Impulse Response Measurement of a Magnetic
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Abstract— We will apply Golay complementary sequen-
ces for measuring the impulse response and the ampli-
tude and phase transfer functions of a linear magnetic
tape recording channel. Our experimental channel suf-
fers from nonlinear distortion caused by a magnetore-
sistive sensor. The measured characteristics, in particu-
lar the amplitude transfer function, show better perfor-
mance than the same characteristics obtained with the
de facto standard impulse response measurement tech-
nique using feedback shift register sequences. Based on
a practical nonlinear Volterra model of our experimen-
tal tape recording channel, we will analyze the artefacts
due to second and third order nonlinear distortion which
can occur in the Golay impulse responses and transfer
functions.
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I. INTRODUCTION

A digital signal processing technique based on Golay
complementary sequences [2] has attracted considerable
attention for measuring the impulse responses of linear
time-invariant systems. A detailed description of this
Golay technique can be found in, for example, [1]. We
will apply the Golay technique for measuring the im-
pulse response and the amplitude and phase transfer
functions of a linear magnetic tape recording channel.
This channel suffers from nonlinear distortion caused by
a magnetoresistive (MR) sensor. The measured charac-
teristics will be compared with the same characteristics
obtained with the de facto standard impulse response
measurement technique using feedback shift register se-
quences. Based on a practical nonlinear model of our
experimental tape recording channel, we will discuss the
artefacts due to second and third order nonlinear dis-
tortion which can occur in the Golay impulse responses
and transfer functions.

The outline of the next sections is as follows. In Sec-
tion II, we will focus on the de facto standard impulse
response measurement technique using feedback shift
register sequences. In Section III, we will introduce a
practical nonlinear model of our tape recording chan-
nel. In Section IV, we will present the measured chan-
nel impulse response and amplitude and phase transfer
functions obtained with the Golay technique, and we
will analyze the artefacts due to second and third order
nonlinear distortion which can occur in these character-
istics.
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II. THE MLBS TECHNIQUE

We will start by considering the de facto standard im-
pulse response measurement technique where the chan-
nel is probed with a feedback shift register sequence,
or Mazimum Length Binary Sequence (MLBS). This
technique has been described in, for example, [8]. The
MLBS key property we exploit for channel impulse re-
sponse measurements is their well-behaved circular au-
tocorrelation function. We start by assuming a noise-
less linear time-invariant channel characterized by the
dipulse response h'(t), i.e., pr(t)«h(t), where h(t) is the
dirac impulse response, pr(t) is an ideal “full-7” pulse,
T denotes the symbol duration, and * denotes convolu-
tion. Cross correlating the captured waveform with the
corresponding excitation MLBS results in the dipulse
response, if the channel has no significant gain at DC.
An MLBS is generated by a linear feedback shift register
which can be defined by a primitive polynomial. The
MLBS has period L = 2 —1, where m denotes the shift
register length. A collection of MLBS properties can be
found in, for example, [4]. We probe our experimental
tape recording channel with the MLBS of 127 bit period
defined by the polynomial 27 +23+1, or alternatively by
the recurrence a; = a;_4a;_7. This MLBS was used by
Palmer et al. [7] to characterize the read/write process
for magnetic recording. The measured channel dipulse
response obtained with this MLBS is depicted in Fig. 1.
Apparently, there occur a few time delayed responses,
or ‘echoes’, besides the main dipulse. As can be found
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Fig. 1. Measured dipulse response obtained with MLBS defined by
the polynomial z7 + 2% + 1.
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in, for example, [3] or [7], these characteristic artefacts
occurring in the MLBS dipulse response indicate the
presence of nonlinear distortion in the readback signal.

ITII. A PrAcCTICAL NONLINEAR CHANNEL MODEL

Existing practical approaches to characterize nonlinear
magnetic saturation recording channels, such as those
described in, for example, [3] or [9], are based on Volterra
input-output models. In addition to the linear dipulse
response, these models include responses correspond-
ing to multiplicative excitation terms of order greater
or equal to two. We call these higher-order responses
Volterra kernels. As indicated by Hermann [3] or Zeng
and Moon [9], including a limited number of Volterra
kernels is sufficient for a satisfying characterization of
nonlinear magnetic recording channels. As an exam-
ple of such a nonlinear channel model, we consider a
continuous-time Volterra model including four kernels.
This model can be defined as follows. Let h(1)(t) = h'(t)
denote the linear channel dipulse response. Let further
hglz)(t) and h(—?)1),1(t) denote the Volterra kernels corre-
sponding to the second order excitation term a;a;_g4,
and corresponding to the third order excitation term
aiy1a;a;_1, respectively. We include three second order
Volterra kernels hglz)(t) for d = 1,2, 3, and we assume a
noiseless time-invariant channel. The analog readback
signal of this nonlinear channel is obtained as

r(t) =3 aphW(t—i1)+ 3" S (aa;_a) k) (t—jT)+

+ D (@gaja; )b (6= 7). (1)
J

As we will see, this simple nonlinear channel model is

sufficient for explaining the dominant echoes appearing

in Fig. 1.

