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. CHANNEL BACKGROUND OF THE | NVENTI ON 1. FI ELD OF THE | NVENTI ON 5 The
present invention relates to the field of signal processing in a Mel
and, in particular, .to signal processing in a partial response channel 2,
BACKGROUND 10 I'n magnetic recordingldevices, such as magnetic disks

and tapes, a recording head is used to read and wite information to. and
froma magnetic surface. In a typl cal

rot at| ng nedi um ha t orage system
data is stored on magrME APAR EOR¢ REL 'ﬂgpﬁéis-gracks " These
tracks are accessed by a read/vvrlte head th ) var ns in the
magnetic orientati on SORRELAFION I &M_;ng_ﬂ% Em%d noves back
and forth radially on the gig Ve ei§PENPOSi tioning servo

nechani smso that it can bé a sel ected one of

the tracks. Once i.n position over a track, the servo nmechani sm causes the

head to trace a path that follows the center line of the selected track. 20
General ly, tfe inglEL } N 3

5 The present invention relates to the field of signal processing in a

channel, and, in particular, to signal processing in a partial response channel.

2. KGROUND

10 In magnetic recording devices, such as magnetic disks and tapes, a
recording head is used to read and write information to and from a magnetic
surface. In a typical rotating medium-based storage system, data is stored on
magnetic disks in a series of concentric “tracks.” These tracks are accessed by a -
read/write head that detects variations in the magnetic orientation of the disk

15 surfacé. The read/write head moves back and forth radially on the disk under
control of a head-positioning servo mechanism so that it can be selectively
- positioned over a selected one of the tracks. Once in position over a track, the

servo mechanism causes the head to trace a path that follows the center line
of the selected track.

20

Generally, the inductive recording head consists of a slit toroid made

~ up of high permeability magnetic material and wound by several conductor

turns. The toroid contains a gap which is positioned over the data tracks on
the magnetic recording surface. To record, a current is generated through the

25 conductor windings, altering the magnetic field in the toroid. At the location



up of high perneability magnetic material and wound by several conductor
.turns. The toroid contains a gap which is positioned over the data tracks
on the magnetic recording surface. To record, a current is generated

t hrough the 25 conductor w ndings, altering the magnetic field in the
toroid. At the location 2 of the gap, the anplitude of the magnetic
field is large enough to record on the magnetic material of the storage
device to a sufficient depth. The anplit@de of the magnetic field falls off
sharply away fromthe gap. 5 By mani pul ating the current through the
conductor w ndi ngs, the magnitude and direction of the magnetic flux at the

| ocation of téet@aEap; Me RpHIEES Bf B tnd -:éldfiémg’a}n%ﬁgﬁ%imﬁ%n
ag e.. A pattern of

information into the magnetic surface of the stor evi

external and thetmagoeti maketialafdhe stozagaidenice bea safficientidepthomiieng sur f ace
are noved relativye to ga‘ch other. 10 These patterns are simlar to a
series of bar2WRYHMeolhemagneticfield falls off sharply away from thetgagnsi ti ons are

then readable as transitions in the magnetic flux at the recording surface.
In read node, as the magnetic storage surface noves across the gap in the

head, the magneti cpjiRatphiadripSere! QPdR AHSdFEthd SollflEst %Qndings, the
magnitude and direction of the magnetic flux at the location of the gap can be
modulated in such a fashion as to encode information into the magnetic
surface of the storage device. A pattein of external and internal fields are
created as the head and recording surface are moved relative to each other.

10 These patterns are similar to a series of bar magnets of changing polarities.
The polarity transitions are then readable as transitions in the magnetic flux
at the recording surface. In read mode, as the magnetic storage surface moves
across the gap in the head, the magnetic field of the storage surface is detected .
at the gap, and a voltage is induced in the coil proportional to the rate of

15 change of the flux. The ;ead channel then processes this anaiog voltage
signal, typically converting the flux transitions into a series of pulses, and
converts the analog signal into digital data.

Magnetic storage devices sometimes use analog peak detection to
20 process incoming read signals. However, as recording deénsity, or "user
density” (Du), increases the analog peak detection scheme becomes unreliable
because of the large amount of inter-symbol interference (ISI) between
adjacent pulses. Altemaﬁvely, a partial response maximum likelihood

(PRML) channél can be used to increase the user density. However, this



at "the gap, and a voltage is induced in the coil proportional to the rate
_of 15 change of the flux. The read channel then processes this anal og
voltage signal, typically converting the flux transitions into a series of
pul ses, and converts the analog signal into digital data. Magnetic storage
devi ces sonetines use anal og peak detection to 20 process incom ng read
signals. However, as recording density, or "user density" (Du), increases
t he anal og peak detection schene becones3unreliabl e because of the | arge
anount of inter-synbol interference (1SlI) between adjacent pul ses.
Alternatively, a partial response maxi mum | i kel i hood (PRWML) channel can be

used to incr t %ng I very
good equal i z:ttﬁ??%nhg? th.Ergé 66d'e3+'9¥%&§ aOfethb?{%a(? & Sl gﬂ%ﬁ ?ﬁtﬁ oEt
desired partlsigna‘leiatmﬂieedéd?ﬁ)i ﬁaugbfupau@é@@tat@rwmmy (Du) is a
measure of how t he pul se width relates ‘to the 5 data rate in the formof a

ratio of the analog si gnal pul se-wi dth at 50% nmagni tude over the |ength of
rom read tranei ¢ ook el TP § SodabulF BERorhTe sl ot 7R 1 10
: 5 data rate in the form of a ratio of the analog signal pulse-width at 50%

magnitude over the length of the data period. A higher user density means

that signal pulses resulting from read transitions are spread over.a larger

number of clock cycles,'increasirig the interaction or overlap of adjacent

pulses, and resulting in greater ISL | |

10

A partial response channel does not remove ISI from the channel
signal. Instead, the signal is equalized to provide a target pulse waveform
‘having predefined values at specific sampling instants. The effects of ISI on
the target pulse waveform aie predicted and incorporated into.a pulse
15 detection scheme which defermines the occurrence of a signal pulse based on
the sample history of the waveform and model waveform prediction. The
history of the sample waveform is matched to a set of model waveforms, and
the most likely model waveform is used to decode the signal into bmary data.
Hence, it is often referred to as "maximum likelihood" detection.
20
| Partial response channels are therefore more robust than analog peak
detectors in the presence of ISI. However, as described below, a problem exxsts
in PR channels due to the equalizauon required to generate the target pulse
waveform, as well as the process used to generate a signal metric for

25 determining the most likely waveform. The PR equalizer and ML estimator



nunber of dock cycles, increasing the interaction or overlap of adjacent
_pulses, and resulting in greater ISL 10 A partial response channel does not
renove | SI fromthe channel signal. Instead, the signal is equalized to
provi de a target pul se waveform havi ng predefined val ues at specific
sanpling instants. The effects of ISI on the target pul se waveform are
predi cted and incorporated into.a pulse 15 detection schene which
deterni nes the occurrence of a signal p#lse based on the sanple history of
t he wavef orm and nodel waveform prediction. The history of the sanple
waveformis matched to a set of nodel waveforns, and the nost |ikely nodel

waveformis wsed b gererate ¢hé¢ bignal pretdic eadtosdriva do yortelate noisedn, the ichafnelf t en
referred to as "maximum | ikelihood" detection. 20 Partial response channels
are t her ef or s resul pbdetecior perforaranse dx impaised by reducken jn signal-to-of

| SI. However,_ as described below, a problemexists in PR channels due to
the equali 2t g%'&ili red to generate the target pul se waveform as well as
the process used to generate a signal metric for 25 determ ning the nost

li kel y wavef orm The PR equalizer and M. esti mator

5 " The most commonly used maximum likelihood (ML) detector is the:
| Viterbi detector, which is optimized for detection of signals in the presence of
white noisg. It is, however, somewhat complicated to implement especially
for higher orders of PR channels (e.g. EPR4, EEPR4) and very inefficient for
parallel/pipeline iniplementatioﬁ architectures. Furthermore, its
10 performance degrades as the noise become 'cox'related. Look-ahead ML
detector hardware requifements are usually less than that for a Viterbi
detector, and look-ahead detectors are more suitable for parallel/pipeline
"implementation. However, the performance of look-ahead ML detectors is
usually inferior to a Viterbi detector.
15 :
Look-ahead detectors are described in A. M. Patel's article "A New
Digital Sigh‘al Processing Channel of Data Storage Products,” Digest of the
m't_\_eh_c&g_g_m_nggg_cg, June 1991, pp. B6-E7; in A.M. Patel, et al.,
"Perfoﬁnaixce Data for a Six-Sample Look-Ahead (1.7) ML Detection
20 Channel," IEEE Transactions on Magnetics, vol. 29, no. 6, pp. 40124014,
' November 1993; and in Patel's U.S. Pa.t. No. 4,945,538. A look-ahead detector
is also described in U.S. Pat. No. 5,311,178 to T. Pan and R. G. Yamasaki.

The Patel and Pan/Yamasaki channels use partial response signaling to

25 limit the number of isolated pulse non-zero samples. The Patel channel is



4 used to generate the . signal netric each serve to correlate noise in the

. channel. As a result, M. detector performance is inpaired by a reduction in
signal -to- noise gain. 5 The nost comonly used naxi mum |i kel i hood
(M.) detector is the Viterbi detector, which is optimzed for detection of
signals in the presence of white noise. It is, however, somewhat
conplicated to i npl enent especially for higher orders of PR.channels (e.g.
EPR4, EEPR4) and very inefficient for papallel/pipeline inplenmentation
architectures. Furthernore, its 10 performance degrades as the noise
beconme correl ated. Look-ahead M. detector hardware requirenents are usually

I h h Dj,: d = d
cui tabl o for aeReed e BPRAECHER flo 2P0 asies Rt AEPY Bl ance o

| ook-ahead M.ci@inelisédualized 6 BEPR4 (of E2PRY) ivhefe Mie RARIN0#C;@6 sainplds, o,
Look- ahead detectors are described in A M Patels article "A New'D gi tal

Si gnal Pr ocesBihandCoaarel, 33 dat b réspectiyelyPrBoth chanfielDuge the (I{7)REL bbdeet i c
Recordi ng Conference June 1991, pp. E6-E7; in AM Patel, et al.,

“Performance WHEpHy sigraldeteglione | ook- Ahead (1,7) M. Detection
5 .

