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Abstract—This paper proposes a novel approach, based on OFDMA subcarriers, also accessed in a Time Division (TD)
game theory, for radio resource allocation in the downlink of fashion, so that the resources to allocate are time/fraxyuen
cellular networks using Orthogonal Frequency Division Multiple a54,rce blocks. In this choice, the resource allocatoloézp
Access. The reference technology is the Long Term Evolution d f freed ’t d by th b f ket
of the 3GPP UTRAN. The main contribution is to identify a degree of Ireedom, represented by the number ol packets
a model for the allocation objectives, and how to approach Selected by the scheduler (larger than the number of slots).
them in a tunable manner. The resource management issue The resulting allocation can be regulated according to a
is framed in the context of spectrum sharing, where multiple trade-off between two contrasting objectives, i.e., that o
entities agree on utilizing the radio access channel simultaneously. throughput maximization, which is achieved by selecting th

A trade-off between sum-rate throughput and fairness among K | di h | i - | d
the users is identified and addressed through game theory, i.e., Pac ets only according to a channel quality rationale, an

moving the operation of the system towards a stable Pareto fairness among the flows, which requires to pursue equity
efficient point. Such a methodology can be implemented with among the achieved rates. Indeed, this trade-off is reflecte

low complexity while ensuring logical modularity of the overall py the number of packets selected by the scheduler: when it
system. Numerical results are also shown, to exemplity the ;&' minimum, i.e., only the packets that fit the OFDMA frame
validity of the proposed approach. ! ' .
are selected, all packets are mandatorily allocated, aad th
Index Terms—Radio resource management, cellular networks, resource allocator has no choice. Here the allocation ig onl
radio communication, game theory. determined by the credit-based scheduler, which ensuies fa
ness (the users with higher credits are allocated). Coelyers
|. INTRODUCTION if the number of selected packets is high, the resourceattioc
can restrict the selection to the packets of the users wih th

Ellqst quality, entirely neglecting any fairness among flows.

Cellular wireless systems have been able to improve th
transmission rates, so as to reach “high speed” commu .
cation, thanks to the introduction of channel-aware radio Therefore, to solve the trade-off we present an ergmal
resource allocation. This means that packet scheduling aeg.g}orogch pased on game theory Wh'.Ch tries to combine both
the corresponding assignment of physical layer resounes jectives in an efficient yet easy to implement manner. The

dynamically performed according to the channel conditio y idea is 10 tre_at them as ‘V.VP players of a non-cooperatl_ve
and Quality of Service (Q0S) experienced by the users. game. The resulting Nash equilibria are considered aslgessi
solutions to the radio management problem, which exhibit a

An important scenario where this principle finds applicatio ow computational cost vet under certain conditionsissat
is represented by the Long Term Evolution (LTE) of Thirm# b » YEL . '
actory performance. After discussing the proposed amproa

Generation (3G) systems [1]. In this technology, the mietip its possible implementation, we also present some simpl
access scheme in the downlink uses Orthogonal Frequeﬁ%}& P P ' P . np
numerical evaluations for a two-person game which confirm

Division Multiple Access (OFDMA). Such a technology ex; e goodness of our approach and its ability to regulate the
ploits multiple orthogonal subcarriers which can be used EB goodr pp . ity 9
rade-off in a Pareto efficient allocation point.

take advantage of multi-user diversity [2]. However, gitea Th i £ th ¢ of th . ol Section Il
key role played by the physical layer and the correlation of | . € outline ot the rest ol the paper 1S as Tollows. Section
channel quality, the principles of a fair scheduling of ripiét outlines related approaches presented in the literatectidd

users are difficult to harmonize with the efficient resourclé-I describes the properties 9f the LTE technology and dis-
allocation aiming at maximizing throughput. cusses the layered characterization we gave to the resalirce

In this paper, along the lines of [3], we utilize a modulapcation procedure. Section IV introduces our proposabseh

representation of the radio resource management procecﬁ?}léonale is based on game theory, which is used to determine

which is split between two functional entities, i.e., a dted a trade-off betweer_l throughp_ut efficiency and fairne;s gnon
based scheduler and the actual resource allocator, apgkti the users. Supportm_g num(_erlcal results are shown in Sectio
the transport layer and the medium access layer, respkyctivg and we conclude in Section VI.

