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Compensation of Nonlinearities in High-Density
Magnetic Recording Channels

E. Biglieri, E. Chiaberto, G. P. Maccone, and E. Viterbo

Abstract—Volterra-series models of magnetic-saturation re-
cording channels are used to derive readback structures that
compensate for channel nonlinearities. These structures are
based on a canceler of linear and nonlinear channel distortions,
and can achieve significant improvement in terms of mean-
square error and error probability. Proper operation of the
canceler requires reliable preliminary decisions to be taken on
the information symbols. These decisions are obtained by pass-
ing the received signal through a linear equalizer, then pro-
cessing the equalized signal through a symbol-by-symbol detec-
tor or a Viterbi detector. By using the data obtained in [4] for
magneto-resistive heads, it was found that symbol-by-symbol
preliminary detection performs adequately. A Volterra model
was also obtained experimentally for the recording channel
generated by magneto-inductive heads that exhibit higher-or-
der nonlinear effects. In order to recover data from this highly
distorted channel the preliminary detection scheme needs a
4-state Viterbi detector.

1. INTRODUCTION

THE digital saturation magnetic recording channel has
been widely studied by using a linear model (see, €.g.,
{11, [2]). Various detection methods based on the latter
have been proposed to compensate for the presence of se-
vere intersymbol interference (ISI) and of noise.

Various forms of write equalization have been pro-
posed, with the aim of reducing ISI and facilitating the
detection process at the cost of reducing the information
recording density [5], [6], [7]. Readback equalization re-
duces ISI in a signal affected by noise (see, e.g., [1] and
the references therein). The most common detection
structures are inherently based on a linear model of the
magnetic channel, and hence entail a loss of optimality as
soon as nonlinear effects, due to high-density recording,
become significant.

Volterra series are by now a tool widely used for mod-
eling mildly nonlinear systems [12]. A third-order dis-
crete Volterra series model for a digital magnetic record-
ing saturation channel with magneto-resistive heads was
recently proposed by Hermann [4], who also provided a
method for Volterra kernel identification. The results in
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[4] show that the Volterra model matches the real channel
well, especially with high recording density. Hirt [3] has
applied to the nonlinear magnetic recording channel the
optimal linear receiving filter proposed in [9].

A wide variety of detection methods are known for non-
linear transmission systems modeled by Volterra series.
Among them, [10] generalizes the concept of decision
feedback equalization, a technique long known to provide
a good compromise between performance benefits and de-
tector complexity [8]. This concept, called ‘‘nonlinear
cancellation’” in [10], is applied here to high-density,
highly nonlinear magnetic recording channels. The idea
is to form a model of the linear and nonlinear distortion
introduced by the channel, and subtract it from the re-
ceived signal. To do this, reliable preliminary decisions
must be made available. They are obtained by passing the
received signal through a linear equalizer, then processing
the equalized signal through a preliminary detector. An
interesting feature of these nonlinear cancellation meth-
ods is the possibility of simply adding the canceler device
to the existing detection system for performance improve-
ment.

Two different types of channels are considered here,
based on magnetoresistive (MR) heads (Section II) or on
magneto-inductive (MI) heads (Section III), respectively.
In both cases, the readback system uses a nonlinear can-
celer. For the MR head examined here, a linear tapped-
delay-line equalizer followed by a simple threshold (sym-
bol-by-symbol) detection was adequate, while for the MI
head a more refined preliminary detection scheme was re-
quired, using maximum-likelihood sequence estimation.
Simulation results show a significant improvement over
the simple linear equalizer, both in terms of mean square
error and symbol error probability.