Run-length limited (RLL) codes are useful because they place upper
and lower bounds on the number of clock cycles occurring between
l,-ran;sitions, The upper bound is very important because clock recovery is
‘based on the occurrence of these transitions. For example, a long train of

10 zeros in a data sequence produces no transitions and the clock recovery circuit
has no input pulse with which to synchronize its tracking. In this situation,
the data recovery timing might drift out of phase. RLL codes ensure that
sufficient transitions occur for the clock recovery eircixitto mam(ain the
correct timing phase and frequency. Also, by maintaining the lower bound

15 on the number of zeros between consecutive ones, signal pulses in the read

channel are separated to reduce the intersymbol interference (ISI) caused by
interaction between adjacent signal pulses. .

The (1,7) RLL code is characterized by a minimum of one 0" anda
20 maximum of seven "0's" between consecutive "1's". In the modified non-
return-to-zero (NRZI) format, where each "1" is represented by a transition,
and each "0" is represented by the lack of a uansiﬁoﬁ, the (1,7) RLL code is
sufficient for clock recovery purpases. Further, by maintaining the
minimum of one "0" betv_veen consecutive "1's", transitions are separ_aged SO

25 as to be differentiable from one another.



20 Channel ," | EEE Transactions on Magnetics vol. 29, no. 6, pp. 4012-4014,

_ Novenber 1993; and in Patels U S. Pat. No. 4,945,6538. A |ook-ahead detector
is also described in U S. Pat. No. 5,311,178 to T. Pan and R G Yanasaki .
The Patel and Pan/Yamasaki channels use partial response signaling to 25
limt the nunber of isolated pul se non-zero sanples. The Patel channel is

5 equalized to EPR4 with three non-zero sanples, and the Pan/ Yamasak
channel is. equalized to EEPR4 (or E2PR4P where the four non-zero sanpl es,
a B.Band a, are 1, 3,3 and 1, respectively. Both channels use the (1,7)
RLL code to sinplify signal detection. 5 Run-length imted (RLL) codes are
useful because they place upper and | ower bounds on the nunber of dock

o1 2 %S, R s e 0, B s ™

because dock recovéﬁy 1S he occu ese 'ty ons. For
exanple, a | oag.dlrrﬁuraxm‘ satRpled 96 EEPR4 Parith h anfrifchue cistdiceéif@iSeviat

transitions and the dock recovery circuit has no input pulse with which to
synchroni ze i stsovwn ac ki daghed curte ¥01siTheguilsmis the result of applying a positive
S unit step transition, e.g. a transition from a magnetic read head, to a (1~
D)(1+1))* channel (EEPR4). The circles on solid waveform 100 show the
isolated pulse samples for EEPR4. Samples of minimum distance error event
101 are indicated by diamonds. Minimum distance error event 101 is
* equivatent to the isolated 'pulse (100) shifted by one code period in time.
10
[n most ML detectors, including the Viterbi detector, the square of the:
Euclidean distance between two sequences is often used as the signal metric.
The Euclidean distance is defined as the square root of the sum of the squared
error lerms between twb waveforms at each sampling instant. The squared -

15 Euclidean distance error of a sample combination is defined as:

B = (yo-ya)z+(y1—yb)2+ &,y )+ (y3-yd)z+(Y4-Ye)2

Sk
=X

i=0 [1]

where ya, yb, yc, yd and ye are the expected values for the model waveform;
20 yuq, vi. v2, y3 and y4 are consecutive sample values; and dj is the sample error

aty;.

In Vigure 1, the isolated pulse waveform 100 and the minimum

disCance error event 101 have sample errors of values 0, 1,2, 0, 2 and 1 for



the data recovery timng mght drift out of phase. RLL codes ensure that
.sufficient transitions occur for the dock recovery circuit to maintain the
correct tim ng phase and frequency. Also, by naintaining the | ower bound 15
on the number of zeros between consecutive ones, signal pulses in the read
channel are separated to reduce the intersynbol interference (1Sl) caused
by interaction between adjacent signal pulses. The (1,7) RLL code is
characterized by a mninmmof one "0" agd -a 20 nmaxi mum of seven "O s"
bet ween consecutive "I's". In the nodified non- return-to-zero (NRZl)
format, where each "1" is represented by a transition, aand each "0" is
represent ed $amples yivacko, yi, ¥2 y3 and i irespectively(whade yRi1 iscefdmreddo gsiaf i ci ent

for clock regoyery. purpqgse Furt her mai nt ai nihg the m nj num of one "0"
bet ween cons&?ﬂ!‘f‘?%;é‘ sal‘Plge', %%‘Péﬂ% an distance betwegn ES“‘BLe o be

di fferentiab - 6 44 i hth selid
curve 100, a%"fseg‘?‘g% g?fﬁ‘??ﬁ?%’%‘#‘%ﬁ‘l %‘E‘ag‘%g‘éﬁ%fzevfﬂg%ﬁgin%‘f% QEEPR4,
and a mini MG i98GEala6 the s@MUFIthe bQidtesitf thefd vhRs CWhith alAb upThea PUl se

is the result of applying a positive
5 valueop{)o.

In the ML detector of U.S. Patent #5,311,178, thresholds for each
decision function are determined by minimizing the error between an
expected sample model waveform and the nearest valid sample model

10 waveform. For this reason, the thresholds for each function are dependent

on the present state, as the next valid states are determined by the present

state.

In the calculation of the Euclidean distance for use as a signal metric, -
15 for a first model waveform to be selected over a second model waveform,

E2-E2<0 2l

where Ej? is the squared Euclidean distance between the first model

20 waveform and the sampled signal, and E,? is the squared Euclidean distance
between the second model waveform and the sampled signal. The squared
terms of the sampled signal are canceled out to yield a linear decision

function. This will generate the following threshold decision:

25 (yaz - ya1)yo + (ybz - ybry1 + (ycz - yar)y2 + (ydz - yd1)ys + (yez - yer)ys



5 unit step transition, e.g. a transition froma magnetic read head, to a
.(1- D(lI+l )) [err] channel (EEPR4). The circles on solid waveform 100 show
the isolated pulse sanples for EEPR4. Sanples of m ni num di stance error
event 101 are indicated by dianonds. M nimum di stance error event 101 is
equivalent to the isolated pulse (100) shifted by one code period in tine.
10 In nost M. detectors, induding the Viterbi detector, the square of the
Eucl i dean di stance between two sequences8is often used as the signal

metric. The Eudi dean distance is defined as the square root of the sum of
the squared error terns between two waveforns at each sanpling instant. The

squared 15 Euclidran dis{yaicgag yar+ gi) & S £- pe)lyepatyepn i s defings) as:
E[err]=(y[err]-ya)[err] + (y[err]yb)[err]+ (y[err]-yc)[err] +
(y[err]-yd)[err]+(y[err]-ye)[err] where ya, yb, yc, yd and ye are the
expect ed val ues for the nodel, wavefor 0 2, Y3 and y4 are
cogsecutive S RIe oy K- Yao¥3 MLy 4pre; %azl?&ﬁ{ﬂqﬁx '?g'a&'t 1€Y‘F1[¥¥¥T“ i gure
1, the isol at A Al | or..eygnt 101
ave canmt e or Gt tRE eHReEaThed fbr SREIGH SndBidh WRVRLGHS WRE o Y820y oS V)

5 and yc3 are the expected values for the second model waveform.

For the sample points at which the model waveforms are equal, the
pro;lu(:ts including the factor (ykz - yki), where k is the associated sample
point, are canceled. In the negative phase, i.e.. for negative transitions, the

10 threshaolds are the same, but the inequalities are reversed and the decision

funclions are multiplied by "-1".

The peak check decision functions from Figure 5A of U.S. Pat. No.
5/311,178 are shown below for a=1 and f=3. Fw (Fz in the patent) is
15 normalized with a sign change.

a. Ex=Fy=05yo +y1-ys 4
. -~ Fw=0Syg+y1-05y3 + 05y, Bl
20 . Y0, Y1, Y2, Y3 and yq are sequential code rate sample values. The linear

equations Fx, Fy and Fw have sample values that are multiplied by
cocflicients which maximize the detection threshold between all possible
signal waveform patterns and their minimum distance error waveforms.

For example, each decision function (Fx, Fy, etc.) can be represented by the

25 following equation:



7 sanples yM, y0, yl, y2, y3 and y4, respectively, where yML is referred
.to as a | ook-back sanple. The squared Euclidean di stance between sanpl ed
wavef orm 100 and the m ni nrum di stance error event 101 is | abel ed
[err]MNerr]. [err]MNerr] is equal to the sum of the squares of these
val ues, which adds up to a 5 value of 10. In the M. detector of U S. Patent
#5, 311,178, thresholds for each decision function are determ ned by

m ni m zing the error between an expected® sanpl e nodel waveform and the
nearest valid sanple nodel 10 waveform For this reason, the thresholds for
each function are dependent on the present state, as the next valid states
are determ ned by the present state. In the cal cul ation of the Euclidean

di stance for use 3%33 ignal brlc for a flrst nodel-waveforn1to be
sel ected over a s i (nz EfaY@QZ d.-te, yln-k

[2] where El[err] is tH&O%quared Euclidean distance between the firstlnode
20 waveform and the sanpled signal, and E22 is the squared Eucli dean

di stance between the second nodel waveform and the sanpled signal. The

squar ed ter my lee! 5 P LAHERARMORP P ARREREA dUtlcrl o, Khaidsdnbi Near

deci si on functiorr generate t ol T ow ng I sion:
5 number of samples used in the ML detection scheme.

