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Abstract. Future mobile handsets will often be multi-mode, containing both wireless LAN (WLAN) and cellular

air interfaces. When such a device is within a WLAN it can be served by the WLAN resources. As it moves out

of the WLAN coverage area, it has to be served by the cellular system. Therefore, handoffs are necessary between

the WLAN and the cellular system. In loosely coupled WLAN/Cellular systems the system administrator of the

WLAN is different from the cellular one. Therefore, in these situations, reducing the dropping probability based on

classical methods, such as using some reserved guard channels, is difficult. In this paper, we propose to use ad hoc

relaying during the vertical handoff process in a hybrid WLAN/Cellular system. The method that we propose in

this paper improves the dropping probability regardless of the number of reserved channels. Therefore, this method

could be employed in loosely coupled hybrid systems. Both analytical reasoning and simulation results support the

effectiveness of the proposed method.

Keywords: dropping rate, Ad Hoc networks, hybrid wireless networks

1. Introduction

Recently, some proposals have been presented in the literature to build hybrid structures out
of different wireless systems. Wireless local area networks (WLANs) support broadband mul-
timedia communications in a wireless manner. Because of their high bandwidth, low latency
and ease of deployment, WLANs are suitable for public wireless communications. In the past
decade there has been a huge proliferation of WLANs based on the IEEE 802.11 standard [1].
As the cost of 802.11 based components decreases, wireless manufacturers will increasingly
incorporate these devices into the cellular handsets. Seamless real-time voice operation is a
highly desirable capability for these types of handsets. The importance of WLANs is such
that the Third Generation Partnership Project (3GPP) builds up a standard architecture for
cooperating cellular-WLAN systems. The main motivation is to enable 3GPP system opera-
tors to provide public WLAN access as an integral component of their services. Future mobile
handsets will often be multi-mode, containing both WLAN and cellular air interfaces [2, 3].

Handoff in the traditional cellular systems is a well-known problem. With co-operation
between different types of wireless networks, vertical handoffs will commonly be used to pass
voice calls to a cellular network when the user roams outside of the WLAN radio coverage.
Therefore, different aspects of vertical handoff need special attention.

In the next-generation hybrid mobile networks, one of the most important issues is the
seamless vertical handoff [4]. While seamless handoff issues such as handoff delay, handoff
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transparency and packet loss are interesting, reducing the dropping probability is another
important aspect of the vertical handoff. The proposed solutions for the seamless handoff
problem are applicable when the handoffs are being accepted. When an on-going call is to be
dropped having a number of lost packets is not an issue.

In this paper we propose the use of the ad hoc relaying for dropping probability reduction.
Ad hoc relaying has previously been used for other purposes such as capacity and/or coverage
improvement. However, there has been no attempt for using the ad hoc relaying through mobile
stations in order to reduce the dropping probability.

When roaming between different 802.11 WLANs, a dual-mode mobile station (MS) uses
IEEE 802.11 layer 2 roaming procedures. When the received signal strength indication (RSSI)
drops below a certain threshold, the MS scans for a new access point (AP) using standard IEEE
802.11 procedures [1]. When the MS approaches the boundary of the WLAN coverage, a new
AP may not be found and at some point the MS will trigger the initiation of a vertical handoff
into the cellular network.

There are two different inter-working solutions for the interoperation between a WLAN
and a traditional cellular system [3]. Tight coupling is a method for integrating of the WLAN
into a cell. This solution suggests that the WLAN and the cellular system come together to
build a network managed by a single administrator. In loose coupling, there are not many
interactions between the WLAN and the cellular network. This is a less complex solution
compared with the tight coupling strategy. Currently, loose coupling is the main choice for
this type of cooperation [3].

When loose coupling is used for interoperation between 802.11 WLANs and cellular
systems, WLANs are installed in different locations inside the cellular coverage with no
contraction with the cellular service providers. Hence, a handoff which is initiated by an MS
moving out of the WLAN’s coverage area may be considered as a new connection request
by the cellular system. Therefore, traditional solutions for dropping rate reduction, such as
channel reservation or handoff queuing, are not applicable [5, 6].

The method that we propose in this paper improves the dropping probability regardless
of the number of reserved channels. Therefore, this method could be employed in loosely
coupled hybrid systems. A number of methods have been suggested in the literature that use
the relaying to extend the coverage area or to improve the overall capacity of a cellular system
[7–12]. The same kind of handset capabilities could be used in our suggested method.

This paper is organized in the following manner: In Section 2, a short survey of the literature
is presented. The proposed relaying method for dropping rate reduction is presented in Section
3. In Section 4 analytical reasoning is used to show the benefits of the proposed method.
Simulation results are presented in Section 5. Section 6 is dedicated to some concluding
remarks.

