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The Search for a Practical Iterative Detector for
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Abstract—The striking benefits of iterative detection have gen-
erated strong interest in the disk drive signal processing area, but
thus far application of this technology has been rather limited. We
review the benefits that the most interesting iterative detectors have
over the industry-standard partial-response maximume-likelihood
(PRML) detectors, and examine the hardware complexity issues
that have so far stood in the way of practical implementations.

Index Terms—Implementation complexity, iterative detection,
magnetic recording, turbo codes.

1. INTRODUCTION

HE HISTORY of magnetic recording is largely a story

of increasing capacity. Areal densities have increased at
60%/year for decades, with occasional spurts of over 100%/year
when major technological advances are introduced. The con-
tinued increase in rotational speeds, which reduces the seek times
and increases the throughput, coupled with the growth in areal
density, requires a continual increase in signal processing data
rates in the read/write channel. As the difficulty in increasing
areal densities through improvements in heads and media rises,
more attention is given to improvements available from advanced
signal processing. For several generations of products the de-
tection of data was accomplished with maximum-likelihood
implemented with a Viterbi decoder, operating on a read signal
that has been equalized to a specific partial response target. Over
time, the partial response target has changed to more accurately
match the signal spectrum, and the Viterbi decoder has been
augmented by the addition of noise prediction to handle colored
noise and postprocessing to account for signal-dependent noise.
However, improvements in this partial-response maximum-like-
lihood (PRML) technology family are becoming more difficult
to obtain. A promising technique to achieve significant further
signal-to-noise ratio (SNR) improvement is the use of iterative
detection and soft information. Initially proposed in 1993 for
communications channels [1], this technique combines the
concept of soft information (working with the probability of a
bit’s value rather than the value itself) and iteration (encoding
data using two codes and then iterating back and forth between
two decoders, each with knowledge of only one of the constituent
codes). Initial investigations of iterative detectors for applications
in magnetic recording channels created a great deal of interest
among researchers in both academia and industry in recent years.
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A large number of publications have appeared in the areas of code
design and optimum code performance (see references in [2]), but
somewhat less attention has been paid to decoder architectures
or to implementation and system issues. Although iterative
detectors promise large gains over conventional PRML systems,
they have not been used in commercial applications so far.

We believe that this situation is due, at least in part, to the
difficulty in finding and achieving the optimum tradeoff between
performance and complexity/cost. Disk drive read/write systems
have traditionally been very cost sensitive. The area of the silicon
chip directly dictates its price, while power dissipation has to
be low enough to allow for inexpensive packaging and system
cooling. Historically, complementary metal-oxide—semicon-
ductor (CMOS) scaling has been used to allow more advanced
signal processing and higher speed, while the power and area
stay roughly the same in each new technology generation. Thus,
the challenge is to find the algorithm that achieves the best SNR
performance at reasonably high speed while staying within these
constraints. Of course, there are other hurdles to be overcome, not
the least of which concern various system implications of using
iterative detection. These important considerations, however, are
beyond the scope of this paper.

II. POWER AND PERFORMANCE TRENDS IN DISK DRIVE
READ-CHANNEL INTEGRATED CIRCUITS

Each silicon process technology generation has allowed in-
tegration of more complex signal processing schemes into an
affordable chip size and has been characterized by exponential
trends in data rates, as shown in Fig. 1. The annual increase of al-
most 40% in disk drive read electronics data rates has outpaced
the performance boost provided by technology scaling, because
of microarchitectural improvements that can be accommodated
in succeeding generations. Even so, stringent cost and power
requirements make the implementation of disk drive signal pro-
cessing architectures challenging, particularly coupled with the
demand for increased transfer rates. The need for low cost dic-
tates small die sizes, traditionally in the 10-25 mm? range and
low-cost plastic packaging [3]-[8]. The requirement for inex-
pensive packaging, in turn, limits the power consumption to less
than 2 W [9].

Detectors have traditionally occupied only a small portion of
the read/write channel chip. For example, a 16-state Viterbi de-
coder commonly used in 2.5 V, 0.25 um CMOS technology
occupies about 0.8 mm? and dissipates 300 mW running at
500 MHz, when implemented in full custom design method-
ology [3]. CMOS feature sizes have been reducing by 30% in
every technology generation, and a new generation was intro-
duced every 2-3 years in the past decade. When the feature
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Fig. 1. Data rate trend in magnetic disk drive read channels (source: IEEE

International Solid-State Circuits Conference and manufacturers’ web sites).

sizes and the supply voltages are scaled by a factor of S = 0.7,
the logic density approximately doubles (scales by a factor of
1/S?). Scaling of technology decreases the intrinsic transistor
delay by a factor of S, thus increasing the frequency of the same
implementation by a factor of 1/S [9]. Furthermore, scaling of
the feature sizes and the voltages with the same factor preserves
the active power density, and reduces the total active power pro-
portionally to the area reduction. For example, when scaled to
1.8 V, 0.18 um, the 16-state Viterbi decoder in [3] would occupy
0.4 mm?2, run at 700 MHz and dissipate 150 mW.

