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METHOD AND APPARATUS FOR DETECTING DATA IN 

MAGNETIC RECORDING USING DECISION FEEDBACK 
FIELD OF THE INVENTION 

drives. 

relates 

a high 

The present invention relates to disc 
More particularly,· the present invention 

to a simplified detector for detecting data in 
order partial response channel. 

BACKGROUND OF THE INYENTION 
A typical disc drive includes one or more 

10 discs mounted for rotation on a hub or spindle. A 

typical disc drive also includes a transducer 
supported by a hydrodynamic air bearing which flies 
above each disc. The transducer and the hydrodynamic 
ai·r bearing are collectively referred to as a data 

15 h~ad. A drive controller is conventionally used for 
controlling the disc drive based on commands received 
from a host system. The drive controller controls the 
disc drive to retrieve information from the discs and 
to store information on the discs. 

20 In one conventional disc drive, an 
~lectromechanical actuator operates within a negative 
feedback, closed-loop servo system. The actuator 
moyes the data head radially over the disc surface for 
track seek operations and holds the transducer 

25 directly over a track on the disc surface for track 
following operations. 

Information is typically stored in 
concentric tracks on the surface of the discs by 
providing a write signal to the data head to write 

3 o information on the surf ace of the disc representing 
the data to be stored. In retrieving data from the 
... \ .. ,; .. 
~~sc, the drive controller controls the 
~ ... 
electromechaxiical actuator so that the data head flies 
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sensing the information on the disc, 

read signal based on the information. 

is typically conditioned and then 

drive read/write channel and the 

s controller to recover the data. 

A typical data storage channel includes the 

disc, the data head, automatic gain control circuitry, 

a low pas sf il ter, an analog-to-digital converter, a 

data detector, and a decoder. The read channel can be 

10 implemented. either as discrete circuitry, or in a 

drive controller associated with the disc drive. Such 

. a drive controller typically includes error detection 

and correction components as well. 

A Viterbi detector has been used in the past 

15 as a data detector in a disc drive read channel. A 

Viterbi detector acts as a maximum-likelihood sequence 

estimator when .the input to the detector consists of a 

signal plus additive white, Gaussian noise, and when a 

typical branch metric (e.g., the square of the error 

20 in the signal provided to the detector) is used. 

In digital magnetic recording, the pulse 

response of the channel has conventionally been 

equalized to a suitable partial response (PR) target 

of the form (1-D) (1+D) n, wherein n is a non-negative 

25 integer and D is a delay operator. A number of 

different PR targets have been developed. For 

example, when n=l, 2, 3, and 4 the resulting PR 

targets are referred to as various forms of a partial 

response class 4 (PR4) channel, specifically PR4, 

30 EPR4, E2PR4 and E3PR4 channels, respectively. 

By limiting the length of the channel pulse 

~~sponse, . such .. ~ ... 
~pplication of 

an equalization allows 

maximum likelihood (ML} 

practical 

detection 
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utilizing the Viterbi algorithm. Magnetic recording 

read channels which recover recorded data bits through 

PR4 equalization followed by maximum likelihood 

detection, are commonly referred to as PRML channels. 

s As linear recording density on magnetic 

media increases, the flux reversals encoded on the 

magnetic medium are recorded closer to one another, 

and therefore interfere with one another in a manner 

ref erred to as intersymbol interference. Equalizing 

10 the channel pulse response (in such high. density 

systems) to a low order PR4 polynomial results in 

significant, and undesirable, noise enhancement. 

Thus, equalization to a higher order channel target 

represented by a higher order PR polynomial becomes 

15 more suitable. 
Increasing the order of the PR polynomial, 

however, also increases the complexity of the 

corresponding Viterbi detector. Operation of the 

Viterbi detector, as is generally known, is 

20 represented by a state or trellis diagram which can be 

written in a discrete time manner in which a set of 

all states in the state diagram are represented at 

different discrete time periods, with branches 

connecting the various states in the discrete time 

25 periods. The number of required states in the Viterbi 
detector used to detect data equalized to a PR 
polynomial target is given by 2 <L-i>, where L is the 

length of the channel pulse response. For example, as 

the equalization target is changed from an EPR4 target 

30 to an E2PR4 target, n is increased from 2 to 3. Thus, 

the length of the channel pulse response (L} is 

increased from 4 to 5 and, consequently, the number of 

Viterbi states is doubled from 24
•

1 = 8 to 25
•

1 = 16 . 
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For certain higher order partial response 

targets, such as the E2PR4 and E3PR4 targets, it has 

been observed that the dominant error events are +/­
(2, -2, 2) when the input bits are +1 or -L such 

5 dominant error events typically result from a shifted 

tribit, or a quad.bit mistaken as a dibit, or vice 

versa. It has also been shown that a (1, 7) run 

length limited (RLL) modulation code removes such 

dominant error events. Such a code thus increases the 

10 minimum Euclidean distance of the channel for higher 

order PR channels such as the E2PR4 channel. However, 

the 2/3 rate of the (1, 7) code is disadvantageous 

when compared with codes with higher rates used in 

PRML systems. These dominant error events can be 

15 removed if the (1, 7) RLL code is replaced with a 

ma'Ximum transition run (MTR) code. An MTR = 2 code 

lilnits the run of consecutive transitions to 2, and 

therefore, removes all tribits from the input data 

string. Run length limited modulation codes are 

20 discussed in R. Behrens and A. Armstrong, 11 An Advanced 

Read/Write Channel For Magnetic Disc Storage", 

Proceedings of the IEEE Assilmar Conf. On Signals, 

Systems and Computers, 1992, pp. 956-960. In 

addition, MTR codes are discussed in Moon and B. 

25 Brickner, "Maximum Transition Run Codes For Data 

storage systems II , IEEE Trans. Magn. I Vol . 3 2 I No. 5 , 

pp. 3992-3994, September 1996. 

The present invention addresses the problem 

of increased detector complexity which comes with 

30 equalizing a channel to a higher order partial 

response polynomial. The present invention also 

addresses other problems, and offers other advantages 

', '·' river the prior art. 
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SUMMARY OF THE INVENTION 

Time varying code constraints also have 

recently been investigated. Relaxation of the MTR 

code constraint allows tribits to start at alternate 

time intervals. Using such a time-varying MTR (TV-

MTR) constraint allows the implementation of codes 

having rate 8/9. 

