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On the Handoff Performance of the Hybrid IEEE 802.11 Wireless Local Area
Network and 802.16e Mobile WiMax System

student : Hung-Hsi Chen Advisor : Dr. Li-Chun Wang

Department of Communication Engineering
National Chiao Tung University

ABSTRACT

In recent years, the IEEE 802.11 wireless local area networks (WLANS) have
become very popular. However, most application scenarios are limited to hot spot
areas without handoff. As many real-time application, e.g. voice over IP(VolP) grow
rapidly, one of the burning issues  forWLAN: is to reduce handoff latency.
Furthermore, IEEE 802.16e wireless metropolitan area networks(WMAN) also attract
a great deal of attentions. Thus, in the future, we can expect the appearance of the
hybrid IEEE 802.11 WLANSs and IEEE.802.16e WMANSs system. Clearly seamless
and smart handoff in this hybrid network will.become an increasingly important issue.

In this thesis, we first investigate the handoff issue for the IEEE 802.11 WLAN:S.
Some studies have indicated that the latency in searching available channel in
neighboring AP dominates handoff latency. Therefore, we develop an analytical
model to calculate the channel search latency and its success probability for the IEEE
802.11 WLANSs. We find that the number of the probe requests and that of probe
responses are two key design parameters influencing handoff channel search time.
Thus, we develop a method to determine the optimal numbers of probe request and
probe response. The numerical results demonstrate that a system with the optimum
probe request and probe response can reduce the effective search time by 30% to 40%
compared to the legacy IEEE 802.11 WLAN:S.

As for the handoff issue in the hybrid IEEE 802.11 WLANSs and IEEE 802.16e
WMANSs system, the system which has shortest handoff latency may not have the
highest throughput. Thus, we develop a dynamic network selection scheme to
determine the connecting system in a new ~“WLAN to hybrid WLAN/WiMax’’
handoff scenario, in which we consider both the vertical and horizontal handoffs. The
proposed scheme requests the station to wait an additional network selection time
“t,,”’ before the selection to maximize the amount of delivered bits during a dwelling



time. We formulate an optimization problem to find the maximum network selection
time for maximizing the delivered information bits. In addition, we also find the
saturation network selection time for optimizing the delivered bits and handoff latency
during the dwelling time. From the numerical analysis, in the case with 5~25 stations
in target WLAN, the proposed scheme can improve the delivered bits at least by 10%
compared to that without awaiting the scenario.
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CHAPTER 1

Introduction

As the rapid progress of communication techniques in recent years, various wireless
networks have been widely deployed. One can imagine that the future wireless access
network will consist of wireless networks with different available data rate and cov-
erage range. For example, the IEEE 802.11 wireless local area network (WLAN) can
provide high per user data rate and low'deployment cost [2,3]. On the other hand, the
IEEE 802.16e wireless metropolitafarea:network (WMAN) can offer wide coverage
range and guarantee the quality of service requirement [4]. The hybrid WLAN and
WMAN system can take advantages-of-them to offer high quality service. Therefore,
the handoff in the hybrid IEEE 802.11 WEAN and IEEE 802.16e WMAN system
becomes an important issue for the future wireless access networks.

In this thesis, we focus on a new “WLAN to WLAN/WiMax” handoff scenario
which the mobile users mainly encounter in the hybrid WLAN and Mobile WiMax
system as shown in Fig. 1.1. Because the WLAN has been widely deployed and
the WiMax with wide coverage is dramatically developing in these years, one can
imagine that the WiMax system will overlay on the existing WLAN in the near future.
This new handoff scenario jointly considers the seamless issue in the horizontal and
vertical handoff, i.e. “WLAN to WLAN” and “WLAN to WiMax”, respectively [5].
Furthermore, the mobile station requires to select an appropriate network between

WLAN and WiMax. Therefore, in addition to the seamless issue, the “always best



Mobile Node

Figure 1.1: A new handoff scenario, “WLAN to WLAN/WiMax”

connect” (ABC) is also another impqrtalf}t broblem to deal with at the same time in
this new handoff scenario. =5 |

The objectives of thls thesis-arc. t¥wo folds. First, we focus on minimizing the
channel search latency for hOrizdﬁ;cal handoffin the WLAN, i.e. “WLAN to WLAN".
Because the studies demonstrate that the channel search latency is the dominating
factor for handoff latency in the WLANSs and results in the large disconnection time.
Therefore, we derive an analytical model to evaluate the channel search latency and
its success probability. Based on this model, two new handoff performance metrics,
namely “single channel effective search time, tgsc}” and “multiple channel effective
S}Zf)”, are defined as the ratio of the search latency to the success prob-
ability in one and multiple channels, respectively. By minimizing the tgf; or tg?;), we

search time, t

obtain the optimum numbers of probe request /response transmissions during handoff
to minimize the channel search latency.

Secondly, we develop a dynamic network selection scheme to determine the



Table 1.1: Link-layer handoff time for various WLAN cards [1]

D-Link 520 | Spectrum?24 | ZoomAir | Orinoco
Search 288ms 98ms 263ms 87ms
Execution 2ms 3ms 2ms lms
Total 290ms 101ms 265ms 88ms

appropriate connecting system in the new “WLAN to WLAN/WiMax” handoff sce-
nario which considers both the vertical and horizontal handoff. The proposed scheme
requests the station awaiting an additional network selection time “t,” before the
selection to maximize the amount of delivered bits during a dwelling time. We for-
mulate an optimization problem to find the maximum network selection time “¢{"**)”
for maximizing the deliveredbits. In addition, we also find the saturation network

(sat)sy

selection time “t, for optimizing-the delivered bits and handoff latency during the

dwelling time

1.1 Problem and Solution

1.1.1 Optimal Handoff Channel Search Time for Wireless Lo-

cal Area Networks

In this part, the objective is to minimize the channel search latency for handoff in
the IEEE 802.11 WLAN [2,3]. In the literature, many studies measured the hand-
off latency in the IEEE 802.11 WLANs with the assumption that only one station
exists [1,6-8]. Under such a condition without collisions, their measurements in-
dicated that the handoff latency ranges from 88 ~ 290 msecs in the current IEEE
802.11 WLANSs. More importantly, it was demonstrated that the search latency is the



dominating factor for handoff latency as shown in Table 1.1.1 [1]. Thus, a number
of new techniques were proposed to reduce the search latency in the IEEE 802.11
WLAN [1,7,9], but most of these results were obtained by simulations. In [1], the
author proposed two constant timer, i.e. “maximum probe response timer” and “min-
imum probe response timer” to limit the channel search time. The author proposed
selective probing to find APs in multiple channels in the WLAN in order to reduce
the multiple channel search time, but the handoff station needs channel assignment
information in the target network [9]. Some analytical models for evaluating the
throughput and frame access delay of the IEEE 802.11 WLAN are available in the
literature, but without considering handoff [10-15].

