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Abstract— In this paper, we consider the problem of association cell site selection algorithm that minimizes the transmit power
of wireless stations (STAs) with an access network served by awhile meeting the uplink target SINR. Lee, Mazumdar and

wireless local area network (WLAN) and a 3G cellular network. hroff 111 i ; ;
There is a set of WLAN Access Points (APs) and a set of 3G Shroff [11] studied the downlink rate and power allocation and

Base Stations (BSs) and a number of STAs each of which needsbase station assignment problem, again f(?r a CDMA Ce"u'.ar
to be associated with one of the APs or one of the BSs. WeSystem. They formulated the power allocation and base station

concentrate on downlink bulk elastic transfers. Each association assignment problem based on a pricing approach. Kumar
provides each STA with a certain transfer rate. We evaluate an and Kumar [1] formulate the optimal association problem for
association on the basis of the sum log utility of the transfer WLANS as a log sum utility maximization problem and obtain

rates and seek the utility maximizing association. We also obtain . . . . .
the optimal time scheduling of service from a 3G BS to the solutions for some simple situations. Bejerano et. al. [3] also

associated STAs. We propose a fast iterative heuristic algorithm consider the same problem. They propose the idea of fractional
to compute an association. Numerical results show that our association, formulate a linear programming (LP) problem and

algorithm converges in a few steps yielding an association that is relate the result of the LP problem to the integer solution using
within 1% (in objecti.ve value) of the optima] (obtained through graph theoretic ideas.
exhaustive search); in most cases the algorithm yields an optimal - o .
solution. In this paper, we study the association and scheduling
problem when there is a heterogenous access infrastructure
|. INTRODUCTION comprising 3G BSs and WLAN APs. Several STAs seek to
In third generation (3G) wireless cellular networks, mobileonnect to a 3G cellular network or to a WLAN with the
multimedia services requiring data rates of the order of 1006jective of performing elastic downloads. We formulate the
of Kbps are envisaged. The sophisticated, wide coveraggsociation problem as a cooperative sum utility maximization
infrastructure of wireless cellular networks is expensive anmioblem. The utility obtained by each STA is the log of the
it is difficult to meet the ever increasing traffic demands[CP bulk download rate obtained by the STA in an association.
Wireless Local Area Networks (WLANSs), on the other hand)ur work differs from [10] and [14] since these papers are
are easy to install and can coexist with a cellular networkoncerned with fixed rate services each with a tafgetNy;
WLANSs are being widely deployed in public areas, such dbis yields the problem of setting transmitter power so as to
campuses, hotels and offices. Thus, a seamless integratiomdfieve target carrier-to-interference ratio (CIR). In [11] the
WLANSs and 3G cellular networks is imminent. In this papemproblem of joint power and rate control which maximizes the
we focus on the problem of optimal association of a numbdpwnlink expected throughput is studied. Our present work is
of wireless stations (STAs) with an access network comprisiag extension of the work reported in [1] where the problem
WLAN Access Points (APs) and 3G Base Stations (BSs). of optimal association with WLAN APs was considered,
In many practical wireless systems including the 1S-856hile here we consider optimal association in a heterogenous
(HDR) system, an STA is associated with the BS from which itetwork of WLAN and 3G cellular network. We formulate the
can receive the highest signal to interference plus noise rapimblem and propose an iterative “greedy search” algorithm for
(SINR). In WLANS, each STA detects its nearby APs andbtaining a good association in a few iterations. We also give
associates itself with the AP from which it has the strongeatsufficient condition to check if the association is optimal.
received signal strength, while ignoring load consideration&n extensive numerical study of our algorithm is provided.
In this paper, we formulate an association problem in which The rest of the paper is organized as follows. In Section
STAs associate with BSs or APs so as to maximize a netwdik we describe the WLAN and 3G system with respect to
objective function. the association, physical rates, and the throughput. We define
Recently, there has been considerable work done time system utility and state the optimal association problem
the area of optimal association and resource allocatibased on the system utility in Section Ill. We analyze the
([1],[10],[14],[3]). Hanly [10] and Yates and Huang [14]optimum association problem in Section IV. We present the
studied the base station assignment problems for a CDM#gorithm to determine a good association in Section V. A
cellular system. They provided a combined power control asdfficient condition on the optimality of the solution given by



