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Abstract— The next generation (4G) wireless networks is envi-
sioned as a convergence of flerent wireless access technologies
providing the user with the best anywhere anytime connection
and improving the system resource utilization. The integration of
Wireless Local Area Network (WLAN) hotspots and third gener-
ation (3G) cellular network has recently received much attention.
While the 3G-network will provide global coverage with low
data-rate service, the WLAN will provide high data-rate service
within the hotspots. Although increasing the underlay network
utilization is expected to increase the user available bandwidth,
it may violate the Quality-of-Service (QoS) requirements of the
active real-time applications. Hence, achieving seamless harftlo
between diferent wireless technologies, known as vertical handb
(VHO), is a major challenge for 4G-system implementation.
Several factors should be considered to realize an application
transparent handoff such as application QoS requirements and Fig. 1: Handd¥ types in 4G model
handoff delay. In this paper, we present a novel framework to
evaluate the VHO algorithm design impact on system resource
utilization and user perceived QoS. We used this framework to

compare the performance of two dfferent VHO algorithms. The  hotspots. The integration process is propelled by the interest in
res“:: Slfr‘]og’é c?anrr]yi?gfﬁiﬁrlffﬁebﬁgﬁiﬁpfEznnxfgr?gfﬁ}gﬁﬁawcﬁ' bandwidth consuming applications and the clustered nature of
:gzgurée utilizatioﬁ and satisfying user QoS expecta’[ions.g J traffic due to its C(?ncentratlon in public areas Suc_:h as ho_tels’
Keywords Vertical hand@, heterogeneous networks, perfor_ca_\fe-shops, and airports. Hence, 3G cellular service pr_owders
mance evaluation. will be able to diﬂoac_l such_heavy tfAc to WLANS, saving
the 3G-network precious wireless resources for users located
. INTRODUCTION outside WLAN coverage. As a result, wireless Internet service
Wireless technology provides fEirent alternatives for its providers will have a new revenue source and will improve
users that vary in terms of coverage, bandwidths, delayBe utilization of their pre-installed infrastructure. Meanwhile,
security, and cost of both implementation and service. Thetwork subscribers will enjoy the best features of both
next generation wireless networking (4G) is envisioned astéchnologies including universal coverage, larger bandwidth,
convergence of dierent wireless access technologies keepirad lower cost of combined services on one bill.
the user connected to the best available access network [1JHowever, several service and system design issues must
Additionally, this convergence is expected to improve the prbe addressed before practical implementation [5]. Most of
installed infrastructure utilization. In the wireless networkthese issues are highly correlated and cannot be addressed
hierarchy, overlay networks usually provide low data-rateeparately. For example, the system architecture has a great
expensive global services, while underlay networks providepact on the used protocols and standards [6] and will
cheaper high data-rate services within hotspots. Hence, overtapsequently fiect other issues such as mobility management
networks are preferable for high-mobility users with modeand quality-of-service (QoS). This paper addresses vertical
ate or low trdfic demand, while the underlay networks ardanddt (VHO), handdt between heterogeneous networks, as
recommended for larger users densities with higheffitra one of the main system design challenges. Héid@enerally
demands. In this sense figirent wireless access technologiedefined as a process in which a Mobile terminal (MT) utilized
are complementary. resources are transferred as it changes its point of attachment.
The integration of wireless local area networks (WLANYhe network heterogeneity results in an asymmetric hindo
and third generation (3G) cellular networks has been recenglsocess as shown in Figui® Consequently, two dierent
a subject of great interest [2]-[4]. On one hand, 3G networkertical handff scenarios are defined: Moving Out of the
will provide global coverage at limited data rates; on thpreferred network (MO) and Moving In to the preferred
other hand, WLANs will provide higher data rates withimetwork (MI) [7], where the preferred network is usually the
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underlay network that provides better and cheaper service.
Consequently, extending the utilization of the WLAN, as long EL[K] = RSJk] -ASST )
as it provides the user with satisfactory performance, is one of S[K] ’

the main considerations of vertical hafidalgorithm design. here RSSK] is an averaged version of eSS ASST

In thls.paper, a novel' performance evaluatl_on framewo% a threshold chosen to satisfy the requirements of the
for a_vertlcal handfy alg_orlthms is presented. This frameworkactive applications, an8[k| represents th®S Sdecay rate.
considers dterent metrics including the number of hafigo ditionally, it proactively performs the MO when the WLAN

the integrated networ.k resource utiIizatiqn, and. some Q Sfalls below a predefined MO threshold and the estimated
parameters of the active applications during vertical hﬁ:ndcﬂifetime is equal to the required hansignaling delay.

