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1. INTRODUCTION

Power control in cellular telephone systems is an im-
portant design task for the minimization of energy
requirements at the user level and in order to insure a
constant or adaptable Quality of Service (QoS) in the
face of cellular telephone mobility and fading chan-
nels. This is particularly crucial in CDMA (code divi-
sion multiple access) systems where individual users
are identified not by a particular frequency carrier
and a particular frequency content, but by a wideband
signal associated with a given pseudo-random number
code. In such a context, the received signal of a given
user at the base station views all other user signals, as
well as other cell signals arriving at the base station,
as interference or noise, because they both degrade the
decoding process of identifying and extracting a given
user’s signal. Thus, it becomes crucial that individual
mobiles emit power at a level which will insure ad-
equate signal to noise ratio at the base station. More
specifically, excess levels of signalling from a given
mobile will act as interference on other mobile signals
and contribute to an accelerated depletion of cellular�
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phone batteries. Conversely, low levels of signalling
will result in inadequate QoS. In fact, tight power
control is indirectly related to the ability of the CDMA
base station to accommodate as many users as possible
while maintaining a required QoS.

Extensive research has been done on power control
for static models which largely ignore the dynamics of
channel fading as well as mobility, see (Viterbi A.M.
and Viterbi A.J., 1993; Sun and Wong, 1999, 2000;
and references therein). In this paper, the modelling
and analysis of power control strategies employs wire-
less models which are time-varying and subject to
fading. Specifically, we consider log-normal fading
channels. Motivation and background information on
power control for log-normal fading channels can be
found in (Huang et al., 2001b).

The paper is organized as follows: in Section 2 we
propose the optimal control formulation of the CDMA
power adjustment where the performance function is
intended to reflect power minimization objectives un-
der signal to noise ratio constraints. In Section 3, we
analyze the singular HJB equation associated to this
stochastic control problem and suboptimal approxi-
mation of the value function, and Section 4 contains
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numericalsolutionsof the suboptimalcontrol. Sec-
tion 5 gives a game theoretic formulation for dy-
namic power optimizationand introducesthe notion
of Paretooptimalityunderdecentralizedinformation.

2. AN OPTIMAL CONTROL FORMULATION

2.1 TheChannelModel

Let �����
	������������� , denotethe attenuation(ex-
pressedin dBs and scaledto the natural logarithm
basis)at the instant 	 of the power of the � -th mobile
of a network andlet �����
	����������! #"%$ denotethe corre-
spondingpower loss.Basedonthework of Charalam-
bous and Menemenlis(1999), we model the power
attenuationdynamicsby& �'���)(+*,���
�'�.-0/��1� & 	2-43'� &65 ��7�����8�9�: (2.1)

where � denotesthe numberof mobiles, ; 5 �������<�=�?> are � independentstandardWienerprocesses,
andthe initial states�����A@6� , �B�C�D�C� aremutually
independentGaussianrandom variableswhich are
also independentof the Wiener processes.In (2.1)* � , / � , 3 �FE @ , �G�H�I�J� . The first term in (2.1)
impliesalong-termadjustmentof � � towardsthelong-
termmean(K/ � , and * � is thespeedof theadjustment.
Correspondingly, the � -th power loss � � hasa long-
termadjustmenttowardsits long-termmean,which is
the averagelarge-scalepath loss (Charalambousand
Menemenlis,1999).

2.2 RateBasedPowerControl

Currently, the power control algorithmsemployed in
the mobile telephonedomainusegradienttype algo-
rithmswith boundedstepsize.Thisis motivatedby the
factthatcautiousalgorithmsaresoughtwhich behave
adaptively in acommunicationsenvironmentin which
the actualpositionof the mobile andits correspond-
ing channelpropertiesareunknown andvarying.We
modeltheadaptivestep-wiseadjustmentsof the(sent)
power L'� of the � -th mobile by the so-calledratead-
justmentmodel(Huanget al., 2001a,b)& L��2�NM.� & 	�PO M.��OQ�0M.�
RTS � U�V�0�W�9�: (2.2)