2. Related Works

Tremendous developments of wireless communications technology indicate the importance
of research in this area. Infrastructure-based networks such as cellular GPRS and UMTS, and
wireless LANs such as IEEE 802.11 are now in use around the world [1, 13–15]. Infrastructure-
less types of wireless communication systems are known as ad hoc networks. In this type of
networks a communication path from a source to a destination may pass through other MS’s.
Due to the multi-hop nature of communication, routing in these networks is an interesting
subject [16–18].
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Integrating the ad hoc networks with the cellular systems has been suggested in the literature
[7–12, 19–22]. The main goal of this integration is to increase the system’s capacity and its
coverage. Multi-hop cellular networking (MCN) is introduced in [19]. In MCN’s, the stations’
transmission power and/or the number of BS’s are reduced compared with the traditional single
hop cellular networks. Therefore, MS’s may not be able to communicate with their serving BS
in a single hop and may have to use multi-hop paths. Also, when the source and destination
MS’s are in a same cell, they can communicate without going through the BS. It is expected
that MCN’s support more connections than the traditional cellular networks.

By using some pre-installed relay stations (RS’s) it is suggested in [7] that other cells
could accept some new connection requests when the current cell is congested. This strategy
is named iCAR and can increase the capacity of the cellular system. In [8], relaying concept
is used in a hotspot cell. The proposed method tries to shed some new calls to the neighboring
cells or to shrink the cell coverage area through the relaying. Two-hop relaying through mobile
nodes has been used for this purpose [8]. In [9], the concept of relaying is used for reducing
the number of unnecessary handoffs. Geo-locating techniques are used to find the location
of the MS’s. This location information can be used in the RS selection routine. In [10], Ad
hoc GSM (A-GSM) architecture is proposed. In A-GSM, ad hoc networking is combined
with the traditional GSM cellular system. Opportunity Driven Multiple Access (OMDA) is
another proposed method that integrates the ad hoc networking with cellular systems [11].
When there is not an overlap between neighboring WLAN’s, two-hop ad hoc relaying could
be used during the handoff procedure [12]. Forward and backward ad hoc relaying is used to
prevent the ongoing calls from being dropped when the MS’s enter such an area. In [20], rather
than data, control information is relayed in order to implement a fast version of Mobile-IP.

In [21], a new MAC layer protocol, compatible with IEEE 802.11 WLAN standard is
proposed for real-time traffic support in a relayed wireless environment. Also [21] proposes
the required packet scheduling method and a simple call admission control algorithm for
providing guaranteed QoS. It is assumed that there are at most two wireless hops in the
system. The proposed MAC is completely based on the legacy IEEE 802.11 standard and an
MS needs no modification to work in this new environment. While it is mentioned in [21] that
the proposed protocol can support both mobile and fixed (pre-installed) relaying, the system
has been evaluated for pre-installed relay stations. In [22] a number of methods are presented to
choose an RS from a set of candidates. The system is actually a traditional cellular one, which
is integrated with a two-hop ad hoc relaying mechanism. Different methods are presented there
to select an RS based on the estimated distance or based on the path loss.

Vertical handoff and micro-mobility are other interesting subjects, studied in the field
of mobile networking [4, 20, 23–27]. In vertical handoff, we are facing with the handoff
problem between different networks. In a hybrid WLAN/Cellular system, vertical handoffs
from the WLAN to the cellular system and from the cellular system to the WLAN have a great
importance.

Handoffs should be transparent to the upper-layer applications. This transparency is the
subject of the seamless handoff [4]. In seamless handoff the packet loss during the handoff
procedure and the handoff delay should be minimized. Architectural issues and handoff ini-
tiation problem are addressed in [4, 24]. Packet forwarding and multicasting are proposed
to reduce the number of lost packets [25–27]. Also, the effect of handoff on upper layers is
addressed in [23].

Khadivi et al. [28] suggests using explicit handoff triggering for dropping rate reduction.
In this method a simple handoff trigger node can be installed in the WLAN/cellular transition
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region. This generates link layer triggers, which cause the initiation of the vertical handoff
process. The method is applicable for indoor environments.

In [29] we have shown that the dropping probability reduction during the handoff from the
WLAN to the cellular system is possible through ad hoc relaying. Two-hop and multi-hop ad
hoc relaying methods were introduced and compared with the simple legacy handoff strategy
through simulations.

In the following sections, the effect of two-hop ad hoc relaying on the dropping rate is
studied through analytical reasoning and simulations.