the algorithm is also discussed. We provide numerical resulisorder for STAi: to be able to decode the BS’s signal with
in Section VI. Section VII concludes the paper. an acceptable probability of errat it is necessary that the
energy-per-bit to noise power spectral density ratio exceeds
ll. ASSOCIATION, PHYSICAL RATES, AND THROUGHPUT  \yhere, for a given digital modulation scheme= ~(e) is a
There aréd WLAN APs indexed by the sef = {1,2,...,1} threshold which is determined by the probability of ereor
andb BSs indexed by the s = {I+1,1+2,...,1+b}. Let Then from Egn. 2, the achievable physical rate is given by

the set\/ be LUB. Letn = [+b. There aren STAs indexed 1774

by the setM = {1,2,...,m}. Leta; € N be the AP or BS to g = L'y

which STA: is associated. Let = (a1, as, . .., a,,) denote an — ol ©)
association vector, i.ed € A = N"™ = {(a1,a2,...,am) : ’

a; € N,Vi € M}. Let S; be the set of STAs associatedvherea = W/~. It should be noted from Eqn. 3 that, with
with AP/BS j, j € N and letm; = |S;|, be the number of fixed, the achievable physical ratg; between STA and BS
STAs associated with AP/B§ j € N. We focus on downlink j is linearly proportional to the SINR';;.

elastic bulk data transfers to the STAs (e.g., TCP controll

file transfers). We assume the channel gains to be static o%%rTCP Bulk Throughput
the time scale of the optimization. Given an associatiba: We consider persistent, TCP controlled (local area) elastic
(a1,as,...,an), let r, be the raw physical data rate withdata transfers to alln users. Letd;; be the TCP throughput
which STA is associated with;, a; € N (a; € £ ora; € B). 10 STA: when associated with AP or BSfrom server in the
Since we are considering a CDMA cellular networkgife B, local area. _ _ .

then in generat,,, will depend on the interference and hence Assuming that when an STA associates with an AP it does

the associations of the other STAs to BSs. so at a fixed rate (e.g., 11 Mbps) and the packet error rate
is negligible, it can be shown that the TCP bulk transfer
A. Physical rates: WLAN AP to a STA download throughput is of the forf; = ©y/m; if m; STAs

Let STA i be associated with AR at the raw physical data 2r€ assoc_iated with the AP with which STAs associated,
rater;; € C. For example, IEEE 802.11b supports the set yfhere©, is a number that depends on the IEEE 802.11 MAC
physical data rate€ = {1,2,5.5,11} Mbps. These rates areParameters and the TCP packet length (see [8] & [9]). For
achieved depending on the distance between the AP and &¥8MPle, with a physical data rate of 11 Mbps, TCP packet
STA. For simplicity, we assume that the WLAN coverage 8128 of 1500 B, RTS/CTS for data packets and basic access
such that an STA that can be associated with a WLAN Afer TCP acks©, = 4.3 Mbps. _ _
does so at the maximum physical data rate. We also assuml) @ pedestrian or static scenario, when an SiAs
that the cochannel APs are placed sufficiently far apart sugfsociated with a BG we assume that the targéf, /No,

that there is no intercell cochannel interference [12]. ~ is achieved and hence the packet error rate is sufficiently
low (e.g.,1072). Then#d;; = r;;. In the case of a 3G cellular
B. Physical rates: 3G BS to a STA network, it is shown in [2] that the optimal sum physical rate

