SIGNAL PRECOMPENSATION FOR MULTIPLICATIVE NOISE IN MAGNETIC RECORDING

Joseph A. O’Sullivan, Dakshi Agrawal, Ronald S. Indeck, Marcel W. Muller Department of Electrical Engineering Washington University, St. Louis, MO 63130 jao@ee.wustl.edu

Abstract

Magnetic recording system design based on optimizing the write signal to account for multiplicative medium noise is described. The design involves placing three heads along the recorded track and is dubbed a write-read-write scheme. Medium noise has a repeatable spatial dependence, allowing compensation for local effects in addition to global average effects. A block diagram level system design is given that is capable of real-time implementation.

1 Introduction

Magnetic media may be viewed as signal processing systems in the sense that the magnetic field applied to the medium is transformed into a magnetic pattern on the surface of the medium. At a macroscopic level, for physically large distances between magnetic transitions (which correspond to recorded bits), the medium processing may be modeled as recording the applied magnetic field directly (there are other assumptions that enter into this having to do with the saturation of the medium and the use of applied magnetic fields with amplitudes in a prescribed range). However, if the physical distances between written transitions decrease enough, the magnetic microstructure of the medium itself becomes significant and the approximation described above is no longer valid. In the limit, prediction of the resulting magnetization must be based on micromagnetic medium models [6, 10]. There is a middle ground as well, where the medium is not modeled as being ideal, but the detailed micromagnetic computations are not required.

A model for operating in this middle ground is described here. In addition, the design of a novel signal precompensation scheme is described. This model includes multiplicative noise; an algorithm based on additive noise models was given in [5].

Rather than modeling the medium directly, the effects of the medium and the write and read heads on a signal sent through the channel is modeled. The channel is modeled as introducing signal-dependent noise that equals random variables times known transfer functions convolved with the signal: y(t) = (b∗s)(t)+ N∑ i=1 θ_i ∫ h_i(t−τ)s(τ)dτ +w(t), (1) where s(t) is the data carrying signal, b(t) is the ideal channel response, ∗ denotes convolution, θ_i are random variables, h_i(t) are known functions, and w(t) is additive white Gaussian noise.

Models of the form of (1) have been introduced in the literature by other authors [2, 7]. One common particular model includes the effects of peak-shift and amplitude-shift. If the desired signal is

h(t) = (b ∗ s)(t), (2)

then an amplitude-shifted, peak-shifted signal is given by y(t) = ah(t − t_1) + w(t). (3)

Using a first-order Taylor series approximation,

y(t) = h(t) + θ_1h(t) + θ_2 dh dt (t) + w(t), (4)

where θ_1 = a − 1 is the amplitude shift and θ_2 = −t_1 is the peak shift.

In (1) and (4) the random variables θ_i are modeled as being dependent on the spatial location of the recording. That is, they do not depend on time, but the writing of a similar waveform at two time instants, at the same physical location on the medium, yields the same realization of the random variables θ_i. This model is consistent with experimental results demonstrating the repeatability of medium noise. These results have yielded a novel method for identification of media based on what is called a ‘magnetic fingerprint’ [4].

The proposed signal precompensation scheme involves a novel design of the recording protocol, called write-read-write recording which is shown in figure 1. This scheme was proposed for additive noise models in [5]. The concept is to have three heads along the track. The first head writes a signal at a given location on the medium, the second head reads the written signal. Then parameters in the model are estimated and used to modify the data signal; this modified data signal is then written by the second write head (the third head) on the medium.

The following section describes medium noise models in more detail. The design of the system using the multiplicative noise model (1) is described in Section 3. This scheme may be modified for use in transmitter optimization in slowly fading channels. In that case, the design relies on feedback from the receiver to the transmitter. This design will be introduced in a future paper.

2 Medium-noise models

Magnetic recording channels have three main sources of noise: electronics noise, head noise, and medium noise. Development in the electronics of the magnetic recording channels have reduced electronic noise significantly. However as recording density increases, medium noise becomes more dominant [8].

