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Abstract|We will apply Golay complementary sequences for
measuring the impulse response and the amplitude and phase
transfer functions of a linear magnetic tape recording channel.
Our experimental channel su�ers from nonlinear distortion
caused by a magnetoresistive sensor. The measured charac-
teristics, in particular the amplitude transfer function, show
better performance than the same characteristics obtained
with the de facto standard impulse response measurement
technique using feedback shift register sequences. Based on a
practical nonlinear Volterra model of our experimental 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.

I. Introduction

A digital signal processing technique based on Golay comple-
mentary 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]. Applications of this technique
have been described in, for example, [1], [5], or [12]. We
will apply the Golay technique for measuring the impulse
response and the amplitude and phase transfer functions of
a linear magnetic tape recording channel. This channel suf-
fers from nonlinear distortion caused by a magnetoresistive
(MR) sensor. The measured characteristics will be compared
with the same characteristics obtained with the de facto stan-
dard impulse response measurement technique using feed-
back shift register sequences. Based on a practical nonlinear
model of our experimental tape recording channel, we will
discuss the artefacts due to second and third order nonlinear
distortion which can occur in the Golay impulse responses
and transfer functions.
The outline of the next sections is as follows. In Section

II, we will describe our measurement setup, and we will con-
sider the signal-to-noise ratio (SNR) of the readback signal
of our experimental tape recording channel. In Section III,
we will focus on the de facto standard impulse response mea-
surement technique using feedback shift register sequences.
In Section IV, we will introduce a practical nonlinear model
of our tape recording channel. In Section V, we will present
the measured channel 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 charac-
teristics.

II. The Measurement Setup

Our measurement equipment uses a stationary-head instru-
mentation tape recorder, a programmable integrated read/
write ampli�er (OQ 8877 Philips IC), and a read/write head
having a shielded MR sensor [8]. We use a write track
width of about 99 �m, and a read track width of about
50.8 �m. Biasing of the MR element is achieved using a
soft adjacent layer [10]. The read ampli�er has a second or-
der high-pass characteristic with a -3 dB cut-o� frequency
of about 6 kHz, and a 
at amplitude characteristic in the
passband. A binary excitation signal with a period of L
symbols is written on tape (900 Oe chrome ferrite tape). Let
faig = fa0; a1; : : : ; ai; : : : ; aL�1g, where ai 2 f�1g, denote
a binary excitation sequence of length L. The write current
has the form

w(t) =
X
i

a(i mod L)pT (t� iT ); (1)

where T denotes the symbol (or bit) duration, and pT (t)
denotes an ideal `full-T ' pulse, i.e.,

pT (t) =

�
1; for � T=2 < t � T=2;
0; else.

(2)

We assume a noiseless linear time-invariant channel with
dirac impulse response h(t). The analog readback signal then
is given by

r(t) = w(t) � h(t) =
X
i

a(i mod L)h
0(t � iT ); (3)

where � denotes linear convolution, and h0(t) = pT (t) � h(t)
is called the dipulse response. The readback signal is cap-
tured using a digital sampling oscilloscope under inclusion
of an appropriate oversampling rate. In our experiments, we
use the tape speed 16.9 cm/s and the excitation clock fre-
quency 1=T = 500 kHz, which results in a minimumrecorded
wavelength of about 676 nm (2 bits per wavelength). Fig. 1
depicts the power spectrum of a readback signal after having
recorded a sequence with white power spectrum. Further,
the power spectra of tape running noise and tape stopped
noise are shown. Apparently, the SNR is excellent, and the
tape noise is hidden in the environmental noise 
oor. Fig. 1
indicates that the assumption of a noiseless channel is rather
realistic.
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Fig. 1. Power spectrum of a readback signal after having recorded a sequence
with white power spectrum, and power spectra of tape running noise (solid)
and tape stopped noise (dotted).

