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Activitiesand Findings

Resear ch and Education Activities:
This project investigates four advances in the areas of communications, signal processing, and security:

1. Signal processing and equalization: beyond partial response

2. Constrained coding: flipping and diding, stuffing and interleaving
3. Iterative timing recovery: synchronization that exploits coding

4. New security paradigms for security in recording systems

The highlights of our results are summarized below.

Findings:

Asan dternative to partial response, we devised a new channel detection strategy for the recording channel based on lattice reduction. Our
approach exploits the fact that a sector of readback samples can be viewed as a noisy observation of an element of alarge-dimensional lattice,
where the lattice is spanned by the columns of the convolution matrix. Theideaisto find a 'better' basis for the lattice, one that is as orthogonal
as possible, and to detect the symbols that pass through the corresponding fictional channel using linear (or otherwise low-complexity)
processing. Because this new channel is nearly orthogonal, alinear zero-forcing or minimum mean-squared error filter resultsin only a small
amount of noise enhancement. Overall the detector consists of alinear filter, a simple nonlinear quantization step, and another linear filter.
Similar structures have been proposed for multiple-input multiple-output wireless communications channels, but their practicality has been
limited by the high computational complexity required to find agood basis, a step that must be performed each time the channel changes. There
is no such disadvantage for the essentially static recording channel. We devised zero-forcing and minimum-mean-squared error variations, as
well as linear and decision-feedback variations.

At the heart of thistopic isadesire to find the sweet spot in the performance versus complexity trade-off that characterizes the detection
problem. Our focus began with the recording channel but naturally evolved to encompass other channels as well, including the wireless MIMO
channel.

The proposed lattice-aided channel detector outperforms a batch ordered MM SE-DFE (the generalized DFE of Cioffi and Forney) by 0.7 dB
when applied to the Lorzentzian channel that models longitudinal recording. It would outperform a conventional MM SE-DFE by even more.
However, it fallsamost 2 dB short of the performance of the ML detector.

The viability of lattice-aided detection is limited in practice by the high complexity of lattice-reduction algorithms such asthe LLL algorithm.
Particularly on wireless channelsthat vary rapidly with time, the high overhead of lattice reduction can negate much of the computational
savings. The lattice-aided BODF detector of Wubben et all (1CC2004) achieves near-ML performance by combining LLL lattice reduction with
MM SE BODF detection. However, we believe that LLL lattice reduction is overkill when accompanied by BODF detection. The presence of
the BODF detector relaxes considerably the lattice reduction constraints. We have proposed a new stripped-down | attice-reduction technique
called the DOLLAR agorithm, that is an alternative to the full-blown LLL algorithm. Roughly speaking, while the LLL agorithm is matched
to alinear detector, the DOLLAR reduction is matched to the MM SE BODF detector. The DOLLAR reduction consists of a
weak-Gram-Schmidt process sandwiched between two ordering procedures. Combining this lattice reduction with a MM SE-BODF leadsto
near-ML performance with complexity comparable to that of the BODF detector. For example, over a4-input 4-output Rayleigh-fading channel
with 16-QAM inputs, the DOLLAR detector outperformed the BODF detector by 6 dB while requiring 16% more complexity. In the same
setting, the LLL-BODF detector needed as much as 7.6 times the complexity the DOLLAR detector to perform only 0.3 dB better. In another
experiment, the DOLLAR detector achieved within afraction of adB of ML performance over a 2-input 2-output Rayleigh-fading channel with
4-QAM inputs, while requiring only 10% more complexity than the BODF detector.
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The value of lattice-aided detection depends strong on the channel. On a Rayleigh-fading MIMO channel, the lattice-aided detector offers
spectacular performance. But the performance is less than spectacular on the longitudinal recording channel. At issue may be the difficulty of
reducing large-dimensional lattices; for the recording channel, the lattice of interest has dimension equal to the number of bitsin a sector,
typically about 4300 bits. With some effort we implemented a more powerful lattice reduction algorithm called the block-KZ reduction
algorithm, which is significantly more complex than the LLL but is able to find a more orthogonal lattice basis. It did not lead to an appreciable
improvement in performance.

We have demonstrated how lattice reduction can be used to facilitate soft-output (as opposed to hard-output) detection. Our lattice-aided
soft-output detector compare favorably to previously reported soft-output MIMO detectors, including the list-sphere detector and the
max-log-MAP sphere detector. Our approach isto tentatively ignore the boundary control problem, and to gradually increase the radius of a
sphere about the hard decision for the effective symbol vector, adding effective symbol vectorsto the list, until the list is sufficiently long.