On the other hand, analog front-ends do not scale at the same
rate as the digital back-ends [10], so a potential size reduction
of digital back-ends would not yield a proportional reduction in
overall die size. As a result, the sizes of digital signal processing
blocks have remained approximately constant. For example,
detectors have generally occupied 7%—15% of the die area and
dissipated 20%—-40% of the total power [3]-[8]. Future read
detectors, assuming similar power and area constraints, are
likely to fit into similar proportions. Hence, instead of reducing
the size of read-channel circuits, the technology scaling has
been exploited to permit integration of more complex algo-
rithms. The evolution of detectors illustrates this trend: 8-state
conventional Viterbi decoders, common in 0.35 pm technology,
were replaced with more complex 8-state noise-predictive
Viterbi decoders or conventional 16-state decoders in 0.25 pm.
This was followed by 16-state noise-predictive decoders in
0.18 pm. Currently, state-of-the-art 0.13 pm detectors incor-
porate 32-state noise-predictive decoders or 16-state decoders
with postprocessing.

As the number of states increases, there is diminishing mar-
ginal improvement in bit-error-rate (BER) performance, despite
an exponential growth in implementation complexity. The sit-
uation is thus ripe for more complex coding and signal pro-
cessing techniques to challenge the PRML class of detectors. In
the remainder of this paper, we attempt to identify the leading
iterative detection candidates that can supply significant perfor-
mance improvement at reasonable complexity and cost.

III. PERFORMANCE ANALYSIS

Ryan [11] published the first detailed investigation of ap-
plying iterative detectors to magnetic recording. Since then, a
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large number of investigators have examined a variety of itera-
tive detection schemes. We screen this large number of choices
based on some quick, coarse analysis. For example, both
maximum a posteriori decoding based on the Bahl-Cocke—Je-
linek—Raviv algorithm (MAP/BCJR) and the soft-output
Viterbi algorithm (SOVA) have been considered for the inner
(PRML) soft-input, soft-output decoder [12]. We have found
in our analysis that the performance benefit that the BCJR
possesses over SOVA is overcome by the large complexity
penalty (the size and power dissipation of the BCJR decoder
are approximately two times larger than for a SOVA decoder),
so we consider here only the SOVA option. Iterative detectors
based on convolutional codes are also recognized to be too
complex to justify the modest extra performance they offer.
For example, in order to meet the throughput requirements in
disk drive applications, four iterations of turbo decoding with a
convolutional code will require an unrolled architecture com-
prising eight 16-state SOVA decoders and seven interleavers
[12]. This results in a more than 20X increase in area and power
over a conventional 16-state noise-predictive Viterbi decoder.
Hence, we limit this discussion to iterative detectors based on
parity checks, as we expect them to have lower complexity:

* random low-density-parity-check (LDPC) code with rate
8/9 and column weight 3 [13];

* structured LDPC code with rate 0.94 and column weight
4, designed from an integer lattice [14];

* turbo product code (TPC) based on single parity checks,
with sixteen 16 x 16 matrices (rate 8/9) [15].

Coded bits of the TPC were randomly permuted (interleaved)
before being precoded and sent to the channel. For both random
and structured LDPC codes, we used a 1/(1 & D) precoder,
while for the TPC, a better BER was obtained usinga 1/(1®D?)
precoder.

In order to place the results in context, we also include per-
formance and complexity estimates for a simple 16-state Viterbi
decoder and for an advanced PRML decoder with noise-pre-
diction in its 16-state Viterbi trellis and parity-based post-pro-
cessing, as described in [16]. Noise-predictive decoders with
parity post-processing can be also used for complexity compar-
ison: at the point of their introduction, they occupied 1-2 mm?
of silicon area while dissipating less than 500 mW.

