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Performance of Opportunistic Distributed Power
Control with QoS Guarantee in Discrete Power
Domain

F. de S. Chaves, R. B. Santos, F. R. P. Cavalcanti and R. A. idei@lNeto

Resumo— O problema de controle de poéncia descentralizado information for determining a suitable transmit power [2].
em um sistema de comunicéio sem-fio gegrico pode ser visto The distributed control corresponds to a self-optimizatio
como uma competi@o entre 0s s de comunicago. Neste ,gcess since the transmit powers of all nodes can not be

artigo, nos formulamos uma estrutura para o problema com a . . . . . .
aplicacio de teoria dos jogos Bo-cooperativos e de conceitos jointly determined by a central entity. This motivates the

de alocago de recursos oportunista, em que a satisfip de application of noncooperative game theory [3], which begun
requisitos de Qualidade de Servico (QoSg considerada. Como to be explored in this context recently, as discussed in [4].
habitual, assume-se um dominio continuo para a péhcia de  Conventional power control has as objective to provide
transmissao no desenvolvimento do algoritmo de controle de g giaple |ink condition to each transmitter/receiver pair b
poténcia. Entretanto, o desempenho do algoritm@& avaliado nos . . . . o
increasing the transmit power when the link condition is.bad

dominios continuo e discreto da pdincia de transmis&o por meio ; .
de simulages computacionais. For this purpose, many power control algorithms have been

Palavras-Chave— Controle de potencia distribuido, controle de developed, as the classical Distributed Power Control (DPC

poténcia oportunista, satisfa@o de restrigoes de QoS, teoria dos 290rithm [2], which tracks a fixed target QoS. This approach
jogos, dominio discreto de pdncias. is adequate for services with hard QoS requirements, li&ke re

Abstract— The decentralized power control problem in a gene- tlm.e services. On the other hand, the number of services
ric wireless communication system can be seen as a compaiiti  Which can tolerate larger delay has increased. The relaxed
among the communication nodes. In this paper, we formulate a QoS restrictions of elastic (or best effort) services alkhe
framework to the problem with the application of noncooperaive application of opportunistic resource allocation.

game theory and opportunistic resource allocation concegt . . .
where the satisfaction of Quality of Service (QoS) requirerants Conventional and opportunistic power control have opgosit

is considered. As usual, continuous transmit power domainsi philosoph.ies. An opportunistic power control _iS esselytial
assumed for derivation of the power control algorithm. However, characterized by the idea of exploiting the quality of commu

the algorithm‘s_ performance _is evaluated in continuous_ and nication links [5], [6], [7]. In favored links (large chanihgain
discrete transmit power domains through computer simulatons. and low interference), the transmit power must be increased
in order to transmit more information. In [5], Xiaet al.
Keywords— Distributed power control, opportunistic power  propose a Utility-Based Power Control (UBPC) with the same
control, QoS satisfaction, game theory, discrete power doain. i cture of DPC algorithm, but with an adaptive target QoS
(a decreasing function of the effective interference).
|. INTRODUCTION A different opportunistic framework is proposed by Sung

Wireless communication systems may be generically moddd Leunget al. [6], 7], where the figure of a target QoS is

led as a set of communication nodes with a limited amount 8PSent. In this case, the transmit power update is invepsely

radio resources. A typical system requires an efficientiete POrtional to the effective interference. The algorithmpmsed

rence management, since high interference levels deaegiodn [7] 1S @ fair version of that proposed in [6]. _
the quality of the links and, consequently, affect the syste _In this paper, we present a different framework f_or.the dis-
capacity [1]. Furthermore, some communication nodes mijPuted power control problem, where an opportunistic pow

be supplied by batteries, whose lifetime is another immorta@10cation is simultaneously considered with the satiifac
aspect. Transmitter power control is an essential tool fgf flexible Quality of Service (QoS) requirements [8]. The

coping with the problem of interference management. proposed power control algorith_m is derived from a multi-
Distributed or decentralized power control is of specigit@J€ Nonzero-sum noncooperative game, developed, ds usua

interest and importance, since it allows the use of onlyllocd the context of continuous transmit power domain. In order
to verify the feasibility of its employment in practical $gms,
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control algorithm is presented in Section IV. Section V preaestrictions, i.e., in the proposed scheme a desired timutg

sents the implemented discrete versions of the power donf8INR) range is established. Any non-increasing targetRSIN

algorithm and illustrates their performance through satiah function of transmit power may implement the opportunistic

results. The conclusions of the paper are given in Section Wehavior discussed above. We adopt a sigmoid function due
to its softness and mathematical tractability. Such fumcts

Il. SYSTEM MODEL defined below for each link:
In this work, a generic wireless communication system k1) = e} (5)
is modeled as a set dfl co-channel radio links (transmit- P;

1+ pp3(k+ 1)

ter/receiver pairs)N = {1,2, ..., N}. We usek as the discrete .

