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Abstract—In third generation mobile networks, transmission Yet, a second important consideration in assigning threugh
rates can be assigned to both real time and non real time puts in networks is fairness. Several fairness concepte hav
applications. We address in this paper the question of how 10 peen syggested and implemented in various network arehitec
allocate transmission rates in a manner that is both optimal t but let us first Il th t of alobal ootinizat
and fair. As optimality criterion we use the Pareto optimality ures, bu ? _us _Irs reca_ € concept o go al op Im(zra
notion, and as fairness criterion we use a general concept of Global optimization Consider a system wittV' transmitting
which the max-min faimess (which is the standardized fairess source. Letr = (r(1),...,7(N)) be a assignment vector of
concept in ATM networks) and the proportional faimess (which  transmission rates. The global optimization maximizes the
characterizes fairness obtained by some transport protocols fo total throughpugneN r(n). It can lead to situations in which

the Internet) are special cases. We show that the problem is a jdin the allocation i i) | di
optimization system of the transmission rate and the power. We e allocation is null for one or several sources, and issfloee

formulate the fair allocation problem as an optimization problem Not consider as fair.
and propose both exact as well as approximating solutions. We Max-min fairness In ATM networks, the standardized fairness

consider both uplink and downlink problems and study also concept in traffic whose rate is controlled (the ABR - Avaitab
macrodiversity. Bit Rate class) is the so called "max-min fairness” [2]. An
assignment vector of rates is said to be max-min fair if one
cannot increase the assignment of a souragthout decreas-
Rate control of calls is an important network managemeintg the assignment of a sourgdor whichr(j) < r(i) [2], [3].
issue in third generation mobile networks. Indeed, not onijhe quantity that is assigned fairly in ATM is the excess of
data transfer but also real time audio and video applicatiothe throughput beyond a prenegociated minimum transnnissio
can be transmitted at various rates by selecting an appteprirate. Another related standardized fairness concept in AAM
Codec. In the case of voice applications, UMTS will use thiae "weighted max-min fairness” in which the quantity that
Adaptive Multi-Rate (AMR) codec that offers eight diffetenis to be assigned fairly is the excess throughputs (beyond
transmission rates of voice that vary between 4.75 kbps @ 1Zhe minimum guaranteed) weighted by some multiplicative
kbps, and that can be dynamically changed every 20 msec.d@hstant depending on the connections.
course the transmission rate has an impact on the perceidportional fairness In the Internet, the large majority of
quality. The reduction of the transmission rate is necgssaransfers use the TCP/IP transport control mechanism. The
for maintaining a call whose received energy per bit is taassignment of throughput to various connections using TFCP/
small, and it allows to maintain a larger number of calls ifand other related protocols) can be described using the
the system; it will be studied here in conjunction with powetoncept of "proportional fairness” as was shown in [4]. An
control which is yet another tool that can be used to increaassignment is said to be proportionally fair if it is feasible
the received energy per bit (but which also has an impact (gatisfies the system’s constraints) and if for any othesifda
the interference experienced by other calls). assignment*, the aggregate of proportional changes is non-
A well studied problem is that of choosing transmissiopositive:

I. INTRODUCTION

rates so as to maximize the system’s throughput, see [1]. (i) — (i)
Alternatively, if two mobiles A and B transmitting at the Z () <0. (1)
same rate have the same received power at their base station i=1

and if A has larger attenuation tha®, then it transmits with The proportional fairness is known to maximize the quantity
larger power than3, thus causing more interference th&n [],r(i). Equivalently, it is an assignment that maximizes
in the base stations of neighboring cells. Hence systemwi$€, logr(i). A (weighted version of the) proportional fairness

it is profitable to assign to mobild lower throughput than to is also advocated for future developments of TCP, see e.g.
mobile B if there are not sufficient radio resources to assigs]. The way TCP shares bandwidth between connection has
the maximum throughput to both. This suggests large diffdsecome a reference for other real-time applications over th
ences in throughputs assigned to mobiles according to theiternet that do not use TCP; such applications are call&P'T
attenuation level when seeking the system optimal viewpoirfriendly”.



Both proportional fairness and max-min fairness possess|l. RELATED WORK ON RATE CONTROL IN WIRELESS
optimality properties: they are both Pareto optitndlhe pro- NETWORKS
portional fairness is a good compromise between the system . . . .
global optimum (i.e. the sum of all mobiles’ rates) and the We briefly mention in this section some recent papers on

welfare maximization approach of max-min fairness. rate control in CDMA wireless systems.. )
Generalized faimess criterion It has been shown in [6] that "€ Paper that mostly relates to ours is [1]. It considers the

all three approaches: the system optimization, the max-nfifPPlem of optimizing transmission rates and powers. [@cr
fairness and the proportional fairness are all specialscasa  2vailable rates. The problem is formulated mathematicasly
generalized faimess concept. Given a positive constgatl, & Mixed linear-integer programming, for which polynomial
consider the optimization problem: optlmlzat|on algorithms are not ava|la_ble._ A heuristic e
mation approach based on a Lagrangian is proposed and.tested
Another related paper is [11], where the authors study
1-a the optimal control of both the power, and spreading gain

