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Abstract— In this paper, we study voice and data service provi- access to the shared radio spectrum and reserves resources
sioning in an integrated system of cellular and wireless lad area  for admitted calls. This centralized control and reseorati
networks (WLANS). With the ubiquitous coverage of the celllar 5564 resource allocation enables fine-grained QoS. On the

network and the disjoint deployment of WLANS in hot-spot areas, - ]
the integrated system has a two-tier overlaying structureAs an other hand, the medium access control (MAC) in WLANSs

essential resource allocation aspect, admission contrahe be used 1S usually a contention-based random access protocol, e.g.
to properly admit voice and data calls to the overlaying cel and the distributed coordination function (DCF) of IEEE 802.11
WLANS. A simple admission scheme is proposed in this study to Because of inevitable collision and backoff, this type of ®A
analyze the dependence of resource utilization and the imga of is difficult to support services with strict QoS requirengent

user mobility and traffic characteristics on admission paraneters. h I-ti ) . ith h it is efficient i
Both admission control and rate control are considered to finit SUCN as real-imé voice service, afthough It 1s efficient in

the input traffic to the WLAN, so that the WLAN operates in  Serving bursty data traffic. With this complementary QoS
its most efficient states and effectively complements the ladlar ~ support, when multiple services are considered, the tiaffid

network. The call blocking/dropping probabilities and data call  of different classes should be properly distributed to tksc
throughput are evaluated for effective and accurate derivéion and WLANs by admission control.

of the admission parameters. It is observed that the utilizdon In [ | th f f imole admissi
varies with the configuration of admission parameters, whih n [1], we analyze the performance of a simple admission

properly distributes the voice and data traffic load to the céls Scheme for voice and data services in the cellular/WLAN
and WLANSs. Mobility and traffic variability have a significant integrated network, referred to as tWgLAN-first scheme

impact on the selection of the admission parameters. In the scheme, both new voice and data calls first request
Index Terms— Cellular/WLAN interworking, quality of ser-  admission to the WLAN and, if rejected, overflow to the
vice, call admission control, rate control, WLAN capacity. cell. Ongoing voice and data calls try to hand over to the

WLAN whenever users move into the WLAN coverage. In
contrast, the service-differentiated admission scheropgsed
in [2] applies a different admission strategy for voice sezy
With complementary characteristics presented by the celig which the cellular network is the first choice for voice
lar network and wireless local area network (WLAN), theigalls and no vertical handoff from the cell to the WLAN
interworking becomes a promising trend for next-generatigs executed for ongoing voice calls. To maximize resource
wireless networks. In a cellular/WLAN integrated networkytilization, a complex set of admission parameters in both
the cellular network provides ubiquitous coverage, while t schemes needs to be determined so that the voice and data
WLANSs are deployed disjointly in hot-spot areas. Then, igaffic load is properly distributed to the cells and WLANS.
the area with WLAN coverage (referred todsuble-coverage |n this research, we further simplify the admission straeg
areain the following), both cellular and WLAN accesses ar@nd generalize the above admission schemes. As such, the
available. With this two-tier overlaying structure, a neallc dependence of resource utilization on admission paramister
in the double-coverage area can be admitted either to arceligestigated more thoroughly. Secondly, we extend the QoS
to a WLAN. Moreover, proper admission decision is needeg/aluation approaches in our previous works [3, 4] so as to
for vertical handoffs between a cell and a WLAN, whichnore effectively derive the admission parameters. In [8 t
may not be necessary to maintain a call, but is mainly f@oS metrics are evaluated by two-dimensional Markov chains
load balancing and/or quality of service (QoS) enhancemewich is very accurate and can well take into account the
The heterogeneous underlying QoS support of the integratgigh variability of data traffic [5] and user mobility within
network can be exploited to maximize the overall resourée Uthe WLAN [6]. Unfortunately, the computation complexity
lization. In the cellular network, the base station (BS)tcois increases with the size of the state space. In [4], the QoS
_ _ _ _ evaluation is based on moment generating functions (MGFs),
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resource allocation by admission control matches well thes.
system characteristics and keeps the WLAN operating in its P
most efficient states. In [1], the data traffic is assumed to be;
saturated because, for data applications such as Web hlgpwsigf’
the data file to be transmitted is usually pre-stored in ag,.
server. However, it is found in [7] that, when the number
of contention nodes is large enough, the WLAN channe) — 3:,?:;2zuﬂtﬁmﬂ;'t:f:;}fzﬁﬁf°"e"tia"ydismb”tedra"d°m
utilization is maximized in the unsaturated case insteatthef '
saturated case. Hence, in this study, we consider applgieg r o Py
control to regulate downlink data traffic at the access p@ht i) — - = a
The traffic regulation can take good advantage of the eipstic Pz =1-py ™ lp,=1- p1
Of data traf'fic to improve the VOiCG Support Of the WLAN’ Denote a random variable which with probability P> follows an exponential distribution with
at the same time, It allows more data calls admHed 0 IR v vt vaabs i a7 anory
WLAN and more effectively complements the data service '
provisioning of the cellular network. Fig. 1. Modeling of user residence time in a cell.

The remainder of this paper is organized as follows. We
describe in Section I the user mobility, voice/data traffidiave a mean residence time of ;. The coefficient of
the WLAN and cellular capacity. Section Il discusses theariance of7;* is C, rv = \/a+1/a — 1. Increasing the
admission control problem for cellular/WLAN interworkingparametera results in7* with a higher variability. Since
and the QoS evaluation approach to determine admissitie hyper-exponential distribution consists of a lineaxtore
parameters. Numerical results are presented in Secticanty/, of exponentials, the following analysis can be extended to

c—C

different services. A high utilization is achieved when the--[ ;= [P v o* R o] e P
pcfc \pcc

Section V concludes this research. consider hyper-exponential distributions with more exgon
tial components, which can more accurately approximate the
Il. SYSTEM MODEL original heavy-tailed distribution.

. : : o . On the other hand, the user residence time in the area of
We consider an interworking scenario with a simple topol-

. ; . . cell with only cellular access (referred to esllular-onl
ogy, in which there is one WLAN located in each cell, referregrea) denotedybyTC is assume(d to be exponentiall ﬁis_
to as acell cluster Within the interworked system, location- ’ T P Y

. . - . )

dependent factors such as user mobility, traffic distrdnyti tributed with parameten B Users moving out of th_e ccellular
. . only area enter neighboring cells with a probability ¢ and

and underlying network support need to be taken into account

. : . .~ "enter the coverage of the overlaying WLAN in the target cell

The important symbols used in this paper are summarized in o p .

with a probabilityp =1-—p° . As aresult, the residence
Table | for reference. . . . :

time of users admitted in the cell follows a more complicate
A. Location-Dependent Mobility Model phase-type distribution as shown in Fig. 1. &4 and T,
Elenote the residence time within the cell of a new or handoff
call admitted to the cell from the cellular-only area andttha
of a new call admitted to the cell from the double-coverage
area, respectively. The MGFs @f; andTy, are derived as

