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Introduction Zero delay scalar Amplify-and-Forward Decode-and-Forward Estimate-and-Forward Stackelberg formulation Further work



System Model Objective



Two transmitter-receiver pairs communicating in two non-overlapping frequency bandwidths: Z1 X1



g11



(a)



interference channel (IC) [carleial-it-1978]



(a)



Y1



+



(a)



g12 (a)



Z2



g21 X2



(a)



Y2



h11



(b)



h1r +



(b)



h2r X2



(b)



Zr



Yr



relay



(b)



Y1



+



h12



(a)



General assumptions:



Z1 X1



(a)



+



g22



(b)



h21 h22



hr2



Z2



static (or slowly variable) AWGN channels the relay operates in the full duplex mode



hr1 Xr



interference relay channel (IRC) [sahin-asilomar-2007], [sahin-globecom-2007]



(b)



+ Y2



(b)



global channel state information (CSI) at the transmitters and receivers no interference cancellation at the decoding steps
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System Model Objective



Received baseband signals (∀i ∈ {1, 2}, j = −i ∈ {1, 2} \ {i}) ⎧ (a) (a) (a) (a) ⎪ = gii Xi + gji Xj + Zi ⎨ Yi (b) (b) (b) (b) Yr = h1r X1 + h2r X2 + Nr ⎪ ⎩ (b) (b) (b) (b) (b) Yi = hii Xi + hji Xj + hri Xr + Zi (b)



The transmitted signal by the relay Xr depends on the relaying protocol (Amplify-and-Forward, Decode-and-Forward, Estimate-and-Forward)



Power constraint at the transmitter i (a)



(b) 2



E|Xi |2 + E|Xi (b) 2 |



Notation: E|Xi



| ≤ Pi



= θi Pi , the fraction of power used in band (b)



Power constraint at the relay E|Xr(b) |2 ≤ Pr 3 / 25
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System Model Objective



How do autonomous devices allocate their powers to maximize their own achievable transmission rates (a)



(b)



Ri (θi , θ−i ) = Ri (θi , θ−i ) + Ri (θi , θ−i ) ? ⎞ ⎛ (a)



Ri



(b)



Ri



⎜ =C⎜ ⎝



(a)



|gii |2 ρi θi (a) (a) Nj |gji |2 ρj (a) N i



θj +1



⎟ ⎟ , C (x) = log (1 + x), ρ(a) = 2 i ⎠



Pi (a)



Ni



depends on the relaying protocol



The cross interference terms → interaction → Game Theory Related works: [yu-jsac-2002] power control problem in a frequency selective IC, users maximize their achievable rates under transmission power constraint [pang-it-2008] same channel, users minimize their consumed powers under minimal achievable rate constraints
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Fixed amplification gain



A. Zero delay scalar Amplify-and-forward (ZDSAF) relaying protocol
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Fixed amplification gain



General power allocation (PA) game (b)



The relay ampliﬁes its observation Xr



(b)



= ar Yr .



Ampliﬁcation gain ar ≥ 0 such that all the power available at the relay is exploited ar = ˜ ar (θ1 , θ2 ) =







Pr (b) 2 |



E|Yr



=



Pr (b)



|h1r |2 P1 θ1 + |h2r |2 P2 θ2 + Nr



Achievable rates on⎛band (b) (b),AF



Ri



⎞



(b) ⎜ ⎟ |ar hir hri + hii |2 ρi θi ⎜ ⎟ =C⎜ ⎟ (b) ⎝



2 (b) Nj(b) ⎠ N 2 |h |2 r



ar hjr hri + hji ρ θ + a + 1 r ri (b) j (b) j Ni



Strategic form game G



AF



=



Ni



(K, (Ai )i ∈K , (uiAF )i ∈K )



the players: the two transmitters (K = {1, 2}) the strategy of transmitter i : the fraction θi in its strategy set Ai = [0, 1] the utility function for user i : its achievable Shannon transmission rate (a) (b),AF (θi , θ−i ) given by uiAF (θi , θ−i ) = Ri (θi , θ−i ) + Ri
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Fixed amplification gain



Existence of the Nash Equilibrium Solution of the game: the Nash equilibrium (NE) [nash-academy-1950], a stable state of the network from which the users do not have any incentive to deviate unilaterally. Deﬁnition ∗ The state (θi∗ , θ−i ) is a pure NE if ∀i ∈ {1, 2}, ∀θi ∈ Ai , ∗ ∗  ∗ ui (θi , θ−i ) ≥ ui (θi , θ−i ).