, , . ] (the latter is equivalent to controlling the throughputheT
subject to the problem’s constraints. Assume thatiti¢ are 5 ;thors restrict to a single cell and to the uplink. The model

defined on a convex set. Then since the objective function;isdes channel coding (FEC, Forward Error Correction}} a

concave and the constraints are linear, this defines a unicﬁ‘&eneral function for BER (Bit Error Rate) as a function @& th

allocation which is called thev-fair allocation. It turns out SIR (Signal to Interference Ratio). Similar models are istdd
[6] that this allocation corresponds to the globally optima,, [12], [13].

allocation whena — 0, to the proportional fairness when
a — 1, to theharmonic mean fairness (another well known

fatlwrness concept) whem — 2, and to themax-min allocation In [14], the quantity that is maximized is the effective data
wheéha = co. rate: the transmission rate times the BER , where the latter i

We shoulq mennon that other aspects of falr F€SOUrGEs nction of the SIR and the transmission rate. A Lagrangian
assignment in wireless networks have been studied prdyiou roach is used. There is no a priori target SIR. This agproa

These were aspects related to scheduling back logged pac gﬁseful for NRT (Non Real Time) traffic. Note that if we

[71-19], S0 as to achieve already give_n average trans_missigssign to a source a transmission of r&tewith O percent
rates of different sources. Our study aims, in contrastaiyf losses, the effective throughput is the same as if we tratesni

assign the transmission rates. at 2R and lost half the information. In contrast to NRT, for

1 C')Aurmtakllndcolntnbl;tlons ag_e d rat d irol RT (Real Time) applications, the two scenarios would give
- A methodology for combined rate and power contro Otjiifferent utility (quality perception). In [14] the funai of

achieving grbitrary tradeoff be_“’“ee” fairn_ess and systeni]he SIR is taken in an example to be the Shannon capacity;
global maximum for both downlink and uplink as well as fmﬁote that approaching that capacity requires long blocks of

macrodiversity. codes which makes the scheme not useful for RT. There is

2. Transforming a non convex opt|m|zat|on problem Into Aiso a part that considers both RT and NRT (sec VI) but only
convex problem with linear constraints. This extends o e throughput of NRT is optimized

results in [10] in which only the uplink was considered an In [15], the authors consider uplink CDMA with two

which proposed only an approximation in order to derive aasses, mobiles of the first class (RT) transmit all the time

Co_rll\r/;xs(t)rztg;'rzeag??hgrogleen;'is as follows. We first mention ithe other mobiles (NRT) are time-shared. The benefits of time
. Pap ‘ L élnaring is studied as well as the conditions for silencingeso
the next section some other works on rate control in wireles

. . Where one of the studied objectives is that of maximizing
networks (not directly related to fairness concepts). Wenth : .
introduce in Section Il our model and show how the faitrhroughputs (while keeping the SIR at acceptable levelsy. T

. .paper takes in nt that when a mobile is silent, it stil
assignment problem can be formulated as one of two pos&B%De takes into account that when a mobile is silent, it st

A . ; o requires energy (for synchronization). We also note that th
optimization problems: one in which transmission rate can B . , o

. o . : amount of information to transmit is not changed by the
assigned any real value within some given interval, and Dnes'cheduling

hich finitel issi ilable f . . :
which finitely many transmission rates are available forheac In [16], the author studies the Erlang capacity as a function

mobile. We analyze the properties of the system in Section IVf the throughputs assigned to NRT applications. Unlike the

We then apply our results to the uplink problem in Section ? : . } ;
. . - framework in [1], which we adopt in this paper as well for
and propose exact anq approximating solutions. Th? dO“.’”" T application[s] the volume ofpinformatic?n ptransmitteol by
prob_lem. IS examlned n Sectlpn VI and the macrodwersn)_/ ﬁRT applications (such as a file transfer) is not affected by
studied in Section VII. Numerical results are given in Satti . ; S
. . . : . the assigned throughput. Thus a static optimization prople
VIII. A concluding section ends this paper with extensioos t . . . .
. . as done in previously mentioned papers, is not adequate
utility-based fairness concepts.

to describe the effect of throughput assignment for NRT

1An assignment is Pareto optimal if one cannot increase the assignmeﬁtppllcanons' The r_nOdEI in [16] takes into acc_ount_ the inpac
of one source without strictly decreasing an assignment of another sogirce0f throughput assignment on the call duration in order to

T’(Z')lia

Maximize Z
7

Several papers study optimizing throughput assignment for
non-real time traffic.



compute the Erlang capacity as a function of the assigned™ a mobile unit

throughput. b a base station
Another related research direction has been the assignment (m,b) = { (f’t) n :Ee zpllnkl_ csse
of instantaneous rate of packet transmission at the buiffers (t,s) inthe downlink case

the cell of mobilem

the number of mobile units

N, the number of mobiles in cell

N(m,b) the background noise power at the receiver (it
represents thermal noise and also radio inter-
ference from non-power controlled channels.)
a multiplicative constant

the normalized powerdK ., p;n,b = K tPst-

CDMA wireless systems. In these papers, the actual transmis?\;
sion rate of the source is not controlled.