From equation [6], it can be shown that each decision equation has the
same form as an FIR filter. Therefore, the detected noise and the detector
noise bandwidth are affected by the decision function. Further, in the prior -

10 art, decision functions are designed under the assumption that the noise at
the sampled input of the detector is additive white Gaussian noise (AWGN).
However, partial response channels comprise filter and equalizer
components for shaping the input waveform to the target PR pulse. The PR
equalizer, in particular, typically supplies high frequency boost to provide

15 pulse-slimming of the input pulse.

Thezfilltel.' and equalizer components in the PR channel shape the noise
of the system in the same manner as the input pulse, thereby coloring, or
';correlating, the input noise according to the filter and equalizer frequency

20 | response functions. The target pulse signal at the input of the detector thus
: contains'a noise component that is no longer whife in nature, but has an
effective noise bandwidth. For this reason, performance of the decision
functions within the detector is reduced due to the correlation of noise. A
partial response channel is desired that achieves optimum decision

25 performance in the presence of colored noise.



25 (ya[err]--ya[err])y0 + (yb[err]- yb[err])y[err] + (yc[err] - '
.y(err])y[err] + (yd[err] - yd[err])y[err] + (ye[err] - ye[err])y[err] 8
< (ya[err] -ya[err])yalerr] + ya[err])+... + (ye[err] -ye[err])(ye[err] +
yel[err]) [3] where yo, y[err], y[err], y[err] and y[err] are the actual
sanpl e val ues; ya[err], yb[err], yc[err], yd[err] and ye[err] are the the
expect ed values for the first nDdeI maveforn1 and ya[err], yb[err],

yc[err], yd[err] 5 and y[err] are thel@xpected val ues for the second nodel
maveforn1 for the sanple points at which the nodel waveforns are equal, the
products including the factor (yk[err] - yk[err]) mhere k is the
associ at ed sanpl e poi nt ,SUMMARY:OFTHE 3 iy R se, i.e.. for
negative transitions, the 10 thresholds are the same, but the i nequalities
are reversed and the decision functions are nmultiplied by " The peak

el ow for Lerr] = arprepdnt VghEb Hiepyias Y medod é‘ﬁ?)aﬁc’@r%@%#éms #08 wich

a sign chan 1 K ;
[4] [err] g%\:\? d—&;&%§g°2 lyé aéFEMuaﬁ &éﬁggrﬁlﬁhﬁégihggﬁgﬁﬁﬁ%zwon of ?(0, Y1

y2 and y4 aﬂmls-ahaeah@ahmnﬂelnkeaheoda(mm,)edetabtues InTthe hetd of the present

invention, the ML detector is optimized in light of the noise correlation

gencrated by the partial response channel. The improved ML detector
provides comparable performance to, or better performance than, a Viterbi
detector in the presence of colored noise.

10

In the present invention, a set of finite impulse response (FIR)

transversal filters are used as the ML estimator for the look-ahead detector.
The weighted sum outputs of the FIR filters are compared to a sét of
thresholds based on previously detected data to make the decision for current

15 detection. The present invention improves the ML detector's performance
and reduces its complexity by optimizing the coefficients of the FIR filters in
the presence of the correlated or colored noise. For a range of coefficient
values, the SNR (signal-to-noise ratio) of each FIR filter is determined based
on the noise autocorrelation of the channel for a given user density, and the

20 coefficients providing the highest SNR are selected for each decision function.
The result is a noise whitening ML detector providing improved

. performance with lower complexity than prior art ML detectors.



equal i ons Fx, Fy and Fw have sanpl-e values that are nultiplied by
coefficients which maxim ze the detection threshold between all possible

" signal waveform patterns and their mininmm distance error waveforms. For
exanpl e, each decision function (Fx, Fy, etc.) can be represented by the 25
foll owi ng equati on: 9 k F(n)=
[err]c[err]y(n-i)=c[err]y(n)+c[err]y(n-1)+...+c[err]y(n - k) 1=0

[61 where ci are the coefficients chosenlto naxim ze detection, and k is
the 5 nunber of sanples used in the M. detection schene. From equation [6],
it can be shown that each decision equation has the sane formas an FIR
filter. Therefore, the det Bk ol 3 7 WVMMbae pandw dth are
af fected by the decision function. Further in the prior 10 art, decision
functions are designed under the assunptlon that the noise at the sanpl ed

partial response. oRIREBEWRHBIWAERRY %*"’J‘%?Ja%di%r“mse e

minimum distance error event.

Figure 2 is a waveform diagram of a sampled worst-case EEPR4

waveform with a minimum distance error event.

Figure 3 is a trellis state diagram for a (1,7) RLL coded EEPR4 look-
10 ahead ML detector.

Figure 4 is a simplified block diagram of a partial response (PR)
detection channel. |

15 Figure § is a decision table for positive and negative phase EEPR4
detection in one embodiment of a five sample look-ahead detector.

Figure 6 is a state table for a ten state look-ahead ML detector.

20 Figure 7 is a signal-to-noiée gain table for various ML detectors at
varying user densities.

Figuré 8 is a block diagram of a ML detector comprising FIR transversal
filters.
25



conponents for shaping the input waveformto the target PR pulse. The PR

. equalizer, in particular, typically supplies high frequency boost to
provide 15 pulse-slimmng of the input pulse. The filter and equali zer
conponents in the PR channel shape. the noise of the systemin the sane
manner as the input pulse, thereby coloring, or correlating, the input

noi se according to the filter and equal yger frequency 20 response
functions. The target pul se signal at the input of the detector thus
contains a noi se conponent that is no longer white in nature, but has an
effective noise bandw dth. For this reason, performance of the decision
functions withi npfghge 995ACAGK didgrail o€ atmedd! for ptintieingh ML @8tiffate0i se. A
partial response channel is desifed that achi eves optinmm decision 25
per f or mancein thi peespnes oficalonéd noiser ed noi se. 10 SUMMARY OF THE PRESENT
| NVENTI ON The present invention provides a nethod and apparatus for
reduci ng noise correlation in a partial response channel through

optim zation of a 5 | ook-ahead maxi num|i eIihooT éNL da&ector._ln t he
met hod of the pr&igHe 10 Is a frequency response diagram illustrating the correlating

5 properties of a partial response channel.



I nvention, the M. detector is optimzed in light of the noise correlation
.generated by the partial response channel. The inproved M. detector
provi des conparabl e performance to, or better performance than, a Viterb
detector in the presence of colored noise. 10 In the present invention, a
set .of finite inpulse response (FIR) transversal filters are used as the ML
estimator for the | ook-ahead detector. e wei ghted sum out puts of the FIR
filters are conpared to a set of thresholds based on previously detected
data to make the decision for current 15 detection. The present invention
| nproves the M. detector's performance and reduces its conplexity by

optim zing the coefpErAED DESCRIPTION OF THESPRESENT INVERTION! the
correlated or colored noise. For a range of coefficient values, the SNR
(signal -to-noise ratio) of each FIRfilter is determ ned based on (he noise

autocorrel ation of the channel for a given user denmtgi; and the 20
coefficients provhdnethodnnd, ppparatussior reducing) neise gorrelationdn ajpattidlon

per T or mance MEPRRSRANASD I RS, Higrtolipwing doecupBen imatbus |
5 specific details, such as EEPR4 channel detection and the variance of the noise
power spectrum, are described in order to provide a more thorough
description of the invention. It will be apparent, however, to one skilled in
the art, that the present invention may be practiced without these specific
details. In other instances, well-known features have not been described in

10 detail in order not to unnecessarily obscure the present invention.

Prior art PR channels require complex look-ahead detectors to approach
the signal-to-noise gain performance of Viterbi detectors under similar
conditions. Thus, in prior art circuits, look-ahead detectors with fewer look-

15 ahead samples are implemented with an associated reduction in
performance. Further, prior art ML detectors are predicated on the

assumption that noise at the input of the ML detector is additive white

Gaussian noise.

20 The method and apparatus of the present invention implement a look-
ahead detector of fewer look-ahead samples (e.g., four to six samples) in
which the decision functions are optimized for the presence of colored noise.
The expected correlation of the noise at the input of the ML detector is
determined, and the ML detector is designed to maximize the signal-to-noise

25 gain of each ML decision function in light of the noise variance at the ML



BRI EF DESCRI PTI ON OF THE DRAW NGS Figure | is a waveform di agram of an
.1solated EEPR4 pul se with a m ni num di stance error ~event. 5 Figure 2 is a
wavef or m di agram of a sanpl ed worst-case EEPR4A waveformw th a m ni mum

di stance error event. Figure 3 is atrellis state diagramfor a (1,7) RLL
- coded EEPR4 | ook- 10 ahead M. detector. Figure 4 is a sinplified block

di agram of a partial response (PR) detection channel. 15 Figure 5 is
a decision table for positive and negatige phase EEPR4 detection in one

enbodi ment of a five sanple | ook-ahead detector. Figure 6 is a state table
for a ten state | ook-ahead M. detector. 20 Figure 7 is a

si gnal -t o- n0| aingdin outihite: Repformance appiviachiageand in semevcasesi egeeding,

e ML B i 2028 B4 Y BloPlee s Mot o7 coTPrISing FIR

Figure 2 shows a "worst case" signal waveform 200 with the associated
5 minitnum distance error event indicated by dashed curve 201. As shown in
Figure 1, dmtﬁz (minimum squared distance) for an isolated EEPR4 pulse is
equal to ten. However, ten samples (yg-y9) are required to achieve a reading
of dmin?=10 for the worst case waveform of Figure 2 due to the effects of ISI on
non-iiolated pulses. Thus, assuming AWGN (i.e., uncorrelated noise), a ten
10 sample look-ahead detector is required to achieve the maximum detector

signal-to-noise (S/N) gain, which is accomplished by maximizing the

minismum distance between waveforms.