N . wherea and 8 are constant non-negative parameters, ﬁjﬁd
time index. For alk, j € N, p; (k) denotes the power used byand i are the SINR to be targeted and the transmit power
transmitter of linkj; G,;(k) is the path gain between trans- Pj 9 P '

mitter j and receivet; I;(k) represents the interference—plus[eSpecwely' Fig. 1 illustrates the target SINR adaptivie.r

noise power which affects the communication of radio link

j. Then, the Signal-to-Interference-plus-Noise Ratio ($JN
perceived in the receiver of link, p,(k), is given by: Pha
G (k)
g = =2 p; 1
PJ(k) Ij(k) pj(k)a 1)
z
where;(k) is defined as: o)
S
al ks
Li(k) =Y (k) Ga(k)] + 03, 1 # j, (2)
=1
with 0]2. as the average AWGN power in receiyetn an abuse .
of notation, we will useG; in the place ofG;; to represent Pmaf” ™1 ‘
path gain in linkj. Then, SINR can be written as: Pmin Pmaz

Transmit power
Fig. 1. Target SINR as a function of transmit power, with powad QoS
( ) (3) restr_ictions (maxi_m_um and minimum transmit powess,q. andpy,;», and
7 maximum and minimum target SINR values,,,,. andp? . ).

p;(k) = ii((:))p

Quality of Service (QoS) is a quality measure commonly
related to throughput, delay or Bit Error Rate (BER). QoS Parameters: and 3 are defined in terms of transmit power
requirements are usually mapped into SINR requirements.restrictions and QoS (SINR) requirements:
this work, we are concerned with services with throughput

restrictions. In this case, assuming the use of adaptivangpd = phas (14 B02in) s
for any link j the relation between instantaneous throughput pto—pt (6)
and SINR is established by th&hannon’s capacity formula: B=

pt p2- _pt_p2 :
Rj = Wlog, (1 + pj), (4) IV. POWERCONTROL GAME

We formulate the power control problem with power and
QoS restrictions as a multi-stage nonzero-sum noncoadperat
game [3]. The transmitters are the players, whose decision

I1l. OPPORTUNISTICPOWER CONTROL SCHEME WITH variables are their transmit powers. Tkt stage corresponds

QOS GUARANTEE to thekth power control actuation. Moreover, the objective of

The proposed opportunistic power control scheme is basegich player is to minimize an average long horizon cost, with
on an adaptive target SINR, as in [5]. However, we uswosts at each stage contributing to this average cost.
as link quality indicator the transmit power level insteadd o Although the natural dynamic aspect of the problem, we
the effective interference. This is a good indicator, sifme use the framework of static games to solve it, where in each
achieving a given SINR, transmitters in favored links use lostage the players minimize their cost functions only undest p
power. information. This is a rather “myopic” behavior, but it make

An opportunistic approach must determine higher targeeénse, since the players have no idea as to how many stages the
SINRs for favored transmitters and lower SINRs for trangame comprises. Then, minimizing their current cost fuomsi
mitters in bad situations. In addition to the opportunisne, wis a risk-aversing behavior. In order to propose a targeking
are concerned about the satisfaction of throughput (SINRywer control with an adaptive target SINR, we use a suitable
cost functione; [9]:

where W is the channel bandwidth.

1The use of the Shannon’s formula may be optimistic, but it mdcordance
with recent breakthrough research in coding theory suchugsotcodes.
Moreover, a slight change in this mapping relationship desschange the ; (k41 (E41) = ot — p.12 7
conclusions of our work. pj(krﬂr)lepj ¢ (pj(k +1),p—;(k +1)) = [p5 = p3]" 0
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where for each playef, P; = [pmin, Pmaz] iS the continuous
set of power values angl_;(k + 1) denotes the power vector
pj(k+1) = #

) . 2
of players other than thigh one in time(k + 1). 2”‘2(’“}: ? n \/(;Ié(.k]:— 1i ) " 31 .
The target SINRo§. is determined according to the opportu- AG;(k +1) AG;(k+1) (38)

