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Frequency- and time-domain representations of this equalizer are 
presented. Because this hypothetical channel has linear phase 
characteristics, no asymmetry correction is needed. The equalizer 
merely subtracts 30% of the second derivative normalized peak amplitude 
(1 - 0.3s 2 ). The bandwidth is limited to 2.5 MHz, although greater 
bandwidth has little effect on the noise-free signal. The equalized 
signals shown in Figure 17 can be peak detected with no significant 
intersymbol interference. This type of equalizer is marginal at the 
1250 fr/mm density. A more sophisticated pulse slimmer, with 
higher-order derivatives, might eliminate distortion at the higher 
density. Because no organized method of defining the derivative 
requirements is known, the waveform-restoration or derivative-type 
equalizer may be preferable for high recording densities. 

WAVEFORM RESTORATION 

Waveform-restoration equalization produces a signal at the data detector 
that resembles the input waveform--a binary sequence. The corners of 
the rectangular pulses are rounded because the signal harmonics are 
attenuated in the channel and some output-signal amplitude variation can 
occur. 

When the pulse input signal shown in Figure 16a on page 33 is applied to 
the equalization channel, the data detector must derive a clock from the 
output signal and determine the pulse polarity for each clock cell or 
binit. To achieve this result, an ideal waveform-restoration equalizer 
produces an output signal with mid-binit and binit-boundary values, 
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which are similar to those of the input signal. The output signal 
zero-crossings occur at binit boundaries to regenerate a clock 
accurately, and a sample at the middle of each clock cell identifies the 
binit polarity. This actually provides redundant information becaus-e, 
if the zero-crossing time and direction are known, both clock and data 
can be extracted from the signal zero crossings. 

If the equalization-channel transfer function has flat amplitude and 
linea.r phase response, as with a high-qua1.ity audio or instrumentation 
tap.e recorder, rectangul ar input pul ses shaul d pass through the channel 
with only loss of harmonics. The resultant Signal will be similar to 
the input except for the rounded corners due to harmonic losses. If the 
upper-band edge frequency response (both magnitude and phase) is 
properly desi.gned and if" the correct data rate is used, i ntersymbol 
interference is virtually eliminated. This type of channel equalization 
has been used to restore the input waveform for digital recording, as 
discussed by Jacoby [ref.27], and Kiwimagi et al. [ref.30]. 

The minimum bandwidth waveform-restored output signal from a modulation 
code with d = 0 consists of a series of pulses with unit amplitude at 
the center of each binit cell, and zero amplitude at all multiple 
binit-cell periods tnT away from the peak. Therefore, each successive . m 
input binit pulse creates an output pulse with unit amplitude when al' 
other output pulses have zero response. This minimum bandwidth channel 
output response has the characteristics of a sine pulse, as discussed by 
Bracewell [ref.31] and Ziemer and Tranter [ref.32]' or the 
characteristics of the sampling function (sin x)/x. Figure l8a on page 
41 shows how the sine pulses combine to represent an input-signal 
transition. In the ab~ence of noise, the amplitude of the equalizer 
output is unity at the center of each binit or clock ce11. The minimum 
bandwidth equalizer produces an output signal with unity amplitude at 
the center of each binit, but zero crossings do not occur at binit 
boundaries; therefore, accurate clock recovery ;s difficult. 
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Figure 18. Waveform-Restoration Equalizers 

The equalizer that produces this mlnlmum bandwidth output signal is an 
ideal low-pass filter with unity response to the minimum cutoff 
frequency fm = 1/2Tm = fc/2, and no response at higher frequencies, as 

shown in Figure 18a. This low-pass filter is not physically realizable; 
the upper band edge must roll off more gradually if the filter is to be 
achievable. The speed sensitivity of this type of filter would prohibit 
its use even if the filter CQuld be built. The Nyquist theorem on 
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vestigial symmetry shows how the sharp cutoff minimum bandwidth filter 
can be modified and still retain output-pulse zero crossings at all 
mid-binit cell times, as discussed by Bennett and Davey [ref. IS]. To 
achieve this desirable resu.lt, the high-frequency roll-off of the 
equalized channel must have symmetry about the half-amplitude point at 
the minimum bandwidth filter cutoff frequencY,as shown in Figures 18b 
and 18c on page 41. 