In [17] the packet transmission rates at the link layer bsffe
is allocated at as a function of the traffic profiles and is
computed according to required bounds on packet losses at
these buffers. The paper uses effective bandwidth notions f
CBR/VBR traffic (Constant/Variable Bit Rate), and others fo v

. . m,b
:rliR[l(g\ﬁlzlg;ale Bit Rate). Some other closely related papers We will show that -
' m the link gain) in the uplin

In [21], the author considers combined power and rate K= ? b i(n the dogvnlir)wk plink
control of each of a number of queue so as to minimize gjyen a POWET VECIOP = (1 tot, ..., Ps.tot), the received

power and delay. In the considered model, the power aQ%nal to interference ratio of mobile is given by
rate assignments determine loss probabilities and theee is

given constraint on the loss rate. No retransmissions and ng;;p (P) = Pimb 1<m<M. (3)
scheduling are considered. " N(m,b) +C Z s
In [22], the authors describe the feasible set of poweesrat m#m

m/ Ecm

in a single cell. They show that this is not a convex set.

Convexification is possible by an appropriate time sharing AS p; ;.; is bounded, them/, , is bounded by a value that

or scheduling of packets. The results are used for assigning will denote byp;mb. The values ofC, N andp’ will be

transmission rates at the buffers (again, the source rages expressed in Section V for the uplink and Section VI for the

given and not controlled), so as to achieve required boundiewnlink.

on delays. The scheduling decisions are taken according tdAs explained in [1], the above model can be useful for both

the traffic profile of each mobile which is characterized by thuplink and downlink. However, we shall later use the patéicu

average rate and the burstiness (the so-called constraints). structure of the uplink and of the downlink in order to sirfpli
Among all the research directions we mentioned above, dtie solution.

paper is related to the first two references as it is concerned/Ve next describe two possible settings for the power and

with the actual assignment of transmission throughpusrate transmission rate control.

the sources (rather than inside the network) of real timéiappA. The continuous model

cations. We consider a multicell environment with partcul i .
attention on uplink and downlink rate control, and include ' the first model, mobilen can use any value of throughput

a study on macrodiversity. (This is in contrast to [11] wh§€tWeen a minimum guaranteed vallig?,,, and a maximum
considers only the uplink control in a single link, or [1] wde value PR,,,. This can be achieved if a packet mode is used with

framework seems more adapted to the uplink multicell cas&') @PPropriate scheduling (see e.g. [23], [24] and refe®nc
Yet, an important feature of our paper is the introduction Jperein). Denote (m) the transmission rate assigned to mobile

new faimess considerations into the rate allocation grobl 77 @Nd R = (r(1),...,r(M)) the rate vector. We assume that,
for each mobile, there is a minimum required valueSér,,,

per transmitted bit per second, which we denotejhy
1. THE MODEL Let (E,/I,); be the ratio of bit energy to interference
power spectral density of mobile:, and W, the spreading
We use the notations of [1] applicable for both the uplinkandwidth at chip rate for mobile:. We then have

and the downlink and extend their model. Consider a cellular

: ) o 1 [E, SIR,,(P)
radio system withS transmitting sources. Sourgecan trans- S < v\ —=n-’ (4)
mit with total powerp; ¢, within the interval(0, ps.;oz]. In the m \to/m r(m)

following, if sources has different channelg ; will denote implying Smr(m) < SIRm(P).Z

the power of the signal emitted by sourgdo destinationt.

Also, pnc.s represents the power of the non-power controlled®Note that we implicitly assume thdt, /I,). does not depend on the

channels ’ Therefore: transmission rate(m). This is a standard assumption in modeling literature,

: : see e.g. [1]. In practice, however, it may dependr¢m), see e.g. [25, p.

151, 222, 239]. But as we see from [25, Fig. 10.4, p. 222], itltse to a
_ ) 2 constant throughout long range of bit rates. For exampleydmt 16Kbps and

Ds,tot Zps’t TPNCs @ 256Kbps, the maximum variation around the median value is tess 20%.

