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Abstract—The Generic Access Network (GAN) developed by
3GPP extends services to unlicensed spectrum. A mobile station
(MS) with multiple air interfaces can access 3GPP services
through GAN and roam seamlessly between different radio access
networks. However, mobility management and resource man-
agement are critical issues in GAN. To allocate GAN resources
efficiently, we propose Adaptive Keep-alive Interval (AKI). By using
AKI, an MS can send less signaling messages. In addition, AKI
can increase system utilization by releasing unused resources.
In this paper, we develop a mathematical model to evaluate the
handoff failure probability of the proposed AKI. The analysis
is validated by extensive simulations. The results show that
the proposed AKI can reduce handoff failure probability and
increase GAN utilization significantly.

Index Terms—3GPP Generic Access Network (GAN), inter-
working, performance analysis, mobility and resource manage-
ment, communications systems.

I. INTRODUCTION

THE Generic Access Network (GAN) [1], [2] developed in
the 3𝑟𝑑 Generation Partnership Project (3GPP) evolves

from the Unlicensed Mobile Access (UMA) [3]–[5]. It extends
Global System for Mobile Communications (GSM)/General
Packet Radio Service (GPRS)/Universal Mobile Telecommu-
nications System (UMTS) [6] services to unlicensed spectrum.
Basically, a gateway approach is adopted in the GAN ar-
chitecture to integrate 3GPP core network with other radio
technologies. From the viewpoint of a 3GPP core network,
GAN is just another Radio Access Network (RAN) like
GSM/EDGE RAN (GERAN). A Mobile Station (MS) with
multiple air interfaces can access 3G services through GAN
and roam seamlessly between GAN, GERAN, and UMTS
Terrestrial RAN (UTRAN). Besides, many different wireless
access technologies, such as IEEE 802.11 Wireless Local Area
Networks (WLAN) [7] and Bluetooth [8], can be applied to
GAN.
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Among the different RANs, resource management is an
important issue. In order to minimize the handoff failure
probability, Call Admission Control (CAC) usually reserves
some resources for handoff calls [9]–[12]. However, in GAN,
an MS may stay in GERAN/UTRAN for a certain period of
time without switching to GAN even though the GAN has
reserved resources for it. Hence, the reserved resources are
wasted and the GAN is under utilized.

As defined in the standards [1], [2], after an MS registers
with GAN, resources are reserved to accommodate the MS
and a timer called TU 3906 is triggered. The MS needs to
periodically send a keep-alive message refreshing the timer
in order to avoid its expiration and the resulting release of
resources at the GAN. In this paper, we propose Adaptive
Keep-alive Interval (AKI) algorithm to increase the system
utilization. In our proposed technique, before an MS actually
switches to GAN, the keep-alive interval is increased to
prolong the interval of sending the keep-alive message. Thus,
the MS sends fewer and fewer keep-alive messages as time
goes by. Furthermore, if an MS does not switch to the GAN
mode for a long period of time, the keep-alive interval will be
long. The reserved GAN resources for the MS are likely to be
preempted by another handoff MS. Hence, the GAN resource
utilization is improved.

In our previous paper [13], we evaluated the performance
of GAN services improved by the proposed AKI by extensive
simulations. Among the evaluated metrics, we concluded that
the GAN handoff failure probability is the most important one
for mobile users to access GAN services. When GAN handoff
failure probability is reduced, GAN utilization is increased.
To further understand the impact of GAN handoff failure
probability, a mathematical model is proposed to analyze the
handoff failure probability in this paper. In [10], the call
blocking probability is analyzed in homogeneous networks
by decomposing dependency between networks nodes. Based
on [10], bearer reservation and preemption behaviors in Last-
Come-First-Preempted are analyzed in [14]. The models pre-
sented in [10], [14] cannot apply to heterogeneous networks
because the mean network residence time is always the same
in [10], [14]. In heterogeneous networks, however, the mean
network residence time is different for different type of net-
work. Although [15] analyzes the handoff failure probability
with WLAN-First1 strategy for MSs, it cannot model the

1The WLAN-First here means that an MS will switch from a cellular
network to a WLAN as long as there is one WLAN available.
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Fig. 1. GAN architecture.

pre-registration behavior defined in the GAN standards [1],
[2]. In this paper, we propose a mathematical model for the
pre-registration and preemption behaviors in the interworking
between GERAN/UTRAN and GAN. The proposed analytical
model is validated by simulation. The analytical and simula-
tion results show that the handoff failure probability is reduced
significantly in the proposed AKI. In addition, the GAN is
better utilized.

The contribution of this paper is two-fold. First, we propose
a novel adaptive keep-alive strategy to refresh the TU 3906
timer reserving resources at GANs before an MS conducts a
handover. It is a critical issue for GAN resource management.
We identify the problem which was not solved before and
needs to be resolved to improve the GAN performance.
Second, we develop an intricate analytic model to evaluate the
handoff failure probability. The mathematical model quantifies
the performance of the proposed AKI. Also, the analysis
shows the performance of a larger scale network, which exams
the scalability of the proposed AKI. Extensive simulations
have also been conducted to validate the analysis.

The rest of this paper is organized as follows. Section II
provides an overview of the GAN system. Section III states
the problems to be resolved. Section IV discusses the proposed
solution. The proposed analytical model is presented in Sec-
tion V. Section VI discusses the numerical results. Section VII
summarizes this paper.

II. BACKGROUND

The GAN architecture illustrated in Fig. 1 shows a gate-
way approach to integrate 3GPP core network and GAN.
The gateway is called GAN Controller (GANC) which also
performs the functions of the GSM Base Station Subsystem
(BSS). As shown in the figure, both of the GANC and the
GSM BSS communicate with the Mobile Switching Center
(MSC) and Serving GPRS Support Node (SGSN) by “A”
interface and “Gb” interface, respectively. Besides, the GANC
communicates with the MS by a newly defined interface which
is called “Up” interface as shown in Fig. 2 [1], [2].

When an MS is powered on, it initially starts
in GERAN/UTRAN mode by executing the normal
GERAN/UTRAN power-on procedure. Using WLAN as
an example in GAN, an MS communicates with the GANC
through an IEEE 802.11 Access Point (AP). If the MS
discovers some appropriate APs, it can switch to GAN mode.
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Fig. 2. “Up” interface.

The AP does not have to support any extra GAN functionality.
It is transparent between the MS and the GANC. The MS
can switch to GAN mode by using the following steps [1],
[2]:

1) The MS connects to an appropriate AP.
2) The MS configures its Transport IP address or Local

IP address. The IP address can be obtained by using
DHCP [16] or by other ways.

3) With the transport/local IP address, the MS performs the
Discovery Procedure defined in [1], [2] to find a suitable
GANC.

4) The MS establishes an IPSec [17] tunnel with the
Security Gateway (SEGW) which usually is co-located
with the GANC.

5) The MS registers with the GANC through the IPSec
tunnel.

6) If the GANC accepts the registration request, it becomes
the serving GANC of the MS. The MS then can switch
to GAN mode.