To our knowledge, an analytical approach to evaluate the impact of collisions
on the search latency and success probability is still lacking in the literature. First,
we propose an analytical approach teevaluate the channel search latency and its suc-
cess probability in the IEEE 802.11 WLAN. The proposed analytical model considers
the impacts of collisions resulted from the contentions of multiple stations. Secondly,
two new handoff performance metrics, namely “single channel effective search time”,
té‘}c} and “multiple channel effective search time”, ti?;) , are defined as the ratio of the
search latency to the success probability in one and multiple channels, respectively.
Basically, the té‘}c} and tgi‘;) are the duration for which a station requires to success-
fully find an available AP during the handoff process in one and multiple channels,

respectively. By minimizing the tfj‘}c} or tgbjf)

, we obtain the optimum numbers of
probe request /response transmissions during handoff in terms of various constraints,

such as low search latency or high successful search probability.



Mobile Node

WMAN BS

WMAN to WLAN WLAN to WMAN

(a)

Figure 1.2: Two traditional vertical handoff scenarios, i.e. WMAN to WLAN and
WLAN to WMAN

1.1.2 Network Selection with Joeint Vertical and Horizon-
tal Handoff in the Heterogeneous WLAN and Mobile
WiMax System

In this part, the objective is to develop a network selection scheme in the “WLAN
to WLAN/WiMax” handoff scenario with jointly considering vertical and horizontal
handoff. In the literature, many studies have considered two conventional handoff
scenarios, i.e. “WMAN to WLAN” and “WLAN to WMAN”, as shown in Fig.
1.2(a). The objective in the first handoff scenario relates to the so called “always
best connect” (ABC) [16]. Because a mobile user can concurrently connect to both
the WLAN and WMAN, it requires to choose which system is the best for its service
requirement. Some papers proposed cost function based vertical handoff decision

algorithms to achieve the “ABC” objective in this handoff scenario [17,18]. However,



to accurately obtain performance metrics anytime, such as available data rate, access
latency and etc., is not easy for a mobile user in the first “WLAN to WMAN?”
handoff scenario with a mobile user in the overlapped region covered by both WLAN
and WMAN. On the other hand, in the second “WLAN to WMAN” handoff scenario
when a WLAN user enters a region covered only by WMAN, the “seamless” handoff
issue is crucial because the mobile user needs fast transiting connections to the new
WMAN in order to minimize the link disconnected time [19-21]. In [21,22], the
authors proposed the vertical handoff mechanisms which adopt fast Fourier transform
for handoff detection and the dwelling timer concept to postpone the handoff decision
in order to avoid unnecessary handoff and accurately make the decision.

However, since the WLAN has been widely deployed and the WiMax with
wide coverage is dramatically developing in these years, one can imagine that the
WiMax system will overlay «©on the existing WLAN in the near future. Thus, a new
“WLAN to WLAN/WiMax". handoff scenario occurs as shown in Fig. 1.1. This
new handoff scenario in the hybrid®WLAN and WiMax system jointly considers the
seamless issue in the horizontal and vertical handoff, i.e. “WLAN to WLAN” and
“WLAN to WiMax”, respectively. "Furthermore, the mobile station is requireed to
select an appropriate network between WLAN and WiMax during handoff. Therefore,
in addition to the seamless issue, the ABC is also another important problem to deal
with at the same time in this new handoff scenario.

In this part, we develop a network selection scheme in the new “WLAN to
WLAN/WiMax” handoff scenario to determine which system has the most delivered
information bits during the dwelling time t;. The proposed scheme requests the
handoff station waiting for a short network selection time t,, before selecting the

networks.



1.2 Thesis Outline

The rest of this thesis are organized as follows. Chapter 2 introduces the backgrounds
on the IEEE 802.11 WLAN handoff process and IEEE 802.16e WMAN awakening
process of sleep mode. In Chapter 3, we describe the analytical model for channel
search latency and two new performance metrics, “single channel effective search time,
tijf}” and “multiple channel effective search time, ti?;)”. In Chapter 4, we present a
dynamic network selection scheme in the new “WLAN to WLAN/WiMax” handoff

scenario. At last, Chapter 5 gives the concluding remarks and suggestions for future

works.



CHAPTER 2

Background

In this chapter, we will give an overview on the IEEE 802.11 WLAN handoff process
and IEEE 802.16e WMAN awakening process of sleep model [2,4,23].

2.1 IEEE 802.11 WLAN Handoff Process

The handoff procedure in IEEE, 802:1lsWLAN. can be divided into two phases: search

and execution phases, as shown in Fig.#2.1 [2,23]. We described it apart as follows:

1. Search phase - In the beginming-of-the handoff procedure, the handoff station
searches the available APs among all the channels, e.g. 11 channels in USA. In
this phase, two methods are suggested in the standard: the passive and active
scanning modes. In the passive scanning mode, the handoff station periodically
listens to the beacon frames generated by APs. Thus, if the beacon period is 100
msecs, a handoff station in passive scanning mode has to wait 1.1 secs to search
all the channels. On the other hand, instead of passively listening to the beacon,
the handoff station in the active scanning mode broadcasts a probe request frame
and waits for the responses from APs, as shown in Fig. 2.1. Since the contentions
among stations influence the success of the handshaking procedure, the search
latency in the active scanning mode may not be a deterministic value. Thus, it is

interesting to investigate the search latency and success probability in the active
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Figure 2.1: The handoff procedure with active scanning in the IEEE 802.11 WLANs



scanning mode, which will be the focus of this paper.