3. Dropping Reduction Through Ad Hoc Relaying

Let us assume that a WLAN is used to cover a hotspot area. An access point serves the mobile
stations inside the WLAN. Also, it is assumed that the MS’s are multi-mode. Therefore, each
MS has at least two different air interfaces for working with the cellular system and the WLAN
[7–12, 28]. In this section, we are going to describe the proposed ad hoc relaying model and its
application in dropping rate reduction. Some key definitions come in the following paragraphs,
which are used in the remainder of the paper.

Definition 1 An active mobile station is the one which has an active connection with either
the WLAN or the cellular system. Otherwise we call the mobile station as non-active.

Definition 2 When an active MS is served by the WLAN through a one-hop connection, we
say that the MS is in the WLAN mode. An active MS which is served by the cellular system is
in the Cellular mode.

Definition 3 Assume that an active MS is being served by the WLAN. If this MS moves out
of the WLAN’s coverage area, a WLAN-to-Cell handoff is initiated. Other types of handoff
that may occur are WLAN-to-WLAN, Cell-to-Cell and Cell-to-WLAN handoffs.

Let us consider an MS that initiates a WLAN-to-Cell handoff. Due to limited capacity
in the cellular side, there is a probability of call dropping. If the hybrid system is a loosely
coupled one, traditional methods for dropping rate reduction are not easily applicable. One
of the main reasons is that the handoff requests are considered as new-connection ones by
the cellular system’s BS. When a handoff is initiated by an active MS there are a number
of non-active MS’s inside the hotspot. The active MS can use these non-active ones as relay
stations and through relaying it can stay connected with the original AP.

When an active MS leaves the hotspot, it sends a handoff request to the BS. Handoff can be
completed successfully when the BS has at least one free channel. When the handoff request
is rejected the MS tries to find an RS. When the RS has been found the MS can relay its
connection back to the AP. While being served by the AP through the ad hoc relaying the MS
can repeat its handoff request. Hence, it has more chance to find a free channel in the cellular
system. The immediate result is a reduction in the call-dropping rate. An example is illustrated
in Figure 1. In ad hoc relaying handoff (RHO) model, one RS is used for a single connection
and hence, the relaying path is 2-hop.

When an MS is going to use the RHO, it must find a suitable relay station. Here, it is assumed
that only the non-active mobile nodes may be used for the relaying purpose. Obviously, the
RS must be inside the hotspot’s coverage area. In the following we have a formal definition of
a potential RS:
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Figure 1. An example of ad hoc relaying. (a) Handoff initiation with no available channel (b) Two-hop ad hoc

relaying through an RS.
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Figure 2. Different modes of an active MS when the RHO is in use. Dashed line represents the WLAN’s border.

Definition 4 A non-active mobile station is called a Potential RS if and only if, it is located
inside the hotspot coverage area.

When relaying is employed in a hybrid wireless network with multi-mode devices, each
MS may work in different modes. While the WLAN and Cellular modes are previously defined,
in the following we state what we mean by the Relaying mode:

Definition 5 When an active MS, outside the hotspot, is served by the WLAN through a relay
station, we say that the MS is in the relaying mode.

Figure 2 shows how an active MS may be in different modes when the RHO is in use. At
first the MS is in the WLAN mode, served directly by the WLAN’s AP. When the received
signal strength indication (RSSI) drops below a certain threshold, a handoff is initiated. If the
handoff request is rejected by the cellular system, the MS looks for an RS. The MS goes into
the relaying mode when an RS is found. When the handoff to the cellular system is completed
successfully the MS is directly connected to the cellular system and works in the Cellular
mode.

The distance between an active MS, which is in the relaying mode, and its serving RS must
be less than a certain value, otherwise, they can not communicate. We name this certain value
as the relaying transmission range and it is defined as follows:

Definition 6 The maximum permitted distance between an active MS, in the relaying mode,
and its serving RS is called as the relaying transmission range.
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In the following section, through analytical reasoning, we show how the coverage area is
extended through ad hoc relaying and how this extension could be helpful in the dropping rate
reduction.

4. Analytical Reasoning

In the previous section, we define the ad hoc relaying model and its application in handoff
from a WLAN to a cellular system. In this section, we are going to study the effects of this
strategy on the dropping rate reduction, through an analytical reasoning.

Let us assume that the hotspot’s original coverage area is a circle with radius r centered at
the AP. Without ad hoc relaying only mobile stations inside this circle can communicate with
the AP. Ad hoc relaying connects MS’s outside the WLAN’s coverage area to the corresponding
AP. Furthermore, assume that the relaying transmission range is equal to ρ. Then, the mobile
stations that are at most r + ρ away from the AP could be served by the WLAN’s resources.
This situation is illustrated in Figure 3. The mobile station at point A is directly connected to
the AP and is working in WLAN mode. The MS at point C needs to be in the relaying mode
if it is to be served by the WLAN.

