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Abstract—In this paper, we consider joint uplink and downlink in realistic scenarios where users are selfish and interested
rate allocations over a multi-access/broadcast channel pair in jp maximizing their own utility (known as strategic users),
a single-cell system. We assume a network of heterogeneoug,sers may have an interest in misrepresenting their private

users, where the uplink utility of each user is held as private . f tion for thei b fit t th f
information and is unknown to the base station. The challenge 'Nformation for théir own benefit - even at the expense o

is to design an optimal rate allocation scheme in the presence overall ne'FWOVK efficiency [1]'[_3]- Th_USy we need tQ develop

of such incomplete information when considering strategic users. a mechanism that creates an incentive for truth telling, ensur-
Here, we provide an incentive-compatible mechanism that lever- ing that users have interest to truthfully reveal their private
ages downlink demand to ensure that users truthfully reveal information

their uplink utilities, enabling the socially optimal uplink rate Th tofi fi tibl hani desian h
allocation. In addition, we give numerical results on a kind of € concept ot incentive compalible mechanism design has

efficiency of downlink allocations for two specific uplink multi- 1ong been studied, and applies to a wide array of social utility
access channels: information theoretic AWGN MAC channel, and problems. In economics literature, an elegant way to address

CDMA-based uplink. this problem is the introduction of mumeraire commaodity a
Index Terms—Game theory, implementation in dominant commodity for which users have extremely large or infinite
strategies, mechanism design, rate control, utility maximization demand (e.g. money). Users are charged (in terms of this

numeraire) for their consumption of the original commodity
|. INTRODUCTION of interest in such a way that their overall utility is maximized
\xyglen they behave in a socially responsible manner [4]. A com-

As the demand for broadband wireless data services gro . : . .
w v g way to address this problem in both wired and wireless

it becomes increasingly necessary to re-examine system de . . . :
gy y y networks is to use dollar-valued pricing schemes in which

with respect to resource allocation. Wireless spectrum ione s modeled as the numeraire commoditv. and users
an inherently shared and limited resource, making efficiefl°"¢Y Y.

resource allocation a crucial aspect of any network desi gy for tf]er\_/lcel (see t[St]_-[S]).fSulch schehmes ma)r/], howe_ver,
One of the difficulties in achieving this goal is due to the fa Frqwred ted'mtptﬁm?nta |(}n for p)r:c:gglsc ﬁmnens IWv eriretip:]lcesr
that the definition of what constitutes an efficient resourddc UPdated at tne rate ol, or exampie, channet vanations o
allocation often depends on private information held by th 1anges in hetwork topology. An altemative approach used for

end-users. For example, we may be interested in minimiziPllvgreIeSS networks is to model an explicit energy cost to the

delay and queue backlogs in the system, but in an uplirLi| ers (see [9]-[11]).

scenario, the queue backlog is private information known on| Taking tan approatch Sll'fn'lar to :jh_e doTz'naTgpht':?SODmll "}
to the user. This problem is even more pronounced in the cgl g peer-lo-peer networking paradigm [12], [13], the goal o
ur paper is to develop mechanisms where the numeraire com-

of QoS delivery in networks where data, voice, and vided" Pap . ;

traffic coexist. Similarly, we may be interested in maximizin (id'ty 'S thtla_ dkownl(ljnlé ratel_s.k\Ne lése_ thte mhere;nt astymlmet(;y

the aggregate utility of the users, or we may be interested i gwee(;l Ltjp n (;ml th ov(\;n n I'al? b (md e_(rjrtr;}s ot control an

trade-off between fairness and priority for different users Whi%eman ). 0 modet the downlink bandw! as a numeraire
mmodity. In particular, we use a centralized downlink

users hold key information needed to establish a “socia??

optimal” solution. The common thread in all of these scenari gheduler to construct an incentive compatible mechanism to

is the fact that the network needs to solicit privately helgh>ure & socially efficient use of the uplink. We show that

information about the end-users in order to determine wheth® th anl appl)_rokpnattely”dem?ned downlink scheddule_r thet s?utally
a particular rate allocation is efficient. optimal uplink rate allocation emerges as a dominant strategy

In a scenario where users hold private information b&?r all USErs. To the best Of. our knowledge,. th|§ ' a novel
are well-behaved (meaning they are interested in helping @ proach which has not previously been studied in the context

network achieve an efficient allocation), then the network c cellular communication.

simply ask the users for their private information. However, In [1_4] and [15]’ we have shown first ste_ps in using a
centralized downlink scheduler to regulate uplink rate assign-

The material in this correspondance was presented in part at the 40@ents. Specifically, [14] addresses the tragedy of commons
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(i.e. non-price-taking) users in [15], where we construct aas usel’'s private type The base station must trust the users to
incentive-compatible mechanism that is robust to strategieveal their type in a truthful manner. Users, however, are in-
behaviors of users. However, the mechanism presentedtenested in maximizing their own utility and will misrepresent
[15] was designed specifically for an information-theoretitheir type if it is to their benefit to do so. We can formulate this
MAC uplink and time-division downlink channel pair. In thisscenario as a non-cooperative rate assignment game, where
paper we extend these results to general (possibly non-convesgrs report values; € [0, 1] and the base station allocates
uplink rate regions and general convex and coordinate convates according tenax,ea,, Zf;l w;u(ay). It is easy to see
downlink regions. In addition, we introduce machinery tt¢hat it is a dominant strategy for all users to repat= 1,
mathematically evaluate the performance of our mechanisegardless of their true value 6f. The result is an uplink rate
in terms of downlink performance, and address distributedlocation that doesot solve Problem (P).
control of uplink rates. This problem is an example of a well known economic
The rest of this paper is organized as follows. Section problem, where the goal is to achiegeeference revelatiofor
introduces problem formulation, while Section IlI introducethe allocation of a public good whose utility to users exhibits
the joint rate allocation mechanism which is the focus & diminishing returns property. In other words, the goal is to
this paper. Section IV provides numerical results on thaign the interests of the users with that of the social utility,
performance of the resulting rate allocations for two specifgo that it is in the best interests of the users to reveal their
multi-access channels: an information theoretic AWGN MA@rivate information in a truthful manner. The most common
channel, and a CDMA-based channel. Section V addresseswlay to achieve this is to introduce a second commaodity into
issue of distributed rate allocation, and introduces a distributdte model, where users are charged for their use of the original
version of the joint rate allocation mechanism for the CDMAeommodity in terms of the second commodity. Typically, this
based channel. Finally, Section VI gives our conclusions asdcond commodity is money. In the next section, we examine

areas of future work. the use of an alternative commaodity: downlink rate.
II. SOCIALLY OPTIMAL RATE ALLOCATIONS B. Leveraging Downlink Rates for Efficient Preference Reve-
. . _ . lation
In this paper, we consider uplink rate assignments