2. Execution phase - After searching the available APs in the channels, the handoff
station selects one of the APs to connect. The station sends the authentication
and reassociation request to the target AP to get the permission for joining the
network. If the target AP permits, it replies the authentication and reassociation
response to the station; Otherwise, it just rejects the request. As shown in Table
1.1.1, the latency in the execution phase is only 2 msecs and can be neglected
compared to that in the search phase [1,6,7]. Therefore, it is more important
to study the latency and success probability in the search phase than that in the

execution phase.

2.1.1 Procedures in the active scanning mode

In the active scanning mode, the handoff station broadcasts the probe request frame
by m,., times to search the APs atseach chanmnel following the carrier-sense multiple
access with collision avoidanece (GSMA/CA) medium access control (MAC) protocol,
as shown in Fig. 2.2. And then, it waits for the probe response frame from APs.
If the channel is idle for a minimum probe response time t,(feréf,,”), the handoff station
change to the next channel and repeats the handshaking, as shown in Fig. 2.2(a).
This channel is defined as the “idle channel” where no APs or stations use this
channel. On the contrary, if the channel is no idle, the station waits for the probe
response frame from other APs until reaching the maximum probe response time
#{maz) Ty ensure a station successfully receiving the frame, the APs retransmit m/
probe response frames until it successfully receives the ACK frame from the station.
The detailed procedures and the timing diagram of active scanning in an used channel

are shown in Fig. 2.2(b). To ease the notation, we denote this channel as the “busy

channel” .
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Figure 2.3: Signaling of sleep moedetransition by station initiation in the IEEE 802.16¢

2.2 The Awakening Process in the IEEE 802.16e

In the hybrid WLAN and WMAN system, the coverage area of several WLANs can
be overlapped by the coverage of a WMAN, as shown in Fig. 1.1. Consider a mo-
bile station with dual interfaces consisting of IEEE 802.11 and IEEE 802.16e. It is
assumed that this mobile stations stays in the WMAN so that the network re-entry
process is unnecessary [24]. When the station switches the connection to WLAN, the
WiMax interface can change to the sleep mode based on the handshaking procedure
shown in Fig. 2.3. To restore the data connection, the WiMax interface follows the
random access procedures defined in the standard and merely sends the bandwidth

request frame [4,25,26]. Therefore, in this paper, we consider the influence of the

12



awakening process in the “WLAN to WiMax” handoff scenario.

13



14

CHAPTER 3

Optimal Handoff Channel Search Time for

Wireless Local Area Networks

In this chapter, we derive an analytical model to calculate the single and multiple
channel search latency and its success probability for handoff in the IEEE 802.11
WLAN. In addition, based on this,model, we define two new performance metrics,
té‘}c} and ti?;), as the ratio.6f the search latency to the success probability in one
and multiple channels, respectively. By minimizing these two metrics, we obtain
the optimum numbers of probe reguest/respone transmissions as the handoff occurs.
Finally, we present an algorithm for performing the optimal channel search in terms
of various constrains, such as low ‘'search latency or high successful search probability.

The rest of this chapter are organized as follows. Section 3.1 analyzes the
search latency during handoff. In Section 3.2, we discuss the performance metrics
té‘}c} and tg?;). Section 3.3 shows the numerical results. The concluding remarks are

given in Section 3.4.

3.1 Analysis

In this section, we develop an analytical model for evaluating the search latency in
the IEEE 802.11 active scanning mode as shown in Fig. 2.2. The latency in searching

single channel includes two possible scenarios: (1) the search latency in an busy



channel ¢;; (2) the search latency in an idle channel t,,,.

3.1.1 Search latency in the busy channel

In Fig. 2.2(b), the search latency in the busy channel consists of two parts: (1) the
time in broadcasting all the probe request frames t,,, and (2) the latency for which the
target AP successfully replies the probe response frame t,.s,. The difference between
the transmissions of the probe request and response is that the AP has to successfully
receive the ACK frames in the later case; whereas the handoff station does not in the
former case. In addition, we further consider the impact of the number of existing
stations n in the target network. The average search latency in the busy channel t,

can be expressed as

() = treg () Fedresp (1) 5 (3.1)

)

whereas the maximum searchslatency in'the busy channel témw can be given by

1) (RSB tresp(n) - (3.2)

req

The abbreviations of the notations for the following analysis are shown in Table 3.1.

(1) Average time in broadcasting probe request, t,.,

Consider the situation that the AP may successfully receive the probe request
frame and reply the response frame before the handoff station consecutively broad-
casting my., probe request frames. Then, the average latency for broadcasting

Myeq Probe request frames can be given by
treg(n)= (1= p)T + p(1 = p)2T + p*(1 — p)3T + ...

+ p™e N (L = ) (Mypeg — 1) - T+ ™Moy - T

1 _ pmreq

—T.
( -
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Table 3.1: Abbreviations of terminology used in the analytical model
tprrs Duration of DIFS

tsrrs Duration of SIFS

tack Duration of ACK

tprop ~ Transmission and propagation delay for
sending probe request or response

W Minimum backoff window size

o Duration of an empty slot

where p is the failure probability in broadcasting the probe request frame which
will be described the detail later; and 7" is the duration for broadcasting one probe

request frame. Thus as showh in the Fig. 2.2(b), T' can be written as

T = (torst tyr" (1) +tprop) | (3.4)

where té}eQ)(n) is the average backoff-time-of a handoff station before sending a

probe request frame. Given the average number of backoff slots E[W,.,]| for the
probe request frame and the average waiting time of a backoff slot E[Tq], we

can express té:fq) (n) as

tl(;;eq) (n) = E[Wreq] : E[Twait] . (35)

Since the backoff window size of every probe request transmission is W, the average
number of backoff slot is then

W -1

EWyeg) = —

(3.6)

In addition, according to the developed analytical model in [11,15], the average

waiting time of a backoff slot E[Tyq] is

E[Twait} :<1_PS)'PtT'TC+PS' PtT" Ts+<1_Ptr)'0 y (37)
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where T, and T, are the average time that the medium is busy due to a successful
transmission or a collision, respectively; Ps is the success probability of a frame
transmission; and P, is the probability that at least one frame is transmitted.
Since the contentions against the existing stations in the target networks occur,

the probabilities P, and P, become

Po=—n (3.8)

Pro=1-(1-7)", (3.9)

where 7 is the probability that a station transmits a frame. Consider a contention
window with a size ranged from W and 2™W, and the maximum number of
retransmissions of the existing stations in the target network is m + f. Then,

following the steps in [10,14]; we can obtain
p=l-(1=7)"", (3.10)

2(1=2p)d < p™*' ")
(1-2p)(L—pmt IOV [1=p=p(2p) ™ (1+pf—2p/+1)]

(3.11)

Equations (3.10) and (3.11) can be solved recursively for given n, f, m and W.
Therefore, the latency in broadcasting probe request frame, ¢,.,(n) can be obtained
by substituting (3.5)~(3.11) into (4.7).