III. The MLBS Technique

We will start by considering the de facto standard impulse
response measurement technique where the channel is probed
with a feedback shift register sequence, or Maximum Length

Binary Sequence (MLBS). This technique has been described
in, for example, [9]. The MLBS key property we exploit for
channel impulse response measurements is their well-behaved
circular autocorrelation function. Cross correlating the cap-
tured waveform with the corresponding excitation MLBS re-
sults in the dipulse response, if the channel has no signi�cant
gain at DC. An MLBS is generated by a linear feedback shift
register which can be de�ned by a primitive polynomial. The
MLBS has period L = 2m�1, where m denotes the shift reg-
ister length. A collection of MLBS properties can be found
in, for example, [4]. We probe our experimental tape record-
ing channel with the MLBS of 127 bit period de�ned by the
polynomial z7 + z3 + 1, or alternatively by the recurrence
ai = ai�4ai�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. 2. Apparently, there occur a few
time delayed responses, or `echoes', besides the main dipulse.
As can be found in, for example, [3] or [7], these characteris-
tic artefacts occurring in the MLBS dipulse response indicate
the presence of nonlinear distortion in the readback signal.

IV. A Practical Nonlinear Channel Model

Existing practical approaches to characterize nonlinear mag-
netic saturation recording channels, such as those described
in, for example, [3] or [11], are based on Volterra input-
output models. In addition to the linear dipulse response,
these models include responses corresponding to multiplica-
tive 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 [11], including a limited
number of Volterra kernels is su�cient for a satisfying char-
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Fig. 2. Measured dipulse response obtained with MLBS de�ned by the
polynomial z7 + z3 + 1.

acterization of nonlinear magnetic recording channels. As
an example of such a nonlinear channel model, we consider a
continuous-time Volterra model including four kernels. This
model can be de�ned as follows. Let h(1)(t) = h0(t) de-

note the linear channel dipulse response. Let further h
(2)
d (t)

and h
(3)
�1;1(t) denote the Volterra kernels corresponding to

the second order excitation term aiai�d, and corresponding
to the third order excitation term ai+1aiai�1, respectively.

We include three second order Volterra kernels h
(2)
d (t) for

d = 1; 2; 3, and we assume a noiseless time-invariant chan-
nel. The analog readback signal of this nonlinear channel is
obtained as

r(t) =
X
j

ajh
(1)(t� jT ) +

3X
d=1

X
j

(ajaj�d)h
(2)
d (t� jT )+

+
X
j

(aj+1ajaj�1)h
(3)
�1;1(t� jT ): (4)

As we will see, this simple nonlinear channel model is su�-
cient for explaining the dominant echoes appearing in Fig.
2.
Hermann [3] derived the behavior of the MLBS technique

in the presence of nonlinear distortion. He showed that the
MLBS technique provides the sum of the linear dipulse re-
sponse and the higher-order Volterra kernels, each kernel
shifted by an amount varying from kernel to kernel and de-
pending on the MLBS [3]. According to Hermann [3] and
Palmer et al. [7], the echoes at positions �30T and �60T in
Fig. 2 describe the Volterra kernels corresponding to the sec-
ond order terms aiai�1 and aiai�2, respectively. The main
dipulse in Fig. 2 is corrupted by the Volterra kernel cor-
responding to the excitation term aiai�3 which appears at
position �4T . According to Palmer et al. [7], the dominant
echoes appearing in Fig. 2 are due to head asymmetry ef-

fects. The third order kernel h(3)
�1;1(t) appearing at position

25T in Fig. 2 has rather small amplitude compared to the
amplitudes of the dominant second order Volterra kernels.
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In this section, we will consider the impulse response mea-
surement 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 faig and fbig of length L have the
property

X
j

(ajan+j + bjbn+j) = 2L if n = 0, else 0. (5)

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 property holds for the
linear and the circular autocorrelation functions, where in
the circular case the indices are calculated moduloL. We will
exploit this circular autocorrelation property for impulse re-
sponse measurements. We will start by assuming a noiseless
linear time-invariant channel characterized by the dipulse re-
sponse h0(t). We �rst probe the system with the Golay se-
quence faig. The periodic output is sampled and correlated
with faig to produce the cross correlation sequence fcang,
given by

can =
1

2L

X
j

ajrn+j =
1

2L

X
j

h0j
X
k

ak�nak�j; (6)

where frjg, rj = r(jT ), denotes the sampled output se-
quence. The system is now probed again, this time using
the sequence fbig. The output is sampled and correlated
as before to produce another cross correlation sequence, de-
noted by fcbng. With the Golay property (5), the sum of
the cross correlation sequences fcang and fcbng, denoted by
fcng, results in the dipulse response, i.e.,

cn = can + cbn = h0n: (7)