A ten sample look-ahead. detector is much more complex than the
15 prior arl four to six sample look-ahead detectors. However for practical user
densilies (Dy), the noise at the detector input is not AWGN, but is correlated
(colored) by the frequency boost equalization required to achieve the desired
partial response (PR) target pulse signal. Correlation of noise in the channel
acts fo riduce the actual signal-to-noise gain of detectors operating under the
20 asswumption of AWGN. Greater actual signal-to-noise gain is therefore

possible with a less complex look-ahead detector when the detector accounts

for noise correlation.

The effects of the PR equalizer on the additive channel noise is best

25 illustrated in the frequency domain where the effects on the noise bandwidth



12 Figure 9 is a flow diagramof a method for optimizing a M. estimator in

_the presence of colored noise. Figure 10 is a frequency response di agram
illustrating the correlating 5 properties of a partial response channel.

13 DETAI LED DESCRI PTI ON OF THE PRESENT | NVENTI ON A net hod and apparatus for

reduci ng noise correlation in a partial response channel is described. In
the foll owi ng description, nunerous 5 spec'$ic details, such as EEPR4
channel detection and the variance of the nofse power spectrum are

described in order to provide a nore thorough description of the invention.
It will be apparent, however, to one skilled in-the art, that the present

It il ovever, to or in-the art
| nstances, velokonany PEar, PEWPI0 1 S EHpIE B0l rfauich redborks B

wel | - known™ f eat ur €s -have n 10 detail in
order not t sewvengmsle syualizerhantion, afivesanpld dedisiont fudrtioRt"(FIR filter),PR
channel s require conpl ex | ook-ahead detectors to approach
and the combined response for the series connection of the equalizer function
and the decision function. The horizontal axis represents frequency in tens of

5 megahertz. The vertical axis represents gain.

Curve 1000 is the frequency response for a seven-pole, two-zero filter
representing the equalizer for a PR channel. The form of curve 1000 is that of
a lowpass filter with high frequency boost. Noise in the PR channel is colored
10 or correlated by this frequency response so that the noise power spectrum
takes the shape of the equalizer response where the gain magnitude is
squared. Curve 1000 is therefore representative of the noise spectrum at the
output of the PR equalizer.

15 Curve 1001 is the frequency responsé for a ML estimator decision
function having coefficient values of [ 0.5, 1, 0, -1, -0.5]. Each decision function
has an associated frequency response determined by its coefficients. The form
of curve 1001 for this example is that of a bandpass filter centered near 7.5
MHz with a reduction in gain in the frequency region corresponding to the

20 high frequency boost of curve 1000. Any signal processed by the ML estimator
decision function is shaped by this frequency response, including noise. The
form of curve 1001 can therefore be used as a whitening filter with respect to

colored noise at the input of the ML estimator.



t he signal -to-noi se gain performance of Viterbi detectors under sinilar

. conditions. Thus, in prior art circuits, |ook-ahead detectors with fewer

| ook- 15 ahead sanples are inplenented with an associ ated reduction in
performance. Further, prior art M. detectors are predicated on the
assunption that noise at the input of the M. detector is additive white
Gaussi an noi se. 20 The nmet hod and apparatus of the present invention
i mpl ement a | ook- ahead detector of fewerel ook-ahead sanples (e.g., four to
si x sanples) in which the decision functions are optim zed for the presence
of col ored noi se. The expected correlation of the noise at the input of the

M. detector is delavei1002is Bededribinkll FERHRAICH Tesporde Hefiofied B?'flﬁéiPR ze the
signal -to-noise 25 gain of each ML decision function in |light of the noise:

vari ance at eqgmalikér and ML estimator i serigspUFhe steapfecofntheamirap s detelbmiged and i n
sonme cases exceeding, that of a Viterbi detector of the prior art is

achi eved. Fikyuthe progustef the'megnitudessef cusvegs 2000 and 160 habechfrequency.
associ at ed Sy I 0 Dol St 5P e W thahdl &3S B ind B Squatier art
5 the ML estimator is therefore shaped by the square of the magnitude of curve
1002. For this example, the combined frequency response is a bandpass
function with a center frequenéy near 10 MHz. By altering coefficients of the
MI. estimator, the effective noise bandwidth associated with the combined
frequency response can be reduced. Therefore, the present invention
10 optimizes the coefficients of the ML estimator to reduce the effective noise
bandwidth at the ML estimator output, thus whitening or decorrelating the
correlated noise component. As the minimum distance error is also
dependent on the ML estimator coefficients, decorrelation of noise must be
balanced with maintenance of the minimum distance error to achieve the

15 highest signal-to-noise gain.

In the following description, a (1,7) RLL code EEPR4 channel ideally
equalized for a series of Lorentzian pulses is used as an example. The
invention is described in relation to a (1,7) EEPR4 look-ahead detector

20 embodiment. It will be apparent that the present invention can be applied to
other partial response channels as well. Further, a trade-off exists between
detector performance and complexity. So as not to obscure the invention, a

simpler five sample look-ahead detector will be described.



Figure 1, [err]MNerr] (mnimmsquared di stance) for an isol ated EEPR4

. pulse is equal to ten. However, ten sanples (y[err]-y[err]) are required to
achieve a reading of [err]MNerr]=10 for the worst case waveform of Figure

2 due to the effects of ISl on non-isolated pul ses. Thus, assum ng AWGN

(i.e., uncorrelated noise), a ten 10 sanple |ook-ahead detector is

required to achi eve the nmaxi mum detecton7si gnal-to-noise (S/N) gain, which

i s acconplished by maxim zing the mni mum di stance between waveforns. A ten

sanpl e | ook-ahead detector is nuch nore conplex than the 15 prior art four

to six sanple | ook-ahead detectors. However for Eractical user densities

(Du), the noise Xigureed ghows adtlogkdiagram of ghe anpek Automaticgaifed
| ored) by_the,f . lizat ] i r.ed, t i, th
oot red. part POl ORACRRPUAS 201 S hd Bk Samal BeliBias &0 iats8pSto e | &
the channel g 514@15%@&%&@&&%@ A ah ﬁﬁ@f&@lggc?ﬁdégﬂfé tors

operating under the 20 assu on of AWGN. Greater act si gnal®=to-noi se

gain is theredntrel shgreali4dR do PR équalizers£03c Bighsl 402 aoknprines Lotl@iteiahpulydien t he
detector accounts for noise correlation. The effects of the PR equalizer on

the addit iSegenerated fraay signalstrapsitions; such as thase iy aj magnetic readidhabpeldonai n
where the ef i’ﬁcéqixaﬁgexlm &ﬁla?&eé) &\st‘{%rgatlt%o the desired partial response

waveform, performing pulse slimming on the input waveform by providing

high frequency boost. Ideally, equalized signal 405 generated by PR equalizer

403 contains pulses whose sample values conform to expected waveform

10 wvalues. Signal 405 is provided to maximum-likelihood (ML) estimator 407
within ML detector 406.

Within ML detector 406, ML estimator 407 processes the sample values

through a set of decision functions to generate a set of detection values, or

15 metrics, labeled as signal 408. These detection values are provided to decoder
409 for comparison with state dependent detection threshold values. Decoder
409 determines the detected data value and provides the detected data as
output signal 410. Concurrently, decoder 409 provides update signal 411 to
state feedback block 412 to update the detection state of the decoder. State

20 feedback block 412 provides the new state as signal 413 to decoder 409 for use

in determining the detection thresholds for the next set of detection values
408.

Figure 8 illustrates a ML detector wherein the ML estimator comprises

25 several FIR filters used to provide the linear decision functions, Fx, Fy, etc.



15 can be clearly see: Figure 10 is a graph of the frequency responses for
. a seven-pol e equalizer function, a five-sanple decision function (FIR
filter), and the conbi ned response for the series connection of the
equal i zer function and the decision function. The horizontal axis :
represents frequency in tens of 5 negahertz. The vertical axis represents
gain. Curve 1000 is the frequency responge for a seven-pole, two-zero
filter representing the equalizer for a PR channel. The form of curve 1000
is that of a |lowpass filter with high frequency boost. Noise in the PR
channel is colored 10 or correlated by this frequency response so that the
noi se power shetho theieanalired sign is ppravided 4p ithe inputgf sash FiR iltert he

ain nmagnitu h S r i s, herefore.r sen i ve ,of the
%oi se sgect ru th'“‘ti%gf(ﬁﬁgw&gggf’ég’%ogmﬁ F’igtg;s_, fane?eDJﬁx anghEw, Ak
t he frequencysif& R g ) ABdgHe | Sl ' |
coef fi c?gnt zg{ﬁggmg?ﬂ[u %81859‘.%%%&% - O.egwgﬁlﬂeﬁg%ﬁm ﬁg%d{tl{‘g%lu as an

associ at ed f rinqignady408ds pomperetbwithnd state detefrhinedthfdshold:nFartheha sigi m of
curve 1001 for this exanple is that of a bandpass filter ‘centered near 7.5

Mz with aSretiyeriionis perfermed hetweens pesitiesphasecapicb negativeephasedi ng to t he

ggti mi?grfrqu&“ﬁXﬁ?&l‘?%&)ex@Jﬁo%g.rVe 1000. Any signal processed by the M.