The Security Association (SA) of the IPSec tunnel is con-
structed by using EAP/SIM [18] or EAP/AKA [19] over
Internet Key Exchange (IKEv2) [20]. During the IKEv2 ex-
changes, the MS and the network are mutually authenticated
through the “Wm” interface. The IPSec tunnel recognizes the
MS by the Remote IP address. Therefore, the IPSec tunnel
does not need to be re-established when the MS moves to
another subnet. Only the Transport IP address will be changed.
Hence, the IPSec tunnel and the upper-layer sessions will not
break due to the movement of the MS. Besides, the Remote
IP address can be configured statically or dynamically by
the core network during the registration process. Signaling
messages such as registration, deregistration, and keep-alive
messages are transmitted over TCP in “Up” interface. The
voice calls from circuit-switched networks are carried by Real-
time Transport Protocol (RTP) [21] and transferred as Voice
over IP (VoIP) sessions in GAN.

If there are several available RANs for an MS, according
to user preference, the MS selects one of them to connect to.
Four user preferences are defined in [1], [2]:

1) GERAN/UTRAN only: The MS always stays in
GERAN/UTRAN cells.

2) GERAN/UTRAN preferred: The MS will switch to
GERAN/UTRAN mode as long as there is a suitable
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GERAN/UTRAN cell available.
3) GAN preferred: The MS will switch to GAN mode as

long as a suitable AP and an appropriate GANC are
available.

4) GAN only: The MS always stays in GAN cells.

III. PROBLEM STATEMENT

Based on the standards [1], [2], from the perspective of
GAN, the movement of an MS with active session(s) from
GERAN/UTRAN to GAN is called handover-in. The move-
ment from GAN to GERAN/UTRAN is called handover-out.
For an idle MS, the movements are called rove-in and rove-
out, respectively. Note that before an MS can switch to GAN
mode, it must successfully register with the GANC first as
described in Section II.

In the handover-in case, it is a nontrivial problem
to determine when an MS should initiate the registra-
tion with the GANC while it is still in GERAN/UTRAN
mode. This is especially challenging for GERAN/UTRAN-
preferred MSs. Unless GERAN/UTRAN is not available any-
more, a GERAN/UTRAN-preferred MS prefers to stay in
GERAN/UTRAN instead of switching to GAN mode although
it has already registered with GANC. As defined in the
standards, after the registration with a GANC is accepted, the
MS needs to periodically send keep-alive messages until it is
deregistered. If an MS registers with the GANC too early, it
will incur signaling overhead and waste energy to send many
keep-alive messages. In addition, the resources reserved for the
MS in the GAN cannot be used by other MSs. On the other
hand, if an MS performs the registration just in the beginning
of handover-in, the discovery and registration procedures will
incur long handoff delay. Recall that IPSec tunnel needs to
be established before performing the registration procedures.
Studies have shown that the establishment of IPSec tunnel
contributes significantly to handoff delay [22].

Please note only an MS moving from GERAN/UTRAN to
GAN will reserve resources in the GAN cell before the MS
moves in. For an MS moving from GAN to GERAN/UTRAN,
there is no pre-registration. Also, the reservation applies
to GERAN/UTRAN-preferred MSs only. For GAN-preferred
MSs, they will move into GAN immediately once the pre-
registration is accepted. For GERAN/UTRAN-only and GAN-
only MSs, they always stay in the same type of cells.

IV. PROPOSED ADAPTIVE KEEP-ALIVE INTERVAL (AKI)

Although the proposed AKI has been presented in [13],
to be self-contained, we briefly discuss it again here. The
proposed AKI possesses the following key characteristics. The
proposed AKI can reduce the amount of keep-alive messages.
In addition, it provides a way to decide which reserved GAN
resources should be released. In light of the aforementioned
discussion, GAN resources may be reserved but not be used
immediately by the early registered MSs. Therefore, when the
load of GAN is heavy, newly handover-in sessions may be
dropped. In the proposed AKI, we re-allocate some reserved
GAN resources. Therefore, the probability of unsuccessful
handoff to GAN is reduced. The GAN resources, thus, can
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Fig. 3. MS procedure in AKI.

be used more efficiently. The system utilization is improved
as well.

The following sections present how the proposed AKI
works in MS and GANC, respectively.

A. MS procedure

Once the GANC accepts the registration, as defined in
the standards, it sends the GA-RC REGISTER ACCEPT mes-
sage [2] which carries the initial keep-alive interval to the MS.
After the MS receives the message, the keep-alive mechanism
is started and controlled by the 𝑇𝑈 3906 timer [1], [2]. The
timer keeps counting down. If there are packets transmitted
from the MS through the GANC, the timer is reset to the
initial value. Otherwise, the MS needs to send a keep-alive
message to the GANC before the timer expires, i.e. counting
down to 0.

The AKI, shown in Fig. 3, is proposed to minimize the
amount of keep-alive messages for early registered MSs.
In AKI, the keep-alive interval doubles exponentially unless
it reaches the predefined maximum value or until the MS
performs handover-in. The frequency of sending keep-alive
messages, thus, is reduced. After the MS performs handover-
in, the interval is reset to the initial value as that originally
assigned by the serving GANC.

B. GANC procedure

In light of the aforementioned discussion, the GANC will
allocate GAN resources for the registered MSs even though the
MSs have not really moved into the GAN. When receiving a
new registration request from an MS with active session(s), the
GANC will reserve the resources in the AP for the session(s).
In the proposed AKI, if there is no GAN resource available,
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the GANC will decide whether an early registered MS which
has not handed over in yet should be preempted. If so, the
released resources then are used for the newly arrived MS.
However, the MS with the initial value of keep-alive interval
will not be chosen to be released. That is, a newly registered
MS is guaranteed to hold the GAN resource at least for the
period which equals the initial keep-alive interval. Hence, the
candidates to be preempted are the MSs with larger keep-alive
intervals. That is, they have held the resources for a long time
without using the resources. If no candidate is found to release
the resources, the new registration fails. Among the candidates
to be preempted, we propose three different ways for a GANC
to choose:

1) Maximum interval first: The GANC releases the re-
sources of the candidate MS with the largest keep-alive
interval.

2) Minimum interval first: The GANC releases the re-
sources of the candidate MS with the smallest keep-alive
interval.

3) Random: The GANC randomly releases the resources
of a candidate MS.

Intuitively, the candidate MS with the largest value of keep-
alive interval may not handover in soon so we may want to
release its reserved resources. However, it is hard to predict
the movement of an MS accurately. It is also possible that the
candidate MS with the largest value of keep-alive interval may
be in the boundary already and will handover in very soon.
From this perspective, it may be better to choose the candidate
MS with the smallest value of keep-alive interval. The first two
approaches actually conflict with each other. Therefore, we
also propose to pick up a candidate MS randomly. Simulation
results shown in Section VI indicate that all of them perform
similarly.

To evaluate the complexity of the proposed AKI, we assume
the number of reserved sessions in a GAN cell is 𝑁 . The
complexity for memory space of all the three policies is
𝑂(𝑁) due to the recording of the keep-alive intervals of the
reserved MSs. For time complexity, both of the maximum and
minimum interval first policies have the time complexity of
O(N ⋅ log N) because of sorting the keep-alive intervals of the
reserved MSs. For the random policy, the time complexity is
only 𝑂(𝑁). Please note 𝑁 is less than the maximum number
of allowable sessions in a GAN cell which is less than the
GAN cell capacity.