(a1, ..., ax) for a single-cell network withV users. The goal . " order to solve Problem (P) when users have private
is to achieve a socially optimal uplink rate allocation; that idNformation, we take advantage of the users’ interest in their

the uplink rate allocation that maximizes the total utility 0§SS|gned downlink rates - alcommodlty whose allocation is in
the users in the network. Let the functiéh(a;) = fiu(a) the hands of the base station, and whose value to the users
be the utility that each user receives from ratev. where is assumed to be of a linear form. Recall that on the uplink,

6, € [0,1] is a user-specific constaft The functionu(-) we assumed the form of users'_ utility functions were public
gnowledge, but were parameterized by a value privately held

is a known and fixed function that is common to all users, X )
and referred to as the homogenous component of the utilfy (€ users. On the downlink, we again assume that the form
function. This homogenous component of each user’s utili users’ utility functions are pubI|_c _knowledge; hqweve.r,_ W?
satisfies the following properties: ssume t.hat the value parameterlzmg the downlink utility is
also public knowledge. Thus, there is no need for preference
u(0) =0 (1) revelation where downlink utilities are concerned.
W/ (a;) > 0 @) Let Az be the downlink rate allocated to userThen the
() < 0 total utility of useri can be expressed as:

i i . . Vi, A;) = bula;) + A; 4)
These properties essentially guarantee that users’ uplink Ut['IJ'"r ¢ )  this f erred y
ties satisfy diminishing returns. tility functions of this form are referred to as quasi-linear,

Finally, let A;; be a bounded region of feasible uplink rateé’.vhere the uph_nk rate IS known as tlmemmod_ny of mteregt
The socially optimal uplink rate allocation problem can b nd the downlink rate is known as tlrmmergwe com.moqny
written as: 4], [16], [17]. Of course, the choice of utility function is a

guestion of modeling. The utility given by (4) has two impor-
Problem (P) tant features: the asymmetry of demand between uplink and

N downlink, and the asymmetry of information between uplink

max O;ulay) and downlink. Here, we attempt to motivate our modeling

achv i choice with respect to these two features.

First we note that in two-commodity markets, quasi-linear
A. Inefficiency of Dominant Strategy Equilibrium utility functions model the fact that users have a much greater
Solving Problem (P) in a centralized manner at the badgmand for one good than another. This is in accordance with

station is straightforward as it is written. Consider, howevef!€ Philosophy driving the design of realistic communications

the situation wher®; is private information held by the user,systems that can sustain higher rates on the downlink than on

and unknown to the base station. The constaiis referred to the uplink - that users have a greater demand for downlink
capacity than for uplink. For example, under full buffer as-

1The range of); can easily be extended to any non-negative, finite ranggumptions and using dual receive antennas, cdmalxEVDO Rev
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A systems have sector capacity of 1500kb/s on the downlingrobability of packet loss

but only 500kb/s on the uplink [18]. Similarly, asymmetric

DSL (ADSL) systems are designed to support up to 6.1 Mbps

on the downstream channel, but only up to 832 kbps on the Problem Formulation

duplex channel [19]. We believe that these are indications thal, the remainder of this paper, we use the quasi-linear

users have a higher demand for downlink rate as compaigdterences of users to design a mechanism (or set of rules
to upllnl_< rate, mak|_ng the ch_cnce of modeling downlink as fhrough which the users interact) to induce an efficient dom-
numeraire commodity for uplink a reasonable one. inant strategies equilibrium for Problem (P). In other words,

Next, consider the asymmetry of information between upve allow the base to allocate a vector of downlink rates
link and downlink. We assume that tlierm of both uplink in response to the users’ announcement of their private types.
and downlink utility is known to the base station. In othelThe problem of allocating socially optimal uplink rates in the
words, we assume that the base station knows there ispasence of private information then reduces to the design of
inherent difference in users’ demand for uplink and downlin& set of rules of interaction, described mathematically by a
(a reasonable assumption given the discussion above). Thechanism.
asymmetry of information comes from the fact that the uplink Intuitively, any mechanism consists of three main stages.
and downlink are linearly parameterized by a consta#ht (First, the leader (in this case the base station) announces
on the uplink,1 on the downlink), where the base stationhe rules of the mechanism (known as @mtcome function
knows the downlink parameter but does not know the uplifext, theagents(in this case the mobiles) submit information
parameter. about their private type to the leader (known ragssages

It turns out that such an assumption on asymmetry Einally, the leader allocates resources based on the information

information has realistic interpretations in practical networkPtained from users in the second stage of the mechanism
as well. Consider, for example, the application of video trangnd the rules announced in the first stage of the mechanism.
mission. There is growing body of work in which transmissiofne goal of the mechanism is to ensure an allocation of the
power and rate are adapted in response to the needs of gaBIModity of interest based on agents’ private types, despite
video encoder. For example, the authors in [20] examine tHi fact that the true value of these types may be known only
joint adaptation of source coding parameters and power i the agents themselves.

rate adaptation to minimize transmission energy subject toMathematically, mechanisms are described as a(pdirg).
delay constraints for a single user. It turns out that decisioh§t M: be the message space for useand M = M x ... x
about video encoding and rate adaptation are, in part, based¥n be the cross-product of message spaces. In addition; let
the video encoder’s buffer delay. The authors in [21] considdf — D> R be anoutcome functiothat maps messages
scheduling and rate adaptation for video streaming in mulfR outcomes, where an outcome consists alegision rule
user wireless networks. Here, the authors present a mufd!-) andtransfer functiong;(-), i = 1,..., N. The decision
objective optimization problem, where the maximum buffdiule specifies the allocation of the commodity of interest (in
length of each user is constrained. Again, the buffer size @ case the uplink rate), and the transfer functions specify

each user becomes a critical parameter in deciding both #h& amount of numeraire commodity allocated to each user (in
rate adaptation and transmission schedule for users. our case the downlink rate). For a more detailed discussion of

mechanism design, see [4], [17], [16].

