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Abstract—Multicast is an important service in Wireless Local users. In a different work, Chandra et al. [1] introduce aehov
Area Networks (WLANSs) as it provides an efficient means to system called DirCast that treats multicast as unicast flows
send packets to multiple stations at the same time. Unfortunately, gimilar to [4], they cast the association control problem as

the transmission of multicast packets in current WLANS is inst f th t bl d d
bounded by the subscribing stations with the lowest data rate. &1 NStance of the set cover problem and propose a greedy

A key approach to improve multicast capacity is to deploy an heuristic to associate stations to APs.
association control strategy that maximizes one of the following

objectives: multicast throughput or number of supported uses. AP1 AR,
However, past work has not consider the use of smart antennas
to minimize these objectives. In fact, they only consider grouping
stations according to the data rate afforded by omni directional
transmission from Access Points (APs). To this end, we consider a
unique association control algorithm that considers the coverage
and data rates afforded by smart antennas. Unfortunately, tle
problem is NP-hard by a reduction from the Maximum Coverage
with Group Budget (MCG) problem. We, therefore, propose four
heuristics and provide an in-depth study of the best performing
heuristic via simulation. Our results show that the average load
of APs can be reduced by up to 36.1%, and number of satisfied
users can be increased by up to 237%. The average throughput
of APs can be increased by up to 57.1%.

I. INTRODUCTION

(b) Directional

Wireless Local Area Networks (WLANSs) are now ubiqui-
tous, and play a critical role in meeting society’s demangsy. 1. An example enterprise WLAN with six users subscribetheosame
for anywhere, anytime, low-cost Internet connectivity.eyh multicast group. Also shown is the data rate of each user.
are deployed in most offices, homes, airports, and uniyersit
campuses to provide access to real time and non-real timéThis paper also proposes an association control strategy.
applications. In this paper, our focus is on applicationshs However, unlike past approaches, we consider the benefits an
as audio/video streaming, that would benefit from the infierdimitations of smart antennas. In particular, our appro&ch
broadcast/multicast nature of the wireless channel. Is thinspired by the work of [10]. Briefly, Sen et al. have proposed
respect, Access Points (APs) using IEEE 802.11 transmdtuse smart antennas in the recovery of lost packets during
multicast packets at the base data rate. Unfortunately, thiulticast transmissions. The approach entails two phases.
means stations with better channel condition are unable Itdgtially, a high rate omni-directional multicast transsion
receive multicast packets at a higher data rate. In othedsyoris used, which is then followed by one or more directional
IEEE 802.11 does not consider diverse channel conditionstensmissions to ‘make-up’ for any packet loss suffered by
different stations when transmitting multicast packets. poor stations. To see how this transmission model is able

Figure 1(a) shows a small enterprise WLAN. Assume th&t increase the capacity of multicast transmission, radens
both APs transmit multicast packets at the lowest data hatte tour earlier example. Instead of using only omni-directlona
can be decoded by all associated users. That meansahd transmission, both APs can first transmit at 5 Mbps, and
uy are associated td P, or AP,, thenw; to uy will only be thereby ignoringus and u4. Hence, four multicast users will
able to receive their multicast packets at 1 Mbps. A possibleceive the transmission at 5 Mbps. After that, see Figung 1(
solution may be for; andu, to associate toAP?, and AP, bothuz anduy can be serviced by a directional beam from
respectively. The resulting multicast rate thus increase®8 AP, or AP,. This means if we have a 1024 bytes packet and
Mbps. This observation has motivated the authors of work sua directional beam capable of supporting 3 Mbps, the total
as [4] and [10] to propose association strategies that nigeim transmission time equates to 4389 as opposed to 8198 if
and balance the load of APs, or to maximize the number afl users receive the packet at 1 Mbps.