II. COMPENSATING A CHANNEL WITH MR HEADS
We assume here that the magnetic recording channel JC
can be modeled as a discrete-time system with finite mem-
ory length L = D + D', so that we are allowed to write
Ye = l,}C(-xk—Da M ¢ ) xk+D’)’ (1)
where the symbols x, take on values +1 and y, are the

samples observed at the output of the channel.
Based on the tesults in [4] we approximate the nonlin-
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TABLE 1
VOLTERRA KERNELS FOR 56 kfci [4]
n h, Cf,“ 052) 6(3) cl’I,Z)
0 0.05 -0.005 0.005 0.001 —0.001
1 0.10 -0.010 0.007 —0.002 —0.002
2 0.20 —0.003 0.005 0.010 -0.005
3 0.60 —0.145 0.070 0.050 —0.125
4 1.00 —0.100 0.120 0.037 —0.080
5 —0.60 0.100 —0.020 0.001 0.120
6 -0.80 0.040 -0.010 0.000 0.070
7 -0.40 0.020 —0.005 0.004 0.030
8 -0.20 0.010 0.000 0.000 0.020
9 -0.10 0.005 0.000 0.000 0.000
10 -0.05 0.001 0.000 0.000 0.000
ny
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Fig. 1. The detection system. 1, represents white Gaussian noise. The let-
ters D and A at the bottom right comer of the blocks denote the delay

introduced by the block itself.

ear function 3C by the third-order Volterra series
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where M = L — 3 and hy, ¢, ¢@, ¢, ¢{?, forn = 0,
1, - -+ M, are the linear, second order, and third order
Volterra kernels, respectively. These have been identified
in [4] for different recording densities. We have taken
these results for the highest density of 56 kfci (kilo flux
changes per inch) as a model for the nonlinear channel
(Table I), and we have applied our cancellation tech-
nique.

A. The Detection System

The detection scheme is shown in Fig. 1. The input
symbols x, € {+1} represent the positive and negative

saturation currents which magnetize the recording me-
dium at a normalized rate T-' = 1. Since we are inter-
ested in ‘‘raw’’ channel performance, we assume that no
coding is used so that a binary information source is di-
rectly mapped onto the bipolar input according to the fol-
lowing rule: 0 = —land 1 = +1.

The channel introduces a fixed delay of D symbols.
From the column labeled “‘h,”” in Table I we see that D
= 4. The channel output is sampled at rate T~! symbols
per second, and white (i.e., independent and identically
distributed) Gaussian noise samples n, are added. The
samples w;, = y; + ni are processed by the detection sys-
tem. The equalizer is a linear tapped-delay line with N +
1 taps. The values of its tap weights were calculated so
as to minimize the mean square €rror [13, Section 10.6]

Eflq, — xk—D—Alz},

between its output sequence and the input symbols. Here
qx denotes the equalizer output, and A is the delay intro-
duced by the equalizer, the optimal value of which was
found to be N/2 in all cases tested. Since the symbols wy
follow two different paths, these must introduce the same
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delay P = A + D caused by the equalizer and the can-
celer, so that a P-symbol delay must be introduced.

The ‘Sgn’ block performs a zero-threshold decision on
its input and produces bipolar outputs, which are the pre-
liminary and final decisions on the corresponding input
symbols, denoted x{P p and x\p_ p, respectively.

With the aid of Fig. 2 we may take a closer look at the
structure of the canceler. It aims at subtracting the linear
and nonlinear ISI terms from the output of the delay line
before final decisions on the transmitted symbols are
made.

Equation (1) can be rewritten in the following form:

Yo = hpxe + Fa_p, * 70 X s Xep) G)
where
M M
F(rg, * X)) = 2 hyx, + 20 cWxux, 44

n=0,n+D n=0
M M

+ 2 ePxxpin + 2 cPxxn03
n=0 n=0
M

+ X K% @)

where, as before, L denotes the channel memory.