A raised cosine roll-off is frequently used, which leads to the term 
raised cosine equalizer. This type of transfer function is 
approximately realizable, and the response is an improvement over the 
minimum bandwidth filter. The output pulses still retain the zero 
values at times ±nTm, but the side-lobe damped oscillation amplitude is 
reduced, as shown in Figures 18b and 18c. The output zero crossings 
become more conSistent, and linear phase characteristics are achieved 
more easily with a gradual roll-off transfer function. The improvement 
is obtained at the expense of increased bandwidth. The ratio of 
bandwidth extension to the minimum bandwidth f is sometimes referred to . m 
as the a of the raised cosine channel. Thus, in the case of a 
modulation code with d = 0, a = 0 is the minimum bandwidth (but 
unrealizable) rectangular transfer function, and Cl = 1 uses twice the 
bandwidth or Bn, as discussed by Bennett and Davey [ref.lS], Feher 
[ref.24], Lucky et al. [ref.2SJ, and Roden [ref.33]. 

The impulse transfer function of the raised cosine equalization channel 
(including the analog channel plus equalizer, but excluding the input 
filter) is: 

H(f) = 1 

= 1/2{1+cos(n/2afm) [f-(I-a)fm]} 
= 0 

</I(f) = kf 

where </I(f) is the phase and k is a constant. 

This family will be calle~ a equalizers in the following pages. 

( 11) 

Figure 19 on page 43 shows the operation of the a = 0.5 equalizer with 
the analog channel from Figure 3 on page 5 operated at 1250 fr/mm. 
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The phase response is not shown, but the overall phase must be 
relatively linear for good results. Usually little phase compensation 
is required. Descriptions of phase distortion are available in the 
literature, as discussed by Hedeman [ref.34], Preis [ref. 35] , and Silver 
[ref.36]. The equalized signal passes through unity at exactly the 
center of each binit, as shown in Figures 19c and 1ge. Although the 
signal zero crossings are near the binit boundaries, there is some 
intersymbol interference everywhere, except at the center of each binit. 
The amount of lSI is shown in Figure lab on page 41. 

The a = 1 channel has the interesting property of having nulls at 
half-binit intervals as well as ful1-binit intervals, as shown in Figure 
lac. This signal has no intersymbol interference at mid-binit or 
binit-boundary times, which are sample and signal zero-crossing times 
and thus a 11 ow accurate clock and data recovery. For thi s 
full-bandwidth equalizer, the roll-off starts at zero frequency and 
extends to f c ' 
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Raised cosine equalizers are discussed in many publications, and are in 
common use for many applications. They are capable of correcting 
extensive amounts of linear intersymbol interference if there is 
adequate SNR. Figure 20 shows the capability of an a = 1 channel that 
operates at 1250 fr/mm. A large high-frequency boost is required to 
compensate for the separation, thickness, and head-gap losses. A lower 
fly height or shorter read gap would reduce this high-frequency 
requirement. A low-frequency boost may also be required to compensate 
for the differentiating action of the read head. 
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A bandwidth equal to twice the minimum bandwidth (that is, 1/Tm rather 

than 1/2Tm) is mandatory for complete elimination of linear intersymbol 

interference with a physically realizable channel passing a modulation 
code with d = O. Unfortunately, this wide bandwidth reduces the SNR. 
This does not imply that a < 1 cannot be used. The goal is to achieve 
the optimum compromise between distortion and noise. It may be 
desirable to narrow the bandwidth by using an a < 1 transfer function to 
improve noise at the expense of added distortion in the form of clock 
jitter. 

The raised cosine family of equalizers is not the only way to obtain 
waveform restoration. Another waveform-restoration equalizer is the 

cosineS response shown in Figure 21 and Figure 22 on page 49. 
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The impulse transfer function of a full-bandwidth a channel is: 

H(f) = cosa~f/(2fc) 
a 

(12) 

Like the a equalizer family. there are numerous a equalizers. All of 
these full-bandwidth equalizers have a cutoff frequency of fc and thus 

reduce clock jitter because there is little interference at binit 
boundaries. Bennett and Davey [ref.1S] discuss techniques for 
optimizing these equalizing filters to achieve the minimum probability 
of error in various types of noise. 
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The selection of ~ permits the bandwidth to be narrowed. thus reducing 
noise at the expense of clock jitter or horizontal eye opening, as shown 
in Figure 23. 
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The selection of S permits SNR improvement by reducing the 
high-frequency boost without reducing the bandwidth. The penalty for 
this choice is a reduction in vertical eye opening, or an effective 
amplitude reduction, as shown in Figure 24. 
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Channels a = 1 and S = 2 are identical.because 1 + cos A = 2 cos 2 A/2. 
The eye is wide open for this equalizer, as shown in Figure 20g on page 
46. 