As shown in [6], the indoor deployment and low user mobi
ity within WLANS results in heavy-tailed user residencedim
within a WLAN, denoted byT”. As performance analysis
becomes extremely difficult with heavy-tailed distribunso
certain approximation is necessary to make the analysis ef- 0

c—w\t—1, c—c WC 11—
fective and tractable. It is proposed in [9] to approximate a Oi(s)=»_ (") 'p EWJ(S)] ! 2
large class of heavy-tailed distributions (including Rarand i=1
Weibull distributions) with hyper-exponential distrilimns. An = il e i
) with hyper-exp Do) = D0 () L(s)] 3)

important feature of heavy-tailedness is the so-calleicé-
elephants phenomenon [10]. For the WLAN residence time, _ .
it implies that most users stay within a WLAN for a shortvherey(:) is the MGF of (777 + T7*), given by

time, while a small fraction of the users have an extremely _ g [T 4
long residence time. To explore its impact on performance,w(s) o [e } )
we ad(_)pt a two-stage hyper-exponential d?stributipn,_ Wh&: o a an™ 1 %nw
very sn_’qple anq also well captures the .h|gh var|ab|I|t¥. The T —s|a+1 ’ an® — s + a+1 %nw s
probability density function (PDF) of’ with meanl1/n* is
then given by B. Traffic Models for Voice and Data Services

Fro(t) = ——. U game L L As an important motivation for cellular/WLAN interwork-

v a+1 %niw a+1l a- n% ing, multi-service support is an essential requirement for
a>1 £>0. @ future wireless networks. For example, four service classe

defined in the specification 3GPP TS 23.107 for the universal

A large fraction ;45 of the users stay within the WLAN mobile telecommunication system (UMTS). In this study, we

1

for a mean time; - &, while the other_+5 of the users consider both voice (such as traditional telephony) an dat
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TABLE |
SUMMARY OF IMPORTANT SYMBOLS

Symbol Definition
a (b) User mobility (data traffic) variability parameter
By (BY) Blocking/dropping probability of a cell for voice (data)llsa
By (BY) Blocking probability of a WLAN for voice (data) calls
We Cell bandwidth
Dy (DY) Rejection probability of a WLAN for handoff voice (data) safrom a cell
fa Mean data call size
Gy (GY) Number of guard channels for new voice (data) calls to a WLAN
NS (N§) Maximum number of voice (data) calls allowed in a cell
N (NY) Maximum number of voice (data) calls allowed in a WLAN
peTe (peT V) Probability of a user moving out of current cell to neighibgricells (to overlaying WLAN)
Su(4) (Sa(+)) Service time of packets from a voice (data) flow in a WLAN
T (TS) Residence time within a cell of a call admitted to a cell froefiidar-only (double-coverage) area
TE (TY) User residence time in cellular-only (double-coverag@&aaof a cell with mearin©)~1((n¥)~1)
Ty Voice call duration with mearfz, ) !
TP (") Voice packet delay in a WLAN
Ad1 (Aa2) Mean new data call arrival rate in cellular-only (doublerex@ge) area of a cell

Xw® (N5a)
A;Luw ()\Z;w)
N ® ()
)‘101712 (>\$de)
Ao (Ana)

Mean arrival rate of handoff voice (data) calls between iedging cells

Mean arrival rate of handoff voice (data) calls from cell edaying WLAN
Mean arrival rate of handoff voice (data) calls from WLAN teedaying cell
Mean arrival rate of new voice (data) calls to a cell from deutpverage area
Mean arrival rate of new voice (data) calls to a WLAN

Av1 (Aw2) Mean new voice call arrival rate in cellular-only (doubleverage) area of a cell
AD (AR () Mean packet arrival rate from a voice (data) flow
AONCHO)! Steady-state probability of the number of voice (data)scaila cell
my (-) (75 (+)) Steady-state probability of the number of voice (data)scalla WLAN
05 (09) Probability of a voice (data) call in the double-coverageaarequest admission to a cell
0y (0Y) Probability of a voice (data) call in the double-coverageaarequest admission to a WLAN

&) (€70

Mean packet service rate for a voice (data) flow (frameg/slot

P(-), ®1(-), ®2(-) || Moment generating functions & + T, T5,, andTS,, respectively
reTy) Mean data call throughput in a cell (WLAN)

(such as Web browsing) services, which are a representatbegtain bandwidth can be reserved for each voice call to
of the conversational and interactive service classes oTBM guarantee its packet-level requirements such as packay.del
respectively. The call-level QoS requirements are defin@iven the total cell bandwidth’., N voice calls at maximum

in terms of voice call blocking/dropping probability)(s),

are accommodated to meet the requirement on voice call

data call blocking/dropping probabilityt);;), and data call blocking/dropping probability, while the other bandwidth
throughput Q4¢). As widely assumed in previous works, voicaledicated to data. Moreover, the elasticity of data traffic i
and data call arrivals are independent Poisson proceskes. @xploited by allowing ongoing data calls to equally shaite al

voice call durationr;, is exponentially distributed with meanbandwidth unused by current voice traffic. Considering the
1/ It is observed in [5] that the data traffic generated bynteractive nature of some data applications, each data cal
Web browsing is bursty and one main reason for the higteeds to finish transfer within a time limit and be guaranteed
variability is the heavy-tailed file size. To explore the imep certain throughput. As a result, the number of data calls
of highly variable file size on performance, similar to th@dmitted in the cell is limited byvg.

modeling of WLAN residence time, the data call sizk;) C. WLAN Model for Capacity Analysis

is modeled by a two-stage hyper-exponential distributidth w . .
meanf, and PDF given by With the conten'uon-baseq access, the WLAN resources are
shared in a complete sharing manner and there is no QoS
Fru(z) = N S LN S guarantee for the delay or throughput requirements of voice
and data calls. It is necessary to apply admission control to
restrict the admitted calls contending for access. In thidys
we consider both two-way voice calls and one-way downlink
A larger value ob corresponds to a data call size with a highetata calls such as the download of a Web page or transfer of
variability. a data file. LetV,” and N}’ denote the maximum numbers of
In the cellular network, with the reservation-based reseurvoice and data calls allowed in the WLAN, respectively. Each
allocation, the restricted access mechanism [11] can biéedppvoice call has two flows from and to the mobile station (MS),
for resource sharing between voice and data in the cell. while each data call has one flow to the MS. Since different