The rest .Of the paper Is organized as follow. In Se.cﬂibn Although extending the WLAN utilization is a common
we ‘?Xp"'?"” the requirements of .vert|cal haffdalgorithm approach in the aforementioned algorithms, the critical fading
that inspires the proposed evaluation model. The performarhggegact near the cell edges may result in severe degradation
evaluation framework is introduced in sectitih. SectionlV in the user perceived Q0S. This phenomenon results in a
shows t.h e obtained results.using this framework. Finally, trfleadecﬁf between improving the system resource utilization
conclusions are presented in sectign and satisfying the user QoS requirements. Hence, we develop
II. \V ERTICAL HANDOFF ALGORITHM our handd performance evaluation framework considering all

phe_lse and execution phase._ During t_he execu_t|on p_hase, 3'(96ition, the user available bandwidth and packet delay are
naling messages are transmitted to direct the incomirfjdra

toward the new attachment point. In our 4G model. two ma'the main QoS considered metrics. Furthermore, the number
W W point. u W IBF handdfs is considered as a main measure for satisfactory

approaches are proposed for signaling: the infrastructure—baﬁgﬂddf algorithm performance. To sum up, the main metrics
approach and the end-to-end approach. The former introduEﬁgt we are interested in are: ’

new nodes such as special agents to the network, while
the latter pushes the network intelligence toward the end-* th.e number of unnecessary HOs,
hosts. Mobile-IP (MIP) and session initiation protocol (SIP) ° wireless resources ut_|I|zat|on,
are examples of these approaches respectively. It is wortd USer available bandwidth, and
mentioning that the location management mechanism impact USE’ Packet delay.
on the decision phase is limited to hafidsignaling delay. [N the next section, we present our analytical framework
In homogeneous systems, haffdalgorithms consider sev- according to the aforementioned metrics.
eral rules and mechanisms for haffddecision [8] using one
or more of the following strategies: thresholds, hysteresis,
timers, and derent window shapgsizes. In the converged”- System model
model, the Ml and MO scenarios will havefidgirent handfi In our model, the overlapping of 3G cellular network and
mechanisms. For MI, WLAN availability is crucial; however WLAN is assumed, using MIP for location management. It is
other factors such as WLAN condition and user preference®rth mentioning that a special WLAN gateway is required
can be considered in a policy-based MI decision [9]. Ow integrate both networks services [3], [6]. This gateway
the other hand, extending the utilization of the underlgyerforms several tasks including MIP agents, Authentication
network is one of the main requirements in MO strategiuthorization and Accounting (AAA) server, and dynamic
to improve system resource utilization and increasing ussmteful firewall service. In addition, it can manage class-based
available bandwidth. This requirement motivates considerif@pS operations within WLANSs; however, supporting end-to-
a dwelling timer as a MO strategy as in [10] and [11]. Irend QoS requires other mechanisms such fisrdntiated ser-
this approach, the MT persists on using the WLAN in a badces implementation over the entire network path. For purpose
condition for the entire dwelling timer duration. This strategef illustration, we later assume the converged networks are
may be &ective for non-real-time applications because usifgDMA2000 and IEEE802.11a based WLAN.
the WLAN for a short time may be better than using the slower The MT is equipped with dual interfaces allowing commu-
3G networks for long time. On the other hand, the dwellingication with both networks. However, the MT connects to
timer strategy may result in service interruption periods fame network only at a time because MIP provides only one
active real-time sessions due to the serious shadow fadimgnel. Furthermore, a multi-interface mobility client software
effect on the WLAN Received Signal StrengtR 9 near is installed on the MT. This client software periodically scans
WLANS'’ edge. In [12], the authors introduce a lifetime-basethe available interfaces for the observed RSS froffietént
algorithm considering both active application and locationetworks, intelligently selects the best access network accord-
management delay requirements. This algorithm estimates ihg to the adopted VHO algorithm, and triggers signaling
WLAN availability duration, i.e. lifetime, considering the acrequired for MIP and link-level associations including PPP
tive real-time application QoS requirements. The MT WLANonnections for 3G networks and LAN association for WLAN
lifetime is estimated as [12] access points.