The equalized channel bandwidth is straightforward for modulation codes 
with d = 0, but codes with d > a sometimes cause confusion. The 
required bandwidth is not determined by the minimum recorded pulse width 
Tr (as might be expected), but rather by the binit width Tm' The 
data-recovery circuits must distinguish between pulses that differ by 
only one binit width, and time resolution is a function of bandwidth. 
The O,k codes require a nominal bandwidth Bn = 11Tm = fc that eliminates 
interference at the center and edge of each binit. As shown in Figure 
25a on page 55, the pulse-response tails are zero at nTm/2 and there is 

no pulse-to-pulse interference at these times. 
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The important constraint is that there must be no intersymbol 
interference at binit boundaries; the mid-binit constraint is 
superfluous. For d > 0, interference can be eliminated at binit edges 
with a reduced bandwidth of Bn = 1/2Tm = f c/2. The bandwidth reduction 

doubled the width of the pulse itself, which is only allowed by the d>O 
constraint. All binit read pulses then have unit amplitude at a flux 
reversal, and the read pulse tails cross zero at flux transitions, as 
shown in Figure 25. This narrower bandwidth results in output signal 
zero crossings at a point of no interference, but binit centers are not 
constrained. This bandwidth reduction is obtained with a penalty of 
greater detection ambiguity in the presence of channel impairments. The 
signal zero-crossing slope is reduced with the bandwidth; this increases 
detection sensitivity to noise, tape speed variations, analog-channel 
differences, or improper equalization. Figure 25 shows the performance 
of a half-bandwidth ~ = 2 equalization channel with a 1,k 2/3 rate 
modulation code. The recording density is 1250 frlmm, as shown in 
preceding figures, but the modulation density is increased to 
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2500 binits/mm and the linear density is 1667 bits/mm. Each binit is 
now only one half of a division in Figures 26c, 26d, and 26e. 
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There is no intersymbol interference at the signal zero crossings, but 
there is some amplitude variation between zero crossings. The bandwidth 
is less for NRZI modulation even though more information is recorded 
with NRZI (bandwidth = 0.75 and bit rate = 1.33 relative to NRZI). In 
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this case, the reduced bandwidth compensates for the modulation-code 
rate loss. 

The ~ = 1 and S equalizers permit output zero crossings to occur at the 
equivalent of input pulse edges. Data detection can then be obtained by 
hard limiting the equalized signal. This produces an output that ;s 
similar to the input, but only if the equalizer response extends to dc, 
which is not the case for a magnetic tape channel. The low-frequency 
loss causes the signal to drift up and down, resulting in output b;nits 
that are lengthened or shortened according to the degree of amplitude 
offset at the detector. This problem can b'e reduced by the use of dc 
restoration (which adds cost) or with a dc~free modulation code. 

To achieve the desired low-frequency response for a waveform-restoration 
equalizer, the low-frequency signals may. have to be amplified 
significantly. This can seriously degrade SNR under some conditions. 
If the tape is not erased, the low-frequency overwrite noise becomes a 
serious problem. Even an erased tape contains considerable 
low-frequency noise. The read-head side sensitivity can pick up 
low-frequency signals from an adjacent track that is then amplified. A 
magneto-resistive read head, which is also thermally sensitive, may pick 
up low-frequency noise from intermittent contact with the tape. If 
low-frequency noise is present in significant amounts, 
waveform-restoration equalization techniques may not be satisfactory 
unless a modulation code with no dc and little low-frequency content is 
used. The computer simulations are noise-free. A typical analog 
channel would produce a high noise level at the equalizer output. The 
waveform-restoration equalizer is sometimes outperformed by a derivative 
equalizer. 

DERIVATIVE EQUALIZER 

Waveform-restoration equalization does not match the analog-channel 
transfer function well because of the low-frequency discrepancy. 
Derivative equalization reduces the channel low-frequency requirement, 
and attempts to produce a signal that is the derivative of the input 
signal. This is automatically achieved at low densities, as shown in 
Figure lIb on page 21, because the reproduce head transfer function at 
low frequencies approximates a differentiator. But as recording 
densities increase, the read pulses overlap and interfere with each 
other, as shown in Figures llc and lId. If these higher density signals 
can be converted to pulses with well-defined peaks at the equivalent of 
flux reversal times, then both clock and data information can be 
extracted by peak detection, as with the unequalized low-density signal; 
there are several equalizers that will accomplish approximately this 
result. The low-frequency boost is significantly reduced, but more 
high-frequency boost is often required. 

An ideal derivative equalizer produces alternating bipolar pulses with 
peaks that precisely correspond to the input steps, as shown in Figure 
l6b on page 33. A peak is desired when the waveform-restoration 
equalizer produces a zero crossing, which suggests that a time 
derivative of the waveform-restoration equalized signal might produce 
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the desired output pulses. The time derivatives of many 
waveform-restoration equalizer signals do produce useful derivative 
equalizer signals. In addition, the frequency derivative of some ~ 
channel impulse responses produces a useful derivative equalizer impulse 
response. 