The iterative decoding algorithm is similar for the TPC and
LDPC codes. The SOVA is used on the PRML trellis, and the
message passing algorithm (MPA) is used for soft decoding of
the TPC and LDPC codes. The decoding is established by iter-
ating between the inner decoder and the outer decoder. That is,
the soft information is extracted from a partial response channel
using the SOVA operating on the channel trellis, and then used
in the MPA for the LDPC or TPC decoding [15]. The bit “likeli-
hoods” obtained from the MPA are passed back to the SOVA as a
priori probabilities and so on. The BER results are given below
for an architecture in which the compound iteration “SOVA +7
iterations of MPA” is performed G times before the final hard
decision is taken (I = 4 for the LDPC and I = 2 for the
TPC). In other words, the LDPC decoder performs four internal
(bit-to-check plus check-to-bit) iterations, while the TPC de-
coder performs only two internal (rows followed by columns)
iterations prior to looping back to supply the inner decoder with
extrinsic information. Larger values of G improve the BER, but
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Fig. 2. BER versus input SNR for several detectors.

at a decreasing rate. Thus, a value of G = 4 is chosen as a com-
promise between poorer performance and increased delays and
complexity.

The analog part of the magnetic recording channel is
modeled using linear superposition of Lorentzian pulses.
Formally, the readback signal V(¢) of the channel without
jitter is defined as V(¢) = Ygbrg(t — kTy) + n(t), where
g(t) is the transition response of the channel, by, = {0,1, -1}
corresponding to no, positive, or negative transitions, and n(t)
is additive white Gaussian noise. The transition response of the
longitudinal recording channel is modeled as a Lorentzian pulse
g(t) = V/[1 + (2t/PW50)?], where PW5, is the pulsewidth
at 50% of its peak value, and V' = /2PW5o/m, so that the
energy of an impulse response is equal to one. We define the
SNR as 101log;(E;/No), where E; is the energy of an impulse
response of the channel and Ny is the spectral density height
of the additive white Gaussian noise, so that we can compare
the efficiencies of different codes operating at different symbol
densities. The code rate loss is reflected through the detection
signal-to-noise ratio, which can be shown to be approximately
proportional to R2, where R is the code rate.

In the current generation of disk drives the user data are en-
coded by an ECC encoder, an RLL encoder, and can also be
precoded before being recorded onto the disk. Therefore, the
BER at the output of the channel detector and the BER after
the ECC decoder should both be taken into consideration. In
fact, the sector failure rate (SFR) is an even more appropriate
metric for characterizing the read/write channel. In practice, it
is difficult to measure the SFR directly in the operating range,
and therefore it is usually estimated using various mathematical
models. Since an accurate estimation technique for the iterative
detection channels is still to be developed and thoroughly veri-
fied, in this paper we use the classical BER at the output of the
iterative detectors.

24 25 26 27 28
SNR

The performance analysis results are summarized in Fig. 2
for the normalized user density of 2.5 and the PR target [5, 4,
—3, —4, —2] [17]. Using BER = 105 as a reference, the itera-
tive detectors (LDPC and TPC) give an SNR benefit of 4.1-4.2
dB over the simple Viterbi and 3.0 dB over the sophisticated
NPML-PP detector. Clearly, it is not possible to operate a real
system close to the very steep cliff observed for the iterative de-
tectors, so we cannot avail ourselves of the full 3 dB. As we can
see from this figure, all three iterative detectors exhibit a steep
drop in BER at an SNR where the PRML detector BER is about
10~2. For the random LDPC, this cliff continues falling at least
to the 1078 range. The structured LDPC drops at a somewhat
higher SNR, and shows evidence of a change in slope at about
10~7. The TPC drops along with the random LDPC, but has a
significant slope change at even higher BER, about 1076.

This striking feature of iterative detectors—the steep drop in
BER versus SNR—Ieads us to reconsider the requirements im-
posed on the signal processing function by the overall disk drive
or even operating system. We note that the usual rule-of-thumb
used for PRML detectors—the SNR required to achieve a spec-
ified BER (for example, 10~°)—is not useful for iterative de-
tectors because this occurs on such a steep slope. Here, even a
small degradation in SNR leads to a very large degradation in
BER. In actual operation, an iterative detector will be run at an
SNR some margin above the steep cliff. At this SNR, the nom-
inal BER might be immeasurably small. This leads to another
observation: variations which simplify the hardware complexity
and result in BER versus SNR curves with shallower slope do
not necessarily perform worse in practice than the best detectors.
If the BER obtained at the “operating SNR” is low enough, even
a large difference in BER does not have much effect, assuming
the raw errors are cleaned up by an outer ECC. Indeed, a shal-
lower slope allows the system to monitor performance over time
and flag regions that appear to be degrading. This very useful
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diagnostic function is available in commercial PRML systems
today.