The scheduler determines which packets, taken from diftere

flows, are candidates to be served in the next allocationdoun Il. STATE OF THEART

The resaurce allocator associates the packets with grolips OAdaptive multi-user multi-carrier allocation schemesdihs

This work was supported by the FP7 EU project SAPHYRE, graii instantaneous Channel State Information (CSI) in OFDMA
agreement no. 248001. systems allow significant performance improvements in serm



of allocation efficiency. This happens thanks to the expt@ith maximizes the total utility with respect to mean queue delay
of the multiuser diversity principle, where subcarriers areis proposed. Also in these last works, suboptimal solutions
preferably assigned to users experiencing favorable subchare computed due to the combinatorial nature of the problem.
nel conditions and higher order modulation can be used Finally, we cite the Proportional Fair scheduling [2], tla&ins
transport more bits per OFDMA symbol. at maximizing the logarithm of the average data rates tcetrad
In this section we focus on the resource allocation opidff spectrum efficiency and fairness among users.
mization problem in OFDMA downlink systems with perfect To sum up, it is difficult to formulate the desired optimiza-
CSl at the base station. In the literature there is no unigtien goal and constraints for the multi-user multi-carr@do-
formulation for this type of problem. The most commortation problem, in particular when mixed traffic with diféet
formulation is the weighted sum rate maximization subje€oS requirements is considered. Also, the set selectiamrenat
to some transmit-power constraints. For any fixed subchHanioé the sub-carrier allocation leads to a combinatorial b
assignment, the optimal solution is achieved by multilevéhat requires an exhaustive search, with exponentiallyess:
waterfilling [4] for the continuous rate case (channel cépacing complexity. Simplified approaches must be considered to
is considered) and greedy or bisection allocation algorith design real time algorithms exploiting instantaneous kahe
[5] for the integer-bit constellation case (bit rate coafsted to nel information. This motivates us to consider an approhah t
real modulation schemes). When equal weights are considerdales not claim optimality with respect to a subjective tyili
the optimal subchannel assignment is simply obtained Bynction, but rather is computationally lightweight andeatn
giving each subchannel to the user with the best gain fiod a good trade-off between aggregate performance (insterm
noise ratio [4]. This is called the max-sum-capacity rul@f throughput/spectrum efficiency) and fairness among flows
which results in the most efficient use of the resources in
terms of throughput but can lead to unfairness and instgbili
especially for non-symmetrical channel conditions and-non
uniform traffic patterns [2]. However, in the general case, LTE is a set of improvements to the Universal Mobile
finding the optimal subchannel assignment is a combinaf®elecommunications System (UMTS) introduced in the 3rd
rial problem whose complexity increases exponentiallyhwitGeneration Partnership Project (3GPP) Release 8 [9]. k rep
the number of subcarriers. To find an efficient suboptimaésents efficient packet-based radio access networksiatjow
algorithm, [4] considers a convex relaxation method, athgv high throughput, low latency and low operating costs. Small
time sharing in each subchannel. In this way the probleemhancements have been introduced on LTE specifications