wheretheboundedinput M � controlsthesizeof incre-
ment

& L�� . Without loss of generality, M.�
RTS � will be
setequalto one.Theadaptive natureof practicalrate
adjustmentcontrollawsis replacedhereby anoptimal
controlcalculationbasedonfull knowledgeof channel
parameters*X� , /�� , and 3'� , �Y�Z�K�Z� . In the intended
practicalimplementationof our solutiontheseparam-
eterswould bereplacedby on-lineestimates.Write�[�]\ � � �^�^7^_���`Xacbde�f�g\ � � 7^�^�^2���`XacbhLi�g\ L � 7^�^7^j
L ` a b kMi�g\ M � �^�^7^j�M ` a bQl

2.3 PerformanceFunction

Let m E @ be the constantsystemthermal noise
intensity which is assumedto be the samefor all �
mobileusers.Then,in termsof thepower levels L��Wn@ , andthechannelpower attenuations� � , �o�p�+�=� ,
theso-calledsignal-to-interferenceratio (SIR) for the� -th mobileis givenbyq �r� ���#L��s `tvuw � � t L t -xm U�V���W�0� l (2.3)

A standardcommunicationsquality of servicecon-
straintis to requirethatq � n0y �?E @Qz�V���W���: (2.4)

where y � , �{�|�T�=� , is a prescribedsetof individual
signalto noiseratios.Wenotethattheconstraints(2.4)
areequivalenttoq2}� � � � L �s `t w � � t L t -xm n0~ � U�V�0�W�9�: (2.5)

where~_�:�� � ���� � � E @ . Further, from (2.5)we see@o� `� � w � ~_�?�Z�� (2.6)

holdsif we require(2.4)to besolvable.

A straightforward way to formulate the optimiza-
tion problem would be to seek control functions
which yield theminimizationof the integratedpower�?�� s `� w � L � �
	�� & 	 subjectto theconstraints(2.5)-(2.6)
at eachinstant 	 , @��0	��9� .

Considerthe pointwiseminimizationof the summed
power

s `� w � L'� under (2.5)-(2.6)and L'�Bn�@ , �|����G� . Setting � inequalitiesin (2.5)asequalitiesand
taking into accountconstraint(2.6),we geta positive
vectorL � �g��L � � 7^�^�^jAL � ` � givenbyL � � � ~ � m� � ���+( s `� w � ~ � � U�����W��� l (2.7)

It turnsout that L � is theuniquepositive vectormini-
mizing

s `� w � L � underconstraints(2.5)-(2.6).In other
words, the solution to minimizing

s `� w � L � , L � n@ ,subjectto (2.5),(2.6) is theuniquesolutionto� � L �s `t w � � t L t -xm �G~ � U�������0� l (2.8)

Henceit is well motivatedto replacetheabove point-
wise constraineddeterministicoptimizationproblem
with thefollowingunconstraineddeterministicpenalty
functionoptimizationproblem

min

`� � w � \ � � L � (B~ � � `�t w � � t L t -4mh��ac�d-�� `� � w � L �  (2.9)

where � E @ . However, becausethe power vector is
a part of the stochasticchannel-power systemstate
with dynamics(2.1),(2.2),it is impossibleto instanta-
neouslyminimize(2.9) via M?�%	�� at all times 	 . Hence,



overtheinterval \ @Q��+a , weemploy thefollowing aver-
agedintegratedlossfunction:�0� �� ; `� � w � \ � � L � (B~ � � `�t w � � t L t -4mQ�!a���-�� `� � w � L � > & 	

(2.10)

subjectto (2.1)and(2.2),where � E @ .
3. ANALYSISOF THE OPTIMAL CONTROL

AND APPROXIMATION OF THE VALUE
FUNCTION

We will analyzetheoptimalcontrolproblemin terms
of the statevariable �
�2
L.� ; this facilitatesthe defini-
tion of the valuefunction � since ��� is definedin � � ,
while ��� is only definedin � � � , �I���{��� . Further
define� �%�.�W����� (+* � �%� � -�/ � �...(+*,`.�%��`�-0/�`,�

�� ¡ e¢£�¤��� 3 � ^7^�^g@...
. . .

