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Abstract— This paper analyzes distributed asynchronous Il. RELATED WORK AND SUMMARY OF RESULTS
power and rate control for wireless ad hoc networks with
stochastic channels. In contrast to conventional cellular systesy Cutting this vicious circle, which ultimately degrades the

all network transmitters are assumed to be independent of any performance of the entire ad hoc network, calls for algarith
management infrastructure and, importantly, to have the freecbm rules for powefrate control, which would be beneficial to all

to choose theirown arbitrary control rules, using as input only dh d i | network to follow th
the information on local interference and achieved signal-to- and hence persuade rational network users to lollow them.

interference and noise ratio § INR). This approach respects link’s One approach to this issue consists in solving problems
different local network conditions and preferences on quality of of maximizing a minimumSINR ratio [2] or satisfying
service. With the purpose of finding network-wide acceptable targetS INRlevels with a minimum total transmit power [3].

equilibria for such an individually defined power/rate allocation . . .
dynamics, we discuss an entirely general asynchronous andRecent works inspired e.g. by [4] have then tried to apply

distributed algorithm, whereby stochastic channels are assumed. gar_ne.-the.oretic QoS maximizat?on to the field of dynamic
Moreover, optimum admission scheme for lineaflinearized mod- optimization of resources allocation and to solve amongrsth

els is given. Numerical simulations show the fliciency of our the possible divergence of early algorithms. These works,
approach to allocate comparably higherSINRs in random ad  however, often depart from strongly application dependent
hoc networks with changing topologies and user density. system models and not surprisinglyfer results with low
_Index Terms—Ad hoc networks, power and rate control, mathematical generality or practical universality.
distributed, asynchronous, equilibrium, convergence. In this paper, we develop a novel “best-response” approach
to distributed power and rate control for multihop ad hoc
. INTRODUCTION communication systems supporting several frequency bands
The concept of designing wireless communication network&d having stochastic channels. In our model, each actike i
without a centralized aid of backbone controllers (cellebadi.e., independent single-hop transmission) adjustparally
stations), which facilitate and carry out network managetmeand asynchronously its transmit power and rate, deterginin
on a local cell level, is attractive from the economical antheir values using respectivebest-responsandtransmit rate
practical point of view. The interest in such ad hoc network&ssignmentunctions with the information on local co-channel
stems among others from their ability to provide flexiblenterference and achieveS INR as inputs. Importantly, we
rapidly deployable and fully distributed wireless netwiagk leave up to links themselves to design the particular ratitin
[1] such as in disaster rescue or military applications. of these update functions according to their (slowly) viagyi
The choice for independence from expensive and slowpyeferences or needs in order to match variable service re-
deployable vulnerable base stations however requires thgiirements and changing local network conditions.
substitution by distributed control algorithms, carriegt &y As for novelty, the present paper develops our own prior
network usershemselvesPreferably not only distributed, butwork [5], which we thus consider as the closest reference.
also asynchronous control mechanisms are needed in viewTberein, we have studieglower control with invariable best-
difficulties with achieving a network-wide synchronization. response functions from game-theoreticpoint of view
This paper proposes a new approach to the classical powesumingdeterministicchannel gains. In this contribution, we
and rate control problem, whereby we assume the challengiprgsent a more complex case mdwer and ratecontrol with
context of above introduced ad hoc networks, requiring issibly slowly varying best-response and rate assignment
implementation by means of collective decision-making. Whéunctions usingstochastic approximationno deal with the
makes this a diicult task is besides the need for distributivityeffects of random channels gains. Nevertheless, our work is
and asynchrony also the fact that communication channelsne on apurely theoretical level and focuses on analytical
have a stochastic nature and ad hoc network users are dgnedarity and simplicity without making any technical assump
non-cooperative and selfish. The latter commonplace assurtipn, which further delimits it from other prior publicatis.
tion suggests users’ tendency to use higher power outputShe following text first defines in Section Ill our povyeate
to overcome experienced co-channel interference fromrstheontrol model and then discusses in Section 1V the problem of
and maximize their immediate quality of service (QoS) psofithe convergence of its dynamics to Nash equilibria assuming
disregarding however the harms caused by one’s own powstochastic channels. In Section V, we focus more on linear
. . . (linearized) control system model and present as a result an
This work is supported in part by tf#d st Century COE Prograi@rant No. . . . .
14213201 and Grant No. 16206040, both from Japan Societpriamotion optimum admission control scheme for this case. Numerical
of Science, and Grant No. 1@%/0852 of Grant Agency of Czech Republic. sSimulations are given in Section VI, followed by conclusion