Next, consider the case that the AP replies the probe response frame to the handoff
station only after receiving the last probe request frame. Thus, the maximum time

in broadcasting probe request frame t%’flax) can be written as

tmaD) (n) =T - Mgy (3.12)

req

where T' can be obtained by (3.4).
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(2) Latency of replying probe response, t,s,

Denote t,():fSp )(n) as the average latency that the target AP successfully sends the
probe response to the handoff station. Then , as shown in Fig. 2.2(b), the average
latency that the target AP successfully replies probe response frames t,.s,(n), can

be written by

tresp (n) = 2fDIFS + tl(;:‘esp) (77,) + tPTOP

+ tsrrs +tack - (3.13)

Similar to (3.5) and given the average number of backoff slots in replying the probe

response frames E[W,.s,|, we can express tfff‘w ) (n) as
tl();esp) (n) = E[W’I’ESp] . E[Twait] . (314)

Different from E[W,,], since the target-AP has to wait for the ACK frame from

the handoff station andthen retransmits the probe response by m' times, E[W,.sp)

is given by
WL W+l  2W+H
E[Wresp] = (1—p)T+p(1_p)( 9 + 9 )+
o W+ 2W+1 2m W+

W+l 2W+1 om’ W41

+p™ 5 5 5

)

B W 1-— (2p>m’+1 1 1— pm’-I—l

_ 1
2 1—-2p 2 1—p (3.15)

Substituting (3.7~3.11) and (3.14~3.15) into (3.13), we can obtain t,es,(n).

3.1.2 Search latency in the idle channel

The search latency in an idle channel ¢, is the time that the handoff station has to

stay in the idle channel before it switches to the next channel. As shown in Fig. 2.2
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(a), the search latency t,; is given by

tup = (tp1r + o5 + torop) * Mieq + i) (3.16)

where tl()?m) is the average backoff time before transmitting a probe request frame in

an idle channel. Different from (3.5), the handoff station does not have to contend

with other stations since the channel is idle. Therefore, tl()?m) can be written as
t =——".07. 3.17

Furthermore, in (3.16), the minimum probe response time tﬁg?) is the time that the

handoff station has to stay in the idle channel. Considering the longest backoff time

.. .. . min .
a frame transmission, the minimum probe response time tﬁesp) can be given by

t(mm) Z tDIFS + (W - 1) 0. (318)

resp

3.2 New Performance Metrics

Intuitively, as the numbers of transmissions of the probe request m,., and the probe
response m’ increase, the successful search probability in an busy channel P& also
increases. However, the handoff latency also increases as the number of transmissions
increases. To take this phenomenon into account in determining m,., and m’, we
define two new performance metrics, called “single channel effective search time ,

té‘}c}” and “multiple channel effective search time , tg’}"}c)”

3.2.1 Single Channel Effective Search Time
The single channel effective search time tijf} is defined as the ratio of the search

latency t;, to the successful search probability PY9 Tt can be considered as the time
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for which a handoff station requires to successfully search an available AP in an busy

channel. Thus, we have

(se) tb(na mla mreq)

e - . (319)
frf Ps(sc) (n’ m,’ mreq)
In addition, considering the maximum search latency témaz), we have the maximum
single channel effective search time
(sc) tl(,max) (n7 m/7 mreq)
bt fmar = . (3.20)

PS(SC) (n7 m,7 mreq)
Since the search process is successful only when both the probe request and response

frames are successfully received, thus it is followed that

plse) (n,m/ ;myeq) Ps(req) (12,Meq) -Ps(resl’) (n,m') | (3.21)

S

where P (n,mye,) = 1= [1= (1= 7)8™ and PUP)(n,m') = 1 — p™'*! are
the successful probabilities in broadcasting the-probe request frame and replying the
probe response frame, respectively. Through ti‘}c}, We can obtain the optimum values

of my,e, and m’ for the minimum sueeessful search latency.

3.2.2 Multiple Channel Effective Search Time

Similarly, the multiple channel effective search time té?;) is the time that a handoff
station successfully searches an AP while scanning whole the channels, including used

and idle ones. Thus, the té?]f) can be written as

t(mc) ! reds
£me) — (mc)(”’m’m ) (3.22)
Py (n,m!, myeg, )

where ™9 and P{™ are the time and probability that the handoff station can

successfully search at least one AP among the = channels, respectively. Since the
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channel condition and the probability of AP existing in each channel P; are different.

Therefore, t™ and P{™ can be written as

xT

1) = (Pt i+ (1= P) ) (3.23)
=1
=1

where t;, ; and P;fci) are the channel search time and successful search probability in

the busy channel ¢, respectively.

3.3 Numerical Results

In this section, we show the’numerical results regarding the search latency ¢, and

success probability Ps(sc) with different number of stations n, probe request m,., and

probe response transmission m’, Through' single channel effective search time tijf}

and multiple channel effective search-time tgjfjf), we can find the optimum values of
Mreq and m’ to minimize the suecessful search latency in one and multiple channels,

respectively. The related system parameters are shown in Table 4.2.

3.3.1 Search Latency and Successful Search Probability

Figure 3.1(a) shows the average search latency ¢, versus the number of stations n
with various values of m,., and m'. As shown in the figure, the average search
latency t;, increases as the number of stations increases due to collisions. However,
when the number of stations is large, t, increases slowly because more collisions result
in reaching the maximum number of the probe request/response transmissions. Both
the handoff station and AP give up the transmissions in this channel. Thus, we

can expect that the success probability PS(SC) becomes smaller with more stations, as
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Table 3.2: System parameter Values

Data frame bit rate 11 Mbps

Management frame bit rate 1 Mbps
Packet payload 1500 bytes
MAC/PHY header 222/128 bits

ACK 112 bits

Slot time & 20 psec
SIES/DIES 10/50 psec

Minimum/Maximum CW 32/1024

Retry limit,m + f 7
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Figure 3.1: Impacts of numbers of the existing stations n on the (a)average search latency t;, and
(b)success probability P with various Mreq and m'.
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Figure 3.2: Comparison between the average search time ¢, and maximum search

time tl()max) with my.eq=3.
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shown in Fig. 3.1(b). In addition, We also show the comparison between ¢, and ¢\"™*")

in the Fig. 3.2. We can find out that there is a nearly constant gap (10%) between
t, and the maximum search latency tl()mm) with various m,.., and m’. Therefore, the
upper bond of search time in a busy channel is about 10% larger than average search
time.