Figure 27 shows the performance of a d/df a = 3 equalizer. Although the 
signal peaks are not all of equal amplitude, they all occur at 
binit-boundary time. This is sometimes called the cos 2 equalizer. 
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Figure 28 shows the d/df S family characteristics, and Figure 29 on page 
64 and Figure 30 on page 66 show the performance of the d/dt Sand d/dt 
a equalizer families. These derivative equalizers all produce output 
signals with peaks that are approximately aligned with the flux 
transitions. The frequency derivative of a raised cosine a < 1 
equalizer does not produce useful results. 
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Differentiation of a waveform-restoration channel is not the only way to 
obtain a useful derivative equalization channel. Another equalizer 
family that approximates the desired result is the l equalizer, which 
has a transfer function: 

H(f) = x(sin x/x)l 

= 0 

where 

x = 1T fife 

( 13) 

x > 1T 
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Figure 31 shows the 0 = 2 equalizer or sine equalizer. 
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Figure 32 shows characteristics of the 1 equalizer family. As with the 
nand 6 equalizers, the half-bandwidth operation is possible if d > 0, 
but analog-channel perturbations degrade performance more than with a 
full-bandwidth channel. 
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Figure 33 shows the half-bandwidth operation with a J = 2 channel and a 
1,7 2/3 rate modulation code. If more waveform-restoration equalizers 
are needed, the integral of some J equalizers offers more options. 
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Derivative equalizers produce a ternary signal with peaks that represent 
the flux transitions, and a near-zero signal at no-transition binit 
boundaries and'during binits, which are not adjacent to the flux 
transitions, as shown in Figure 31e on page 69. Because noise and 
signal overshoots produce small signal peaks near the baseline, the 
detector must only sense the peaks above a threshold. 

The derivative equalization-channel transfer functions do not require dc 
response, and little low-frequency response. They are less susceptible 
to low-frequency noise from poor erase, overwrite, read-head side 
sensitivity, or magneto-resistive head thermal sensitivity, but they 
typically require more high-frequency gain than a waveform-restoration 
channel. An analog channel with more low-frequency noise than 
high-frequency noise may benefit from the use of a derivative equalizer. 
If high-frequency noise predominates, then waveform restoration may be 
preferable. 
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Equalizer design involves a compromise between SNR and intersymbol 
interference. With a bandwidth Bn, the overall transfer function can be 

modified somewhat without disastrous effec~ on the output signal. As 
the bandwidth is narrowed, channel variations have greater effect on 
performance. An optimum equalizer for nominal signal is probably 
suboptimal when the transfer function changes during a dropout. A 
common design procedure ;s to characterize the analog-channel transfer 
functions for a typical range of heads and tapes, and then design a 
reasonable equalizing filter. The final selection of equalizer 
components is empirically determined by the best results achieved from 
extreme case heads and tapes with dropouts. An alternative procedure 
requires a definition of the IItypical error producing dropout ll transfer 
function. The equalizer can be designed for this situation, but some 
experimental optimization is usually required. 

PARTIAL RESPONSE EQUALIZER 

The waveform restoration and derivative equalizers eliminate the 
read-signal intersymbol interference at critical times. An 
interference-free clock can then be extracted, and there will be no 
distortion at data sample times. This performance is achieved at the 
expense of bandwidth. A partial response equalizer permits additional 
controlled intersymbol interference, and compensates for the known 
effect at the data detector. The advantage is a reduced bandwidth 
requirement that can be achieved with a practical filter. The 
disadvantages are increased hardware complexity and sensitivity to 
signal perturbations. 

Many partial response equalizers are possible. The most popular is a 
half-bandwidth S = 1 channel equalizer, which is called duobinary by the 
inventor, although other terms have also been applied, as discussed by 
Lender [ref.37]. The duobinary equalizer is shown in Figure 34 on page 
75. 
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Kretzmer [ref.38] categorized some characteristics of various partial 
r~sponse equalizers. The duobinary technique is called partial response 
class 1 (PRl). The other type of partial response equalizer that is of 
s~me interest for magnetic tape is called modified duobinary or class 4 
(PR4). The PR4 equalization-channel characteristics are shown in Figure 
35 on page 77. 
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The other classifications have not been recognized as useful for 
magnetic recording purposes, as discussed by Kretzmer [ref.38]. 