Another feature of interest is the distribution of error counts
per sector for various detection schemes. For PRML detectors,
the error counts per sector appear to be smoothly distributed. It
has been generally feared that iterative detectors would produce
very bursty error count statistics at the low BERs that would be
used in practical systems. This results from the expectation that
the MPA will decode to a valid codeword, and when this is not
the correct codeword there will be at least as many errors as the
dpmin of the code. This is indeed the case for the TPC system.
However, we have consistently observed that the failure mecha-
nism for LDPC codes at low BER is not decoding to an incorrect
codeword, but rather the MPA gets stuck at “near-codewords,”
as described by Gallager [18] and more recently by MacKay
[19]. This may be due to a breakdown in the underlying assump-
tion in the MPA of statistical independence of the data being
passed around the graph. This is actually a desirable situation,
since if the final result of the decoder is not a codeword, the
system is alerted to the need for some kind of error retry proce-
dure. For the random LDPC code used in our simulations, when
a 4096-bit codeword has errors, the number is only on the order
of 1 to 10 (over simulation runs totaling ~100 000 codewords).

IV. IMPLEMENTATION ISSUES FOR ITERATIVE DETECTION

Implementation of iterative detectors in today’s 0.13 pm
CMOS technology requires a larger area and power budget
than implementation of conventional detectors. Here, we
investigate several architectures for decoding TPC and LDPC
codes and evaluate their complexity. Building blocks of each of
the decoders were synthesized in standard cell methodology to
obtain accurate estimates of power and area.

We assume the use of a SOVA decoder as a soft-input soft-
output PRML channel decoder. In CMOS technology, there is a
strong relationship between the speed, power, and area for im-
plementing a function. As in Viterbi decoders, SOVA decoder
throughputs are limited by the single-cycle add-compare-select
(ACS) recursion in the algorithm. The speed of a SOVA decoder
can be traded off for power and area savings through microar-
chitectural transformations, logic transformations, and circuit
sizing of the ACS [20]. Fig. 3 shows the area-delay and power-
delay tradeoffs for a 16-state NPML decoder, obtained through
synthesis in 0.13 pm CMOS technology. As the cycle time is
shortened, the logic is resized to meet the required timing. The
impact of sizing on speedup of a given topology is limited, and
eventually the microarchitecture has to be changed to achieve
faster decoders. The kinks in Fig. 3 illustrate this effect. Each
microarchitecture is optimized to perform the single-cycle re-
cursion for a range of throughputs. A conventional implementa-
tion of the ACS recursion is the smallest and dissipates the least
amount of power, but has the longest critical path. Speed can be
increased by retiming the ACS recursion [21] or loop unrolling
[22], at the expense of increased area and power. Fig. 3 also
illustrates the effects of technology scaling on power, perfor-
mance, and area of this detector. The size of the 16-state SOVA
decoder is comparable to the size of the 16-state NPML decoder.

Implementation of the MPA requires the computation of
bit-to-check and check-to-bit messages (marginalized posterior
probabilities), and passing them between the check nodes and
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the bit nodes [23]. MPA-based decoding of LDPC and TPC
codes allows for a variety of architectures with a wide range
of throughputs and latencies. We examine the implementation
challenges associated with fully parallel and fully serial LDPC
decoder architectures, followed by a discussion of alternative
architectures that fall between these two extremes.

A fully parallel implementation of the LDPC decoder di-
rectly maps the complete message passing graph onto the sil-
icon [24]. A decoder for the random LDPC example analyzed
in Section III would consist of 4608 bit nodes, 512 check nodes,
and the interconnect network for passing the messages (Fig. 4).
With the irregular structure typical of random LDPC codes, the
area utilization of this implementation is expected to be about
50% because of the complexity of the interconnect network. The
overall chip size is therefore estimated to be almost 160 mm?.
Though impractically large, this amount of parallelism would
yield low clock frequencies and relatively low power; about
250 mW for four iterations at 1 Gb/s with less than one sector
latency.

On the other hand, a fully serial LDPC decoder would use
only one processing element for all message-passing calcula-
tions, and one large memory to store soft information for all the
messages (13824 5-bit-wide words). The bottleneck in the serial
architecture is the memory, which is required to provide three
operands for each bit node or 27 operands for each check node



LYNCH et al.: THE SEARCH FOR A PRACTICAL ITERATIVE DETECTOR FOR MAGNETIC RECORDING 217

SOVA
'
PE,
i
Register PE,
PE,
Register PE,
PE,
Register PE,
Register PE,
PE,

Fig. 4. Fully parallel LDPC decoder.

operation. This requirement implies that the memory has to op-
erate at a multiple frequency of a bit node or check node. Adding
more ports to the memory is impractical due to the quadratic
increase in memory area. At best, a double-ported memory of
this size operates up to 400 MHz, and completes the number
of accesses required for four iterations of decoding in a latency
equivalent to 15 sector delays. Such an architecture is dominated
by the memory size, estimated to be 9 mm?.