We thus propose to take for the value @@, /1, ) its average or median

) ] value over the rangeMR,,, PR,,]|. However, if the exact dependence is

We take the following notations: available analytically, it can be included into our model.

t



Thus the solution of our joint power and transmission rate Then the solution of our joint power and transmission rate
assignment problem is constrained to belong to thdl§et assignment problem is constrained to belong to thdl€et

(P, R), defined through: (P,Y) such that:
0 < Pstot < Pstots 1<s<8, 0 < Pstot < Pstot s=1,...,5
k Ki |k
mm S r(m) S PRma ym € {07 1}7 Ek:l ym S 1’
1<m< M. (5) m=1,..., M.

Spr(m) < Pinb Py + (1 —yk Ak >M

TNmD) +C Dty e m)Em = SIR  (P)

m’#m The first constraint represents the power constraints. The

A fair allocation can now be obtained using the followin seconq states th‘?“ at most_one bit rate can be aIIocgted to
optimization problem: ga mobile. The tr_urd constraint reduces to thg constraint on
SIR,, when rk is the rate allocated to mobile. For rF,
_ o M r(m)l—e which is not the allocated rate, the inequality constrasrjtst
Find (P, R) € II° that Maximizes Z e a consequence of the definition df:,.
m=1

1=a A fair allocation can now be obtained using the following
B. The discrete model optimization problem:
There is a finite number of available transmission rates for K vk e
each mobile. Letr!, < 72, < ... < r5™ be the available M Zyme
transmission rates for mobile.. Find (P,Y) € II* that Maximizes Z k=1 .
One way to formulate the discrete model is to use the m=1 l-a
continuous model and add a constraint on the discrete values ) o (8)_
that the throughputs can have: In this sgctlon we mad_e explicit the syst_em of equations
corresponding to the continuous and the discrete models. In
) . o M r(m)'— particular, we showed the need for a join allocation of rates
Find (P, R) € II° that Maximizes Z 1_a (6) R and powerP vectors. In the following section, we focus on
m=1 the first model.
with r(m) € {rl  r2,, .. rKmy, @)

IV. PROPERTIES OF THE SYSTEM
We present below an alternative formulation of the problem® Equivalent problem
following [1].
To properly receive messages at transmission sritevith b
tolerable error probability, mobile: is expected to attain an
SIR,,(P) not less than a target®,.

We provide here an equivalent formulation of the problem
ased on a simple change of variables.

Lemma 1: The continuous problem (see section IlI-A) is
equivalent to finding(P, C) in e = (P, C) that maximizes

Let Y = (y*) be a 0-1 matrix such that for every mobile Moy p(m) 1—a
and rater”, Z(C) := where II¢ = (P, @
m ! © m;l—a e (P,€)
. { 1, if mobile m is transmitting with rate-* , is given by:
m 0, otherwise. 0 < Ps,tot < Dy tot» 1<s<8,
Introduce arbitrarily chosen constant§, that represent the
o . e - MR,, PR,,
transmission power that mobite needs in order to attaif’,, —" < p(m) < ,
regardless of the interference power. More precisely, teay L4 0 MR, L+ 0mP R, l<m<M
be chosen arbitrarily so as to satisfy I -
k k — 6mp(m) S m,b I
Ar zfym(N(m,b)—FC’x Z p;n,’b) N(m,b)+CZp;n,7b
7n;¢7n (9)
Teem Proof: Let € be the N-dimensional vector such that
for all m and k (we allow in the definition to havel®, > Vm = 1...M, p(m) = r(m) _We should notice
p),,)- Hence the constantd”, satisfy L+ Copr(m)
thatd,,,p(m) = 1 — ————— and simply make the change
e o P AP L G 200 ST ’
m 2 WAX m, of variables fromR to € in the inequalities (5). [ ]

Lemma 2: The objective function”Z is concave if for any
which is in fact the condition that defines these constants ¢hin the set of feasible solutions, we hawén,1 <m < M,
[1]. 20 p(m) < a.



Proof: Note that the denominatoi — J,,p(m) is B the matrix

nonnegative over the feasible solutions (from the second by ... b
inequality of system (5)). To determine whether the ob- by ... by
jective function is concave, we differentiate it twice with B = (11)
. Z

respect top(m), m = 1,..,N. and obtain gp(ﬂ(gg = bn, ... bw,

26,,p(m) — a p(m) - with Vi, b; = Cd;p;. If U is an eigenvector ofl associated to
(L= ,p(m))p(m) <1 s (m)> . This is nonpositive e|genvalue)\ then AU = AU = U — BU. ThereforeU is an
for all?epasiblepp(m) if 25mp7("£) < m eigenvector ofB with eigenvaluel — \. But ranK B) = 1 and

tracgB) = ), b;. ThenA has only two eigenvalues that are

Remark 1: A sufficient condition for the objective function oy
and1—-C)", d;p;. Therefored is singular ( —C >, 0;p; # 0

to be concave ise > 2. This condition can further be

weakened. Let by Lemmg (3)) andPP exists and is ur_1ique. =
Proposition 1: For any acceptable fixed transmission rate
w= max O PRy, vector R (respectivelyC), there corresponds a unique mini-
m=1,..., e 1+ 0mPRy mum (component wise) powe?’ ™" that satisfies the system

(5) (respectively (9)). MoreoveP’ ™ = PP.
Proof: As the problems (5) and (9) are equivalent, we
only prove the proposition in the first case.