becomes convex and can be solved in polynomial time usiitg Release 9 [10]. The next step for LTE evolution is LTE
interior-point methods. A further reduction in computatd Advanced which is currently being standardized in Release
complexity is achieved considering a constant power for ti® [11], the major candidate technology for the so-called
used subchannels. In [6] a solution of the problem is effibfen International Mobile Telecommunications (IMT)-Advanced
computed using Lagrange dual decomposition and consg@lerin Rel-8 LTE adopts OFDMA in the downlink for its robust-
that the duality gap is zero when the number of subcarrietess against multipath interference and to allow a hightsglec
tends to infinity. Previously described works consider ent efficiency exploiting time and frequency dependent schiadul
uous rate adaptation. An additional constraint is addedJn [and Multiple Input Multiple Output (MIMO) techniques. Ingh
taking into account that real communication systems rely aplink, in order to maintain user orthogonality in the freqay
integer-bit constellations. Moreover, since LTE is corsii, domain, a Single Carrier Frequency Division Multiple Acses
the modulation and coding scheme for a given user has b€&C-FDMA) is adopted. Rel-8 LTE supports both Frequency
considered fixed during a scheduling period. Also in thisca®ivision Duplexing (FDD) and Time Division Duplexing
the problem is combinatorial and a sub-optimal algorithra hgTDD) and uses multiple transmission bandwidths (ile4,
been designed to reduce the computational complexity. 3, 5, 10, 15 and 20 MHz) and multiple modulation schemes
Another way of tackling the problem is power minimiza{i.e., QPSK, 16QAM and 64QAM) allowing peak rates30f
tion subject to rate constraints for each user. In [6], @mil Mb/s in downlink and75 Mb/s in uplink.
to the weighted sum rate maximization, the Lagrange dualWe consider now the scheduling degree of freedom for
decomposition method has been proposed. In [7] an integéte downlink of Rel-8 LTE. The basic unit of resource is
bit constellation is considered and the power has been &ssunthe Resource Block (RB), which is made of adjacent
to be a convex and increasing function of the bit rate (mostibcarriers {5 kHz of subcarrier spacing) and has a duration
popular coding and modulation schemes satisfy this cangiti of 0.5 ms (one slot), which correspond t or 7 OFDM
Due to the combinatorial nature of the problem, a convexmbols depending on the cyclic prefix length chosér (
relaxation has been used to obtain a sub-optimal solution. us or 16.7 us). The Scheduling Block (SB) is the smallest
Another approach is proposed in [8] where a fairnesssource unit that the scheduler can assign. It is made of two
constraint is taken into account: the smallest capacityrgnoconsecutive RBs, and therefore has a duratiori ofis (one
all users is maximized, subject to a total transmit-powaubframe). During the duration of a scheduling period, Whic
constraint. Variable bit rate traffic is considered, but this equal to the duration of a SB (i.el.,ms), the Modulation
formulation can be slightly modified to consider constarit band Coding Scheme (MCS) must be fixed for each user in
rate traffic. This objective function can lead to inefficim& the non MIMO configuration. For the MIMO configuration,
if some users experience deeply faded subchannels. Inn[2]ai maximum of two different MCSs can be used for data
order to support delay-sensitive applications, an approlaat belonging to two different transport blocks [1].

