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Self-Interference Pricing-Based MIMO Full-Duplex Precoding Sean Huberman and Tho Le-Ngoc



Abstract—Precoding designs for bidirectional full-duplex (FD) systems have been proposed as potential ways to suppress the effects of self-interference and improve the spectral efficiency of wireless systems. This letter proposes the self-interference pricing based full-duplex precoding (FDP-SIP) algorithm that applies pricing-based precoding at the transmitter to suppress the self-interference prior to the receiver low-noise amplifier (LNA) and analog-to-digital converter (ADC) to avoid overloading while ensuring the receiver linearity. The proposed FDP-SIP algorithm can be implemented without the need of active cancellation at the receiver. Simulation results demonstrate the effectiveness of the proposed FDP-SIP algorithm using both channel models and measured data. In particular, based on the measured data, FDP-SIP algorithm provides the sum-rate nearly 1.8 times that of an optimized half-duplex (HD). Index Terms—Full duplex, MIMO, precoding, self-interference suppression, pricing.



I. I NTRODUCTION



F



ULL-DUPLEX (FD) systems have the potential to provide approximately double sum-rate improvements over halfduplex (HD) systems by transmitting signals simultaneously over the same frequency [1], [2]. However, by operating in FD-mode, very high self-interference occurs. To realize the potential performance benefits of FD systems, the effects of self-interference need to be mitigated. Various precoding techniques were proposed in the context of FD relay networks to make use of the multiple-inputmultiple-output (MIMO) to suppress the self-interference (e.g., [3]–[7]). Precoding has also been applied to single-user (SU) MIMO systems (e.g., [8]–[10]). The self-interference pricing (SIP) algorithm [11] replaces the direct non-convex sum-rate maximization problem by creating four pricing-based sub-problems to more consistently provide a favorable trade-off between forward channel maximization and self-interference cancellation. In the original, SIP algorithm, both precoding and postcoding were applied. As such, the original SIP algorithm must assume some active and/or passive cancellation to ensure the linearity of the lownoise amplifier (LNA) and analog-to-digital converter (ADC) at the receiver.
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Fig. 1. Full-duplex SU-MIMO system model.



A FD precoding (FDP) structure was proposed in [12] which makes use of MIMO precoding to jointly beamform the forward transmission and cancel the self-interference. The FDP structure uses matrix precoding at the transmitter to provide additional degrees of freedom, and hence, avoids the need for active cancellation at the receiver. In this letter, we propose a new SIP-based FDP (FDPSIP) algorithm using only precoding at the transmitter. As such, since the self-interference cancellation effectively takes place prior to the LNA and ADC, the linearity of the system can be ensured. Illustrative results based on measured data are provided to demonstrate the effectiveness of the proposed FDP-SIP algorithm in a practical environment. The remainder of this paper is organized as follows: Section II introduces the system model, Section III presents the proposed FDP-SIP algorithm, Section IV provides illustrative results, and Section V provides some concluding remarks. Notation: Non-bold variables denote scalars, lower-case bold variables denote vectors, and upper-case bold variables denote matrices. A† refers to the conjugate transpose of matrix A. Tr{A} refers to the trace of matrix A. |A| refers to the determinant of matrix A. Id and 0d refer to the d × d identity and all-zero matrices, respectively. AFrefers to the Frobenius norm of A and is defined as AF = Tr{AA† }. II. S YSTEM M ODEL The SU-MIMO system model is shown in Fig. 1. Let each node be equipped with M physical antennas. It is assumed that each node applies the FDP structure [12] shown in Fig. 2. The FDP structure precodes M transmit signals into 2M paths where M of the paths are used for transmission, while all 2M paths affect the self-interference. The transmission paths include a digital-to-analog converter (DAC), an amplifer, a Power Amplifier (PA) and a circulator. The circulator provides some passive isolation between the transmitted and received signals. The received signals are combined with the auxiliary paths and the result is passed through a low-noise amplifier (LNA) and an analog-to-digital converter (ADC). The self-interference channel is slow time-varying and hence, estimated channel information can be obtained during periodic HD transmission training phases.
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consumption and hence, its exact effects can be measured off-line.1 Let Vi ∈ C2M ×M be the precoding matrix for the i-th node. The transmission equation for the signal received at the i-th node can be written as: yi = Hj Vj xj + Gi Vi xi + zi , where zi ∈ CM ×1 is the noise seen at the i-th node. The first term represents the intended signals, while the second term represents the self-interference incurred by operating in FD mode. Let the transmit covariance matrices of the direct and selfinterference signals at the i-th receiver, respectively, be given by: Ci,j = Hj Vj Sj Vj† H†j , Ci,i = Gi Vi Si Vi† G†i ,