'Each linear.decision function in ML estimator 407 may be
inupl‘-thented as shown for FIR filter 800. A tapped delay line provides
10 successive samples of the input, yg through y4. Each tap is multiplied by a |
cocfficient value, Co through Cy, respectively. Some of these coefficient
values may be zero. Afbef multiplication by the respective coefficients, the
tapped signals are summed to provide the decision function estimate, e.g., Fx.
An extra delay element and coefficient multiplier Cp1 are shown to indicate

15 the optional inclusion of a look-back sample in the decision function of some

embaodiments.

ML. detector 406 consists of several function calculators embodied in
ML estirnator 407, ax}d .several comparators and a state machine embodied in
20 decoder 409 and state feedback block 412. The transition rules between states
of the state machine depend upon the logic results of comparisons between
the function values of the data samples and certain state-dependent
threshelds. Because there are four non-zero samples in the equalized
.re5ponse of a single transition, four bits are required to represent the state of

25 decader 409. The state of the decoder is defined as the last four binary logic



decision function is shaped by this frequency response, including noise.
.The formof curve 1001 can therefore be used as a whitening filter with
respect to colored noise at the input of -the M. estimator. 16 Curve 1002
is the conbi ned frequency response generated by the PR equalizer and M
estimator in series. The shape of the curve is determ ned by the product of
t he magni tudes of curves 1000 and 1001 aigeach frequency. The noi se power
spectrum for the PR channel including the” PR equalizer and 5 the M
estimator is therefore shaped by the square of the magnitude of curve 1002.
For this exanple, the conbined frequency response is a bandpass function

Wi th a cent erlebels@pf¢chedeteeted sighalidarreily and tiestonel irosthte feedivdck bldck 452, ML.
estimator, the effective noise bandw dth associated with the conbi ned
frequency resbesidge o Hhis format, state feedhack block 412 ranfheimplementashwitha 10

optim zes thegcoghf Lici f | et or r he effective
noi se bandw d{(ﬁﬂg{ll %lﬁketqﬁéﬁ%egt |%?8M8ﬁfﬁjﬁp?ﬁi?§‘?m?%ﬁ’?‘ﬁ%“ ¥%Secorrel ati ng
the correl ated noi se conponent. As the m ni mum di stance error is also

dependent on the M. estimator coefficients, decorrelation of noise nust be
5 For a (1,7) RLL code EEPR4 channel, there are ten legitimate NRZ (non-

relurn-to-zero) states as shown in Figure 3, wherein each transition indicates
a transition from "0" to “1," or vice versa. However, due to the (1,7) RLL
coding minimum for transition spacing, only six of the states require a
decision to determine their next transitioﬁ state and the decoded data. For

10 example, state "0001" can only progress to state “0011." States "0010," "0100,"
"0101," *1010," *1011," and "1101" are invalid NRZ states for (1,7) RLL coding.

The task of ML decoder 409 is to determine whether a peak exists
between clock cycle 1 and 2, which in turn determines the next state. Figure 5

15 describes the decoding algorithm for the detector. ML estimator 407 first
computes the results of several linear functions (Fa, Fx, Fy and Fw) with the
sample values yg, yi, y2. y3 and y4, and, in one embodiment, look-back value
Y™ |; The results of these functions are compared with an equal number of .
state-dependent thresholds in decoder 409. The logic results of these .

20 comparisons are assigned to the decision variables, A, X, Y and W. Based on
the values of these decision variables and the current state, agbgcgdg, the
decoder determines w;hat the next state and the decoded data are, according to
the rules in Figure 6. The decisions for states 0001, 1001, 1110 and 0110 are not

given in Figure 5 because their next state is constrained by the (1,7) coding

25 scheme.



bal anced wi th mai ntenance of the m ninum distance error to achieve the 15

. hi ghest signal-to-noise gain. In the followng description, a (1,7) RLL
code EEPR4 channel ideally equalized for a series of Lorentzian pulses is
used as an exanple. The invention is described in relation to a (1,7) EEPR4
| ook-ahead detector 20 enbodinment. It will be apparent that the present

i nvention can be applied to other parti?® response channels as wel .
Further, a trade-off exists between detector perfornmance and conplexity. So
as not to obscure the invention, a sinpler five sanple |ook-ahead detector
wi || be descri bed. 17 Figure 4 shows a bl ock diagram of the PR channel.
Aut omatic gain control (AGC) anplifier 401 sets the input signal anplitude

so that input signal,40Q is s | ed at pr.eset |.evels. lifier 401
rovi des the. gar SHIBBIS Yape S SR nababedtin eyatipns L addB) Brbuse it
conprises L | : I . e ' |1 ch as
fhose in a SuSMd 0B, BEE slimaPERE AL ket O Y RAAL, LBP kveiin GETT, T
the desir edsiawiiinl Figefd DO SEhsH indladig GRS §O54hPE: WOLkE ndl intFeake @ t he
I nput waveform by providing
5 detection threshold, but would increase the total additive white Gaussian
noisiec (AWGN) by adding the noise of another sample. However, the y3
sample does affect the noise correlation and the noise bandwidth. Therefore,

including y2 in the ML estimator for the apparatus of the present invention
improves the detector performance.
10
Further, a “look-back" sample (ypm1) can be included as well to help

cancel noise correlation. This look-back sample' can also compensate for non-
ideal cqualization where the actual sample value is non-ideal (e.g., not zero).
If ym is included, the four data state threshold feedback is optimally increased

15 to five data states to set the proper comparator thresholds. The trellis diagram
of Figure 3 increases from ten states to sixteen states, which is equivalent to

increasing the partial response order to E3PR4:

In Figure 5, function Fa is a baseline checking function. It determines
20 whether the sample values represent a signal that exceeds the minimum
magnifude threshold needed to indicate a peak caused by a transition.
Spurious peaks due to noise in the channel are thus ignored. Function Fa

must be true if a peak is to be detected.



hi gh frequency boost I|deally, equalized signal 405 generated by PR
. equalizer 403 contains pul ses whose sanpl e values conformto expected
wavef orm 10 val ues. Signal 405 is provided to nmaxi mrumlikelihood (M)
estimator 407 within M. detector 406. Wthin M. detector 406, M. estinator
407 processes the sanple values through a set of decision functions to
generate a set of detection values, or %P netrics, |abeled as signal 408.
These detection values are provided to ‘decoder 409 for conparison with
stat e dependent detection threshold val ues. Decoder 409 determ nes the
detected data value and provides the detected data as out put signal 410.
Concurrently, d echmtiot(sEF:p FyvardeEward aesposisibie Fordddtermining swhetherdha c k

bl ock 412 to ‘&Se t he _det ecti on state gf thé decoder. St ate 20 feedback
bl ock 412 pr 6%‘8 va Hés fitd predetermine imodel. {Ex per a besbfaror use in

408, Fi gure BRALEE bt BlnbRFe A &°f°v%§ﬁs§§fébhaeﬁkaf§rs‘f’» L
Efefﬂ/er Ia:I[ ef'ﬁ&fl&'&hgﬁﬂ& n\ti%i vmcﬁaeus flst fob & pesia’ F ekl the!Sarhb Wt
5 as Fx, but with a more stringent threshold value. Thus, for Fy to be true, the
sample model must be sufficiently close to an ideal peak model so as to
differentiate it from any other possible combination. Even a peak distorted by

a subsequent peak will not pass this strict test.

10 Fw tests for sample combinations typical for a peak distorted by nearby
peaks. Thus, for an undistorted peak, Fx and Fy will be true, and for a peak
distorted due to a nearby transition, Fx and Fw will be true. Therefore, the
resulting “peak detected" binary decision is A & X & (Y + W). If this binary
decision is true, then a transition will be indicated at the output and in the

15 state machine, unless such a transition is prohibited by the (1,7) coding.

The decoded data indicates whether there is a transition at clock cycle
zero, that is, whether there is a transition ﬁom state bit ¢; (note, c1=dp) to state -
bitdj. This decoded data is compatible with most of the (1,7) RLL decoders.

20 The threshold values listed in Table 5 are considered nominal for an ideal
isolated EEPR4 pulse that is "normalized” to have the sampled sequence
value of 0, 1, 3: 3,1, 0. Performance can be improved by ﬁne-tuning these
.thresholds to give maximum margins in all conditions. This Mng could

reduce the effect of non-ideal equalization.
25



As shown, the equalized signal 405 is provided to the input of each FIR
-filter (800 and 801 shown). The outputs of these filters, |abeled Flerr]
and F[err], nake up signal 408 which is provided to decoder 409. Wthin
decoder 409, each value in signal 408 is conpared with a state determ ned
threshold. Further, a sign 5 inven;ion is perforned between positive phase
and negati ve phase conparison operations,.,Each |inear decision function in
M. estimator 407 may be inplenented as shdwn for FIR filter 800. A t apped
delay line provides 10 sueccessive sanples of the |nput yo through y4.
Each tap is nmultiplied by a surfficient value, Co through C4, respectively.

