportional to the number of users in the cell. To
find the expected number of users in each celln(i, j), we de-
velop a queuing model by considering every cell as anM/M/∞
queue. Here, it is assumed that the capacity of each cell is un-

Fig. 2. Traffic arrival and departure from AP(i,j).

limited which is not unrealistic knowing that in practice the
utilization of underlay APs are normally far below saturation.

In theM/M/∞ queuing model each call goes to the server as
soon as it arrives and no queue is formed and the total waiting
time is equal to the system service time. The service time for
each call can be computed by considering that a call leaves a
cell when it either terminates or handovers to another cell. Let
us denote the service time for a call in cell (i,j) bySt(i, j) we
can write that

St(i, j) = min(Tt(i,j), Th(i,j,1), Th(i,j,2),

Th(i,j,3), Th(i,j,4))) (1)

whereTt(i,j) denotes the call duration in cell(i, j) before its
final termination andTh(i,j,k) represents the time to handoff
to kth neighbor in the grid. Assuming that all the processes
are memoryless, the random variableSt(i, j) is exponentially
distributed with parameterµ(i, j)+

∑4
k=1 H(i, j, k). Note that

in a grid each cell is adjacent to 4 other cells. In fig. 3 a cell and
its neighborhood and our numbering convention are shown.

Little’s theorem can be used to computen(i, j) given the
total arrival rate to cell(i, j) and the average service time as

n(i, j) = λtotal(i,j) × [µ(i, j) +
4∑

k=1

H(i, j, k)]−1, (2)

where, the total arrival rate to cell (i,j),λtotal(i,j), is the sum
of the call arrivals(new call generation)λ(i, j) and handoff ar-
rivals from adjacent cells. From the traffic equations we have

λtotal(i,j) = λ(i, j) +
∑

(i′,j′)εSneighbors(i,j)

H(i′, j′, k′)n(i′, j′), (3)

whereSneighbors(i, j) is the set of cells adjacent to cell(i, j)
andk′ is chosen such that cell(i′, j′) is attached to cell(i, j) by
its k′th side. Equation (2) can be used to eliminateλtotal(i,j)

as

n(i, j)×
{

µ(i, j) +
4∑

k=1

H(i, j, k)

}
−

∑

(i′,j′)εNGH(i,j)

H(i′, j′, k′)n(i′, j′) = λ(i, j). (4)

This forms a set ofH × W independent linear equations
which can be solved to findn(i, j).
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Fig. 3. Cell(i,j), its neighbors and our numbering convention.

IV. OPTIMIZATION PROBLEM FORMULATION

In this section we present the steps to formulate the opti-
mization problem as an integer programming problem. For
each cell (i, j), we have a variablex(i, j) that indicates
whether there is an AP in the cell:

x(i, j) =
{

1 (i, j) has an AP
0 (i, j) does not have an AP.

(5)

Then, the total number of users supported by a certain AP de-
ployment can be written as

ntotal =
H∑

i=1

W∑

j=1

n(i, j)x(i, j). (6)

To formulate the up-going vertical handoff rate,V (i, j, k),
from cell (i, j) through its kth side, we introduce a
variable x̂(i, j, k) = x(i′, j′), where cell (i′, j′) is lo-
cated on cell(i, j)’s kth side. It is easy to verify that
x(i, j) [1− x̂(i, j, k)] = 1 if and only if x(i, j) = 1 and
x̂(i, j, k) = 0, which means(i, j) is a cell on the border
of a cluster and handoffs calls going outward through the
kth side are vertical up-going handoffs. Then we can use
x(i, j) [1− x̂(i, j, k)] = 1 as an indicator of vertical handoffs.
For each cell we have

V (i, j, k) = n(i, j)H(i, j, k)x(i, j) [1− x̂(i, j, k)] . (7)

Furthermore, the total up-going vertical handoff rate of a sys-
tem is

Vtotal =
H∑

i

W∑

j

4∑

k=1

V (i, j, k). (8)

Our goal is to find the optimal AP placement which mini-
mizesVtotal and maximizesNtotal at the same time. However,
the two objectives do not necessarily have the same optimal lo-
cation set. We adopt the approach used in [7] and consider the
following objective function:

F0 = Vtotal − ψntotal

=
H∑

i=1

W∑

j=1

n(i, j)

[
4∑

k=1

H(i, j, k)− ψ

]
x(i, j)

−
H∑

i=1

W∑

j=1

4∑

k=1

n(i, j)H(i, j, k)x(i, j)x̂(i, j, k) (9)

Here,ψ ∈ [0, +∞) is the weighting factor. Then the optimiza-
tion problem is formulated as

minimize F0

subject to
∑H

i=1

∑W
j=1 x0(i, j)x(i, j) = N0∑H

i=1

∑W
j=1 x(i, j) = N0 + N

(10)

where x0(i, j) indicates the existing infrastructure, i.e., if
cell (i, j) already has an AP in it,x0(i, j) = 1; otherwise
x0(i, j) = 0. The first constraint maintains that for every
x0(i, j) = 1, the new deployment must satisfyx(i, j) = 1,
in order to keep the existing APs in the system. The second
constraint formulates the constraint that the new system should
haveN new APs andN0 + N APs in total.