(12
nistic scheme given by (5). Then, at tirkgeach player must i al(k+1) \/( ali(k+1) \2 1
)

jointly determine its target SINR and its transmit power for 26G,(k+ 1)\ \26G,(k+1 36)%
the next time instant, singg (k+1) is a function ofp; (k+1). ' L
J The second-order derivative ef; may be shown to be

strictly positive in the NE point, characterizing it as adbc

A. Nash equilibrium point minimum. However, in the large set of situations we have

In decentralized power control, players define their trahsnobserved¢; is strictly convex, configuring the NE point as
powers individually. However, the transmit power that eptithe global minimum ofk;.
mizes the individual cost depends on the transmit powers of
all other players. Therefore, it is desirable a set of powePs Convergence analysis of the NE solution
where each player is satisfied with its cost. We use NashThe NE strategy given in (12) is unfeasible, since in time
equilibrium concepts, which provide predictable and sabk the necessary information for determinipgk + 1) is not
outcomes through self-optimization. The Nash equilibriumvailable. However, a stability analysis of the NE pointaaie
(NE) solution is a point where no player wishes to deviat@at it is stable with respect to a special case of strategy
from. Formally, a power vectap* (k) = [pi(k),...,px (k)] is deviation: the situation where players adjust their action

a NE point of our power control game if, for eaghe N: simultaneously in response to the more recent information.
This situation is expressed by:
cj (p;(k),pZ;(k)) < ¢ (ps(k), P, (K)) - 8
The conditions for the existence of a NE solution are o| ali(k) ol (k) 2 1
. . . J J

established in the following theorem [3] (pp. 173-174): pi(k+1)= 253G, (k) \/<2ﬁGl(k;)) 38)°

Theorem 1: For eachj € N, let P; be a closed, bounded / ! (13)
and convex subset of a finite-dimensional euclidian spau#, a 2
the cost functionat; : P, x --- x Py — R be jointly s|_al;(k) \/< al; (k) > + 1 .
continuous in all its arguments and strictly convexpinfor 28G;(k) 26G;(k) (38)?

everyp, € P, 1 # j. Then, the associated nonzero-sum game From the NE strategy given in (12), we can state that:
admits a Nash equilibrium solution.

Using (3) and (7), we express the cost functigrin terms p;(k) =arg min_¢; (p;(k),p_;(k)), (14)
of the transmit power of all players in (9). There and in the pj(k)EP;
following developments, the time instant indicatér{1) will and the power in the NE poinp}, can be written as:
be omitted. It can be observed thatis a continuous function, . . )
since; is positive for eachj € N. klggopj(m =pj, VEN. (15)

The commented special case of deviation (13) corresponds to

¢ = <Gjpj)2 B Ij(Gjpj ( a )2 ) pj(k+1)=arg min ¢;(p;(k+1),p—;(k)). (16)

A Tt ﬁpQ) 1+ 32 p; (k+1)€EP;
/ J J It can be seen that the deviation (13) from the NE strategy,

The strategy spac®; = [pmin, Pmaz| IS @ closed, bounded where the players adjust their transmit power in respongigeto
and convex subset of the euclidian spdefor all j € N. status given in the previous power control actuation, itesty
Considering the necessary optimality condition égrits first converges to the NE point:
order derivative with respect to transmit power is zeroc8in
target SINR is a non-decreasing function of transmit power lim pj(k+1) = klggopj(k) =p;, VjEN. (17)

and the SINR is an increasing function of transmit power, thTeh ‘ N ft imple alaebrai ioulati 13
necessary optimality condition becomes: erefore, after a simple algebraic manipulation over ,(13)

we can finally present the Opportunistic QoS-Guaranteed

P p— (10) Distributed Power Control (OQ-DPC) algorithm:
g Pi =Y
After some algebraic manipulation, we can rewrite (10) as: >
3 (k) ap;(k) 1
1 (k1) = o apB) ) o
3 J p
P4+ =p; — = 0. (11) J 2 (k 2 (K 30)3
3T gt 8G; Bp;(k) Bp;(k) (38) (18)

In order to solve the third order polinomial equation we use o| ap;(k) ap; (k) 2 1
the Tartaglia’s method [10], which provides a real solution + 250, (k) - <2ﬁ ‘(k)) + 337’
Applying Tartaglia’s method to (11), we obtain the strategy J Pi
by which each player achieves the NE point. This strategywsth « and g parameters defined in (6), and withy (k)
given by (with time instant indicators): representing the SINR of playgrin time k.
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V. SIMULATION RESULTS