Fig. 2. MIMO full-duplex precoding structure.



The joint precoding design ensures that the transmission and auxiliary paths work in tandem to effectively trade-off between the maximization of the forward channel and the suppression of the self-interference. Let Hj ∈ CM ×2M be the matrix of channel gains from the 2M antenna paths of the j-th node to the M antennas of the i-th node (i = j). Hence, Hj has the following structure: ˜j Hj = [H



ˆ i be the estimated rate at the i-th where Σi = E{zi zi† }. Let R ˆ i,i which node which is defined as in (2) with Ci,i replaced by C is defined as: ˆ† ˆ i,i = G ˆ i Vi S i V † G C i i. III. FDP-SIP A LGORITHM



0M ],



˜ j ∈ CM ×M and it is assumed that the paths are where H numbered such that the first M paths correspond to forward transmission, while the second M paths correspond to the auxiliary paths (i.e., the paths which are not transmitted). Similarly, let Gi ∈ CM ×2M be the self-interference matrix of channel gains for the i-th node. Hence, Gi has the following structure: ˜ i,a G i = [G



where Si = E{xi x†i }. Assuming Gaussian noise and codebook, the achievable rate at the i-th node is given by:   (2) Ri = log2 IM + (Σi + Ci,i )−1 Ci,j  ,



αIM ],



˜ i,a ∈ CM ×M and α is a scalar representing the gain of where G each cancellation path. Let xi ∈ CM ×1 be the vector of transmitted signals for the i-th node. The self-interference channels, Gi (i = 1, 2), are assumed to be estimated, while the forward channels, Hi (i = 1, 2), are assumed to be known perfectly, to easily compare with the HD case. As well, by assuming imperfect self-interference channel knowledge, we can study the effects of residual selfinterference on the achievable sum-rate. More specifically, it is assumed that:



In this section, the SIP [11] algorithm is modified to take advantage of the FDP structure. The resulting FDP-SIP algorithm differs from that of [11] in several ways. Instead of using both precoding and postcoding matrices as in [11], based on the additional transmit degrees of freedom provided by the FDP structure, the FDP-SIP algorithm applies only precoding, and hence, the cancellation effectively takes place prior to the LNA/ADC, ensuring the linearity of the system. Subsequently, directly applying the utility function in [11] to the FDP-SIP problem would result in an optimization problem which cannot be manipulated into the form of a subspace maximization problem with the well-known and computationally efficient solution. In other words, to avoid solving the difficult nonconvex sum-rate maximization problem, the FDP-SIP algorithm defines a new utility function which is easier to solve while still providing sum-rate improvements as follows. Based on (2), it can be seen that effectively balancing between the forward (i.e., Hi Vi ) and the self-interference (i.e., ˆ i Vi ) channels is crucial to maximizing the sum-rate. Hence, G the FDP-SIP optimization problem at the i-th node is defined as:



(1)



max



ˆ i is the estimated where Gi is the true channel matrix, G channel matrix, and ΔGi is the estimation error channel matrix, 2 . As such, we model the imperwith zero mean and variance σerr fect self-interference channel knowledge as ΔGi for analysis. Note that α is assumed to be known perfectly since it would be specified by the service provider based on the allowable power



subject to :



ˆ i + ΔGi , Gi = G



Vi



Δ ˆ i Vi 2 Ui = ψi Hi Vi 2F − πi G F



Vi† Vi = IM ,



(3)



where ψi and πi are weighting factors that trade-off between the effects of the forward and self-interference channels and j = i. 1 Note that ΔG has a block structure, similar to G , where the right half of i i ΔGi is given by 0M .



