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Reduction of Bit Errors Due to Intertrack Interference Using LLRs of Neighboring Tracks Seiichi Mita, Vo Tam Van, and Fumiya Haga Toyota Technological Institute, Hisakata, Tempaku, Nagoya 468-8511, Japan Suppressing intertrack interference (ITI) and intersymbol interference (ISI) is crucial for achieving high-density magnetic recording 2 beyond 10 Tera bits inch . We propose a novel iterative method for reducing errors caused by ITI and ISI involving the adaptive estimation of ITI and the log likelihood ratios obtained from signals of neighboring tracks. This method is useful for decoding signals recorded by bit-patterned media and conventional media. Moreover, the method is extended to decode signals from the Voronoi-based discrete grain model for shingled write recording (SWR), accounting for four neighboring bits. Bit errors due to both neighboring track shifts of approximately 20% can be canceled for BPM and SWR. Index Terms—Bit patterned media, intertrack interference (ITI), LDPC codes, multiple-input and multiple-output (MIMO), partial response, shingled write recording.



I. INTRODUCTION



S



HINGLED WRITE RECORDING (SWR) [1]–[4] and bitpatterned media (BPM) are novel candidates for high-density data storage beyond 10 Tera bits/inch . Practical implementations require a suppression of intertrack interference (ITI) and intersymbol interference (ISI) [5]–[7]. We propose a novel method for reducing errors caused by these interferences, combining the adaptive estimation of ITI and the log-likelihood ratios (LLRs) for neighboring tracks. Our model is constructed using the multiple-input and multiple-output (MIMO) channel technique. First, we explain the effectiveness of the proposed method for BPM, including ITI from a single neighboring track or from two neighboring tracks. We extend the method to the Voronoi-based discrete grain model (VDGM) for representing the SWR. Specifically, we introduce a trellis structure that accounts for four neighboring bits. This paper is organized as follows. Section II outlines the proposed method. Section III shows the results of BPM. Section IV discusses the results of its extension to SWR represented by VDGM. The conclusions are given in Section V.



Fig. 1. Model of ITI from a single neighboring track. (a) Signal sequence. (b) Trellis diagram.



(2)



The entities of matrix represent ITS or ITI or ITI + ITS, . Using (1) and (2), we can except for the element denoted define typical channel models that include ITI and ISI (partial response class 1 is assumed) as follows. (a) ITI from a single neighboring track (3)



II. REPRESENTATION OF ITI A. Outline of Representation of ITI



(b) ITI from both neighboring tracks



A MIMO channel model is commonly used for wireless digital communications. Assuming the linearity of the R/W and the noise at time step channel, the output of channel are related as follows:



(4)



B. Trellis Structures for Models Including ITI and ITS (1)
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1) ITI From a Single Neighboring Track: This corresponds to a magnetic head for BPM, with the same size as the track pitch, and that shifts to a neighboring track when recorded or repro) duced. The inputs of tracks 1 and 2 are given as (a, b, c, ), respectively. In this case, the model corand (d, e, f, responds to a MIMO with two inputs, two outputs (effectively, one output), and four states, as shown in Fig. 1. The signal detection ratio of the main track (track 2) to the neighboring track
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Fig. 2. Model of ITI from both neighboring tracks. (a) Signal sequence. (b) Trellis diagram.



(track 1) is , where because the size of the magnetic head is fixed. Each state has four branches. 2) ITI From Both Neighboring Tracks: This corresponds to a magnetic head that is larger than the track pitch. In this case, the MIMO model has three inputs, three outputs (effectively, one output), and eight states, as shown in Fig. 2. The signal detection ratio of the main track (track 2) and the neighboring tracks (1 and 3) is defined as and . The size of the magnetic head is normalized to 1. Each state now has eight branches. 3) ITI From a Single Neighboring Track With a Phase Shift: This corresponds to a conventional medium. The track shift parameters and are functions of the phase shift between the main track (track 1) and the neighboring tracks (2 and 3). The other conditions are the same as those in (a) and (b). III. PERFORMANCE EVALUATION FOR BPM It is assumed that ITI of reproduced signals from BPM is neglected and ISI is treated as PR1 after equalization when the head position is on track. A. ITI From a Single Neighboring Track We assume additive white Gaussian noise (AWGN). The signal-to-noise ratio (SNR) is defined as 10 log , where and is the AWGN variance. The branch metric value (BM) is given by (5), where is the track shift estimation. The optimal value of is defined by (6). After simplifying , as shown in (7), the estimated value based on the LMS algorithm is represented as (8). is the step size for adaptation
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Fig. 3. Bit-error rate improvement for ITI from a single neighboring track.



Fig. 4. Bit-error rate improvement for ITI from both neighboring tracks.



reproduces a signal with a track shift and generates a main track signal ratio . This result was evaluated for a SNR of 10 dB. When the track shift is estimated correctly, according to (8), the bit-error rate is improved by approximately two orders of magnitude by using the LLRs of a neighboring track signal as extrinsic information, independent of errors included in the neighboring track signal. B. ITI From Both Neighboring Tracks



(5)



In the decoding process, and can be estimated with an LMS algorithm based on the reproduced signals mixed with those of both neighboring tracks. Moreover, LLRs of both neighboring tracks are used as extrinsic information in the decoding process. Fig. 4 shows one example of improvement to the bit error rate: this was achieved by using both neighboring LLRs that were generated from tentative binary decisions, including errors at a bit-error rate of . This figure plots the bit-error rate performance as a function of the estimated error in the track shift. This result was evaluated with SNR of 10 dB and 20% track shift of both sides. Namely, and are selected as 0.2, respectively.