Furthermore, in Fig. 3.1(b), P increases as mye, or m’ increases due to
the large numbers of the probe request or response frame transmissions. However,
the increase on P{*° by m' is less efficient than that by m,., due to the low success
probability in broadcasting probe request P{"?. Therefore, the handoff station has

to appropriately adjust both m,., and m’ to achieve high successful search probability

PY9 instead only one of them.

3.3.2 Search Lateney vs.Successful Search Probability

Figure 3.3 shows the impacts of the average séarch latency ¢, and maximum search
latency tl()mm) on the successful Searchrprobability P°¢ for the number of stations n =
15 and 30. The values of m,., and m’ can'bé chosen for various system requirements,
such as high success probability or low search latency. For instance, Assume that
the requirement is P°? > 0.8 at n = 15. (1) In the maximum search latency """
case as shown in Fig. 3.3(b), the combination of m,., = 2 and m’ = 2 is preferred to
the combination of m,., = 3 and m’ = 1 due to the low search latency. (2) In the
average search latency ¢, case as shown in Fig. 3.3(a), the combination of m,., and m’
is contrary to maximum search latency case due to low search latency. Furthermore,
Assume that the constraint is ¢, < 50 msecs at n = 30. In the maximum search

latency case, m,e, = 2 and m’ = 1 is adopted because of the high successful search

probability.
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successful search probability P{*¢)
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3.3.3 Performance on Single Channel Effective Search Time

Figure 3.4 shows the single channel effective search time tijf; and maximum single
(sc)

of f-maz fOT various numbers of probe request/response

channel effective search time t
transmissions with the number of stations n = 30, respectively. As shown in Fig.
3.1(a), the ti‘jf; may not become shorter for smaller m,., and m’ due to the small
success probability PS(SC). Therefore, an optimum choice for the m,., and m’ values

exists in the sense of minimizing the tgjf} For example, in the Fig. 3.4(a), the lowest

té‘}c} occurs at m,.., = 3 and m’ = 1. However, in the maximum case of ti‘}? as shown
in the Fig. 3.4(b), the lowest tgjf}fmm occurs at mye, = 2 and m’ = 1.

Figure 3.5 shows the ti‘}c} versus the number of existing stations for three dif-
ferent system requirements. As shown in the figure, the value of tijf; in the minimum

tgjf) case can be reduced by 30% compared to the legacy case with m,., = 1 and

m' = 0. For the requirements of the-minimun tijf;, both the values of m,., and m’ is
obtained by choosing the set with the lowest téjf} As for the minimum search latency
tp, 1.e. (Myeq,m’) = (1,0)5 the tgjf} isrshightly higher than that in the system with

the minimum tSC}. Because in the former system the successful search probability

is low, the tijf; increases due to the retransmissions. At last, for the requirements
is P9 > 0.8, the tg‘}c} is the highest among the other systems. To ensure the high
success probability, the large number of retransmissions leads to longer search latency

(sc)
and ¢ ;.

3.3.4 Multiple Channel Effective Search Time

Figure 3.6 shows the latency that the handoff station can successfully search at least
one available AP from whole the channels, i.e. number of channels x = 11, using active
scanning. Assume that any two channels in the z channels are i.i.d (independent

identically distributed) and there are o busy channels among the x channels. Thus,
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the probability of AP existing in each channel P; in the equations (4.10~4.8) can be
equaled to P = 2. As shown in the figure, for 100 contending stations and one busy

channel, the value of tgfjf)

in the optimum case can be reduced by 40% compared to
the case with m,.,=1 and m’=0. This is because the case with m,.,=1 and m'=0
has low successful search probability, and the low successful search probability leads
the handoff station to repeat scanning the whole channels, including the used and
idle channels. In addition, as the number of busy channel o > 5, the ti}"Jf) in both
cases approach the same due to the successful search probability approach to unity as
a increases. This result indicates that when the handoff station locates in a crowed
region where the most channels are used, the handoff station only needs to minimize
values of m,., and m/, i.e. m,,=1 and m'=0. However, when the handoff station

locates in a sparse region where_fewschannels are used, the handoff station needs to

properly adjust m,., and m’to achieve minimum successful search latency.

3.4 Conclusions

In this chapter, we develop an analytical model to compute the search latency and
successful search probability in the IEEE 802.11 WLANSs active scanning mode. The
proposed model considers two kinds of frame transmissions: (1) the broadcasts of
the probe request frame from the handoff station, and (2) the replies of the probe
response frame from the target AP. In addition, the analytical model also considers
the impacts of collisions due to the contentions against the existing stations in the
target network.

From the developed model, we can analytically evaluate the search latency
and success probability for the handoff in IEEE 802.11 WLAN. Moreover, we define
two new handoff performance metrics, named “single channel effective search time ,

tijf}” and “multiple channel effective search time , ti?]f)”, which can be used to find
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the optimal handoff parameters in one busy channel and multiple busy/idle channels,

respectively. The numerical results show that the system with small number of probe

se) (me)

request /response frame transmission may not have lowest tiff or tef; . Therefore,

the handoff station has to adjust accordingly the handoff parameters, i.e. m,., and

m/, to minimize the ti‘jf} or tg;;).
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CHAPTER 4

Network Selection with Joint Vertical and

Horizontal Handoff in the Heterogeneous

WLAN and Mobile WiMax System

In this chapter, we develop a dynamic network selection scheme to determine the
connecting system in a new “WLAN to WLAN/WiMax” handoff scenario which con-
siders both the vertical and horizontal handoffs. The proposed scheme requests the
station awaiting an additional network selection time “t,,” before the selection to
maximize the amount of delivered 'bits“during a dwelling time. We formulate an

ut(maﬂ?)n
w

optimization problem to find the maximum network selection time for max-

imizing the delivered bits. In addition, we also find the saturation network selection
time “t$Y” for optimizing the delivered bits and handoff latency during the dwelling
time and show that the proposed scheme can improve the delivered information bits
during handoff.