b>1, x>0. )
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QoS support is provided by the WLAN to voice and data calls To simplify analysis, we derive the first and second moments
having different traffic characteristics and QoS requiretee of the packet service time with the closed queueing network
the WLAN utilization changes with the amounts of voicenodel in [14]. The WLAN channel is mapped to a queue
and data traffic sharing the WLAN channel. To ensure thagrver with state-dependent service rates, and multsdas-
the WLAN operates efficiently and complements the cellulaomers with finite populations are served in a processoirahar
network effectively,N;* and Ny’ should be properly selected(PS) discipline. With the contention-based MAC protocol in
within the WLAN capacity region, which is defined in termghe WLAN, an admitted traffic flow is served packet by packet
of the maximum numbergn?’, nYy) of voice and data flows according to its contention with other flows. The servicesat
simultaneously served in the WLAN. of the WLAN channel to sharing flows become dependent
It is observed in [7] that there exists an optimal operatingn the numbers of admitted flows. Packets from different
point for the WLAN in the unsaturated case, beyond whicbngoing flows take turns to be served, which is similar to time
the packet delay increases dramatically and the throughgbtiring computer systems, where the research on PS queues
drops quickly. When the packet service rate is larger than thriginates from [12]. In time-sharing computer systemg th
arrival rate (unsaturated case) and the collision proltalid CPU computation power is time-slotted and a small quantum
small enough (e.g., less than 0.1), the service queue of a flofwone job is served each time. In such a PS manner, the CPU
is almost empty and the packet delay (say, less than 30 risskhared by all jobs, and a job finishes until all of its pieces
is sufficiently small to meet the requirement of the realetimare served. In contrast, for the first come first served (FCFS)
voice service [7]. Hence, we consider unsaturated downliskrvice discipline, the flow capturing the WLAN channel
data traffic, which is regulated by applying rate control aiccupies the channel until all of its packets are served.
the access point [8]. The voice traffic is also consideredIn the closed queueing network, each terminal is viewed
unsaturated depending on the codec. Metdenote the mean as alternating between “think” mode (no service request) an
rate (in frames/slot) of packet arrivals from a voice sourcéwait” (waiting for service completion) mode. For the/G /1
For simplicity, the voice and data packet sizes are assunttbue of each flow, when the packet service rate provided by
to be constant and the packet arrivals from a voice or datee WLAN channel for the specific flow is larger than the
flow are assumed to be a Poisson process. To adfnitoice packet arrival rate on average (unsaturated case), the mean
flows andn} data flows in the WLAN, the data packet inpupacket departure rate from the/G/1 queue is equal to the
rate \(n,n%) should be limited so as to keep a small colmean packet arrival rate. The average think time, i.e., tkerm
lision probability and satisfy the network stability corahts, time spent by a user in generating a new job, is approximated
i.e., Ab < &¥(n?,nY) and Xj(n, nY) < &Y (n¥,nY), where by the inverse of the mean packet departure rate. The packet
&V(ny,nYy) and £ (n¥,nYy) are the average service rateservice time is just the waiting time of the job in the closed
for packets from one voice and data flow, respectively. Thpieueing network.

maximum M (n¥,n¥) and the correspondingy (n¥,ny) To obtain the moments of the waiting time, the MAC
and Y (nY,nY) that satisfy the above constraints can beontention and backoff process is analyzed to derive the-sta
determined recursively using the following approach. dependent service rates of the WLAN channel. Given

To analyze the servicing process for different traffic flowsjoice flows andn, data flows having backlogged packets
we can decompose the WLAN modeling into two parts. Firsfh the corresponding queues, the probability that a packet
the service at each flow is modeled by &fyG/1 queueing from a voice flow collides with any other voice or data flow
system. Each packet from a flow to be transmitted is buffer&@nsmitting in the same slot is given by
in the queue and then contends for channel access. Only when n1—1 e
the packet departs can the next packet moves to the queue po=1-(1-7) (1-7a) 6)
head. Second, from the perspective of the WLAN channglherer, and r, are the voice and data flow’s transmission
packets from different flows are served in a contention-asgrobabilities in a slot, respectively, given by [15]
access manner, which determines the packet service tieg, i. — —
the time from the instant that a packet becomes the head of = — RU_ 7 Ty = — Rd_ (7)
the flow's service queue to the time that it is successfully R, + W, Ry + Wy

transmitted or discarded after reaching retransmissioit.li , \which W, (W.) andR, (R,) are the average backoff time

Given the moments of the packet service time, the averaggq average number of transmission attempts of a targeepack
packet delay can be obtained from the Pollaczek-Khinchigen a voice (data) flow, respectively. In particular

(P-K) formula [12]. In [13], the packet transmission proges

is modeled with a Markov chain. By using the signal transfgiy, —
function of the corresponding state transition diagrane th 2(1 = po)(1 = 2py)
probability generating function (PGF) of the packet seevic 1 2™ (' +1 — pm+1)(1 — 2p,) — (1 — 2p,)(1 — pi*+Y)
time is derived. Then, the arbitran/” moment of the packet

1

(W1 = (@2p)™ )

service time can be obtained by differentiation. Howeves, t __ m—_1 _ , 1—pm
differentiation operation is very complex and time-congugn % = Z [(2 +1)-p;, - (1 —Pv)] +(m+1)-py' = P
as the PGF function becomes a very high-order fraction fer th =0 !

cases with a large initial contention window size, maximumwith W = CW,,;,, + 1 and CW,,,;,, being the initial backoff
backoff stage, and retransmission limit. window (e.g., it is 31 in IEEE 802.11)n the retransmission



IEEE TRANSACTIONS ON WIRELESS COMMUNICATIONS (TO APPEAR) 5

limit, and m’ the maximum backoff stage. Similarly, we carwhere o (nl,nY) = Ab, as(n¥,ny) = Aj(n¥,nY), e; is a
obtain W, and R4, and accordinglyr, and the collision two-dimensional vector with unity in thgth element and
probability p; of a data flow transmitting in a slot. zero elsewhere, andélthe Kronecker delta symbol. Then, the

For data traffic with a relatively large packet payload sizéirst and second moments of the voice packet service time
the request to send (RTS)-clear to send (CTS) mechanisnsigny, ny) are given by [14]
considered to reduce the collision resolution time. Theaeur w w Jr 1 Wi w1
tions of a successful and a collided transmission from a data Bl (n0smi)] = =M1 = [€7 (n)), ng)]
flow are respectively given b,q = Tprrs+Trrs+Tsrrs+ E[S%(nY,nY)] = —2n'M %1 (10)
Ters + Tsirs + Tp.para + Tsirs + Tack andTeq =
Tprrs + Trrs + TorsTo. Here,Ip_ para, Trrs, Ters,
Tack, Tprrs, Tsirs, and TersTo are the transmission M(’I’L — ej,n) = aj(nzj’,ng’) . (KJ —n; + 1)
time of aDATA frame from a data flowRTS frame duration, 7, 4 ejn)=(n;+1)-&(n+e; +ey)
CTS frame duration, transmission time of &&K frame, DCF
interframe space (DIFS), short interframe space (SIFS), ad!(n,n) = =3, |a;(ny, ng) - (K; — n;)
waiting time for aCTS Tl MEQUT, respectively. On the other
hand,gthe time needed for a succegsful tra%wsmission from a + (g +050) &(n+ eg) (11)
voice flow is Ty, = Tprrps + Tv_para + Tsirs + Tack, and 1 is the vector with unity for all elements and= 1
with Ty_para being the transmission time of a voi@ATA indicating that the derivation is for the packet serviceetiof
frame. The time of a collided transmission from a voice flowgijce flows. Hence, when there an& voice flows andn¥
(denoted byT:.,) depends on the traffic types of the collide@ata flows admitted in the WLAN, the average voice packet
frames. A target voice frame may collide with only voicejelay can be obtained by the P-K formula as
frames with a probability1 — 74)"2 [1 — (1 — 7,)" ] /p,. )
The target voice frame may also collide with at least one datg: (77, v\ — w o w 140Gy, Py