In order to generate Golay sequences faigm and fbigm of
length L = 2m, we use the following recursive algorithm.
We start with the Golay pair faig1 = f+1;+1g, fbig1 =
f+1;�1g, and we repeat recursively faigm+1 = faigmjfbigm
and fbigm+1 = faigmjf�bigm, where j denotes sequence con-
catenation.

B. Experimental Results

Fig. 3 depicts the measured dipulse response of our experi-
mental tape recording channel obtained with a pair of Golay
complementary sequences of 128 bit length. Apparently, the
Golay main dipulse in Fig. 3 is much less distorted than the
MLBS main dipulse in Fig. 2. Compared to Fig. 2, the
Golay dipulse response exhibits a higher level of noise-like
distortion which is due to second order nonlinear distortion
of the readback signal, as we will show below.
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Fig. 3. Measured dipulse response obtained with Golay complementary
sequences of 128 bit length.

Figs. 4 and 5 depict the measured channel amplitude and
phase transfer functions obtained with the Golay technique
and the MLBS technique. These transfer functions have been
obtained from the dipulse responses in Fig. 3 and Fig. 2 by
means of discrete Fourier transformation. 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. 4 are caused by second order nonlinear distortion
of the readback signal, as we will show below. The phase
transfer functions obtained with either of these techniques
do not show remarkable di�erences. The notch appearing
in the Golay phase transfer function in Fig. 5 is due to the
arcus tangens uncertainty.
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Fig. 4. Measured amplitude transfer functions obtained from the Golay
dipulse response (solid) and the MLBS dipulse response (dotted).

C. Waveform Synthesis

To assess the performances of the Golay and MLBS tech-
niques, we will use the measured dipulse responses to syn-
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Fig. 5. Measured phase transfer functions obtained from the Golay dipulse
response (solid) and the MLBS dipulse response (dotted).

thesize an arbitrary readback signal. Using a sampled es-
timate fĥ0ig of the channel dipulse response, we obtain by
linear superposition an approximation fr̂ig of the captured

readback signal, i.e., r̂i =
P

j ajĥ
0

i�j. As a possible measure
of the quality of our approximation, we de�ne the signal-to-
distortion ratio (SDR) by

10 log10

P
r2iP

(r̂i � ri)2
:

We will start with the linear approximation of an arbitrary
readback signal using the Golay dipulse response of Fig. 3.
An example of a synthesized waveform is shown in Fig. 6.
The resulting SDR is in the order of 16 dB. About the same
SDR is obtained with the main MLBS dipulse of Fig. 2.
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Fig. 6. Linear approximation (solid) of a captured readback signal (dashed)
using the Golay dipulse response.

Using a simple nonlinear model of the readback signal, we
achieve about 2 dB improvement in SDR versus the linear
model. Our nonlinear model uses the Golay main dipulse of
Fig. 3 as linear response and the Volterra kernels correspond-
ing to the excitation terms aiai�1 and aiai�2, extracted from
Fig. 2. The improvement in SDR versus the linear signal
model is rather marginal, but on the other hand it indicates
causality between approximation error and amount of non-
linear distortion included in the model.

D. The Golay Technique in the Presence of Nonlinear

Distortion

In this section, we will study the artefacts due to nonlin-
ear distortion which occur in the Golay dipulse response and
amplitude transfer function. We will assume a noiseless non-
linear time-invariant channel whose analog readback signal is
given by (4). As derived elsewhere [13], the sampled dipulse
response obtained with the Golay technique in the presence

cn = h(1)(nT ) +
3X

d=1

h
(2)
d (nT ) � g

(2)
d (n)+

+h
(3)
�1;1(nT ) � g

(3)
�1;1(n); (8)

where

g
(2)
d (n) =

1

2L

X
k

(akak+nak+n�d + bkbk+nbk+n�d);

and

g
(3)
�1;1(n) = �

1

2
if n = �2, else 0;

and � denotes circular convolution, i.e.,

an � bn =
X
j

ajbn�j;

where the indices are calculated modulo L. Below, we will
brie
y discuss expression (8) for the sequence length L =
128.
We will start by considering the e�ect of second order non-

linear distortion on the Golay dipulse response. As an ex-

ample, the Golay correlation term g
(2)
1 (n) is shown in Fig.