We extend the proof of Lemma 1 in [26] which only
considers the single cell case. Suppose that there exists a
nfeaS|bIe power assignmerft] satisfying the constraints (5).

We construct a sequence of power assignmétitavhere

Then a weaker sufficient condition for the objective funetio
to be concave is that > 2w. Quite oftenw is close to zero
(see e.g. discussion before Lemma 1 in [26]).

In the following, we will call acceptable transmissio
rate vector any vector R (respectively) that accepts at
least one feasible assignmemt satisfying the constraints
(5)(respectively (9)).

(Php)yyr = Omr(m) | N(m,b) +C Y (P ),

B. Properties of acceptable rate vectors m/#£m

We should start by noticing that: We have ) )

Lemma 3: For any feasible2 and for any cell: 0< (Prnp)ipy < Prmp);-

, Therefore the decreasing sequence converges to an assignme
OZ‘S’”"”(’”) <L P'™" satisfyingvn, P’™ < P! component wise and
Proof: Let c be a cell and its associated base station. _ _
Consider the last inequality of system (9): vm’pgmbm'” = 0,,r(m) [ N(m,b) +C Z p;n%m'”
p/ m’#m
¥, 6p(m) < o .

N(m,b)+C A ) .
(m,0) + €3 s P b Lemma 5: Let € be a fixed acceptable transmission vector.
/ The set of feasible power assignments satisfies:

pm b
As N(m,b) > 0, thend,,p(m) < 702 v By summa 0 < poser < Prich l<s<s,
C Yo P { ,
tlon c 5m/ mim =1 | | mp 0267" p m 7b) - N(ma b)]
Z p ) CZW/ pm’ b
Lemma 4 Consider the last |nequal|ty of system (9) when +N(m, b)} < (1 —cy,, 5m/p(m’))p;n N
replaced by equality. We obtain: For a given cellith base ’
stationb, Vm € c, 1<m< M.
12)
Dot Proof: We consider the last inequality of system (9)

Omp(m) =

, 10
N(m,b) +C> Py 4o

Then one can prove that this linear system/\gf equations

of N. variables admits one and only one solutiB® for any We can now consider celt separately, and reduce the un-

feasibleC. known variables to the power and transmission rate within
Proof: It is sufficient to prove that theN, equa- that cell only. We then sum over all mobiles of cell

tions are linearly independent. They can be written as:
N - - r Pm/ I i f h / _ , /
V', O pr N (M, 0) = pmp — COmpPm Y, Pmr b It is Of the (m; pm/,b> (1 Cm,ezc S p(m )) > (14)

p;n,b > 5mp(m) (N(ma b) + Czplm’,b> ) (13)

m’

form AX =Y with: Y = (6;p:N(i,b))i;, X = (pip); and
A = Idy, — B with Idy, the identity matrix of sizeV,. and Yot Oy p(m/ )N (m/, b).



We finally combine this with (13) to obtain the second We make the following approximating assumption that is

inequality of (12). m frequently used for the uplink case (see e.g. [27]):
From Proposition 1 and Lemma 5, we get: ' Hypothesis 1: The interference caused by mobiles from
Lemma 6. For a given acceptablB (respectivelyC), P’™  other cells is proportional to the interference due to theifes

™ — 6 p(m)x in cell ¢, i.e. there is a constant such thatloine, = Mown.

In other words:

> Gy P =X Y Gurp Pur- (17)

is given byVm =1... M, p,,,,

N(m,b) + C’Z Smrp(m)[N(m',b) — N (m,b)]

1-C Z 8o s (m’) (15) m’ in any other cell m’ incell ¢
-~ P Under hypothesis 1, the uplink can therefore be modeled
We finally conclude that: with system (5) (equivalently with system (9)) with:

Theorem 1. A rate vectorC is acceptable if and only if it C=xt1 N(m,b) =

r
satisfies the two following conditions. Prm,p = Gm.bPm,b-

(1) MR, < p(m) < PR, We then can apply the results of Section IV. In particular,
146, MR,, — P =~ 146,PR,,’ _ we obtain (see also [16], [27]ym € [1, M]:
(C) Vm, m = 1...M, 0 < p% < Pyior, With p™ir,
defined by (2) and (15).
Proof: If € is feasible, then (C1) is verified. Proposition pmin( ;) — 1 Vbémg(m) . (18)
1 states thaP’™" is a solution of the system, so that (C2) is ’ Goom \1— (L+ X)X, 51 O p(m)

also satisfied. .
Equivalently, if condition (C2) is satisfied, the® ™" is a
solution vector (it satisfies the first and the third inediedi 0 < 1,4,,p(m) < gbmﬂm(l —(1+ ) Z 5m,p(m/)).
of (9)). Finally, (C1) is the last inequality of (9). ] m €cm
In this section, we focused on the continuous model and
provided an equivalent system of equations based on a chap