Theorem There exists at least one pure NE in the PA game G AF (ar = ˜ar (θ1 , θ2 )). Proof. Using [rosen-econometrica-1965], if for every user i : the strategy set Ai is compact and convex set the payoﬀ function ui (θi , θ−i ) is continuous w.r.t. (θi , θ−i ) and concave w.r.t. θi the existence of an NE is ensured.
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Fixed amplification gain



Uniqueness of the Nash equilibrium Particular case: “dumb” relay ar = Ar ∈ [0, ˜ar (1, 1)] (analog power ampliﬁer without automatic gain control). Best response functions: 



Fi (θj ) , if 0 < Fi (θj ) < 1



, if Fi (θj ) ≥ 1 BRi (θj ) = 



1



0 , otherwise , c



Fi (θj )  − cij θj + ii



di cii



is an aﬃne function of θj ;



cii = 2|gii |2 |Ar hri hir + hii |2 ρi , cij = |gji |2 |Ar hri hir + hii |2 ρj + |gii |2 |Ar hri hjr + hji |2 ρj , di = |Ar hri hir + hii |2 (1 + |gii |2 ρi + |gji |2 ρj ) − |gii |2 (1 + A2r |hri |2 ).



Depending on the channel parameters: unique NE, two NE, three NE or an inﬁnite number of NE! 8 / 25
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Fixed amplification gain



Numerical results Best Response Functions (ρ1=0 dB, ρ2=4.7 dB, ρr=3 dB)



Best response functions (ρ1=0 dB, ρ2=4.7 dB, ρr=3 dB)



1



2



0.9 1



2



*



1



BR (θ ) 1



1.6



2



1.4 1.2



0.5



θ2



0.6 θ2



*



(θ1,θ2)=(0.25,1.39)



2



0.7



(θNE,2, θNE,2)=(0.84,0.66) 1



1



2



0.4



0.8



0.3



0.6 BR (θ )



0.2



2



1



1



0



0.2



1



2



NE NE



(θ1 ,θ2 )=(0.49,1)



0.4



(θNE,3, θNE,3)=(1,0.37)



BR (θ ) 0.1 0



BR (θ )



1.8 (θNE,1, θNE,1)=(0,1)



0.8



2



0.2 0.4



θ



0.6



0.8



1



1



0



0



0.2



0.4



θ



0.6



0.8



1



1



(g11 , g12 , g21 , g22 ) = (−1.7, 4.31, 8.35, 1.37),



(g11 , g12 , g21 , g22 ) = (5.29, 2.89, 3.36, −1.16),



(h11 , h12 , h21 , h22 ) = (1.89, 4.72, 0.2, −0.2) ,



(h11 , h12 , h21 , h22 ) = (3.79, 2.54, 0.38, 6.55),



(h1r , h2r , hr 1 , hr 2 ) = (−2.5, 3.23, 5.58, 3.77)



(h1r , h2r , hr 1 , hr 2 ) = (−3.18, 1.67, −1.11, 1.25)



The intersection point (θ1∗ , θ2∗ ) ∈ [0, 1]2 . There are three diﬀerent NE points.