To date, no work has designed an association control thlaé total cost of sets it/ is less than or equal t®, and (iii)
takes advantage of directional antennas. In particulam, &de 4 NG; < B; for j =1,...,v. That is, the total cost of sets
al. [10] did not consider how smart antennas can be useddawn fromG; must be less thai;.

minimize multicast load amongstultiple APs or to maximize  \We now show an instantiation of the MCG problem in
the number of admitted users. More importantly, their sotut the context of WLANs with smart antennas. The ground
assumes stations are associated to an AP using the defagit, corresponds to users or stations. .. u|,|. Here, S;

best signal strength policy. In addition, the aforemeren corresponds to the set of users covered by a given beamwidth
works on association control such as [4] have not considergdnd data rate. For example, assuming IEEE 802.11a [7]
the implications of smart antennas, and the possibility @hd a beamwidth ai0°, an AP will therefore have 46; sets,

transmitting a multicast packet multiple times to a distingach of which covers a subset of associated stations. Fbr eac
subset of stations as long as the total transmission timesss Igj, its costc(S;) is defined asnax,cs. L wherer, is user
J T

than the time incurred to transmit the packet at the highegt data rate to a given AP; e.g., in Figure 1, is 2 Mbps

data rate omni-directionally. o if uz is attached tadP,. Hence, the cost of; is governed
Henceforth, this paper outlines four novel heuristics thal the member/user with the lowest data rate. There is a set
consider association of stations and smart antennas simgil-- {3, S, ..., S} of subsets ofy. We useGy,...,G; to

taneously. In particular, these heuristics aim to maximizfenote a partition/subset Sfthat corresponds to the group of
either multicast throughput or number of supported users Qgers reachable vid P, to AP, respectively. Moreover, each
associating stations to the “best” AP. In addition, it présea  (; has a budgeB; that corresponds to the lowest load incurred
reduction from the NP-hard, Maximum Coverage with Groupy AP ; if it transmits multicast packets omni-directionally. In
Budget (MCG) problem. Our results show that the heuristiigure 1, both APs need to transmit at 1 Mbps in order to
that considers all subsets of the ground set in each iteratigover all their respective users. Hence, both of them have a
performs the best as compared to other heuristics. Theg®erBudget of one. Note, however, if an AP is able to cover all
load of APs can be reduced by up to 36.1%, and number sihtions at 54 Mbps omni-directionally, and hence has a low
satisfied users can be increased by up to 237%. The averpgéget, then it has no incentive to transmit directionaliur
throughput of APs can be increased by up to 57.1%. goal is to find a subself of S that covers all: € y such that
We like to note that our work is complementary to thehe total cost off N G; is at mostB;, andmax!_, ¢c(HNG;)
following studies: (i) lack of reliability, as multicast pkets is minimized.
are not acknowledged [1][13][9], (ii) lack of backoffs toie | 3 nutshell, the problem is to find a transmission strategy
fairness between unicast and multicast stations [6], afd (khat is better than omni-directional transmission. Coasid
poor use of high data rates [3][10]. Indeed, any of thesggyre 1. To construcs, we have forAP; or G the following
methods can be combined with ours to improve the qualifsts at each beamwidth: @)= 360°, S; = {uy, ua, us, ug},
of service provided to subscribers/users. Sy = {uy,uz,us}, Ss = {u1,uz}, and (i) & = 30°,
The rest of the paper has the following structure. We fir:g;4 = {uy,us} and S5 = {us,us}. These sets have the
make a reduction from the MCG problem before presentirfgnowing cost: ¢(S1) = 1/1, ¢(S2) = 1/2, ¢(S5) = 1/5,
an example. Then, in Section Ill, we outline a greedy algg(54) = 1/7 and¢(S5) = 1/3. For AP,, we have the same
rithm which uses one of four heuristics to schedule muItica@Spective beamwidth, which results in the following séfs:
transmissions. After that, we analyze our algorithm beforg, — {us, ug,us,u}, S7 = {ug,us,ug}, Ss = {us,us},
presenting the simulation methodology used to verify OWfi) Sy = {us,ue} and Syo = {us,us}. The budget of each
heuristics in Section IV. Our results and conclusions agp g B; = 1/1 and B, = 1/1. Their corresponding cost

presented in Section V and VI respectively. are: c(Sg) = 1/1, ¢(S7) = 1/2, ¢(Sg) = 1/5, ¢(Sg) = 1/7
andc(S19) = 1/3. An optimal solution isH = {S4, Ss, S10}-
Il. THE PROBLEM Notice that by using a beam that only covegsor u4, we can