Let G;; be the channel gain (which includes distance los§2" be achieved if each BS transmits to only one data user at a
shadowilg\g and fading) between STAand BS;. Let P;; be time (regardless of the topology of the network,the presence of
the power transmitted from B$ to STA i and |etP(j§ be Voice users in the cell, and user locations) and with maximum
the total power transmitted from BSto STAsi € S;. Let POWer (when there are only data users and no voice users), i.e.,
Pr be the maximum transmit power of any BS M)jis the the multiple users associated with BSare served in a time
one sided noise power spectral density afidis the system division multiple access (TDMA) mode. It is to be noted that

bandwidth, then the received downlink SINR of STAvhen HDR lges TDMA. We thus také’;; = Pr,Vi € M,Vj € B
associated with BS is given by and PY) = Pr. Vj € B and a slotted system for 3G cellular

network where the users are served one at a time ([2]). Let
Iy, = GijPij _ 1) qbl(.j) be the fraction of time STA is serviced by BS. Since,
Zk# G P%) + NoW we consider local area bulk TCP throughput for low packet
gror ratesf;; = Ej)rij is the average TCP throughput that

assuming that the users of the same cell use orthogo
spreading codes, and ignoring intracell interference caused
multipath.

A i gets on association with B$. Note that under this
model r;; does not depend on the association.

We follow the model given in [13] for computing the We define ann xn matrix R, wherer;;, ¥i € M, Vj € B,

transmission rate as a function of SINR and system bandwidEﬁPiesgmsvt.h: ﬂlyacael ?tiz :Estbiﬁﬁ-eéspf:ﬁgfﬁj u?r':gat
If the physical rater;; is used from BSj to STA ¢ then the Tig = B0, Vi > ¥J gnp

energy-per-bit to noise power spectral density ratio of STASTA i gets when it s the only STA associated with an AP.
when associated with B§ is given by 1. THE DOWNLINK OPTIMAL ASSOCIATION PROBLEM

w T @ When user: is associated with AP or B$ and obtains
I throughputé,; we evaluate the utility obtained by uséras



U (8;;) whereU(.) is an increasing concave function. WeA. Sub-Problem: Optimum Association among APs
define the system utility as the sum of the individual utilities gjyen myw, we need to find the optimah,,mo,...,my
of STAs each of which is associated with either a BS or alych thatm, + my + ... + m; = my. For the log utility
AP. We are interested in finding the optimal associatioh ,nction, we have

that maximizes the system utility.

max ij log <®0>
AT = ey 3 U(bw) 4 BT i
ieM S.t. ij = mw
Based on the discussion in Section II-C, Eqn. 4 can be written JEL
as mj€{0,1,2,...,mw}, VjieLl (7)
We have an integer programming problem. Let us reptage
A* = argmax U (0;;) + U (6;;) by m;/mw . Notice that this does not change the optimization
AcA ;; ’ JGZBEZSJ ’ problem. We relax the integer constraint by setting =
mj/mw and lettingz; € [0,1]. This yields the following
O ( ) ) relaxed problemwhose solution will provide an upper bound
= U | — U\ ¢ rij . . .
e e ij (mj> N Z Z ¢4 to the maximization problem defined in Eqgn. 7.
JjeL JEBIES;
o _ ;
s.t. Z oY) =1,vjeB (5) (@0>
i€S; max Zl‘j log | —
T1,T2,..+,L] 4 x]
. JjeL
The variablesf,bgj), V5 € B, model the TDM scheduling of s.t. Zg;j =1
STAs associated with BS. jec
In this paper, we considéf(-) = log(-) (see [1]). Thus, we z; >0, VjeL (8)

have the optimum association problem
The above problem is a concave maximization problem with
o linear constraints. Solving this problem gives= 1/1. Hence,
A" = argmax Zm'log = +Zzlog Py = /I,Vj € L solves the original problem, defined
rhax g m; i T m; = mw/l,V) ° ong p ,
jeL JEBIES; in Egn. 7,whenever these are integern such a case, the
st Z 69 =1,vj € B (6) optimum is to equally divide the STAs over the APs.