The intersection point (θ1∗ , θ2∗ ) ∈ / [0, 1]2 . There is a unique NE.
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B. Decode-and-forward (DF) relaying protocol
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Rate region derived in [sahin-globecom-2007]  (b) (b) The transmitters send X1(b) = X1,0 + τν1 θ1PP1 Xr,1 , r (b)



X2



(b)



= X2,0 +







τ2 θ2 P2 (b) Xr,2 1−ν Pr (b)



the relay can decode both the coarse messages (Xi ,0 ) and the ﬁne (b) (Xr,i )



messages the destination i can decode only its destined coarse message



The relay cooperates with the transmitters to help the destination (b) (b) (b) decode the ﬁne message, Xr = Xr ,1 + Xr ,2 (b)



Xi



(b)



(b)



∼ N (0, θi Pi ), Xi ,0 ∼ N (0, (1 − τi )θi Pi ), Xr,1 ∼ N (0, νPr ),



(b)



Xr,2 ∼ N (0, (1 − ν)Pr )



Three diﬀerent power allocation problems each source allocates its power between bands (a) and (b) by tuning θi in band (b), each source needs to tune its cooperation degree τi with the relay (it has to allocate its power between the coarse and ﬁne signals) the relay has to allocate its power (ν) between the two cooperation signals intended for D1 and D2 11 / 25
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Achievable rates



(b),DF



Ri ⎧ (b),DF ⎪ ⎪ R1,1 ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ (b),DF ⎪ ⎪ ⎨ R2,1 (b),DF ⎪ ⎪ R1,2 ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ ⎪ (b),DF ⎪ ⎩ R2,2



 =



C



=



C



=



C



=



  (b),DF (b),DF = min Ri ,1 , Ri ,2



|h1r |2 (1−τ1 )θ1 P1



 |h2r |



2 (1−τ )θ P +N (b) 2 2 2 r



|h2r |2 (1−τ2 )θ2 P2



 



(b) |h1r |2 (1−τ1 )θ1 P1 +Nr |h11 |2 θ1 P1 +|hr 1 |2 νPr +2Re



 √ (h11 hr∗1 ) τ1 θ1 P1 νPr √ (b) 2 2 ∗ 2 θ2 P2 νPr +N1  |h21 | θ2 P2 2 +|hr 1 | νP2r +2Re(h21 hr 1 ) ∗ τ√ |h22 | θ2 P2 +|hr 2 | νPr +2Re(h22 hr 2 ) τ2 θ2 P2 νPr C √ (b) ∗ 2 2 |h12 | θ1 P1 +|hr 2 | νPr +2Re(h12 hr 2 ) τ1 θ1 P1 νPr +N2 



and (ν, τ1 , τ2 ) ∈ [0, 1]3 , and ν = 1 − ν.
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Game description



We focus on two special cases: the cooperation degrees are ﬁxed (τ1 , τ2 ), the PA game over the available bandwidths the parameters (θ1 , θ2 ) are ﬁxed, the PA where the cooperation degrees can be tuned



Strategic form game the players: the two transmitters the strategy of transmitter i : either the fraction θi or τi in its strategy set Ai = [0, 1] the utility function for user i : its achievable Shannon transmission rate (a) (b),DF given by uiDF = Ri + Ri
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Existence of the Nash equilibrium In both power allocation games the existence of the Nash equilibrium is ensured ([rosen-econometrica-1965]). Theorem The game defined by G DF = (K, (Ai )i ∈K , (uiDF (θi , θ−i ))i ∈K ) with K = {1, 2} and Ai = [0, 1], has always at least one pure NE. Theorem The game defined by G DF = (K, (Ai )i ∈K , (uiDF (τi , τ−i ))i ∈K ) with K = {1, 2} and Ai = [0, 1], has always at least one pure NE. The DF protocol naturally introduces a game between the transmitters!
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C. Estimate-and-forward (EF) relaying protocol
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Rate region derived in [djeumou-tc-2009 submitted] The relay sends an approximated version (compression Wyner-Ziv manner) of its observation: a unique estimation decodable by both receivers (single level compression scheme) two estimations destined to each of the two receivers (double level compression scheme) (b)



(b)



(b)



The relay constructs two estimations of Yr : Yˆr ,1 = Yr (b) (b) (b) (b) (b) Yˆ = Yr + Z with Z ∼ N (0, N ) and r ,2 (b)



wz,2 (b)



wz,1



(b)



