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Introdu
tionConvergen
e behavior of various versions of the iterative water�lling algorithm(IWFA) for the 
oexisten
e of multiple 
ognitive ta
ti
al radio networks
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. ..For wireline systems (DSL), IWFA solves the distributed power 
ontrolproblem in a frequen
y sele
tive interferen
e 
hannel [Yu02℄ (Uniqueness ofthe Nash equilibrium).For wireless systems, robust versions of the IWFA have been introdu
ed in[Wang08℄[S
utari08℄[Setoodeh09℄[Gohary09℄[Hong11℄ (multiple Nashequilibria).The IWFA has been extended to parallel Gaussian broad
ast 
hannels withonly 
ommon information [LeNir10℄ (
losed form solution).We present and improved 
onvergen
e behaviour of the IWFA by introdu
ingan expert rule based on sub-
hannel sele
tion. 3/15



IWFA in BC with only 
ommon information
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. ..For the theoreti
al analysis, we assume that the links between thetransmitters and the re
eivers exhibit quasi-stati
 fading, i.e. in whi
h the
oheren
e times of the fading 
hannels are larger than the time ne
essary to
ompute the algorithm.The re
eived signal yj,it in network j, sub-
hannel i and re
eiver t 
an bemodeled as yj,it = hjj,it xij +
N
Pk 6=j hjk,it xik + nj,itwhere N
 is the number of sub-
hannels, N the number of networks, nj,it the
omplex noise with varian
e σ2j,it for the re
eiver t of network j onsub-
hannel i , xij the transmitted signal for network j on sub-
hannel i , andhjk,it the 
hannel from network k to the re
eiver t of network j onsub-
hannel i . 4/15



IWFA in BC with only 
ommon informationWe 
onsider the maximization of the aggregate 
ommon rate subje
t to a totalpower 
onstraint per networkmax
φ

N
Pj=1R0j (φ)subje
t to N


Pi=1 φij = Ptotj ∀jwith R0j (φ) = min1...TjR0jt(φ)with R0jt(φ) = ∆f N

Xi=1 log2(1 +

|hjj,it |2φij
Γ(σ2j,it +

Pk 6=j |hjk,it |2φik )
)and φ the power allo
ation among all sub-
hannels and networks, φij = E [|xi |2] thevarian
e of the input signal on sub-
hannel i for network j, Ptotj the total power
onstraint for network j, ∆f the sub-
hannel bandwidth, and Γ the SNR gap whi
hmeasures the loss with respe
t to theoreti
ally optimum performan
e [Cio�91℄. 5/15



IWFA in BC with only 
ommon informationThe distributed algorithm 
alled IWFA iteratively updates the power allo
ation ofea
h network while 
onsidering the interferen
e of all other neworks as noise.For Tj = 1, the power allo
ation for interferen
e 
hannels [Yu02℄ is given by
φ
optij =

" 1̃
λj − Γσ̃2j,i1

|hjj,i1|2#+For Tj = 2, the power allo
ation for parallel Gaussian broad
ast 
hannelswith only 
ommon information [LeNir10℄ is given byFind φ
(wj1,wj2)optj ∀j given by

φ
(wj1,wj2)ij =

2

4

12λ̃
+

s 14λ̃2 −
(aij − bij )(wj1 − wj2)2λ̃

+
(aij − bij )24 −

aij + bij2 3

5

+with
(wj1,wj2)opt = minwj1,wj2 v

u

u

t

1Tj Tj
Pt=1[(R0jt (φ(wj1,wj2)j ) −

1Tj Tj
Pt=1R0jt (φ(wj1,wj2)j ))2]1Tj Tj

Pt=1R0jt (φ(wj1,wj2)j )

∀jin whi
h φj the power allo
ation among all sub-
hannels for network j,aij =
Γσ̃2j,i1
|hjj,i1 |2 and bij =