Slncg suqh mformatlop about the uplink queue backlog " The area of mechanism design has been well studied in the
buffer sizes is locally available only to the user, the base station

DO . . conomic literature - there are known mechanisms that can
must solicit this information from the users. Information abo . )
. . : e used to implement Problem (P). In an economic context,
the downlink queue backlog, however, is locally availabl

) . . intainaguever, mechanisms make no distinction between how much
to the base station (since downlink queues are maintaine

. . . a.user values a resource, and how much a user can afford to
at the base station). This exactly motivates our model of . . . . .

o 4 o . ay for it. One can think of users as having an unlimited credit
asymmetric information about the utility function parameters

. : : . Card - as long as a user’s value for the resource exceeds its
if we considerd; to be ratio of uplink queue backlog to buffer . "
ayment for the resource, the user is satisfied. Unfortunately,

space. As a user’s buffer becomes closer and closer to filli . .

o : is interchangeability of value and payment breaks down
the probability of dropping a packet due to buffer overflow 7 . ) o :
. . when we consider allocating physical quantities (i.e. rates) in
increases. As users become more likely to drop packets, their C . .

; : ; ; a communication network. In particular, downlink rates are
valuation of uplink rate increases since they can no longer

be patient in having their packets served. Choogingo be usually restricted to a S.eLD’ whose structurg IS depender_lt
) - . on channel characteristics as well as physical layer design.
the ratio of a user's queue backlog to buffer size captur

this effect - it differentiates the uplink utility of users base(‘j'ﬁe main challenge in applying known mechanisms in this

on their probability of packet loss. Furthermore, recall thé:tomeXt |s'the phys'c‘f’" infeasibility of allogatlng non posmve
\ . . . ._or unrestricted downlink rates. In economic terms, this means
we have modeled users’ downlink utility as a linear function . : .
. . . we need to design a mechanism for users with finite budgets.
with parameter 1. This comes from the fact that in systems

where users have a much greater demand for downlink tha
9 r2-]It is fairly straightforward to extend our results to the situation where users’

TOI’ .uplink., all us_ers see long downlink _queu?.b_aCkIOgS - theagwnlink utilities are still linear, but parameterized by a valtie where 8
is little differentiation of users’ downlink utilities based onis lower bounded and known at the base station. -



To our knowledge, the study of such mechanisms has beenn the first stage of the mechanism, users report their
largely neglected. private types asv;. In the second stage of the mechanism,
As we have seen, the goal of this work is to achieve a sthie base station assigns uplink ratesif the users reported
cially optimal uplink rate allocation in the presence of private;; = 6;. In other words, the base station assumes users
information and strategic users (i.e. to implement Problem (B®)d the truth, and allocates the uplink rates accordingly. In
in dominant strategies). We have seen that by leveraging the final stage of the mechanism, each user is allocated an
users’ interests in downlink rate assignments, this problenitial downlink rate corresponding to its proportional fair
reduces to the design of a (fined budget) mechanism wheate allocation. Users are then “charged” from that initial
users are charged in terms of downlink for their consumpti@tlocation based on their impact on the system, given by

of uplink. We now introduce the formal problem statement wg_,_; wju(aj) — 32, wju(al).
intend to solve:

Problem (P1) A. Analysis of the Mechanism

In most cases, the goal of mechanism design is simply

Design a set of ruleg” = D(w) and A} = t;(w) such that to ensure a socially optimal allocation of the commodity

for any vector of private typeg and any vector of MESSAe%f interest. As previously mentioned, however, since the nu-

w, we have: N meraire commodity in the joint rate allocation mechanism is a
1. D(0) = argmaxaeny )=y fiu(o) physical quantity (i.e. downlink) there is an additional concern
2. (ti(w),...,tn(w)) € Ap - namely, ensuring that the resulting downlink rate allocations
0, — argmax, [0:u( Dy (wi, w_s)) are feasible an_d non_—negative._ _ _
3. ! wi€[0,1] 1% nem e To see how infeasible downlink rate assignments can arise,

Note that 1) ensures the uplink rate allocation is socially 0§9n3|der the following example. We have a network\ot= 5

timal, while 2) ensures the feasibility of downlink allocations. iirs \rl:l\:tht h?rr:;orgrﬁngursﬂutﬂtyecoTpSOnzm)j)92 lfg((gltaii’
Finally, 3) establishes truth-telling as a dominant strategy, P |i?1|ff Oibla rot ! e izn_iA P AN <
i.e. the users will maximize their own individual utility by1 € up casible rate regio v ={a:3>i 0 <

truthfully revealing their private typd);, regardiess of the &+ @ 5 ¥i}, and the downlink feasible rate region/s; =
actions of other users {a: 37,1, a; < 1}, If users truthfully report their values, the

mechanism operates as follows:

1. Users report values = (.5,.5,1,1,1)
[1l. JOINT RATE ALLOCATION MECHANISM : . ; -
2. Uplink rates are assigned according to (5), giving
We now describe theloint Rate Allocation Mechanism a* = (0,0, .33,.33,.33)
(JRAM). 3.  Downlink rates are assigned according to (6). More
1) Message Space Each user selects a single value specifically, from (7) we have
w; € [0,1] as its message. In other word¥f; = 1 9
[0,1] Vi, and M = [0,1] x ... x [0, 1]. o =a"=(0,.33,.33,.33)
2) Decision Rule- The base station will assign uplink a® =ao*=0a"=(0,0,.5,.5)

ratesa* according to the following rule:

Ny and from (8) we have

o = D(w) = arg max ;wiu(ai) (5) C=1(2,2,22.2)

QaEAy £

. . ) This gives downlink rate assignmentd® =
whereu(a;) is the diminishing returns portion of the (.2,.2,—.0356, —.0356, —.0356).

uplink utility, which is homogenous across all users
and known at the base.