In order to realize the modulation coding 

gain, the code constraints need to be enforced in the 

10 detector. For example, with the (1., 7) RLL code, 

enforcement of the code constraints reduces the number 

Viterbi states in the E2PR4 channel from 16 to 10. 

With an MTR = 2 code, the two states in the E2PR4 

trellis which correspond to the presence of a tribit 

15 are removed. _With a TV-MTR code, these two states are 

removed at every other time interval. When an MTR = 2 

code is utilized in an E3PR4 channel, the number of 

states is reduced from 32 to 26 . Furthermore, four 

additional states become transitional states. With a 

20 TV-MTR code, two states are removed from the trellis 

at all times. Two more states are removed at even 

time intervals and two additional sates are removed at 

odd time intervals. Finally, four states become 

transitional states only when the presence of a tribit 

25 pattern is disallowed. 

The present invention provides a detector 

for detecting data received fr~m a magnetic storage 

channel having a channe~ pulse response represented by 

a polynomial including intersymbol interference (ISI) 

30 terms. The detector includes a Viterbi detector 

corresponding to a trellis structure having states 

connected by branches having associated branch 

metrics. In one embodiment, the Viterbi detector 
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includes circuitry for calculating a branch metric 
associated with each of the plurality of branches 
which has a contribution to the branch metric 

associated with at least one IS! term removed. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a simplified block diagram of a 
portion of a read back system used in a magnetic disc 

drive. 

FIG. 2 is a state diagram illustrating 
10 operation of a Viterbi detector in accordance with one 

aspect of the present invention. 

FIG. 3 illustrates waveforms showing 

dominant error events for higher order PR channels 

such as an E2PR4 channel. 
15 · · · FIG~ 4 is a state diagram illustrating the 

operation of a detector in accordance with one aspect 

ofC-the present invention. 
:u .. • FIG. 5 is a more detailed block diagram of a 

pbrtion of the detecter in accordance with one aspect 
20 ofithe present invention. 

FIG. 6 is a more detailed block diagram of 
an6ther embodiment of a portion of the detector in 
accordance with one aspect of the present invention. 

FIG. 7 is a more detailed block diagram of 
25 an example of a read channel illustrating a detector 

in accordance with one aspect of the present 

iilvention • 

. . DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

FIG. 1 is a simplified block diagram of a 

30 portion of a data storag~ system 100 according to the 
present invention. System 100 includes encoder 110, 

dtsc 112, read/write head 114, automatic gain control 
{AGC} circuit 115, low pass filter 116, finite impulse 
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response (FIR) filter 122, Viterbi detector 124, and 
decoder 120. System 100 may also include an analog­
to-digital (A/D) converter as well. An actuator 
assembly _(not show) typically holds read/write head 

s 114 in position over a surface of disc 112. The 
actuator assembly includes actuator arms which are 
rigidly coupled to a head gimbal assembly. The head 
gimbal assembly, in turn, includes a load beam, or 
flexure arm, rigidly coupled to the actuator arm at a 

10 first end thereof, and to a gimbal at a second end 
thereof. The gimbal is coupled to an air bearing 
which supports read/write head 114 above the 
corresponding surface of disc 112 for accessing data 
within tracks on the surface of disc 112. 

15 In 9peration, a drive controller associated 
with the disc drive containing system 100 typically 
receives a command signal from a host system which 
indicates that a certain portion of disc 112 is to be 
accessed. In response to the command signal, the 

20 drive controller provides a servo control processor 
with a position signal which indicates a particular 
cylinder over which the actuator is to position 
read/write head 114. The servo control processor 
converts the position signal into an analog signal 

25 which is amplified and provided to the actuator 
assembly. In response to the analog position signal, 
the actuate~ assembly positions read/write head 114 
over a desired track. 

If a write operation is to be performed, 
3 O data is provided by the drive controller to encoder 

110 which encodes the data according to a 
predetermined code. The code can be any suitable 
code,- such as any of those mentioned above, or other 
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codes. For example, such a code may include 

constraints such as a maximum transition run length 

code constraint of any desirable size (such as MTR=2). 

The code constraints may also be time varying. The 

5 encoded data is then provided, in the form of ·a write 

signal, to read/write head 114. Read/write head 114 

then operates to encode flux reversals on the surf ace 

of disc 112 which are indicative of the data encoded 

in the write signal. 

10 If a read operation is to be executed, 

read/write head 114 develops a read signal indicative 

of· information (e.g., flux reversals) on the track 

over which read/write head 114 is positioned. The 

read signal is provided to AGC circuit 115 which 

15 maintains the signal within an expected range and 

provides it to low pass filter 116. Low pass filter 

116 filters out high frequency components and provides 

t:he ·signal to FIR filter 122. FIR filter 122 is 

provided to equalize the input signal pulses to a 

20 target response (pulses which have fewer non-zero 

values). 

Normal operation of Viterbi detector 124 is 

more easily understood using a state diagram. For 

example, FIG. 2 shows a state diagram 125 illustrating 

25 the operation of Viterbi detector 124. If a user 

input bit of zero represents no transition or flux 

reversal read from disc 112, and a bit of one 

represents a transition (i.e., assuming a not return 

to zero inverse NRZI, coding system), and if the peak 

30 sampled value of the equalized transition is 1, then 

an input of O provides an output of O, and an input of 

1.'pr0vides an output of either l or -1. This depends 

on the polarity of the last transition. In other 
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words, each time there is a one in the input sequence, 

the direction of the write current changes. Given the 

above system, it is clear that the polarities of 

"transitions must alternate arid as such the system 

5 outputs a 1 or -1 depending on whether the previous 

transition was a 1 or -1. In another embodiment, non­

return to zero {NRZ) modul.ation is used. In such a 

system, a 1 corresponds to a high and o corresponds to 

a low. 

10 All of these rules are captured in the state 

diagram 125 shown in FIG. 2. Such a state diagram can 

be used to illustrate the detector structure and to 

determine the noiseless output sequence for a sequence 

of input bits. 

15 The. particular state diagram 125 in FIG. 2 

illustrates a full rate a-state radix-2 Viterbi 

detector. Each state is labeled by a state index (0-

7} located adjacent the state indicator circles in 

diagram 125. The numbers inside the states are 

20 representative of the last three input bits, input 

into the system. The state.a are connected by branches, 

each branch having an associated branch metric. In a 

typical Viterbi detector, the branch metric is 

calculated by subtracting a desired value for each 

2 S branch from the received equalized value. This . 

difference is squared and used as the branch metric. 