The rest of this chapter are organized as follows. Section 4.1 introduces the
system overview on the proposed network selection scheme. Section 4.2 formulates
the problem and analyzes the delivered information bits during the dwelling time.

Section 4.3 shows the numerical results. The concluding remarks are given in the

section 4.4.
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decision v 9_y Network selection
time, ty time

Figure 4.1: System model for jointly vertical and horizontal handoff in considered

handoff “WLAN to WLAN/WiMax” scenario

4.1 System Overview

In this section, we describe the considered system model and the proposed network
selection scheme for the new “WELAN %0 WLAN/WiMax” handoff scenario. At last,
we formulate the optimization problems to find the two network selection times, i.e.

tmaz) and ¢

4.1.1 System Model

Figure 1.1 illustrates a new “WLAN to WLAN/WiMax” handoff scenario considered
in this paper. Let a dual-interface mobile station switch to WLAN for transmitting
data, while preserving a connection in the IEEE 802.16e sleep mode [4,27]. As
the station moves and the signal strength received from the serving AP is below
a predefined threshold, the channel search and awakening processes in WLAN and
WiMax will be respectively executed, as shown in Fig. 4.1. At last, the station
performs the network selection procedure to determine the appropriate system that

has the maximum delivered information bits during the dwelling time %,.
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Figure 4.2: Proposed network selection scheme in WLAN to WLAN/WiMax

4.1.2 Proposed Network Selection Scheme

The proposed network selection scheme between WLAN and WiMax is depicted in
Fig. 4.2. Assume that the WiMax system successfully establishes the connection
first. Then, if the per user throughput in:WiMax is higher than that in WLAN, the
station creates the data conmection with WiMax immediately. Otherwise, the mobile
station waits for the maximiin network selection time """ or saturation network

selection time ¢ before selecting-the-system with the highest per user throughput.

At last, the station creates the data connection with selected system.

4.2 Performance Analysis

In this section, we formulate the optimization problems to find the two network
selection times, i.e. 0" and ¢;*”. Then, we analyze the impact of network selection
time t,, on the delivered information bits during the dwelling time ¢; in the new

“WLAN to WLAN/WiMax” handoff scenario.
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Figure 4.3: Time diagram of network selection between IEEE 802.16e and IEEE

802.11

Table 4.1: A example for performance in WLAN to WLAN/WiMax

number of stations in

target network

MAC throughput
per user (Mbps)

handoff

latency (ms)

WLAN to WLAN 10 4.35 30
(horizontal) (user density: 0.3 users/m?) (Swran) (ts)
WLAN to WiMax 50 1.01 10
(vertical) (user density: 0.008 users/m?) (Swintax) (ta)

Note: The coverage range of WLAN and WiMax is 100 and 1400 meters, respectively.
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4.2.1 Problem Formulation

Because both WLAN and WMAN use distinct access techniques, the channel search
time t, in WLAN differs from the awakening time ¢, in WiMax. In addition, the
available per user throughput in WLAN and WiMax, denoted as Sywiax and Siyivax,
respectively, are also different due to different coverage. Therefore, we can expect that
a handoff station can deliver more information bits if it can postpone the network
selection for a short duration after one of the interfaces successfully establishing a
new connect. From Table 4.1, we find that WiMax has short awakening latency, i.e.
t, = 10ms, but has lower available per user throughput than that in WLAN. The
problem is how long the handoff station has to wait before selecting the networks so
that it can maximize the delivered bits during the dwelling time.

Figure 4.3 illustrates thedtiming diagram of the network selection in the hybrid
WLAN and WiMax systent: After waiting anetwork selection time t,,, the handoff
station selects the system 7 with the highest available throughput according to

. WLAN: if SWLAN (nll)'h(ta+tw) > SWiMax(n16) (4 1)
i = , .

WiMax, otherwise
where nq; and n;g are the number of stations in the target WLAN and WMAN,
respectively. The function h(t, + t,,) indicate the event that channel search process

in WLAN is successful after a duration of ¢, + ¢, , i.e.

(

1, if WLAN channel search succeed
h(ta + tw) = 4 after t, + ty, : (4.2)

0, otherwise

\
However, the dwelling time () in the target network is limited, and the station

may not always succeed in the channel search process of WLAN. Thus, the previous
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problem can be formulated to find the maximum network selection time “t{"*®”

under the delay constraint d; such that the delivered bits during the dwelling time ¢,
can be maximized, i.e.,

tgumam) = argmax {[Psearch(t’w + ta) ’ SWLAN(nU)
Oétw<di—ta

—+ (1 — Psearch(tw + ta)) ’ SWiMax(an)]
. (td - tw - ta)} ) (43)

where Pyeqren(ta+ty) is the success probability during the channel search time ¢,+t,, in
WLAN. Furthermore, we also find the saturation network selection time aylsat)y during
the dwelling time t; because the delivered bits improvement is small as the network

sat)

selection time t,, exceeds ¢laat). ‘Fhus, this trade-off problem between delivered bits

and handoff latency can be.formulated fo find an saturation network selection time

t .

0
tgat) = arg { Yl [Psearch(tw + ta) ’ SWLAN(nH)
o<t Sdi=t. Otw

+ (1 - Psearch(tw + ta)) : SWiMax(”lG)]

(g —tw —ta)} = a} (4.4)

where « is the derivative of delivered bits during the dwelling time ¢, at ¢lzat)

4.2.2 Delivered information bits, S(¢,)

Next, we analyze the impact of network selection time t,, on the delivered information
bits during the dwelling time ¢; in the new “WLAN to WLAN/WiMax” handoff
scenario. According to [28], given a period of time, ¢, we can obtain a successful search

probability value in WLAN handoff, Pseqren(t). Thus, the total delivered information
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bits “S(t,)” in both WLAN and WiMax systems during the dwelling time ¢, is given
by

S(tw) = g(ta) : (td - ta - tw) : [Psea’rch(ta + tw)
: SWLAN + (]- - Psearch<ta + tw)) : SWiMax]
+(1 —g(ta)) - (ta —ta) - SwiMax (4.5)

where Pieqren(ta +ty) is the success probability during the channel search time ¢, +1t,,

in WLAN; and

1, if Swean(ni1) > Swimax(nie) after t,
g(ty) = ) (4.6)
0, otherwise

(1) Successful search probability, Pseqren(?)