3) Transfer Functions- The base station will assign
downlink ratesA™ according to the following rule:

We see that users 3-5 are assigned infeasible (negative)
rates. Clearly we cannot allocate negative rates, nor can we
simply assign these users a downlink rate of '0’ without
compromising the incentive compatibility of the mechanism.
Af =t;(w) = Cﬁiju(a;f)—iju(aj) (6) The question, then, is how can we guarantee that the transfer

oy o functions fall into a given feasible rate region? The approach
. ] we have taken is to require an extra technical condition by
wherea’ is the solution to which the total number of users are kept below a fixed value
of = arg max iju(aj) @ No. We WI|| see in Sect!on IV that this condition does not
acAy i seriously impact the design.

We now introduce the following theorem, for which the
andQ is the fixed proportional fair downlink rate Supporting lemmas can be found in Appendix .

allocation - i.e. is the solution to Theorem 1:Assume that Ay is bounded, and that
N Ap is bounded, convex, and coordinate convex. Then
C =arg max > log(CY) (8) 3 No(Ay,Ap,u(-)) such thaty N < N, the joint rate
Seari allocation mechanism (JRAM) solves Problem (P1).



Proof: The formal proof is as follows.
That the joint rate allocation mechanism satisfies Condi- Definition 1: We denote bya the maximum allowable
tion 1 is obvious by construction. To see that it satsifiedownlink rates for each user - i.e; = max{A; : A; € Ap}.
Condition 3, recall that the total utility of useris written Definition 2: We denote byArpy = {4 > 0
as Zf/:l 2‘— < 1} the region achieved by time sharing between
V;(Olz, Av.) gzu(az(@)) + Az(w) the endeintﬁ(di, o &3\7), Whel’edé- _ {
If the joint rate allocation mechanism does not satisfy Condi-

tion 3, then there exists at least one usand a values; # 0;
such that

0 else

Lemma 1:ATDM C Ap.

Lemma 2:Let C' be the proportional fair downlink rate

allocation forArpys. ThenC' is given by:

Oiu(a (Wi, w—s)) + Ag (Wi, w—) > Giula(w)) + Az (w) (9 . ;
(ai( )+ Ai( ) (aj(w)) + As(w) (9) Ci:“ﬁvz'e/\/ (12)
Lemma 3:Let C' be the proportional fair downlink rate

allocation forArp s, andC be the proportional fair downlink

Let & = D(u;,w_;) be the solution to the maximization
problem when usef bids w;. We can rewrite (9) as

Ou(d;) + Ci+ iju(ozj) — iju(aj-) rate allocation forAp. ThenC > C.
j#i j#i Lemma 4:The downlink rate allocatiomd} = ¢;(w) de-
> Qu(al) +C; +iju(a;¢) _ iju(oz;) scribed by (6) is feasible (in other wordgdi,..., Ay) €
J#Fi JFi

. [
which reduces to

Oiu(d;) + iju(dj) > biu(ai) + iju(a;f) 10) g, Budget Imbalance - The Cost of Preference Revelation
J#i J#i

) o Up to this point, the only performance issue we have
However, since by definition

discussed with respect to the downlink has been the feasibility
N N of the rate allocations. This is because our goal in this paper is
o = arg Jmax iju(ozj) = arg max Zer(aj) (11) to design an optimal uplink rate assignment mechanism - the
- j=1 - j=1 downlink is used strictly as a regulatory tool. Notice, however,
then (10) is clearly a contradiction. Hence, the joint raféat the construction of the downlink rate assignments given
allocation mechanism satisfies Condition 3. Note that sinb¥ (6) is such that, unless all users are limited only by
the joint rate allocation mechanism is an extension of a VC@eir individual maximum rate and not by the multiple access
mechanism, the preceding proof is a simple extension of thenstraints, the downlink rate allocation is guaranteed not
known proof of incentive compatibility for VCG mechanismgchieve a proportional fair (or even pareto optimal) downlink
(see e.g. [4], [16], [17]). allocation. In fact, it is known that there is no mechanism that
That the joint rate allocation mechanism satisfies Condichieves both incentive compatibility (preference revelation)
tion 2 requires several definitions and lemmas which a@é the uplink rates and “efficient” downlink rates (known in
stated below. The proofs for these lemmas can be found€&gonomic literature adudget balancefor a finite number
Appendix |. The outline for this portion of the proof is asof users (Proposition 23.C.6 in [4]). That being said, it is
follows: obviously undesirable to achieve incentive compatibility of the
1. Any downlink feasible regiom\ will at least con- UPlink allocation at the expense of the downlink allocation.
tain the regionArpy, achieved by time-sharing N order to study the performance of the joint rate allocation
between the maximum individual feasible rate§'€chanism with respect to downlink allocations, we draw
(Lemma 1). on terminology from non-cooperative game theory. Often, the
2. The proportional fair downlink rate allocation for€quilibrium points that arise from a non-cooperative game are
Ap is (component-wise) greater than or equal to thedb-optimal with respect to qverqll system_performance. One
proportional fair downlink rate allocation fakrp,, WaYy to quantify this sub-optimality is thprice of anarchy

(Lemma 3). [22], defined as:
3. With an appropriate choice aW,, the admission  system utility of the worst equilibrium
control policy N < N, guarantees that each user’s pa = optimal system utility

“ Ity” is | han th ional fai link : . .
penalty” is less than the proportional fair downlin In other words, the price of anarchy characterizes the loss in

rate allocation forA , hence is less than the o : .
. S TDhM . overall system utility that is caused by the non-cooperative
proportional fair downlink rate allocation foA . .
behavior of users.