Each state of the Viterbi detector is 

generally implemented as an add-compare-select (ACS) 
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unit, which adds the branch metric associated with 

each incoming branch to the state metric corresponding 

to the state from which the branch originated, 

compares the two values associated with the two 

s incoming branches, and selects the best value, as is 

generally known. Thus, the ACS unit essentially adds 

the branch metric associated with each branch to the 

total metric in that branch's corresponding path. The 

metrics from all incoming paths are then compared and 

1.0 the path with the best metric is selected. This 

selection essentially estimates, for the selected 

previous state, the value of one of the p~evious_input 

bits. This value is stored in a survivor memory 

associated with the previous state. 

15 FIG. 3 illustrates dominant error events 

encountered by such Viterbi detectors applied to a 

high order PR target such as an E2PR4 channel. FIG. 3 

includes waveforms 126, 128, 13 o and 132. Waveform 

i2-6 illustrates a tribit (i.e., a waveform having 

20 three consecutive transitions). Waveform 128 

illustrates that the tribit of waveform J.2 6 has been 

shifted to the right one temporal time interval. 

Where the tribit pattern of waveform 126 is actually 

written to the disc, but is erroneously read as a 

25 shifted tribit pattern of waveform 128, an error event 

arises. Subtracting waveform 126 from waveform l.28 

yields a value of (2, -2, 2). 

Waveform 130 represents a quadbit (i.e., a 

waveform having four consecutive transitions) . 

30 Waveform 132 represents the quad.bit of waveform 130 

which has mistakenly been read as a dibit (i.e., a 

waveform having only two consecutive transitions). 

Again, subtracting waveform 132 from waveform 130 



W099/18658 PCT/US98/18908 

-11-

yields a value of (2, -2, 2} . These two error events 
represent two dominant events which cause errors in 
codes which allow more than two consecutive 
transitions. · As described above, in order to address 

5 such error events,· MTR codes are used. A relaxed 
time-variant MTR code allows waveforms having, for 
example, three transitions, but only allows those 
tribits to start once every L time intervals. 

The present invention provides a Viterbi-
10 type detector for detecting data equalized to a high 

order partial response channel. The present invention 
reduces the complexity of such a detect?r by removing 
the contribution of the last intersymbol interference 
(ISI) term by using local feedback. This reduces the 

l.5 effective len~h of the channel pulse response by 1, 

and thus cuts the number of states required in the 
Viterbi detector in half. 

In order to do this, the Viterbi detector 
uses local feedback in order to remo~e the 

20 contribution of a last intersymbol interference (ISI) 
component. This reduces the effective length of the 
channel response by 1. Thus, the number of states in 
an associated Viterbi detector is cut in half. 
Implementation of the present invention on an E2PR4 

25 channel is discussed first. 

30 

Recall that partial response polynomials are 
generally of the form {1-0) (1+0) n. Where n = 3 I the 
channel pulse response f (D) for the E2PR4 target 
becomes (Eq. 1) : 

(Eq. l) 

F (D) =1 +2D - 2D3 
- 0 4

• 
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where D denotes a delay operator. 

The channel output sample Yk at time k can be 

written as (Eq. 2): 
(Eq. 2) 

where ak e{+/- l} denotes the encoded data 

se<I":ence. 
Since f (D) is a fourth order polynomial, it 

spans five intersymbol interference {ISI) terms (i.e., 

L=S). Thus, the algorithm µsed in a conventional 

Viterbi detector requires 2 15
-ll = 16 states. Each state 

of ·such a conventional Viterbi detector represents the 

is past four write current input pulses denoted Cait_1 , ak_2, 
ak~;, a1t_4 } • To further simplify the detector structure 

in accordance with one aspect of the present 
.. ~ ·-. 
·invention, decision feedback is implemented in the 

·s2~R4 channel to form a new detector structure denoted 

20 by:_ E2PR4/DF. ln such a detector structure, the ISI 

contribution of the alt-4 term is removed from the 

received sample by using local feedback. Thus, 

ignoring error propagation effects, the equalized 

sample becomes {Eq. 3): 

25 
(Eq. 3) 

30 This denotes an effective channel dibit 

response of the form shown in {Eq. 4): 

(Eq. 4) 
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g(D} = l + 2D - 203 

Since the new pulse response designated 

above. spans only four previous prior write current 

5 inputs (i.e., L=4), and is thus represented by a third 

order polynomial, a Viterbi detector represented by a 

state diagram having only 24
•
1 = a states is required, 

rather than 1.6 states as with a traditional Viterbi 

10 

15 

detector in an E2PR4 channel. 

illustrated as state diagram 

Such a state diagram is 

134 in FIG. 4 and 

represents a detector for a channel equalized to g (D) 

as shown above. A~ with the state diagram 125, 

illustrated in FIG. 2, each state in state diagram 134 

has a corresponding 

corresponding. state. 

r~presents the last 

state index numeral adjacent the 

Each state in state diagram 134 

three input bits to the channel, 

denoted by (ak_1 , ak_2 , ak.,>. Furthermore, the value of 

~-2 has no bearing on the channel outputs since it is 

multiplied by zero in the corresponding PR polynomial. 

20 on·every branch between the states in diagram 134, the 

input bit and the resulting channel output is shown. 

It can be seen that, unlike a PR4 or an EPR4 

target, removing the last ISI term of the E2PR4 

polynomial (or a higher order PR polynomial) leaves a 

25 significant majority of the channel energy in tact. 

For example, the total channel energy in an E2PR4 

polynomial can be designated by the number 10 which is 

the sum of the squares of the each of the 

coefficients. Removing the last ISI term only reduces 

30 the channel energy to 9, thus indicating a 10% 

reduction in the overall channel energy. 

In order to remove the ef feet of the a1c_4 

term, it should be noted that, at any given t~me k, 



W099/18658 PCT/US98/18908 

-14-

the a1M term must be available for branch metric 

computation. However, since the paths through the 

trellis corresponding to state diagram 134 have not 

possibly merged yet, contribution of ~he ak_4 term can 
. . 