g e may BT (0, 1)) = BlSu (2, n)] (1 -+ )

frame with a probability{1 — (1 — 74)"2] /p,. We then have 2 L= pu
na where

where

Teo = (Tprrs + Tv_para + Tack.ro) - (1 — 7a) E[S2(n, n®)]
v TL,U ,n w w
[1 B (1 B Tv)nlil} /pv + Tcd . [1 _ (1 _ Td)n2] /pv ng = Wm@))]’ Pg = Ag . E[S’U(nv ;g )]

whereTsck ro is the waiting time for arACK TI MEQUT.  Similarly, whenn¥ > 1, the first and second moments of the
Let & (n1, n2) andéz(n1, n2) denote the voice and data packegiata packet service timgy;(n?, n%) can be obtained by setting
service rates, respectively. Based on an analytical methggd — n?, Ko =n% — 1, andJ = 2. Then,E[Sy(n¥,n%)] =
similar to those in [1, 15, 16], we further have (€ (n, n%)]~ .

1 — 1 = _
[€1(nn2)] " = m Ty +n2Toa + Wo + 2 (mTey +n2Tea) D. Model for Cellular Capacity
[52(711’”2)}71 g Ty + 1T+ Ty + l(anm + 19T o) In this study, we consider a code-division multiple access
(CDMA) cellular system [17] with variable spreading gain.
where T, and T., are the average collision time of aVoice traffic with adaptive multi-rate (AMR) codec at 12.2
frame in a voice flow and that of a frame in a dat&bps is delivered with dedicated channels (DCH), while data
flow, given by T., = S iT.,-p’ - (1 —p,) and T, = traffic such as Web browsing sessions can be transported over
S iTeq - ply - (1 — pa), respectively. the high-speed downlink shared channels (HS-DSCH). As the
Suppose there are? voice flows andn¥ data flows data services such as Web browsing is asymmetric and the
admitted in the WLAN. Whem” > 1, let K; = n® — 1 and downlink is more congested, the downlink cellular capacity
K> =nY¥. First, we derive the equilibrium distribution of anis analyzed in the following. Since the common downlink
equivalent birth-death process with two customer classes mndwidth is shared by all users, the number of admitted
finite populationsk; and K, served in a PS discipline. Theusers should be limited to bound the interference level and
equilibrium distributionm can be obtained from the following satisfy the QoS requirements for the ratio of bit energy to
linear equation system [14] noise and interference power spectral den |§§) Let the
A F =0 8) cell capacity be represented by the maximum numbers of voice
and data users that can be simultaneously admitted. Then, th
where F' is defined as follows. Letn = (n1,n2). For downlink capacity can be evaluated based on a cell loadrfacto

0<n; <Kpand0<ny < K, j=1,2, [17], which is defined as
F(n —ej,n) = a;(ny,ng) - (K; —n; +1) 7% p+ for +§: p+ for 12)
F(n+ejn)=(n;+1)-§(n+e)) WDL_.ILM e~ We 4
=1 (5, =1 (£,
F(n,n) = _Zj O‘j(nfanfi”) (K= nj) (NO)UBURb’v (NO)ded

where ng, and n§ are the number of voice and data users,

+(1=0n,0) 75 - &) ©) respectively,p is the orthogonality factorfp, is the ratio
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between intercell interference and total intracell poweram as the network elements involved in the admission decision
sured at the user receivé], is the total cell bandwidth?, , are limited to be as few as possible, the signaling overhead
(Rp,q) is the bit rate of voice (data) users, the activity is reduced. The cellular network and the integrated WLANsS
factor of voice users, an JI\E/_Z) and ﬁ—ﬁ are the% only need to exchange information and update the above

_ : g & 0 o . . - ; .
requirements of voice and dafa’users, respectively. THen, pdmission parameters with traffic variation. It is espégial

power limitation of the BS is equivalent to bounding the ceffuitable for the cases where it is not affordable to make
load factor by each admission decision based on the system states of both

networks. However, as the proposed scheme distributes the

Nmaz = 1 — B+ PvXa (13) incoming traffic load to the integrated cell and WLAN by
Prmaz properly controlling the assignment probabilit&sand 69, it
where achieves simplicity but may not fully exploit the perforncan
ne ng gain achievable from the cellular/WLAN interworking.
X, = Z WLW + WLW (14) Within the two-tier overlaying structure, the vertical lolaxff
P A S A A from the cell to the overlaying WLAN is not necessary but
(N*Z)Uﬁva’v (N*ﬁ)devd optional to maintain an ongoing call. Hence, the handoffitra

load to the WLAN can be controlled by properly adjusting
the admission parameters of the WLAN, e.g., by using a
simple guard channel policy. L&ty (G}) denote the number
of guard channels reserved in the WLAN for new voice
(idata) calls from the double-coverage area. Then, a handoff
voice (data) call from the cell is admitted to the WLAN if
the number of voice (data) calls in the WLAN is less than
My =Ny - GY (MY = Ny —GY) and rejected otherwise.
The admission parametef$ and§y (or 65 =1 — 0’ and
05 =1—0Y) are selected so as to maximize the acceptable
o ] “\_ITERWORKING tr%ffic Ioaddwith a given cell/WLAN cluster, which implies a
A. Distributed Admission Control high utilization. This admission strategy can be extendedl a
With the heterogeneous QoS support of the underlyirgplied in combination with other network selection cider
integrated network, the voice and data traffic in a doubl€or example, the cellular network also differs from WLANs
coverage area should be properly directed to the cell aimdpricing rates. The service cost in the WLAN is generally
WLAN. Due to the heterogeneity, especially when the twmuch lower than that in the cellular network. A mobile user
systems are loosely coupled, it is challenging for a cenotsal  may prefer to get admitted to the WLAN for the low cost or to
troller to obtain updated information of both systems (dlte the cellular network if the service quality is more impottan
numbers of ongoing calls in the integrated cell and WLANS) tBuppose that an incoming call requests admission to the
make an optimal decision for each admission request. A higilL AN with a probability v, while it requests admission to
controlling overhead is induced since the signaling messaghe cell with a probabilityy® = 1 — 4. Letw;, i = 1,2, ..., 7,
have to travel over a long path involving many networldenote the relative weights efdifferent criteria and?¥ (6%)
elements. To reduce the signaling overhead, the frequeincytite probability of selecting the WLAN (cell) as the targetesh
exchanging network information has to be reduced; but ouhe ;' criterion is considered. Then, we have
dated network information may affect the decision accuracy . ,
C_on_sequently, i_n a loosely co_upled ceIIuIarMLAN network, A = Zwi o, N = Z“’i -0° (15)
distributed admission control is more practical, althoulgé = Py
admission decision may not be optimal in terms of maximizing
resource utilization with QoS guarantee. where
Instead of applying complex criteria for network selec- r
tion, the following simple admission scheme is proposed to Dwi=1, O =1-6f i=1,2,..,r (16)
investigate the dependence of resource utilization orfidraf =1
distribution and other important traffic and mobility paramConsidering both the overall utilization maximization arser
eters. An incoming voice (data) call in the double-coveraggeference, the probabilities of selecting the WLAN and cel
area requests admission to the cell with a probabitft;), as the admission target are respectively given by
while it requests admission to the WLAN with a probability
0r =1—0S (0% =1 — 69). The admission parametetsand 7" = w107 w205, 7* = w107 +we 05 =1 -7, (17)
5 (or ¥ andgy) are determined by the network for a given » " . . ) _ »
traffic load and broadcast to the associated MSs. Then, an W8Ere0i’ = 0 anddi = 65 for an incoming data cally’ =
can make a decision on its own according to the paramegerd’s andéi = ¢; for a voice call;03’ and¢; can be configured