IIl. OVERVIEW OF LTE AND SYSTEM MODEL



LTE Advanced is a further evolution of LTE Release 8 Resource Allocator

and 9 which is supposed to meet the requirements for IMT- L L+1 .. 2L
Advanced and enhance them to future operator and user L 1, Twin | 0,0 | 0,0 0,0
needs. It shall support a wider transmission bandwidth us-

ing both contiguous and non-contiguous carrier aggregatio Scheduler L+1) 0,0 - 16,0 0,0
achieving flexible spectrum usage while maintaining backwa 0,0 0,0 0,0
compatibility with Rel-8. Moreover, it shall enhance multi 97, 0,0 0,0 | 0,0 %,Tmax

antenna and Coordinated Multi-Point transmission/reécapt
techniques. These improvements are expected to allow p&k1- Bi-matrix representation of the game
rates ofl Gb/s in downlink and00 Mb/s in uplink.

Different radio resource management strategies are emjuir  |V. THE PROPOSEDGAME-THEORETICAPPROACH

for organizing and bringing together multiple users antirigt . . .
them receive data in an LTE system (note: we are considerin yhe choice ofl) determines a trade-off between the possible

the downlink, which is the only direction using OI:Dlleogjectives of throughput and fairness. We now present a game

multiplexing). In particular, multiple flows directed toettusers theoretic approach to sd?; we remark that the main point

are to be coordinated, so that a number of packets are sﬂale(gtf]e?#é ?éss’%ﬁ';ﬁ'ogldgﬁtsh;m\)\'lﬁié% ?st:rer}ﬂgg ;Steu rze:l;o;énaarlgce
for possible transmission from each flow. In the following 9 aig ’

this operation will be referred to ascheduling. However, Rather, our proposed methodology enables a dynamic setup

according to the above discussion, actual transmissiasines) th 3 evghiC;UtSStn{on:?n;O;r%it?;ralm:/lglirg %\;altl;]aétlon(;sgi't?lle’
to match the selected packets to a given resource blockVYnuilibria of the svstem. nor it isy re uiréd o re-c?om ute
a channel-aware fashion. Thus, it is necessary to evemtu%ﬂ y ' q P

select which resources to utilize for the selected pacl&atsh cheansygtsi?stzglcji"?r:f (:IL;?cee ?;?g%rii:eigd ggﬁ\':;lfrgﬂ?gfns
an operation will be referred to assource allocation. inge. ' . o Y .

: . . .definitions of the contrasting utilities between which adtra
The design of policies for resource management is in;

tentionally left open in the standards to allow developePsff Is sought (specifically, throughput and fairess). Tage

to implement their own strategy of choice. However, in thWlth the separation of the resource management process into

following we adopt a two-fold model where scheduling anfyvo_functlonal entities (scheqlu_ler and_ RRA), th_|s s key to
achieve a computationally efficient online allocation t=gy.

resource allocation are managed by two different modules: .
scheduler, operating at the transport layer (thereby blyssi n our formulation, the scheduler (player 1) and the RRA.
(player 2) are represented as players of a game whose aim is

distinguishing among different kinds of traffic) and a reseu -
allocator, which actually implements the Medium Access Coﬁhe d.ECIS.IOI’] of the value .fOD' Both player's make.a proposal
with j = 1,2, respectively. The idea is that, if proposals

trol (MAC) sublayer. The scheduler determines which pa;:ke‘?j' and s+ coincide. D is selected as their common value
must be passed to the allocator and their order accordi 52 .’ . . '
wever, the choice of; and sy is also done according to

to an internal scheduling policy. The allocator selects f i, X ;
transmission a subset of them with the aim of maximizing < utility of the proposer, i.e., the fawne;s for the salied
nd the throughput for the RRA, respectively.

the advantages of multiuser diversity. In this case onlyosdo In the followi introd " for th
cross-layer is introduced, guaranteeing a certain moitular n he toflowing, we Introduce some assumptions for the
between scheduler and radio resource allocator (RRA). sake of simplicity in the exposition. We consider a network

In particular, we callL, the number of resource blocks tha cenario with only two users; this is not to be confused with

the resource allocator is entitled to assign. This is suljea tEZ trveVEOL\llrI(r:th:IIopclgilc?rrsBoefstiggsgetlm?e:.ses'ijrtr?etiiﬁhiidﬂlsjegrig
constraintL < L., WhereL,,,. is a maximum value which ) ’ P J

corresponds to assigning every resource block. For siit)plicfor. ease of |mplementat|qn in t_he simulator, but can be eslax
we consider that, to limit the interference caused to yfite naturally to scenarios Wit > 2 users. We mogel the
neighboring cells is set to a fixed value which is less than opYStem as a static game in normal form, as follows:

equal toL,,.. The value assigned tbis communicated tothe e« the players are the scheduler and the RRA.
scheduler by the resource allocator. Actually, this regmes  « their action spaces are the set of valuedofhat can be
a form of cross-layer interaction among the modules, which ~Proposed, i.eS; = S = {L,L +1,...,2L}.