Sone of these coeff ‘i’%ﬂ‘%@ﬁ thesampledrsignabvalue ot the tfbld‘?ﬁhl‘-'b’ﬂpl aedeibicidpy t he
Goor st on' f unCReiE P stple SF AGBRELACY, Heraal bl b ATRES s oo loaid®

ff t .
“hcl ust onof 4F "‘RL“"‘S (U] 1R e fHOWng Qet I, 9p HepreBtng B Slent
combodi ment s saple ¢ale thay is Hefgidetoiled ScopfespoNding to thdabboByda) cu.af0rs

enbodied in M estimator 407, and .several conparators and a state ?gchl ne
enbodi ed iH 3Q. yreandiyg areofpug hepleahead a’aaqdeacéobbtodolrem&ntﬂ' Hege curzerst staten

rul es between ates of t | at.e. machi n onthe ul'ts of
conpari sons B’é%&egh“?‘%é ‘F@rﬁlﬁbﬂ%éﬁ ?eﬁfs"?%%%g E i 3@1“5%@%9 oal n
stat e- dependgfifuoder 409 determines what the next state and the decoded data are,

according to the rules in Figure 6. A phase check function is not shown. If a

wrong polarity signal is detected, the detector is reset to look for the proper
10 phasc,

As previously described, a set of FIR filters maximizes the detection
threshold between all possible signal waveform patterns and their minimum
distance error waveforms. The weighted sum outputs of the FIR filters are

15 compared to aset of thresholds decided by the previously detected data to
make the décision for the current detection. The use of the previously
delected data is analogous to the operation that occurs in a decision feedback
equ alized detector (DFE). In fact, the detector performance approaches that of
fixed delay tree search (FDTS) with decision feedback. The advantage of a PR

20 channel over a DFE is that it is easier and less complicated to equalize to a PR

| target shaped pulse than to remove ISI. The disadvantage of PR is that its

equalization correlates noise.

The FIR filter coefficient values effect the number of thresholds and

25 hence the detector complexity. Coefficient values also affect the complexity of



t hreshol ds. Because there are four non-zero sanples in the equalized
.response of a single transition, four bits are required to represent the
state of 25 decoder 409. The state of the decoder is defined as the |ast
four binary |ogic 19 levels of the detected signal current, and is
stored in state feedback bl ock 412. Because of this format, state feedback
bl ock 412 can be inplenented with a four-bit shift register. The four bits

can represent up to sixteen states. 5 23 For a (1,7) RLL code EEPR4
channel, there are ten legitimate NRZ (non- return-to-zero) states as shown
in Figure 3, wherein each transition indicates a transition from"0 to "1,"

or vice ver sgdigienslem@nation.  Rér ddanipleRtul@PR/iRg Y 015 B! GréoRhplslsi ti on
spacing, only six of the states require a decisi'on td determ ne their next

transition swithea digital shiffl @perhtibrd and. maltiplyingcbyn 0175ds astanplisloRDwitlcan
only progress to state "0011." States "0010," "0100," "(0101," "1010,"
"1011," and twaghift gperationsand aRaddiopesationyr The numbpen ofcequatipns thayt ask of
M. decoder 409 is.to.deternjne t her a peak exists, betyween, dock cycle 1
and 2, whi chAR s digceamplexty sﬁé?#@?aﬁeﬂe%%‘gefsx%ﬂ% i bes the
decodi ng %l 98{7131{?23&&{ of rEﬁ‘e g@éfﬁ@feﬁi vaMesW, 'fgph%rtaﬁlc%,? c&ﬁ.ﬁﬁitng the allowable

cocfficient combinations under consideration to those meeting the

constraints.

The optimization of the FIR filter coefficients of ML estimator 407 is

10 illustrated in the flow diagram of Figure 9. The optimum coefficients are
achieved by maximizing the signal-to-noise ratio (SNR) at the output of the
MI. estimator FIR filters individually. The signal value is represented by the
minimum distance error value for the respective FIR filter, whereas the noise .
value is repfes'ented by the square root of the noise variance at the output of

15 the FIR filter. Both of these elements, the signal value and the noise value,
are functions of the FIR filter coefficients. Whereas the signal value may be
calculated directl);, determination of the noise variance requires analysis of

the PR channel frequency response.

20 In block 900 of Figure 9, the transfer function of the PR channel,
including elements between the input of the Lorentzian pulse and the output
of the target PR pulse, is determined. Once the transfer function of the PR
channel is determined, in block 901, for the required user density, the noise
autocorrelation coefficients are calculated from the equalized noise power

25 density (i.e., the power spectrum of white noise filtered by the transfer



conputes the results of several linear functions (Fa, Fx, Fy and Fw) with
.the sanple values yo, yl1, y2, y3 and y4, and, in one enbodi nent, | ook-back
value YML The results of these functions are conpared with an equal nunber
of state-dependent thresholds in decoder 409. The logic results of these 20
coni pari sons are assigned to the decision variables, A X, Y and W Based
on the val ues of these decision variablées and the current state,
[err]O[err]O[err]O[err]O[err]0 the deco@# deterni nes what the next state
and the decoded data are, according to the rules in Figure 6. The deci sions
for states 0001, 1001, 1110 and 0110 are not given in Figure 5 because their

next state i sfuhefich réquitst fystape thé Lorertidn jsulgbinté aafzeted PRpE8EIDI 10 val ue
y2 does not appear in equations [4] and [5] because it 1s common to both

the signal anlloekh80%iusing sitheransexhaustiveysearely of gualifiedselection processolergs, 1) .
Thus, including the,y2. s | e | d not increase {he., detection, -

thr eshol d, ublu{E g\%ﬂfﬁﬁ&‘)‘ﬁ“ﬁ‘f I coertient valtes sasicing ovbh it aneadd dnnctinnse
(AVWGEN) by addl,trgg“;Q&d]%{g@ic%bﬁgg%ﬁg&ﬁ%ﬁgsﬁby\ever, the y2 sanple does'

affect the noise correlation a ndwi dt h. Ther ef or e,
5 :

In blocks 903 and 904, in any order, the noise variance at the output of
the ML estimator and the minimum distance error value are calculated using
li\:- svlected set of coefficients. Next, an SNR gain value is determined from
the minimum distance error value and the noise variance value in block 905.
10 If, in subsequent block 906, sufficient coefficient sets have been analyzed, the
sel of coefficients providing the largest SNR gain value is selected in block

907. If further coefficient combinations remain to be analyzed, the process
returns to block 902.

15 The autocorrelation coefficients require that the variance of the noise
power spectrum o2 and the noise autocorrelation function ®(t) be calculated.
The derivation of o2 and &(t) follows. The Lorentzian pulse spectrum is
given by the following equation:

oPW 0

W -
F(w) =( > so)e 2

20 |

and the ideal equalized wave spectrum from the partial response equalizer is

aiven by:

25 (@) = Ts(1 + D)" = Ts(1 + e ~i¥T8)" Bl



including y2 in the M. estimator for the apparatus of the present invention
.inproves the detector performance. 10 Further, a "l ook-back" sanple (yM)
can be included as well to help cancel noise correlation. This |ook-back
sanpl e can al so conpensate for non- ideal equalization where the actua
sanple value is non-ideal (e.g., not zero). If YML is included, the four
data state threshold feedback is optinalgyg increased 15 to five data states
to set the proper conparator thresholds. The trellis diagramof Figure 3
increases fromten states to sixteen states, which is equivalent to
increasing the partial response order to E[err]PR4; In Figure 5, function
Fa is a baseline checking function. It determ nes 20 whether the sanple
val ues represent a signal that exceeds the m ni nrum magnitude threshold

needed to indyhese& i thefrequgncdWso ig the prlserwisith abfifty persensaaagnitiude, t o
'S to bo der AR B e 5fmety Bed B e watRkRTE., 2 € Tespansible for |
det erm ni ng whet her the _ '
5 Applying equations (7] and (8] to the additive white Gaussian noise at
the input of the PR channel, the spectral density of the colored noise at the
output of the PR equalizer is: |

oP W 2

-1 n
2Ts 2 ( - jo:'l's)
“Pwso

G(w)

N(w) =No @)

2
| =No

Bl
10

The variance of the noise power density at the input of the ML estimator is

derived from the above equation as follows:

2

x
"T y oPW s0
2_ 1. . 2Ts 2 -joTs\n
=3z lN(o))dm =5 { No‘——_Pwso e (I+e )

do

(101
15
where 1/Ts is the bandwidth of G(w)/E(w). The variance integral can be

reduced to the following summation:

2_ _4No v . (<D™ 1
®3TsK (oo | K24 i? (11}
20
where for n=0 (dicode), 80=0.5;
for n=1 (PR4), §p=1, d1=1;



sanple values fit a predeterm ned peak nodel. Fx perfornms a test for

. satisfaction of mninmumconditions to distinguish a peak fromthe nearest
valid sanpl e nodel which does not forma peak. Fy perforns the same test 5
as Fx, but with a nore stringent threshold value. Thus, for Fy to be true,

t he sanpl e nodel nust be sufficiently dose to an ideal peak nodel so as to
differentiate it fromany other possible conbination. Even a peak distorted
by a subsequent peak will not pass this28trict test. 10 Fw tests for
sanpl e conbi nations typical for a peak distorted by nearby peaks. Thus, for
an undi storted peak, Fx and Fy will be true, and for a peak distorted due
to a nearby transertn=<2(EPR4),8ge3,B{=tid=1jmnd rue. Therefore, the resulting
"peak detected" binary decisionis A& X & (Y + W. If this binary decision
is true, then a f@faﬂg(tﬁf‘é’ﬁmﬁoﬂ%éﬁlrﬁﬁm%hﬂn@he output and in the 15
state machine, unless such a transition is prohibited by the (1,7) coding.
The decoded data indicates whether there is a transition at dock cycle
zero, that iSpe t i { td \ . (not e,
Lerr] s er 5 aestangb Rt ik ae (L TEREL a0 e e Bl P B "W O
nost of t$e dodle Periad) Telds equalsto t20-thivdstdf the batpht NRZ datd pericdi(iie1273bl e 5
are considered nom nal for an ideal isolated EEPR4 pulse that is

"nor mal i zed"bitsdPussyahabe Ksigipquabitoskd imesduthaaser depsity. 3 3,1, 0.
Performance can be inproved by fine-tuning these thresholds to give nmaxi num
margins in all conditions. This tuning could

The noise autocorrelation function is given by the following inverse

Fourier transform integral:

10
2
. o No¥| ar e .
(t)= 5= IN(m)e"m ‘de = -2—,”9- f ;@Ws—e 2 (14 O Py
0 0 50 - (12
which can be solved to obtain the following summation:
[ e"K(Kcos T, +T,sin®xT)~K ]
. K*+T.”
o®=—222- 35,
Tsn'K" i=0 e™ (K cos #T, +T, sinaT,) -K
+
2. .2
15 L K™+T, - (13}

where Ty = [(¢/Ts) + i}, and T3 = {(t/Ts) - i]. The autocorrelation coefficients are
obfained from equations [11} and (13] by dividing the autocorrelation function
by the variance of the noise power density, p(t) = &(t)/c2.