and ¢ and send the admission request to the correspondfifgfording to whether the user prefers the low cost and high

target network. With the simplicity, the proposed admissigdata speed of the WLAN or the guaranteed real-time service

scheme can be implemented in a distributed manner. Algality of the cell; the weights, andw, can be configured
based on the relative importance of the two criteria.

with L, ; being the path loss for th&é" user, P, the power
devoted to common control channelBy the background
noise power, antPr 4, the maximum transmitted power of
the BS. From (12) - (14), we can derive the cell capacity negi
in terms of(ng, ng) vectors, in which the[’f;—g requirements of
voice and data users are satisfied with the limited transomiss
power of the BS.

IIl. ADMISSION CONTROL FORCELLULAR/WLAN
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B. QoS Evaluation for Voice and Data Services in the WLAD data calls in the WLAN is approximated byy (j) =

N o r s mnnf 1
By configuring the admission parametéfsand 65 (or 6 2o ™y ()7 (j10), where

and 0y) of the distributed admission scheme, the voice and i [ b yw( 1 y\w(y
a’ - . P . ~w (s ~w . b+1)\d( ) b+1)\d( )
data traffic load is properly distributed to the overlayirejl c g (jli) = 77 (0]%) H L Gl + LD
and WLAN. Let\,; and\,2 (Ag1 and \g2) denote the mean =1 Harl® Haz\t
arrival rates of new voice (data) calls in the cellular-oatga j=1,..,NJ. (19)

and double-coverage area, respectively. Then, the meiaala”Similarly, the data call blocking probability of the WLAN is

rates of new voice and data calls to the cell from the dOUbISBtained asBY — 7 (N™), and the rejection probability for
c — pc . c — fHc . d — d a/n w
coverage area ardi,,, = 6, - Ao and gy = 03 * Adazi  pandoff data calls from the cell BY = SN ., 7% (i). From
respectively. Similarly, the mean arrival rates of new eoic o d .
the Little’'s law, the average throughput of each admitteth da
and data calls to the WLAN from the double-coverage area acraell in the WLAN is given b
AW =00 Ao and ¥, = 0Y - \g2, respectively. To determine 9 y

the admission parameters, the QoS metrics of interest need N ZNéU -7 (l)9) '
. . . w w =1 d
to be evaluated accurately and effectively. We begin with th'a = fa ) (4) ” w c—w w :
— Apa - (L= Bf) + X" - (1= Dy)
WLAN QoS. =0 (20)

The voice traffic load offered to the WLAN includes newe, QoS Evaluation for Voice and Data Services in the Cell

calls from the double-coverage area with a mean rgfg ) )
and handoff calls from the overlaying cell with a mean rate 1€ QoS performance experienced by voice and data calls

S~ With Poisson arrivals and exponential call duration, tHg the cell is more complex to evaluate than that in the WLAN.

voice calls in the WLAN can be modeled by ar/G/K /K For example, the location-dependent mobility in a cell kssu
queue, where the channel occupancy timén(T,, T%) is in different channel occupancy time for traffic in the cediul

not exponential. With the insensitive property f/G /K /K only area and double-coverage area. This necessitates- diff
queues [18], the steady-state probability of voice call¢him entiation of traffic from different areas in the QoS evalaati

WLAN is given by To effect_ive_ly evaluate the QoS rr_1etrics while searching fpr
the admission parameters, we circumvent the computation
I yw complexity of solving large-scale balance equations [3] by
my () = m, (O)Hl- =, J=1,.,N, (18) using MGFs. Depending on the WLAN state, the average
=10 channel occupancy time of voice calls in the cellular-onlyea
where can be derived from (2) as
1 1
1 1 1 1 i €)= —— —&(—
— = E[min(7T,,T)")] = a_. — 4 - E[min(T,, T7,)] el Py (—p) (21)
Ly a+1 an +/Lv a+1 ET]“"FM@ 1 1 B nc 1 A 1
AY(1) = A%, + A5 whenl < MY, and\¥ (1) = \¥, when I e T R e G T

MY +1 <1< NY. The voice call blocking probability of the when there is not enough free capacity in the WLAN for a

WLAN is then BY = 7 (N"), and the rejection probability voice call; and it isl / (s, + n°) when the incoming voice call

for handoff voice calls from the cell i®Y = Z?Euw 7(4). can be admitted to the WLAN. Similarly, for voice calls in the
The data call blocking probability and rejection probagpili double-coverage area, the average channel occupancysime i

of the WLAN can be evaluated similarly except for a stateﬁl—u - H%lﬂ(—ﬂv) if the_re is free room for one more voice call

dependent service rate. Given that the data call size felloi? the WLAN or obtained from (3) as

the hyper-exponential distribution in (5), the data traffiche 1 1

WLAN can be viewed as two virtual classes [19] with poissort (T, Tr2)] = we E%(_””) (22)
arrival ratesz2; Ay (j) and 7 Ay (j), respectively, and ex- 11 (=) L1
ponentially distributed service requirements with mefarib = E - Ep 1— pewip(— ) = 1S5

and b- fa, respectively, where\;(j) = Ay, + Aj4" when otherwise. To simplify analysis, we take an average for the

J <MY, andXy(j) =AY, whenMy +1 < j < NY. With 4 , . . )
voice calls ang data calls admitted in the WLAN, the averager-m:"‘fjm service rates of voice calls in the cellular-only area a