The partial response channel ~haracteristics can be described in terms 
of linear digital filters composed of delay operators F(O). Kabal and 
Pasupathy [ref.39] define nine different partial response channels in 
terms of the system polynomial F(O), transfer function H(w), impulse 
response h(t), and number of output-signal levels. They also describe 
performance characteristics. Their detailed analysis of partial 
response capabilities concludes that duobinary and modified duobinary, 
PR1 and PR4, have the best performance potential. The system 
polynomials for these responses are 1+0 and (1+0)(1-0) = 1-02 , 

respectively, as discussed by Kabal and Pasupathy [ref.39]. Partial 
response channels usually require precoders to transform user data 
sequences into sequences suitable to the partial response channel. 
These can be digital filters with the system polynomial response, but 
these filters produce ternary signals that violate the saturated tape 
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recording constraint that the write signal be binary. Equivalent binary 
precoders are also possible. 

The duobinary or PR1 channel shown in Figure 34 on page 75 uses a 
half-bandwidth S = 1 equalizer with a d = 0 modulation code. This 
bandwidth is equal to that of a raised cosine a = 0 equalizer; however, 
ihe cosine response is achievable but the abrupt cutoff filter is not. 
Because the narrow bandwidth does not allow the signal to slew from one 
extreme to the other in a single binit period, this equalizer produces a 
quasi-ternary output from a binary input. This is a degenerate form of 
waveform-restoration equalizer. In the absence of noise, hard limiting 
would restore the input signal. This is an impractical way to detect 
signals in an actual channel that contains noise and other signal 
impairments. 

Equation 14 shows partial response 1 precoding, detection, and decoding. 
The partial-response 1 precoder adds eac~ incoming binit i k to the 

previous prerecorded binit r k- 1 in a modulo-2 fashion to generate the 

current recorded binit r k. 

r k = i k (£l r k- 1 (14) 

where 

i k = the kth incoming binit 

r k = the kth recorded binit 

a = modulo-2 addition 

The incoming binit sequence shown in Figure 34c on page 75 gives: 

i k = ?001l10010001'01011110110100110 

r k = 000101110000110010100100111011 

Figure 34e on page 76 shows the equalized analog reproduce signal 
resulting from the recorded data sequence r k. Let us assume that a 

clock can be derived from the signal and that this clock permits 
sampling of the equalized signal at binit boundaries (vertical lines). 
Then, there are three possible sample values: -, 0 or + The sample 
values sk are: 

sk = x--OOO++O---O+O-OOOO-OO-O++OO+ 

The sk + and - values are seen to represent the i k 0 values and the sk 0 

values represent the i k 1 values. Thus, the partial response channel, 

with a simple algorithm, reproduces the input sequence. 

The precoder could be in the read circuitry or in the write circuitry. 
However, because the precoder uses previous binit information to 
generate the next binit, an error in any r k could propagate indefinitely 
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when this r k is fed back as the next r k- 1. For this reason, the 

precoder is placed at a point in the system where errors are unlikely to 
occur in the write-side logic. 

The PR4 channel shown in Figure 35 on page 77 can be analyzed in a 
similar manner to that used for the PRI channel. The precoder equation 
is: 

(15) 

As shown in Figure 35, the input sequences, recorded sequences and read 
samples are: 

i k = ??0100101100111110001101110101 

r k = 000101110000110010100100111011 

sk = xxO+OO+O--OO++--+OOO-+O-++O-O+O 

The detection algorithm is opposite to that for PRl; a 0 sample 
represents a 0 and a + or - sample represents a 1. 

Although experimental and analytical effort has been expended on partial 
response channels for magnetic recording, no commercial computer tape 
product using duobinary or modified duobinary is known at the present 
time. If partial response techniques allow approximately double 
capacity and data rate, why are they not universally used? Although 
partial response is an effective bandwidth-compression technique, it has 
some shortcomings. An lSI-free clock cannot easily be recovered from 
the signal, and the multiple detection levels reduce data reliability 
even if an accurate clock exists. The clock frequency is beyond the 
partial response passband. Attempts have been made to utilize a 
parallel signal path for clock extraction, but this is expensive. Other 
implementations have involved nonlinear clock signal processing, such as 
full wave rectification or squaring circuits, but these have usually 
been sensitive to channel parameter variations. Clock stability and 
signal detection during dropouts are often difficult problems to solve. 
The best performance is achieved from the use of a maximum likelihood 
detector, which is too expensive for most appl.ications, as discussed by 
Kabal and Pasupathy [ref.39]. Both duobinary and modified duobinary 
technique are used in communications applications, but they have not 
found acceptance for tape recording. 