+ Zwz,1 ,



wz,1



Zwz,2 ∼ N (0, Nwz,2 ) (b)



It sends the superposition of the two codes: Xr = U1 + U2 , U1 ∼ N (0, νPr ) and U2 ∼ N (0, νPr ) The relay has to allocate its power (ν) between the two signals intended for D1 and D2 16 / 25
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Achievable rates  (b),EF R1



=



C



(b),EF



=



C



R2



    (b) (b) (b) |h2r |2 θ2 P2 +Nr +Nwz,1 |h11 |2 θ1 P1 + |h21 |2 θ2 P2 +|hr 1 |2 νPr +N1 |h1r |2 θ1 P1      (b) (b) (b) (b) N +Nwz,1 |h21 |2 θ2 P2 +|hr 1 |2 νPr +N1 +|h2r |2 θ2 P2 |hr 1 |2 νPr +N1   r    (b) (b) (b) |h1r |2 θ1 P1 +Nr +Nwz,2 |h22 |2 θ2 P2 + |h12 |2 θ1 P1 +|hr 2 |2 νPr +N2 |h2r |2 θ2 P2      (b) (b) (b) (b) Nr +Nwz,2 |h12 |2 θ1 P1 +|hr 2 |2 νPr +N2 +|h1r |2 θ1 P1 |hr 2 |2 νPr +N2 



(b) Nwz,1 (b) Nwz,2



= =







=



+ 







(b) 2 A(b) − A1 



(b)



 







(b) 2 A(b) − A2 



|hr 1 |2 νPr |hr 2 |2 νPr (b)



∗ θ P h12 h1r 1 1







|h22 |2 θ2 P2 +|h12 |2 θ1 P1 +|hr 2 |2 νPr +N2



(b)



ν ∈ [0, 1], A(b) = |h1r |2 θ1 P1 + |h2r |2 θ2 P2 + Nr , A1 (b) A2



(b)



|h11 |2 θ1 P1 +|h21 |2 θ2 P2 +|hr 1 |2 νPr +N1



∗ θ P + h h∗ θ P and = h11 h1r 1 1 21 2r 2 2



∗ θ P . h22 h2r 2 2
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Game description Strategic form game the players: the two transmitters the strategy of transmitter i : either the fraction θi in its strategy set Ai = [0, 1] the utility function for user i : its achievable Shannon transmission rate (a) (b),EF given by uiEF (θi , θ−i ) = Ri + Ri



Existence of the Nash equilibrium Theorem The game defined by G EF = (K, (Ai )i ∈K , (uiEF (θi , θ−i ))i ∈K ) with K = {1, 2} and Ai = [0, 1], has always at least one pure NE.
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D. Stackelberg formulation
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Assume the existence of a central authority (common operator) Hierarchical game [stackelberg-book-1952]: the game leader is the operator that chooses the parameters of the relays to maximize its beneﬁt (e.g., the overall system sum-rate) the relay spatial location (xr , yr ) (2D propagation scenario is assumed) ampliﬁcation factor Ar (ZDSAF protocol with ﬁxed ampliﬁcation gain) power allocation at the relay, ν ∈ [0, 1], between the two cooperation signals intended for D1 and D2 (DF, EF protocols)



the followers are the cognitive transmitters that adapt their power allocation policies to what they observe
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Optimal relay location −10 10



−8



−6



−4



R1(θNE ,θNE )+R2(θNE ,θNE ) [bpcu] 1 2 1 2 4 2 0 −2



6



8



(θNE,θNE)



10



L=10m,ε=1m,P1=20dBm,P2=17dBm,Pr=22dBm, (a) (b) N1=10dBm,N2=9dBm,Nr=7dBm,γ =2,γ =2.5



1



8



0.4



6



0.38



4



S



1



L=10m,ε=1m,P1=20dBm,P2=17dBm,Pr=22dBm, (a) (b) N =10dBm,N =9dBm,N =7dBm,γ =2,γ =2.5 1