T T T T
= O = OQ-DPC; max. initial power

In order to illustrate the performance of the proposed 45~ =1~ I~ | —m— 0Q-DPC; min, ntialpower _ I
. . . | | = A = 0Q-DPC (Discrete); max. initial power
OQ-DPC algorithm, we execute some computer simulations. WYy 7 I~ ™| —A— 0Q-DPC (Discrete): min. initial power ||
According to previous discussions, the OQ-DPC algorithm is 3501 gy 1 | e G DPC (Do e e P
devoted to the opportunistic power allocation for servieéh _ % g i
flexible QoS requirements. Thus, we consider a service with S5} - S
throughput requirements in the randgit to 256 kbps X 20 ; -
The presented algorithm is, as usual, developed over a con  ®15 ! <
tinuous transmit power domain. In practice, however, power s BRI By T~ ]
controlled systems work with discrete power sets. Theesfor 58
towards practical implementation, we are interested inahe 0
gorithm’s performance in the discrete transmit power domai -

1 i H i i T 0 10 30 40 50 60 70 80
taking as reference its performance in continuous time doma Algorithm iteration

Then, three different versions of the algorithm are conside Fig. 2. Convergence curves of SINR: extreme initial powdnes.

o OQ-DPC: Presented algorithm. It is executed over a
continuous transmit power domain.
« OQ-DPC (Discrete) OQ-DPC algorithm executed overclear that the limitation of OQ-DPC (Up/Down) in terms of
a discrete transmit power set with resolution of 1 dB. As power adaptation step makes the convergence much slower
each power control actuation, the transmit power givefian that of the other algorithm’s versions. OQ-DPC and OQ-
by the OQ-DPC is approximated to the nearer value {9pC (Discrete) have identical convergence speed.
the discrete power set. Consequences of lower convergence speed of OQ-DPC
« OQ-DPC (Up/Down). OQ-DPC algorithm executed with (yp/Down) will be revealed in the following, where in order
restrictions on the step of the transmit power adaptatiog. gptain performance results statistically more represine,
At each power control actuation, the transmit power i§imylations of 10,000 snapshots are performed. For a channe
increased or reduced in 1 dB. coherence time much higher than the snapshot duration, the

We perform computer simulations of a generic single-cgblerformance of the three algorithm’s versions was obsetwved
wireless system with a single central node placed in the celk basically the same (discarding the transient phasely The
center. A snapshot simulation model is adopted, where mohgrovide high throughput in the specified range (between 64
terminals (users) are uniformly distributed over the ceflaa and 256 kbps). This is a very important conclusion, since it
In each snapshot, up to 600 power control iterations arelicates a scenario where OQ-DPC algorithm can be well-
performed, in intervals of 0.666 ms. applied in practice without performance loss.

Other simulation parameters are set as follows. We consi-However, we also considered scenarios where terminals with
der a cell radius of 1 km and omnidirectional antennas. ¥ehicular mobility pattern (10 km/h or 50 km/h, i.e., Dopple
generic macro-cell path losg?{.) model for suburban areasspreads of 18.5 Hz and 92.5 Hz, respectively) constitutsehe
is assumed, wheré’L(d) = 129.4 + 35.2log;,(d), with of users. In such scenarios we can observe some performance
distanced between transmitter and receiver nodes expressediiggradation for OQ-DPC (Up/Down) in comparison with the
kilometers. Shadowing is modeled as a zero-mean log-normelformance of the other algorithm'’s versions.
random variable with standard deviation of 7 dB. Fast fading As discussed, the proposed OQ-DPC algorithm has the task
follows the Jake’s model [11] with carrier frequency assdmeof to provide throughput in the specified range. Fig. 3 shows
2 GHz. In all simulations, the noise power is settb03 dBm the Cumulative Distribution Function (CDF) curve of thréug
and the maximum transmit power is limited to 21 dBm witlput obtained with the simulation of 25 mobile terminals ie th
a dynamic power range of 70 dB. system. In general, we observe that the throughput levels ar

We initially analyze the aspect of convergence. Fig. @ostly inside the specified range. Curves of OQ-DPC and OQ-
illustrates a sample of the SINR evolution of a mobile terhin DPC (Discrete) are similar for both terminal speeds.
in a system with 10 mobile terminals. Minimum and maximum One can see in Fig. 3(a) that for terminals with low
transmit powers are used as initial power values and, ihall tspeed the performance of OQ-DPC (Up/Down) algorithm is
cases, the convergence values for the three versions of Q@ly slightly worse than that of the other ones. In the other
DPC algorithm are not affected by the initial power valuehand, Fig. 3(b) shows a significant performance loss of OQ-
Similar curves were obtained for all other terminals. DPC (Up/Down) for high (50 km/h) speed, explained by its