HUBERMAN AND LE-NGOC: SELF-INTERFERENCE PRICING-BASED MIMO FULL-DUPLEX PRECODING



Note that the objective function in (3) can be re-written as:   Δ Ui = Tr Vi† Ξi Vi , (4) ˆ †G ˆ where Ξi = ψi H†i Hi − πi G i i. For fixed ψi and πi optimization problems (3) can be solved using a subspace maximization approach [13, p. 45], where the optimal Vi (i = 1, 2) is selected as outlined in Algorithm 1. Algorithm 1: Subspace maximization algorithm The optimal Vi (i = 1, 2) is selected as the matrix of eigenvectors corresponding to the M largest eigenvalues of ˆ †G ˆ Ξi = ψi H†i Hi − πi G i i. The weighting factors are selected to improve the sum-rate of the system based on a self-interference pricing approach. The pricing functions are selected to reflect the effect of each covariance matrix on the achieved sum-rate.2 In particular, ψi represents the sum of squares of marginal gains in sum-rate at node i due to transmission from each antenna pair, respectively. Similarly, πi represents the sum of squares of marginal losses in sum-rate at node i due to transmission from each antenna pair. Mathematically, these quantities can be defined as: 2      ˆ 2 ˆ  Δ  −∂ Ri  Δ  ∂ Ri  ψi =  πi =   ,  . ˆ i,i   ∂C  ∂Ci,j  F F The pricing functions require computing the derivative of a scalar function with respect to a matrix (i.e., computing the derivative of the sum-rate with respect to a covariance matrix). As such, the optimized pricing functions can be derived using the concept of matrix differentials [14] and [15] as follows. Using the fact that d(ln |X|) = Tr[X−1 d(X)] and that ˆ i with d(X−1 ) = −X−1 d(X)X−1 [14], the differential of −R ˆ i,i can be written as: respect to C  −1 1 ˆ IN + Φ−1 Tr d(−Ri ) = N,i Ci,j ln(2) 



ˆ i,i )Φ−1 Ci,j × Φ−1 d( C N,i N,i   −1 1 −1 = Tr Φ−1 C + Φ C I i,j N i,j N,i N,i ln(2) 



ˆ × Φ−1 N,i d(Ci,i ) . Since dy = Tr(AdX) implies that A is the Jacobian of y with respect to X [14], πi is given by: 2   −1   1 −1 −1 −1  πi =  I Φ C + Φ C Φ (5) N,i i,j N,i  ,  ln(2) N,i i,j NR F ˆ i,i . where ΦN,i = Σi + C 2 The pricing functions allow the FDP-SIP optimization problem, (3), to more accurately represent the non-convex sum-rate maximization problem.
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Similarly, the differential of Ri with respect to Ci,j can be written as:  



−1 1 −1 −1 ˆ IN + ΦN,i Ci,j Tr d(Ri ) = ΦN,i d(Ci,j ) , ln(2) which implies ψi is given by: 2  −1   1  −1 −1   INR + ΦN,i Ci,j ΦN,i  . ψi =  ln(2) F



(6)



A summary of the FDP-SIP algorithm for the i-th node is given in Algorithm 2.