...@£^7^�^¥3d`
�� ¡ 

¦ �J§ �L�¨ k©��ª§
�
MV¨ e«¬�J§ ¢@ `'h` ¨ l

We write (2.1),(2.2) in thevectorform& ¦ �=© & 	j-0« &65 ®@��9	����+ (3.1)

where
5

is an �9¯9� standardWienerprocessdeter-
minedby (2.1). We will denotethe statevariableby�%�r
L.� or ¦ , or in amixedform. Wewrite theintegrand
in (2.10)in termsof �
�2AL�� as° � ¦ �:� `� � w � \ � ��� L � (B~ � � `�t w � � �7± L t -4mh��ac��-0� `� � w � L � 
where � E @ . The admissiblecontrol set is ²z�;7M?�³^´�IOWM is adaptedto 3:�%�.µ¶
L.µ�¸·��£	��� and M?�%	��I¹º ��»\¼(V�����a ` ³½.@)�¾	4�¾�V> . We assumeL hasa
deterministicinitial value at ·N�¿@ ; then obviously3:�%� µ AL µ ¸·À�Á	��Â� 3:�%� �  5 µ ¸·À�P	�� l The cost
associatedwith (3.1)andacontrol M is specifiedto beÃ �A·6��r
Lr�Mj��� � \ �8�µ ° �
�'ÄÅAL'Ä�� &6Æ O ��µF�Ç�r
L.µÈ�ÂLda ,
where · is theinitial time; furtherwe set �.�A·6��r
L.�+�ÉËÊhÌ¸Í6ÎvÏ Ã �A·6��2
Lr�Mj�� andsimply write

Ã �A@Q��2
Lr�Mj� asÃ �%�r
L2�M.� .
Theorem3.1. (Huang et al., 2001b) There exists a
uniqueoptimalcontrol ÐMF¹D² suchthat

Ã �
� � 
L � ¸ÐM.�8�ÉËÊhÌ Í6ÎvÏ Ã �%� � AL � �M.� , for any �%� � AL � � , anduniqueness
holds in the sense:if there is ÑMÒ¹Ó² such thatÃ �%� � AL � ¸ÑM��D� Ã �%� � AL � ¸ÐM�� ,then Ô�ÕW�AÑM.µxÖ�×ÐM.µ�� E @
only on a setof times ·D¹G\ @d��Ta of measure0, whereØ

is thesamplespace.

Definition3.2. (Yong and Zhou, 1999) A function�.�%	� ¦ ��¹|Ù���\ @Q��TaW¯B�� ��Ú � is calleda viscosity sub-
solution to theHJBequation

@¥�)(YÛ �Û 	 -pÜ�ÝQÞÍ6ÎXß ;6(YÛ b �Û ¦ ©+>+( �à tr �7Û � �Û ¦ � «V« b �?( ° �iO " w � �|á2 ¦ ¹i� �+��Ú' (3.2)

if �ÂO " w � �¾á , and for any â��
	� ¦ �ã¹CÙ �åä � ��\ @Q��+a�¯� � ��Ú � , whenever �0(�â takes a local maximum at�%	� ¦ ��¹ã\ @d��æ��¯È�� ��Ú , we have(YÛ âÛ 	 -pÜ�ÝQÞÍ�ÎXß ;6(YÛ b âÛ ¦ ©+>+( �à tr �7Û � âÛ ¦ � «V« b �?( ° �9@d
(3.3)

at �%	� ¦ � . �g¹�Ù���\ @Q��TaT¯4�� ��Ú � is called a viscosity
supersolution to equation(3.2) if �4O " w � ngá , andin
(3.3) we have an oppositeinequalityat �
	� ¦ � , when-
ever ��(xâ takesa localminimumat �
	� ¦ ��¹4\ @d��æ��¯� � ��Ú . � is called a viscosity solution if it is both a
viscositysubsolutionanda viscositysupersolution.