V. PERFORMANCE ANALYSIS

As mentioned earlier, in our previous paper [13], we have
evaluated the proposed AKI with various performance metrics
by simulation. Through simulation experiments, we found that
the GAN handoff failure probability is the most important
factor affecting mobile users to access GAN services. To
get more insights of the problem, we conduct mathematical
analysis for handoff failure probability in this paper. We
first describe the system model in Section V-A, followed by
the mathematical analysis in Section V-B. The parameters
used in the analysis are listed in Table I. In the analysis,
handoff is defined as the switching of radio connection from
a Base Station (BS)/Access Point (AP) to another BS/AP.

TABLE I
LIST OF PARAMETERS

Parameter Setting
Mean session arrival rate 𝜆𝑜 0.05
Mean session holding time 1/𝜇 600 sec
Density function of session holding time 𝑓𝑐(𝑡) 𝜇𝑒−𝜇𝑡

Mean GAN resource holding time 1/𝜂𝑔 300 sec
Density function of GAN 𝑓𝑛𝑔 (𝑡) 𝜂𝑔𝑒

−𝜂𝑔𝑡

resource holding time
Mean pre-registration interval 1/𝜂𝑢 600 sec
during GERAN/UTRAN period
Density function of pre-registration 𝑓𝑛𝑢(𝑡) 𝜂𝑢𝑒

−𝜂𝑢𝑡

interval during GERAN/UTRAN period
GAN cell capacity 𝐶 12
(Pre-registration period)/ 𝑟𝑝 0.2
(GAN resource holding time)
GAN-preferred session ratio 𝑟𝑔 0.5
GERAN/UTRAN-preferred session ratio 1− 𝑟𝑔 0.5
Neighboring cell number 𝑁𝑛𝑏 4
Neighboring GAN cell number 𝑁𝑔 2
Neighboring GERAN/UTRAN 𝑁𝑛𝑏− 2
cell number 𝑁𝑔

Probability that a handoff session 𝑃𝑔 = 0.5
moves to/from a GAN cell 𝑁𝑔/𝑁𝑛𝑏

Probability that a handoff session 1− 𝑃𝑔 0.5
moves to/from a GERAN/UTRAN cell
Initial Keep-alive interval 𝐼𝑘 20 sec
Session holding time 𝑡𝑐
GAN resource holding time 𝑡𝑔
GAN pre-registration interval 𝑡𝑢
during GERAN/UTRAN period
Pre-registration period 𝑡𝑝
Residence time in the i-th cell 𝑡𝑁𝑖

Density function of 𝑡𝑁𝑖 𝑓𝑛𝑖(𝑡)
Visited cell numbers during the 𝑋
session holding time
Handoff number from GERAN/UTRAN 𝑈
cells by a session
Handoff number from GAN cells 𝐺
by a session
Handoff session arrival rate 𝜆ℎ

Handoff rate from neighboring 𝜆ℎ𝑢

GERAN/UTRAN cells
Handoff rate from neighboring 𝜆ℎ𝑔

GAN cells
GAN resource requesting rate 𝜆𝑟

Pre-registration miss rate 𝜆𝑚

Probability of handoff failure into GAN 𝑃𝑓

Probability that a pre-registered session 𝑃ℎ

is in high priority

Thus, handoff includes the switching from a GAN AP to
another GAN AP, from a GAN AP to a GERAN/UTRAN
BS, from a GERAN/UTRAN BS to a GAN AP, and from a
GERAN/UTRAN BS to another GERAN/UTRAN BS. Recall
that as defined in the standards [1], [2], handover refers to
the inter-system handoff of an MS with active session(s).
Thus, handover includes the switching from a GAN AP to
a GERAN/UTRAN BS, and from a GERAN/UTRAN BS to
a GAN AP.

A. System Model

Fig. 4 illustrates the network topology used in the analysis.
To prevent service disruption, generally, GERAN/UTRAN
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Fig. 4. Network topology for analysis.

cells and GAN cells are overlapped. Therefore, an MS can
seamlessly roam between different cells. Please note that
Fig. 4 does not show the overlaps of the cells. There are two
types of cells in Fig. 4: GERAN/UTRAN cell and GAN cell.
For each cell, there are 𝑁𝑛𝑏 neighboring cells consisting of
𝑁𝑔 GAN cells and (𝑁𝑛𝑏 − 𝑁𝑔) GERAN/UTRAN cells. In
Fig. 4, there are 2 neighboring GAN cells and 2 neighboring
GERAN/UTRAN cells around each cell. There are 4 moving
directions for each MS. The topology is wrapped-up. That
is, an MS moving up outside the boundary will reach to
the bottom cell, and same as that in left and right sides.
With different user preferences, the handoff decision will be
different.

The resource consumption in a GAN cell is modeled by
following 𝑀/𝑀/𝐶/𝐶 Markov process [23]. In the Markov
process, the arrival rate corresponds to the GAN resource
requesting rate. The departure rate is the inverse of the GAN
resource holding time. Both of the arrival and departure
rates are exponentially distributed. In addition, the GAN cell
capacity 𝐶 is the amount of the total states of the Markov
chain. When a handover-in session arrives in state 𝐶 without
available GAN resource, a handoff failure happens and the
session is forced to be terminated. By extending the models
presented in [10], [14] to heterogeneous networks and the pre-
registration behavior in GAN, the GAN resource requesting
rate and the GAN resource holding time can be derived. The
handoff failure probability then can be evaluated by using
Erlang’s loss formula [23].

As discussed in Sections II and III, only an MS moving
from GERAN/UTRAN to GAN will reserve resources in
the GAN cell before the MS moves in. For an MS moving
from GAN to GERAN/UTRAN, there is no pre-registration
as that discussed in Section III. Thus, new sessions originated
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Fig. 5. Events that may occur during the lifetime of a GERAN/UTRAN-
preferred session.

in GAN cells are not related to the problem studied in
this paper. Therefore, we assume that new sessions are only
originated from GERAN/UTRAN cells. There are both new
sessions and handoff sessions in GERAN/UTRAN cells, but
only handoff sessions in GAN. In GERAN/UTRAN cells, we
assume the arrival of a new session follows Poisson process
with mean arrival rate 𝜆𝑜. The type of the new arrival is
binomially distributed as GAN-preferred or GERAN/UTRAN-
preferred with probability 𝑟𝑔 and (1 − 𝑟𝑔), respectively. We
also assume the session holding time of the new session
is exponentially distributed with mean 1/𝜇 and the density
function 𝑓𝑐(𝑡) = 𝜇𝑒−𝜇𝑡.

After staying in one cell for a certain period of time, an MS
will move to another cell. The moving direction is uniformly
randomized. Before moving, the MS may be in a GAN or
GERAN/UTRAN cell. We denote 𝑃𝑔 as the probability the
MS will move to a GAN cell, where 𝑃𝑔 = 𝑁𝑔/𝑁𝑛𝑏. Thus,
the probability the MS will move to a GERAN/UTRAN cell
is (1 − 𝑃𝑔). From the perspective of a cell, the probability
that an MS is handed off from a GAN cell is also 𝑃𝑔 . The
probability that an MS is handed off from a GERAN/UTRAN
cell is (1−𝑃𝑔). After staying in the GERAN/UTRAN cell for
a certain period of time denoted as 𝑡𝑢, the MS pre-registers
to the GAN for the next handoff. If the pre-registration is
accepted and handover-in is performed, the GAN resource
holding time for the MS is denoted as 𝑡𝑔 which includes
pre-registration period and GAN cell residence time. The
pre-registration period is defined as the time from the pre-
registration is accepted until the MS switches to the GAN
cell. We assume 𝑡𝑢 and 𝑡𝑔 are exponentially distributed with
mean 1/𝜂𝑢 and 1/𝜂𝑔, respectively. We also define 𝑓𝑛𝑢(𝑡) and
𝑓𝑛𝑔 (𝑡) as the density functions, where 𝑓𝑛𝑢(𝑡) = 𝜂𝑢𝑒

−𝜂𝑢𝑡 and
𝑓𝑛𝑔 (𝑡) = 𝜂𝑔𝑒

−𝜂𝑔𝑡.
For a GAN-preferred MS, the pre-registration period is 0

because it performs handover-in immediately right after the
pre-registration is accepted. If a GAN-preferred MS hands
off to a GERAN/UTRAN cell, it implies that the GAN pre-
registration is failed. Therefore, for a GAN-preferred MS, its
GAN cell residence time equals 𝑡𝑔 , and GERAN/UTRAN cell
residence time is equal to 𝑡𝑢.