€35 B. Sub-Problem: Optimum Association among BSs
Remarks 1 Given S¢, defineme = |S¢|. We need to find the optimal
Jj € B, such thatU;cpS; = Sc. For the log utility

‘S'a
(i) It should be noted that for computing the optimal ass?[xjnction we have

ciation, the rates;;, Vi € M, Vj € N/ should be known

at a central device. o pax_ > log (fbgj)?“ij)
(i) Note also that the solution of this problem will also yield PR SeBics,
o), jeBiES;. st S e =1, vjeB
iGSj
IV. ANALYSIS OF THE OPTIMUM ASSOCIATION PROBLEM @(J') >0,Vie€S;, VjeB
In this section, we study the optimization problem (Eqgn. 6) UjesS; = So

we posed in Section Ill. We divide the above problem into two SiNS,=0,Vj#k,jeBkeB 9)
sub-_problems. The f_|rst sub-problem is finding t_hg OptlmuWhere¢ _ Ml(lj)]’w €S,V €B.
partition of m STAs into two groups, one comprising STAs t Lo .
. . The above maximization problem can be resolved into two
associated with the 3G cellular network, and the other com- .~ .~~~
o : ; aximization problems one oveb and the other over the

prising those STAs associated with the WLAN. The second! } . - :

e . L artitionsS;,Vj € B of S¢. Given a partition ofS¢ into Sj,
subproblem is finding the optimum association in each of tl‘ljeE B. the maximization broblem ove
partitions. Let the subset of STAs to be associated with the P ’
WLAN be Sy and let|Sy | = my. Also, let the subset of max 33 log (¢§j)rij)
STAs to be associated with the 3G cellular network &e ®
(whereSc = M — Sy). The first sub-problem will yieldSy, ) _
and S¢. The second sub-problem requires onlyy for the Sit. Z ¢ =1 Vji€B
WLAN. But, S¢ is required as a whole for the association €55

with the 3G cellular network. o9 >0, VieS;, VjieB (10)

JEBIES,;



is a concave maximization problem irzbf)s with linear Hence consider, foy € B,
constraints. It is easily seen that solving this problem yields

o) = 1/|S|,Vi € 8;,Vj € B my = l#-eo (16)
To solve the second maximization problem, we can now ©o + %kels O
write Egn. 9 as m: = ——————-0,. 17
L T D T )
Tij
55 ieB > D log (mj) If m§ andm?, Vj € B, are integers then the above solution

jEBIES;

is optimal and the STAs are distributed over the APs and the
s.t. UjeBSj =S¢

‘ ' BSs in proportion to th&®; values. Even thougk, is quite
SiNS,=0,Yj#k,j,keB (11) Jarge, (4.3 Mbps for 11 Mbps physical data rate [9]), we see
The solution to the above problem yields the opting! that a positive number of STAs are associated with the BSs.

Vj € B. Note that this is a nonlinear combinatorial optimiza- W 100k at the following examples to understand the above
tion problem, sinceS;s are discrete sets. scenario.

Example 1: We takem = 6, [ = 2, andb = 2. Let us
C. Optimal Association among APs and BSs: A Special Casensider the scenario wheég (= ©; = ©3) = 4 Mbps,03 =

Motivated by the above discussion, in this subsection v?é\/'bps’ afd@‘l =2 Mbps._ We obtain the optimal .as.sociation
consider a special scenario of a simplified formulation. WECtor, A” by enumerating all *p935|ble associations. The
assume that all the STAs are clustered (e.g., as in an audfBtima! utility based association}” is found to be [1 122 3
rium). In this scenario, we assume that all STAs see the safet i noted that under optimal associatien, AP1 and AP2
channel to BSj. Thus, forj € B, we denoter,;, i € M by service two STAs and, BS3 and BS4 service one STA each.
the common valu® ;. We simplify the formulatijon as follows. This result is in conformancg with that of !Eqns. 16 and 17. It
Motivated by the result in Section IV-A, we seek a numbdp t© Pe noted that the resultingg andm? (given by Eqns. 16
mo > 0 of STAs that will be associated with each AP, and gnd 17) are integers in this case. If the STAs are associated