We introduce the function class ç such that each���
	���2AL��Â¹�ç satisfies:a) �è¹�Ù���\ @Q��Ta¥¯=�� ��Ú �
and, b) there exist Ùé¸ê � åê � E @ such that O �jOF�Ù{;6�<- s `� w � �¶ë�ì ��� - s `� w � �¸O � � O ëåí<-¬O L � O ëåí7�å> , where
theconstantsÙé¸ê � ¸ê � dependoneach� .
Theorem3.3. (Huanget al., 2001b)The value func-
tion � is a viscositysolutionto theequation@¥�)( Û �Û 	 -pÜ�ÝQÞÍ6ÎXß ;6( Û b �Û ¦ ©+>+( �à tr � Û � �Û ¦ � «V« b �?( ° �.�%�+��2
L.�8�=@ l (3.4)

Moreover, thereexists only oneviscositysolutionto
(3.4) in theclassç .

We modify (3.4) by adding a perturbing term and
formally carryingout theminimizationto get@��B�hî" - �à `� � w � 3j�� �,î� � � � - �à `� � w �2ï ���,îð � ð � (3.5)( `� � w � �,î�7� * � �%� � -0/ � �?( `� � w � O �hîð � O�- ° �
�2AL���
wherewe use� î to indicatethedependenceon ï E @ .Wewill seekaclassicalsolution � î in theclassñ such
thatany �i¹iñ satisfies:a) �i¹[Ù ��ä � ���
@d��æ��¯i�� ��Ú �_òó ��\ @Q�ô�a?¯F�� ��Ú � and,b) O �jO.�ZÙ����<-¬O L�O ë�ì -�� ëåí7õ � õ � ,
where Ù , ê � , ê � E @ dependon � , and �.�%�K��2AL��8�p@ .
Theorem3.4. (Huang et al., 2001b) The equation
(3.5) hasa uniquesolution � î in ñ for ï E @ , and
for @i� ï �]� , öø÷=�� ��Ú compact,� î<ù � uniformly
on \ @Q��Taj¯�ö , as ï ù @ , where� is thevaluefunction
of (3.1).

4. NUMERICAL IMPLEMENTATION OF THE
SUBOPTIMAL CONTROL LAW

Weconsidertwo mobileswith i.i.d. channeldynamics& �'�r�](+*.�%�'��-0/�� & 	2-03 &�5 �¸k���]�� à 2@��9	��|� l



Theperformancefunctionis
� � �� ° �
� " AL " � & 	 with° �g\ � � ì L � (ã@ l ú �A� � ì L � -4� � í L � -0@ l à�û �!a �-o\ � � í L � (ã@ l ú �
� � ì L � -0� � í L � -0@ l à�û ��ac�8-��2�#L � -IL � � l