IV. FDP-SIP P ERFORMANCE W ITH M EASURED DATA In this section, we compare the performances of the FDP-SIP algorithm with the original SIP algorithm, the separate and joint FDP algorithms, and two non-FDP approaches (i.e., SCAMP and DC [10]) using measured data. In terms of computational complexity, the SIP and FDP-SIP algorithms solve for the eigenvalues and eigenvectors of a matrix, whereas the other algorithms solve one (or more) matrix-variable convex optimization problems. Hence, the SIP and FDP-SIP algorithms operate at a lower computational complexity. The measured data was collected from a FD 2×2 SU-MIMO system, where the nodes were separated by 5 m. The measured data represents one snap shot during the daytime (i.e., with students moving around) on the 2.5 GHz carrier. The circulators used had a 20 dB isolation and a 0.2 dB insertion loss. The vector network analyzer transmit power was −10 dBm, the radio frequency amplifier gain was 14.76 dB, the switch insertion loss was 1.9 dB; hence, the transmit power at the circulator input was +2.86 dBm. It was assumed that the self-interference measurements had an associated zero-mean Gaussian estimation error with a vari2 . Fig. 3 shows the FD-to-HD sum-rate ratio vs. α ance, σerr 2 = 1. using the measured data with σerr The results show that for smaller values of α, the FDP-SIP algorithm provide the best performance. When α is small, an increased sum-rate is achieved by effectively tradingoff between the maximization of the forward and minimization of the self-interference channels. As such, the FDP-SIP algorithm is able to more effectively balance between them, due to the fact that it does not apply an approximation to its objective function which is the case for the joint FDP-based approaches. As α increases, the joint FDP algorithm can more effectively take advantage of the additional cancellation power, and leads to slight performance improvements over FDP-SIP. A convergence comparison of the various approaches compared to the final optimized HD sum-rate based on a particular realization is given in Fig. 4. The FDP-SIP algorithm required
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between two consecutive iterations was less than 1e − 4 (e.g., for the objective function case: |(f (n) − f (n−1) )/f (n−1) | < 1e − 4, where f (n) is the objective function value at the n-th iteration). The results show that the FDP-SIP algorithm converges much faster than the other algorithms, on average. Although more measured data-based results are necessary to conclude anything further, it is interesting to note that based on the 2×2 SU-MIMO measured data on the 2.5 GHz carrier at a distance of 5 m, the FDP-SIP approach provides a very competitive sum-rate while operating at a very low computational complexity since it does not require solving a sequence of convex optimization problems and requiring very few iterations to converge. V. C ONCLUDING R EMARKS



Fig. 3. SU-MIMO FD-to-HD sum-rate ratio vs. α using measured data on the 2 = 1. 2.5 GHz carrier at a distance of 5 m with σerr



This letter presented the FDP-SIP algorithm which adapts the original SIP algorithm to take advantage of the benefits of the FDP transceiver structure for FD SU-MIMO systems. Using measured data, the FDP-SIP approach was shown to provide between approximately 1.6 to 1.8 times performance improvements over optimized HD at a low computational complexity and requiring significantly fewer iterations than the existing approaches. In particular, when α is small, the FDPSIP algorithm even outperformed the joint FDP algorithm. R EFERENCES



Fig. 4. SU-MIMO convergence comparison using measured data on the 2 = 1. 2.5 GHz carrier at a distance of 5 m with α = 19 dB and σerr TABLE I AVERAGE N UMBER OF I TERATIONS U NTIL C ONVERGENCE FOR E ACH A LGORITHM FOR THE 2 × 2 SU-MIMO M EASURED DATA ON THE 2 =1 2.5 GHz C ARRIER AT A D ISTANCE OF 5 m W ITH σerr



very few iterations to converge (typically ranging from three to six). Table I shows the average number of iterations until convergence for each algorithm (while varying α from 15 dB to 22 dB over multiple realizations). Note that objective function convergence is specified in terms of the number of iterations required for the algorithm’s objective function to converge, while sumrate convergence is specified in terms of the number of iterations required for the algorithm’s sum-rate to converge. In either case, convergence was defined as when the percentage change
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