5 be removed using local feedback. In other words, for 

each branch in state diagram 134, the value of aJt.4 is 

retrieved from the survivor memory of its 

corresponding path. Therefore, for a branch which 

originates from state m, the channel output becomes 

10 that shown in {Eq. 5): 

{Eq. 5) 

Yf'-y +am 
A- k k-4 

"' where ak-4 denotes the value of ak-4 stored in 

15 the survivor memory associated with path m. For an 
fi·: 
E:PR4/DF detector in accordance with one aspect of the 

20 

25 

.,l•j I · 

present invention. A branch metric is denoted by 6:11
, 

where m and 

respectively. 

(Eq. 6) : 

n specify past and future states, 

The branch metric can by calculated as 

(Eq. 6) 

where a;"' denotes the corresponding desired 

value for the given branch, and: 
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(Eq. 7) 

dlll,lr - d'lll,11 - DI 
k - k ak ... 

The total metric for state n, denoted by /3: 
can be calculated as follows: 

(Eq. 8) 

· where fr
1 

represents state metric for the state from Pk-I 

which the first path leading to the current state 

originates, and r:t"
2 

represents the state metric for P.t-1 
t·. 

10 the state from which th~ _second path leading to the 
current state originates.· 

The branch metrics for all states can be 
further simplified. For example, Table 1 illustrates 
pranch metrics for an E2PR4/DF detector in accordance 

15 with one aspect of the present invention. Table 1 
includes a number of columns designating a state 
index, the state (illustrating the input bits 
C?rresponding to ak-i• ak.2 and ak_3), a first previous 
state having a branch connected to the current state, 

20 the desired value associated with the branch metric 
for the branch originating from state ml where a1M = 1 
and where a1H = -1, the calculated branch metric for 

the branch· originating from state ml where ak-• = 1 and 
else •• = -1, a second previous state m2 having a branch 

25 leading to the current state, and the desired value 
and branch metrics associated with that branch where 
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a1t.4 = 1 and S-i.-4 = -1. To simplify the notation in 

Table 1, the metrics for all possible desired values 

for and E2PR4/DF channel are computed and shown below 

where _&. denotes the ·metric for a branch whose 

5 corresponding desired value is d. 

A4 
• ... -2Y1 + 4, 

A: • 2Y.t + 4, 

10 

i:;i;;ai;;e :;i;;a~e m, a .. 4 =1 Q.l-4 .;,_1 m: a1_. =1 

Index < a,_1, a,._2 , a.,_, l a.1c Jl"'&Jf a1r """r 
al< fl"'/'" .. le 

j 

u \.L, .... ..., " u A: J; Ai ... .. A: .. 
1 (1, 1, -1) . 2 0 

A! Af 3 4 A4 Ii .. 
2 {1, -1, 1) 4 -· A-' -2 A;2 5 A:·- .. 

.l 
·3 (1, -1, -1) ' -4 A""' 

-2 A.;2 
., 0 Ao 2 

.., .. 
r.:. 4 (-1, 1, 1) 0 -2 A;2 0 A' 

1 2 A2 4 

• k 
,e:s (-1. 1. -1) 2 - Ai2 A!. 3 2 Ai 4 

i:c'.~ l-1, •1, 1) 4 -Ii A,,--6 . -4 A;4 s A-2 D .. 
7 (-1, -1, -1) ' ·Ii A,,--6 . -4 A;' 7 -2 A;z D 

In Table 1, in order to simplify the branch 

15 metrics, the y\ terms {which are common to all branch 

metrics) are subtracted from all branch metrics. The 

resulti.ng branch metrics are also divided by four. 

The calculated branch metrics illustrate that six non­

zero branch metrics need to be computed which are 

20 given by +/- Yit+l, +/- 2y1t+4 and +/- 3yk+9. It can be 

seen that ·each of the branch metrics accounts for the ... 
ai4 values (i.e., the first bit stored in the survivor 

memory associated with path m). 

a1_4 =-1 

1:t·r 
A: 
At 
Af 
Az 

t 

A: 
At 
A: 
A: 
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The state diagram 134 which illustrates 

operation of the E2PR4/DF channel is modified to 

reflect the modulation code constraint for an MTR = 2 

code. Thus, the connections between states 2 and s 
5 are shown by dotted lines to indicate that in an MTR = 

2 code, these transitions (which correspond to tribit 

patterns) are illegal and removed. The branch metrics 

corresponding to these transitions are also marked in 

Table l. In addition, the metrics in Table 1 marked 

10 by + can be ignored because the corresponding patterns 

are removed from the trellis diagram at an earlier 

time interval. Specifica~ly, for the branch that 

originates from state 2 and ends in state 1, ak.4 must 

be 1, since if a,<-4 = -1, this would correspond to the 

15 presence of a_ tribit. Similarly, for the branch that 

emanates from state 5 and leads to state 6, only the 

metric .corresponding to ak.4 = -1 is needed. 
With a time varying MTR code, the 

transitions between states 2 and 5 are permitted at 

20 every other time interval to allow for the presence of 

a. tribit. The two metrics marked only with a + are 

ignored at the remaining time intervals. 
FIGS. 5 and 6 illustrate two embodiments of 

a portion of Viterbi detector 124 which accounts for 

25 term ak.4 in this fashion. FIG. s illustrates a 

survivor memory associated with previous states ml and 

m2- which have branches leading to the current state, 

and designated 136 and 138, respectively. FIG. s also 

illustrates input multiplexers 140 and 142, branch 

30 metric calculation components 144 and 146 for 

_qalculating branch metrics associated with the 

_b;ranches originating from states ml and m2, 

respectively, and add-compare-select (ACS) component 
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148. Branch metric calculation component 144 includes 

summing component 150 and calculation component 152. 

Branch metric calculation component 146 includes 
summing component 154 and calculation component 156. 

5 The current sample Y1c associated with branch 
ml is provided to calculator component 152. The 
desired value used in calculating the branch metric 
for the path originating from state ml is provided to 
summing component 150. Input multiplexer 140 has, as 

10 its inputs, a +1 and a -1 value. The select input 
from multiplexer 140 receives a signal from the 
previous state suryivor memory 136. Thus, the value of 
ak~4 is used to select either the value +/- 1 in 
multiplexer 140 . . , 

15 ·· '' The_ selected value is also provided to 
slimming circuit 150. summing circuit 150 combines the 
values input thereto in accordance with Equation 7 
filx)ve and provides its output to calculator component ... 
·152; Calculator component 152 calculates the branch 

20 ih~tric associated with branch ml as illustrated in 
Equation 4 above and provides that branch metric to 
ACS component 148. The branch metric associated with 
branch m2 is calculated in a similar fashion, and will 
thus not be discussed in detail. 