. : double-coverage area, which are respectively given b
channel occupancy time of data calls of the two virtual @ass g P ya y

is respectively figr = Dy pgy + (L= DY) - (po +1°) (23)
~C w, c w Hy
1 1 1 1 fivg = Dy pigy + (1 = DY) ———. (24)
_ e N : 2+ T— ()

w (5 2 1 XY (i,) 1 1 XY (i,) . ) . ) . .
i (g) et gy 4 e Ot @+ %5 By modeling the voice traffic in the cell with a multi-service

loss system, we can obtain the steady-state probabilitpiokv

LI ! oL 1 calls in the cell as
(i) a+1 gpw g Xi(d) o a4+1 Lgw o X (d) cmc | yw—c  ye \J
g b-fa an b-fa c(zs\ — C /\ul + )\hv + /\hv )\nu2 r|
ﬂ-v(-]) —WU(O) ~c + ~c :
M1 Hap2

where x(-) is the average transmission rate (in bps) for .
packets from a data call. Then, the steady-state probabilit J = 1Ny (25)
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where); © and A} "¢ are mean arrival rates of handoff voice \j; = Aa1 + A7 ;“+ Apy ¢ i=0,.., N7, j=1,...,Ng
calls from neighboring cells and the overlaying WLAN, re- . . .
spectively. Then, the voice call blocking/dropping proitigb where A7, is the totalcjr!ean aTY?l rate of data cal!s n
of the cell is BS = w5(N¢). New call blocking and handoff the cellular-only areaj;,” and Aj, are thg mean arrival
call dropping are not differentiated in the cell for simgcIn rates O.f handoff data caII_s from ncelghbormg cells and the
[4], we have studied the differentiation of new calls, horital overlaying W!‘.AN’ respectively. !‘eﬁd(') denote thej gteady-
handoff calls, and vertical handoff calls with a randomize%la]\tﬁ pro,b?b'“,ty Of, data calls in the cell. Themg(j) =
guard channel policy. .Zi:ﬂ@ wg(z.)wg(ﬂz), j= 0,1,...,Ng, and the data call block-
Two other important aspects need to be properly addres&@/dropping probability of the cell is3; = m5(Ng). From
to evaluate the QoS performance of data calls in the cefit,Firthe Little’s law, the average data call throughput in the cel
with the restricted access mechanism, the data call ser/i@ then be obtained as
rates become dependent on both active voice and data calls N ZNi 1-7¢(1)4)
in the cell, as all bandwidth unused by current voice traffici I'y = fa Zﬂﬁ(i) o +l§i 3 .d(l — 5
shared equally by active data calls. Second, the high \itityab i=0 dl ' “nd2 d
of data call size as shown in (5) should be properly dealt|n the preceding analysis, the call blocking/dropping prob
with in the QoS evaluation. Under the assumption that thgilities and data call throughput can be derived from the
number of data calls fluctuates in a much smaller time scajgeady-state probabilities of voice and data calls in tHe ce
than that of voice calls, the analysis for data traffic can kd WLAN, which are dependent on the mean arrival rates
approximately decomposed from that for voice. As such, fef handoff calls. With the statistical equilibrium assuiopt
data traffic, the cell can be modeled by a symmetric queue [¥8k mean arrival rates of handoff calls are in turn dependent
serving multiple classes. Similar to the QoS evaluationaifd on call blocking/dropping probabilities. This inter-deplence
in the WLAN, both data calls admitted into the cell from theequires that the QoS metrics be evaluated recursively.
cellular-only area and those from the double-coverageaea
reSpeCtively differentiated into two virtual classes. 1IV. NUMERICAL RESULTS AND DISCUSSION
Given j voice calls andk data calls in the cell, similar to Bv apolving the 0oS evaluation aiven in Section Il in
(23) and (24), the service rates of the two virtual classes of Y applying Q 9

! ; a search algorithm similar to that given in [1], we can
data calls in the cellular-only area can be approximated by : ; . o
obtain the best configuration for admission parametgts

i (. k) = DY udi (3, k) + (1 — DY) [b- v5(5, k) + n°] and 0¥ to maximize the admissible traffic load with the
figs(j, k) = DY uGs (. k) + (1 — DY) [v5(5, k) /b + n°] given cell/WLAN cluster. For a target traffic load, the cor-
responding voice and data admission regions of the cell and

(27)

where o WLAN (N¢, NS, NY, G¥,NY,GY) can be determined with
vS(j k) = @’ uS G, k) = b'”d(j’k)_ the admission parametet§’ and ¢;. Table Il summarizes
fa 1= @1 (=b-v3(j, k) the evaluation procedure. For time-varying traffic, thedloa
(. k) = v5(j,k)/b fluctuation should be kept track of by periodical measurgmen
Haz\Js 1— @ (—v5(4,k)/b) and estimation. As the proposed QoS evaluation is performed

Similarly, the service rates of the two virtual classes dfadaWith close-form approximations, it is reasonable to adeyi
calls admitted to the cell from the double-coverage area cafjust the admission parameters for a target traffic loathitn
be obtained as section, we validate our analytical approach and invetgitiee
b vS(j, k) impact of admission parameters on resource utilization.

1—9(=b-v5(, k) - . :
Ve (i, k) /b A. Validation of WLAN Model for Capacity Analysis
figa (3, k) = D uip (G, k) + (1 — Di)1— djg_;c(j 1)/0) In Section II-C, we analyze the packet service time with
A a closed queueing network model and derive the WLAN

figi (3, k) = D ugi (G, k) + (1 — D)

where o capacity accordingly. To verify the accuracy of our analysi
1 (4, k) = b'Vd(J’k). we compare our analysis results with computer simulation
1= @o(=b-vg(j,k)) results. Since quite a few bugs are found in the WLAN
2 (i k) = vg(j,k)/b MAC implementation of ns-2 simulator [20], we develop our
Hazds &) = 1 — ®5(v5(4,k)/b) own event-driven simulator with C/C++. Our analysis and

Hence, given that there aré voice calls in the cell, the simulation results are further compared with those obthine
equilibrium distribution of the symmetric queue for datffic With the approach in [13] based on probability generating