20



reduce the effect of non-ideal equalization. 25 22 yi denotes the

. sanpl ed signal value at the ith clock cycle, and aibicidi represents the
state of decoder 409, where ai, bi, ci, di are the last four binary |logic

| evel s of the data. In the follow ng description, yo represents the current
sanpl e value that is being decoded, corresponding to the clock cycle i = 0.
yl, 5 Y2, yl and y4 are four | ook-ahea anpl es. aobocodo represents the
current state of the decoder and a[err]b[err]c[err]d[err] is the next
state. Fromthe state value alerr]b[err]c[err]d[err], decoder 409

deter m nes what t hg, nG) 45t ALR It HRASEAIS R 3EERE dhidfed O Lhe

rules in Figure 6. phase C on wrong pol arity

signal is denggeatndl e tRE LGSt the ME Selecid?, tHROKoibO VasikifceRitdRE OulpuPhase.

As previously described, a set of FIRfilters maxi m zes the detectl on

t hreshol d betofeach dedisipnfanbtien isi cabaillated basedt onthe FIR weefficidntshefi them ni num
di stance error waveforns, The weighted sumoutputs of the FIR filters are
15 conpar ed respestive degisionsy ddwegraise wariange @t she putpusofithe IR filigsdect ed dat a

to 5 given by:

n

VA ic,Ni]= Z icovtc'iN,,c,Ni]
1 .

f=- i==1j=-1

1 M=
M=

n n .
ce COVIN,, N 1= PIEDY ec;0%p(fi - §Ts)
1j -

-1 i=-1j=-1
10

n n i-1
=.-o'2[ 2ct+2) Decg ip((i-j)'rs)]
i==1

i=0 j=-1 (14

where o2 is the noise variance prior to the FIR filter, p(t) is the

autocorrelation coefficient at time "t," and ¢ is the FIR filter coefficient for the
15 ith sample. The FIR filter is of sample length "n," but the range of "i" begins

at "-1" to include the look-back sample {(cpM1YM1) of one emboqiment.

‘Without a look-back sample, the range for “i" is between zero and “n."

The signal-to-noise gain obtained by altering the FIR coefficient values
20 can be measured by calculating the ratio of the minimum distance error,

dMiN, divided by the square root of the noise variance at the FIR filter output.

d MIN (Fx)

SNR = ' :
-\—/VAR (15]



make the decision for the current detection. The use of the previously
. detected data is anal ogous to the operation that occurs in a decision
f eedback equalized detector (DFE). In fact, the detector perfornance
approaches that of fixed delay tree search (FDTS) wi th decision feedback.
The advantage of a PR 20 channel over a DFE is that it |Is easier and |ess
conplicated to equalize to a PR target shaped pulse than to renove ISI. The
di sadvantage of PRis that its equalizat8on correl ates noise. The FIR
filter coefficient values effect the nunber of thresholds and 25 hence the
detector conplexity. Coefficient values also affect the conplexity of 23
a digital inplenentation. For exanple, multiplying by 0.5 is acconplished
with a digit Ihégyft operation, and rmultiplying by 0.75 is acconplished
with two shifti operations and an add operation. The nunber of equations may
al so affect the conplexity. These constraints are considered during the 5
optim zation of the coefficient val ues by, ' ; fining the
ol owabl e coef 1 cigl (RTDRBIAEEIIE {OBR{plLonyl g fhose meet ing the
i==-1 [16]

5

and S1 and S2 are pulse signal waveforms for a minimum distance

event. For relative comparison of SNR values, multiplicative constants (e.g.,
"62 in VAR) can be ignored.

10 A larger value of dyyy signifies larger separation between minimum
distance signal waveforms, providing more robust decisions. A smaller
value of noise variance signifies a lower probability that a false detection will
occur due to noise for a given dymn(Fx). Therefore, by maximizing the SNR
value above, performance of the ML detector is optimized.

Because the number of coefficient values is large for the determination
of a maximum SNR value through derivatives, it is more straightforward to
perform a computer search for the optimal set of coefficients. A computer
scarch program defining the range of coefficient values and the desired step

20 sizes can evaluate the SNRs for a large number of coefficient combinations
quickly and accurately. The best combination of coefficients thus determined
is theri implemented in the FIR filters of the ML estimator. Examples of
programs for accomplishing this type of search are provided as Appendix 1
and Appendix 2, where the routine of Appendix 1 determines autocorrelation

25 coefficients, and the routine of Appendix 2 determines the SNR values. The



The optimization of the FIRfilter coefficients of M. estimator 407 is 10

_illustrated in the flow diagram of Figure 9. The optinum coefficients are

achi eved by maxim zing the signal-to-noise ratio (SNR) at the output of the
M. estimator FIRfilters individually. The signal value is represented by
t he m ni num di stance error value for the respective FIRfilter, whereas the
noi se value is represented by the squarﬁgeroot of the noise variance at the
output of 15 the FIRfilter. Both of ttese el enents, the signal value and

t he noi se val ue, are functions of the FIR filter coefficients. Wereas the
signal val ue

| t dd th
vari ance reqlﬂ‘?'%l %?ecﬁfhbé(@tgﬁgp,ﬁcz P&t&éﬁﬁ%vﬁ e n0| se
I'n bl ock 900 &%«&M%&a rsm\et bR By RUicWiRE theNsPbs SR Pﬁuebm%u

i ncl uding el enents between the inpat of Lorent zi an pul se and t%e out put
ot the target PR pulse, is determ ned. Once the transfer function of the PR
channel is determned, in hlock 901, for tge requj red user density, the

noi se aut ocor r el athasPe 5aa8iRg fram 4.5403.9 A wa@@alerqrofmsa@péﬁ 09&1 noi se

P ?\Qﬁgf ;5 dgnﬁ@éd(&etgctbr &\ 8 A T, Wt T LA ap\ﬁ@oé[c ed 8r %\extf;elr grxex{s mlaj 1t he

detectors, especially in the higher user density range. The detector
performance can be optimized at a given Dy. Howeéer, if a fixed set of
coefficients is optimized for Dy=2.0, the SNR performance is virtually the
same as that for a Viterbi detector for Dy ranging from 1.6 to 3.0. If the look-
10 ahead samples are increased, detector performance will improve. Also, the
detector linear equation coefficients can be optimized to compensate for noise

coloring from sources other than partial response equalization.

Several variations of performance versus look-ahe.';td sample length ~
15 and linear equation complexity are prese.nted in Figure 7. Figure 7 shows
detector signal-to-noise (S/N) gain versus Dy when a Lorentzian pulse shape
is ideally equalized to EEPR4. The gain of an ideal Viterbi Detector is shown
as a reference for the other detector arrangements. At Dy=0, the noise is
AWGN.
20 |
Detector I is a five sample, three equation look-ahead detector
optimized for AWGN. Detector II adds the y; sample to compensate for
corrclated noise. y; improves its performance by 0.56 dB at Dy=2.0 and by 0.64
dB at Dy=2.5. Détector I is a more complex five sample, three equation look-

25 ahead detector whose performance is within 0.3 dB of an ideal Viterbi detector



function required to shape the Lorentzian pulse into a targeted PR pul se).
.In 1)block 902, using either an exhaustive search or qualified selection
process (e.g., a search limted to coefficient values requiring only shift
and add functions, etc.), a set of coefficients is selected for analysis. 5
In bl ocks 903 and 904, in any order, the noise variance at the output of
the ML estinmator and the m ni num di stance error val ue are cal cul ated using
the selected set of coefficients. Next,3%n SNR gain value is determ ned
fromthe mnimum di stance error value and the noise variance value in block
905. 10 |If, in subsequent block 906, sufficient coefficient sets have been

anal yzed, t Her But rangingfrpm bbde 2. gpefectar 1Y is adivesample, hreR eguational ue i s
selected in plock 907. Mﬂ@hg{ ccgeffi i en ,corrbinatiog)s remgj.n to be
anal yzed, t rfetestecieas ut lpoklack sa ang gixteen stateg, c¥rif 8l ati on

(11 ci Bnt s . : \ .
2nd the noi SLE R, it edudfol TIRRAGLdete 35y BPAE IMaREE Ekiadls 11
derivati on ahe®itrbi detactof over 4 Widé cdrigevef. D DetetarVEisaasip shimple; f6d r um i s

given. by dte following equation: [err] and the ideal equalized wave
spect r um $r squationydgtectar with guerns greajerapotential performandsyimprovement.

A sample computer routine in BASIC for generating autocorrelation
mefﬁdents is provided as Appendix 1. Further, a sample computer routine
. in BASIC for generating a list of signal-to-noise gain values is provided‘as
10 Appendix 2.

Thus, a method and apparatus for reducing noise correlation in a

partial response channel has been described.