It is important to notice that when an MS wants to be served by a WLAN through relaying,
appropriate RS’s must be available. The maximum distance between the MS and AP during
the relaying process depends on the location of the MS and the potential RS’s. Therefore,
when the MS at point D, in Figure 3, communicates with the AP through the RS at point E,
the maximum distance between D and AP is less than r + ρ.

Let us consider the situation which is illustrated in Figure 4. Assume that an active MS is
located at point B and is moving on a straight line out of the hotspot with a constant velocity,
v. While the MS is inside the WLAN’s coverage area, it is in the WLAN mode. When the
MS is at point Cl, its distance from the AP is r. The RSSI drops below a certain threshold and
the MS initiates a WLAN-to-Cell handoff. When the active MS reaches point C2, where the
distance from AP is r + �, the direct link with the AP is severed. With the legacy handoff
strategy (LHO), a successful handoff must be completed before the MS arrives at point C2,
otherwise, a connection drop occurs [28]. With the ad hoc relaying handoff strategy, the MS
can be connected to the AP when it is outside of the hotspot coverage area. Let us assume that

r

<r 

<<<<ρρρρ

A

C

B

AP

D

E ρ

Figure 3. Extension of the coverage area through RHO strategy.
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Figure 4. Extension of a WLAN coverage area by 2-hop relaying.

by the ad hoc relaying, an MS can communicate with the AP through other nodes while the
distance between the AP and the MS is less than r + ρ. Based on Figure 4, we have:

D1 = dist(B, C1) = −d cos θ +
√

r2 − d2 sin2 θ

D2 = dist(B, C2) = −d cos θ +
√

(r + �)2 − d2 sin2 θ

D3 = dist(B, C3) = −d cos θ +
√

(r + ρ)2 − d2 sin2 θ

(1)

where, dist(X, Y ) is the distance between points X and Y. Also d is the distance between the
AP and B. Therefore, it is obvious that if:

r < r + � < r + ρ (2)

then we will have:

D1 < D2 < D3 (3)

Now, let us define:

Ti=̂ Di

ν
(4)

where Ti is the time that it takes for the MS to move from B to Ci, i = 1, 2, 3. Based on (3)
and (4):

T1 < T2 < T3 (5)

In the following paragraphs we analyze the effects of the ad hoc relaying on the call
dropping rate for an extreme case. Then, in the next subsection, a simple analytical model is
proposed in order to determine the effects of different parameters on the performance of the
relaying strategy.

Let us assume that the cellular channels are fully occupied. We also assume that there
will not be any free channel in the near future. Therefore, under non-relaying policy, an
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active connection will be dropped, when the MS is at point C2 (Figure 4). On the other hand,
with the ad hoc relaying, the active connection is not dropped until the MS reaches point
C3.

It is obvious that if the call duration is going to be long enough, it will eventually be
dropped. Consider that Tmax is the maximum allowable call duration of an active connection.
Furthermore, we assume that the connection has been started T0 seconds before the MS leaves
point B. Then, for the non-relaying strategy we have:

Tmax(non – relaying) = T0 + T2 (6)

and when the ad hoc relaying is being used:

Tmax(relaying) = T0 + T3 (7)

Based on (5), (6) and (7):

Tmax(relaying) > Tmax(non – relaying) (8)

Assume that the call duration is equal to t seconds. Then, the mentioned connection is
terminated successfully if and only if, 0 ≤ t ≤ Tmax. If t is an exponentially distributed
random variable with parameter μ we have:

ps = P(0 ≤ t ≤ Tmax) =
∫ Tmax

0

μe−μt dt = 1 − e−μTmax (9)

where, ps is the probability of a successful call termination. Hence,

pS(non – relaying) = 1 − e−μ(T0+T2)

ps(relaying) = 1 − e−μ(T0+T3) (10)

Therefore, based on (5), (8) and (10):

ps(relaying) > ps(non – relaying) (11)

and hence the probability of a successful call termination will be higher in the relaying case,
which results in a lower dropping probability. In the next subsection, a simple analytical model
is proposed to compare the dropping probability of the LHO and the proposed RHO strategies.