Ill. System MoDEL forall j € # and ] # i. X with elementso denotes the
ategy profile of the entire power control game, given gy th
artesian product oE; for all i € 7.

Note that transmit power; is the only strategy in our game-

When analyzing a general wireless ad hoc network usiy
data relaying over multihop connections on multiple fratye
bands, we employ a decomposition of the network into orthog- . ; :
onal frequency bands [6] and study with no loss of generali??eore“C model formulation, because knowing all powers
only the reduced problem of isolated resources managemen@id functionsR is sufficient to uniquely derive linksS INRs

a single channel network (CDMA or FDMA) with concurren@nd thus their corresponding data rates. Reaching a network
interference, caused By simultaneously active links. Léhy;| Wide equilibrium by the power control process therefore

be theN x N channel gain matrix, whereHy; is the channel implies also a stabilization of the rate adjustment pracess

gain from the transmitter of link to the receiver of link.

We think of powefrate control as of individual decision-
making in a non-cooperative environment, whereby each net- ] o ) )
work link i performs its powerate control updates periodically "€ main contribution of our work consists in analyz-
with period T in time instancessik for integerk. We generally N9 how to distributively and asynchronously find suitable

assume an asynchronous poiate control witht® # t< for all solutions to the gamé&/ under the real-life assumption of
links i and j # i (other links than linki are dencIJted by-i). stochastic communication channbjgs It is certainly natural to

Links adjust their transmit powers; with respect to ex- require such solutions to be stable power vectorall6cated

perienced co-channel interference using their so-calkest-b Py individual links such that every link's transmit power

response functionﬁiRX > 0 [5], describing mathematically 'S opUmaIIy_adapt_ed t(z mterfgrence from _other I|r_1ks with

the value of the most desirable received powgr; at link €SPECt to givers;, i.e.,oi = £i(6-i) for each link. Taking an

i's receiver (RX) necessary to overcome a given interferenl$19nt of game-theory, this formulation in fact matheroally

S o = hfia,i from other interfering linksj # i (i) in corresponds to the definition of Nash equmbr_lgm [7].

order to achieve an acceptable connection, e.g., an abtepta " Order to be able to use the Nash equilibrium concept

SINR. Boldface notation denotes vectors and matrices.  Within the discussed poweate control framework, we must
As individual links may possibly have fiierent preferences 8SSUme two mild restrictions ol andf;. Let for alli € .7

on S INR for considered interference values, each link definéd €ach link'si strategy profileX; 1be a non-empty, compact

its own function®* independently from others and base@"d convex set of real numbels” and (ii) 5 be a globally

solely on its own individual preferences or QoS needs. FurldPSchitz in the strategy space (bounded first derivative).
tions gR* are therefore generally fiierent among each other. The motivation for this is that one can show using Brouwer’s

Link i's transmitter (TX) adjusts concurrently with its transiXed point theorem [8] that under such assumptions the game
alwaysadmits at least one Nash equilibriusne™.

mit power also its transmit data rate based on a so-called ; . o
rate assignment functioﬁt,-TX > 0, which assigns preferred So solving¥ boils down to a distributed and asynchronous

data rates tdS INR achieved at the receiver. Likewigg®, search for zero root(sy of the functionf (¢) = B(0) — o
RT™ is assumed to be links particular choice too. having available only periodical observations of intezfeze,