, ) have a better load distribution, i.ef = {S4, Ss, S11, 512},
Recall tha}t_|n the S_et Cover proplem, we are given a grouthere the seS;; = {us} and Sy» = {us} are the result of
set x containing [x| items. Also given, is a set of subsets; narrow beam originating froml P, and AP, respectively.
S = {51,5,...,5m}, wherebyS,—, ., are subsets ok. |t 5 solution cannot be found, i.e., one that covers all users

Thg goal is to find the mi_nimum number 6f that covers z_ill of AP i and has a budget of at mo#&;, AP i defaults to
|x| items. In the cost version, ead has a cost(S;). Note, if i ni-directional transmission.

c(S;) = 1 for all 4, then the problem is the original Set Cover
problem. The Maximum Coverage with Group Budget (MCG)
problem [2] is related to the Set Cover problem in that we are

given an integer and the objective is to seledtsubsets from Ill. PROPOSEDSCHEDULER
S such that they cover the most itemsyinin addition, we are
also given sets or groups = {G,...,G,}, each of which  Algorithm 1 shows the general structure of the proposed

is a subset of5, and are not subset of one another. In the costheduler. The algorithm finishes when all users are covered
version, each grou(¥; has a budgeB; and there is an overall by sets inH. A key part of the algorithm is the function
budgetB. The aim is to find a self that maximizes coverage f(.), which implements one of the following heuristics for
whilst adhering to the following constraints: (Y C T, (i) determining thebestS; to include inH:



1) H1. Pick the setS; that includes the most users X, 802.11, to study the multicast throughput resulting frora th

and has the lowest cost. In other words, use of our heuristics in practical settings.
1S, N X/| We randomly place APs and users is@ x 500 m? area.
k = arg max Z(Tavsj €S (1) Each user can be covered by at least one AP. The number
J

of APs and stations ranges from eight to 20, depending on
2) H2. Pick the set that covers the most users and causgg experiment. We assume both APs and stations operate
minimum increase to the load of an AP as compared {@ing |IEEE 802.11a [7], and hence, they support the follgwin
other APs. In other words, determine the graii that ayailable data rates{6, 9,12, 18,24, 36,48, 54} Mbps. We
satisfiesarg min cost((H U S;) N G;) V.S; € S. Similar - agssume each AP operates on a different channel so that
to the previous heuristic, we then determine fethat  they do not interfere with each other. In addition, we used
satisfies, the receiver sensitivity values of the XA-622 mPCI WLAN
. 1S; N X A Module developed by Zcomax Technologies Inc [11]. We fix
= argmaxc(isj)vvsj €G () all APs’ transmission power to 20 dBm. We used the 2-ray
) o ground radio model, and set the omni-directional antenita ga
3) H3. Pick the setS; from the group that satisfie§* = {5 one, and the directional antenna gain to 2.14dB as per [5].
arg min | H mG%-| and also covers the most users. In Othq_fastly, we investigate the impact of the following beam\uit
words, an AR is given a higher preference if the numbego, 45, 60 and 90 degrees.
of 5; € Gi in H is less than all oiher APS. For experiments using Pamvotis, we first deternfihesing
4) HA4. In this heuristic, we redefiné= of Eq. 2 to be the one of our heuristics. Then we set the transmission rate of
group orAAP that covers the most usersAt. Specif-  g5cpy S; and associate stations as pHr For experiments
ically, G% = argmax ), _, |5, N X'| Vj € Gm. N in pamvotis, we measured the average throughput of each
other words, we preferentially schedule APs that covefp e also compare our heuristics against the Best Signal
a high number of users. Strength Method (BSSM) where associate users with the AP
Once Algorithm 1 finishes, one or mo€€; may have their that provides the best signal strength. On the other hamd, fo
budget exceeded; i.ecost(H N G;) > B;. In this case, we Matlab experiments, we measure the average load of each
set AP; to transmit omni-directionally at the highest possiblap: je. w wherev = |G| is the number of
data rate, and remove all users that are only reachable frams, \We also recorded the maximum load of each AP:; i.e.,
AF;; e.g.,up anduy of APy in Figure 1. After that, we set ;4 (cost(HNG,)). Apart from that, we measured the number

S =S5\ G; before calling Algorithm 1 again. of satisfied users.

