A Multi-user Precoding Scheme achieving Crosstalk Cancellation with Application to DSL Systems^{∗†}

George Ginis and John M. Cioffi Department of Electrical Engineering, Stanford University STAR Laboratory, Packard Electrical Engineering Bldg.

350 Serra Mall, Stanford, CA 94305, USA gginis@dsl.stanford.edu

Abstract

This paper describes a precoding scheme capable of achieving crosstalk cancellation in scenarios involving communication from a “base station” to a number of geographically dispersed users. We illustrate that joint processing at the “base station” of the transmitted signals of all users can succeed in removing the otherwise resulting crosstalk. The method employed borrows from the concept of the Tomlinson-Harashima precoder which is often used for equalization against intersymbol interference (ISI). One possible application of the proposed technique is in Digital- Subscriber-Line (DSL) systems, where Far-End-Crosstalk (FEXT) poses a severe transmission constraint. Simulation results show that significant improvements can be realized in such scenarios.

1. Introduction

The Tomlinson-Harashima Precoder [10, 6] is an ISI mitigation structure consisting of a feedback filter in the transmitter and a feedforward filter in the receiver. This device is used to circumvent the problem of error propagation inherent in Decision-Feedback-Equalization (DFE). In the case of Zero-Forcing (ZF) Equalization the feedforward filter is an all-pass filter, which can be moved to the transmitter as discussed in [9].

This paper demonstrates that the precoding concept can also prove valuable for Multiple-Input-Multiple-Output (MIMO) ZF equalization. MIMO equalization with DFE was first proposed in [3]. For V-BLAST ([4]), it can be

∗This work was supported by gifts from Samsung, Intel, AMD, TI, France Telecom, Telcordia, SK Telecom, and CommTech.

†Copyright 1998 IEEE. Published in the Proceedings of the 35th Asilomar Conference on Signals, Systems, and Computers, October 29 - November 1, 2000, Pacific Grove, CA.

shown that the interference nulling and interference cancellation steps are equivalent to a ZF-DFE operating in the “space” domain. However, in point-to-multipoint communication scenarios, joint processing at the receiver side is not feasible. Examples include downlink transmission from a base station with multiple antennas to multiple users, and downstream transmission from a central office to a number of DSL users. In such cases, equalization has to be performed at the transmitter side, while taking measures to prevent energy increase.

The proposed equalization structure is described in Section 2. Section 3 outlines a method to generalize this structure for wide-band communication, and introduces a transmission optimization algorithm. In Section 4, simulation results are provided for a DSL system, where the potential benefits of the scheme are illustrated. Section 5 summarizes the conclusions of this paper.

2. Precoding for Crosstalk Cancellation

In the following^∗ denotes the transpose-conjugate operation.

We assume a discrete-time model for the system, and narrow-band transmission with L users. Assuming that x is a vector whose elements are the MIMO channel input signals, y is a vector consisting of the signals received from each user, and n is a vector of the noise samples, we obtain:

y = Hx + n (1)

where H is an L × L non-singular matrix describing the MIMO channel, and x, y, n are L × 1 vectors. Also, the noise samples are white and (without loss of generality) they all have variance N_o/2.

Next, we show how appropriate signal processing at the transmitter can achieve interference-free reception. It is important to notice that naively attempting to invert the channel is not a good approach. It implies that we give more energy to the “weak” users, a step which is certainly against intuition gained from information theory.

The first step is to obtain the QR decomposition of H^∗:

H^∗ = QR (2)

where Q is an L×L unitary matrix, and R is an L×L upper triangular matrix. After defining x = Qx^′, we obtain:

y = R^∗x^′ + n (3)

Observe that multiplying by Q simply serves to rotate the signal space, thereby causing no energy increase. It is now clear that crosstalk-free reception implies:

Sx̃ = R^∗x^′ (4)

where S is an L × L diagonal matrix, whose elements equal the diagonal elements of R^∗. Also, x̃ is an L × 1 vector consisting of the symbols destined for the L users, and x^′ is an L × 1 vector, which when multiplied by Q provides the channel input vector. Expanding the previous equation we get:

r_{11}x̃_1 r_{22}x̃_2 . . r_{LL}x̃_L = r_{11} 0 · · · 0 r_{21} r_{22} · · · 0 . . . . .. . . . r_{L1} r_{L2} · · · r_{LL} · x^′_1 x^′_2 . . x^′_L (5) Thanks to the triangular structure, inversion is trivial and it amounts to the following precoding operation:

x^′_1 = x̃_1 x^′_2 = x̃_2 −^{r21}_{r22} x^′_1 . . x^′_L = x̃_L −^{rL,L−1}_{rLL} x^′_{L−1} − · · · −^{rL1}_{rLL} x^′_1 (6)

However, this computation may lead to significant energy increase of x^′ (and subsequently of x). This problem is analogous to the one encountered when the feedback section of a (single-user) DFE is moved to the transmitter, in order to prevent error propagation. In that case, the solution is to employ modulo arithmetic to bound the value of the transmitted signal. The original idea was proposed (almost simultaneously) by Tomlinson in [10] and Harashima in [6].

Extending the concept of modulo arithmetic to the “space” dimension, we modify the precoding operation as follows:

x^′_1 = x̃_1 x^′_2 = Γ_{M2} [ x̃_2 −^{r21}_{r22} x^′_1 ] . . x^′_L = Γ_{ML} [ x̃_L −^{rL,L−1}_{rLL} x^′_{L−1} − · · · −^{rL1}_{rLL} x^′_1 ] (7)

We define:

Γ_{Mi} [x] = x − M_id ⌊ x +^{Mid}_2 M_id ⌋ (8)

where M_i is the PAM constellation size for user i, d is the constellation point spacing, and x is real. (If square-QAM is employed, then x is complex and we define Γ_{Mi} [x] = Γ^√_{Mi} [ℜ (x)]+ȷΓ^√_{Mi} [ℑ (x)].) The constellation point distance d is the same for all users, since it is desirable that all users have the same probability of error.

Note that Γ_{Mi} [x] does not need to be integer-valued. The operation can be described as “wrapping” the real line around a circle (as illustrated in Figure 1).

PSfrag replacements

Figure 1. Illustration of the Γ_M [x] operator with M = 4 and d = 2.

The precoding operation is shown in Figure 2. Making the approximation that the i^{th} precoder output has a uniform distribution over the interval [−M_id/2, M_id/2], it can be shown ([1]) that the energy increases by a factor of

M^2_i M^2_i −1 for PAM, and by M_i M_i−1 for square-QAM transmis-

sion. Therefore, the increase is not excessive, and becomes negligible for large constellations.

At each of the receivers the following operation is performed prior to detection:

ŷ_i = Γ_{Mi} [ y_i r_{ii} ] (9) Direct substitution using Equations 3 and 7 yields:

ŷ_i = Γ_{Mi} Γ_{Mi} x̃_i − i−1∑ j=1 r_{ij} r_{ii} x^′_j + i−1∑ j=1 r_{ij} r_{ii} x^′_j + n_i r_{ii} (10)

PSfrag replacements

Figure 2. Tomlinson-Harashima Precoder in the “space” domain.

Observing that Γ_M [x ± y] = Γ_M {Γ_M [x] ± Γ_M [y]}, it is then straightforward to show that:

ŷ_i = Γ_{Mi} [ x̃_i + n_i r_{ii} ] (11)

In a well-designed system, P r (|n_i/r_{ii}| > d/2) is very small, so with fairly large M_i the following will hold with a very high probability:

ŷ_i = x̃_i + n_i r_{ii} (12)

Evidently, the proposed precoder achieves ZF equalization of the MIMO channel. The complete equalization structure is presented in Figure 3.

3. Combining Precoding with Multi-Carrier Modulation

A fundamental assumption of the previous section was the memoryless property of the MIMO channel. An elegant way to remove this constraint is by combining Discrete- Multitone (DMT) transmission ([7]) with the proposed precoding structure. The idea is to employ DMT, in order to partition the available bandwidth into a large number of orthogonal bands, where precoding can be applied individually.