7. The Golay correlation terms g
(2)
d (n) for d = 2; 3 result
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Fig. 7. Golay correlation term g
(2)
1 (n).

in basically similar characteristics as for d = 1. We con-
clude that the Golay technique spreads the relevant observed
second order Volterra kernels throughout the time domain.
This theoretically derived behavior of the Golay dipulse re-
sponse in the presence of second order nonlinear distortion
is in good agreement with the result of Fig. 3 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 computer simu-
lations. The superposition of second order nonlinear distor-

tion terms h(2)d (nT ) � g(2)d (n) in the Golay dipulse response
may be constructive or destructive, depending on the partic-
ular characteristics of occurring second order Volterra kernels

h
(2)
d (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 order

nonlinear distortion may cause remarkable artefacts at cer-
tain characteristic frequencies. As follows from (8), this
property is found by analyzing the amplitude spectra of the
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plays the amplitude spectrum of the superposed Golay cor-

relation term
P3

d=1 g
(2)
d (n). Those frequencies for which the

amplitude spectrum in Fig. 8 exceeds the 0 dB level are
in perfect alignment with the frequencies at which the mea-
sured Golay amplitude spectrum in Fig. 4 exhibits remark-
able artefacts.
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Fig. 8. Amplitude spectrum of the superposed Golay correlation termP3

d=1
g
(2)
d

(n). The 0 dB level corresponds to the amplitude spectrum of a

discrete dirac impulse of unity amplitude.

Third order nonlinear distortion has a di�erent e�ect on
the Golay dipulse response as second order nonlinear distor-
tion. As follows from (8), a distortion term

�
h
(3)
�1;1((n + 2)T ) + h

(3)
�1;1((n� 2)T )

2

caused by third order nonlinear distortion is immediately
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 function, third order nonlin-
ear distortion may be present over a wide frequency range.
This property follows from the amplitude spectrum of the

Golay correlation term g
(3)
�1;1(n), given by j cos(4�fT )j. As

in our experiments occurring third order nonlinear distortion
e�ects are rather weak, we can not for certain demonstrate
the artefacts in the Golay dipulse response caused by these
e�ects. We have con�ned our analysis of third order nonlin-
ear distortion e�ects to the Volterra kernel corresponding to
the excitation term ai+1aiai�1. Other third order Volterra
kernels corresponding to excitation terms ai�d1aiai�d2 for
small integers (d1; d2) di�erent from (�1; 1) turned out to
result in similar artefacts as for (d1; d2) = (�1; 1).
We have exploited the circular autocorrelation property of

Golay complementary sequences for impulse response mea-
surements. In certain applications, such as those described
in, for example, [1], [5], or [12], it is more appropriate to
exploit the linear autocorrelation property of Golay comple-
mentary sequences for impulse response measurements. If
linear correlations are performed, the artefacts due to sec-
ond and third order nonlinear distortion which occur in the
Golay dipulse response and amplitude transfer function have
similar characteristics as discussed above.

VI. Conclusions

We applied Golay complementary sequences for measuring
the impulse response and the amplitude and phase transfer

fering from nonlinear distortion caused by an MR sensor.
The measured characteristics, in particular the amplitude
transfer function, showed better performance than the same
characteristics obtained with the de facto standard impulse
response measurement technique using feedback shift reg-
ister 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 trans-
fer functions. 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, asymmetry e�ects of
MR heads [7], appear spread throughout the time domain.
We further showed that third order nonlinear kernels, such
as caused by, for example, saturation introduced by an MR
sensor [7], or transition shifts due to demagnetizing �elds
during the write operation [6], result in a corruption of the
Golay main dipulse.
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