In the previous work [28], we developed an analytical model for single channel
search time ¢, and its success.probability Ps(sc) in the WLAN handoff. Here, we
extend it for the overall channel.search time ¢, in WLAN, including x channels,
and its success probability Pseqrcn(t). Consider the situation that the station may
successfully search at least one available AP in consecutively search y periods and
each period contains x channels searching. Then, the channel search time ¢, and

its success probability Pieq.n for y periods can be given by

ts<y) = t(mc) Y

(4.7)
Psearch(y) =1- ( - PS(mC))y )

where ™9 and P{™ are the time and probability that the handoff station can
successfully search at least one AP among the z channels, respectively. Since

the channel condition and the probability of AP existing in each channel P; are
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different. Therefore, £ and P™ can be written as

x

fme) _ Z(Pi by i+ (1= P) - ty)
=, (4.8)
P —1-[[0- PP .

S 1
i=1
where 5, ; and Ps(vs? are the channel search time and successful search probability
in the busy channel 4, respectively; and t,, is the channel search time in a idle

channel [28].

MAC throughput in the 802.11 WLAN, Swran

In the considered scenario, the WLAN interface of mobile station follows the
carrier-sense multiple access with collision avoidance (CSMA /CA) medium access
control (MAC) protocol in the'802.11sinterface. From [10], we can have the MAC

throughput Swpan(n11)as

n g
WA T A - PP T+ B Py T+ (1—Py) 0

(4.9)

where T and T, are the average time that'the medium is busy due to a successful
transmission or a collision, respectively. E[P] is the average packet payload size;
and o is the duration of an empty slot; and Py is the success probability of a frame
transmission; and P, is the probability that at least one frame is transmitted. For

further details of above parameters, see [10].

MAC throughput in the 802.16e WMAN, Swinax

Note that when calculating MAC throughput [29], any control information, such
as preamble, DL-MAP, UL-MAP, BW/RNG requests, DCD/UCD messages, TTG
and RTG, and MAC protocol data unit(PDU) header, are all overhead. Hence,
MAC throughput can be expressed as

total_bits — overhead_bits
OFDMA_frame_time ’

SwiMax(n16) = (4.10)
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Table 4.2: System Parameters
MAC throughput per user in WLAN [10] | 4.25 Mbps (10 users)

1.22 Mbps (30 users)
MAC throughput per user in WiMax [30] | 1.11 Mbps (50 users)

awakening time in WiMax 25 ms
number of channels in WLAN 3
MS moving speed 5 km /hr
WLAN coverage 100 m
dwelling time in target WLAN (¢,) 72 sec

where total_bits denotes the total number of bits transmitted in one TDD time
frame, and overhead_bits;denotes thernumber of bits that convey the control

information.

4.3 Numerical Results

In this section, first we show the comparison between channel search time in WLAN
and awakening time in WiMax. Then, we examine the total delivered information bits
during the dwelling time t; by means of various network selection schemes. We also
list the delivered information bits after waiting the network selection time “t"*)”
and “t5™” with different number of stations. The considered network topology is
shown in Fig. 1.1, where 50 stations locate in WMAN. A handoff station moves from
one WLAN to another WLAN at the speed of 5 km/hr, and it looks for the AP
among the three channels in WLAN. The coverage of a WLAN is 100 meters, and the
WMAN covers both the two WLANs. Other related system parameters are shown in

Table 4.2.
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4.3.1 Success probability of channel search time and band-
width request time in WLAN and in WiMax, respec-
tively

Figure 4.4(a) shows the success probability of channel search time with various num-
ber of station in the 802.11 WLAN. From this distribution, we can realize the rela-
tionship between the increasing rate of successful search probability and number of
existing station. As shown in the figure, the handoff station can achieve high success
search probability, i.e. Psearen = 0.9 in a short search latency, i.e. ts =~ 35ms, as there
are few existing stations, i.e. n <5 in the target WLAN. However, when the number
of station increase, the increasing rate of success handoff probability decrease due to
the collision from the existing stations. Thus, the handoff station need more channel
search time to achieve high suecess probability.

Furthermore, figure:4.4(b) shows' the success probability of awakening time
(bandwidth request delay);with various number of stations in the 802.16e WMAN [25]
by allocating 16 sub-channels and*20 transmission opportunities in a OFDMA frame.
In the figure, we find that success probability approach to one as bandwidth request
time is only about 25ms, even in the large number of station, e.g. n1g = 50. Compared
to the channel search time in WLAN, the awakening time is 10 times smaller than
channel search time in the same success probability. That means the WiMax system
can complete the handoff process in a short time compare to that in the WLAN. Thus,
as two system jointly vertical and horizontal handoff in “WLAN to WLAN/WiMax”,

generally WiMax will complete the awakening process first, i.e. t, < t;.
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Figure 4.4: Comparison of success probability between(a)channel search time in WLAN and(b)

bandwidth request delay in WiMax with various number of station
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Figure 4.5: Comparison of the delivered bits during ¢4 between proposed and conventional schemes

with (a)10 and (b)30 stations in the target WLAN, respectively.
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4.3.2 Performance comparison between proposed and con-

ventional schemes

Figure 4.5 shows the total delivered information bits during the dwelling time t,4
versus various values for network selection time ¢, with 10 and 30 stations in the target
WLAN, respectively. The considered two network selection schemes are: (1) dynamic
network selection among WLAN and WiMax; (2) persistent WLAN selection, i.e., the
handoff station insists on connecting to the target WLAN. In addition, the figures
also show the amount of delivered information bits if a station stays in WLAN and
WiMax during the dwelling time t4, respectively. As shown in Fig. 4.5(a), the
dynamic selection scheme only improves 9% for the case of 10 stations in the target
WLAN. Due to fewer contentions between the handoff station and others in the target
WLAN, the handoff station caii easily find an available AP and thus the improvement
decreases. However, in thie case with 30. stations, the proposed scheme improves
almost by 100% compared:to the “persistent WLAN selection” scheme, as shown in
Fig. 4.5(b). In this situation, the target: WLAN has low available throughput and
the channel search time is long due-te thée increase of the contentions. Therefore,

the dynamic selection scheme in the crowded WLAN outperforms than that in sparse

WLAN.