numberm; of STAs that will be associated with BS This with APs/BSs based on the rates (as in HDR) then the
yields the following problem. resulting associatior; assigns three STAs with AP1 and the

remaining three with AP2. Though the rates that individual
U — max Imglog (mo) N ij log (mj> STAs get when associating with APs seem to be more, it is
0 j

mo,m;,Vi€B % beneficial to associate some STAs with BSs as this increases
both the individual throughput of the STAs and the system
S.t. Imo + ij =m utility. In associationA,, the throughput of an STA is 1.33
J€B Mbps whereas in associatio#a®, the throughput of an STA

mo,m;, Vj € B are non negative integers.  (12)s 2.0 Mbps. The system utility for associatioty is 84.62
We relax the above integer constraints by taking/m = z;. whereas the utility corresponding to the optimal association,

The solution of the relaxed problem will provide an uppe"f'\* is 87.05. _
bound to the maximization problem defined in Egn. 12. Thus, EX@mple 2: We takem =9, 1 = 2, andb = 2. Let us

the above optimization problem can be written as consider the scenario whe®, (= ©, = 6y) = 4 Mbps,
O3 = 2 Mbps, and®, = 1 Mbps. The optimal association

vector, A* (obtained through enumeration) for this case is

Uur = min _ | lzo log (o) +) " jlog(x;) [1 1122233 4]. Under optimal associatioh*, AP1

o TIE jeB and AP2 service three STAs and, BS3 service two STAs and
BS4 service one STA. In this case, the; and m; given

— Iz log(©g) — ij log(©;) by Egns. 16 and 17 are not integers and the optimal number

jeB of STAs associated among the APs and BSs are distributed in

st Lo + Z o= 1 the ratio of 3:3:2:1 instead of 4:4:2:1. This solution is obtained
- 0 e J by exhaustive search. We consider the associatiprwhich
20> 0,2, >0, Vj € B (13) associates (based on the ratgg four STAs with AP1 and

the remaining five with AP2 and compare it with that of utility
The above objective is a convex function ofs and the Maximizing optimal associationd*. This example also shows
constraints are linear. Solving the above problem gives tHt it is beneficial to associate with BSs as this increases

optimal solution, individual STAs throughput and the overall system utility. In
associatiom, the throughput of an STA is either 0.8 Mbps or
zy = 9% (14) 1.0 Mbps whereas in associatidit, the throughput of an STA
100+ 3 cp Ok is 1.0 Mbps or 1.33 Mbps. The system utility for association
X O, A, is 123.22 whereas the utility corresponding to the optimal

o = 95 (15)

J 1©0 + > 1er Ok association A* is 126.07.



V. A GREEDY SEARCHALGORITHM 5) A is the association yielded by the algorithm.

Here, we provide an algorithm to computenaar optimal
associationof STAs with the access network comprising 3G V1. NUMERICAL EVALUATION OF THE GREEDY SEARCH
BSs and WLAN APs. We provide the following theorem which ALGORITHM
gives a sufficient condition for an association to be optimal.

Theorem 1:For a given rate matrixR, if the association
vector A satisfies

In this section, we study the algorithm for various scenarios.
For various values ofn, [, and b, we generate a random
rate matrixR. The first! columns are fixed a®, and the
Oia; > 0;5, Vie MVjeN, (18) remaining b columns of R are generated using uniformly
distributed channel gainé’;;s. We find the optimal associ-
i i D, X = ation which maximizes the utility by enumerating all possible
vector A is a utility maximizing (optimal) association VeCtor. o ssociations. We also run our algorithm and the result of our
Proof: See Appendlx. o __algorithm is compared against the optimal association got by
_ Remarks 2:This result says that an association is optimal, ;meration. Though the enumeration technique guarantees
if the throughput an STA gets from the device with whicly ia) association, its computational complexity is of the
it is associated is at least as large as the throughputoﬂ.jer(l+b)m — ™ which is prohibitively high.