To measure the distribution of load amongst APs, we used
input : S Jain’s fairness index [8], which takes the value betweemd
output: H 1. Lastly, our results obtained from Matlab are an average of

L H = 0 100 simulation runs. On the other hand, our each simulation
2 X' = run in Pamvotis lasted for 60 seconds.

3 while X’ # 0 do

4 | k=f(S,H X, V. RESULTS

5 if k& then . : .

. HUS,: Wg begin by presenting results frqm Matlab. After that, in
. X' = X'\ Sy Section V-F, we present results obtained from Pamvotis.

8 end

9 end A. Number of Users

Lo return #; Figure 2 shows the average load of APs, and maximum load

Algorithm 1: A generic greedy scheduler. of APs with respect to the number of users. We also fix the

number of APs to eight, and the number of users varies from

The proposed heuristics belong to a class of algorithms thao to 200. Also the directional antenna beamwidth is fixed

greedily picks the set that covers the maximum number gf 90 degrees. From the figure, the average AP load of all

users inX'. Hence, as outlined in [2], given = ||, such heuristics and BSSM rises slowly with increasing number of
algorithms have a (Im + 1) approximation to the set coverysers. The reason is because of increasing number of users

problem. Lastly, the time complexity of our scheduler can bgith low data rates, which in turn increases the multicast

shown to beO(|G|[S|[x|), where|G] is the set of APs. load of all APs. We see that1 has the best performance as
compared to others. This is because other heuristics only ha
IV. SIMULATION METHODOLOGY a limited selection of; sets. As a result, they lack opportunity

We used two simulators to evaluate our heuristics. The fitst choose the best set from all sets. In contrék, selects
is a custom simulator implemented in Matlab that allows wsetsS;, directly from.S. When the number of users is 100, the
to study the impact of the proposed heuristics on AP load aaderage load when using BSSM is 0.0236, while the average
number of satisfied users. After that, we used Pamvotis vldhd withH1 is 0.0151, a reduction of 36.1%. In additidi2
[12], a packet driven simulator that models all aspects &HE to H4 performed worse thahi1.
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In Figure 3, the maximum AP load ¢11 is the lowest but =$
slightly higher than BSSM. This is because users associated M M [ IHs
to APs using BSSM always has high data rate. However, our £ .| [
heuristics aim to optimize the overall network capacityjakih 5
we showed earlier to result in APs having a low average load. &
Apart from that,H2 to H4 performed worse than H1 because §
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C. Beamwidth

Figure 6 shows the results from our experiment on the im-
pact of directional antenna beamwidths. We also have simila
results concerning maximum AP load, which we have omitted
due space constraint. Interestingly, in both results, veetisat

Maximum Load of APs
o
=

o o
o o
S ®

10 120 140 160 180 200 beamdwidth has little effect on the average or maximum AP
load. In particular, we observed that changing the beanmwidt
Fig. 3. Maximum AP load versus number of users. has the effect of changing the setchosen from a given group

but does not change overall performance. Consider that at

beamdwidthd, the setH containsS,, = {u,us} from G, or

AP;. After d is changed, we find that another sgt{uy, us}

with a similar cost and same coverage from another AP, say
B. Number of APs AP, is included in H. As a result, the average AP load

_ ) remains the same, and there is a change in the AP with the
Figure 4 shows the average AP load with respect to t aximum load.

number of APs. Here, there are 100 users, and we varied the

number of APs from four to 20. The beamwidth of directional o

antenna remains at 90 degrees. We see that there is a rapidieNumber of Satisfied Users

crease on the average AP Load as the number of APs increaseBigure 7 and 8 show the number of satisfied users with
This is because there are more APs sharing the multicast loacreasing multicast rates and varying beamwidth respsgti