This guarantees the downlink rates are all non- A . .
negative (Lemma 4) In contrast, the equilibrium of a game induced by a social
) hjtility mechanism is, by definition, an optimal allocation of

4. By construction, the assigned downlink rates wi . : L
be less than the proportional fair rate aIIocatio'ﬁhe commodity of interest. Instead, the inefficiency of such a
for An. Since A is assumed to be a coordinateI2Me comes from the transfer functions - i.e. in the allocation
D D =

convex region, the downlink rates fall withit p 3A mechanism in which the goal of the system is to maximize the aggregate
(Lemma 4). utility of the user.



of the numeraire commodity. Similar to the price of anarchyixed transmission power. The result is the following feasible
we define a measure which we call tieest of preference rate region, whose derivation is found, for example, in Chapter

revelationas follows: 14 of [23].
system utility of the actual downlink allocation Definition 4: The downlink feasible rate regiod\ZP is
PPR = optimal system utility the set of ratesi that satisfy the following conditions:

Recall that the initial downlink allocation defined by (8) was C1. AiNZ 0V .
a proportional fair allocation (the allocation that maximized C2. >, Wi Tiony =1
the sum of the log of the rates). With that in mind, we can me
define the utility of any downlink allocatior to the system

N 4 .
as) ;. log(A;),* and the cost of preference revelation as o ANGN Multi-Access Channel

N x . . _ . .
> iz log(47) In this subsection, we work with information-theoretic no-
Zﬁil log(C;) tions of capacity. Each user has an available uplink transmit
. . . . - power p;, and symmetric uplink/downlink channel gaigs.
where A" is the downlink allocation given by the joint rateThe base station has an available downlink transmit pdwer

oo e o 1 oo a1 vaaie banawidh, an; s he therml nose
9 pprop On the uplink, we work with the standard multiple access

region. In other words, the cost of preference revelation char-~."" " ,
acterizes the loss in overall system utility of the downlink thdfdion in an AWGN channel, defined below. (See Chapter 14

is caused by the enforcement of truthful preference revelatioq{.[zsl f_o_r the denvauo_n of th|§ result). o
In the following section, we will examine the cost of Definition 5: The uplink feasible rate region\;; is the set

preference revelation for two particular uplink feasible region8f ratesa that satisfy the following conditions:
an information-theoretic AWGN MAC channel, and a CDMA- Cl1. «a; >0V 4

PPR =

) i G
based channel. C2. L ai <Wlog(l+ vasfwf )V k
IV. NUMERICAL RESULTS whereS = {S4,..., S} is the set of all possible combinations

. . ) of users.
The formulation and results presented in Section Il and IlI

apply to a wide class of wireless networks. In fact, the only
restrictions posed on the uplink and downlink feasible ra
regions are that they are bounded, and that the downlink reg%’n CDMA-Based Channel
is convex and coordinate convex. Recall from Theorem 1,In this section, we consider a CDMA-based uplink channel
however, that there exists som¥é (Ay, Ap,u(-)) such that designed for data-optimized (DO) networks, similar to that of
whenN < Ny, the joint rate allocation mechanism is shown tadma 1xEVDO. In such a network, the definition of uplink
solve Problem (P1). In other words, we impose an admissifeasible rates depends on both a tarﬁ;‘et(denoted byy) and
control criteria that limits the number of users in the syster, target interference level (denoted B§). A more detailed
and is a function of the uplink and downlink feasible ratexplanation of these feasibility criteria can be found in the
regions as well as the uplink utility functions. 3GPP2 standards for CDMA2000 [24].

Here, we formally define the admission control policy. The An important (and often neglected) issue in high data rate
justification for the choice ofV, can be found in the proof of CDMA networks is the performance degradation due to multi-

Theorem 1 in Appendix I. path interference when low spreading gains are used [25],
Definition 3: Theadmission control policyor the joint rate [26]. While the standard Gaussian approximation used for
allocation mechanism i& < No(Ay, Ap,u(-)), where performance analysis of a matched filter receiver is valid for
min; a; high spreading gain, it becomes less and less valid as the

No = (13) spreading gain decreases. As such, we restrict our attention
to uplink transmission rates that satisfy < %. This results
and oj"** = max{a; : o; € Ay}, anda; = max{4; : A; € in a spreading gain which the authors in [25] have shown to
Ap}. exhibit only moderate performance degradation due to multi-
In this section of the paper, we examine the performance &ith interference.
the joint rate allocation mechanism in greater detail for two \pjih these issues in mind, we introduce our uplink feasible

specific uplink regions: an information-theoretic AWGN MAC, 51 region whose derivation is shown in Appendix .
channel, and a CDMA-based channel. For the downlink in bmh(iefinition 6: The uplink feasible rate regiol\< is the set
. U

cases, we Wo_rk with the standard fea5|_ble region a_ls_somabq plink ratesa such that
with a Gaussian broadcast channel using time-division and

u(max; a***)

N
4Here we are distinguishing between the utility of downlink to the userAc _ {a . Z ; < K 0<an < K v z}
and to system as a whole. The utility of downlink rate to a user is linear,”"U — =" ay+ W = 7(1 + K)’ =1 4
as defined by (4). We are assuming (from the choice of a proportional fair =1

allocation as the initial downlink allocation) that the utility of downlink rate ]
to the system is log of the rate. wherey = 4dB and K = 6dB are pre-defined constants.