I1l. PERFORMANCE EVALUATION FRAMEWORK



B. Performance Evaluation Analysis Framework

In order to evaluate the hanfoalgorithm performance,
several models should be considered such as channel model
and MT mobility model. In our framework, a log-linear
path loss channel propagation model with shadow fading is
assumed. The RSS is expressed as a function of the distance _ )
between the MT and the access pdidy as [13] Fig. 2: VHO Markov chain model

RSSd) = Py-L-10nlog{d)+ f(u,0) dBm, (2)
Hence,Nyo is a random variable that depends on the instan-

where P is the transmitted powel. is a constant signal in babilities that b lculated b
power lossn is the path loss exponent that usually has valué%neouS move ofih probabilities that can be calculated by

between 2 - 4, and(u, o) represents shadow fading modeled Pmolk + 1] = Powl[k + 1]Pw[K] , (6)
as zero mean Gaussian random variable with measnd
standard deviatioar with values between 6-12 dB depending Pui[k+1] = Pwclk + 1]Pc[K] @

on the environment. Consequentlyffdrent averaging mech- The MT movement between the two networks can be
anisms are used to decrease tfiea of signal variation due modeled by a two-state non-homogeneous Markov chain. Each
to these fluctuations. In the discrete problem, the WLAN RSgate represents the network with which the MT is associated.
is sampled everfsamping hence, it is expressed as The transition probabilities arByo[k] and Py, [K] as shown
RS 9K] = urs k] + N[K] dBm, ©) in Figure 2.. !—|ence, by using binary impulse rewards for the

_ o state transitions as shown in [15], we calculate the average
wherek is the time indexurs K] = Pr—L—10nlog(d[K]), d[k] accumulated reward for MO and MI transitions, which are
is the distance between the MT and the WLAN Access POi@Quivalent to the expected number of MOB{Nyo}, and
(AP) at instant, andN[k] = f(u, o). Since the distance from the expected number of MIE{Ny,} respectively. Hence, the

the AP is the unique parameter thafeat theRS S a simple expected number of hanfis, E{Nyo}, can be calculated by
mobility model will be sificient for performance evaluation

of the handé algorithm. Furthermore, within the time-scale

of handdf, a MT is unlikely to change its velocity. Hence, we E{Nnho} = E{Nmo} + E{Nw} (8)

consider a MT moving away from the AP at a constant speed ke

V mys. = > (Puoll + PwK]) - )
k=1

The transition probabilities calculation is based on recursive ) o
handdt probabilities computation as in [14]. In the integrated !n order to have an appropriate definition for the WLAN

model, the following probabilities are required for the analyst4filization and consider the impact of service degradation near
of any handé algorithm the WLAN edge, WLANs are defined to be in one of two

R Pw[k]: Pr{MT is associated with the WLAN at instah]i states: WLAN Up and WLAN Down. In former, the MT RSS

. Pc[K]: Pr{MT is associated with the 3G network at instanis above the interface sensitivity levet, while the latter is
K} the reverse case. Hence, we define the WLAN channel state

- PwclKl: Pr{MT will associate itself with the WLAN &t the MT as a binary random variabik], so thatx[k] = 1

at instantk given that it is associated with the cellulaf€Presents the WLAN Up state anqk] = O represents the
network at instank — 1} WLAN Down state. Consequently, we have

o Pcw[K]: Pr{MT will associate itself with the 3G network 1, RSSK >a
at instantk given that it is associated with the WLAN at XK = { 0, RSY9K <a (10)
instantk — 1} B _
In our model, the MT is assumed to be attached to tt%_eet PIK] = PriX[k] = 1}. Clearly
WLAN at the beginning; hence?y[0] = 1 and P¢[0] = 0. plkl = Pr{RS3K] > a} (11)
ConsequentlyPw[k] and Pc[k] can be calculated recursively B Q(a/—,u[k]) (12)
as follows. = S

Pwlk + 1] = Pwc[k + 1]Pc[K] + (1 — Powlk + 1]) Pw[K], (4) wlhere Q§2x) is the complementary error function as
L (Tevizdy.

