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Weighted sum rate maximization with filtered multi-carrier modulations for D2D underlay communications Mylene Pischella, Rostom Zakaria and Didier Le Ruyet CNAM CEDRIC/LAETITIA 292 rue Saint-Martin - 75003 Paris, France Email: [email protected]; [email protected]; didier.le [email protected]; Abstract—This paper studies the weighted sum rate maximization problem for device-to-device (D2D) underlay communications. Since each D2D transmitter is synchronized with its receiver, all D2D receivers get asynchronous interference from the other transmitters, and so does the Base Station (BS). This is modelled by a uniformly-distributed timing offset which generates inter-channel interferences in multi-carrier transmissions. Filter Bank based Multi-Carrier (FBMC) is then far more efficient than Orthogonal Frequency Division Multiplex (OFDM) to limit the inter-channel interference spread. In this context, D2D pairs are clustered through graph coloring in order to avoid high interference situations. Then we derive the weighted sum rate maximization algorithm with inter-channel interference and with an interference constraint at the BS. An iterative implementation of this algorithm converges to the global optimal solution, when the high Signal-to-Interference-plus-Noise Ratio (SINR) condition holds. Simulation results show that D2D users can be efficiently multiplexed, achieving high data rates while fulfilling the BS interference constraint.



I. I NTRODUCTION Device-to-device (D2D) communications will allow to increase data rates by using direct communications between nearby users [1]. They have been studied for LTE-advanced [2], but the proposed standard leads to heavy signalling load between devices and the Base Station (BS), which is unpractical. Thus, there is room for many improvements in order to efficiently use D2D communications in 5G networks. The open technical challenges regarding D2D communications are device discovery, synchronization, resource allocation for D2D, taking into account the resource allocated to cellular users. Another important issue is the mitigation of the interference that devices may generate at the BS on cellular users transmissions. In this paper, we assume that device discovery has already been performed, and that D2D pairs are already established. D2D transmission is performed on the uplink of a multi-carrier cellular system, either based on Orthogonal Frequency Division Multiplex (OFDM) or on Filter Bank based Multi-Carrier (FBMC). Each D2D receiver is subject to several interferences coming from D2D transmitters with different clocks, since each D2D transmitter is only synchronized with its own receiver. The time delay from each interference source cannot be foreseen, and varies from one source to the other. It is thus necessary to consider an average interference that takes into account all
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possible delays. Consequently, the problem of synchronizing D2D transmissions is very challenging and FBMC [3] is a good candidate for asynchronous D2D communications, since it has been proven in other contexts that the performance of the FBMC in unsynchronized environments is quite better than OFDM [4]–[6]. D2D resource allocation has raised much attention lately (see for instance [7]–[9], and references in [1], section III.C). However, all these papers assumed synchronous transmissions. The optimization problem studied in this paper aims at maximizing the weighted sum rate of all D2D pairs, while keeping the total interference level generated by D2D transmitters at the BS under a given threshold. This threshold may for instance be equal to the noise level, so that D2D transmissions are almost negligible at the BS, and thus do not disrupt cellular user’s transmissions. D2D communications are then underlaying the cellular network. Even under this strong constraint, D2D’s achieved data rates can be quite high thanks to the low distance between each D2D transmitter and receiver. This is obtained through efficient D2D clustering, that allows multiplexing of almost non-interfering D2D pairs on the same subcarriers, and through power control. In this paper, power allocation aims at maximizing rhe weighted sum rate. This is a realistic objective from an operationnal point-ofview, that performs a trade-off between maximizing the sum rate and providing high-enough data rates to all users. It may for instance be used when each D2D transmitter’s weight is proportionnal to its buffer size [10]. The remainder of the paper is organized as follows. Section II introduces the system model and the optimization problem. Section III details D2D pairs clustering, based on graph coloring, and then the power allocation algorithm is derived in section IV. Simulation results assess the performance of the proposed solution in section V. Conclusions are finally given in section VI. II. S YSTEM MODEL We consider one cell with a BS and K D2D couples. Each D2D transmitter and its receiver are within a distance DD2D,max set to 100 m. There are L subcarriers of 15 kHz each. Ωk is the set of subcarriers allocated to D2D transmitter k. We assume that the high Signal-to-Interference-plus-Noise Ratio (SINR)
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approximation holds for D2D couples. This assumption is justified by the chosen D2D clustering technique, that prevents potentially interfering D2D couples from transmitting in the same bandwidth. It will be assessed by the simulations results in section IV. The optimization problem in high SINR regime is (with approximation log2 (1 + SINR) ≈ log2 (SINR)): ! K X X Glk,k Pkl max αk log2 (1) P nlk + Ikl k=1 l∈Ωk X s.t. Pkl ≤ Pmax , ∀k ∈ {1, ..., K} l∈Ωk



s.t.