C. Comparison of AWGN Multi-Access and CDMA-Basesince we use the same downlink feasibility region (hence same
Channels C) when computing downlink rate allocations for AWGN or

We use the following setup for examining the performan(gDMA uplink regions, it is sufficient to restrict our attention
of our rate allocation mechanism, taken in part from [24P the penalties associated with each region.
and [27]. We assume utility functions of the foréiu(q;), First, consider a system where users have equal priorities -
wheref; € [0,1] and the homogenous componentigy;) = €.9.6; = .1V i. The optimal uplink rates for the CDMA
log(1 4+ ;). The base station is centered on a 5km x 5knd AWGN regions arg181,181,181,181,181] kbps and
grid, and mobiles are positioned randomly. The results givé#0, 300, 300,300, 300] kbps, respectively. The penalties as-
are averaged over 20 trials of different random layouts. Cha¥fciated with these rate allocations &rk .1,.1, .1, .1] kbps,
nel gains are generated using a cost-231 propagation modfdl [2.2,2.2,2.2,2.2,2.2] kbps. Here we see the first reason
at 1.9 GHz between the mobiles and bases. The availalat the AWGN system sees a higher cost of preference
bandwidth TV is 1.2 MHz, and the thermal noise level is Jevelation than the CDMA system - the AWGN users tend to
169 dBm/Hz. The transmit power available at individual usef¥® allocated higher uplink rates, which translates into higher
(uplink) is 200 mW, while the transmit power available apenalties.
the base station (downlink) is 15 W. Finally, we assume aNow, consider a system where a single user has a higher
link budget (range of serviceable channel gains)-gf) dB priority - e.g. 6, = .2, and§; = .1 Vi = 2,...4.
to —140 dB. The optimal uplink rates for the CDMA and AWGN regions
Recall the admission control policy give by (13). Using thare[567, 114, 114,114, 114] kbps and301, 300, 300, 300, 300]
system parameters given above gives the following admissi¥pPs, respectively. The penalties associated with these

control policy for AL, and ATPM: rate allocations are[.84,.098,.098,.098,.098] kbps, and
W log (1 -+ PoGmin [2.8,2.8,2.8,2.8,2.8] kbps. Here we notice that the change in
N < NAWGN _ og (1+ “Nii*) ~ 400 user 1's priority caused a large change in the rate allocations
- u(Wlog (1 + %)) of the CDMA system, but hardly had any impact on the rate

o y llocations of the AWGN system. The reason for this has to
Similary, for AS and ATPM we have: afloca . . :

Y v b o do with the non-convexity of the CDMA region, combined
Wiog (1 + “) 795 with the concavity of the utility functiorlog(1 + «;). The

u( W - concavity of the log function means that equal-rate solutions
ae favored. Since the AWGN uplink is convex, the increase in
. L i yser 1's priority was not enough to overcome this “favoring”
present a serious limitation on the working of the system : : :

equal-rate solutions - hence we see little change in the rate

since the information-theoretic system can admit up to 4 . . S
. : ocations. The CDMA uplink region is non-convex, however
users, while the CDMA system can admit up to 725 users. . : o . - .
he increase in user 1’s priority combined with increase in

is, of course, important to note that using different feasibility . o
X . - . .capacity” of a non-equal rate solution is enough to overcome
regions, physical layer parameters, or utility functions will

change the number given by the admission control polictye tendency toward equal-rate solutions.
~The change in optimal uplink allocation also leads to a

However, the above results above suggest that for most pragrﬂéa . Ity functi W that th ority of
cal scenarios, the admission control policy is a reasonable o nge In penaity functions. We see thal the majorty o

in terms of the number of users admitted to the system. penalty in.the CDMA SySt.em is incurred by a single user -
Having satisfied the admission control policy, we examintge penalties of the low priority users have decreased. As the
’ mber of users in the system increases, the non-convexity

the cost of preference revelation - a measure of the optimalﬂ . . . .
of downlink allocations in terms of system utility. Figure 1° t_he_ uplink CDMA region will continue to ensure that the
shows the cost of preference revelation as a function of t@éajonty of the penalty is incurred by a smaI_I group of users. In
number of users admitted to the system. We see that AWGN channel, not only do users contlnug o see uniform
enalties, but these penalties have actually increased due to

optimality of downlink rate allocations begins to decrea di ¢ 2 sinal 's priority. This bh
even before the admission control criteria is reached. As m IScrepancy of a singie users priority. 1his pnehomenon

users enter the system, they drive up the “price” of uplin ecomes more exaggerated as the number of users in the

allocations, making preference revelation more costly. syst(;m grows, aEd as' thi unlformlty @)ftljeck:easftfe_s: f th
It is interesting to notice that the cost of preference reve- WWhat we see here is that, in general, the efficiency of the

lation is more drastically impacted by the addition of usef&oWnlink rate allocations is closely tied the specific physical
in the AWGN channel than in the CDMA channel. In ordel‘ay(_er parameters Of the l_Jp“nk' conv_eX|ty of the uplink capacity
to gain intuition about why this phenomenon occurs, considgdion. and the uniformity of the private typés
a simple system as described above but with= 5 users,
where all users have symmetric channel gains. het= V. DISTRIBUTED IMPLEMENTATION

.Z#Z G?O‘J 2 Glo‘.ﬂ be the penalties associated with The joint rate allocation mechanism presented in Section Il
given uplink rate allocation. Recall that the cost of preference : . : i
revelation is defined as iS a centralized allocation scheme in terms of control; users
report their weightw; to the base station, and the base station

P 2 i—1 10g(A7) _ Xoimy10g(Ci — pi) computes the uplink and downlink rate allocation accordingly.
SN log(Cy) SN log(Cy) While this is a natural structure for the downlink, a distributed

N < NSPMA

First, notice that our admission control criteria does n
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control structure may be a desirable property on the uplink. §fation by adjusting its uplink rate such that
this section, we examine a distributed version of our joint rate

allocation mechanism for the CDMA-based channel given in M) (15)
the previous section.