4.1. SIM PLE ANALYTICAL MODEL

In the following paragraphs, a simple analytical model is proposed and the dropping rate is
compared between the LHO and RHO strategies. Let us assume that an MS initiates a handoff
process at time t0. Also, assume that the handoff may be completed at any time before tT . In
other words, the MS has τ = tT − t0 seconds for a successful handoff, otherwise, the call may
be dropped. Under these conditions, one of the following events may occur:

• The handoff is completed successfully at time t1 where, t0 ≤ t1 ≤ tT .
• The call is terminated successfully at time t2 where, t0 ≤ t2 ≤ tT .
• The call is dropped at time tT .
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Figure 5. Movement of the MS on a straight line leaving the hotspot and not return.
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Figure 6. Simple Markov chain used to model the cellular system.

It is clear that if t2 ≤ t0 there is no need for handoff. Also, if t1 > tT and t2 > tT then the
call is dropped at tT . It is assumed that mobile stations move on straight lines with constant
velocities, uniformly distributed over [Vmin, Vmax]. This implies that when an MS moves out of
the hotspot, it will not return in the near future. This situation is illustrated in Figure 5 where
the solid arrow indicates the velocity vector and the direction of movement is at most tangent
to the hotspot border.

In order to model the cellular system, some simplifications are assumed, consistent with
the literature [5, 6, 30]. A simple Markov process is used to model the behavior of the cellular
system. The Markov chain, which is used for this purpose, is shown in Figure 6. The call
duration is assumed to be an exponentially distributed random variable with parameter μ. It
is assumed that the Cellular-to-Cellular handoffs occur with Poisson distribution with the rate
of h. Also, it is assumed that new call generation rate is λ and new calls are generated with
Poisson distribution. The cellular system has N channels and it is in state i if and only if, i
channels are occupied. When the cellular system is in state i, i ≤ N − 1, handoff and new
connection requests are admitted and there is no dropping or blocking event. Handoff requests
are rejected when the cellular system is in state N. For simplicity it is assumed that there is no
reserved channel for handoff requests.

It is assumed that during the time period [t0, tT ], only one WLAN-to-Cell handoff is
initiated. Furthermore, it is assumed that in the RHO strategy, when the MS is inside the
extended transition region, at least, one relay station is always available.

There is an important difference between the handoff rejection and the call dropping events.
Let us consider the situation of Figure 4 with the LHO strategy. The handoff is initiated at
point C1 but dropping happens only when the MS is at point C2. In Figure 4 the shaded area
is the original transition region, with the width of �. Therefore, it takes T2 − T1 seconds for
the MS to leave the transition region, where Ti is defined by (4).

Let us define τ as the time the MS has for successful handoff completion. In other words the
MS remains in the transition region for τ seconds. The variable τ is a function of the velocity
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vector and hence a random one. Based on Figure 4 and Equations (1) and (4) we have:

τ (LHO) = −r cos(θ ) +
√

(r + �)2 − r2 sin2(θ )

ν
(12)

τ (RHO) = −r cos(θ ) +
√

4r2 − r2 sin2(θ )

ν

if we assume that the relaying transmission range is equal to r and the MS’s velocity is equal
to ν. It is obvious that τ (RHO) is determined for the extended transition range.

Let us assume that the handoff is initiated at time t0. Then the dropping occurs if and only
if the following conditions hold:

• The cellular system is in state N.
• The cellular system remains in state N for the next t̄ seconds where t̄ > τ .
• The call is not terminated in the next τ seconds.

If the cellular system is in the steady state, then the probability PN of being in state N can
be determined from the Markov chain of Figure 6:

PN

1
N !

(
λ+h
μ+h

)N∑N
i=0

1
i!

(
λ+h
μ+h

)i (13)

When the cellular system is in state N, the state holding time is exponentially distributed
with the parameter of N (μ + h). Assuming that the cellular system remains in state N for t̄
seconds, we have:

P(t̄ > τ ) =
∫ ∞

τ

N (μ + h)e−N (μ+h)t dt = e−N (μ+h)τ (14)

Also, with the exponential call duration with parameter μ we have:

P(t > τ ) = e−μτ (15)

where, t is the call duration and P(t > τ ) is the probability that the call terminates after τ

seconds from the handoff initiation. Therefore, the overall probability of a call being dropped
is:

Pτ (drop) = PN · P(t̄ > τ ) · P(t > τ ) =
1

N !

(
λ+h
μ+h

)N∑N
i=0

1
i!