K X X



k=1



l′ ∈Ω



′



′



Alk V|l−l′ | Pkl ≤ I0 , ∀l ∈ {1, ..., L}



k



where s.t. stands for ’subject to’, Ikl is the total interference received from all other D2D transmitters by receiver k in subcarrier l, nlk is the noise power plus the interference received from  the  cellular users by receiver k in subcarrier l and P = Pkl k∈{1,..,K} is the matrix of transmit powers l∈{1,..,L} of D2D transmitters in all subcarriers. αk is the weight of user k (assumed strictly positive) and Glj,k is the channel gain between transmitter k and receiver j in subcarrier l, including path loss, shadowing and flat fading. Finally, Alk is the channel gain from D2D transmitter k to the BS in subcarrier l and I0 is the interference threshold at the BS. In the following, cellular users are not explicitely modelled, and are just taken into account through I0 and nlk . All D2D transmitters are synchronous with their receiver, and asynchronous with any other receiver, including the BS. Consequently, at each D2D receiver and at the BS, a uniformly-distributed timing offset should be applied on the received interference. It generates inter-channel interference on several adjacent subcarriers, as shown in [11]. The interchannel interference spread and amplitude depend on the multi-carrier modulation type. With OFDM, each subcarrier generates inter-channel interference on S = 8 adjacent subcarriers on its left and right; whereas with FBMC, it is limited to S = 1 subcarriers. Consequently, the interference received by D2D receiver k in subcarrier l is written as: K X X j=1 j6=k



′



Glk,j V|l−l′ | Pjl



′



(2)



l′ ∈Ωj



where V|l−l′ | = 0 if |l − l′ | > S and S = 8 for OFDM, 1 for FBMC and 0 for Perfectly Synchronized OFDM (PS). V is the interference weight vector, of size L. Its non-zero elements are equal to [11]:  VOFDM = 7.05 × 10−1 , 8.94 × 10−2 , 2.23 × 10−2 , VFBMC



9.95 × 10−3 , 5.60 × 10−3 , 3.59 × 10−3 ,  2.50 × 10−3 , 1.84 × 10−3 , 1.12 × 10−3   = 8.23 × 10−1 , 8.81 × 10−2



(5)



Similarly, the interference received at the BS in subcarrier l is: l IBS =



K X X



′



′



Alk V|l−l′ | Pkl



(6)



k=1 l′ ∈Ωk



In problem (1), all D2D transmitters may be active in all subcarriers. However, in order to avoid high interference situations, we propose to group users within clusters. This D2D clustering step, based on graph coloring, is detailed in the following section. Then the power allocation algorithm is detailed in section IV. III. D2D CLUSTERING



s.t. Pkl > 0, ∀k ∈ {1, ..., K} , ∀l ∈ Ωk



Ikl =



VPS = [1]



(3) (4)