25. 

30 

The previous state metrics associated with 
branches ml and m2 are also provided as inputs to ACS 
component 148# at inputs 158 and 160# respectively. 
Based on the inputs, ACS component 148 adds the 
calculated branch metrics with the associated state 

··o·r. 
metrics, for each branch, compares the two values, and 
'Ei~iects the lowest value and provides it at its output 
c~ . . 
1~2, thus selecting the associated portion of the path 

;l-~~'.k;i.~).ru , . . 
. em:~ugh the state diagram (or trellis diagram) 134. 
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ACS component 148 operates in a known manner. 
FIG. 6 is a more detailed block diagram of a 

second embodiment of Viterbi detector 124 in 
accordance with one aspect of the present invention. 

5 A number of the items are similar to those shown in 
FIG. 5, and are similarly numbered. However# rather 
than accounting for the a1._. term by subtracting it from 

the dk ·desired value, as indicated in FIG. 5, the 

contribution associated with the alt·• term is accounted 

10 for by subtracting it from the Yk input associated with 

the respective branch . 

. Thus, the yk111 value is provided as one of the 
inputs into summing circuit 150, and the dk111 te:rm is 

p~ovided as an input to calculator component 152. The 

15 output of s~mming component 150 provides a value 

i.ndicated by Equation 5 above. Calculator component 

152 then calculates the branch metric based on this 
value and the desired value di.:ai and provides the 

calculated branch metric as an input to ACS component 
20 148. The branch metric for the branch originating 

from state m2 is calculated in a similar fashion. 

:. ; As discussed above, the dominant error 

events for the E2 PR4 channel is +/- (2, -2, 2), which 

results in a minimum Euclidean distance {d.t11) of .J24. 

25 For an MTR-coded channel, the dominant error events 

~come +/- (2) which yields a d.tn of ~ Therefore, 

for two channels at the same symbol density, the MTR 

~Ode provides a 2.2 dB gain over the uncoded channel. 
When used in conjunction with MTR codes, the 

30 dominant error event for the B2PR4/DF channel in 
-~~~ordance with the present invention remains _ the 

length events of the form +I - ( 2) . However, 
.. ,.... . 

~ingle 
! "":!::i. ~~ .... 
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the minimum Euclidean distance is now .J36. This means 

that, compared with an uncoded system at the same 

syttlbol density, a coding gain of 1.76 dB is obtained. 

The gain realized may be slightly less due to error 

s propagation which results from cancellation of the ISI 

contribution of ak.4 using local feedback. However, the 

Viterbi detector of the E2PR4/DF channel requires only, 

at most, a states rather than 16 states required for a 
conventional E2 PR4 channel. 

10 FIG. 7 illustrates an examplary diagram of a 

read channel in accordance . with one aspect of the 

present invention. A number of items are similar to 

those shown in FIG. l and are similarly numbered. 

FIG. 7 illustrates a number of items in greater 
15 detail. 

. 20"' 

~. ~ ,. .. . 
component 
;~fl .. ~.. . 
component 
~?\\#a.· - . 
discussed 
the·· read 

The channel includes automatic gain control 
115, low pass filter 116, phase update 

168 and gain update component 170. As 
briefly above, (AGC} component 115 receives 

signal from read/write head 114. AGC 

component 115 operates in a known fashion in order to 

adjust the gain Of . an amplifier amplifying the read 

signal to bring the read signal into an expected 

range. Low pass filter 11.6 rejects high frequency 

25 noise components in the amplified read signal, and 
prevents aliasing, in a known manner. The phase 
update component 168 and gain update component 1 70 

blocks illustrate that the signals from FIR filter 122 

are used to adaptively adjust loop gain and sample 

3 o t_iming in a known manner. 

::=.-_ FIR filter 122 includes first FIR filter 
component 172, second FIR filter component 174, and 
~ .( .. ~ ::- . 
FIR adaptation component 176. It has been observed 
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that the PR polynomial representing an E2 PR4 channel 

can be represented as PR4 polynomial of the form (1-D) 

followed by a polynomial of the form (1 + 2D + D2
). 

Thus, FIR filter component 172 is configured to 

s equalize the input signal to the PR4 channel target . 

The output of FIR filter component 172 is provided to 

the second FIR filter component 174 which equalizes 

the output of component 172 to the (1 + 20 + D2
) 

target. The effect of this is to provide Viterbi 

10 detector 124 with an equalized sample, which is 

equalized to the PR polynomial corresponding to the 

E2PR4 polynomial. 

FIR adaptation component 176 preferably 

implements a least-mean-square (LMS) algorithm in a 

15 known mannez:. In other words, FIR adaptation 

·component 176 adapts the coefficients, to find optimal 

'coeffic;ent values based on a predetermined parameter, 

such as the square of the error. In doing this, FIR 

adaptation component 176 finds values for the 

20 ··coefficients which minimize the square of the error. 

A simplified Viterbi detector, as described 

above, can also be implemented for higher order PR4 

channels, such as an E3PR4 channel, resulting in an 

E3PR4/DF channel detector. The pulse response for an 

25 E3PR4 channel is given by: 

30 

(Eq. 9) 

f (D} = 1 + 30 + 202 
- 203 

- 3D4 
- 0 5 

Removing the last ISI component (the D5 

component) of the above polynomial has an even smaller 

impact on the performance of the detector, since a 
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smaller percentage of the energy of the channel pulse 

response is subtracted. In fact, removing that term 

results in a reduction of only l/28 of the total 
channel energy. The minimum Euclidean distance for an 

5 uncoded B3PR4 channel which is due to tribit error 

events is .J4i. With MTR codes, ~in is increased to 

.J112 denoting a gain of about 3.68 DB over an uncoded 
system. The gain is reduced to about 3 . 52 DB for an 

E3PR4/DF channel, since the minimum distance is now 

10 .JtoB. Again, the gain may be slightly lower due to 

15 

20 

25 

error propagation effects. 