When an MS moves between cells, it is possible that the
MS registers with GAN several times but does not handover
in. Recall that although a GERAN/UTRAN-preferred MS
will register with GAN, it will not handover in unless there
is no GERAN/UTRAN available. Fig. 5 shows an example
for that. We assume at 𝑡0 a new GERAN/UTRAN-preferred
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MS arrives at a GERAN/UTRAN cell. Assuming at 𝑡1, a
GERAN/UTRAN-preferred MS pre-registers to GAN but does
not handover in. The MS may stay in the same cell or move
to another GERAN/UTRAN cell. In Fig. 5, we assume that
at 𝑡1, the MS moves to another GERAN/UTRAN cell. The
period of time from 𝑡0 to 𝑡1 is exponentially distributed
with mean 1/𝜂𝑢. Because the MS performs pre-registration
without handover-in, we call this as pre-registration miss.
Fig. 5 illustrates another pre-registration miss at 𝑡2. Assuming
at 𝑡𝑚, the MS performs another registration with GAN. At this
time, we assume no other GERAN/UTRAN cell is available.
Therefore, the MS performs handover-in at 𝑡𝑚+1. We call the
time between 𝑡𝑚 and 𝑡𝑚+1 as pre-registration period and
denote it as 𝑡𝑝. Let 𝑟𝑝 be the ratio of the pre-registration
period over GAN resource holding time, i.e., 𝑟𝑝 = 𝑡𝑝/𝑡𝑔.
Depending on the values of 𝑡𝑝 and 𝑡𝑔 , the value of 𝑟𝑝
will be different. However, the pre-registration period is still
exponentially distributed. The mean is 𝑟𝑝/𝜂𝑔 . The GAN cell
residence time, from 𝑡𝑚+1 to 𝑡𝑚+2, is set to be (𝑡𝑔 − 𝑡𝑝)
which is exponentially distributed with mean (1− 𝑟𝑝)/𝜂𝑔 . For
the handoff between GAN cells, there is no pre-registration
period. Therefore, the GAN cell residence time (𝑡𝑚+3−𝑡𝑚+2)
equals 𝑡𝑔 .

From Fig. 5, we can see that pre-registration miss is
caused only by a GERAN/UTRAN-preferred MS. Each pre-
registration miss also causes an exponential period of time
with mean 𝑟𝑝/𝜂𝑔 to occupy extra GAN resource. By modeling
each GAN resource as a server to serve handoff sessions, the
GAN cell can be modeled as an 𝑀/𝑀/𝐶/𝐶 system, where
𝐶 is the GAN cell capacity.

B. Handoff Failure Analysis

There will be a handoff failure when there is no GAN
resource available for an MS handing off into GAN. Let
𝑡𝑐 be the life time of a session. During the session holding
time, suppose that an MS will visit 𝑋 cells without handoff
failure. Let 𝑡𝑁𝑖 be the network residence time in the 𝑖𝑡ℎ cell
with density function 𝑓𝑛𝑖(𝑡). The probabilities of 𝑋 = 𝑘 and
𝑋 > 𝑘, 𝑘 ≥ 1, are:

Pr[𝑋 = 𝑘]

= Pr[𝑡𝑁1 + 𝑡𝑁2 + ⋅ ⋅ ⋅ 𝑡𝑁𝑘−1
< 𝑡𝑐 <= 𝑡𝑁1 + 𝑡𝑁2 + ⋅ ⋅ ⋅ 𝑡𝑁𝑘

]

=

∫ ∞

𝑡1=0

∫ ∞

𝑡2=0

⋅ ⋅ ⋅
∫ ∞

𝑡𝑘=0

∫ 𝑡=𝑡1+𝑡2+⋅⋅⋅𝑡𝑘

𝑡=𝑡1+𝑡2+⋅⋅⋅𝑡𝑘−1

𝑓𝑐(𝑡)⋅
𝑓𝑛

1
(𝑡1)𝑓𝑛2(𝑡2) ⋅ ⋅ ⋅ 𝑓𝑛𝑘

(𝑡𝑘)𝑑𝑡𝑑𝑡𝑘 ⋅ ⋅ ⋅ 𝑑𝑡2𝑑𝑡1
=

∫ ∞

𝑡1=0

⋅ ⋅ ⋅
∫ ∞

𝑡𝑘=0

(1− 𝑒−𝜇𝑡𝑘)𝑒−𝜇(𝑡1+𝑡2+⋅⋅⋅𝑡𝑘−1)⋅
𝑓𝑛

1
(𝑡1) ⋅ ⋅ ⋅ 𝑓𝑛

𝑘
(𝑡𝑘)𝑑𝑡𝑘 ⋅ ⋅ ⋅ 𝑑𝑡1

= [

∫ ∞

𝑡𝑘=0

𝑓𝑛
𝑘
(𝑡𝑘)𝑑𝑡𝑘 −

∫ ∞

𝑡𝑘=0

𝑒−𝜇𝑡𝑘𝑓𝑛
𝑘
(𝑡𝑘)𝑑𝑡𝑘]⋅

𝑘−1∏
𝑖=1

∫ ∞

𝑡𝑖=0

𝑒−𝜇𝑡𝑖𝑓𝑛
𝑖
(𝑡𝑖)𝑑𝑡𝑖

= [1−
∫ ∞

𝑡𝑘=0

𝑒−𝜇𝑡𝑘𝑓𝑛
𝑘
(𝑡𝑘)𝑑𝑡𝑘]

𝑘−1∏
𝑖=1

∫ ∞

𝑡𝑖=0

𝑒−𝜇𝑡𝑖𝑓𝑛
𝑖
(𝑡𝑖)𝑑𝑡𝑖

(1)

Pr[𝑋 > 𝑘]