Notice thatF0 is a quadratic function. In order to have a
linear objective function, we replace the quadratic terms inF0

with a new variabley(i, j, k):

F =
H∑

i=1

W∑

j=1

4∑

k=1

n(i, j) [H(i, j, k)− ψ]x(i, j)

−
H∑

i=1

W∑

j=1

4∑

k=1

n(i, j)H(i, j, k)y(i, j, k) (11)

and the optimization problem can be reformulated as

minimize F

subject to
∑H

i=1

∑W
j=1 x0(i, j)x(i, j) = N0∑H

i=1

∑W
j=1 x(i, j) = N0 + N

y(i, j, k) ≤ x(i, j)
y(i, j, k) ≤ x̂(i, j, k)
y(i, j, k) ≥ x(i, j) + x̂(i, j, k)− 1

(12)

It is easy to see that the above constraintsy(i, j, k) =
x(i, j)x̂(i, j, k), sincex(i, j), x̂(i, j, k) ∈ {0, 1}.

Note that there is no coverage continuity constraint in the
above optimization problem formulation. However, as it will
be shown in the next section, when suitableψ is used, continu-
ity is achieved automatically.

V. SIMULATION RESULTS

In this section, we study the performance of our algorithm
for different preexisting infrastructure installations and differ-
ent choices of parameters.

A. Simulation Setup

We generate a 10-by-10 grid as shown in Fig. 4. A street is
modelled as a vertical path with a relatively high arrival rate
passing through in the middle of the region. There is a hot
spot on each side of the “street”, representing buildings with a
large number of users in them. After solving a set of10 × 10
independent linear equations as described in Section II, we find
the average number of usersn(i, j), shown as grey scale in
Fig. 4.
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Fig. 4. Average number of users.
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Fig. 5. Minimum F for different initial settings.

B. Effect of Initial Deployment

We run our simulation for four initial AP settings: 1) no AP
is installed in the region; 2) only one AP is installed at the
“hottest” spot on the right half of the region; 3) three APs are
installed as a cluster around the “hottest” spot; and 4) two APs
are installed around the “hottest” spot and one AP is installed
in the hot spot on the left half of the region. The goal is to
upgrade the deployment so that the total number of APs would
be 15.

Fig. 5 shows the optimal value ofF achieved for the four
initial settings withψ varying over a wide range. It can be seen
that the optimalF in all cases is lower bounded by the optimal
F achieved with no preexisting AP. This is true becuase the
feasible set in the case of no initial AP is the largest and hence
FNo initial AP ≤ F . Comparing the results for case 2 with
cases 3 and 4 shows that the optimum value when there is only
one cluster is always better than the case where there are two
clusters. This is because unless the new APs connect the two
clusters together, the total boundary is always larger than the
case when there is only one cluster, and a larger boundary will
results in more vertical handoffs.

C. The Effect of Parameters selection

The value ofψ in the objective functionF0 = Vtotal −
ψntotal determines the desired balance between provisioning
of handoff events and accommodating more users. Whenψ
is large,ntotal is more important and the optimization process
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Fig. 6. Upgraded AP deployment.

will end up choosing cells with largern(i, j)’s. Whenψ is
close to 0, we are more concerned aboutVtotal and this re-
sults in choosing cells on the border of the deployment area.
Figure 6 shows the optimization result for the experiment case
where we have two clusters at the start and we want to add 12
new APs to the system forψ = 40. As shown in this figure,
the optimal solution places two clusters of APs around the two
hot spots.

VI. CONCLUSION

In this paper we have proposed a mobility-based network
planning algorithm for hybrid networks. The problem of op-
timal AP placement is formulated as an integer programming
problem. The optimization objective is to minimize the rate
of up-going vertical handoff events and to maximize the total
number of users supported by the network. Our performance
results indicate that the optimization algorithm makes efficient
decisions regarding AP placement. Also, the proposed algo-
rithm can be used to provide design guidelines on evolutionary
upgrading of future hybrid networks.
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