We formulate similarly to [5] the above distributedi'e"ﬁ(")'Whereﬂ is the Cartesian product 6 on X. Yet un-

poweyrate control model as a strategic game in order f?)ir tﬂe presg_ncel of n0||$e|r_1 channelsﬂb(a) bef:omes noisy,
incorporate into our model the fact that in the above schdme YNich accordingly results into noisy o servations(¢) + e]

network links take independently their best available canti of f(.a)' TO. miti.gate th_is problemk, a recursi\&;/nchronoug
(poweyrate updates with respect K?X and R‘TX) to pursue algorithm (time indexk instead oft) has been proposed in

their own individual objectives (choice gf* andR™) using [9] to find a sought-for rootr "under stochastic conditions:

only the information on mutual interference and achieved ot = ok +a[f (%) + €. (1)

SINR. What makes this a strategic game is that what is best K : N . . .
for one link, in general, depends upon other links’ actions. wherea is the algorithmic step size. This algorithm has been

Settings™ (o) det %ﬁfx (hIiU—i) to be the transmitter TX used for example in [3] to improve a poor performance of

based best-response function, we formally redefine ouelsystthe classical Foschini-Miljevic algorithm in noisy chaise

model as a non-cooperative garfe = (.7, i, B} [7] with which a_llocates minimum transmit powers for satisfyingchar
these three elements (in the next we omit for clarity TX jfjonstraints or& INR. .
X TX . : quitodsin o) ~ Inourwork however, we have alternatively focused on mod-
" andR™™ and if possible also the ubiquitousin o7'): ifying a more elaborate stochastic approximation algarith
1) asets of N active linksi € .#, . = {1,...,N} (game from [10] to fit to our specific purposes. As a result, the next
players), simultaneously accessing the shared mediujaragraph presents an algorithm that not only allows for a
2) atransmit powetr € X (game strategy) for each link  gistributive search for an equilibriumx nder noise as in the
wherex; € R'* defines the power profile of link case of Eq. (1), but also solves the problemas§nchronous
3) link i's best-response functioff : ¥_j — X (transmit convergence to potentiallynultiple equilibria of ¢, weakens
power update rule), assigning a power e % to each nojse conditions compared to [3] and importantly allows an
opponent links playr_; € ¥_; iterationrestart if the estimate ofo"departs out ofs.
whereinX_; with elementso_; represents the strategy profile Suppose periodical, but asynchronous transmit power up-
of opponent links—i, given by the Cartesian product &f; dates as defined in the system model. Then the proposed

IV. SEARCHING FOR NasH EQuILIBRIA UNDER STOCHASTIC
CHANNELS



algorithm consists in letting every link perform its power Apart of verifying the noise assumption for some particular
update actions at time instancé‘s based on the following channel type of interest, all the other assumptions of tloweb
recursive formula, whose only input is the informatiop ottheorem are not very complicated. Importantly, we obsdraé t
interference from asynchronously updated transmit powtg':irs the functionv is not required to be non-negative as in the case
of the Lyapunov functiorV, needed for assuring power control

hich is defined f initial it power € 5;: e Ly . .
and which is defined for some initial transmit pows € X; stability in [5]. So a candidate function far can be found

gitik” = (gi‘ik + aikyi‘ik) L - (2) e.g. by means of a functiog = gradv for all i such that (i)
(”i' Ay )a‘] figi < 0 and (ii) | 22 | is symmetric (recall thag is a gradient

gf a scalar functiém if and only if g’s Jacobian matrix is

; . symmetric). In contrary to [5], it is not necessary to search
function f; = g crtji —a'it‘ having Nash equilibrium (equilibria) for g such that it also holds that (iiy = foag(T) dr > 0.

as its zero root(s). The logical functiorslemen: in Eq. (2)

is equal to 1 if itsstatements true and becomes 0 otherwise, V- POWER AND RaTE CoNTROL WITH LINEAR OR LINEARIZED
the T tk BestREspoNse FuncTions

whereby if one candidate value; = o + a}‘yitik of the

estimated equilibrium component at timet + T exits from While this m_ethod for generating functionds s.traightfor—
the predefined transmit power profi®, the search for the ward and applicable to general power control, it may not be