is intentionally kept to a minimum level, thereby promoting * both payoffs are0 if the proposalss; and s, do not

modularity and tunability of the approach. coincide, i.e., there is no agreement on the valué®of
Upon knowingL, the scheduler determines a numli&mof « when s, = s, the payoffs are assigned to_fc?ur_ness
packets to send to the resource allocator, where in geheral F(s1, s2) for the scheduler, measured using Jain's index

L. The exact choice ab influences the entire allocation. Asa  [12], and the throughpuf'(sy, s2) for the RRA.

matter of fact, ifD = L, the resource allocator has no degree The last point is arbitrary, as other definitions can be used;
of freedom as to which packets to allocate (while, obviouslthe important requirement is thaf(s,s) and T'(s,s) are

it must allocate the packets to the best channels as pedceidecreasing and increasing $nrespectively. The resulting bi-
by the users). By increasin@, the resource allocator canmatrix representation of the game is given in Fig. 1. The
achieve a higher throughput by selecting orlypackets out fairness is a decreasing function &f: its maximum value

of D, according to a channel-aware policy, although at the 1 while the minimum is1/2 (i.e., 1/N where N is the
price of a possibly decreased fairness. number of flows). On the other hand, the throughput is an



increasing function ofD varying in the rang€dT min, Tmax], V. NUMERICAL RESULTS

where T, is achieved when no degree of freedom is given e ran evaluations within a simple LTE simulator to verify
to the allocator, whilel,.x is obtained when the RRA hastne apility of the proposed approach to converge towards a
enough freedom to allocate only the peislresources. Both {rade-off among the payoff functions of the two players. All
maximum throughput and minimum fairness are reached f@fo performance indices are characterized by a confidence
D = 2L, under the assumption that there are always at leggferval of 95% with a maximum relative error of 5%.

L packets available for selection by the scheduler from eachye developed and used a simple asynchronous event-driven
queue. All the strategies along the diagonal are Paretaegffic simylator, written in C++, which reproduces a base station
Nash equilibria. This means that improving the payoff of ongansmitting to two different mobile users. The base statio
player results in worsening the other’s outcome. Thus, onggntains a packet scheduler with two queues (one for each
the value ofL is fixed, there is no unique evolution of theyser) and an RRA module. The scheduler is credit-based and
game and, in any case, a trade-off is encountered. tries to guarantee fairness by selecting packets from thaeg!

To determine a trade-off point, we propose an algorith@cording to their residual credit. Flows are assumed te hav
which tries to automatically estimate an efficient value Qilways backlogged traffic. The RRA manages the resource
D for each frame. The value is chosen considering thfiocation according to a greedy criterion: slots and pecke
entire history of the game, thus the model we propose isag matched in order to maximize the total throughput given
repeated game with perfect information. The aim is to reach an the channel condition of each user, which are assumed to be
acceptable level for both payoffs after a number of repetsi independent of each other.

Note that this proposed algorithm is just an example and canthe radio channel model represents each frequency sub-
be replaced by other analogous procedures. channel by means of a two-state Markov channel (Gilbert-
1) Both scheduler and RRA randomly pick a value for g|liot model) whose state is updated after each time slot to
2) If the choices coincideD is set and the game endssie into account channel correlation over time. The nurober
otherwise a bargaining phase goes on until a common poinkighcarrier groups i$6 while the time slots for each frame are
chosen. Every time the players disagree, both get zero bayef; for a total 0f384 resource blocks. A different average noise
3) The goal of each round of the loop is moving towards the,ver is associated with each of the two states of the chain,
diagonal of the bi-matrix step-by-step. Each player deidg, s different values of capacity can be reached (according
whether or not to change its previous proposal based g shannon formula). For simplicity, when the Gilbertil|

its level of satisfaction (i.e., the ratio between the valugyannel is in the good state, interference and noise power ar
actually achieved and the maximum achievable). The highggated as a random variable with uniform distribution ket

the satisfaction, the higher the probability that a playemges | ang2 mw: similarly, in case of bad channel, the interference
its choice with a value more convenient for the other. Blus noise power is uniformly distributed betweerand 200