In principle, if the model (4) were exact and the can-
celer fed with correct decisions on the input symbols, then
all the ISI terms would be subtracted, and the system
would be degraded by additive Gaussian noise only.
However, if some of the decisions in the canceler are in-
correct, then ISI is removed only in part, and some spu-
rious terms with the wrong spin appear. As we shall see
in the next section, the effectiveness of this technique
largely depends on the reliability of the preliminary de-
cisions used to feed the canceler. For this reason the can-
celer is fed, where possible, by the final decisions, which
are more reliable than the preliminary ones. This is the
concept of ‘‘decision feedback.” The canceler (Fig. 2)
actually works as follows: 1) the final decision x{0p_p is
fed back at location D of the shift register, and overwrites
the old preliminary decision, 2) the new preliminary de-
cision x{” p 1 is shifted into location 0, 3) the function §
is applied to the content of the register, and 4) the result
is subtracted from the delayed readback symbol w;.

B. Simulation Results

In this section we discuss the results of the computer
simulations run based on the above model. The goal here
is to evaluate the performance of the system in terms of
mean-square error (MSE) and error probability P(e) for
different values of SNR. The latter is defined as the ratio
between E{y:} and the noise power o2, taken in dB.'

In general, the mean square errors E{|gi — Xc—»p |} and
E{|xy — x¢-p-p |2} are calculated more easily than error

IThe signal energy E{y?} is about 2.7 here, since the Volterra kernels
were not normalized to obtain unit output energy.
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Fig. 2. The canceler.

probabilities: however, they do not provide a true per-
formance measure since the sporadic symbol errors influ-
ence very modestly their final value. Nevertheless, MSE
provides a rough measure of the possible gains in terms
of P(e).

Figs. 3 and 4 show the limitations of linear equalization
as the number of taps increases. It turns out that increas-
ing the length of the equalizer will produce diminishing
gains above a certain limit—this is partly due to the non-
linear behavior of the channel. To go beyond this limit,
we advocate introduction of nonlinear cancellation.

Figs. 5 and 6 show how a nonlinear canceler outper-
forms a 9-tap linear equalizer. The same linear equalizer
was used to generate preliminary decisions. It is interest-
ing to note that the two curves cross over at a certain point.
This is due to the negative effects of error propagation for
low SNRs. To evaluate more carefully where this cross-
over takes place, it is instructive to examine error proba-
bility curves. They show that cross-over takes place only
at relatively large values of P(e), and consequently in nor-
mal conditions the introduction of a canceler actually im-
proves performance.

III. COMPENSATING A CHANNEL WiTH MI HEeADS

The MI head examined here generates a channel with
greater tails and higher-order nonlinear terms than MR
heads. The simple symbol-by-symbol detection scheme,
which was effective with the head considered in the pre-
vious section, is inefficient here, and simulation results
showed that the weakness of such a scheme lies in the low
quality of the preliminary decisions. This is due to the
excessive strain imposed on the equalizer.

To solve the compensation problem for this channel we
consider an equalizer which approximately transforms the
overall impulse response (channel + equalizer) into a
simple partial-response channel. This reduces signifi-
cantly the residual error after the equalizer, but requires
that maximum-likelihood sequence estimation (MLSE) be
used for preliminary decisions (note that these are not op-
timum, since the noise is not white at the equalizer out-
put). In practice the latter is implemented by using the
truncated Viterbi algorithm, whose complexity (number
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Fig. 3. MSE at the output of a linear equalizer with 3, 7, 11, and 15 taps.
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Fig. 5. MSE before preliminary and final decisions with a 9-tap linear
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izer.

of states) grows exponentially with the memory length of
the partial-response channel.

In the following we show that preliminary detection
based on a four-state Viterbi receiver, combined with a
nonlinear canceler, is sufficient to achieve the desired
quality. Another four-state Viterbi receiver is used to ob-
tain final decisions. With this structure, final decisions are
not fed back into the canceler. This is because the Viterbi
algorithm introduces a delay, and hence final decisions
are not available at the right time to be fed back.