Medium noise is a non-stationary random process, and it has been shown to have spatial and signal dependence [3, 11]. It is spatially dependent in the sense that medium noise at the same position of a DC erased disk (with an intervening DC erasure in the opposite direction) is highly correlated [3]. It is signal dependent in the sense that similar recording patterns at different locations on the disk yield similar medium noise [11].

Medium noise arises from random fluctuations in the medium magnetization or from any spatially random property of the medium which will give rise to noise in the final output [1]. In thin film media, amplitude modulation and particulate noise are virtually absent and the most important source of noise is transition noise which arises from the imperfect transitions written on the medium.

Several authors have described models for signal dependent transition noise [2, 11, 9]. These models have been computed using both approximate methods [2] and analytic methods based on Karhunen- Loeve expansions [11, 9]. Qualitatively, the principal functions in the Karhunen-Loeve expansion resemble the approximate expansion [9]. Here, either expansion method may be used, but the Karhunen-Loeve approach must be augmented to include the variation of the eigenfunctions with the written signal. In order to keep the presentation specific, we use the approximate expansion.

3 System Design

In this section we model medium-noise as a linear combination of the outputs of N linear time-invariant systems driven by the input to a magnetic recording channel. Weights of this linear combination are modeled to be random variables with their statistics depending on the particular place on the disk where the input signal is being written. Including additive white Gaussian noise, the overall noise in the output for the input signal s(t) is given by

n(t) = [_N ∑ i=1 θ_ih_i(t) ] ∗ s(t) + w(t) where the first term denotes medium noise and the second term denotes Gaussian noise in the output. We define θ = [θ_1, θ_2 . . . θ_N ]^T and L = [h_1(t), h_2(t) . . . h_N (t)]^T . With these definitions we can write n(t) = [θ^T L] ∗ s(t) + w(t). Our objective is to minimize the output noise in the second read-back signal of the write-read-write scheme.

The output of a second read after the second write is modeled as

y_2(t) = (b ∗ s_2)(t) + [_N ∑ i=1 θ_ih_i(t) ] ∗ s_2(t) + w_2(t),

where s_2(t) is the second write signal and w_2(t) is the additive noise in the second read. Without loss of generality, expand the second write signal as s_2(t) = s_1(t) + σ(t). The ideal output signal is (b ∗ s_1)(t). The design goal is to minimize the expected distortion between the actual signal part of the output and the ideal output.

Design Problem Statement: Given the first read signal y_1(t), select σ(t) to minimize the expected value of [⟨ θ^T L(σ + s_1) + b ∗ σ, θ^T L(σ + s_1) + b ∗ σ ⟩] . (5)

Gaussian Assumption: Assume that the random vector θ is Gaussian distributed with zero mean and covariance matrix R_θ. Assume that θ is independent of w_2(t).

Write Head Read Head Write Head

Electronics

Medium s(t)

Compensated Write Signal s_2(t) s_1(t)

y_1(t)

Figure 1: Block diagram of write-read-write scheme where the heads move to the right.

Note that under the Gaussian assumption, the conditional expected value of θ given y_1(t) is also a Gaussian random vector. Denote its mean by θ̂ and its correlation matrix by K̂_θ. The matrix K̂_θ does not depend on the measurement y_1(t).

Lemma 1 Under the Gaussian assumption, the σ(t) that solves the design problem satisfies − b(−t) ∗ [ θ̂^T L ] ∗ s_1(t) =

Tr

[ K̂_θL^∗L^T ] ∗ (σ(t) + s_1(t)) + b(−t) ∗ b(t) ∗ σ(t) + b(−t) ∗ [ θ̂^T L ] ∗ σ(t) + [θ̂^T L^∗] ∗ b(t) ∗ σ(t)

The equation in the lemma may be solved using Fourier transform techniques to give

Σ(ω) =

−S_1(ω) θ̂T C + Tr [ K̂_θC∗CT ] 1 + Tr [ K̂_θC∗CT ] + θ̂^T C + θ̂^T C^∗

, (6)

where Σ(ω) is the Fourier transform of σ(t), C(ω) = L(ω)/B(ω), L(ω) is the Fourier transform of the vector L(t), and B(ω) is the transform of b(t). Expanding K̂_θ = R̂_θ + θ̂θ̂^T and using the identity