=

∫ ∞

𝑡1=0

∫ ∞

𝑡2=0

⋅ ⋅ ⋅
∫ ∞

𝑡𝑘=0

∫ ∞

𝑡=𝑡1+𝑡2+⋅⋅⋅𝑡𝑘
𝑓𝑐(𝑡)⋅

𝑓𝑛1(𝑡1)𝑓𝑛2(𝑡2) ⋅ ⋅ ⋅ 𝑓𝑛𝑘
(𝑡𝑘)𝑑𝑡𝑑𝑡𝑘 ⋅ ⋅ ⋅ 𝑑𝑡2𝑑𝑡1

=

∫ ∞

𝑡1=0

⋅ ⋅ ⋅
∫ ∞

𝑡𝑘=0

𝑒−𝜇(𝑡1+𝑡2+⋅⋅⋅𝑡𝑘)⋅
𝑓𝑛1(𝑡1)𝑓𝑛2(𝑡2) ⋅ ⋅ ⋅ 𝑓𝑛𝑘

(𝑡𝑘)𝑑𝑡𝑘 ⋅ ⋅ ⋅ 𝑑𝑡2𝑑𝑡1

=

𝑘∏
𝑖=1

∫ ∞

𝑡𝑖=0

𝑒−𝜇𝑡𝑖𝑓𝑛𝑖(𝑡𝑖)𝑑𝑡𝑖 (2)

The Laplace-Stieltjes transform of 𝑓𝑛𝑖(𝑡𝑖) is:

𝑓∗
𝑛𝑖
(𝑠) =

∫ ∞

𝑡𝑖=0

𝑒−𝑠𝑡𝑓𝑛𝑖(𝑡𝑖)𝑑𝑡𝑖 (3)

Initially, 𝑓𝑛1(𝑡1) = 𝑓𝑛𝑢(𝑡1) because the new MS arrives in
the GERAN/UTRAN cell. Hence,

Pr[𝑋 = 𝑘] = 𝑓∗
𝑛𝑢

(𝜇)[1 − 𝑓∗
𝑛𝑘
(𝜇)]

𝑘−1∏
𝑖=2

𝑓∗
𝑛𝑖
(𝜇) (4)

Pr[𝑋 > 𝑘] = 𝑓∗
𝑛𝑢

(𝜇)

𝑘∏
𝑖=2

𝑓∗
𝑛𝑖
(𝜇) (5)

In the analytic topology, 𝑓∗
𝑛𝑖
(𝜇) is equal to either 𝑓∗

𝑛𝑔
(𝜇)

or 𝑓∗
𝑛𝑢

(𝜇), where

𝑓∗
𝑛𝑔
(𝜇) =

∫ ∞

𝑡=0

𝑒−𝜇𝑡𝜂𝑔𝑒
−𝜂𝑔𝑡𝑑𝑡 =

𝜂𝑔
𝜇+ 𝜂𝑔

(6)

𝑓∗
𝑛𝑢

(𝜇) =

∫ ∞

𝑡=0

𝑒−𝜇𝑡𝜂𝑢𝑒
−𝜂𝑢𝑡𝑑𝑡 =

𝜂𝑢
𝜇+ 𝜂𝑢

(7)

Let 𝑃𝑓 be the probability of handoff failure to GAN.
If a handoff failure happens, the session is forced to be
terminated. In the analytic topology, the numbers of visited
GERAN/UTRAN cells and GAN cells by an MS are binomi-
ally distributed. Before the session is terminated, suppose that
𝑈 is the number of moving-outs from GERAN/UTRAN cells.
Similarly, 𝐺 is the number of moving-outs from GAN cells.
When handoff failure happens, the probability of 𝑈 = 𝑢 with
𝑢 ≥ 1 is:

P1[𝑈 = 𝑢]

= 𝑓∗
𝑛𝑢

(𝜇)P𝑔P𝑓 ⋅
∞∑
𝑔=0

(
𝑔+𝑢−1
𝑔

)
[P𝑔(1− P𝑓 )𝑓

∗
𝑛𝑔
(𝜇)]𝑔 [(1− P𝑔)𝑓

∗
𝑛𝑢

(𝜇)]𝑢−1 (8)

When the session is terminated at a GAN cell without
handoff failure, the probability of 𝑈 = 𝑢 with 𝑢 ≥ 1 is:

P2[𝑈 = 𝑢]

= 𝑓∗
𝑛𝑢

(𝜇)P𝑔(1− P𝑓 )[1− 𝑓∗
𝑛𝑔
(𝜇)]⋅

∞∑
𝑔=0

(
𝑔+𝑢−1
𝑔

)
[P𝑔(1− P𝑓 )𝑓

∗
𝑛𝑔
(𝜇)]𝑔 [(1− P𝑔)𝑓

∗
𝑛𝑢

(𝜇)]𝑢−1 (9)

When the session is terminated at a GERAN/UTRAN cell
without handoff failure, the probability of 𝑈 = 𝑢 with 𝑢 ≥ 1
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P3[𝑈 = 𝑢]

= 𝑓∗
𝑛𝑢

(𝜇)(1 − P𝑔)[1 − 𝑓∗
𝑛𝑢

(𝜇)]⋅
∞∑
𝑔=0

(
𝑔+𝑢−1
𝑔

)
[P𝑔(1− P𝑓 )𝑓

∗
𝑛𝑔
(𝜇)]𝑔 [(1− P𝑔)𝑓

∗
𝑛𝑢

(𝜇)]𝑢−1 (10)

By integrating Eq. (8) to (10), we can get:

𝑃𝑟[𝑈 = 𝑢]

= P1[𝑈 = 𝑢] + P2[𝑈 = 𝑢] + P3[𝑈 = 𝑢]

= 𝑓∗
𝑛𝑢

(𝜇)[1 − P𝑔(1− P𝑓 )𝑓
∗
𝑛𝑔
(𝜇)− (1− P𝑔)𝑓

∗
𝑛𝑢

(𝜇)]⋅
∞∑
𝑔=0

(
𝑔+𝑢−1
𝑔

)
[𝑓∗

𝑛𝑔
(𝜇)P𝑔(1− P𝑓 )]

𝑔[𝑓∗
𝑛𝑢

(𝜇)(1 − P𝑔)]
𝑢−1 (11)

When the session is terminated, the expected number of
moving-outs from GERAN/UTRAN cells, 𝐸[𝑈 ], is derived
as:

𝐸[𝑈 ] =

∞∑
𝑢=1

𝑢Pr(𝑈 = 𝑢)

= 𝑓∗
𝑛𝑢

(𝜇)[1− P𝑔(1− P𝑓 )𝑓
∗
𝑛𝑔
(𝜇)− (1− P𝑔)𝑓

∗
𝑛𝑢

(𝜇)]⋅
∞∑
𝑢=1

∞∑
𝑔=0

𝑢
(
𝑔+𝑢−1
𝑔

)
[𝑓∗

𝑛𝑔
(𝜇)P𝑔(1− P𝑓 )]

𝑔
[𝑓∗

𝑛𝑢
(𝜇)(1 − P𝑔)]

𝑢−1

= 𝑓∗
𝑛𝑢

(𝜇)[1− P𝑔(1− P𝑓 )𝑓
∗
𝑛𝑔
(𝜇)− (1− P𝑔)𝑓

∗
𝑛𝑢

(𝜇)]⋅
∞∑
𝑖=0

𝑖∑
𝑢=0

(𝑢+ 1)
(
𝑖
𝑢

)
[𝑓∗

𝑛𝑢
(𝜇)(1− P𝑔)]

𝑢[𝑓∗
𝑛𝑔
(𝜇)P𝑔(1− P𝑓 )]

𝑖−𝑢

(12)

Let

𝑓(𝑢) =
(
𝑖
𝑢

)
[𝑓∗

𝑛𝑢
(𝜇)(1 − P𝑔)]

𝑢[𝑓∗
𝑛𝑔
(𝜇)P𝑔(1− P𝑓 )]

𝑖−𝑢

(13)