E3PR4/DF channel instead 
However, implementing the 

of a conventional E3PR4 

channel results in a Viterbi detector which requires 

.only, at most, 16 states, rather than 32 states • 
. - The branch metrics for such a 16 state 
E3PR4/DF trellis are listed in Table 2. Branches which 

. f:violate the MTR = 2 modulation code are again marked 

~1n the Table. Specifically, the two states denoted by 
+/- (1, -1,· 1 1 -1) are removed from the trellis 

structure. With a TV-MTR code, the trellis structure 
is pruned so that it allows for the presence of 

· tribits at alternate time intervals. Specifically, 

·two states are removed at every other time interval. 
In those same time intervals, other branch metrics 
marked by + can also be ignored since earlier 
enforcement of the MTR constraint prevents the 
occurrence of these patterns. 

s: = 0 
30 >a: = - Yt + 1 

.. ,:B;2 - y + 1 
.~t~ '.'" .. - .f 

B: = -3y, + 9 

Bt' = 3y.1- + 9 

a: = -4y_. + 16 

Bt = 4y, + 16 

Bl0 = -Sy_. + 25 

B;'0 = Sy, + 25 

Bl2 = -6y, + 36 
s;12 = 6y.t + 36 J.' !1::~-- -2y_. + 4 

s;4 = 2y_. + 4 
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Sta State m, a,1_5 .. 1 
te 

a._, .. -1 mi at_5 .. 1 Di-s• -1 

Ind ( . cij 
(l"'il' d.t A''t" d.t A"'1" D.t A"'1~ ex 

4.t-1•0.t-i•O.t-Jrl'lt-4 
k k .t 

) 
0 (l, l, l, l) 0 0 B-1 -2 Bo 1 ti B: 8 B' . .t " .t 

1 (1, l, 1, -ll 2 4 B• 6 B!+-· 3 10 BlO 12 B;2 
" I 

2 (1, 1, -1, 11 4 -4 B_. -2 0;2 5 2 s:• 4 B4 
" 1t - • 

3 (1, 1, -1, -1) 6 0 a: 2 BJ 7 6 a: 8 B' .t 
4 Cl, -1, 1, l) 8 -6 B;6 -4 B;4 9 0 s: 2 BJ 
s• (1, -1, l, -1) 10 -2 B_,_ 0 BB· 11 4 B•• 6 B' A: .t 1t .t 

• • 
6 (1, -1, -1, 1) 12 -10 Bi'o -8 s-• 13 -4 B;4+ -2 Ez • k 

7 (1, -1, -1, -1) u -6 B-" -4 B-' 15 0 BG 2 B2 
" .t .t .t 

8 C-1, 1, 1, 1) 0 -2 B-1 0 B: 1 4 s: 6 s: k 

9 c-1, 1, 1, -1) 2 2 BJ 4 s:+ 3 8 s: 10 Blo 

10• (-1, l, -1, 1) 4 -6 s: -4 B_. 5 0 Bo. 2 Bi 
:&: k 'k 

• • • 
11 c-1, 1, -1, -1) 6 -2 s;i 0 Bt 7 4 B1 6 s: 
12 (-1, -1, 1, l} 8 -8 a;' -6 B-' 9 -2 s-2 0 Bo 

k .t } 

13 (-1, -1, 1, -ll 10 -4 s: -2 s-1 11 2 s: 4 B: .t 
• • 

14 (-1, -1, -1, 11 12 -12 Bi11 - Ir.'o 13 -6 B_.+ -4 B_. 
10 .t t t 

15 (-1, -1, -1, - u -a B-• -6 B-a 15 -2 s;z 0 B: 1) " t 

The E3PR4/DF channel represented by Table 2 

requires the computation of 12 non-zero branch 

s metrics. The branch metrics given by (+/- Yk+11 +/-

2yk+4, +/- 3yk+9, +/- 4yit+l6, +/- 5Y.1t+25 and +/- 6y>t+36) 

l_l::~ed to be qomputed for the E3PR4/DF Viterbi detector 

at each time interval. 

The simplified Viterbi detectors can also be 

10 used in a radix-4 Viterbi detector implementation, or 
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other similar implementation, in which time varying 

code constraints are implemented in a detector having 

a time-invariant structure. 

detector used on a channel 

For instance, a Viterbi 

with a TV-MTR code is 

5 inherently time :variant. One way to construct a time­

invariant detector is to process samples of the 

received samples at each step, where M is an even 

integer. The detector then operates at l./M of the 

clock rate and releases M bits at each processing 

10 step. The code constraints at both odd and even times 

can now be enforced at every processing step in the 

trellis structure associated with the Viterbi 

detector. Block processing of the equalized samples 

has an additional advantage when using the technique 

15 discussed above to simplify the Viterbi detector. 

This is because the value of the term whose ISI 
' contribution (the value of the a1c.4 term in an E2PR4 

channel) which is to be subtracted by local feedback 

is known because samples are being processed at a rate 

20 of two or more samples simultaneously. 

In order to better illustrate this point, 

consider a radix-4 (i.e._, M;;2) architecture for a TV­

MTR coded E2PR4 /DF channel . Assume that, for a full 

rate detector, at time k-1, the presence of a tribit 

25 is allowed. Therefore, transitions between states 2 

and 5 (s:hown in FIG. 4) are permitted. In the next 

time interval, these two branches are removed since 

the tribit pattern is now disallowed. In a radix-4 

architecture, the trellis is constructed for 

30 processing samples at times k-1 and k simultaneously. 

Generally, each ACS unit of the Viterbi detector thus 

operates on four branches. 
:. . -~ 

However, two incoming branches to states 2 

c 
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and 5 include branches which point to a tribi t which 

starts at time k. These two metrics are discarded and 

need not be computed because they would violate the 

TV-MTR code constraints. Therefore, the ACS units for 

s these two states operate on only two branches. 