Moreover, conditions (C2) of Theorem 1 is now:

Hence, the problem can then be summarized by: Ritltat

of variables (Lemma 1). We then expressed a sufficien mizes 1 (m) 1—a
condition for the objective function to be concave (Lemma Z(C) := Z T (1 g ; ) s.t.
and Remark 1). We showed three properties of this system oo 1—a \1=dmp(m)

(Proposition 1, Lemma 5 and Lemma 6). In particular, w MR PR

showed that if a rate vector is acpeptable (that is to say if |t 110 MR, = p(m) < 150, PR,

corresponds to at least one feasible power assignment), tite

all the corresponding power vectors are greater (component0 < v40,,p(m) < gpmPmp |1 —(1+A) Z Smrp(m/)].

wise) than the feasible power vectBt™ given by:p/, ,™" = m'€em
B p(m) x | o (19
, ) Remark 2: The set of constraints is now a (convex) poly-
N(m,b) + C 3 O p(m/)[N (m,0) — N(m, b)] tope.

1-C%,,, 6m/p(m’) Remark 3: A sufficient condition for all rate vectors to
We finally concluded with a sufficient and necessary conditicatisfy Lemma 3 is :
for a rate vector to be acceptable (Theorem 1). Opnt PRy

V. THE UPLINK CASE mice 1 T Om Elome

) ) ) ~ We conclude that fora Cz 2w (and in particular for

In this s_ectlon, we apply the results of the previous secthpz 9, see Lemma 2 and Remark 1), the multicell problem
to the uplink case. of controlling jointly the power and the transmission rate
can be reduced to a standard minimization problem with
) o ) linear constraints and concave objective function that loan

Let us consider a mobile: in cell c. Let g, be the link ool solved by either decentralized Lagrangian algovith
gain between source: (the mobile) and a destinatidn(the o efficient centralized methods based on SDP (Semi Definite
base station). We assume that time intervals are S“ﬁ'y'enlgrogramming), see e.g. [28].
short for g,,; to be constant within the intervap,,,, is the— \ye finally note that for the single cell case, the above
power of the signal emitted by mobite to its corresponding solution is an exact one.
base station. As mobile: emits only one signal, we have:
Dstot = DPmp. Finally, v, represents the thermal noise aB. Further approximations for the uplink solution

A. Continuous case

destination. Then, th&1R,, of mobile m can be written: The conditiona: > 2w does not cover the interesting case
_ 9b,m Pm.b of a = 0 which corresponds to the problem of maximizing the

SIR,, = . (16) i

vy + E Gm’ b Dy global throughput. We therefore propose below two approxi-

m’in any cellm’#£m mations, both applicable for att > 0.



1) First approximation scheme: approximating the objec- first express for given transmission rates the correspgndin

tive function. minimum power that satisfies the constraint (4). Again the
One can approximate the objective functidfi(p) by approximation (17) can be used to obtain explicit expremssio
(p(m))lﬂ ) _ for optimal power assignments for given transmission rates
> g e neglect the termy,,p(m) in the de- This reduces to the same optimization problems we had hefore
— . . . ;
ﬁominator, as it is quite often much smaller than 1 (é@th the same linear constraints, along with the new extra

mentioned before). With this new objective function refiigc Ntegrity constraint (7).

the previous one, we obtain a convex optimization problem VI
for any a > 0 (excepta = 1). We note that the constraints ) i ] ]
(and thus the set of feasible solutions) for this approxingat  Following [29], we write a more precise expression for
method are the same as in the initial problem. We also ndf¥ Signal to interference ratio (Equation (3)) that mobile
that the value obtained from this approximation is a lowéF Colg“e%ted to base statioh experiences: SRy, =
bound for the original optimization problem. bmZbm , With ;e and I;,,;,., denoting respec-

Secol 1 1 g i i U, + I’L’n er + Iin ra . . .
R 2) o Sgd approximation scheme: approximating the con- ey t1i& ntercéll and the intracell interference at nebi.
rain .