We then construct a moment generating function 𝑀𝑢(𝑡) as:

𝑀𝑢(𝑡) =
𝑖∑

𝑢=0

𝑒𝑡(𝑢+1)𝑓(𝑢)

=

𝑖∑
𝑢=0

𝑒𝑡
(
𝑖
𝑢

)
[𝑒𝑡𝑓∗

𝑛𝑢
(𝜇)(1 − P𝑔)]

𝑢
[𝑓∗

𝑛𝑔
(𝜇)P𝑔(1− P𝑓 )]

𝑖−𝑢

= 𝑒𝑡[𝑒𝑡𝑓∗
𝑛𝑢

(𝜇)(1 − P𝑔) + 𝑓∗
𝑛𝑔
(𝜇)P𝑔(1 − P𝑓 )]

𝑖 (14)

The first differential of 𝑀𝑢(𝑡) is:

𝑀𝑢
′(𝑡) = 𝑒𝑡[𝑒𝑡𝑓∗

𝑛𝑢
(𝜇)(1 − P𝑔) + 𝑓∗

𝑛𝑔
(𝜇)P𝑔(1 − P𝑓 )]

𝑖+

𝑒𝑡𝑖[𝑒𝑡𝑓∗
𝑛𝑢

(𝜇)(1 − P𝑔) + 𝑓∗
𝑛𝑔
(𝜇)P𝑔(1− P𝑓 )]

𝑖−1⋅
𝑒𝑡𝑓∗

𝑛𝑢
(𝜇)(1 − P𝑔) (15)

𝑖∑
𝑢=0

(𝑢+ 1)
(
𝑖
𝑢

)
[𝑓∗

𝑛𝑢
(𝜇)(1 − P𝑔)]

𝑢[𝑓∗
𝑛𝑔
(𝜇)P𝑔(1− P𝑓 )]

𝑖−𝑢

= 𝑀𝑢
′(0)

= [𝑓∗
𝑛𝑢

(𝜇)(1 − P𝑔) + 𝑓∗
𝑛𝑔
(𝜇)P𝑔(1− P𝑓 )]

𝑖+

𝑖 ⋅ 𝑓∗
𝑛𝑢

(𝜇)(1 − P𝑔)[𝑓
∗
𝑛𝑢

(𝜇)(1 − P𝑔) + 𝑓∗
𝑛𝑔
(𝜇)P𝑔(1− P𝑓 )]

𝑖−1

(16)

By integrating Eq. (12) and Eq. (16), 𝐸[𝑈 ] is derived as:

𝐸[𝑈 ] = 𝑓∗
𝑛𝑢

(𝜇)[1 − P𝑔(1− P𝑓 )𝑓
∗
𝑛𝑔
(𝜇)− (1− P𝑔)𝑓

∗
𝑛𝑢

(𝜇)]⋅

{
∞∑
𝑖=0

[𝑓∗
𝑛𝑢

(𝜇)(1 − P𝑔) + 𝑓∗
𝑛𝑔
(𝜇)P𝑔(1− P𝑓 )]

𝑖
+

∞∑
𝑖=0

𝑖 ⋅ 𝑓∗
𝑛𝑢

(𝜇)(1 − P𝑔)⋅

[𝑓∗
𝑛𝑢

(𝜇)(1 − P𝑔) + 𝑓∗
𝑛𝑔
(𝜇)P𝑔(1 − P𝑓 )]

𝑖−1}
= 𝑓∗

𝑛𝑢
(𝜇)[1 − P𝑔(1− P𝑓 )𝑓

∗
𝑛𝑔
(𝜇)− (1− P𝑔)𝑓

∗
𝑛𝑢

(𝜇)]⋅
{ 1

1− 𝑓∗
𝑛𝑢

(𝜇)(1 − P𝑔)− 𝑓∗
𝑛𝑔
(𝜇)P𝑔(1− P𝑓 )

+

𝑓∗
𝑛𝑢

(𝜇)(1 − P𝑔)

[1− 𝑓∗
𝑛𝑢

(𝜇)(1 − P𝑔)− 𝑓∗
𝑛𝑔
(𝜇)P𝑔(1 − P𝑓 )]

2 }

=
𝑓∗
𝑛𝑢

(𝜇)[1 − P𝑔(1− P𝑓 )𝑓
∗
𝑛𝑔
(𝜇)]

1− P𝑔(1− P𝑓 )𝑓∗
𝑛𝑔
(𝜇)− (1− P𝑔)𝑓∗

𝑛𝑢
(𝜇)

(17)

By using the same technique, we can derive 𝐸[𝐺], the
expected number of moving-outs from GAN cells before a
session is terminated, as:

𝑃𝑟[𝐺 = 𝑔]

= 𝑓∗
𝑛𝑢

(𝜇)[1− P𝑔(1 − P𝑓 )𝑓
∗
𝑛𝑔
(𝜇)− (1− P𝑔)𝑓

∗
𝑛𝑢

(𝜇)]⋅
∞∑
𝑖=0

(
𝑖+𝑔
𝑖

)
[𝑓∗

𝑛𝑢
(𝜇)(1 − P𝑔)]

𝑖[𝑓∗
𝑛𝑔
(𝜇)P𝑔(1 − P𝑓 )]

𝑔 (18)

𝐸[𝐺] =

∞∑
𝑔=0

𝑔 Pr(𝐺 = 𝑔)

=
𝑓∗
𝑛𝑢

(𝜇)P𝑔(1 − P𝑓 )𝑓
∗
𝑛𝑔
(𝜇)

1− P𝑔(1− P𝑓 )𝑓∗
𝑛𝑔
(𝜇)− (1− P𝑔)𝑓∗

𝑛𝑢
(𝜇)

(19)

Let 𝜆ℎ𝑢 and 𝜆ℎ𝑔 be the handoff rates to a GAN cell
from neighboring GERAN/UTRAN cells and GAN cells,
respectively. We also define 𝜆ℎ as the total handoff rate into
a GAN cell. When given the new session arrival rate 𝜆𝑜, the
𝜆ℎ𝑢 and 𝜆ℎ𝑔 can be derived as:

𝜆ℎ𝑢 = (𝑁𝑛𝑏 −𝑁𝑔)𝜆𝑜𝐸[𝑈 ] (20)

𝜆ℎ𝑔 = (𝑁𝑛𝑏 −𝑁𝑔)𝜆𝑜𝐸[𝐺] (21)

Thus, 𝜆ℎ equals 𝜆ℎ𝑢 + 𝜆ℎ𝑔.
Let 𝜆𝑟 be the resource request rate to a GAN cell from

neighboring cells. Hence:

𝜆𝑟 =
𝜆ℎ

𝑁𝑛𝑏
𝑟𝑔 +

𝜆ℎ𝑔

𝑁𝑛𝑏
(1 − 𝑟𝑔)+

(
1

𝑁𝑛𝑏
+

𝑁𝑛𝑏 −𝑁𝑔

𝑁𝑛𝑏
⋅ 1

𝑁𝑔
)𝜆ℎ𝑢(1− 𝑟𝑔) (22)

In Eq. (22), the pre-registration miss comes
from GERAN/UTRAN-preferred MSs in neighboring
GERAN/UTRAN cells. Let 𝜆𝑚 be the rate of pre-registration
miss, which can be derived as:

𝜆𝑚 =
𝑁𝑛𝑏 −𝑁𝑔

𝑁𝑛𝑏
⋅ 1

𝑁𝑔
⋅ 𝜆ℎ𝑢(1 − 𝑟𝑔) (23)

The density function of GAN resource holding time 𝑓𝑟ℎ(𝑡)
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𝑓𝑟ℎ(𝑡) =

∫ ∞

𝑡𝑐=𝑡

𝑓𝑐(𝑡𝑐)𝑓𝑛𝑔 (𝑡)𝑑𝑡𝑐 +

∫ ∞

𝑡𝑛=𝑡

𝑓𝑐(𝑡)𝑓𝑛𝑔 (𝑡𝑛)𝑑𝑡𝑛

= (𝜇+ 𝜂𝑔)𝑒
−(𝜇+𝜂𝑔)𝑡 (24)

In the case of static keep-alive interval, the busy period of
the GAN resource is:

𝜆𝑚

𝜇+
𝜂𝑔

𝑟𝑝

+
𝜆𝑟 − 𝜆𝑚

𝜇+ 𝜂𝑔
(25)

By Erlang’s loss formula [23], the handoff failure prob-
ability in the case of static keep-alive interval, denoted as
𝑃𝑓_𝑠𝑡𝑎𝑡𝑖𝑐, is:

𝑃𝑓_𝑠𝑡𝑎𝑡𝑖𝑐 =
1

𝐶!
(

𝜆𝑚

𝜇+
𝜂𝑔

𝑟𝑝

+
𝜆𝑟 − 𝜆𝑚

𝜇+ 𝜂𝑔
)𝐶 ⋅

{
𝐶∑
𝑖=0

1

𝑖!
(

𝜆𝑚

𝜇+
𝜂𝑔

𝑟𝑝

+
𝜆𝑟 − 𝜆𝑚

𝜇+ 𝜂𝑔
)𝑖}−1 (26)

In Eq. (26), 𝜆𝑟 and 𝜆𝑚 are the functions of 𝑃𝑓 . By
substituting 𝑃𝑓_𝑠𝑡𝑎𝑡𝑖𝑐 for 𝑃𝑓 , 𝑃𝑓_𝑠𝑡𝑎𝑡𝑖𝑐 can be calculated by the
iteration method [24] until the value of 𝑃𝑓_𝑠𝑡𝑎𝑡𝑖𝑐 is converged.

In the proposed AKI, a pre-registered session will not be
preempted during the initial keep-alive interval, denoted as
𝐼𝑘, after a successful pre-registration. That is, a pre-registered
session within the 𝐼𝑘 period has higher priority. Let 𝑃ℎ be
the probability that a pre-registered session is still in higher
priority when a new GAN resource request arrives. 𝑃ℎ is
derived as:

𝑃ℎ =

∫ 𝑡=𝐼𝑘

𝑡=0

𝜂𝑔
𝑟𝑝

𝑒
−𝜂𝑔

𝑟𝑝
𝑡
𝑑𝑡 = 1− 𝑒

−𝜂𝑔
𝑟𝑝

𝐼𝑘 (27)

Assuming a session which was preempted can request GAN
resource again when it needs to perform handover-in. If the
high-priority pre-registration misses in AKI can occupy GAN
resource for the whole pre-registration period 𝑡𝑝, the busy
period of the GAN resource is at most:

𝜆𝑚

𝜇+
𝜂𝑔

𝑟𝑝

⋅ 𝑃ℎ +
𝜆𝑟 − 𝜆𝑚

𝜇+ 𝜂𝑔
(28)

Thus, the upper bound of the handoff failure probability in
AKI is:

𝑃𝑓_𝐴𝐾𝐼 =
1

𝐶!
[
𝜆𝑚(1− 𝑒

−𝜂𝑔
𝑟𝑝

𝐼𝑘)

𝜇+
𝜂𝑔

𝑟𝑝

+
𝜆𝑟 − 𝜆𝑚

𝜇+ 𝜂𝑔
]𝐶 ⋅

{
𝐶∑
𝑖=0

1

𝑖!
[
𝜆𝑚(1 − 𝑒

−𝜂𝑔
𝑟𝑝

𝐼𝑘)

𝜇+
𝜂𝑔

𝑟𝑝

+
𝜆𝑟 − 𝜆𝑚

𝜇+ 𝜂𝑔
]𝑖}−1 (29)

Again, by using the iteration technique, the upper bound of
the handoff failure probability in AKI can be derived. Because
the busy period in AKI is less than that in the static keep-alive
interval case, 𝑃𝑓_𝐴𝐾𝐼 is also less than 𝑃𝑓_𝑠𝑡𝑎𝑡𝑖𝑐. Therefore, it
is proved that the proposed AKI outperforms the static keep-
alive interval technique in handoff failure probability.

The effectiveness of GAN resource utilization is also an
important performance metric. In this paper, an effective GAN
resource usage is defined as the actual time the GAN resource
is used by an MS, i.e., 𝑡𝑔 − 𝑡𝑝 in Fig. 5. Furthermore, GAN
utilization is defined as the ratio of the effective GAN resource

usages over the total occupancy and free time of all the GAN
resources. With the handoff failure probability derived above,
GAN resource utilization 𝜌 can be derived as:

𝜌 =
(1−P𝑓)

𝐶𝑁𝑛𝑏
⋅ 𝜆ℎ

𝜇+ 𝜂𝑔
− (1−P𝑓)

𝐶𝑁𝑛𝑏
⋅ 𝜆ℎ𝑢(1− 𝑟𝑔)

𝜇+
𝜂𝑔

𝑟𝑝

(30)

For the GERAN/UTRAN-preferred MSs, the resource oc-
cupancy time in pre-registration period must be eliminated.
With the improvement of handoff failure probability by AKI,
GAN utilization is also improved.

VI. SIMULATION AND NUMERIC RESULTS

The analysis presented in Section V is validated by ex-
tensive simulations by using ns-2 [25], version 2.34. The
parameters used in the simulations are listed in Table I. In
order to measure the handoff failure probability, the mean
session holding time is set to be greater than or equal to
mean cell residence time to generate huge amount of handoff
events. IEEE 802.11 WLAN is chosen as the radio for GAN.
For VoIP sessions, because G.711 codec [26] is commonly
used over RTP, we adopt G.711 codec in the simulations.
According to [27], an AP can guarantee the QoS of at most
12 simultaneous G.711 VoIP sessions. In Figs. 6–13, the lines
represent the analytical results while the simulation results
are presented by points. The simulations were conducted with
95% confidence level. However, the confidence intervals are
not drawn here because they are too small and will overlap
with other lines and points significantly which will make the
figures very difficult to read.

For the mathematical analysis, we analyze the worst case
of the proposed AKI, which may be the upper bound or lower
bound depending on the performance metric. In Figs. 6–9, for
instance, the analysis shows the upper bound of the handoff
failure probability. In Figs. 10–13, on the other hand, the
analysis shows the lower bound of the GAN utilization. The
reason to show the performance bounds of the proposed AKI
is that there may be preemption in the proposed AKI. Without
pre-registration miss, the resource occupancy time is always
counted as the pre-registration period plus the GAN cell resi-
dence time no matter whether preemption is performed or not.
With pre-registration miss, the GAN resource occupancy time
in the pre-registration period is over evaluated by counting
the time of some candidate MSs. Once a pre-registered MS
becomes a preemption candidate, it has no effect on the GAN
resource occupancy time. Therefore, the mathematical analysis
shows the upper bound of the handoff failure probability and
the lower bound of the GAN utilization. Without preemption in
the static keep-alive interval in which the keep-alive interval
remains static as that defined in the standards, the resource
occupancy time can be derived accurately in mathematical
analysis. Nevertheless, Figs. 6–13 show that even in the worst
case, the performance of AKI is still better than that of the
static keep-alive interval.