A key requirement is that the cyclic prefix length of DMT must be at least as long as the maximum memory (expressed in number of symbols) of the transfer and coupling functions. Additionally, the IFFT windows of all users have to be synchronized. Under these assumptions, it can be shown ([5]) that transmission in the k^{th} DMT frequency bin (tone) can be modelled as:

y_k = H_kx_k + n_k (13) where x_k is a vector consisting of the L channel inputs for tone k, y_k is a vector of the samples received by the L users for tone k, H_k is the channel matrix for tone k, and n_k is the noise vector for tone k.

Figure 4. Combining Precoding with DMT.

Then, the use of the technique of Section 2 on each tone succeeds in removing the crosstalk, and thus establishes parallel channels as follows:

ŷ_k = x̃_k + S^{−1}_k n_k (14)

where the interpretation of x̃_k, ŷ_k , and S_k is the same as that of x̃, ŷ, and S in the specific case of tone k. The combined DMT-Precoding structure is shown in Figure 4.

Since assigning equal energy to all channels is clearly sub-optimal, a remaining issue is the allocation of energy to each of the parallel channels of the L users. Assuming that the energy constraint applies to the whole transmitter, we have: N∑ k=1 L∑ l=1 ε_{kl} ≤ E (15)

where ε_{kl} is the energy per symbol at channel input l and tone k, L is the number of users, N is the number of tones and E is the maximum energy. Using a rate maximization criterion, we formulate the following optimization problem: max [_N ∑ k=1 L∑ l=1 a_l log_2 ( 1 + | |Sl_k | |^2 ε̃_{kl} Γ^{N0}_2 )] (16)

subject to Equation 15, where Γ denotes the SNR Gap, N_0/2 is the noise variance, ε̃_{kl} is the energy per symbol assigned to user l at tone k, S^l_k is the complex sub-channel gain for user k at tone l, and a_l is the weighting factor for user l such that ∑_L l=1 a_l = 1.

Assuming that the constellation sizes are fairly large, the energy increase due to precoding can be ignored. Thus, ε^′_{kl} ≈ ε̃_{kl}, where ε^′_{kl} is the l^{th} output of the feedback section of the precoder operating at tone k. We note that: L∑ l=1 ε_{kl} = tr E (x_kx^∗_k) = trE ( x^′_kx^{′∗}_k ) = L∑ l=1 ε^′_{kl} ≈ L∑ l=1 ε̃_{kl} (17)

PSfrag replacements

Figure 3. Multi-user Precoder structure.

Therefore: N∑ k=1 L∑ l=1 ε̃_{kl} = N∑ k=1 L∑ l=1 ε_{kl} ≤ E (18)

Now, the optimization problem acquires a familiar form, whose solution can be easily obtained using Lagrange multipliers: ε̃_{kl} = a_lK −^{Γ N02}_{|Slk |2} ε̃_{kl} ≥ 0 (19)

The constant K is chosen so that the energy constraint is satisfied with equality: K = 1 ∑_L l=1 a_l|T_l| [ E + Γ N_o 2 L∑ l=1 ∑ k in T_l 1 |S^l_k|^2 ] (20)

where T_l is the set of tones of user l with non-zero energy, and |T_l| denotes its cardinality. It is rather obvious that this solution amounts to a two-dimensional case of the well-known waterfilling technique ([2]).

4. Application to DSL and Simulation Results

A typical DSL system topology is shown in Figure 5. The customers are connected to the central office through twisted-pair copper wires. Electromagnetic coupling between the wires results in crosstalk, which is characterized as Far-End-Crosstalk (FEXT) when the crosstalking signal originates from the same side as the affected signal, and Near-End-Crosstalk (NEXT) when the crosstalking signal originates from the opposite side of the affected signal.

Very-High-Speed DSL (VDSL) promises to deliver rates yet higher than the ones provided through the existing DSL systems by utilizing more bandwidth. Although the choice of Frequency-Division-Duplexing (FDD) removes the concern for NEXT, FEXT is a major noise component causing significant performance degradation. Therefore, employing multi-user precoding to cancel the FEXT in VDSL downstream transmission is expected to offer considerable benefits.