Partial response signaling offers interesting possibilities that may be 
used in future computer tape recorders, but there are other 
alternatives. For example, the half-bandwidth 1,7 2/3 rate modulation 
channels shown in Figure 26 on page 57 and Figure 33 on page 72 require 
only 13% more bandwidth for a given data rate than the partial response 
channels shown in Figure 34 on page 75 and Figure 35 on page 77, but 
they are much less complex to implement. A large value of a or 0 can 
improve SNR with the penalty of increased lSI. The optimum selection 
depends upon the operating conditions and the analog ch~nnel. 
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WRITE EQUALIZER 

Write equalization (transformations performed before the write head) has 
been used in tape recording channels for many years. Some of these 
implementations involve empirically derived nonlinear techniques; 
however, others assume channel linearity and merely move some of the 
analog read equalizatio~ to the write side of the analog channel. 
Amplitude write equalization varies the write pulse amplitude to achieve 
high-frequency boost. A common form of this write equalizer increases 
the magnitude of the write current at the leading edge of each flux 
reversal, and for a short time thereafter, as discussed by Ambrico 
[ref.40J. This is called single-step write equalization. There is also 
a double-step write equalization, with an additional write-current 
increase just prior to transition time. Linear filters prior to the 
write head cause current reversals to overshoot with results somewhat 
similar to the single-step amplitude write equalization, but linearity 
is lost as the write curren~ is already at the saturation level. The 
cosine response that is sometimes used for read equalization i~ 
suggested as a write equalizer to shape the write current, as discussed 
by Jacoby [ref.41J. Time write equalization shifts the transition 
positions so as to compensate for pulse crowding or peak shifts. 
Because of hardware complexity, it has not found wide acceptance for 
computer tape applications. 

All of the linear equalizers in the preceding pages describe an overall 
transfer function, which is the product of the analog-channel and 
equalizer transfer functions. The equalizer transfer function may be 
achieved from a single filter or mUltiple filters. If the analog 
channel is truly quasi-linear as assumed, then the equalizer filters may 
be divided between the write and read side of the analog channel. As 
long as the analog-channel input is a binary signal, the required 
linearity exists. Thus, a linear digital filter with binary output that 
is inserted prior to the write head will have the same effect as a 
similar filter transfer function on the read side of the analog channel. 

The write process is capable of recording high densities on magnetic 
tape, but the read-head resolution is limited by spacing and gap losses. 
High-density flux transitions may be written on tape, and then filtered 
out of the signal by the read process and bandlimiting read filters. 
For example, a pair of double density flux reversals can be inserted for 
o to improve tape performance, as discussed by Schneider [ref.42J. At 
first glance, it seems absurd to double the recording density, but the 
high-frequency transitions are severely attenuated in the equalized 
signal applied to the data detector. The beneficial result of these 
additional transitions is a boost in the high-frequency signal 
components and attenuation of the low frequencies. Thus, some of the 
necessary derivative-type equalization is accomplished in the write 
process. The reduction in the read-equalizer signal boost also reduces 
the amplification of high-frequency noise and improves SNR. Figure 36 
on page 82 shows the use of this write equalizer on the analog channel 
shown in Figure 3 on page 5. 
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Because this write equalizer produces a dc-balanced and 
run-length-limited signal, it appears that no modulation code is 
required. The run-length limitation comes from the extra 0 transitions 
that never reach the data detector. With random data input, it is 
possible for the output signal to remain at the zero level for prolonged 
periods of time; a clock cannot be recovered during this time. 
Therefore, a run-length-limited modulation code is used with this write 
equalizer to ensure the presence of sufficient clock synchronization 
pulses. 

Schneider [ref.42] shows that this type of filter is linear, and how to 
calculate the transfer functions. Veillard [ref.43] describes a 
different implementation that achieves the same result. Many filters of 
this type are possible. For example, the dc-balanced ternary waveform 
shown in Figure 14j on page 28 is achieved with a 1-0 write equalizer, 
which boosts the high-frequency response like a differentiator; of 
course, we have restricted the input to binary signals. Several similar 
schemes have been described without calling them digital write 
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equalizers, as discussed by Sehr and 8lessum [ref.44J, Heidecker 
[ref.45J, and Schneider [refs.46,47J. 

Many write equalizers that have binary inputs and binary outputs may be 
described by a subclass of digital filters. They are specified 
completely and uniquely by the ratio of two polynomials in the z domain 
and they a~e linear. Equation 17 represents the general digital-filter 
write-equalizer transfer function H(z): 

-n H(z) = (anz + ... + a2z- 2 + a1z- 1 +aOz O) 

I(bnz- n + ... + b2 z-2 + b1z- 1 + bOzO) (17) 

The frequency-domain representation may be obtained by substituting the 
sine and cosine identities for the z variable. The trigonometric form 
of the resultant equation is not unique for it depends upon the applied 
sets of identi~ies. The response, however, will be identical. The fact 
that transfer functions specified in trigonometric form are not unique 
in form and the digital filter nature of equalization has not been 
generally recognized and has hindered the development of digital filter 
applications in magnetic recording. 