When traffic load is heavy, in order to allocate resource
for an MS which will use GAN service soon, the serving
GANC releases some reserved resources as that described
in Section IV-B. Figs. 6–13 also illustrate the simulation
results of the three different policies (maximum interval first,
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minimum interval first, random). We also compare them with
the results of the static keep-alive interval. An interesting point
is that the three different policies in the proposed AKI perform
similarly. The reason for that will be discussed later. Again,
they all outperform the static keep-alive interval.

Figs. 6–9 show the results of the handoff failure probability
into GAN. In Fig. 6, AKI reduces the handoff failure prob-
ability when the GERAN/UTRAN-preferred session ratio in-
creases. This is because the GERAN/UTRAN-preferred users
who do not prefer to switch into GAN are likely to become
candidates to be preempted. Therefore, the handoff sessions
in the proposed AKI have more chances to get the requested
GAN resources. In Fig. 7, when 𝑟𝑝 is increased (recall that
𝑟𝑝 = 𝑡𝑝/𝑡𝑔), it is earlier to pre-register. When every MS pre-
registers earlier, the GAN resources will be exhausted very
soon. Therefore, the handoff failure probability is increased.
However, by using AKI, Fig. 7 shows that the handoff failure
probability can be reduced significantly. Fig. 7 also indicates
that without AKI, the handoff failure probability increases
linearly. With AKI, the upper bound of the handoff failure
probability remains constant. Fig. 8 shows that the handoff
failure probability is also affected by new session arrival
rate. Again, AKI can reduce the handoff failure probability
when session arrival rate is increased. By re-allocating GAN
resource to those users who need resources immediately, AKI
can alleviate the congestion in GAN. Therefore, AKI makes
GAN more tolerant to heavy user traffic. The performance of
different GAN capacities is also investigated. When a GAN
has more capacity, it can accommodate more handoff sessions.
Therefore, as shown in Fig. 9, when the GAN capacity is
increased, the handoff failure probability is decreased. Fig. 9
shows that the proposed AKI is particularly useful when the
load of the GAN cell is heavy.

Figs. 10–13 depict the results of GAN utilization. The
GAN utilization is defined as the proportion of the GAN
resources allocated to the move-in sessions. The discussion
for GAN utilization is similar to that above. Because the
reserved resource in GAN can be preempted in AKI, the
GAN resources are used more efficiently. In Fig. 10, because
the GERAN/UTRAN-preferred sessions may occupy the GAN
resource but not use it immediately, GAN utilization decreases
when the GERAN/UTRAN-preferred session ratio increases.
In Fig. 11, when 𝑟𝑝 is increased, it is earlier to pre-register.
Thus, the GAN utilization is decreased. Fig. 12 shows that
when session arrival rate increases, the GAN utilization in-
creased too. In Fig. 13, when the capacity of a GAN cell is
increased, there are more resources which are not used. By
looking at Eq. (30), we can see that reducing handoff failure
probability is also beneficial to GAN utilization, 𝜌. When more
sessions move into GAN successfully, the GAN resources are
allocated more efficiently to the sessions which are really in-
used. Figs. 10–13 indicate that with AKI, the GAN utilization
is always increased when comparing with the static keep-alive
interval.

More simulation results are presented in Table II and
Table III which show the improvement of the proposed AKI
in percentage when comparing with the static keep-alive
interval. In Table II and Table III, the GERAN/UTRAN-
preferred ratios of 0.2, 0.5, and 0.8 represent the low den-
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Fig. 7. Handoff failure probability versus various pre-registration period
ratios.

sity, median density, and high density, respectively, of the
GERAN/UTRAN-preferred sessions in the systems. Based on
the simulation and mathematical results, one can see that
the proposed AKI is effective to reduce the handoff failure
probability and increase the GAN utilization. The results also
show that the three different policies to preempt an MS have
similar performance results. This is because the movement
behavior of an MS is memoryless to the GANC. That is, the
movement of next MS is independent of current MS. Without
accurate movement prediction, it is hard to say whether the
earliest or latest pre-registered MS will move into GAN first.
Sometimes it is better to preempt the maximum keep-alive
interval session, but sometimes it is better to preempt the one
with minimum keep-alive interval. Overall, the performance
will be similar because the movement of MSs is a random
process. Therefore, a simple way to preempt a reserved session
randomly can improve the system performance. We have
also conducted more comprehensive experiments with many
different parameter settings [28]. They all support the same
conclusions we obtain here.

The proposed AKI is simple. It does not need to predict the
movement of MSs. Section IV also shows that the proposed
AKI has very low complexity in terms of memory space and
computational time. The simulation results also show that AKI
can outperform the static keep-alive interval, the one defined
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in the standards. By scrutinizing Eq. (26)(29)(30), however, we
found that the performance of AKI can be further improved
if we can bound 𝑟𝑝 value to a minimum value. This can be
achieved if we can predict the movement of MSs accurately.
By movement prediction, we can also preempt the MS which
is going to handoff first. However, accurate prediction of
MS movement incurs many extra costs, which may include
both software and hardware costs. From the viewpoint of
implementation, the proposed AKI just uses the keep-alive
behavior which is well-defined in the standards [1], [2].
Only by controlling the keep-alive timer, 𝑇𝑈 3906 timer [1],
[2], AKI can result in much better performance. It is also
compatible with the standards. It does not need to depend on
movement prediction techniques. Because AKI is independent
of movement prediction techniques, it can incorporate any
movement prediction technique to further improve the per-
formance. Many movement prediction techniques have been
proposed. They are out of the scope of this paper.

VII. SUMMARY

GAN was proposed in 3GPP to extend mobile services to
heterogeneous wireless networks. According to different user
preferences, an MS has different strategies to choose the most
appropriate RAN. However, it is difficult to effectively assign
resources to MSs by the GANC. In this paper, we propose
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AKI to manage the GAN resources. It can reduce unnecessary
GAN signaling messages before actual handover-in happens.
Without handoff prediction, a heuristic way to preempt re-
served resources is to relate keep-alive interval to the length of
pre-registration time. Two extreme (maximum and minimum
interval first) policies are evaluated regarding their impact
on the AKI performance. Furthermore, random choice as a
third alternative is also intuitively included. An interesting
result we obtained is that the system performs similarly no
matter which policy is used. This is because the movement
behavior of an MS is memoryless to the GANC. Nevertheless,
all of the three policies in AKI outperform the static keep-
alive interval defined in the standards. The proposed AKI is
simple and effective. The innovation of this paper is in that
we identify a critical issue which was not solved before and
needs to be resolved to improve the GAN performance. We
propose a simple yet practical solution which can improve
the performance significantly. In addition, in this paper, we
develop an intricate analytic model to evaluate the handoff
failure probability and GAN utilization. The mathematical
model quantifies the performance of the proposed AKI. Also,
the analysis shows the performance of a larger scale network,
which exams the scalability of the proposed AKI.
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