Theapproximationequation(3.5)takestheform:@¥�=� " - �à 3 � �%� � ì � ì -x� � í � í �_- �à ï � �%� ð ì ð ì -4� ð í ð í �(+*.�
� � -9/���� � ì (B*.�
� � -�/��³� � í (=O � ð ì Ov(GO � ð í O�- ° �.�³�6��r
L��8�p@ l
Theabove equationis solvedby a differencescheme
(Ames,1992)in aboundedregionü �¬;,�%	���2
L.��¸@{�9	��|�6�( ú ��� � �9ýd�O L � O,��ýQ> l
An additionalboundarycondition is addedsuchthat�jO þÈ�)@ , where Û � Û üWÿ ;X�
	���2AL����	<�g@h> . Take step
sizes �v	�åá E @ , and denote ¦ �®�%� � �� � AL � 
L � � b ,�v���¾�
@d�^7^�^_7���^7^�^.�@X� b where � is the � -th element
in therow. We usethescheme@¥� �� " \ �.�%	2-��v	� ¦ ��(f�.�%	� ¦ ��a-�� í��� í \ �.�%	� ¦ -4� � á'�_-4���
	� ¦ (ã� � á��?( à �.�%	� ¦ �!a-�� í��� í \ �.�%	� ¦ -4� � á'�_-4���
	� ¦ (ã� � á��?( à �.�%	� ¦ �!a- î í��� í \ �.�%	� ¦ -4����á'�_-4���
	� ¦ (ã���7á��?( à �.�%	� ¦ �!a- î í��� í \ �.�%	� ¦ -4�
	vá'�_-4���
	� ¦ (ã�
	�á��?( à �.�%	� ¦ �!a( S  ¼� ì ��� $� \ ���
	� ¦ -0� � á��?(B���
	� ¦ �!a!�� S  ¼� ì ��� $�� ���( S  ¼� ì ��� $� \ ���
	� ¦ �?(B���
	� ¦ (ã� � á��!a!�� S  ¼� ì ��� $�� ���( S  ¼� í ��� $� \ ���
	� ¦ -0� � á��?(B���
	� ¦ �!a!�� S  ¼� í ��� $�� ���( S  ¼� í ��� $� \ ���
	� ¦ �?(B���
	� ¦ (ã� � á��!a!�� S  ¼� í ��� $�� ���- Í ì��� \ ���
	� ¦ -0� � á��?(f�.�%	� ¦ (ã� � á'��a- Í í��� \ ���
	� ¦ -0� 	 á��?(f�.�%	� ¦ (ã� 	 á'��a,- ° � ¦ ��M � �]( sgn\ �.�%	� ¦ -0� � á'�:(f�.�%	� ¦ (B� � á'��a1M � �]( sgn\ �.�%	� ¦ -0� 	 á'�:(f�.�%	� ¦ (B� 	 á'��a l
The solution to the differenceequationcan be ob-
tainedby an iterative procedure.The convergenceto
the exact solution of the iteration can be proved by
the method in (Kushnerand Kleinman, 1968). We
take *è� ú , /��Á@ l ý , 3 � �P@ l @�� , ï � �Á@ l � û ,�v	<�gá �)@ l � . Case1: � �)@ l @Q� ; Case2: � �]@ l @�@Q� .
Thevaluefunctionis furtherinterpolatedto geta step
sizeof 0.05.Thecontrol is determinedby thedescent
directionof the valuefunction. In the figures, � � , � �
are the pointwise ideal powers obtainedfrom (2.8).
Figures2-3, Figures4-5 show the resultsfor Cases
1, 2, respectively. Figure6 shows the valuefunction
surface.When at the initial time one mobile has a
highpowerandtheotherhasa low power, weseethat
aninterestingequalizationphenomenontakesplaceas
shown in Figure4.At thebeginningthecontrollerwill
first makethemobilewith ahighpower reducepower
andthe otheroneincreasepower, andafter a certain
periodbothmobileswill increasepowertogether. This
happensbecausewhen the power differenceof two
mobilesis big, morepenaltyis causedin the perfor-
mancefunction.
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5. DECENTRALIZATION AND A GAME
THEORETICAPPROACH

Essentially, in the stochasticoptimal control frame-
work, theperformance(in termsof theSIR level and
power consumption)of eachmobile is influencedin-
directly by its control,sincethecontrolactionsof the
mobilesarecoordinatedby acentralizedcostfunction.
Thus, to increaseflexibility of individual mobilesto
adjust their own performance,it is quite natural to
introduceindividual costsfor eachmobile, and this
potentially helpsdevelop decentralizedoptimization
for networks.

Now we introduce the multi-objective optimization
approachfor the power control problemand give a
gametheoreticformulation.The readeris referredto
(Orda and Shimkin, 2000; Yaicheet al., 2000; Sun
and Wong, 2000) for gametheoreticapproachesto
rate, power control, and network serviceallocation
for static models.In practical systems,it is impor-
tant to implementcontrol strategy in a decentralized
manner, i.e.,eachmobileuseradjustsits powerbased
on its local informationconcerningthenetwork. This
cansignificantlyreduceinformationexchangeefforts
amongusersandbasestationsandthusreducesystem
runningcosts.And basedon theseaspects,it makes
senseto placeemphasisondecentralizedgames.