It is well known that the economic notion of pricing can It has been shown in previous work [33], [34] that the
be used to design appropriate signaling mechanisms whatstributed algorithm described by (14)-(15) converges to the
goal is to align the behavior of individual users with theolution to Problem P when users choase= ;.
global well being (see e.g. [28]-[34]). In the framework of Notice that the users are not explicitly reporting to the
distributed control, however, agents are considered to be pribase station. Instead, the base station waits until the distributed
takers: that is, they are interested in the goals of the netwarlink algorithm converges, then computes the weighfor
rather than their own selfish utility. Here there is no notion afach user based on the value of the base’s regulatory signal
private information, and the network is assumed to know (fand the uplink rate that each user converged to. Only then
example) the utility functions of the users. The drawback hedees the base station assign downlink rates. This eliminates
is that even when the pricing schemes are implemented usihg possibility for users to manipulate the system by changing
dollar-valued pricing, it has been shown that strategic usewxgights during the uplink rate assignment process. Each user
can have a significant impact on network efficiency [1]-[3Jmaximizes its total utility only when its uplink rate converges
Not surprisingly, in cases where pricing schemes are simply the socially optimal allocation.
signaling mechanisms that do not represent a true cost to th&@he two-time scale approach presented here can be ex-
users, the impact of strategic users can be arbitrarily badtiemely useful in practical system design to construct dis-
terms of network efficiency, leading to a tragedy of commonsgbuted versions of the joint rate allocation mechanism for
situation [3], [6]. other physical layer designs while addressing the incentive

In order to develop a distributed implementation of thissues. However, the ability to do so is heavily dependent on
joint rate allocation mechanism, we consider a two-time scdfee particular uplink physical layer design being considered,
system, as shown in Figure 2. The base station and mobifel requires combining the results presented in this paper with
run a distributed algorithm for finding uplink allocations on &he particular MAC and physical layer specifications.
fast time-scale. Once this algorithm converges, the base station
will assign downlink rates according to (6). As significant VI. CONCLUSIONS ANDFUTURE WORK
changes in topology occur (on a slow time-scale), the processn this paper, we have constructed a joint rate allocation
is repeated. mechanism that results in feasible uplink and downlink rate

We now introduce the following distributed algorithm forassignments. Furthermore, we have shown that by leveraging
arriving at the uplink rate allocations. users’ demand for downlink, the mechanism implements the
Base Algorithm socially optimal rate assignment problem in dominant strate-

The base station announces a regulatory signaivhich 9i€s, even when users act strategically.

evolves according to the following difference equation: Although this paper presents an interesting first result, there
is room for future work and improvement.

(67

Q; = arg 1max (wluz(a) - m

w
0<a<¥

BN e Ky s In constructing the joint rate allocation mechanism, we
Ap = { (o Wj;j“i 7(1;(““ I (14) examine a very specific uplink utility function of the form
B iz Wra; w(1+K)] it p=0 Ui(a;) = 6;u(a;). The results presented in this paper can

) easily be extended to the case where even the function shape
wheref is a constant. of U;(+) is not known except to the individual users, as long
Mobile Algorithm as these utility functions satisfy the same conditions as those

Each mobile reacts to the regulatory signal from the bagéesen by (1)-(3). However, when considering utility functions




that do not have a homogenous component known to thg solving the dual problem [37]. As such, we introduce the
base, the users need to report an entire function rather thalnagrange function:
single value. This would pose serious problems in a practical

N N
implementation. It would be interesting to examine this work _ N Ci
in the context ofscalar VCG mechanismsvhich implement LEN = ;log(CZ) A (; a; 1)
problems in Nash equilibrium (rather than dominant strategies) N
but only require users to report a single parameter value (see — Z <10g(0i) _ AC’L‘) + A
[35], [36]). — P

Although we have included numerical results regarding t%e can now formulate the dual problem:
efficiency of downlink allocations, further study on this topic is P

needed. It is clear, for instance, that the specifics of the uplink N _

. AC;
physical layer play an important role in the admission control mAm max L(C, \) = min max E log(C;) — ol na A
criteria and the resulting downlink allocations. The same = =1 ¢ (17)

can be said of the downlink physical layer, particularly with first-ord diti ¢ | ¢
regard to the modeling of channel gains. Heterogenous chanHang Irst-order conditions 1o solve, we ge

gains across users results in an imbalance of wealth - users .

with better channel gains start with a higher proportional fair A* = arg mAinZ (log (XZ) — 1) +A=N (18)

downlink assignment. One of the functions of the admission i=1

control criteria is to ensure that this imbalance of wealth ogq

the downlink does not play a role in how uplink rates are Go=%_ %

allocated. It will be interesting to study the role of admission "X N

control criteria in more complicated scenarios, such as time- ]

varying ergodic channels, or imbalance between uplink and_Lemma 3:Let C be the proportional fair downlink rate

downlink channel gains. allocation forArpas, andC be the proportional fair downlink
Finally, the mechanism presented in this paper considgtge allocation forA . ThenC > C.

incentive-compatible rate allocations for single-cell networks.  proof: We do a proof by contradiction. Assume that

The extension to multi-cell networks is an important and' — (¢, —AC;,...,Cr—ACwh, Crrs1+ACh 11, .., Cn+

interesting area for future work. In networks with h|ghAcN) whereAC >0ViecNandl <M < N. In other

frequency reuse factors where neighboring cells’ transmissiaggrds, we assume the proportional fair rate allocation/fey

are orthogonal, the mechanism presented here can be appliggns components wheré’; < C;.

as it is. This is because uplink transmissions cause little orlet ¢ = (C; — AC;,...,Cy — ACw,Crgr +

no interference in neighboring cells. As the frequency reu@CMH’ . ,,(}NJFA@N) be the prolectlon of ontoArpas.

factor decreases, however, the optimal uplink allocation negdgm the definition ol as the proportional fair rate allocation
to account for inter-cell interference. This means that in ordgir A,p,,, we have

to preserve incentive-compatibility, each base station needs N
information about how much interference each user in its ce

is contributingto other base stationsthen assigning down- E:I C ACi) Z log( C +AC )< Z

link rates. At first glance, this seems to require compllcated =M =t (20)
message passing schemes between base stations. It will b§ow consider the quantity "™ | log(C;). Using (20), we
important to extend the mechanism in this paper not only {@e that

account for inter-cell interference, but to do so in a manner,

(19)