. o . ‘We have :
An alternative approximation can be obtained by consid-

ering the original formulation (5) in terms of the rate vecto Lintra = ﬂ(ifotb = Pom)ho,m + (1 = B) Pscr,phy,m,
R rather thanC, in which the objective function is already I _ Z Poh

concave but the constraint set is not convex (see more sletail | ~ """ (obbTYm

on this set in [22] that considers the single cell case). Our V=LY
approximation then consists in replacing the last corstiai Equivalently SIR,,, , = Py m/

(5) by:

B
1
(Smr(m) < gb,mPm.b , o om=1,.., M. (20) ﬂz Pbm’ + Pyen + /chch + F |:Vm + Z Ptot,b/hb/ﬁm}.
Vp + ZmIECm 9b,m’Pm/ m/#Em " e (22)

. DOWNLINK SOLUTION

We can now proceed as in Prop. 1 and consider the equali'[)(Nhere we denote by:
constraint instead of the inequality, which provides thaimi '

mal solution of (20), given by e P, ,, the transmission power of base statiorto the

Dedicated Physical Channel (DPCH) of mobile
1 VpOpmr(m) 21) e Pscu, the power of the (non orthogonal) synchroniza-
-1+ N ee Omr(m’) tion channel from base statidn
’" e Pccom,p the power of the (orthogonal) common channel
(see the derivation of Eq. (18). from base statiom,

SubStituting this into our new approximation problem, we . Ptot,b the total output power from base Statibngiven
obtain the equivalent optimization problem of maximizing by

Pinp (1) = .

r(m)t=e L
Z T over the sefl,pp of vector R satisfying N,
Piotp = Z Py + Pocmp + Pscm,p- (23)
MR,, <r(m) < PR,,, m/=1
app 0 < vpdpr(m) o hpm the path gain from base statiérto mobile m,
< gm,bm(l - (1 + )‘)Zm’incm(sm’r(m/)) . * Um receiversim noise.

« [ the synchronization factor,
We see that the set of constraints is now a (convex) polytope, B the number of base stations.

Furthermore, let us consider a couplg™™®, R), where
p™in is computed in (21) for thak. If it is finite then the
couple satisfies the third constraint in original constraiet

et us denotef; ,,, the ratio between the received intercell
and intracell power, defined as

I1°. Therefore we replaced the set of constraints by a strict F,, = Iintm'
subset of that set. We conclude that the approximating enobl ' Tinter
gives in fact alower bound on the throughput assignment for Then SIR,, =
eachm and a lower bound for the objective function. P
b,m
c The.dlscre{e.rmdel . (1 + Fb,m.) (ﬁ Z Po,m/ + Psch,b + BPcch,b) + Ym
We finally briefly comment on the discrete model. The so- miEm ho.m

lution of the model (8) can be found in the same way as in [1], (24)

using a distributed algorithm based on Lagrangian relarati ~ As in [29], we shall further approximatk, ,,, by its average
Alternatively, one can use the formulation (6). Its solatiovalue F', and assume thatccm, and Pscr,, are the same
can follow a similar path as we had for the continuous cader all base stationsb(is then omitted). They are known



parameters and are not subject to power control. Algp, assume maximum ratio combining where the sum of signal

does not depend om. to interference ratio should add up to the target valugk):
Then, the downlink joint transmission rates are now deter-

mined as the solution of problem (5) (or equivalently prafle Oxr(k) = SIRy; + SIRy, 5. (28)

(9)) with:

Assume that the link to statiofn has better signal to interfer-
ence ratio. Denote

ND(b,m) = (1 + F)(Psch —‘rﬂpcch) +

hb,m
A, — SIRworst link SIRk,l <1
Cp=Q1+F)B and  pl,=pom Y SIRpest tink  SIRgs —
MR PR control, we proceed as in [29]. We make the simplifying
— < < —7 i
110, MR, = p(m) < 144, PR’ assumption that\; does not depend oh (we can take the

0< + n 5, p(m), average value among mobiles that are in soft handover).

= pscn T pocn m %n . p(m) Let I be the set of mobiles in cell that do not experience
ptot > handover. For such mobiles, we ha¥g (i) = SIR; s with

Np(m,b) +C 8, p(m!) [N p(m!, b) — Np(m, b SIR, s given by Equation (24).
plm:b) P ; p(m') [N ) p(m,b) Let j be a moblle in soft handover. Thed;r(j) = (1 +
1-Cp,. dmp(m’) © A,;)SIRpest link = 1+AJ SIRworst link- Again, itsSIR is given by
(25) Equation (24). Then, we can distinguish two sets of mobiles :
We can notice that for any values 6f p, N andCp we J is the set of mobiles which best link is with base station

obviously have: and K is the set of mobiles also experiencing soft handover,
but which worst link is with base station
> Omp(m )( ( b) +Cp >, O p(m) Equation (23) becomes:
[Np(m',b) ) 3 O (m)Np (m, ).

(26) Piotp = Z Py + Z Py + Z Py + Pocup + Pscp.