in the cell is given by functions. Given in Table Il are the system parametersctvhi
i b re Lo are selected by referring to the popular WLAN standard IEEE
2 (110) =ﬁc(0li)H{ R =R 802.11 DCF [21]. _ -
d d i L ash (i, 1) - psh(i,l) Figs. 2-4 show the analysis and simulation results of the
- b ye 1 e mean and standard deviation of voice packet service time
+ bt12"f12 + bt12"f12 (26) (Sy) and average voice packet deldy?], respectively. Here,
L-pgg (i 0) 1 pgs (i) the initial contention window size is chosen to be 7. It is
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TABLE Il TABLE Il
EVALUATION PROCEDURE FORADMISSION PARAMETERS SYSTEM PARAMETERS
1: Derive the cellular capacity in terms of vectors;(n¢) from (12) - (14) Parameter Value Parameter Value
to meet theﬁ—g requirements (n®)~1 10 min (nw)—1 14 min
2: Derive the WLAN capacity in terms of vectoraif, n) from (6) - (10) c—c 0.76 o 0.24
to meet the stability constraints P ' ) P '
3: N'gj,macv = max(nb‘)), N's,macv = max(nf}) We 3.84 MChIpS/S Rb,u 12.2 KbpS
451: for ]f\/,;“ gwo toO]\{;,‘j,],\L% go /I Evaluation for voice traffic (o)™t 140 s fa 64 Kbytes
: or G¥ =0to NY do
6: Derive the mlaximum%“ from (18) so thatBY < Q. Qub (Qan) 0.01 Qur 200 Kbps
7: Record the corresponding steady-state probabilitie®iof calls m/ 5 m 7
in the WLAN 7% (i), i = 0, 1,..., N¥ ,
8: Derive the minimL]JmNg < Ngymaz)v from (25) so that CWonin 7,31 Slot 20 ps
By < Qup Tsirs 10 us Tprrs 50 us
9: Recprcir:he ccl)lrrtzspon‘din%s{eadyj—\%ate probabilitiemiot calls ...« 13.6 slots Tors 12.4 slots
in the ce ,i=0,1,...,
10: end for mo(d). 4 v Tack 10.2 slots pYA 0.0004 frames/slot
11: end for \oice payload | 50 bytes/packet Data payload| 1000 bytes/packet
12: for Ny =0to N, 4, do /I Evaluation for data traffic
13 N¥ = max(n¥) with n¥ = N¥ p 04 IpL 055
14 for'G¥ =0to N¥ do Bu 0.43 Prmas 43 dB
15: for N =0to NY max do Py 33 dB Py -106 dB
16: for Gy =0to N7 do Ey Ey,
17: Initialize Ag min aNdAg, maz (N_r))U 457 dB (N_r))d 469 d8
18: Ad — (>‘d,min + Ad,maw)/z
19: loop . . .
20: Derive the maximund¥’ from (19) and (20) so that the average voice packet delay in the unsaturated ases
21 5 Fhattfé“ < derﬁjf\}ﬂffb“ > (%ét) - less than 20 ms, which is sufficiently small to meet the delay
: erive the minimu rom an so . . - -
d -
that BS < Quy and T > Qg requirement of real-time voice service.
22: if Solutions forg?y and Nj existthen /I The
given traffic load)\; is acceptable .
23: Admin — Ad B. Accuracy of the Call-level QoS Evaluation Approach
ggf elseAd — (Ad,min + Ad,maz)/2 In this study, we extend the MGF-based QoS evaluation
26 Amas — Ad app_roach proposed in [4]._ As the Q(_)S provisioning to user
27: Ad — (Ad;min + Ad;maz)/2 traffic admitted to the cell is more difficult to evaluate doe t
28: end if the location-dependent user mobility and vertical handeé
29: if The acceptable\; convergeshen . . . .
30: Exit loop compare the analysis and simulation results for the cell QoS
31 end if terms of voice call blocking/dropping probabilityB¢), data
82 end loop call blocking/dropping probability BS), and mean data call
33: Record the maximum acceptablg 9 ¢ ppIng p X . d).’
24 end for throughput(I'5). Due to space limitation, the results are not
35: end for shown here. It is observed that the analysis results agrée we
ggf ond ‘f*é‘rd for with the simulation results. The average relative errom3gf

andT'§ is less than 2%. Due to the elasticity and bandwidth

daptation of data calls, it is complicate to model statshy

obzerr\]/ed .tha;c the relat||ve .erLor bgt\/\(/jeenbthelz analﬁlssteoeosﬁne data call duration. As a result, the average relativererr
and the simulation results is bounded to be less than 1 A)olpBg is higher than that oBg but still less than 8%. Hence,

most gnsaturated cases. Th_e overestimation is attribatéuet using this MGF-based approach, we can evaluate the QoS
following reasons. F|rs_t, the mter\_/al between packet depes metrics effectively and accurately to determine the adioriss
from each flow's service queue is assumed to be eXponenBQT'ameters.
for simplicity, which is not the real case. Moreover, thdftca
flow is viewed as a fluid in the queueing analysis. In practic&. Improvement of Resource Utilization via Rate Control to
WLAN access, the traffic is serviced on a packet-by-packegta Traffic
basis. The coarse granularity of packets also account$iéor t Given a target voice traffic load\, = A\,1 + \2), the
gap between the simulation results and analysis results. acceptable data traffic loddy = Ag1+Xg2) can be maximized

It is observed that our analysis results match well with ého®y properly selecting the admission parameters suetf and
of the approach in [13]. However, the approach in [13] ineslv %. As discussed in Section II-C, rate control is considered
differentiation of high-order fractions, which is very cptex for data traffic instead of allowing saturated data traffic as
and time-consuming, especially for the cases with a large[1]. As an example, Fig. 5 shows the improvement of the
initial contention window size @W,,;,), maximum backoff data traffic load\; that can be carried with QoS guarantee
stage, and retransmission limit. Whéfv,,..,, > 31, no valid when rate control is applied to data traffic. When there is no
results for the second moment of the packet service time eanrhte control applied to the greedy data traffic, the number of
obtained by Maple 9.5 [22]. In contrast, our analysis is Haséata calls admitted to the WLAN has to be very restricted
on linear computation and the evaluation can be executad veo that the voice delay requirement is not violated due to
fast with a negligible error. Another important observatie a high collision probability. Although a high throughput is
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Fig. 2. Average voice packet service time in the WLAR[§,]). Fig. 4. Average voice packet delay in the WLAR[{I]).
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-6 - A‘nal sis re‘sultswith‘the rdach basea oncloséd ueuein netwo‘rk 93]), more CeHUIar bandWIdth is a.Va.iIable to admlt data Calls'
--e-- Anal}%sis results with the Zggroach based on probabiﬂtygenegrating function [13] With a smaller bandWIdth, the cell is actually the bottldnec
[| —— Simulation results . . .
of the whole integrated system for data traffic. Hence, with
the load balancing of the WLAN, the congestion of the cell
and in turn the whole system is effectively relieved. On the
other hand, with a largefy’, the maximum number of voice
calls allowed in the WLAN (V") should also be larger to

-
3
o

=
13
o

[N
w
=]

N
[N
o

90 WAl Yabs meet the voice call blocking/dropping probability requirent.
o //T/ = However, the WLAN is very inefficient in supporting voice
° D S as = traffic. Due to the small coverage of the WLAN, not only
50| 5o *’ﬁ’;/‘/ S S can frequent vertical handoffs between the cell and WLAN
[ SIS o degrade the voice quality and increase the risk of call drapp

w
o

but also it is detrimental to multiplexing gain by breaking a
5 s 5 : T 1 w5 15 call into more service stages. Although the voice traffialloa

Standard deviation of voice packet service time (timeslots)

=
o

Number of voice calls in the WLAN to the cell is reduced to an extent, the number of data calls
Fig. 3. Standard deviation of voice packet service time ia WLAN that can be accommodated by the WLAN is also significantly
(VE[SZ] — E2[Sy)). reduced. As a result, the total acceptable traffic load sstart

to decrease whef is larger than a threshold. Hence, the

provided to admitted data calls, not many data calls in they.«cion paramete” and correspondinglyV* should be
double-coverage area can be admitted to the WLAN. The d%tf%perly determined to maximize the utilization.

traffic load in the relatively congested cell cannot be difety
reduced. On the contrary, by applying rate _control, more dE}E)ad (M) with 67, i.e., the probability that a data call in the
calls can be admitted into the WLAN with a reasonablg > .