in WLAN. Consequently, the WLAN experiences a decrease in both experiments, there are a maximum of 200 users, and
average AP load. Agairkil outperforms all other heuristicsthe number of APs is set to four. We change the multicast rate
because it selects from a wider range $f sets. Similarly, from five to 40 Mbps. We see that the number of satisfied users
from Figure 5, BSSM results in the lowest maximum AP loadecreases with increasing multicast rates because of thighe
but at the expense of overall WLAN performance. loads. We can observe thidtl always has more satisfied users
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than other heuristics. Specifically, when the multicase iat not focus on the load of each AP. We foukid, H2 and H3
25 Mbps,H1 has an average of 158.18 users, whereas BSSidve higher Jain’s fairness than BSSM, which we recorded
only has an average of 46.95 users. ThatHg, has 237% to be at 0.61. On the other hand4 is worse than BSSM

more users than BSSM. with Jain fairness index of 0.49. This is becat$ does not
consider load balancing APs, but focuses on maximizing the
250 . number of satisfied users.
Il BSSM
-
200¢ M0 525 I F. Average Throughput
CH4

We now focus on results obtained via Pamvotis. Figure 9
compares the average throughput of users where the mtilticas
rate is set to 25 Mbps. In this experiment, we place four APs
and change the number of users from 100 to 200. Figure 10
shows the average throughput for 100 users with changing
multicast rates. Here, we fix users and APs and change the
multicast rate from five to 55 Mbps.

In both figures, our heuristics outperform BSSM. This is
because the AP is bounded by the user with lowest data rate.
For BSSM, if some users have high data rates, whereas a
Fig. 7. Number of satisfied users verus different multicasgtsrat few users have very low data rates, then the AP can only
multicast packets at the lowest data rate that can be decoded

Figure 8 shows the number of satisfied users with differeRy all users. For example, if there are four users associated
beamwidth. There are 200 users, four APs and the multic¥éh @ single AP, three with data rate of 54 Mbps, another
rate is set to 20 Mbps. We then change the beamwidth 8fth data rate of 12Mbps. Then the AP can only multicast
directional antenna from 30 degrees to 90 degrees to see Q_ﬁgkets at 12Mbps to all users. This is not fair to users with
difference. As we can observe from the figure, all heuristicdgh data rates, and thereby, reduces the average thraughpu

are not influenced by beamwidth. Also we can see ktahas Of all users significantly. However, our heuristics combine
the best performance. directional with omni-directional antenna to enhance tatad

rate of users, especially for users with low data rates. ®hat
our heuristics will first allow an AP to cover users with low
data rates using its directional antenna before using itsi-om
In our experiments, we place four APs and there adirectional antenna for high rate users. Apart from thatSBIS
100 users. The beamwidth of directional antenna is set nay overload an AP quickly. This is because BSSM does not
90 degrees. We observe theER is the fairest, with a Jain consider an AP’s load. Hence, in our experiments, we find
fairness index of 0.86. This is becaus’'s main objective that a single AP is responsible for many users, while another
is to minimize the load of each A1 and H3 also have a AP only covers a few users. In contrast, our heuristics atway
high Jain’s fairness index, 0.71 and 0.73 respectivelys Thi choose the maximum set of users that have a high data rate.
becauseil does not take an individual AP’s load into accountn addition, as we can seéil outperforms other heuristics.
but instead optimize for the overall AP load. So some APs mais is becauséll selects the best set of users fréinwhile
have a high load, whilst others have a low lo&8 always others just select the best set of users from a single AP. In
balances the number of sets that each AP serves, but it do#eer words,H1 has more choices, hence better opportunity

150

100

Number of Satisfied Users

501

5 10 ) 15 20 25 30 35 40
Multicast rate (Mbps)

E. Fairness



to select the best set of users. At multicast rate of 55 Mbps, a5

H1's average throughput is 57.1% higher than BSSM. 5:;
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9 Maximum Coverage with Group Budget (MCG) problem.

In Figure 10, we observe that the average throughput Ig;tensive simulation results show our heuristics to bectffe

users increases as the multicast rate increases. As the rftyreducing the multicast load of APs, have an increasing
ticast rate increases, the performance difference betwaen aVerage throughput and are not affected by varying bearwidt

proposed heuristics and BSSM becomes more distinct. Thid49re importantly, we identified a simple heuristic that yiel
because our heuristics allow more users with high data eated!'9h performance in terms of average AP load and number of
compared to BSSM. Therefore, when multicast rate increasé@lisfied users.

the average throughput of users using BSSM reaches the upper

limit of average throughput quicker than those users using o REFERENCES
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