& ik + O'i* L
(rri' +alyl )eZi]

k k k
The termyiti = fi (at_‘i +eiti represents noisy observations of th

point o* € X and restarted from this new initial value. or defined numerically. Let us therefore restrict our attent
In order to describe the convergence conditions of Eq. (29, & simplified system model, whose best-response functions
we must make the following assumption on noise Bi are assumed to be linear (linearized) functions in the form

Assumption 1:For any convergent subsequen(zef‘n} of Bi= _(Ai + Bthi‘T—i)/hii_for A.Bi e %1-.\./\/9_ naturglly assume
tk . continuous dierentiability of 3 at equilibriumo” in the case
{o'}, anyi € .# and anyé € [0, 6] . g, . . -
of linearizing a nonlinear power control dynam|csaa(rao)lmd
m(n.g)ar (i,g0+1) e with approxmate linear functions having slofgfs= a_(ffTTj
a€'| =0, (3 Two important powegrate control schemes can be modeled
in such a way. First, ifA; > 0 and B; < 0, then each
where “A” denotes the minimum betwean(n, §y) = inf{l > link's preferences or§ INR decrease inverse proportionally
n,Z'$n a’ > 6} andr (i,1) = inf{k > O,g}‘ =1}, Wherebyg}‘ with increasing interference. In such a case, links can take
is a virtual truncations countegf*l = gik+ Liy « with advantage of high-power high-speed transmissions forrlowe
[("i' Ay, )gz'] interference levels and use rather slow, but energy saving
o° = 0 Vi. O Then we state: transmissions for higher interference. If interferenceeexis
Theorem 1:Assume a non-cooperative power control gamge threshoIdAi/Bi, link i becomes passive and waits for
4 = {,01,B) as defined in the system model and 2t better channel conditions while saving its power budges (th
be globally Lipschitz functiong? : ¥ — X in a non-empty implements a receiver-based admission control of CHEBM
compact and convex strategy spa€e whereby the sed =  kind). Secondly, ifA; = 0 andB; > 0, then the system model
{6 eX : f(6) =pB(6)-6 =0} denotes a set of isolatedrepresents a network with hard constraintsNR[12].
Nash equkilibriafof%forgivenf, resp.3. Let links’ transmit Defining matrix B = L[#J-] B hij / hii], we assumeB
powerSO-iti be periodically updated at time instandfsased to be a nonsingular and irreducible matrix, sincefedent
? active links have disjoint positions in the network. Assogi
for simplicity all hj; = constas a result of interference data
averaging angr slow mobility, we can state the next theorem:
Theorem 2:Assume in accordance with the system model
_ o ajk _ 31k a non-cooperative power control gaife= {.7; o7j; 5i} having
0.<d™ <liminf xS lim SUp—— < d™ as (4 Jinear or linearizeds = (A +BihTo) /hi for A, B € R
e andVi € .#. Then the gam¢& has a unique Nash equilibrium
for some d™" and d™® Then if there exist scalar twice & and its best-response power control dynamics

lim suplim sup—
0-0 koo 0

s=n

on Eg. (2) with an initial valuej-:‘ and for o < max[Zi],
whereby each link iterates Eq. (2) with its own step—s;j#_e

such thatak > 0, ak <= 0, Y2 ak = co and

continuously diterentiable functiorv: ¥ — R such that 1) converges globally asymptotically te; ~
sup [fT diag(1, dy, .. .,dN)gradv] <0, (5) 2) diverges globally fromo;
dre[dmin,dme+] if it holds that

for all o € 2\ J andv (o) <inf o _maxs,; o <marfz,.] V(0) 18 1) hi > [Bil 2. hyj for all i .
true together with thé\ssumption Jon noise;, It holds that ~ 2) hi <IBil Xy, hij for somei or at least oneB's eigen-
_ ) oo value |1; (B)| = 1 corresponds to a Jordan cell with
dlst[zfti , J] — 0 as (6) dimension more than 1;

respectively, whereby the speed of convergence of Eq. (2) in
case (1) or its divergence in case (2) is exponential.