M

with limited overhead. Zlog(C _ Zlog o AC)) Z log( C +AC)
1=1 =M1
APPENDIX I N N
Lemma 1:Arpy € Ap. < Zlog(é’i) — Z log(C; + AC;)
Proof. SinceAp is a coordinate convex region, we know =1 i M1
that the endpoints defined k¢, ..., a%;) are contained in
Ap. SinceAp is a convex region, ané\rp,s is simply the + Z log(C'Z- + AC))
region defined by the convex hull of the endpoims; pys C i M1
Ab- . . < 0. Cit AC,
Lemma 2:Let C be the proportional fair downlink rate = Zlog( Z log(C; ——=")
allocation forArpys. ThenC is given by: i=1 i=M+1 O +AC;
Ci=%vieN (16) Since C' was defined as the proportional fair /rate al-
Proof: By definition, the proportional fair downlink location for Ap, this implies that the pointC” =

. . Cr1+ACh 41 Cn+AC
allocation is the one that solveBaxcea,py Sony log(Ci) (Crse s Cury O GidCmer ,Cn CoiAcy) Is not

[28]. Since we are maximizing a strictly concave function ovarontained inA . We now show thaQ is, in fact, contained
a linear region, there is a unique solution which can be foumd Ap for any value of M such thatl < M < N. This



is a contradiction, henc€' is not the proportional fair rate

allocation forAp.

Recall thatAp is a convex and coordinate convex region
containing Arpy =
region is defined by the axes and a hyperplane with intercepts

(al,.. aN)

Now, choose some valu¢, whereM +1 < L < N.

N
{A>O:2:—1Z1

< 1}. This

10

N ~
oy (AC,»;AQ)

i=M+1,i£L

6 G
C’i + Aéi él + AOL
1

<

Consider the uniquely defined hyperplane that intersects {fiere the second equality comes from (21), and the third

N — 1 endpoints(ay, . .
C. The equation for th|s hyperplane EZ I o L 4 Z o

yAL—1,AL+1, - -

L, an) and the point equality comes from the observation th@t and C are on

the boundary of ALPM (the fourth and fifth inequalities

1, where by, is the L-intercept of the hyperplane and, byare just simplification). The final inequality comes from the

construction,

CAC
y-Coad

=1

XN: C+ AO+OL +AC,
z_M+1,i;£L @i br

=1 (21)

observation thatAC; > AC; VM + 1 <4 < N, and the
choice of L = argmaxa/11<i<n

Ci +AC

Furthermore, we note thaf’ = C’L% < Cp+

ACL = Cr. Hence,C' € Ap andC cannot be proportional
SinceC € Ap andAp is convex and coordinate convex, wefair. Since this result holds M, 1 < M < N, we are done.
haveAp 2 {A>0:3,,, 48 + 55 <1, AL <Cp}. u

Now, let L = arg maxa/+1<i<n chc and consideC’. Lemma 4:The downlink rate allocatiom} = ¢;(w) de-
We have scribed by (6) is feasible (in other wordg4s,..., Ay) €
/ Cl AD)
Z j + bL Proof:
AL L Note that by definitiony”;,; wju(as) > 32, wju(a}).
i/f: G, . XN: ¢, (@ +ACi> This gives
= a; i=Mt1,iL i Cz+AC7, Az*:Cz+ij Zwu <C Y 1
n Q (OL+ACL> J#i J#i
b \CL+ACL Since( is feasible (by construction) anfl, is a coordinate
M A il Ci [ Ci+ AC; convex regionA™ is also be feasiblas long asA > 0.
; a i—M+Z1,i¢L a \ Cs + AC, In order to show thatd > 0, we note the following:
n éL 1- i CA’I — AC; iju(a;) - iju(a )
éL —l—Aé’L Pt a; J#i J#i
N . = ij ) + w;u( )—iju(a)
_ Ci + AG; J#i j#i
=MLzl Y al
— N i 3 b e A < iju(a]) — Zu}jU(Oéj)
R IR P (éz . AC*l) = Zvi-;(a’-‘) "
=41 Y immrizr Y\ Ci T AL A

where the first equality comes from the properties.0f, and

n Cr 1 1 al Ci + AC;
Cr + ACYT B o Z a; the inequality comes from the definition of*. We also note

. =M that
-y Gi+AG wiu(al) < u(al) < u(aa)
i=M—+1,i£L i o . o
N R R ) where the first inequality comes from the definition of the
TS G . Ci [ Ci+AC; message space as < [0, 1], and the second inequality comes
imMaizn | M C; + AC; from the boundedness &;,. We now have:
+ _ CL _ Cz + Acq, A;k = CZ —+ Z wju(aj) — Z wju(aj)
CL+ACL a; J#i j#i
B C’L éz + AC, Q = % — u(a™)
CL + ACN’L a; ar, > N — u(a;naa:)

where the second inequality comes from Lemma 2 and
Lemma 3.




Now, we chooseN, =

min; a;
u(max; a*%%)

> 0. Using the [7]

condition N < Ny, we have:

* a; mazx

A7 = N u(a"*") [8]

> a;u(max; o) w(amae)
min; a; [0

> wu(max ") — u(a**)
> 0 [10]
and we are done.
[11]
| ]

APPENDIXII [12]

We say a vector of uplink rates is a feasible solution if [13]

there exists a vector of transmission powgrs, . .., py) that
satisfies the following conditions: [14]
1 %Pq‘Gq‘ — Vi
. NtW"FZ G, =7 Vi [15]
2. EﬂmG<me

Rearranging Condition 1 and summing over all users glvés

(17]
MW+21% i) [18]
iGi = .
R

Substitutingr; = w— andz = %, p;G; yields [19]
o T [20]

N

z=y(N:W + 2) Z T (22)

i=1 [21]

Notice that, using the above substitution, Condition 2 is
nothing butz < KNy W. Thus, by rearranging (22) and

substituting into Condition 2, we get the following: [22]
[23]

; 1+ K y(1+K) [24]

Substitutinga; back in gives the feasibility region§ . 25]
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