D2D couples are grouped within clusters where no D2D transmitter highly interferes the other D2D receivers. In order to determine these clusters, graph coloring is used. Let G = (V, E) be a graph without any loop, defined by its vertices V and its edges E. Graph coloring assigns colors to the vertices such that no two adjacents vertices share the same color. It has been widely used in the literature to mitigate interference in multi-cell scenarios [12], [13] as well as in D2D scenarios [14], [15] . In the studied case, vertices are all D2D transmitters. They are adjacent, which means that they are connected by an edge, if they are not allowed to transmit in the same subcarriers because they would be interfering each other’s receivers too heavily. A D2D transmitter n is supposed to highly interfere the D2D receiver paired with transmitter k if their distance is lower than a given threshold Dint . This implies that transmitters n and k are forbidden to transmit in the same subcarriers. Then there is an edge between vertices n and k in graph G. Once all edges have been identified, a graph-coloring algorithm such as greedy Degree SATURation (DSATUR) [16] is applied on graph G. Since this algorithm is centralized, it is performed by the BS. However, distributed graph-coloring [17] algorithms could be used instead of DSATUR, so that D2D clustering would be performed by D2D pairs independently of the BS. After graph coloring, each transmitter is assigned a color which corresponds to a cluster of subcarriers. Let NC be the number of colors. Then the bandwidth is split into NC clusters j k composed of Lper cluster = NLC adjacent subcarriers. Each D2D transmitter k is allocated all the subcarriers in its cluster, Ωk . An example of graph coloring with K = 24 D2D pairs is represented on Fig. 1 with an omnidirectional cell of radius R = 1 km. The BS is located at (0, 0). Transmitters are represented with large circles, whereas receivers are represented with small circles. By construction, each receiver is within a distance of 100 m from its transmitters. The maximum distance between a transmitter and an interfering receiver in the same cluster is Dint = 250 m. Fig. 1 shows that 3 clusters are obtained, and that the graph coloring allows to avoid
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to simplify the notations. The log(2) term is then included in the Lagrange multipliers. At the optimal solution P∗ , the gradient of the Lagrangian is equal to 0. Then there exists unique Lagrange multiplier vectors µ∗ and λ∗ such that for all k0 and l0 ∈ Ωk0 :   K l0 ∗ l ∗ X X ∂uj (P )   ∂uk0 (P ) +   l0 ∂Pk0 ∂Pkl00 j=1 l∈Ω j j6=k0 ! L X Alk0 V|l0 −l| ∗ ∗ 0 λl (10) = µk0 + I0
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According to (2), the derivative of all utility functions except ulk00 with respect to Pkl00 is equal to:



0.8



x (km)



Fig. 1.



Example of graph coloring



situations where two nearby D2D pairs would be in the same cluster. Thanks to D2D clustering, interference is low among multiplexed D2D pairs in the same cluster. This justifies the high SINR assumption taken in problem (1), which is studied in the next section.
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From equation (13), we finally obtain: (8)



l∈Ωk



! ′ K X X Alk l′ V|l−l′ | Pk − 1 I0 ′



X



where the interference terms, Ijl (P∗ ), are computed when P = P∗ . Since the derivative of ulk00 with respect to Pkl00 is simply equal to αk0 /Pkl00 , equation (10) becomes:



(7)



Problem (1) is studied without considering its last constraint Pkl > 0. We will check at the end of the resolution that this constraint is always fulfilled. Since this problem belongs to the class of geometric programming [19], it has a unique optimal solution which must satisfy the Karush-Kuhn-Tucker (KKT) conditions. The Lagrangian of problem (1) is: ! K X K X X X L(P) = ulk (P) − Pkl − Pmax µk L X



X



Πlj0 (P∗ ) =



k=1 l∈Ωk



where the utility function per user and subcarrier is: ! Glk,k Pkl l uk (P) = αk log2 nlk + Ikl



0 Glj,k × 0



l∈Ωj



The proposed algorithm is an adaptation of the Dual Asynchronous Distributed Pricing (DADP) algorithm for the multi-carrier case from Huang et al. [18] when inter-channel interference is taken into account, and with an additional interference constraint at the BS, that spans over all D2D transmitters. The objective of problem (1) is: max







Let Πlj0 (P∗ ) be defined as:
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IV. P OWER ALLOCATION FOR THE WEIGHTED SUM RATE
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where µ and λ are Lagrange multipliers, that are positive by definition. In the following, we replace log2 (x) by log(x)
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where fkl00 is defined as follows:
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K X  0 Glj,k Πlj0 (P∗ ) + µ∗k0 fkl00 P∗ , µ∗k0 , λ∗ = 0 j=1 j6=k0
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Alk00 V|l0 −l| ∗ λl I0 ∗
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(15)



One can notice that Pkl00 is strictly positive, since both αk0  and fkl00 P∗ , µ∗k0 , λ∗ always are strictly positive. Equation (14) does not directly provide a centralized global optimal solution of problem (1), since Πlj0 (P∗ ) depends on ∗ Pkl00 . However, an iterative algorithm can be derived from it,
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where each value of Pkl00 is updated depending on the values of Πlj0 , ∀j 6= k0 obtained at the previous iteration. In details, the following algorithm is applied: Initialization: at Td = 0, set the initial power and price for all subcarriers l0 and all users k0 ∈ Ωl0 , the initial dual price per D2D transmitter µk0 (0) ≥ 0, ∀k0 ∈ {1, ..., K} and the initial dual interference price per subcarrier λl0 (0) ≥ 0, ∀l0 ∈ {1, ..., L}. Set steps κ and δ to low values. Iterative process: 1) Dual prices update: at each iteration Td , each user k0 ∈ {1, ..., K} updates its dual price according to: µk0 (Td ) = [µk0 (Td − 1) +  X Pkl 0 (Td − 1) − Pmax  +κ 