An alternative to this structure would be based on the
“‘delayed decision-feedback sequence estimation’ con-
cept proposed in [11]. By using this we could eliminate
one of the Viterbi detectors and use the decisions given
by the ML path to feed the canceler, which in turn can
touch up the branch metrics in the Viterbi detector. The
total decoding delay would aiso be reduced. The problem
is that in order to account for all the precursors of the
impulse response we would need at least a 16-state se-
quence estimator, as opposed to two 4-states sequence es-
timators, and consequently a higher complexity.

A. The Magnetic Recording Channel with MI Heads
A Volterra model for the magnetic channel with MI
heads was identified by using standard techniques [4]. The
nonlinear function JC in (1) was approximated by the fol-
lowing third-order Volterra series
M M
Ye+D = ngoh"xk” + ”§0C21'2)xk+nxk+n— 1X%+n-2 5

M
2.3)
+ zocn X+ nXe+n—-2Xk+n-3
n=
M
(1,3)
+n¥06n Xik+nXk+n—1%Xk+n-3 (6)

where M = L — 3 and h,, ¢?, ¢&?, c"?, forn = 0,
1 -+ M, are the linear, and third order Volterra kernels,

TABLE II
VOLTERRA KERNELS FOR 88 kbpi M1 HEADS

n h,, CLI‘Z) Cf,2'3) C:yl.f‘)

0 0.1357 0.0148 0.0166 —0.0115
1 0.5608 -0.0178 0.0035 —0.0095
2 0.9982 —0.0693 —0.0033 -0.0212
3 —0.0289 —-0.1611 -0.0139 —0.0074
4 —0.8750 -0.0729 —0.0543 0.0424
5 —0.4865 0.1415 —0.0342 0.0383
6 -0.2115 0.1046 0.0454 -0.0170
7 —0.0433 0.0409 0.0404 -0.0189

respectively. The measured values are reported in Table
II. We note the absence of any relevant second order Vol-
terra kernels: this is due to the symmetry between the
positive and negative pulses of the impulse response, a
typical feature of MI heads.

B. The Detection System

The detection scheme we propose for the recording
channe! with MI heads is shown in Fig. 7. The input sym-
bols x, € { + 1} denote the positive and negative saturation
currents which magnetize the recording medium at a nor-
malized rate T~' = 1. As before we assume no coding,
so that the binary information source is directly mapped
onto the bipolar input according to the rule 0 — —1and
1- +1.

From Table II, column labeled ‘‘h,,”” we see that the
delay D introduced by the channel is equal to two input
symbols. The signal wy, through two different routes, is
used for preliminary decisions and for ISI cancellation.
Fig. 8 shows the desired impulse response to be obtained
after equalization. Here d; is the desired output of the
equalized channel. For our MI head the choice d;y = xi,
which worked well for the MR head of previous chapter,
gives poor results because the equalizer does not provide
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Fig. 8. The desired impulse response of channel + equalizer.

an output signal clean enough to take reliable preliminary
decisions. The equalizer’s task is made easier with the
choice of Fig. 8, at the price of not allowing symbol-by-
symbol preliminary decisions.

The equalizer is a linear tapped delay line with N + 1
taps. The value of its tap weights were calculated so as to
minimize the mean square error

E{lgy — Xx-p-a t xk—D—A—le}

between the input and the output sequence, just as we did
in the previous section. Here g, denotes the equalizer out-
put, and A is the delay introduced by the equalizer, which
was found to take on the optimal value N/2. Optimal de-
tection for the channel in Fig. 8 in the presence of additive
white Gaussian noise requires a four-state Viterbi re-
ceiver, whose trellis is shown in Fig. 9. The labels on its
branches denote the transmitted symbol and the corre-
sponding channel output value, respectively. In practice,
a truncated Viterbi algorithm is used with a decoding win-
dow V, = 12; as for V, > 12 no further improvement in
the detection quality was experienced. The output P p
of this Viterbi detector provides preliminary decisions on
the corresponding input symbol x; _p.

Since the symbols w; follow two different routes, these
must introduce the same delay P = D + A + V, caused
by the equalizer, the preliminary detection and the can-
celer, so that a P-symbol delay line is required. Fig. 10
shows the canceler, which cancels linear and nonlinear
channel response except its desired part.