Hermann [3] derived the behavior of the MLBS tech-
nique in the presence of nonlinear distortion. He showed
that the MLBS technique provides the sum of the linear
dipulse response and the higher-order Volterra kernels,
each kernel shifted by an amount varying from kernel
to kernel and depending on the MLBS [3]. According
to Hermann [3] and Palmer et al. [7], the echoes at po-
sitions —307 and —607 in Fig. 1 describe the Volterra
kernels corresponding to the second order terms a;a;_1
and a;a;_o, respectively. The main dipulse in Fig. 1 is
corrupted by the Volterra kernel corresponding to the
excitation term a;a;_3 which appears at position —47".
According to Palmer et al. [7], the dominant echoes
appearing in Fig. 1 are due to head asymmetry effects.
The third order kernel h(—31),1(t) appearing at position
257 in Fig. 1 has rather small amplitude compared to
the amplitudes of the dominant second order Volterra
kernels.
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IV. THE GoLAYy TECHNIQUE

In this section, we will consider the impulse response
measurement technique based on Golay complementary
sequences [2]. A tutorial description of this technique
can be found in, for example, [1].

A. Preliminaries

Two Golay sequences {a;} and {b;} of length L have
the property

Z(ajan+j +bibyt;) =2L i n =0, else 0.

J

(2)

In other words, a pair of Golay complementary sequences
has the property that the sum of both autocorrelation
functions is an ideal discrete dirac impulse. This prop-
erty holds for the linear and the circular autocorrela-
tion functions, where in the circular case the indices
are calculated modulo L. We will exploit this circular
autocorrelation property for impulse response measure-
ments. We will start by assuming a noiseless linear
time-invariant channel characterized by the dipulse re-
sponse h'(t). We first probe the system with the Go-
lay sequence {a;}. The periodic output is sampled and
correlated with {a;} to produce the cross correlation
sequence {ca, }, given by

1 1
cay, = ﬁ Zj:a‘jrn-l—j = ﬁ Zj:h; Zk:ak—nak—ja (3)

where {r;}, r; = r(jT), denotes the sampled output
sequence. The system is now probed again, this time
using the sequence {b;}. The output is sampled and cor-
related as before to produce another cross correlation
sequence, denoted by {cb,}. With the Golay property
(2), the sum of the cross correlation sequences {cay,}
and {cb,}, denoted by {c,}, results in the dipulse re-
sponse, 1.e.,

(4)

In order to generate Golay sequences {a;}m and {b; }m
of length L = 2™, we use the following recursive algo-
rithm. We start with the Golay pair {a;}; = {+1,+1},
{b;}1 = {+1,—1}, and we repeat recursively {a; };nt1 =
{a; b [{bi }n and {b; }rna1 = {ai}m |[{—bi }m, where | de-

notes sequence concatenation.

/
en = can + chy = hy,.

B. Ezperimental Results

Fig. 2 depicts the measured dipulse response of our ex-
perimental tape recording channel obtained with a pair
of Golay complementary sequences of 128 bit length.
Apparently, the Golay main dipulse in Fig. 2 is much
less distorted than the MLBS main dipulse in Fig. 1.
Compared to Fig. 1, the Golay dipulse response ex-
hibits a higher level of noise-like distortion which is due
to second order nonlinear distortion of the readback sig-
nal, as we will show below.
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Fig. 2. Measured dipulse response obtained with Golay complemen-
tary sequences of 128 bit length.

Figs. 3 and 4 depict the measured channel ampli-
tude and phase transfer functions obtained with the Go-
lay technique and the MLBS technique. These transfer
functions have been obtained from the dipulse responses
in Fig. 2 and Fig. 1 by means of discrete Fourier trans-
formation. Remarkably, the Golay technique results in
a much more smooth amplitude transfer function than
the MLBS technique. The dominant spikes occurring
in the Golay amplitude transfer function in Fig. 3 are
caused by second order nonlinear distortion of the read-
back signal, as we will show below. The phase transfer
functions obtained with either of these techniques do
not show remarkable differences. The notch appearing
in the Golay phase transfer function in Fig. 4 is due to
the arcus tangens uncertainty.
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Fig. 3. Measured amplitude transfer functions obtained from the Go-
lay dipulse response (solid) and the MLBS dipulse response (dotted).