1The proofs of the theorems stated herein are provided in thendad This theorem in fac_t defines an _optl_mum admission goqtrol
journal version of the paper. scheme on the data link layer, which is cross-layer optithize

for dist[o‘wk, J] = inf{llot — & V& € J). ot



with the power and rate control of the underlying physical VI. NuMEricAL ResuLTS

layer in terms of assuring its network-wide convergence.

Moreover, it supplements the admission control impliciots !N the next, we show that the proposed approach to power
system model and characterized by the interference tHdssh%nd rate control has the potential to allocate comparably
A;/Bi. Note also the theorem’s relation to the network |ayé)retter5 INRs in Iarge_and densely populated ad hoc networks.
through the parametet, which can be adaptively adjustedThe focus onSINRis necessary, because our approach to

for networking and routing purposes so that lirg transmit poweyrat_e control is driven solely by adaptation to local co-
power is allocated correspondingly to its geometrical fang channel interference, whereas many fundamental formdlas o

Evidently, usingTheorem 2each link can determinimde- the |nformat|on theory depend dﬁlNR."e" on therTat|o of
pendentlyfrom others, whether its transmission, under give“1e received poweh;o; and the actual |ntgrferende_ia_i.
channel conditionsy; andh_; and with a best-response func- ASSume a square area of 10 kmi0 km with the number of
tion characterized by andB;, would afect the convergence Stationary links varying from 1 to 100, whereby their length
process of the whole network. Advantageously, all of thed® Set t0 100 m in order to enhance the interpretability of
parameters artcally available information for link. the following simulations (results hold also for the gehera

Following the admission rule of case (1) by all links assur&@se). All links update in an asynchronous and distributive

that the powerate control converges globally and asymptoti@y their powers using for simplicity the same linear best-

ong (o ) = h T
cally with an exponential motion to a unique Nash equilibriu "€SPonse functions; (o) = h Pmaxm;Xh_—iU—lv whereby the
for any initial condition. In contrary, a transmission wdthg N€Work maximum transmit poweP™* is set to 1 W. This

the admission control as in case (2) results into an undasiraScheme corresponds to the usage of “bursty” high-speed high
power transmissions in low interference conditions ance vic

exponential divergence of transmit power allocation. - -1 :
In order to propose similarly theorem 1an asynchronous versa as discussed at the beginning of Section V. Channels
gainsh;; exhibit a path loss with exponent= 3.5. Optimum

and distributed solution taoisy poweyrate control f; # > o
cons) with linear best-response functions, we have furth@dmission control fronTheorem 2s used to assure stability.

developed Theorem 2and showed that implementing its W& compare equilibriunt INRs of this “proposed algo-
admission control scheme is in fact equivalent to assuriff!™”. representing our framework, witlsINRs allocated
convergence conditions of Eq. (2). Although the proof reemii PY @ “constant received power” algorithm, inspired vaguely
several consecutive steps, it is not very hard to derive tR¥ [14]- This comparison algorithm (i) allocates every Ik
following substantially simplified version ofheorem 1 transmit power such that all receivers receive saenepower,
Theorem 3:Assume a non-cooperative power control ga,.n\é{hereby fqr a precisely-defined and fair comparison (iijlsai _
@ ={.7; 01,8} as defined in the system model having linedfdual received powers are _such that_the sum of all transmit
or linearizeds, = (Aa n BthiU—i)/hii for A.B € Rl and Powers used by the comparison algorithm is equal to the sum
. ) . ) t ) of all equilibrium powers, allocated by the proposed althoni.
¥ire 7. Let each link update its transmit powe'qt‘o at time In the first simulation scenario, we vary the total number
instances based on Eg. (2) with an initial value and for of active and uniformly randomly distributed links in the
o7 < max[%j] using its own step-sizef such thataf > 0, network, starting from 1 and ending by 100, and compare

ak Yo, 0, Ypa = co and the performance of both said algorithms in terms of allatate
’ y SINRs. Fig. 1 depicts histograms of maximum achieved
a & S INR differences between the proposed algorithm and the

0<d™ < liminf —- < limsup

K
koo @ koo A

<d™ as (7 . :
- () comparison one, whereby each curve representsffareint

_ number of active links.