S_D and RRA_D are the proposals foD made by the m, The transmission power per slot is fixed to 1 mW. The
scheduler and the allocator, respectively, &hd and RRA_s  ain system parameters are summarized in Table I.

the respective levels of satisfaction when the game is dlaye |, Fig. 2 and Fig. 3 the faimess and the normalized
we select the changes as follows. , throughput as a function of time are shown for several values
— If S.D > RRA_D, we are in the lower triangle of ot 1) whenZ = 300 packets. They confirm what was expected
the matrix. We can move towards the diagonal by going Ypym our analysis: the faimess is a decreasing functiomof
(decrement of5_D), or right (increment ofRRA_D), or in \yhjle the throughput increases. When= L, we have that the
both directions. For both players, these options lead thénig t5irness is always, the maximum value according to Jain's
values in their own utility function to the detriment of themdex. On the other hand, the normalized throughput has its
other’s, thus the willingness to change should be a dee@asiyinimum value because the resource allocator has no freedom
function of the respective satisfaction level. Thus, weskl i, the choice of the packets to transmit and the user diyersit
Prob{S_D up} =1—5_s 1) ca\r/l\;lr?t ble) exploited. . f .-
. B en D is increased, the two performance indices con-

Prob{RRA_D right} =1 — RRA_s 2) sidered have contrasting behaviors, as already expressed i

— If S_.D < RRA_D, we are in the upper triangle of thethe previous section: the fairness undergoes a decreage whi

matrix. The diagonal can be reached by going down? the throughput starts increasing. The introduction of daier
increment), or left RRA_D decrement), or in both directions.

The situation is now reversed, as a deviation in its' own actio Parameter value
implies a reduction in the payoff of each player in favor of number of flows 5
the other’s. Therefore, the probability of moving must be an ,
increasing function of the respective satisfaction, whish packet size 500 bytes
obtained for example by choosing Pr{GOOD — GOOD} 0.9
Pr{BAD — BAD} 0.8
Prob{S_D down} = S_s 3 number of subcarriers 16
Prob{ RRA_D left} = RRA_s 4) time slots per frame 24
In this manner, we define an algorithm whose goal is to lead frame duration 1 ms
the choice ofD towards an intermediate value which offers transmission power per slot 1 mwW
both good throughput and satisfactory fairness. TABLE |

MAIN SYSTEM PARAMETERS
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proper resource allocation. Moreover, we plan to implement
the proposed approach in a more detailed network simulator.

time [s]
Fig. 3. Throughput over time for different values bf.

(1]
freedom in the allocation choice shows its effects and th
trade-off among the payoff of the two players becomes eviden
Figure 4 clearly shows this situation: the points along tinwe
are the Pareto solutions of the game, one for each valug, of (3]
and there is no possibility to reach a better solution for one
player without worsening the other’s one.

All figures report the outcome of the game theoretic algom
rithm. Both in Fig. 2 and in Fig. 3, the automatic choice of
D leads to an intermediate value of both performance indices.
This means that each player slightly reduces its own payo[g]
for the sake of a better joint solution. In Fig. 4 it is shown
that this new operating point is localized close to the Paret
boundary. Moreover, the proposed algorithm is quite simplé6
and the convergence to a common valueldfis extremely
fast, thus it is suitable for an online implementation. ledie [7]
in Figs. 2-3 the warm-up period is quite short, about 300 ms.

For completeness, we ran other tests by varyingn the
range [100,350]. In all these cases we obtained that the
fairness increased with the value of while the throughput 9
decreased. The operation point reached by the proposed aléc;
rithm always approximately lies on the Pareto boundary. [10]

[11]
VI. CONCLUSIONS

In this paper we have presented a novel design approach L}g}

resource management in OFDMA/TDMA cellular networks
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