(
λ+h
μ+h

)i e−(μ+N (μ+h))τ (16)

The above dropping probability depends on τ which is a random number. Based on (12)
the following equation holds for τ :

τ (ν, θ ) = −r cos(θ ) +
√

σ 2 − r2 sin2(θ )

ν
(17)
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Table 1. Initial parameter setting in Section 4

Parameter Value

r 100.0 meters

� 10.0 meters

1/μ 210.0 seconds

N 20 channels

Vmin 0.5 m/sec

Vmax 3.5 m/sec

where, σ = r + � for the LHO strategy and for the RHO strategy we use σ = 2r . Therefore,
we have:

P(drop) = E(Pτ (drop)) = PN

∫ Vmax

Vmin

∫ π/2

−π/2

1

π (Vmax − Vmin)
e−(μ+N (μ+h))τ (ν,θ )dθdV (18)

The double integral may be calculated numerically. In order to compare the LHO and RHO
handoff models, the dropping ratio is defined as follows:

Dropping Ratio = PLHO(drop)

PRHO(drop)
(19)

It is clear that greater values of the dropping ratio are equal to smaller dropping probabilities
in the RHO compared with the LHO. The value of the dropping ratio is independent of PN .

Figures 7 to 11 illustrate how dropping ratio changes when different parameters of the
system are changing. It is assumed that the parameter setting is as shown in Table 1. For each
experiment, only one of these parameters is changing. It is obvious from these figures that the
ad-hoc relaying may dramatically decrease the dropping probability. A number of simulations
with the same set of assumptions, as mentioned in this section, are employed in order to test the
analytical results. In Figures 7 to 11 the simulation results are compared with the analytical
ones. It is clear from these figures that the analytical and simulation results are almost the
same.

While the proposed analytical model illustrates how different parameters affect the behavior
of the RHO, it is based on a number of assumptions which may not hold in different situations.
In the next subsection we modify the derived analytical model by questioning the availability
of the RS’s.

4.2. AVAILABILITY OF RELAY STATIONS

In the simple analytical model, proposed in the last subsection, it is assumed that the RS’s are
always available. In this subsection, it is shown that the availability of the RS’s depends on the
distance between the requesting MS and the corresponding AP. The analytical model is hence
modified in order to include the RS-availability.

Let us assume that the distance between the MS and the AP is d and d ≥ r . The poten-
tial relay stations for the MS are the ones inside the AP’s coverage area and are at most r
meters away from the MS. This is illustrated in Figure 12. Only the potential RS’s, which
are located inside the shaded zone, are available to be used by the MS. We call this zone as
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Figure 7. Dropping ratio when r is changing with respect to (18).
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Figure 8. Dropping ratio when � is changing with respect to (18).

the RS-availability region. The location and the size of this region depend on the position
of the MS with respect to the hotspot. The following definition states what we mean by the
probability of RS-availability:

Definition 7 The probability of RS-Availability, when there are K potential RS’s inside the
hotspot is illustrated by PK

RS and is the probability of having at least one RS available to be
used by the requesting MS.
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Figure 9. Dropping ratio when 1/μ is changing with respect to (18).
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Figure 10. Dropping ratio when Vmax is changing with respect to (18).

Based on Definition 7 and by the uniform distribution of nodes inside the hotspot’s coverage
area, we have:

P1
RS = The area of the Rs availability region

The area of the hotspot
(20)
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Figure 12. RS availability region. Only the potential RS’s inside the shaded region may be used by the MS.

It can be shown that:

P1
RS(d, r ) = 2r2 cos−1

(
d
2r

) − d
√

r2 − d2/4

πr2
(21)

We define 
 as the following:


=̂d

r
(22)

Based on (21) and (22) we have:

P1
RS(
) = 2

π
cos−1

(
1

2



)
− 1

π



√
1 − 1

4

2 (23)
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Figure 13. Probability of RS availability when 
 = d|r is changing.

Therefore, with K potential relay stations the following holds:

P K
RS(
) = 1 − (

1 − P1
RS(
)

)K
(24)

Figures 13 and 14 illustrate how P K
RS(
) changes when K and 
 are changing. As it is

expected, if d → 2r then P K
RS → 0. With reduction of d we observe a significant increase

in P K
RS. For example, when d = 1.5r we have 
 = 1.5 and it is clear from Figure 14 that

P5
RS(1.5) > 0.5. The simulation results are compared in Figure 15 with the analytical ones

which are determined based on (24).
In the previous subsection we assumed that at least one RS is available for every active

MS in the relaying mode. This assumption holds only when P K
RS → 1. In order to modify the

analysis of the previous subsection, P K
RS(
) must be included in the model. However, taking

P K
RS(
) into account, makes the model too complex. Therefore, we estimate P K

RS(
) by the
following function:

P̃ K
RS(
) =

{
1 if 
 ≤ ξ

0 if 
 > ξ
(25)

where ξ is a threshold value. The value of ξ is selected such that the following equation
holds:∫ 2.0

1.0

P K
RS(
) d
 =

∫ 2.0

1.0

P̃ K
RS(
) d
 = ξ − 1 (26)

This estimation is same as assuming that the RS’s are always available when the distance