for somed™" andd™*. Then ifh; > |Bj| Xj.i hyj for alli and  \e observe that the growing link density in the network
the Assumption bn noises is true, it holds thalo! —&| N (and thus worse interference conditions) implies a shifthef
0 as, wherebyos is the unique equilibrium of. o differential histogram curves in the directionpafsitivevalues,

By the nature of stochastic approximation, the particulsyhich means an increasingnprovementof SINRs by the
choice of the algorithmic step-siza‘ plays a key role in proposed algorithm with respect to the comparison algerith
a well-known tradefi between the algorithmic convergenceinder worsening interference conditions.
rate and error distance of the allocated power vector fromThe observed large improvementifdrence between sparse
the optimum equilibrium vector. A step-size with biggeand dense networks lies in the fact that in rather sparse
magnitude would in general imply faster convergence withetworks the interference can be significantly heterogesieo
lower precision of the equilibrium estimate, whereby a demal Simulatedsamebest-response functions then allocate mutually
magnitude step-size allows reaching the equilibrium withomore diferent powers, which lays the ground for a significant
larger oscillations around it, but the convergence ratelsvodocal S INRimprovements. Whereas in denser networks, the
be accordingly slower. Detailed numerical simulationtgtesl interference is more homogenous and allocated powers com-
to said step-size choice tradéf;acan be found e.g. in [13]. parable. ConsequentyINRs are also more balanced, yielding

In this context [3] also proposes to use a constant step-sfitglly only lower improvement possibilities.
in order be able to track down time-varying equilibria and Our second simulation scenario evaluates, how the proposed
respond to admission events in the network. Such an approatdorithm can improve links'SINRs if the randomness of
however dfers only convergence in distribution. simulated network topologies varies. We simulate this gean
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Fig. 1. Histogram of maximum achieveslINR differences between the Fig. 2.  Histogram of maximum achieve8lINR differences between the

proposed and comparison algorithms. Eight cases of incigasimber of proposed and comparison algorithms. Four cases of increaspajogical
active links in the network are illustrated, each obtairrednfover 16 random  randomness in a network with 100 active links are shown, edothired

topologies. from over 16 random topologies.

as a continuous transition from regular grid-like topo®i from a game-theoretical point of view. Restricting our mode
(0% randomness) to uniformly randomly distributed top@sg by only minimal necessary mathematical assumptions, we
(100% randomness). More precisely, we imagine a regukiowed conditions for convergence of such a power and rate
grid with 10 rows and 10 columns superposed over th®ntrol dynamics to Nash equilibria, whereby our analysis
whole network area, whereby the geometric center points jgfentirely general and application independent. In acdijti
our 100 links are positioned uniformly randomly into virtuaoptimum admission control scheme for lingiaearized con-
square deviation areas centered on the grid's intersectioftol models was shown as an application of our framework,
During a simulation run the deviation area size is progvegi together with proving the potential of our approach to pievi
increased, starting from zero (only the grid intersectiofith  for a satisfactory and comparably bet@tNRallocation by
zero surface are comprised) and ending by a case, allowid@ans of numerical simulations. Our current research dreslu
positioning of links anywhere into the whole network ared amodifying the above framework for modeling power and rate

generating thus fully uniformly random topologies. control in channels with state-dependent noise.
Fig. 2 shows four histograms of maximum achiex@tNRs

differences between the proposed algorithm and the compari-
son one for four representative levels of topological rando . i o~

0%. 70%. 80% d 100%. W . b [1& A. J. Goldsmith and S. B. Wicker, “Design challenges foregyy-
ness - 70, FD70, 0 an_ 0. We can ag.a:m 0_ SEIVEe & constrained ad hoc wireless networkEEE Trans. Wireless Commun.
progressive shift ofS INRdifferences to the positive side of  vol. 9, no. 4, pp. 8-27, Aug. 2002.

each histogram’ x-axis in response to increasing tOpOiIlgiC [2] J. Zander, “Distrib. co-channel interf. control in aghr radio systems,”
IEEE Trans. Veh. Technolvol. 41, no. 4, pp. 305-311, Aug. 1992.
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