Further, in order to remove a contribution associated 

with the last ISI term, using local feedback at time 

k-1, the value of the term ak·s for each state needs to 

be taken from the survivor memory in the associated 

10 trellis path. At time k, however, the value of a1c.4 is 

inherently assumed for each branch and can be used in 

the metric computation. 

i:..." .(:. .• 
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~o l!':om 
(d~_.,d~); a,._5 =1 ak-S =-} State Sta ta 

a*..,. 
N M (dk-l•dk ll'iJI (d._t>, a"r 
0 0 (1, 1) ; l (0, 0) s:_,+ s:- (2, B:_1+ B: 0) 
(+l, 1 (5, 1) ; 1 (4, 0) s:_1 + 82 (6, .s:_. a: +l, +1) 0) + 

2 (1, 5) ; 1 (0, 4) s:-1 +B: (2, -41 
3 (5, 5) ; 1 (4, 4) B;_, + 84 (6, .B!-1 +B: Ir 4) 

l 4 (-J, l) ; l (-4, 
B~, +B: 1-2, B;2 +B: 0) 0) -1 

(+1, 5 (l, ll 1 l (0, 0) a:_, a: (2, a:_, a: +1, -1) + 0) + 
6 (-3, 5) ; l (-4, ~,+B: 1-2, B;=1+B: 4) 41 
1 (1, 5) ; 1 (0, 4) a:_, +Ht (2, 0:-1 +B: 4) 

2 0 (-1,-J) ; - (-Z, - Bk~I 9-1 10, -
B!1 B-i 

l 2) + :t 21 + } 
( +l, - 1 (3, -3) ; - 12, - B;_, s-1 (4, - Bt-1 s-i 
1 +1) 1 21 + l 2) + It 

,j 4 (-5,-3) ; - (-6, - Bi, + s-2 (-4, B_. s-1 
l 2) Ir -2) k-1 + k 

(+l, - 5 {-1,-3) ; - (-2, - - (0, - a:_, Bii 
1, -1) 1 2) 2) + 

6 .(-5, 1) I - (-6, B~,+ Bf (-4, 
~+ s: 1 2) 21 

... 
; 1-1, 1) ; - (-2, s;., + s: (0, s:.1 s: 1 21 2) + 

4 0 (l, -1) ; l (0, - a:_, a-2 (2, - BL, B;2 21 + • 21 + 
'(-1, l (5, -1) ; 1 (4, - B;_, B-1 (6, - a:., B;2 
i·:'"..?-• +l} 2) + k 2) + 

2 (1, J); 1 (0, 2) a:_, +BJ (2, -
2) 

3 (5, 3); 1 (4, 2) a:_, + B2 (6, B:.1 + Bi t 2) 
s El {-3, 3) 1 l {-4, B~, + B2 (-2, 

Bi=• + BJ 21 t 2) 
( -1, 1 (1, 3) ; 1 (0, 2) B!., BJ {2, BL, Bi +l. -1) + 2) + 

6 0 (-1,-5) ; - 1-2, - s-2 B;4 (0, - s:._, B-4 
l 4) iH + 4) + It 

(-1, - 1 (3, -S); -1 (2, - Bi.1 B_. (4, - s;_, B-4 
1, +l) 4) + :t 4) + It 

2 (-1,-1) ; - (-2, 9-2 + s: (0, B!-1 BG 
1 0) It-I 0) + l 

3 (3, -1)1 -1 (2, 0) BJ_, + s: (4, a;_, + s: 0) 
7 4 (-S,•S); -1 (-ti, -

Bt1 B-4 l-4, B~, B-4 
4) + It -4) + i 

(-1, - 5 (-1,-5); -1 (-2, - - to, - s:-1 + B;4 1, -1) 4) 4) 
6 (-5,-1); -1 C-6, s;, + Bo (-4, B~, + a: 0) k 0) ., (-1,-1); -1 {-2, B;~, B: (0, Bt_, B: 0) + 0) + 

Table 3 shows branch metrics for a radix-4 

implementation of an E2PR4/DF channel. While, in a 

5 full-rate implementation of the Viterbi detector for 
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this channel, the number of states switches between 16 
and 14. In the radix-4 implementation, a 14-state 
time-invariant detector can be constructed. Similar 
block processing operations can be· applied to E3PR4/DF 

5 detectors, and can be easily extended to other higher 
order channels and to cases where M is greater than 2. 

\.iD.a:D.ne .a. v non- .l'4umcer o~ -seaees 
zero 

branch 
metrics 

lO,k} \~ ;JCJ \213 ;k) 
RLL MTR MTR 

EPR4 4 8 a· s;a·• 
E"PR4 6 16 14 14/16 
E"PR4/DF 6 8 a· a;a·· 
E .. PR4 12 32 26 28128 
E~PR4/DF 12 16 14 14/16 

Table 4 compares the number of states, path 
10 metrics, and non-zero branch metrics for several RLL 

and MTR-coded channels discussed in the present 
application. The requirements for an RLL EPR4 channel 
is also shown for comparison. The RLL code is 
specified as ( o, k) where o and k denote the minimum 

15 and maximum number of zeros between consecutive ones, 
respectively. The time-varying MTR code is specified 
as (2/3; k) where the notation highlights the fact 
that the maximum numbe~ of transitions alternates 
between 2 and 3. The k denotes the maximum number of 

20 zeros between consecutive ones. The single asterisks 
in Table 4 il1ustrate that two branches which 
correspond to the presence of tri.bits are removed from 
the corresponding trellis structure. The double 
asterisks in Table 4 indicate that two branches are 

25 removed at alternate time intervals from the 
corresponding trellis structure. 
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As Table 4 illustrates, the decision 

feedback simplified detectors in accordance with the 

present invention reduce the number of states by half 

for RLL coded channels, ·and by nearly half for MTR 

5 coded channels. 

Thus, it can be seen that the present 

invention greatly reduces the complexity of higher 

order PR4 channels, without significantly reducing the 

channel energy associated therewith. By removing the 

10 contribution of a last ISI term in the channel pulse 

response8 the number of states in a corresponding 

Viterbi detector is generally cut in half, while the 

channel energy is only slightly reduced. 

15 

The present invention includes a detector 

124 for detecting data received from magnetic storage 

channel 100 having a channel pulse response 

represented by a polynomial inclu~ing ISI terms. The 

a~tector includes a Viterbi detector 124 corresponding 

·to ·a trellis structure 134 having states connected by 

20 branches having associated branch metrics. 

In one embodiment, Viterbi detector 124 

includes a branch metric calculator component 144 

configured to calculate the branch metrics associated 

with each of the plurality of branches by removing a 

25 contribution to the branch metrics associated with a 

predetermined one of the ISI terms (such as the ak.4 

term} . 