Herewealsocall acontrolasapolicy or strategy. The
controlis takenfrom anadmissiblecontrolset² to be
definedappropriately. Write

P � � ¦ �8� P � �
�2AL��W�g\ � � � L � (B~ � � `�t w � � � ± L t -4mh��a � -0��L � 
andfor user� , we defineits objective functionasÃ �¸�%�r
L2�M.�8� � \ � �� P ���%� " 
L " � & 	�O ¦ � �]�
�2AL��!a l (5.1)

Each user choosesits control to minimize its cost
index. Sometimewe omit �%�r
L�� in

Ã � when thereis
no ambiguity. For illustrating a decentralizedpower
adjustmentstrategy, as an example, we define the
decentralizedadmissiblecontrolsetas²RQ�SUT��);7Mi�)�
M � � `� w � O M � ¹ã\#(V�6���a andis adaptedto3:�%� � �A·v��AL � �A·v�� Æ � �A·v���� s tvuw � ���7±�L t -4m�:·V��	��å> l
We write the � -th componentof ²RQ�SVT by ² �Q�SVT . Here

Æ �
denotesthe total interferenceto user � causedby all
theotherusersandthesystemthermalnoise.Soeach
userutilizes its own power andattenuationhistoryas
well as the interferenceit receives to determineits
power adjustment.This givesa decentralizedcontrol
strategy. It is of interest to determineeachmobile
user’s power by consideringother informationstruc-
ture which is locally accessibleand can efficiently
reflectnetwork information.In a practicalsystem,bit
errorrate(BER) couldbeusefullocal information.

Definition5.1. A control ÐM ¹Z² is a Nash equilib-
rium , if for each� andany M��?¹Y² � , we have

Ã �¸�AÐM.�³¸ÐM'W��1�<� Ã ���
M���¸ÐM'W��A�
where² is acertainadmissiblecontrolset(centralized
or decentralized),² � is the � -th componentof ² , andÐM W.� denotesthe remainderof ÐM generatedby taking
out the � -th component.

Definition5.2. ÐMx¹F² is saidto bePareto optimal if
thereexistsno Mx¹[² suchthat

Ã ��� M.�é� Ã �¸�AÐM�� for all� with at leastonestrict inequality.

Definition5.3. M¾¹×² Q�SVT is called a decentralized
information Pareto optimal (DIPO) control with
respectto

Ã
, for a certain set of cost indices

Ã �� Ã � �^7^�^j Ã `Q��X�M ù � � Ú , if M is Paretooptimal with
respectto ²YQ�SVT . Theassociatedoptimalcostvectoris
calleda DIPO solution.

The following gives a simple relation betweenthe
optimalcontrolundercentralizedcostandcentralized
information,andthe Paretooptimal strategy with re-
spectto individualcostsfor eachagentandcentralized
information.Theadditive form of thecentralizedcost
functionimmediatelyyieldsthefollowing result.

Proposition5.4. SupposeÐM is the optimal control in
Theorem3.1underthecost(2.10)andtheadmissible
control set ² definedin Section3. Then ÐM alsogives
a Paretooptimal strategy for the multi-objective cost
indicesgivenby (5.1) for ��� �6�^7^�^j�� , with ² given
in Section3.

Now weusethefollowingexampleto furtherillustrate
theabovenotions.To reducecomputationalcomplex-
ity, theexampleis extremelysimple.

Example:Supposewe have two playerswith dynam-
icsandcostindicesgivenby:& �È�[Z & 	2-xM � & 	_- &65 � & Z��N� & 	r-xM � & 	_- &65 � Ã � �]\ É5^ Ü�ÝQÞ�`_ba � �� � �� �
�r�'��-4M��� � & 	�Ã � �]\ É5^ Ü�ÝQÞ�`_ba � �� � �� �
�'Z,��-xM.�� � & 	� � û l à �
where

5 � , 5 � aretwo mutually independentstandard
Wienerprocesses,� E @ , andthecontrol is restricted
to be linear time invariantfeedbackM � � P � � , M � �P � Z usingonly local measurements(i.e.,decentralized
information).