Equation (1) can be rewritten in the following form:

Ve =X — X2 + FOhopy "7 X~ Xeen) (D

Fig. 9. Trellis of the MSLE.

Wy 2y

(p)

X pot xlp»l Ilm” I I 2

___.__)‘.J R B~ I I
L

o ! D

Fig. 10. The canceler.

where
F(xg, = "> X1)
=(—=1+hp}xp+ (1 +hpi2)xps+2
M M
+ Zo h,x, + Zocf,]'z)x,,x,,Hx,,”
n= n=
n+D,D+2

. 6, NOVEMBER 19%4

M M
2,3 1,3)
+ ZOC; )x,,x,,+2x,,+3 + Zocsl XnXp+1%n+3>
n= n=

where, as before, L denotes the channel memory.

®)
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Fig. 11. Timing of the readback system.

Finally the four-state Viterbi detection block, with de-
coding delay V;, outputs the final decisions xPp_p_ y,0n
the corresponding input symbols X, _p_p— y;-

Fig. 11 summarizes the delays introduced by each
block. The total readback delay for the final decision is D
+ A+ V, + D+ V. With a five tap equalizer and op-
timum detection windows in the Viterbi blocks (V, = V;
= 12), we have a total delay of 30 input symbols.

Some further comments on the type of errors that ap-
pear in the system are in order here. A detection failure
of MLSE results, in general, in an error burst at its output.
Error bursts in preliminary decisions do propagate in the
canceler, thus producing a highly degraded signal at the
input of the final Viterbi detector. Our simulation results
have shown that on the average the final Viterbi detector
is able to recover quite well from this type of situation,
which results in a lower error probability for final deci-
sions. In the attempt of breaking the error bursts at the
output of the preliminary Viterbi detector, an interleaver/
deinterleaver scheme was also considered. By placing an
interleaver before the channel we transform the system
into a periodically time-varying system with period de-
pending on the interleaving depth. This requires a number
of cancelers equal to the interleaving depth, which should
be fed by a deinterleaver placed at the output of the pre-
liminary Viterbi detector. Since the error bursts we want
to break could be typically around eight symbols long, the
sheer number of cancelers introduces an unacceptable
complexity.

C. Simulation Results

We now evaluate the performance of the system in
terms of mean-square error E{|qy — Xc_p + Xx—p—-2|’}
and E{|zy — X¢-p-p-v, T xk_p_D_Vf,z\z}, and of error
probability P(e).”

Figs. 12 and 13 show the limitations of linear equal-
ization as the number of taps increases. It turns out that
increasing the length of the equalizer produces diminish-
ing gains, in terms of MSE, above a certain limit—this is
due in part to the nonlinear behavior of the channel. When

The signal energy E{y;} is about 2.5 here.
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Fig. 12. MSE at the output of a linear equalizer with 3, 5, 7 and 9 taps.
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Fig. 14. MSE before preliminary and final decisions with a 5-tap linear
equalizer.

we look at the error probability we see that increasing the
length of the equalizer above 5 produces unpredictable
negative effects on the preliminary decision. Figs. 14 and
15 show the performance improvement obtained by a non-
linear canceler with respect to 5-tap linear equalizations.
In particular we have a gain of about 0.7 dB at 107> error
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Fig. 15. P(e) after preliminary and final decisions with a S5-tap linear
equalizer.

probability. We expect this gain to be higher as the chan-
nel becomes more nonlinear: however, our experimental
setup did not allow the identification of channels with a
higher recording density.

IV. CONCLUSIONS

New readback systems, organized in the form of an add-
on feature, were presented for high-density magnetic re-
cording systems. Nonlinear channels were modeled by
using third-order Volterra series. Channels whose behav-
jor is more nonlinear require a more complex detection
scheme to obtain the reliable preliminary decisions that
are necessary for proper operation of the canceler.
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