(16)



l∈Ωk0



+



where [a] = max {0, a}. On each subcarrier l0 ∈ {1, ..., L}, the dual interference price is updated according to: λl0 (Td ) = [λl0 (Td − 1) +δ



!#+ K X X Alk V|l0 −l| l Pk (Td − 1) − 1 I0



(17)



k=1 l∈Ωk



2) Iterative power and interference information update: for a given dual price setting, an iterative process is used independently on each subcarrier l0 ∈ {1, ..., L}. Initialization: at iteration T = 0, ∀k0 ∈ Ωl0 , set Pmax , and compute the corresponding Pkl00 (0) = Lper cluster interference information: X αk0 V|l0 −l| (18) Πlk00 (P(0)) = l nk0 + Ikl 0 (P(0)) l∈Ω k0



Iterative process: a) Power update: Compute the power of each user k0 ∈ Ωl0 , depending on its channel state, weight, the interference information of the previous iteration, and on its dual price µk0 (Td ): αk0 Pkl00 (T + 1) = l0 fk0 (P(T ), µk0 (Td ), λ(Td )) where fkl00 is given by equation (15). b) Interference information update: Compute the interference information of each user k0 ∈ Ωl0 depending on its weight and received noise plus interference, replacing P(0) by P(T + 1) in equation (18). If this algorithm converges to a fixed point, then the set of obtained power values P verifies the KKT conditions of problem (1), since it verifies equations (14). It can be shown that this algorithm does converge for small enough sizes of κ and δ. The proof is similar to that of the original DADP problem [18].



We can notice that the iterative algorithm can be implemented in a distributed way, provided that each D2D receiver sends its interference information update to all D2D transmitters in the same cluster at each iteration. V. S IMULATION RESULTS A. General simulation assumptions We consider a cell with omnidirectional antenna and radius R. The frequency carrier is f = 2.6 GHz. Interference from cellular users to D2D receivers is not taken into account in the simulations. The noise is only a white additive Gaussian with power spectrum density −174 dBm/Hz. All subcarriers are subject to flat i.i.d Rayleigh fading. Shadowing follows a log-normal distribution. The path loss model and shadowing’s standard deviation both depend on whether the receiver is the BS or a device: • If the receiver is the BS, then the path loss model is LTE’s urban path loss at 2.6 GHz: LdB = 128.1+ 37.6 log10 (d), where d is the distance between the transmitter and the receiver. Shadowing’s standard deviation is then equal to 9 dB. • If the receiver is a device, then the path loss model is small cell’s path loss: : LdB = 140 + 36.8 log10 10(d), and shadowing’s standard deviation is equal to 4 dB. In all simulations, the maximum distance for graph coloring is Dint = 250 m. The number of subcarriers is L = 24 and D2D transmitters positions are uniformally distributed in a cell radius R. All users have the same weight, equal to 1/K. Consequently, the weighted sum rate is equal to the average rate per user. B. Power allocation without the BS interference constraint In this section, the BS interference constraint is not taken into account, which corresponds to I0 = ∞. This may be possible if no cellular user is present, or if cellular users are not favored compared to D2D pairs with respect to resource allocation. The maximum total transmit power per user is Pmax = 21 dBm and R = 1 km. The number of iterations for dual price is 1000 and for each dual price value, power values are updated 10 times. The proposed DADP algorithm is compared with an Equal Power Allocation (EPA), where after graph coloring, each user gets the same Pmax /Lper cluster power per subcarrier. TABLE I AVERAGE NUMBER OF COLORS Number of D2D pair
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16