Because of the incompatibility between lattice-aided detection and fast-fading channels, we are also exploring tree-search detection strategies
that do not have the high up-front complexity requirements of alattice reduction. Of particular interest isthe classical M algorithm for
searching the tree, which is a breadth-first search that retains only M nodes at any level of the tree. We have recently improved the M algorithm
by varying on a stage-by-stage basis the number of children extended from retained nodes in the detection tree, according to the receiver's
knowledge of the channel matrix. We call the resulting algorithm the CLAM agorithm. The CLAM agorithm is on average less complex than
the M algorithm while achieving significantly improved performance. For example, on a4-input 4-output Rayleigh-fading channel with
64-QAM inputs, the CLAM algorithm outperforms the M algorithm by 2 dB at a BER of 0.001, falling only 0.6 dB short of the joint
maximum-likelihood detector, while simultaneously reducing the average search complexity by 12%.

We have recently discovered a new architecture for vertically layered MIMO communications that signficantly outperforms the conventional
V-BLAST strategy with comparable complexity. The new architectureis called V-STAR and it is surprisingly simple. Inthe STAR
architecture, the duration of the frame over which the channel response is constant, is divided into t blocks, one for each transmit antenna.
During the k-th block, the k-th antennais silent. The receiver uses a sucessive cancellation decoder suitably modified to account for the
time-varying nature of the interference imposed by the V-STAR transmitter. V-STAR with SC decoding outperforms existing spatial
multiplexing systems, while maintaining low complexity. For example, on a4 14 MIMO system, STAR with SC decoding outperforms
transmitter-optimized V-BLAST by many dB, falling just 1.4 dB away from the optimum outage probability of spatial multiplexing systems.

The success of the proposed MIMO architecture led usto explore the possibility of extending the concept to anetwork of users. Our first
finding in this area was applied to the Rayleigh-fading multiple-access channel. In this context we proposed the space-time active rotation
(STAR) transmission strategy for multiple-access systems. STAR is an enhanced space-division multiple-access (SDMA) strategy that enables
a successive-cancellation (SC) decoder to approach the outage performance of an unconstrained decoder. Roughly speaking, the STAR
protocol can be viewed as 'complementary TDMA', in the sense that the different users take turns being silent, rather than being active. This
occasiona inactivity may seem inconsequential, but it has a big impact on the performance of a SC decoder. Specifically, an optimized SC
decoder can begin by decoding the stream with the highest capacity, when time-averaged over the entire frame. The averaging of the resulting
time-varying interference provides aform of time diversity. On the Rayleigh-fading multiple-access channel, the STAR strategy enables
near-optimal outage performance with alow-complexity successive-cancellation decoder. We derived the outage probability and proposed an
ordering algorithm for SC decoding that minimizes the outage

probability of STAR. We derived an upper bound on the diversity-multiplexing tradeoff of the proposed architecture. We showed that the
proposed system outperforms naive SDMA with SC decoding by 8.2 dB for a 4-user multiple-access system with 2 transmit antennas each and
8 receive antennas. We also show that STAR with SC decoding gets to within 1.6 dB of the optimum outage probability for this case. Thus, the
STAR transmission strategy with SC decoding is an effective solution to achieve near-optimum outage probability of multiple-access systems
at low computational complexity.

What if the user is ableto listen to others while it is silent? This question led us to consider the cooperative multiple-access channel, where each
user has the capability to relay signals or information received from one or more other users. We have recently proposed the
space-division-relay protocol, a cooperation strategy for the cooperative multiple access channel that scales nicely with the number of users.
Therate of typical existing cooperation strategies (like the LTW protocol) is 1/n"2, where n is the number of users. In contrast, the rate of the
proposed SDR strategy is (n - 1)/(n + 1). Despite the high rate, SDR is able to achieve the full diversity of the multiple-access channel.
Currently we are exploring various relay strategies (such as amplify and forward, decode and forward, nonothogonal amplify and forward, and
decode and decide-to-forward), the last showing promisein our preliminary work.

No previously reported space-time codes achieve the diversity-multiplexing tradeoff for an arbitrary number of antennas and an arbitrary rate

while maintaining low decoding complexity. In our research we have partialy filled this gap by proposing a framework for the construction and
decoding of high rate space-time block codes. In particular,have recently proposed the embedded Alamouti space-time (EAST) codes, which is
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afamily of codes with a nonvanishing determinant for any number of antennas up to eight, and for any rate up to half the number of antennas.
When compared to previously reported codes with the same number of antennas and the same rate larger than one, the EAST codes are
simultaneously lower in complexity and lower in error probability on quasistatic Rayleigh-fading channels.

In related work, we have proven that the golden code (a full-rate full-diversity space-time code for two transmit antennas that is a part of the
WiIMAX standard) is 'fast decodable,’ aresult that had been overlooked in prior work. Because each codeword conveys four information
symbols from an M-ary quadrature-amplitude modulation alphabet, the complexity of an exhaustive search decoder is proportional to M4, We
have presented a new fast algorithm for maximum-likelihood decoding of the golden code that has a worst-case complexity of only O( M"2.5).
Further, we have shown that the golden code is fast decodable on both quasistatic and rapid time-varying channels. Thiswork has been used to
argue for support of the golden code in mobile WiMAX standards.

Training and Development:
Five graduate students were exposed to next-generation recording technologies and research methodologies.
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