In another embodiment, the magnetic storage 

channel. 100 incl.udes an equalizer 122 equalizing the 

30 "data received to a channel pulse response target 

'represented by the polynomial to provide an equalized 

'Sample.· The Viterbi detector includes a predetermined 

'ISI feedback component 136, 140 coupled to the branch 
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metr1c calculator component 144. The eqµalizer 122 
receives an input data sample and provides the 
equalized sample having a value adjusted to 
accommodate the· input sample for ISI effects . of 

5 samples received a number of time periods previously, 
the number corresponding to an order of the 
polynomial. The branch metric calculator component 
144 removes the ISI affects on the equalized sample 
prior to calculating the branch metric. 

10 The present invention can also be 
implemented as a method of· detecting data received 
from a magnetic storage channel 100 having a channel 
pulse response target represented by a polynomial 
including ISI terms. The method includes providing a 

15 Viterbi detector 124 corresponding to a trellis 
s.t:-ructure 134 having a plurality of states connected 
~ branches having ass~ciated branch metrics. The 
method further includes receiving an equalized data 
~ample, equalized to the .channel pulse response 

20 target, and calculating the branch metrics associated 
w~th each of the plurality of branches by removing a 
contribution to the branch metrics associated with a 
predetermined ISI term. 

In one illustrative embodiment, the method 
25 calculates the branch metrics by combining the 

equalized sample with the desired value associated 
with the branch metric and removing the predetermined 
ISI term from the equalized sample prior to the 
combining step. 

30 In another illustrative embodiment, the step 
of combining the predetermined ISI term with a desired 
value includes subtracting the predetermined term from 

.·.'the desired value. 
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In another illustrative embodiment, the 

equalized sample is based on an input data sample, and 

the equalized· sample has a value adjusted to 

accommodate the input sample for ISI ·effects of 

5 samples received L time periods previously, where L is 

an order of the polynomial. In such an embodiment, 

the step of calculating the branch metrics includes 

removing the ISI affects on the equalized sample. 

It is to be understood that even though 

10 numerous characteristics and advantages of various 

embodiments of the present invention have been set 

forth in the foregoing descript~on, together with 

details of the structure and function of various 

embodiments of the invention, this disclosure is 

15 illustrative .only, and changes may be made in detail, 

e~p~cially in matters of structure and arrangement of 
.et' 
parts within the principles of the present invention 

Eb the full extent indicated by the broad general 

-:~1;~ning of the terms in which the appended claims are 

20· ~ipressed. For example, the particular elements may 

vary depending on the particular channel pulse 

-~es:Ponse target and code constraints while maintaining 

substantially the same functionality without departing 

from the scope and spirit of the present invention. 
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WHA,T IS CLAIMED IS: . 

1. A detector for detecting data' received from a 

magnetic storage channel having a channel pulse 

response represented by a polynomial including 

intersymbol interference (ISI) terms, the detector 

comprising: 

~ . ~. . 

2 ~ .. . . 

a Viterbi detector corresponding to a trellis 

structure having states connected by 

branches having associated branch 

metrics, the Viterbi detector including a 

branch metric calculator component 

configured to calculate the branch 

metrics associated with each of the 

plurality of branches by removing a 

contribution to the branch metrics 

associated with at least one of the ISI 

terms. 

The detector of claim 1 wherein t~e magnetic 

storage channel includes. an equalizer equalizing the 

data- received to a channel pulse response target 

represented by the polynomial to provide an equalized 
sample, and wherein the Viterbi detector comprises: 

an ISI term feedback component, coupled to the 

branch metric calculator component. 

3. The detector of claim 2 wherein the ISI 

feedback component is configured to provide the ISI 

term to the branch metric calculator component. 

4'£>. The ·detector of claim 3 wherein the equalizer 

rgceives an input data sample and provides the 

equalized sample having a value adjusted to 

I llltlll llllll lllll lllll I\ 1111 
* C L M S * 
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accommodate the input sample for ISI affects of 

samples received a number of time periods previously 

the number of time periods corresponding to a number 

of . the ISI · terms in the polynomial, and wherein the 

branch metric calculator component removes the IS! 

affects on the equalized sample prior to calculating 

the branch metric. 

5. A detector for detecting data received from a 

magnetic storage channel having a channel pulse 

response target.represented by a polynomial including 

intersymbol interference {ISI) terms, the detector 

comprising: 

,~·· 

--~·; ·' ·. 

,,. . 

b-

C.J 

a Viterbi detector corresponding to a trellis 

structure having a plurality of states 
connected by branches having associated 

branch metrics, the Viterbi detector 

including a branch metric calculator 

component configured to calculate the 

branch metrics associated with each of 
the plurality of. branches by removing a 

contribution to the branch metrics 
associated with a predetermined one of 

the ISI terms, wherein the data is 

encoded 

channel 

in symbols and wherein the 
exhibits a channel energy 

indicative of· a minimum distance between 

the symbols, each of the ISI terms 

contributing to the channel energy# and 

wherein a majority of the channel energy 

remains after removal of the 
predetermined ISI term. 

I ;lllllll lllllf 1111111111111111 
* C L H S * 
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6. The detector of claim 5 wherein removal of the 

predetermined ISI term reduces the channel energy by 

an amount at least as small as removal of any other of 

the ISI terms. 

7. The detector of claim 6 wherein the 

predetermined ISI term corresponds to a highest order 

term in the polynomial. 

8. A method of detecting data received from a 

magneti.c storage channel having a channel pulse 

response target represented by a polynomial including 

intersymbol interference ( ISI} terms, the method 

comprising the steps of: 

providing a Viterbi detector corresponding to 

a trellis structure having a plurality of 

states connected by branches having 

associated branch metrics; 

receiving an equalized data sample equalized 

to the channel pulse response target; and 

calculating the branch metrics associated with 

each of the plurality of branches by 

removing a contribution to the branch 

metrics associated with a· predetermined 

one of the ISI terms. 

9. The method of claim 8 wherein the calculating 

step comprises the steps of: 

combining the equalized sample with a des·ired 

value associated with the branch metric; 

and 

removing the predetermined ISI term from the 

I 81 Ill Ill II\' II 1\\1 
* C L 
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equalized sample prior to the combining 

step. 

10. The method of claim 8 wherein the calculating 

step comprises the steps of: 

.. . 

' . 

. "! :.~. 

combining the equalized sample with a desired 

value associated with the branch metric; 

and 
combining the predetermined ISI term with the 

desired value to accommodate for the 

predetermined ISI term in the desired 

value prior to the combining step . 

------
\\\\II \l~tU~ I.~\' 

* c 1. 