20



24



Number of colors



2.4



2.8



3.1



3.5



Table I shows how the number of colors increases with the number of D2D pairs. 5 to 6 D2D pairs are multiplexed per cluster, and the clusters size decreases from 10 to 6 subcarriers when the number of D2D pairs increases. The weighted sum rate is represented on Fig.2. We can notice that asynchronicity leads to a rate decrease of 2.4% to
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4.4% with FBMC, and of 9.1% to 15.2% with OFDM. This advantage of FBMC is due to the lower inter-channel interference leakage in adjacent subcarriers compared to OFDM, which gets worse when the subcarrier’s clustersize decreases. Indeed in that case, two D2D pairs that do not belong to the same cluster may be highly interfering due to interchannel interference. This can also be seen when considering the average interference per subcarrier, as shown on Fig. 3. We can however notice that the interference increase due to asynchronicity with FBMC does not lead to high data rate decreases, thanks to the DADP algorithm, that will concentrate the useful power on the least interfered subcarriers. With OFDM, this is more difficult to achieve, since almost all subcarriers in a cluster may be highly interfered, due to the high inter-channel interference spread. Finally, comparing with EPA, even with synchronous transmission, shows that the DADP power control algorithm is efficient to maximize the weighted sum rate, which is 34.5% to 48.8% lower with EPA. The spectral efficiency in the worst case (24 D2D pairs and OFDM) is around 7.6 bits/s/Hz with the proposed algorithm. This corresponds to a SINR of 23 dB, which is high enough to assess that the high SINR condition holds. C. Power allocation with the BS interference constraint This section studies the influence of both interference and sum power constraints. I0 is now equal to the noise power level per subcarrier, −132.2 dBm. In order not to systematically be limited by this constraint, and never by the sum power constraint, it is necessary to increase the cell radius to R = 2.5 km and decrease the maximum total transmit power per user to Pmax = 10 dBm. D2D transmitters are located at a distance between 0.5R and R from the BS. This corresponds to a scenario where cell-center users’ communications are handled by the BS, whereas users located at the border of the cell are paired to become devices involved in D2D communications, in order to decrease the signalling load and increase data rates. The number of iterations for dual price is 2000. It is increased
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compared to previous simulations, because both µ and λ must converge. The proposed algorithm is compared with a power allocation method called Equal Interference Allocation (EIA), that allocates power to each user and subcarrier so that each user generates the same amount of interference at the BS. Then Pkl = min Pmax /Lper cluster ; I0 /(Alk Nl ) , where Nl is the number of users allocated in subcarrier l. Fig. 4 shows that the weighted sum rate is sligthly lower with EIA than with DADP, with a rate decrease of 4.0% when K = 12 and 3.7% when K = 24. This is due to the very low transmit power and the fact that D2D pairs are located at the border of a cell with high radius, and are thus more likely to be far apart from each other. This is confirmed by the low average number of colors (see Table II) and the low interference per subcarrier, represented on Fig. 5. In this context, FBMC still performs better than OFDM if transmissions are asynchronous, but with a moderate advantage. However, we can infer from these results that with largest D2D numbers, greatest gains would be achived thanks to FBMC. Besides, even though
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proposed algorithm allows to efficiently multiplex D2D users that achieve high data rates, while fulfilling the BS interference constraint. Simulation results have shown that FBMC increases the weighted sum rate compared to OFDM, thanks to its lower interference spread.
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transmit powers have been decreased, the spectral efficiency always remains higher than 8.7 bits/s/Hz with DADP, which justifies the high SINR assumption. TABLE II AVERAGE NUMBER OF COLORS AND UPPER LIMITS Number of D2D pair
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Number of colors



1.7



1.9
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Subcarriers where I0 is reached
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Users with sum power Pmax



18%



22%



22%
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Finally, table II provides the number of colors and the ratio of subcarriers where I0 is reached at the BS, as well as the ratio of users whose sum power reaches Pmax , with PS and DADP. It should be noted that the maximum weighted sum rate is not necessarily achieved under strict equality in one or both constraints, since the objective function is not monotonically increasing in P due to interference. Besides, the BS interference constraint applies on subcarriers, whereas the power constraint applies on D2D transmitters. Consequently, summing the ratio should not lead to 100%. In the studied case, the BS interference constraint is most of the times more compelling than the users power constraint, although a nonnegligible ratio of users reach Pmax . VI. C ONCLUSIONS In this paper, the weighted sum rate maximization problem has been studied for D2D communications with asynchronous transmissions. D2D pairs are allowed to transmit on the whole band, provided that the sum interference per subcarrier at the BS remains lower than a given threshold. The DADP algorithm is well-adapted to this problem, but requires that all transmissions are performed with high SINR values. This has been obtained by clustering D2D pairs so that only pairs generating low interference are in the same cluster. Then the DADP algorithm has been theoretically adapted to the multi-constraints problem with inter-channel interference. The
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