would otherwise get if its association is exchanged with th(_e We consider 6 different cases of, 1, b). In each case, we

association of a device associated with any other AP/BS. T@ mpute the association for 50 different rate matrige&2 in

_T_?p be uds.(:,.d asa .W"?lly t(: C?hed(ilk |fhan a§|§boplatlofn IS Opt'mf'ﬁe case of (9,2,5)). For each instance of the rate mRtriwe
IS condition 1S simiiar to ash equilibriumot a pure  ,pserve the utilities of ath™ possible associations and thus

str\z,a\;egy game. id iteri for looki for the b note down the maximum and the minimum utilities obtained
€ now consider a critérion for fooking for ne es*or each rate matribR. Thus from the 50 instances analyzed,

association among a particular set of associations. g tabulate the range of the maximum and the minimum

U(A) denote the system utility for the assocllat]on Vethﬂrtilities obtained. We also observe the number of computations
A = lay,aq9,...,a,). Let us denote the association vecto

3 by A Itis to b ted Fequired by the enumeration technique, the average time taken
t[ﬁhtif, : a‘.f’_fa’"lf’ ’aizlfl"l'".a’éﬂ 'i/h i’f'_t_ ISV\(/) ﬂ? n%e by the enumeration technique, the average number of iterations
a I ““t. ' er]:c, rom t(_)mé'i jl SQS' '/(\)/?' Vke ;SBave taken by our algorithm (averaged over the number of instances
ﬁectotheec ::%r;r?gzsiiosc;&;tlgg ’ugliiy i/?herl\ ESFA;’ assgciatijon} .is analyzed), the average time taken by our algorithm and the
. average percentage of difference between the utilities of the

changed fronu; to k& be given byA (i, k) = U(A,) —U(A). ge b g

) AR i .~ optimal association computed by the enumeration technique
Lemma 1:The best association & is A;-.- if and only if and that given by our algorithm. The observations are shown

where6;; = 2% Vi € M,Vj € N, then the association

m;’

(i*,k*) = arg max A(ik) in Table I.
EMREN We note from Table | that there is a large gap between the
= argieﬂn}i@v [— (my + 1) log (my + 1) minimum and the maximum utility of associations, in every
case, thus emphasizing the importance of seeking an optimal

+my log (mg) — (Mg, — 1) log (Mg, — 1)
Tik

(19) increases withm. We observe that the number of iterations
taken by the algorithm to converge is significantly lower than
wherem,, is the number of STAs associated with each AP/Bfhe number of searches to be evaluated in the enumeration

association. For a given, the average number of iterations
+myg, log (mg,) + log ( )]

a4

a; under association. technique. The time taken for the algorithm to converge
Proof: See Appendix. B s negligible, whereas the time taken for the enumeration
We now display a greedy algorithm that computego@d technique is significantly higher.
association We observe from Table | that for large number of STAs
Algorithm: (cases 1,3,4, and 6) our algorithm converge to the optimum

1) Leth =0.Vi € M, associate STA with the AP/BSa; association vector and for small number of STAs (cases 2
= arg maxepr{ric }. Let the association vector b&?. and 5) our algorithm is found to converge to a suboptimal
2) Find the number of STAsn; associated with each association vector. It is also noted that in Casen2 £ 7,
AP/BS j. Il =2, b = 4) the average difference in the system utility
3) Check ifTheoreml is satisfied. IfTheoreml is satisfied, between the optimal association vector and that obtained by
then the associatios™) is optimal. Go to step 5. If our algorithm is 0.1% and that in Case . € 9,1 = 2,b =
Theorem1 is not satisfied, then the associatigi”) 5), it is 0.15%. This could be explained as follows. When
may or may not be optimal. is small, the gradient search method does a coarse exploration
4) UsingLemmal, compute(i*, k*). If k* = a;+ go to step of the objective function and hence the algorithm converges to
5. Else, associate STA with k* keeping the associationa local maxima. On the other hand for large the gradient
of the rest of the STAs same. Let the new associati@@arch method carries out a finer exploration and hence the
be A+, Leth = h+ 1. Go to step 2. algorithm converges to a better solution.