. ' ouble-coverage area requests admission to the WLAN, which
throughput and then effectively balance the data traffid loa lated with9 . With ler™ and | ice trafi
from the cell; at the same time, the voice delay requirement'? correlated witty, . With a smaflev,,and 1ess voice traflic

. . o load carried by the WLANPY can be larger to admit more
guaranteed by keeping the collision probability small egiou : . d . .
with traffic regulation. data traffic and provide enough bandwidth for each admitted

voice and data call in the WLAN. In Fig. 6, befof¢ reaches
- o the point for a maximum acceptable data traffic lo&tf,
D. Dependence of Utilization on Admission Parameters s |ess than 0.85 andv¥ less than 20 is enough to meet
Fig. 6 shows the dependence of the acceptable data traffie bound for voice call blocking/dropping probability. rFo
load (\;) on the admission parameteét’, which is the these cases, a high data call throughput is achievable since
probability that an incoming voice call in the double-caage the number of voice calls allowed in the WLAN is quite
area requests admission to the WLAN. The results are olataimestricted, and/; can be as large as 99% to carry almost all
with A\,; = 0.1 calls/s,\,2 = 0.2 calls/s, and=zy = N, i.e., the data traffic in the double-coverage area. Within thisoreg
no voice handoff from the cell to the overlaying WLAN. It cara largerd? alleviates more voice traffic from the cell but does
be seen that there exist optimal valuesgif that maximize not affect much the data service in the WLAN, which results
the acceptable traffic load, resulting in a maximum utilmat in a larger acceptablg,. On the other hand, whe#{’ and
Similar phenomenon is observed in [1]. It is actually a resutorrespondingV,’ are further increased)y is even smaller
of properly balancing the voice and data traffic load in thend the WLAN cannot carry a large portion of the data traffic
cell and WLAN. On one hand, when more voice traffic in théoad in the double-coverage area. The bottleneck effedtef t
double-coverage area is directed to the WLAN (i.e., a largeell becomes evident and the acceptakledecreases, which

Fig. 7 shows the variation of the acceptable data traffic
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—+— With saturated data traffic Ll —+— Mobility variability parameter a = 1.0
—¢ - With unsaturated data traffic regulated by rate control --e-- Mobility variability parameter a = 4.0 ,
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data traffic. traffic carried by the WLAN(#Y) with different mobility parametersaj.
7
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eters and resource utilization. As shown in Fig. 9, more data
traffic is acceptable with a larger value fgfwhich indicates a
higher variability of the data call size. With a fixed mearuel
. when the variability of the data call size is higher, moreadat
~ calls have a smaller size and less have an extremely lacger si
> Hence, more data calls have a shorter channel occupancy time
= and can be carried by the WLAN with a high throughput. Also,
\\K more data calls can finish within the WLAN instead of having
\ to hand over to the cell when users move out of the WLAN.
N The traffic load of the small-bandwidth cell is then effeetiv
— Mobity variabiity parameter a= L0 N reduced, which results in a higher utilization. From Fig®,6
[t csiolesdiauyd we can conclude that the first-order mean values themselves
0 0T 02 03 o2 05 o5 o7 o8 oo are not enough to determine the admission parameters. With
Fraction of voice traffic load to the WLAN (§,") the MGF-based approach, we can take into account higher-
Fig. 6. The acceptable data traffic logdl;) versus the fraction of voice Order statistics with reasonable complexity.
traffic carried by the WLAN(6) with different mobility parametersaj. As discussed in Section llI, the admission parame(éifs
and G} can be used to adjust the amounts of new and
is C|ear|y shown in F|g 7.1n Conc|usion’ with a Sn‘@{ and a vertical handoff traffic admitted in the WLAN. It is found fmo
very larged®, the effectiveness of the WLAN to complementhe numerical results that the acceptable traffic load sarie
the cell is greatly jeopardized. The acceptable traffic lodtegligibly with G for a givenN;’. With a large bandwidth
can be maximized by proper]y Contro”inﬁj’ and Se|ecting and hlgh data call throughput in the WLAN, the handoff traffic
0¥ > 90%. The # should be large enough to balance th much less than the new traffic and cannot significantly
voice traffic load from the cell and also small enough to avoiffect its load condition. Similarly, the acceptable tafvad
the inefficient states of the WLAN in voice support. (also the utilization) is only slightly dependent &#;. This
By comparing the curves in Fig. 6 and Fig. 7, it is observed because the number of voice calls admitted into the WLAN
that, with a larger parameter the acceptable data traffic loads quite limited, which also results in much less voice hdhdo
(\g) is larger. That is, a higher utilization is achievable whetaffic than new traffic.
the variability of user mobility in the double-coverageais Although the specific admission schemes in [1, 2] are
higher. As illustrated in Fig. 6, whea is 1.0, 4.0, and 6.0, different from the one in study, both can maximize the
the highest utilization is achieved with different valuéssty, utilization by properly adjusting the admission parameieair
which are 0.44, 0.68, and 0.84, respectively. A larger patam the corresponding schemes to reach the best traffic distibu
a indicates that more users staying within the WLAN for &or example, the service-differentiated admission schame
shorter time. As seen from Fig. 8, given a fix@g’ (i.e., [2]is equivalentto setting-’ = N, in the general admission
the maximum number of voice calls allowed in the WLAN)scheme of this study. Then, to achieve the opti#faland
when the parameter is larger, a larger fraction of the voicemaximize the utilization, the maximum number of voice calls
calls in the double-coverage area can be carried by the WLANmitted to the cell from the double-coverage ark&) can
and relieved from the cell. Therefore, the data call thrgqugh be selected to be larger (smaller), so that more (less) voice
in the cell is higher and more traffic is acceptable with Qo&affic is directed to the cell to achieve a smaller (larggf)
guarantee. On the other hand, the WLAN-first scheme [1] is actually a
The data call variability also affects the admission pararspecial case of the general admission scheme @ijth= 0.
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1 : : — & . .
= Mobilty variabily parameter = 1.0 y o p is extended to effectively and accurately evaluate the QoS
) --6-- oDIlity variabili arameter a = 4. Y A . . . apege
£399/1 2 Mobilty variabilty parameter a= 6.0 % o // metrics such as call blocking/dropping probabilities aradiad
Z08 / £ o call throughput. It is observed from the numerical resutst t
207 ¢ 7 e the resource utilization can be maximized when a balance is
2 RS / achieved in distributing the voice and data traffic load te th
0.6 " .
§ s // overlaying cell and WLAN.
505 ; e
° s
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