C. The Golay Technique in the Presence of Nonlinear
Distortion

In this section, we will study the artefacts due to non-
linear distortion which occur in the Golay dipulse re-
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Fig. 4. Measured phase transfer functions obtained from the Golay
dipulse response (solid) and the MLBS dipulse response (dotted).

sponse and amplitude transfer function. We will as-
sume a noiseless nonlinear time-invariant channel whose
analog readback signal is given by (1). As derived else-
where [10], the sampled dipulse response obtained with
the Golay technique in the presence of second and third
order nonlinear distortion results in

3
en = hO(nT) + Y b (nT) « g7 (n)+
d=1
3 3

+h%) (1) g% (), (5)

where
1
g((jz)(n) =3 Zk:(akak+nak+n—d + bbbk tn—d),

and

1
g(—gl),l(n) =-3 if n =42, else 0,

and * denotes circular convolution, i.e.,

Ay * bn = Za]’bn_]’,
J

where the indices are calculated modulo L. Below, we
will briefly discuss expression (5) for the sequence length
L =128.

We will start by considering the effect of second or-
der nonlinear distortion on the Golay dipulse response.
As an example, the Golay correlation term ggz)(n) is

shown in Fig. 5. The Golay correlation terms gglz)(n)
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Fig. 5. Golay correlation term 952)(71).
for d = 2,3 result in basically similar characteristics

as for d = 1. We conclude that the Golay technique
spreads the relevant observed second order Volterra ker-
nels throughout the time domain. This theoretically
derived behavior of the Golay dipulse response in the
presence of second order nonlinear distortion is in good
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agreement with the result of Fig. 2 obtained in a real
measurement. Similar artefacts in the Golay dipulse
response caused by second order nonlinear distortion
were obtained by Norcross and Vanderkooy [5] in com-
puter simulations. The superposition of second order
nonlinear distortion terms hglz) (nT) * g&z) (n) in the Go-
lay dipulse response may be constructive or destructive,
depending on the particular characteristics of occurring
second order Volterra kernels hglz)(t). Therefore, the
Golay dipulse response does not allow to quantify the
amount of second order nonlinear distortion present on
the channel.

In the Golay amplitude transfer function, second or-
der nonlinear distortion may cause remarkable artefacts
at certain characteristic frequencies. As follows from
(5), this property is found by analyzing the amplitude
spectra of the Golay correlation terms g&z)(n). As an
example, Fig. 6 displays the amplitude spectrum of the
superposed Golay correlation term 23:1 g&z) (n). Those
frequencies for which the amplitude spectrum in Fig. 6
exceeds the 0 dB level are in perfect alignment with
the frequencies at which the measured Golay amplitude
spectrum in Fig. 3 exhibits remarkable artefacts.
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Fig. 6. Amplitude spectrum of the superposed Golay correlation term

Zz_l 9512) (n). The 0 dB level corresponds to the amplitude spectrum

of a discrete dirac impulse of unity amplitude.

Third order nonlinear distortion has a different effect
on the Golay dipulse response as second order nonlinear
distortion. As follows from (5), a distortion term

B2 L (n+2)T) + B8 (0 - 2)T)
2

caused by third order nonlinear distortion is immedi-
ately corrupting the Golay main dipulse. Therefore,
the Golay dipulse response does not allow to quantify
the amount of third order nonlinear distortion present
on the channel. In the Golay amplitude transfer func-
tion, third order nonlinear distortion may be present
over a wide frequency range. This property follows
from the amplitude spectrum of the Golay correlation
term g(_31) 1(n), given by |cos(4rfT)|. As in our experi-
ments océurring third order nonlinear distortion effects
are rather weak, we can not for certain demonstrate the
artefacts in the Golay dipulse response caused by these
effects.

V. CONCLUSIONS

We applied Golay complementary sequences for measur-
ing the impulse response and the amplitude and phase
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transfer functions of a linear magnetic tape recording
channel suffering from nonlinear distortion caused by an
MR sensor. The measured characteristics, in particular
the amplitude transfer function, showed better perfor-
mance than the same characteristics obtained with the
de facto standard impulse response measurement tech-
nique using feedback shift register sequences. Based on
a practical nonlinear model of our experimental tape
recording channel, we discussed the artefacts due to
second and third order nonlinear distortion which can
occur in the Golay impulse responses and transfer func-
tions. We showed that these characteristics do not allow
to quantify the amount of nonlinear distortion present
on the channel. In the Golay dipulse response, second
order kernels, such as caused by, for example, asymme-
try effects of MR heads [7], appear spread throughout
the time domain. We further showed that third order
nonlinear kernels, such as caused by, for example, sat-
uration introduced by an MR sensor [7], or transition
shifts due to demagnetizing fields during the write op-
eration [6], result in a corruption of the Golay main
dipulse.
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