Next, we provide simulation results verifying this claim. The parameters used were chosen to comply with a recent

Figure 5. DSL system topology.

version of the VDSL standard currently being drafted by the T1E1.4 committee ([11, 8]). These are summarized in Table 1. The frequency bands used for downstream are 0.138 - 2.5 MHz, 3.75 - 8.5 MHz, and 12 - 17.7 MHz. An important difference between the standard and the simulations is that instead of applying an energy constraint on each user individually, a limit is imposed on the total energy transmitted by all users.

Number of DMT Tones 4096 Tone Width 4.3125 KHz Symbol Rate 4 KHz Coding Gain 3.8 dB Noise Margin 6 dB Required BER < 10^{−7} Power per user 11.5 dBmW Cable Type 26-Gauge (0.4 mm) Alien Crosstalk 10 ADSL, 4 HDSL, 10 ISDN

Table 1. Simulation parameters.

In the figures, we show the achievable rates for the 2 user case with and without precoding. The plots are traced by changing the weights of the users. Figure 6 refers to a scenario where the loop length for both users is 800 meters. We see that the improvement that can be realized in terms of data rate is almost 40%. For Figure 7 the loop lengths are 1000 meters (user 1) and 700 meters (user 2). In this asymmetric topology, the resultant improvement for user 2 is much larger than that for user 1. This is attributed to the fact that FEXT in short loops is more severe, and therefore cancelling it by employing precoding has a bigger positive effect on the data rate.

5. Conclusion

A precoding scheme for crosstalk cancelling in point to multi-point communication scenarios was proposed. This scheme bears similarities to the Tomlinson-Harashima precoder used for equalization. For channels with memory, precoding can be combined with DMT, and transmit optimization becomes analogous to waterfilling. Application of this method to DSL results in significant performance gains.

References

[1] J. M. Cioffi. Course notes for ee379a - digital communication. Stanford University. Available at http://www.stanford.edu/class/ee379a/reader.html.

[2] T. M. Cover and J. A. Thomas. Elements of Information Theory. Wiley, New York, 1991.

[3] A. Duel-Hallen. Equalizers for multiple input/multiple output channels and pam systems with cyclostationary input sequences. IEEE Journal on Sel. Areas in Communications, 10(3):630–639, Apr. 1992.

[4] G. J. Foschini, G. D. Golden, R. A. Valenzuela, and P. W.

Wolniansky. Simplified processing for high spectral efficiency wireless communication employing multi-element arrays. IEEE Journal on Sel. Areas in Communications, 17(11):1841–1852, Nov. 1999.

[5] G. Ginis and J. M. Cioffi. Vectored-dmt: A fext canceling modulation scheme for coordinating users. Submitted to ICC 2001.

[6] H. Harashima and H. Miyakawa. Matched-transmission technique for channels with intersybol interference. IEEE Trans. on Communications, 20(4):774–780, Aug. 1972.

[7] A. Ruiz, J. M. Cioffi, and S. Kasturia. Discrete multiple tone modulation with coset coding for the spectrally shaped channel. IEEE Trans. on Communications, 30(6):1012–1029, June 1992.

[8] S. Schelstraete, editor. Very-high-speed Digital Subscriber Line (VDSL) Metallic Interface, Part 3: Technical Specification of a Multi-Carrier Modulation Transceiver, T1E1.4 Contribution 2000-013R1, Lisle, Illinois, May 2000. Available at http://www.t1.org/.

[9] A. B. Sesay and M. R. Gibbard. Asymmetric signal processing for indoor wireless lans. In 6th IEEE Int. Symp. Personal, Indoor and Mobile Radio Communications, pages 6–10, Toronto, Canada, Sept. 1995.

[10] M. Tomlinson. New automatic equaliser employing modulo arithmetic. Electronics Letters, 7(5-6):138–139, Mar. 1971.

[11] Q. Wang, editor. Very-high-speed Digital Subscriber Line (VDSL) Metallic Interface, Part 1: Functional Requirements and Common Specification, T1E1.4 Contribution 2000-152, Lisle, Illinois, May 2000. Available at http://www.t1.org/.

Figure 6. VDSL downstream rate regions for user 1 and user 2 at 800m.

Figure 7. VDSL downstream rate regions for user 1 at 1000m and user 2 at 700m.