Moreoverl —Cp Y ., dprp(m') > 0 (Lemma (3)). Then: el i€l her
—(pscr +peen)(1=Cp Y 6mp(m')) <0 < Define:
Z%p )Np(m,b). Ni(b,m) = Np(b,m), Cr=Cp
_ 1 _ 1
"The optimization problem is finally: Find that maximizes N (b,m) = TZlND(b’ m), Cy = TJECD
M 1 -« NK(b,m) = mND(b,m), CK = THCD
2@ =Y ( p(m) ) st
o 1= a \1=dmp(m) Note, in contrast that the authors of [29] do not distinguish
MR PR between the setd and K, that is why their equation differs.
— " <p(m) < ———=— Also, they assume that the number of mobile in all cell is
1+0,MR,, 1+ 6mPRm

constant, and thati, j, 6,7(i) = §,7(j).
Z Smp(m)Np(m,b) < ptet <1—OD25m/p(m/)>_ Let i(m) be the set thatn is belonging to {(m)

/ {I,J,K}). We get the following optimization problem for
determining the transmission rates:

m in cell ¢

Then, once again we obtain a minimization problem with g;q e that maximizes  Z(€) _
linear constraints. Forx > 2w the objective function is M 1-a
1 p(m)
concave and therefore the general problem is convex a@ s.t
1—a \1=24d,p(m')
solvable in polynomial time.
VIlI. M ACRO-DIVERSITY IN DOWNLINK _ MR, < p(m) < _ PRm
I , 140, MRy — ~ 1+4+6nPRy’
Many UMTS systems use the possibility for a mobile
to receive the signal from several stations. This is called Z S (1) Ny (b, ) (29)
macrodiversity. This prevents the signal from a base statio |, .
from fading abruptly and as a consequence gives to the mobile < W (1 — Citmy S 5m/p(m’)) )

a better quality of service.

For the power control part, we shall follow [29]. We We thus obtain again an optimization problem with concave
consider below soft handover with two base stations or sectobjective function for alle > 0, « # 1 and linear constraints,
[ and s; mobile k£ has an active link to both stations. Wewhich is standard to solve and has efficient solutions.



VIIl. NUMERICAL TESTS functions over the interva|MR;, PR;], which implies that

In the following, we show some of the results obtained usirf§€ Obiective function in the above problem is concave. In
the program (19) for the uplink. Fa¥/ mobiles, we consider particular, if we consider use the approximating approach t
a single cell and setm,o,, = 1, v = 1, pug = 1/M compute bounds for the continuous model and sd@tyever

MR,, = 1/4M, and PR,, = 1. The position of the mobiles the constrained séi“’?, this is then again a standard concave
is taﬁ%(en at ranaom in tr:"[}l, +1] x [~1; +1] square, and the optimization problem with linear constraint for which many

gain gy is equal tol/dZ,, whered,, is the distance of the efficient (polynomial) methods exist. In particular, saler
iy i solution methods are proposed in [28] for such problems if

mobile to the center of the square. We take= 50.

On figures 1 and 2 we show some results obtainedafor
equal to 0 and 1 corresponding to the global optimization
and the proportional fairness respectively. The baseostagi
represented as a black circle in the middle of the figure, bad
mobiles are represented with circles centered at theititota
and whose radius is proportional to the throughput assigned
Clearly we see that the mobiles closer to the base statiqpy
tend to receive more bandwidth. Also many subtle difference
appear between the two fairness criteria. In particulappr- 2]
tional fairness allocate no mobile to its maximum throughpu
demand PR and redistributes the bandwidth to in-between3]
users. Further users still receive the minimum bandwidfa. 4!

IX. CONCLUDING REMARKS AND EXTENSIONS [5]

In this paper we addressed the problem of joint transmission
rate and power control in wireless networks so as to be botl;
fair and optimal.

A question not addressed here is how to achieve the
throughputs in practice if packet mode is used, or in other
words, how to schedule packets in order to achieve the
throughputs that were fairly assigned. This question has be 8
well studied see e.g. [7]-[9].

The paper is in line with many references [4], [6], [30], [9]
[31] that considered the throughput as the object to beyfairl
assigned, in other networking contexts. In the fairnestyaisa [10]
one may consider the case in which the utility corresponding
to the transmission rates should be fairly assigned, ratizer (1)
directly the throughputs. Indeed, since utility represeitie
degree of satisfaction as a function of the assigned thqmutgh [12]
which may be application dependent, assigning the samg,
throughput to two applications might be highly unfair. Irctfa
mathematical frameworks for defining fairness indeed exist4l
within the area of cooperative game theory, and they always
relate to utilities. The central concept of this type thas hais)
been applied to fair resource allocation problems is the so
called Nash Bargaining solution [28], [31], [32]; it turnsito [16]
to agree with the proportional fairness concept when igtilit
are linear. If f;(r(j)) is the utility for mobile j to have a [17]
transmission rate of(j), then the Nash Bargaining Solution

is given by the solution of the optimization problem: [18]

M
(Py) max [J(£i(r(5) — fi(MRy)), (30) [l
=1
where the maximization is over the appropriate constraing]
set (1€ in the continuous modelI*?? for the corresponding
approximating problem, and? in the discrete problem), seepy)

[28]. For real-time voice applicationg; are typically concave

we express the utilities using quadratic functions.
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