The write equalizer is typically only a portion of the overall equalizer 
filter. The product of the write and read equalizer and analog-channel 
transfer functions provides the desired equalization-channel frequency 
response, as described in the preceding pages. Dividing the total 
equalizing filter between the write and read sides of the analog channel 
can be beneficial at high recording densities. The difference between 
maximum and minimum wavelength read-signal amplitudes is reduced and SNR 
can be improved. Phase equalization is possible by proper selection of 
equalizer-pulse position or width. Although a higher-frequency write 
clock may be required for this type of write equalization, the 
read-clock frequency is not necessarily affected by the write equalizer. 

As a final thought on equalizers, a variable read filter might 
compensate for analog-channel differences. A computer tape device often 
reads tapes that were written on other drives. Even new heads and tapes 
have some performance differences; after extensive use, this variability 
can be accentuated. This is not a serious problem at low densities, 
because little equalization is used. A high-recording-density tape 
drive that utilizes extensive signal equalization must accommodate the 
variations in analog-channel transfer function that will be encountered. 
Eventually, as recording densities increase, automatic or adaptive 
equalization techniques may be required. Automatic equalization uses a 
"training sequence lt _ that is written on the tape at the beginning of the 
data. Prior to reading data, the equalizing filter is adjusted to 
optimize the training-sequence performance for the specific read and 
write heads and the tape that is being used. An adaptive equalizer 
continuously makes this adjustment from the recorded data. Obviously, 
unknown data is more difficult than a known sequence for determining the 
filter adjustment. Neither of these techniques is required unless 
fairly large differences in heads and tapes exist. 
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DATA RECOVERY 

Modulation and equalization are designed to simplify or improve the 
reliability of the data-recovery process.' The two major functions 
performed by the data-recovery circuits are: 

• The clock frequency and phase must be recovered from the recorded 
signal. 

• The equalized analog signal must be converted back to the original 
digital modulated signal. 

The optimum technique for accomplishing these operations depends upon 
the modulation code and equalization used. The various equalizers 
described in the preceding pages have different performance 
characteristics, even under ideal conditions of no noise or dropouts. 
Figure 37 shows the maximum zero crossing or peak timing errors for 
ideal operation. Realistic operating conditions produce greater timing 
errors. 

Waveform-restoration channel zero shift 

oc ~C;ZS 13 ~~ZS PR1 %ZS 

1 0 1 2.5 0.1 
0.9 1.5 1.5 1.1 
0.8 3.0 2.0 0 
0.7 5.0 2.5 0.7 
0.6 7.0 3.0 0.8 
0.5 10.3 3.5 0.6 
0.4 14.1 4.0 0 

Derivative channel peak shift 

d/dt d/dt d/df 
oc ~C;PS 13 ~bPS 13 ~bPS r ~bPS 

1 2.8 1.7 4.5 2.0 6.6 1.4 4.2 
0.95 2.4 2.0 2.8 2.5 4.2 1.6 2.9 
0.90 2.2 2.3 1.2 3.0 1.4 1.8 1.4 
0.85 1.8 2.6 0.7 3.5 1.6 2.0 0.1 
0.80 2.1 2.9 2.5 4.0 4.5 2.2 1.5 
0.75 3.0 3.2 4.2 4.5 7.3 2.9 3.0 
0.70 4.4 3.5 5.9 5.0 10.0 2.6 4.5 

Note: The half-bandwidth operation with d>O 
modulation doubles these values. 

Figure 37. Comparison of Equalizer Timing Errors. The maximum 
percentage of deviation is from the ideal location. 
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Because of tape-velocity perturbations, the read-clock frequency is not 
constant. The clock is usually recovered by a voltage-controlled 
oscillator and phase-locked loop. The two major sources of clock timing 
pulses are signal peaks (for pulse-slimming and derivative equalization 
channels), and zero crossings (for waveform-restoration channels). 
Although these timing pulses are intermittent, they occur at the proper 
time to phase lock the clock. Ideally, the selection of modulation-code 
d and k values provides a large number of write-signal transitions for 
clock synchronization. The clock-recovery circuits must have sufficient 
bandwidth to follow the tape velocity variations. Allowable tape 
accelerations during typical full-speed operation are usually specified 
to permit proper clock design. The apparent acceleration at the clock 
may be twice the specified amount, if the velocity changes in opposite 
directions during read and write. This can occur in the case of 
longitudinal tape vibrations. Accurate clock timing is extremely 
important; a phase error decreases the available clocking window and 
increases the probability of error. 