TABLE |
COMPARISON OFOPTIMAL ASSOCIATION BY ENUMERATION AND THE SOLUTION OF OURALGORITHM.

Case| (m,l,b) | # of instances System Utility Range Enumeration Algorithm Average
Analyzed No. of Time Average | Time % error from
Maximum Minimum evaluations =™ (ms) | # Iterations| (ms) optimal value.

1 (10,1,2) 50 131.2-136.9| 102.3-113.3 59049 154.0 3.36 | 0.1029| O

2 (7,2,4) 50 95.2-98.0 | 60.9- 735 279936 612.6 6.08 | 0.254 | 0.1

3 (10,1,3) 50 130.5-134.9| 96.3-107.0 1048576 3166.0 5.94 | 0.1456 | O

4 (15,1,2) 50 191.7-199.4| 148.9-163.5 14348907 | 65939.8 482 | 0.1286| O

5 (9,2,5) 12 120.6-123.5| 79.5- 88.8 40353607 | 164845.0 8.42 | 0.3125| 0.15

6 (19,1,2) 50 238.3-247.1| 187.0-203.2 1162261467 475364.0 5.74 | 0.1548 | 0O

Itis to be noted ifTheoreml is satisfied then the solution is The above problem is a concave maximization problem with
optimal. On the other hand, Tfheoreml is not satisfied then linear constraints. The Lagrangian of the above problem is
the solution of the algorithm may not be optimal. We found

that in Case 4 of Table Theoreml is satisfied for 7 out of . .. | _ ) (4)
50 rate matrices and in cases 1 andrBeoreml is satisfied LiF.Av) = Z log Z Jitr Z A Z /i

for 4 out of 50 rate matrices. In cases 2, 3, and Bgoreml M N ) JENieM
is not satisfied for any rate matrix. + 3> vl (21)
iEMJEN

VII. ConcLusion Differentiating W.I’.t.fi(j) gives

In this paper, we studied the optimal association of STAs in gy, Tij
a heterogenous wireless access network comprising WLA% G) (k).
APs and 3G BSs. We formulated the problem as one fi 2owen fiTin
maximizing the total utility provided to the users, where (22)

the utility of a user is evaluated as the log of the elastic since we are maximizing a strictly concave function over

download throughput that the user gets. We studied Soffigear constraintsF is the optimizer if there existé\, v) that
characteristics of the general solution, and derived the solutigatisfies the followinKKT conditions

for a simple special case. Then we provided a heuristic
greedy search algorithm that yields an optimal or near optimal

— A+ v, Vi e M, VieN

’I“ij

association for a large number of problems for whichwe could < @& — Ajitvig = 0, VieM, VjeN
obtain the exact solution by exhaustive search. In our ongoing 2owen fi ik
work we are studying other algorithmic techniques, such as (23)
the genetic algorithm. Our future work will include optimal
association under user mobility, the effect of network pricing, vij = 0, VieM, VjeN (24)
and decentralized algorithms for optimal association. _
vij - f9 = 0, VieM, VjeN. (25)
APPENDIX Now consider an associatiod = (aj,as,...,a,) and
PROOF OFTHEOREM 1 examineF such thatf(“* > 0, and f(j) 0, Vj # ay

i€ For such a solution to be KKKT point we need
Let us rewnte Eqn 4 (motivated by [3]) for the log utility as M. u uti point w

follows. Letf be the fraction of time STA is associated S { 0 !f ] =a; ‘ . (26)
with AP/BS j. Let the matrixF be [f]. This yields the ’ >0 ifj#a;, VieM,VjeN
following problem. Eqgn. 23 gives
.
: Sy = T VieM, VieN (27)
Ut = mx ) log | D 177 keN Aj Vi
eM JeN For the set of STAs; € S, associated with AP/BS € N/,
s.t. Z f9 =1, vjeN we have from Eqn. 27,
ieM Tij
(p)
9 >0, Vie MVjeN. (20) Ji i N — vy €O VI (28)

. . . ; Whenj = p, we needy;, = 0, Vi € S,. This gives
If the matrix F that solves this problem is such thﬁ(t’) =0, =P P tEeop g

Vj # a;, Vi € M, then we have solved Eqn. 4, i.eld € A N = ViES,, VpeN
which is the optimal association. @
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[8] R.Bruno, M. Conti, and E. Gregori,

“Throughput Analysis of TCP clients
in Wi-Fi hot spot Networks,” I'WONS January 2004.