530 P. Khadivi et al.

0 5 10 15 20 25 30 35 40 45 50
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
Prob. of RS Availability vs K

K

P
ro

b
. 
o

f 
R

S
 A

v
a
il
a
b

il
it

y
 (

P
R

S

K
) P

RS
 , d/r = 1.25

P
RS

 , d/r = 1.50

P
RS

 , d/r = 1.75

Figure 14. Probability of RS availability when K is changing.
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between the AP and the MS is less than rξ , where:

ξ = 1 +
∫ 2.0

1.0

P K
RS(
) d
 (27)
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Figure 16. Probability of RS availability. Comparison between exact and estimated functions for K = 15.
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Figure 17. Probability of RS availability. Comparison between exact and estimated functions for K = 30.

Figures 16 and 17 show how P̃ K
RS(
) changes with respect to 
 and it is compared with the

exact value of P K
RS(
). As it is defined by (26), the area under P̃ K

RS(
) curve and the original
function, P K

RS(
), are equal, Using P̃ K
RS(
) the dropping probability of the RHO strategy, as
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Figure 18. Dropping ratio when r is changing with respect to (28).

Figure 19. Dropping ratio when 1/μ is changing with respect to (28).

described by (18), may be modified in the following manner:

P(drop) = PN

∫ Vmax

Vmin

∫ π/2

−π/2

1

π (Vmax − Vmin)
e−(μ+N (μ+h))

−r cos(θ )+
√

(rξ )2−r2 sin2(θ )
V dθdV (28)

The results of the above analytical model are compared with the simulation results in
Figures 18 to 21. The parameter setting is similar to Table 1. The simulation environment is
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Figure 20. Dropping ratio when N is changing with respect to (28).

Figure 21. Dropping ratio when K is changing with respect to (28).

based on the assumptions consistent with the analytical model. It is clear from these figures
that the simulation results are to some extend different from the analytical ones. This difference
is expected because of the estimation which is made by (25). However, both simulation and
analytic results show that the RHO reduces the dropping rate dramatically compared with the
non-relaying situation.

Different system-parameters are examined in Figures 7 to 11 and 18 to 21. An increase
in each parameter may have a certain effect on the performance of the proposed RHO. When
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the mobile stations are moving faster, they leave the original and extended transition areas
more rapidly and they have a lower chance of successful handoff. Increasing the average
call duration decreases the defined dropping ratio. It is clear that if the call duration is going
to be long enough, the call will eventually be dropped. When the number of potential RS’s
is increased, the probability of RS availability increases too. Therefore, with the RHO, the
dropping probability is decreased. Furthermore, with a greater number of channels in the
cellular system, when the cellular system is in state N, the state holding time becomes shorter
and hence, lower dropping probabilities are expected.

5. Simulation Results

In the previous section the RHO method is compared with the LHO through simple analytical
modeling. In this section these methods are compared through simulations. A large number
of simulations have been performed to evaluate the performance of the proposed method. In
the following, we will only describe some of the more important results. The mobility model,
which is introduced in the following, is a modified version of the well-known random waypoint
mobility model [31].

An event-based simulator is developed to evaluate the performance of the proposed meth-
ods. It is assumed that there is only one cell and one WLAN, as two circles, and the WLAN
is located inside the cell. The hotspot and cell radii are assumed to be 100 and 1000 meters
respectively.

The MS’s are classified as either Inside or Outside ones, depending on their locations respect
to the hotspot. For each class of MS’s a random way point mobility model is used. Each MS
moves from its current position toward its random destination with a random velocity. The
destination of an Inside MS is selected outside the hotspot with a probability of 0.35 while the
destination of an Outside MS is selected inside with a probability of 0.1. Inside MS’s velocity
has a uniform distribution between 0.5 and 2.0 m/sec while the velocity of the Outside MS’s is
uniformly distributed between 1.0 and 15.0 m/sec. When an Inside MS arrives at its destination,
it waits there for a random time uniformly distributed between 0.0 and 300.0 seconds. There
are 1000 of MS’s and with this parameter setting, when the system is in steady state, about 325
of MS’s are inside the hotspot. Figure 22 shows the distribution of MS’s over the simulation
area. Figure 23 illustrates how the system reaches stability.

New call generation rate is 0.3 calls/sec and new calls are generated based on a Poisson
distribution. Call duration is an exponentially distributed random variable. The average call
duration is a simulation parameter and is selected between 180 to 240 s. It is assumed that the
hotspot (WLAN) can serve 36 connections. Also it is assumed that the cellular system has 56
channels. Initial parameter setting which is used in the simulations is illustrated in Table 2.
Some of these parameters were used as variables in the simulations.