Polk+ 1] = Powlk + 1]Pw[K] + (1 = Pwclk+ 1) Pc[K]. (5) @Lréi(ng this model, the WLAN utilization is defined as the
where the conditional probabilitieBew[k + 1] and Pwc[k + percentage of the MT captured WLAN Up states during
1] depend on the hanffoalgorithm initiation strategy. Then, WLAN usage over the total WLAN Up states within its
these resulting transition probabilities are used to calculate tt@verage area. It is worth mentioning that capturing all the up
performance metrics as follows. states implies handingffooutside the WLAN which may lead

The number of handts, denoted\, is calculated as the to severe QoS degradation and annoying interruption periods.
sum of MOs and Mis between WLANs and 3G networkdn order to calculate the WLAN utilization, we define the



average MO distance as the average distance between theWwhEre/ 1+ represents the WLAN usagdfieiency as the per-
and the WLAN AP at which the MT performs the MO usingcentage of the WLAN up duration over the MT WLAK\N usage
a certain algorithm, as a measure for the MT WLAN usagfuration and can be estimatediag = < pMO[k]Zn+P[h],

duration. The average MO distance can be estimated as R, andR: are the fective data rates links\?\"n_AN and cellular
Knax networks respectively,y andrc represent the durations spent

Ud = Zp_Mo[k] dik], (13) by the MT within the WLAN and the 3G network respectively.

k=1 In order to study theféect of HoL packet delay, we assume

a delay threshold for the packet in this hop, which can be
within interval [1, kne], andkna represents the time index atcon3|dered part of the delay budget of the real-time application

. . acket assigned to the current wireless hop. Consequently, the
which the MT reaches the WLAN edge determined by tH%verage packet delay probabilitip can be calculated as
planed coverage area.

wherePyo is a scaled version d?y to represent a valid PDF

For fair realistic comparison, we compare the performance m Po[K]
of the hand€ algorithms within the transition region, in which =,
the RSS starts to oscillate around the interface sensitivity. The (kvo — Kstart + 1)

determination of transition region boundary is an old complaxhere Pp[K] represents the probability that a packet will be
level crossing problem that is analytically tractable for onlgelayed more than the predefined delay threshold, which is
a few simple cases and is usually solved numerically feiqual to the probability of a sequence of WLAN down states
complex cases. Hence, the transition region starting pointviéiose duration is equal to the predefined threshold.
obtained from our simulations and then used in the analysisin the next section we present the results obtained from
The expected beneficial WLAN utilization can be then deimulation and analysis for a hysteresis-based algorithm [3]
termined by the expected captured up time of a hand® and its modified versions ALIVE-HO and LIVE-HO [12].
algorithm, which can be defined as

‘ IV. REesucrs

MO

pr, = E{Tc}=FE{ Z X[Kl}, (14)  We have simulated the VHO algorithms using MATLAB.
k=Ketart The simulation model assumes a MT moving away from the

wherekgiart represents an approximate estimate for the tran¥|\lLAN access point with a constant speédThe 3G network
tion region start, anéto is a random variable that represent 2SUmed to support global coverage. The WLAN parameters
the time index for the MO distance. Clearly, this summatio® Used as in [16] and [12]. Tableshows the values of
can not be directly computed due to the varying statistics 8’[’ the simulation parameters. These parameters result in a

X[K] and the correlation between the summation upper bou AN fcoverage O]f 1?10 meter_s gpprcaxmpate'hr/]. We compare
kmo and X[K]. Hence, we consider a first order approximatio e performance of a hysteresis-based algorithm [3], ALIVE-

by using the average MO distance indeyo as an upper HO and LIVE-HO [12]. The hysteresis-based algorithm uses

bound for the summation. Consequenily. can be defined two different threshold#4 I Ty ay and MOTwan for MI and
MO respectively. The MT performs a Ml if th®S K] is

b L
y v larger thanMITWLAN and performs a MO iRS K] is smaller
_ Kl . 15) than the predefineOTwan.
HTe k:%;an PLk] (13) In lifetime-based algorithms, ThRS Sis used to estimate

RS S an averaged value f&®S § and S[k], RS Sdecay rate.
Both parameters are used to estimate the beneficial WLAN
availability duration as in'X). Additionally, the estimated