8



2



0.36



4



0.34



2



1



yr [m]



0.32



0.9



0.8



0.7 user 1



S1



0.6



D1



0.5



0



D2



D2 −2



−4



yr [m]



D



0



r



6



1



2



2



10



0.42



0.4



0.3



−2



0.28



−4



0.26



−6



0.2



0.24



−8



0.1



0.22



−10 −10



user 2



S2



0.3



S2



−6



(x*,y*)=(−1.2,1.7) m r



−8



R*



r



=0.42 bpcu



sum



−10 xr [m]



−8



−6



−4



−2



0 xr [m]



2



4



6



8



10



0



Achievable network sum-rate at the NE as a Power allocation policies at the NE (θ1NE , θ2NE ) as function of (xr , yr ) ∈ [−L, L]2 . The optimal relay a function of (xR , yR ) ∈ [−L, L]2 . The regions position (xr∗ , yr∗ ) = (−1.2, 1.7) lies on the segment where the uses allocate their power to IRC are 21 / 25 between S1 and D1 . almost non overlapping.
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Optimal amplification gain Achievable sum−rate 2.67



A*r=0.05, R*sum=2.5571 bpcu 2.65



2



R (θNE,θNE)+R (θNE,θNE) [bpcu]



2.66



2



1



2.64



1



1



2



2.63



2.62



2.61



2.6



L=10m, ε=0.5 m, P1=20dBm, P2=23dBm, Pr=22 dBm, (1) (2) N1=10dBm, N2=9dBm, Nr=7dBm, γ =γ =2 0



0.02



0.04



0.06



0.08 Ar



0.1



0.12



0.14



0.16



The optimal value of the ampliﬁcation gain diﬀers than the one satisfying the relay power constraint a ˜r (1, 1) = 0.17. 22 / 25
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Analytical result (ZDSAF protocol with fixed amplification gain) The relay ampliﬁes not only the useful signal but also the noise. Saturating the relay power constraint not always optimal Theorem Considering fixed PA policies (θ1 , θ2 ), the transmission rate of user i in (b) the IRC, Ri (Ar ), as a function of Ar ∈ [0, ar ], has two critical points: (1)



(2)



m q 2 +m −p q n



i i i . Thus the optimal amplification Ar ,i = − mnii and Ar ,i = − mi iqi ipi −pi 2 ni −n i si i



gain, A∗r = arg max Ri (Ar ), depending on the channel parameters it (b)



Ar ∈[0,ar ]



takes a value in the set A∗r ∈ {0, ar , Ar ,i , Ar ,i }. (1)



(2)



  √ √ mi = hir hri ρi θi , ni = hii ρi θi , pi = hjr hri ρj θj , qi = hji ρj θj , si = hri2 , ar = ˜ ar (θ1 , θ2 ) and j = −i . 23 / 25
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Optimal relay power allocation (EF vs DF) Achievable sum−rate 1.6



L=10m, ε=1 m, P1=22dBm, P2=17dBm, P =23dBm, N =7dBm, N =9dBm, N =0dBm, r (1)



1



2



r



(2)



1.4 γ =2,γ =2.5



sum



νunif=1/2 unif



RDF (ν sum



1



)=0.82 bpcu



1



2



R (θNE,θNE)+R (θNE,θNE) [bpcu]



ν*=1 RDF (ν*)=1.45 bpcu 1.2



sum



1



2



2



ν*=1 RDF (ν*)=1.09 bpcu



0.8



1



νunif=1/2 REF (νunif)=0.44 bpcu sum



0.6



0.4 EF DF 0.2



0



0.1



0.2



0.3



0.4



0.5 ν



0.6



0.7



0.8



0.9



1



In general the relay favours the better user. 24 / 25
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Q > 2 parallel interference relay channels Consider the Nash equilibrium selection problem Relax the global information assumption When DF is used at the relay: analysis of the joint power allocation and cooperation degrees optimization problem Relax the full duplex assumption N > 2 number of transmitter-receiver pairs
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