[9] George Kuriakose, Anurag Kumar and Vinod Sharma, “Analytical Models

for Capacity Estimation of IEEE 802.11 WLANSs using DCF for Internet
Applications,” Submitted.

[10] S. V. Hanly, “An algorithm for combined cell-site selection and power

A = (YT =S, VieS, VpeEN  (29)
Then from Egn. 23, it is clear that
.
vii = Nj— —2
J J fi(ai)riai
= MaMj (Tiar  Tij (30)
Tia; Mg, My

To ensurey;; > 0, we need“”f > :n; Vi e M,Vj eN.

Thus we have &KT point if - rid, s> T Vie M, VjeN.
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1995.

[11] J-W Lee, R. R. Mazumdar, and N. B. Shroff, “Joint Resource Allocation

and Base-Station Assignment for the Downlink in CDMA Networks,”
IEEE/ACM Transactions on Networking006 (to appear).
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Proc. of WOWMOM 2005.

[13] A. J. Viterbi, Principles of Spread Spectrum Communicatjofddison

Wesley, Reading, Massachusetts, 1995.

[14] R. D. Yates and C.-Y. Huang, “Integrated power control and base station

PROOF OFLEMMA 1

The system utilities corresponding to the associatidnand
A;r, are given by

=
2
I

()

> Y ()

peEN p#a;,p#£k q€S,

+ > log (mal = 1)

qE€Sa;,qFi
Tk
+ Z log ( 4 >
4€SLU{i} mi + 1

Hence,

U(Alk) — U(A) = - (mk + 1) log (mk + 1)

+my log (mg) — (Mg, — 1) log (Mg, — 1)

ik )
Tia;

Thus, in a collection of associatioffs A;-+ is one of the best
associations iU (A;«x«) —U(A) > U(B) —U(A),VB € C.
Thus the maximizer of Eqn. 19 gives the best associati@h in

+mai lOg (mai) + IOg <

REFERENCES

[1] Anurag Kumar and Vinod Kumar, “Optimal Association of Stations and
APs in an |IEEE 802.11 WLAN,National Conf. on Communications
2005.

[2] A. Bedekar, S. C. Borst, K. Ramanan, P. A. Whiting, and E. M. Yeh,
“Downlink Scheduling in CDMA Data Networks,” Report PNA-R9910,
CWI, Oct. 1999.

[3] Y. Bejerano, S.-J. Han, and L. Lee, “Fairness and Load Balancing in
Wireless LANs Using Association ControlProc. ACM Mobicom pp.
315-329, Sep.—Oct. 2004.

[4] T. Bonald, S. C. Borst, N. Hegde, and A. Praug “Wireless
Data Performance in Multi-cell Scenarios?roc. of ACM SIGMET-
RICS/PERFORMANGCE2004.

[5] T.Bonald, S. C. Borst, and A. Proatie “Inter-cell Scheduling in Wireless
Data Networks,"Proc. European Wireles005.

[6] T. Bonald and A. Prouére, “Wireless Downlink Data Channels: User
Performance and Cell Dimensionind?toc. of ACM Mobicom2003.

[7] M. Bottigliengo, C. Casetti, C.-F. Chiasserini, and M. Meo, “Short-term
Fairness for TCP Flows in 802.11b WLANsProc. of IEEE Infocom
2004.

assignment,IEEE Transactions on Vehicular Technologgl. 44, no. 3,
pp. 638-644, Aug. 1995.