Similarly, the average total up time, in the planed coverage
area of the WLAN can be defined as

inax lifetime is adapted to the QoS requirements of the active
pre = E{Tr} = Z pLK] . (16)  real-time applications by tuning the application specific signal
kkstar threshold AS ST parameter. The MT performs a MO if the
Hence the WLAN utilization is averaged received signal strength is less than or equal to
a predefined MO threshold/1OT , and the estimated
WLAN Utilization= 2T . an &P MOTwian

lifetime is less than or equal to a predefined hahdtelay
threshold,Tyo, whereTyo is set to the expected harftidelay
tween the two access technologies. We consider ALIVE-
O and LIVE-HO algorithms in our comparison because the
aaﬁgorithm have several parameters that clarify the trfdeo
between resource utilizations and the user perceived QoS.

My
Last but not least, our performance evaluation framewo

available bandwidth and the Head-of-Line (HoL) packet del
as follows. The MT available bandwidth is calculated as

{irRwtw + Rete

BWs, = (18) Figurel3 shows the number of hanfle performed by the
TctTw MT as it moves away from the AP. As shown in this fig-
LrRw(kvo — Kstart) + Re(Kmax— Kmo) (19) ure, ALIVE-HO and LIVE-HO perform fewer handiis when

(Kmax — Kstart) compared to the hysteresis-based algorithm. It is well-known
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that unnecessary han@® may overload the network resulting Lt edyms ot

in severe degradation in the overall performance. ALIVE-HO

optimally performs by making approximately one MO near theig. 6: HoL packet delay rate (ASSE -90dBm, Delay

WLAN edge at the cost of introducing a velocity estimator. threshold=30ms)

In addition, this figure also shows good match between the

simulation and the analytical results reinforcing the correctness

of the performance evaluation framework. in WLAN utilization means that extending WLAN utilization

Figure’4 shows the MT WLAN utilization in the transition beneficially is possible despite of the channel degradation near

region as defined in the previous section. The Figure shoit®® WLAN edge. Furthermore, the figure shows a good match

again the superiority of ALIVE-HO and LIVE-HO, which re-between the simulation and the analytical results.

sults from extending the WLAN MO distance. This increment However, extending the lifetime of the MT within the
WLAN result in a tradefi between dierent QoS metrics.
On the one hand, it improves the user available bandwidth as

AT anaes shown in Figure5. Consequently, it is preferable to perform

o5t %Mm'y 1 MO handdf only once at the WLAN edge especially at low

§ e mobility. On the other hand, extending the WLAN utilization

increases the packets delay probability due to channel condi-

tion degradation. As shown in Figu6; the HoL packet delay

probability using ALIVE-HO and LIVE-HO is larger than

that resulting from using the traditional hysteresis algorithm.

s 1 Hence, a handd algorithm designer should consider this

common tradefd between the MT throughput and packet

R delay, especially with the increasing interest in bandwidth-

WLAN utilization (%)

o5 1 consuming multimedia applications. In [12], the authors pro-
. L posed tuning the ASST to realize better resource utilization
e edyms e as well as achieving satisfactory QoS for the active real-

_ o time applications. Figur@ and Figure8 show the impact of
Fig. 4: WLAN utilization (ASST = -90dBm). ASST variation on the available bandwidth and the HoL packet
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delay probability respectively. As shown from the figures, by
decreasing the ASST, one can obtain smaller packet de
probability at the cost of decreasing the available bandwidth.

V. CONCLUSIONS

The convergence of wireless access technologies toward 4
wireless networks should overcome several challenges before

practical implementation. One of the major challenges is u
mobility handling between dierent access technologies i

order to keep the user connected to the best available network.

This network is usually the underlay network that can provi

(14]

it

de

better service at lower cost to the user, as well as improve

the overall system resource utilization. However, achievi
both goals requires a well designed haffidgdgorithm that can
compromise the tradéfobetween #icient resource utilization

and user perceived QoS. In this paper, we present a framework

that can be used to compare the performance €Erdint
vertical hand€ algorithms. In addition we compare the pe

ng

r-

formance of diferent algorithms using simulation and analysis

demonstrating a good match between them. Furthermore, our

results provide a quantitative means to evaluate the critical
impact of the hand® algorithm design on satisfying the active
real-time application requirements while improving the overall

resource utilization.
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