Γσ̃2j,i2
|hjj,i2 |2. 6/15



IWFA in BC with only 
ommon informationThe results from the previous optimization problem are also valid in 
ase of theminimization of the aggregate toal power subje
t to a 
ommon rate 
onstraint pernetwork (distributed power 
ontrol). An inner loop determines iteratively for ea
hnetwork the power allo
ation maximizing the 
ommon rate and satisfying its totalpower 
onstraint. Then, an outer loop minimizes the total powers of the di�erentnetworks individually su
h that a 
ommon rate 
onstraint R
om is a
hieved.
Find φ
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Expert rule based on sub-
hannel sele
tionAdditioning an expert rule based on sub-
hannel sele
tion gives three advantagesLower the 
omplexity of the algorithm by allo
ating power only over a subsetof the available sub-
hannelsLower the 
omplexity of the physi
al layer in the 
ase of a multi-
arrierwaveform with non-overlapping sub-
hannelsImprove the 
onvergen
e of the algorithm by giving more fa
ility to thenetworks to avoid ea
h otherAt ea
h iteration of the inner loop in the IWFA in parallel Gaussian broad
ast
hannels with only 
ommon information, a network 
an only use L 
ontiguoussub-
hannels, with L ∈ {1,N
}. In fa
t, the network j 
hooses the subset of
ontiguous sub-
hannels exhibiting the maximum 
ommon rateloptj = maxlj mint=1...Tj∆f lj+L−1
Xi=lj log2(1 +

|hi,jj |2PtotjLΓσ̃2j,it )The optimal subset of sub-
hannels to be used for the network j is thereforedetermined by
Aj = {loptj , loptj + L− 1} 8/15



Simulation resultsThe 
onvergen
e behavior of the algorithm is studied by an implementation in theevent-driven simulator OMNeT++/MiXiM. The �rst network is mobile and followsa pre-de�ned traje
tory with a 
onstant velo
ity v (about 90 km/h). Thesub-
hannel gains of the dire
t 
hannels follow a Rayleigh distribution and do not
hange during the simulation as the relative doppler is zero. The sub-
hannel gainsof the interferen
e 
hannels vary at ea
h inner loop sin
e their 
oheren
e time isapproximately t
 = 0.05s.Carrier frequen
y f
 80 MHz Number of networks N 2SNR gap Γ 9.8 dB Time between inner loops 0.1sSub-
hannel bandwidth 25 kHz Time between outer loops 0.5sPath loss exponent n 4 Power updates (outer loop) 0.46 dBCommon rate 
onstraint R
om 64 kbps
9/15



Simulation resultsComparison between 
lassi
al IWFA (left) and IWFA with sub-
hannel sele
tion ofa single sub-
hannel (right) (N
 = 2 sub-
hannels)
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Simulation resultsComparison between 
lassi
al IWFA (left) and IWFA with averaging [Hong11℄(right) (N
 = 4 sub-
hannels)
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Simulation resultsComparison between IWFA with 
ir
ular averaging (left) and IWFA withsub-
hannel sele
tion of a single sub-
hannel (right) (N
 = 4 sub-
hannels)
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Con
lusionExpert rule based on sub-
hannel sele
tionLowers the 
omplexity of the algorithm by allo
ating power only over asubset of the available sub-
hannelsLowers the 
omplexity of the physi
al layer in the 
ase of amulti-
arrier waveform with non-overlapping sub-
hannelsImproves the 
onvergen
e of the algorithm by giving more fa
ility tothe networks to avoid ea
h otherIWFA with sub-
hannel sele
tion of a single sub-
hannel shows no errors of
onvergen
e, whi
h 
ould be seen as an enhan
ed version of a simple �dete
tand avoid� strategy.Future workNon-
ontinuous transmission for voi
e and dataDevelop a multi-
hannel 
ontention-based MAC layer adapted to IWFAwith sub-
hannel sele
tion of a single sub-
hannelImplementation on USRPs 13/15



Extended ResultsNon-
ontinuous transmission for voi
e (exponential distributions with 10s meanservi
e time and 10s mean idle time)
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Extended ResultsNon-
ontinuous transmission for data (exponential distributions with 0.1s meanservi
e time and 0.1s mean idle time)

15/15
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