Alternative architectures that fall between a fully parallel or
fully serial structure are impractical because of the irregular na-
ture of random LDPC codes. This random connectivity prevents
partitioning the memory in a decoder into sub-blocks that can
be accessed independently. As such, increasing the number of
processing elements will require additional memory ports, thus
further slowing the memory access and increasing the size of
the memory.

The desire to overcome the above impediments leads us to
structured LDPC codes. These codes allow partitioning of the
large message-passing graph into several smaller graphs, which
allows for architectures with limited parallelism. Unfortunately,
this results in somewhat poorer BER performance. TPC codes
and LDPC codes based on lattices are examples of structured
LDPC codes, where several smaller parity-check codes are com-
bined to form a larger block. The TPC example divides the
sector into sixteen 17 x 17 blocks, and the MPA can be im-
plemented for each of these blocks using a single processing
element (Fig. 5). To achieve a one-sector latency with min-
imum area, a total of eight parallel MPA are used with double-
ported memories in the interleavers. The parallel TPC decoder
logic takes only about 0.2 mm? and dissipates about 150 mW at
1 GHz, with four iterations. However, we observe that the per-
formance of TPC codes is only acceptable if global iterations are
performed between the inner SOVA and outer TPC decoders:
the iterations within the TPC decoder provide insufficient BER
improvement. Thus, the power and the area of the overall itera-
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3
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\ SECTOR MUX/DEMUX /
7 3  §

\ 4 A A4
17x17 17x17 17x17
Memory Memory Memory
 § /  §

\ \J \4
Single PE Single PE Single PE
TPC decoder TPC decoder TPC decoder
16 x

Fig. 5. Architecture of TPC decoder partitions the code into 17 X 17 blocks.

CHECK NODE

| CHECK NODE

Fig. 6. Shift-register structure for LDPC decoders based on lattices.

tive detector, shown in Fig. 5, will be dominated by the SOVA
decoders and the interleavers.

LDPC codes based on lattices display the unique property that
consecutive rows in each of the sub-blocks are cyclic. Each row
of the sub-block also has a weight of one. Fig. 6 shows a struc-
ture that exploits these properties with shift-registers and reg-
ular arrangement of the processing elements. The shift registers
permit operation at clock rates close to 1 GHz. The regularity
of the decoder enhances the logic density, resulting in a decoder
that is approximately 3 mm? and dissipates about 2 W with four
iterations of decoding at 1 GHz. Although this architecture does
not require explicit interleavers, the area is large because it uses
registers for storing messages.



218

1) " !
£ : 3 :
E ; ‘
© | H
4 : 3 ;
< i ‘ 1
e T
SOVA + TPC g 3 ;
(G=1,1=2) : i :
L I 1'5'“'};",\,;,;"3\; | B I
; Sl —
16-Viterbi }._ ! !
0 T T —
0 0.5 1 15 2 25 3
Bit Period [ns]
(@)
3000 (SOVA + Intgrleaver*r TPF:)xS
2500 o -----ooereneed e L T
i e I e e
g
E
5 1500 - e AT N omemo e
5 SOVA + TP SOVA + lattice LDPC
1000 - i ¢G=4'=2) e
500 4 NP N\SOVAF TPC G B ey
[ 16 Viterbi :
0 T T T a
0 0.5 1 15 2 25 3
Bit Period [ns]
(®)
Fig. 7. (a) Area-delay and (b) power-delay tradeoff for iterative detector

architectures in 0.13 gm.

Fig. 7 summarizes the area-delay and power-delay tradeoffs
for the TPC decoder with one and four global iterations and the
lattice LDPC decoder with one global iteration, and compares
them to 16-state Viterbi and NPML decoders [3].

V. CONCLUSION

The curves in Fig. 7 show that the implementation of high-
speed iterative detectors in 0.13 pm technology is not feasible in
the historic cost and power read channel budgets. Even detectors
running at lower speeds (below 500 Mb/s) would still be sev-
eral times larger than NPML detectors at the technology point
of their introduction. However, implementation in 90 nm CMOS
technology would lower the area and power requirements of it-
erative detectors by a factor of two. This, in addition to the 40%
improvement in speed, would make high-throughput iterative
detectors feasible.
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