When an Inside (Outside) MS with an active connection moves outside (inside) the
hotspot a handoff is initialized. Rejected handoff requests are en-queued in order to wait
for a free channel. It is assumed that even Inside MS’s can be served by the cellular sys-
tem. Therefore, there is no dropping event when a Cellular-to-WLAN handoff is being
rejected.

Let us see what will happen when a WLAN-to-Cellular handoff is rejected. In the LHO
model, these rejected requests are en-queued. In this case, when the distance between the MS
and the AP is more than an upper bound, r +�, the connection is dropped. In the RHO model,
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Table 2. Initial parameter setting in Section 5

Parameter Definition Value

r Hotspot radius 100.0 meters

ρ Relaying transmission range 100.0 meters

A Original transition area’s width 10.0 meters

1/μ Average call duration 210.0 seconds

N Number of cellular channels 56 channels

M Maximum number of connections served by the hotspot 36 active calls

�V I
min, V I

max	 The velocity of inside MS’s is uniformly distributed over this range [0.5, 2.0] m/sec

�V O
min, V O

max	 The velocity of outside MS’s is uniformly distributed over this range [1.0, 15.0] m/sec

Tpause Inside MS’s waits at their destinations for a random time uniformly

distributed over [0, Tpause]

300.0 seconds

Figure 22. Distribution of MS’s on the simulation area.

when the rejected request is en-queued, the MS finds an RS and through ad hoc relaying stays
connected with its original AP. The call is dropped when there is no free channel in the cell
and there is no relaying path available as well as the distance between the MS and the AP is
greater than r + �. En-queued handoff requests are served in a first come first serve manner
when at least one free channel is available in the cellular side.

Different metrics could be used in order to select an RS, among a number of candidates.
Link quality on the MS-RS and RS-AP connections can be used as a parameter for choosing an
RS in the RHO model. Other parameters such as remaining battery power, power consumption,
fairness and path stability can be considered too. When certain QoS requirements exist, RS
selection may be performed with respect to a number of constraints [32].

In the RHO model, each MS that is served by the WLAN is connected to the AP through one
or two hop wireless links. Therefore, number of hops in the relaying path, is not an appropriate
metric for the RS selection. In this paper, we choose the RS based on the method described
in [22]. Therefore, assuming that S is the set of potential RS’s, any of the following equations
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can be used in order to select an RS:

RS = arg min
RSi ∈S

max(dist(MS, RSi ), dist(RSi , AP)) (29)
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and/or

RS = arg min
RSi ∈S

max(PL(MS, RSi ), PL(RSi , AP)) (30)

where, RS is the selected relay station and RSi is the ith potential relay station. Also, dist(X, Y )
and PL(X, Y ) are the distance and path loss between nodes X and Y respectively. An example
is illustrated in Figure 24, where two relay stations are available. Based on (29), relay station
B is selected, because the longest link of path MS-B-AP is 45 meters while the longest link of
MS-A-AP is 50.

Simulation results are shown in Figures 25 to 28. Figure 25 illustrates the dropping prob-
ability when the average call duration is changing from 180 to 240 s. Blocking probabilities
for the same parameters are shown in Figure 26. The proposed relaying method reduces the
dropping probability with almost no change in the blocking probability.

Figure 27 illustrates the dropping probability when the relaying transmission range is
changing from 20 meters to 100 meters. It is obvious from this figure that when the relaying
transmission range is reduced the dropping probability of the RHO strategy converges toward
that of the LHO. This is expected because the extended transition range shrinks. Figure 28
shows the dropping probability when the maximum velocity of inside nodes is changing from
1.0 to 5.0 m/sec. As it is clear from these figures, the RHO has much lower dropping probability
compared to the LHO method.

Overall the simulation results prove that the proposed RHO method is superior to the
traditional handoff strategies in terms of reducing the dropping probability.
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6. Conclusions

In this paper, we suggested the use of the ad hoc relaying for reducing the dropping rate in
a hybrid WLAN/cellular system. Dropping probability reduction by traditional methods such
as using reserved guard channels is not an easy task in loosely coupled hybrid systems. The
dropping probability can dip down to an acceptable value when the proposed RHO strategy
is employed. Both analytical reasoning and simulation results show the effectiveness of the
suggested strategy. Simple analytical models are proposed in this paper to evaluate the perfor-
mance of the proposed RHO method. While we proposed and evaluated the relaying method
for a hybrid WLAN/Cellular system, it can also be used in other applications. These applica-
tions could include tightly coupled hybrid networks or traditional single layer cellular systems
where the ad hoc relaying reduces the need for channel reservation.
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