There are four types of data detection that are used with computer tape 
devices--sampling, zero crossing, peak, and integration detection. 
Sampling detection requires a clock to identify sample times. A 
properly equalized waveform-restoration channel produces accurate zero 
crossings for clock synchronization. If the signal is sampled at the 
center of each clock period, there should be no intersymbol 
interference. Sampling detection is usually used for partial response 
channels, but accurate and stable clock recovery can be 
difficult--particularly in the presence of signal impairments. Sampling 
is not really required for waveform-restoration equalization. Because 
the zero crossings are detected to synchronize the clock, they may be 
used also to identify the data; typically, each zero crossing represents 
1 and each clock cell between zero crossings represents O. 

Derivative and pulse-slimming equalizers generally use a peak detector 
to define both clock and data. Some form of threshold is used to 
prevent erroneous detection of noise peaks. The threshold may be 
variable to allow for Signal loss during a signal dropout. The peak 
detected signal is essentially the derivative of the waveform-restored 
signal, so waveform-restored zero crossings become derivative channel 
peaks. 

An integration detector is used with a zero-crossing clock 
synchronization circuit; it integrates the signal over each clock cell 
to determine whether the average signal value is positive or negative. 
Noise tends to integrate to zero, but the signal has either a plus or 
minus integral. This is sometimes accomplished with a pair of 
integrators to allow for integrator sample and reset time. 

Data recovery would be simple if there were no signal impairments: The 
recovered clock is not precise, particularly during the most critical 
periods of signal dropouts. Conditions are rarely ideal. Tape velocity 
fluctuates, and the Signal is degraded by noise and intersymbol 
interference. To add to the problem, dropouts cause the signal 
amplitude to decrease and intersymbol interference to vary, further 
reducing the detection margin. Figure 38 on page 87 shows the maximum 
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timing variation in zero crossings or peaks that results from a 50% 
increase in effective separation (+200 nm) for the channel shown in 
Figure 3 on page 5, if we assume proper equalization for typical, 
conditions. 

Timing error (~6 of bi nit) 

Equalizer Bandwidth Ideal +50% EMS 

Waveform-restoration 
channels 

Ct = 1 or P = 2 Full 0 12.4 
f3 = 2 Half 2.3 24.7 
PR1 Half 0.1 Fa il ure 

Derivative channels 

d/dt Ct = 0.85 Full 1.8 7.1 
d/dt f3 = 2.6 Full 0.7 8.2 
d/df p = 3.0 Full 1.4 5.9 
~ = 2.0 Full 0.1 7.6 
~ = 2.0 Half 14.2 Failure 

Failure = over 50~6 data errors with no noise 

Figure 38. Comparison of Equalizer Timing Sensitivities 

The half-bandwidth channels are sensitive to channel perturbations such 
as tape speed or equalization variations. None of them will operate 
well with a 50% change in magnetic separation, which is a common 
occurrence with high-density tape devices. A well-designed system can 
tolerate the noise and distortion until a severe dropout occurs. 

The error-correction circuits are more effective if a pointer is 
available to indicate the error location. An analog pointer is 
sometimes generated when the signal amplitude drops below a fixed 
threshold. This is an indication that the data is questionable at this 
point. Other painters are available from specific signal requirements 
such as phase. Illegal modulation code words can provide pointers. 
Because binary transitions must alternate, two derivative channel peaks 
of the same polarity are obviously incorrect. Various pointers have 
been used to indicate probable error locations. 

The detected signal must be demodulated and decoded. A random binit in 
error can propagate to several bits after demodulation of some codes. A 
parallel-track machine will produce read signals that are not in 
synchronism with each other; therefore, they must be deskewed. A skew 
buffer accepts the multiple track signals and resynchronizes them at the 
output. During a deep dropout, noise and distortion can cause erroneous 
clock-synchronization pulses. Sometimes these pulses are disconnected 
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from the clock during dropouts, allowing the clock to coast. A periodic 
resynchronization character permits the system to regain synchronism 
after a severe dropout. These techniques allow the data to be 
reorganized into the original format, but it will contain errors. 
Proper error control techniques must also be included. 
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The design of equalization for computer tape recorders requires that 
equalization and detection be jointly considered. Equalization, in 
turn, may be separated into read and write equalization. The many 
variables in a recording system, which include some unknown and 
unrestrained variables, and the changing nature of the head and the tape 
do not allow a unique solution to the design problem. Advances in 
instrumentation and modelling permit greater insight and offer the 
ability to sift through the seemingly limitless combinations much more 
rapidly than in the past. However, it is still in the laboratory in 
which the candidate systems are proven. 
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