(6)



IV. PERFORMANCE EVALUATION FOR SWR



(7)



We assessed the efficacy of our proposed decoding method with a simulation in the following steps. 1) Signals from VDGM were generated. 2) The amount of ITI and ISI due to neighboring areas dependent on the distribution of VDGM was estimated using



(8) One example of an improvement to the bit-error rate for ITI from a single neighboring track is shown in Fig. 3. This simulation
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Fig. 5. Voronoi discrete grain model (VDGM).
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Fig. 6. Example of correspondence between state and data allocation.



the expectation maximum (EM) algorithm and linear regression. 3) The performances of various decoding methods were compared using the generated signals. A. Outline of the VDGM Generation Process Fig. 5 shows the VDGM used for performance evaluation. The red and blue areas represent bit values of 1 and 1, respectively. Grains located at the center of each area are labeled in yellow. The VDGM is generated by moving these central grains randomly over a distance with standard deviation (SD) normalized by the corresponding grain size. The 2D ISI is represented by using Gaussian filter. Lighter areas in Fig. 5 indicate stronger interference. In this graph, the mean is calculated over a region of size 7 7. The reading head covers a region of 7 14, as shown in Fig. 5. The detected signals are calculated as the sum of the grain intensities covered by the reading head. B. Proposed Detector Structures We propose three new detectors, as follows. We also use BCJR algorithm without the reduction process of both ITI and ISI as a conventional decoding method. (a) The trellis structure described previously, with ITI (shown in Fig. 2). This is referred to as ITI (trellis). (b) A trellis with ITI and ISI information from neighboring bits around the main bit. In this approach the trellis is constructed on the assumption that four neighbors are in contact with the main bit on the Voronoi surface, as shown in Fig. 6. This trellis can be represented as a trellis with 32 states, as shown in Fig. 7. However, transitions between some states are inhibited, and the total number of branches is limited to 512. This is referred to as 32 states (trellis). (c) A two-step trellis for reducing computational complexity. Here, a trellis with ITI, and then one with ISI from neighboring areas are decoded separately. This is referred to as 8 8 (trellis). C. Simulation Results 1) Simulation Environments: The following conditions are used for VDGN. 7 7 grains per bit in each area are assigned. The central grains in each area are moved over a distance of SD 0.1, 0.25, 0.5, 0.75, 0.8, 0.9, 1.0, 1.25, 1.5, 1.75 or 2.0.



Fig. 7. Thirty-two-state trellis structure.



Estimation of the amount of ITI and ISI is done with AWGN and without AWGN (from 10 to 30 dB) Partial response class 1 is assumed as the R/W channel ISI except VDGN interference? The size of the reading head is chosen as the track pitch of 7 grains bit length of 14 grains in order to implement PR1 channel characteristic. 2) ITI and ISI Reduction Results: The simulation results for signals from the VDGM are shown in Fig. 8, with the SNR of the training data indicated in parentheses in the curve labels. For SNR values larger than 23 dB, the bit-error rate for the 32-state trellis structure is superior. In order to isolate the influence of noise coming from the Voronoi model, a bit-error rate for each detection method is shown in Fig. 9. No AWGN is added to the retrieved signals. The horizontal axis shows SD. For SD values under 0.5, the bit-error rate for the 32-state trellis is poorer than those of the ITI and the 8 8 trellis structures. Figs. 8 and 9 clearly show that the detecting capability depends on the relation between the variance (VN) of noise coming from VDGM and the variance of AWGN. When the VN is larger than AWGN, the performance of the 32-state trellis structure is superior. Otherwise, the three detectors except BCJR have nearly the same performance. 3) Use of LDPC Code: The proposed decoding method with LDPC code was applied to SWR. We used PG-LDPC with a



MITA et al.: REDUCTION OF BIT ERRORS DUE TO INTERTRACK INTERFERENCE USING LLRS OF NEIGHBORING TRACKS



3319



Fig. 10. Bit-error rate performance for various detection methods with PG-LDPC code for SD = 1.



log-likelihood ratios coming from neighboring track signals. These LLRs are generated by using tentative decisions before error correction. The proposed method can effectively reduce the influences of both ITI and ISI on BPM or on SWR with Voronoi distribution. We have confirmed the possibility of correcting bit errors due to both neighboring track shifts of approximately 20%. Fig. 8. Bit-error rate performance for various detection methods versus AWGN. (a) SD = 075. (b) SD = 1.
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Fig. 9. Bit-error rate performance versus SD.



code rate of 0.95. Results are shown in Fig. 10. By using the PG-LDPC code, signals from VDGM with a low SD (smaller than 1.2) and a high SNR (higher than approximately 21 dB) were decoded completely. However, decoding based on the conventional BCJR algorithm without ITI reduction processing did not work well in the same condition for LDPC code. V. CONCLUSION We have proposed novel iterative data-detection methods based on an adaptive estimation for ITI and a use of the
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