Proposition5.5. The associatedcosts
Ã � �� � �6 à

in (5.2) are finite if and only if � P �  P � �ø¹ ° �;X� P �  P � �cX P � P � E �� P � � @Q��×� �� à > . For� P �  P � �i¹ ° , the associatedcostsaregiven by
Ã � �d �!e í ì� e í� W e ì e í , Ã � � d �!e íí� e ì� W e ì e í . Furthermore,
P � �P � � (Ef à -4� gives the uniqueNashequilibrium,

and
P �� � P �� �£(bg \ ýK-0�È-ih �Aýæ-0��� � - ú �_a-j à ��



k � givesa Paretooptimalcontrol. In otherwords,the
feedbackcontrol M � � P �� � , M � � P �� Z is DIPO.

Proof. In fact, for any feedbackgain pair � P �  P � � , to
make the associatedcosts

Ã �¸� P �  P � � , �Y�è�6 à , finite,

weneedthematrix lp�ª§ P � �� P � ¨ to bestrictly stable,

which is equivalentto � P �  P � ��¹ ° . In orderto obtainÃ � , solving mnlf-nl b mg-poÓ�=@ , where o �¸� �N��-P �� , o � � �qo � � �ro �¸� �p@ , wegetapositivedefinite
symmetricsolution m , andÃ � � tr mª� �i- P ��à P ��T( P � P � l (5.3)

In thesameway, we obtainÃ � � �[- P ��à P ��T( P � P � l (5.4)

By taking
þ�s ìþ e ì � þ�s íþ e í �¾@ , we find a uniquesolu-

tion � P �  P � ���¤�³(Ef à -0�W7(Ef à -0�:� , and it canbe
shown that for any � P �  P � ��7� P �  P � ��¹ ° ,

Ã � � P �  P � �DnÃ � � P �  P � � , Ã � � P �  P � �pn Ã � � P �  P � � . Finally, concern-
ing the pair � P ��  P �� � , if there is � Ð P �  Ð P � � such thatÃ �¸� Ð P �  Ð P � �è� Ã ��� P ��  P �� ����£� �� à , then it followsÃ � Ð P �  Ð P � �T� Ã � � Ð P �  Ð P � �r- Ã � � Ð P �  Ð P � �K� Ã � P ��  P �� � . On the
otherhand,we canshow that

Ã � P �  P � � attainsits min-
imum at theinterior of

°
. By thefirst ordernecessary

conditionwefind theminimumis attainedataunique
point � k �  k � � . So it is impossibleto find � Ð P �  Ð P � �{¹ °
suchthat

Ã � � Ð P �  Ð P � �+� Ã � � P ��  P �� ����W���6 à , with at least
onestrict inequality.

We modify the admissiblecontrol set by restricting
the feedbackgain to be bounded,i.e., O P � OV�¾ö � Eà ����]�� à . Now in thedefinitionof

Ã � , take �f�]� and
replaceM � by t_M � Ut E @d��V�ª�6 à , in the integrand.t is interpretedas a pricing parameterfor the input
energy; then under price tU� �u í W � , � P �  P � �£��
ö � �ö � � is a DIPO (Nash)equilibrium,where ö � �^�É¼Ê ;�öé�³��I�»�6 à > . (See(Sun and Wong, 2000) on
reshapingequilibrium set by pricing). We note that
even if only

P � varies and
P � is fixed, the control

input process
P � Z will be forced to changesincethe

two componentsof the statevector are interacting.
We term the feedbackpair � P � �2 P � ZQ� as a (Nash)
equilibriumin ageneralizedsense.

For thisexample,finite horizoncostindiceswith time
varying linear feedbackcan also be considered,and
the existenceof DIPO equilibria can be analyzed.
But the computationshould be more complex. We
remarkthat it is an important issueto determinean
appropriatedecentralizedinformation and controller
structureto make efficient use of local information
for eachuserandmeanwhilekeepthecomputationof
DIPOequilibriarelatively simple.

6. CONCLUSION

We have studiedrate-basedstochasticoptimal power
control for CDMA systemsand its suboptimalap-

proximation.By introducingindividual costsfor each
agent(mobile) to replacethe centralizedcost in the
stochasticoptimal control framework, we presenta
game theoretic formulation for the power control
problem.A comparisonbetweenthe two approaches
would beof interestandwill beinvestigatedin future
work.
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