The behavior observed in Fig. 2 was expected for OQ-DHRGw~ capability of tracking channel variation. About 25% of
algorithm in continuous power domain, since the algorithinstantaneous throughput is below 64 kbps.
was analytically shown to converge to the NE solution of the Cumulative distribution of throughput contains important
presented power control game. However, simulation resuitdormation, but further performance indicators may be ob-
show that the algorithm’s versions in discrete power domaserved. The energy efficiency is defined as the quantity of
also converge essentially to the NE solution, althoughrthdiits transmitted with a unit of energy, or the ratio between
intrinsic inaccuracy. the average throughput (kbps) and the average transmitrpowe

Other important aspect is the speed of convergence. It(lmW). In Fig. 4, the average energy efficiency per terminal is
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0.3

presented for different system loads.

Also in this case, OQ-DPC and OQ-DPC (Discrete) perform
identically for both terminal speeds. A slight loss of energ
efficiency is noted for OQ-DPC (Up/Down) in Fig. 4(a), for
terminals with low speed. We have observed that in this case -
the achieved throughput per terminal is essentially theesam
for all algorithm’s versions.

Fig. 4(b) shows the performance degradation suffered by -
OQ-DPC (Up/Down) in terms of energy efficiency for scena-
rios with high speed terminals. The loss is dramatic spigcial
for high loaded systems. It was observed the use of more

; : T e
power resources with the attainment of lower throughput. T %

Finally, we verify the capability of the algorithm to maiirta Fio. 5. Eraction of i _Numhberz ?rf] mobge tftff_mit?alls the minim (64 kb
the achieved throughput above the threshold value. Inipedct '9. 5. Fraction of time in which throughput is below the minim ( PS):
systems, the minimum SINR corresponds the SINR required
to maintain the minimum QoS. A margin (1 dB) below the
minimum SINR is considered, in which QoS (throughput) ias a minimum throughput. This is observed for all considered
still assumed acceptable. Then, the average fraction @ iim algorithm’s versions. Once more, OQ-DPC and OQ-DPC
which the achieved throughput is below the minimum desire(Discrete) have the same performance. In the scenario of low
64 Kkbps, is calculated for all algorithms and shown in Fig. $erminal speed, the performance loss of OQ-DPC (Up/Down)

This figure brings results for both terminal speeds. Aalgorithm compared to the other ones is small. However,
expected, high system loads and terminals with high spesed pas observed for previous performance indicators, OQ-DPC
duce more difficulties for the satisfaction of QoS requiratse (Up/Down) suffers an important performance degradatiom du

(@' 0Q-DPC
= A = 0Q-DPC (Discrete)
==Q== 0Q-DPC (Up/Down)| =, ~ ~ ~ ~ ~ T T T T 7,

I
N
a

o
N

o
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|
|
|

Fraction of time in which
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to its convergence behavior, which is critic when channel
coherence time is small compared to snapshot duration.

VI. CONCLUSIONS

In this paper, with the use of a game-theoretical framework?]
we propose an opportunistic distributed power control algo
rithm with power and QoS restrictions, the OQ-DPC algo4{3]
rithm. The algorithm is analytically shown to converge to 4
the Nash equilibrium solution of the presented multi-stagé
noncooperative power control game. The extensive computer
simulations indicate that it performs well for elastic dees, [°!
providing high throughput levels inside the specified range
which constitutes the flexible QoS restrictions. [6]

The algorithm presented in this work is, as usual, deve-
loped over a continuous transmit power domain. In practicgy,
however, power controlled systems work with discrete power
sets. Then, we evaluate the OQ-DPC algorithm performance tg]
discrete transmit power domains through computer sinuoriati
in the context of a generic single-cell wireless system with
single central communication node, taking as reference the
algorithm’s performance in continuous time domain. [9

Results of simulations where channel coherence time is
much higher than the snapshot duration show that OQ-DPC
algorithm can be employed in discrete transmit power en\fjl—o]
ronments without performance loss. In scenarios with veyyi
channels where mobile terminals move at 10 km/h, one cH#al
observe a slight worse performance of OQ-DPC (Up/Down) if
compared to that of both other algorithm’s implementations
Finally, the performance of OQ-DPC (Up/Down) suffers a
dramatic loss in the context of high speed (50 km/h) terrsinal
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