Tr

[ θ̂θ̂T C∗CT ] = | | |θ̂^T C | | |^2,

Σ(ω) =

−S_1(ω) θ̂T C [ 1 + θ̂^T C^∗ ] + Tr [ R̂_θC∗CT ] | | |1 + θ̂^T C | | |^2 + Tr [ R̂_θC∗CT ]

= −S_1(ω) θ̂T C +^{Tr}[^{R̂θ C∗CT} ]

1+θ̂^T C^∗

1 + θ̂^T C +^{Tr}[^{R̂θ C∗CT} ]

1+θ̂^T C^∗ (7)

Thus the second write signal s_2(t) = s_1(t) + σ(t) can be generated as

S_2(ω) = S_1(ω) + Σ(ω)

= S_1(ω) 1 1 + θ̂^T C +^{Tr}[^{R̂θ C∗CT} ]

1+θ̂^T C^∗ (8)

A block diagram that implements (8) is shown in figure 2. The simple structure of this block diagram implies that real-time implementation may be possible.

4 Conclusions

In this paper, a method for designing a write-read-write recording scheme to account for multiplicative noise is described. Furthermore, a block-diagram level implementation of this scheme is described that is amenable to realization in actual systems. Future work includes extending the ideas used here to transmitter design for slowly fading communication channels.

s_1(t) s_2(t)

θ̂T C −

Tr

[ K̂_θC∗CT ]

−

θ̂_T C_∗ −

Figure 2: Block diagram of electronics for the second write. Result of first read enters through the estimate θ̂.

5 Acknowledgment

This work was supported in part by NSF grant NCR- 9406197.

References

[1] Thomas C. Arnoldussen and L. L. Nunnelley, editors. Noise in Digital Magnetic Recording. World Scientific, P.O. Box 128, Farrer Road, Singapore, 1992.

[2] Lineu C. Barbosa. A model for magnetic recording channels with signal dependent noise. IEEE Trans. Magn., 31(2):1062–1064, March 1995.

[3] Jay Recer Hoinville, R. S. Indeck, and M. W.

Muller. Spatial noise phenomena of longitudinal magnetic recording media. IEEE Trans. Magn., 28:3398–3406, November 1992.

[4] Ronald S. Indeck and Elias Glavinas. Fingerprinting magnetic media. IEEE Trans. Magn., 29(6):4095–4097, November 1993.

[5] Joseph A. O’Sullivan, Dakshi Agrawal, Donald Gene Porter, Ronald S. Indeck, and Marcel W. Muller. Magnetic recording system design to reduce medium noise through signal precompensation. In Proc. 28th CISS, pages 1152–1155, Princeton, NJ, March 1994. Department of Electrical Engineering, Princeton University.

[6] Donald Gene Porter, Joseph A. O’Sullivan, Ronald S. Indeck, and Marcel W. Muller. Physically based information science of magnetic recording II. Physical sources of medium noise. IEEE Trans. Magn., 30(6):4266–4268, November 1994.

[7] Yaw-Shing Tang. Noise autocorrelation in high density recording on metal film disks. IEEE Trans. Magn., 22(5):883–885, September 1986.

[8] Ching Tsang, Mao-Min Chen, Tadashi Yogi, and Kochan Ju. Performance study and analysis of dual-element head on thin-film disk for gigabit-density recording. IEEE Trans. Magn., 26(6):2948–2953, November 1990.

[9] Samuel W. Yuan and H. Neal Bertram. Statistical data analysis of magnetic recording noise mechanisms. IEEE Trans. Magn., 28(1):84–92, January 1992.

[10] Jian-Gang Zhu and H. Neal Bertram. Study of noise sources in thin film media. IEEE Trans. Magn., 26(5):2140–2142, September 1990.

[11] Jian-Gang Zhu and Haiyun Wang. Noise characteristics of interacting transitions in longitudinal thin film media. IEEE Trans. Magn., 31(2):1065–1070, March 1995.