4.3.3 Maximum and saturation network selection time

Figure 4.6 shows the impacts of the network selection time t,, on the delivered in-
formation bits. As shown in the figure, an maximum network selection time ¢{"**
exists to enable the handoff station delivering maximum information bits during the
dwelling time, t;. As the network selection time t,, prolongs, the amount of deliv-

ered information bits increases due to the improvement of success probability for the

channel search process. However, when the duration of ¢,, is too large, the amount of
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Table 4.3: Maximum and saturation network selection time

number of stations | maximum network selection | saturation network selection
N1 time ") (ms) time 5™ (ms)
/ delivered bits (Mbits) / delivered bits (Mbits)
5 80 / 659 20 / 647
10 125 / 306 23 / 286
15 170 / 194 13 / 167
20 195 / 140 1/113

delivered bits saturates and even starts decreasing because of the long wasted time in

channel search. In addition, we also find another network selection time, i.e. satura-

(sat)

tion network selection time ty, «% t0 solve the tarde-off between the delivered bits and

handoff latency. Because it'is notlefficient, to‘obtain few delivered bits improvement

)

as the network selection time exceeds 5 as ghown in Fig. 4.7. Thus, after waiting

only an saturation network selectiontime tS‘“), the handoff station can achieve al-

most maximum the delivered infermation bits during the dwelling time, ¢;. Table 4.3

lists the values of the maximum network selection time tq(umax

selection time tg,}mt)

) and saturation network
corresponding delivered bits with various numbers of stations,

respectively.

4.3.4 Delivered bits improvement

Figure 4.8 shows the improvement of the delivered information bits at the maximum

(max)

network selection time t,, with various numbers of stations compared to that at

tw = 0. As shown in the figure, when 5 ~ 25 stations locate in the target WLAN, the

(max)

handoff station waiting for the maximum network selection time ty can deliver

more information bits at least by 10%. However, in the sparse WLAN, e.g. 5 stations

47



30

N
o
T

w

delivered bits improvement
@ t(max) (%)
= [
o (6}

0 10 ; 20 30 40 50
number of stations in the target WLAN

Figure 4.8: Improvement of delivered bits with maximum network selection time

(maz) Gersus number of stations in the target WLAN

48



in the target WLAN, the improvement is small due to the high successful channel
search probability. On the other hand, as the network is more crowded, e.g., more
than 30 stations, the handoff station does not need to search the WLAN because the
available throughput in WLAN is smaller than that in WiMax.

4.4 Conclusions

In this paper, we identify a new “WLAN to WLAN/WiMax” handoff scenario.
Next, a dynamic WLAN/WiMax network selection scheme is proposed to maxi-
mize the delivered information bits during the dwelling time t; in a new “WLAN
to WLAN/WiMax” handoff scenario. The proposed scheme requests the handoff sta-
tion waiting a short network selection time ¢,, to maximize the delivered bits during
the dwelling time ¢, before selecting the target networks. We also formulate the opti-
mization problems to maximize the delivered bits by waiting the maximum network

selection time " and dptimize the delivered bits and handoff latency by waiting

saturation network selection time tsat).
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CHAPTER 5

Conclusions and Future Research

Suggestions

There are two major contributions in this thesis. First, we propose an analytical
model to evaluate the single and multiple channel search time and its success prob-
ability in the IEEE 802.11 WLAN handoff. Before this model was proposed, many
studies analyze the handoff.Jatency.in. WLAN by measurement in practice. In ad-
dition, by minimizing two-new'performance, metrics, “single channel effective search
time, ti’}c;” and “multiple~channel effective search time, tg?f)”, the handoff station
can obtain the optimal handoff parameters and experience the minimum latency dur-
ing the handoff occurs. Second, we develop a network selection scheme in the new
“WLAN to WLAN/WiMax” handoff scenario to determine which system has the
most delivered information bits during the dwelling time t;. The proposed scheme
requests the handoff station waiting for a short network selection time t,, before se-
lecting the networks. We formulate an optimization problem to find the maximum

network selection time “¢{"**)” for maximizing the delivered bits. In addition, we

also find the saturation network selection time “tq(jfat)” for optimizing the delivered

bits and handoff latency during the dwelling time.



5.1 Optimal Handoff Channel Search Time for Wire-
less Local Area Networks

In Chapter 3, we derive a close-form expression for the channel search time and
its success probability for 802.11 handoff in terms of number of stations and sys-
tem parameters. Form analytical model, the handoff station can obtain the optimum
numbers of probe request /response transmissions during the handoff occurs in various
constraints, such as low search latency or high successful search probability. Further-
more, by minimizing two new performance metrics, “single channel effective search
time, tijf}” and “multiple channel effective search time, ti?;)”, the handoff station can
experiences the minimum latency during the handoff occurs by the optimal handoff
parameters. From the numerical wesult-demonstrate that, in the case with 100 sta-
tions, the single and multiple channels-effective search time with optimum number of

transmissions can be reduced-by 30% and 40%: compared to the legacy IEEE 802.11
WLAN;, respectively.

5.2 Network Selection with Joint Vertical and Hor-
izontal Handoff in the Heterogeneous WLAN
and Mobile WiMax System

In Chapter 4, we focus on a new “WLAN to WLAN/WiMax” handoff scenario,
and suggest a dual-interface station has to wait for a short duration before selecting
the networks even if one of the network interfaces successfully establishes a new
connection. By this way, the handoff station can maximize the delivered information
bits during the dwelling time in the target network. From the numerical results, in

the case with 5 ~ 25 stations in the target WLAN, the proposed scheme can improve
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the delivered bits at least by 10% compared to that without awaiting the additional

network selection time.

5.3 Suggestions for Future Research

For the future research, we provide the following suggestions to extend our work:

e The impact of the wireless channel on the proposed analytical model and algo-

rithm.

e The impact of the delay overhead from Mobile IP on the proposed network selec-
tion scheme between 802.11 WLAN and 802.16e WMAN.

e In order to accurately obtaimthe optimal network selection time “t}”, the MAC
throughput in 802.11 WLAN and 802.166 WMAN shall be more accurate, such as
the impacts on the transmission distance and throughput allocation in the 802.16e

WMAN.
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