[err] 25 where [err] is the frequency, PWerr] is the pul se-width at
fifty percent magnitude, and Ts is the sanple period of the waveform 5
Applying equations [7] and (8] to the additive white Gaussian noise at the
i nput of the PR channel, the spectral density of the colored noise at the
out put of the PR equalizer is: 10 [err] The variance of the
noi se power density at the input of the3M. estimator is derived fromthe
above equation as follows: [err] 15 where [err]/Ts is the bandw dt h of
G(co)/ E(co). The variance integral can be reduced to the foll ow ng
summation: [err] 20 where for n=0 (di COS&?; [ err] 0=0.5;

APPENDIX 1

10 ‘'Partial Response Noise Autocorrelation Coefficient
'20 PI=3.14159
30 ‘PR Selection

40 ‘N=0 :A(0)=.5 ' ‘DICODE
50 'N=1 :A(0)=1 :A(1)=1 ‘PR4
60 'N=2 :A(0)=3 :A(1)=4 :AQQ)=1 'EPR4

70 N=3 :A(0)=10 :A(1)=15 :AQ2)=6 A(3)=1 ‘EEPR4
80 INPUT "K="K :K2=K*K

90 B=EXP(K"*PI)

100 'Variance

110 V=0

120 FORI=0 TON

130 V=V+A()24B*(K*COS(I*P)+I*SIN(I*PI))-K)/ (K2+I*1)

140 NEXT

150 ‘Autocorrelation Coefficient

160 INPUT “T="T

170 P=0

180 FORI=0 TON

190 Ti=T+L:T2=T-I

200 P=P+A)*(B*K*COS(T1*PI)-K+B*T1*SIN(T1*PI))/(K2+T1*T1)

210 P=P+A(I)*(B*K*COS(T2*PI)-K+B*T2*SIN(T2*PI))/(K2+T2*T2) -
220 NEXT

230 PRINT P/V :GOTO 160



for n=1 (PR4), [err]0=1, d[err]=1,; 26 for n=2 (EPR4), [err]0=3,
.[err]1=4, [err]2=1; and for n=3 (EEPR4), [err]0=10, 81=15, [err] 2=6,
[err]3=1, and where K = PWerr]/Ts. For the (1,7) RLL code wherein the
sanpl e period or 5 code period, Ts, is equal to two-thirds of the output
NRZ data period (i.e. 2/ 3 bits per synbol), Kis equal to 1.5 tines Du, the
user density. The noise autocorrelation_function is given by the follow ng
i nverse Fourier transformintegral: 10 ?%rr] whi ch can be solved to obtain
the follow ng summation: [err] where T[err] = [(t/Ts) +i], and T[err] =
[(t/Ts) - i]. The autocorrelation coefficients are obtained from equations
[11] and [13] by dividing the aut ocHPEENRDG2 function by the variance of
t he noi se power density, p(t) =[err](t/derr]2. 20

10 '1,7 EEPR4 ML S/N Gain Search

20 'Five Sample Look-Ahead Channel Wxth Colored Noise

30 ‘Ideal EQ Filter

40 '(Y0,Y1,Y2,Y3,Y4)=(A B,CD,E)

50 ‘Signal=(1233,1 1,-1)-(0,1,3,2,-2)=(1,2,0,-1 1),S—A*A+4*B*B+D*D+E*E

60 FORA=0TO 1 STEP .1

70 FORB=5TO 1.5 STEP .1

80 FORC=-5TO 1.5 "STEP .1

90 FORD=-1TO .0 STEP.1

100 FORE=S5TO 1.5 STEP .1

110 S=A*A+4*B*B+D*D+E*E ,

120 R1=.4826 :R2=-1722 :R3=-.18 ‘R4=-0312 ‘'Du=1

130 V=A*A+B*B+C*C+D*D+E*E+2*((A*B+B*C+C*D+D*E)*R1
+(A*C+B*D+C*E)*R2+(A*D+B*E)*R3+A*E*R4)

140 SN1=SQR(S)/SQR(V)

150 R1=.2999 ‘R2=-3907 :R3=-1524 :R4=.0324 ‘'Du=15

160 V=A*A+B*B+C*C+D*D+E*E+2*((A*B+B*C+C*D+D*E)*R1
+(A*C+B*D+C*E)*R2+(A*D+B*E)*R3+A*E*R4)

170 SN2=SQR(S)/SQR(V)

180 R1=.1077 :R2=-5348 :R3=-021 :R4=.086 ‘Du=2

190 V=A*A+B*B+C*C+D*D+E*E+2*({(A*B+B*C+C*D+D*E)*R1
+(A*C+B*D+C*E)*R2+(A*D+B*E)*R3+A*E*R4)

200 SN3=SQR(S)/SQR(V)

210 R1=-.0726 :R2=-5852 :R3=.1631 :R4=.0787 ‘'Du=25

220 V=A*A+B*B+C*C+D*D+E*E+2*((A*B+B*C+C*D+D*E)*R1
+(A*C+B*D+C*E)‘R2+(A‘D+B*E)‘R3+A*E*R4)

230 SN4=SQR(S)/ SQR(V)

240 R1=-2286 ‘R2=-5547 :R3=.3388 :R4=0003 ‘Du=3

250 V=A*A+B*B+C*C+D*D+E*E+2*{(A*B+B*C+C*D+D*E)*R1
+(A*C+B*D+C*E)*R2+(A*D+B*E)*"R3+A*E*R4)

260 SN5=SQR(S)/SQR(V)

270 PRINT USING "#iH.#A;B;C;D;E;:20*LOG(SN1)/LOG(10);
20*LOG(SN2)/LOG(10);20*LOG(SN3)/LOG(10);20*LOG(SN4) /LOG(10);
20*LOG(SNS5)/LOG(10)

280 NEXT:NEXT:NEXT:NEXT:NEXT



27 From the autocorrelation coefficients and the variance of the col ored
-noi se signal at the input of the M. detector, the noise variance at the
out put of each decision function is cal cul at ed based on the FIR
coefficients of the respective decisions. The noise variance at the out put

of the FIRfilter is 5 given by: [err] where Qerr]r“m“nﬂ“j Hﬂ“ﬂﬂance
prior to the FIRfilter, p(t) is the autgcorrelatio

"t," and c[err] is the FIRfilter coeffieéPent for the* 15 i‘th sanple The

FIRfilter is of sanple length "n," but the range of "I" begins at "-1" to
I ncl ude the | ook-back sanmple ([err]M][earr of one enbodi nent. Wthout a
| ook- back sanple, the range for "i" is n zero and "n." The

si gnal -to-noi se gain obtained by altering the FIR coefficient values 20 can
be neasured by calculating the ratio of the mninumdistance error, dM N,

divided by the square wopartidl responseichanel rdoinprising: the FIR filter output.
Lerr] an equalizer having a first frequency response for shaping an input
5 pulse signal into a target pulse signal, said first frequency res;ponse coloring an
additive noise component of said input pulsé signal and generating a
correlated noise component of said target pulse signal;
a detector receiving said target pulse signal and providing a binary data
| signal, said detector comprising:
10 a plurality of detection decision circuits receiving said target
pulse signal and providing a plurality of decision values, wherein at
least orie of said plurality of detection decision circuits comprises a
finite impulse response (FIR) filter having a set of coefficients
maximizing a signal-to-noise ratio;
15 a decoder having a plurality of state dependent threshold values,
said decoder providing said binary data signal based on comparisons
between said pldrality of decision values and said state dependent

threshold values.

20 2. The apparatus of claim 1 wherein said signal to noise ratio
comprises a minimum distance error value of said target pulse signal divided

by a square root of a noise variance at an output of said FIR filter.

3. The apparatus of claim 1 wherein said FIR filter comprises a

25 tapped delay line providing a plurality of tapped signals, each of said tapped



28 where [err] 5 and S1 and S2 are pul se signal waveforns for a m ninmum
. distance event. For relative conparison of SNR val ues, multiplicative

constants (e.g., Jerr] in VAR) can be ignored. 10\AM9M?BJe of
[err]MN signifies | arger separation between m ni mum di stance si gna

wavef orms, providing nore robust decisi 33 A small mnﬂm]

variance signifies a |lower probability at a fal se ccur

- due to noise for a given [err]MN(Fx). Therefore, by. neXi rh zi* ng st he SNR
val ue above, performance of the M. detector is optim zed. Because the
nunber of coefficient values is large for the determ nation of a maxi num

SNR val ue t hFigbyis heing multipied by qosffmn;t value: frgm said sat of easfliclents tm a
conput er search .for of ffici . A co ter search

pr ggr am def i Rf*t vdd?ﬁvggléﬁgél@anﬁ%ggﬁ ’r@ﬁ?‘f ié?’eéﬁﬁi e% 1?83“& ep 20
Si zes can evghéafSaid@eibR vialfesa | arge nunber of coefficient conbinations

qui ckly and accurately. The best conbination of coefficients thus
det er mi ned

5 4. The apparatus of claim 1 wherein said first frequency response is

a lowpass function with high frequency boost.

5.  The apparatus of claim 1 wherein said decoder further comprises
a state machine wherein a transition between a first state and a second state is

10 dcpendent on said comparisons.

6. The apparatus of claim 1 wherein said binary data signal is run-
lenglh-limited (RLL) encoded.

15 7. The apparatus of claim 1 wherein said FIR filter has a second
frequency. response, said second frequency response whitening said correlated
noise component of said target pulse signal.

8.  The apparatus of claim 1 wherein said detector is a maximum-
20: likelihood (ML) detector.

9. A method for reducing noise correlation in a partial response
(PR) channel comprising a noise correlating element coupled to a detector,
said detector further comprising a finite impulse response (FIR) filter coupled
25 1o a decoder, said method comprising the steps of:



i s then i mpl enented inthe FIRfilters of the M. estimator. Exanples of
. programs for acconplishing this type of search are provided as Appendix 1

and Appendi x 2, where the routine of Appendi x | determ-nes—autacorrelation
25 coefficients, and the routine of Appendix 2 demmnes t he SNR val ues.
* 4

The 29 maxi mum SNR val ue can be determ ned fro W’Mﬂmﬂgm ng a
nual |y.

sof tware sorting routine, or by review3g the lis 4
For Du ranging from1.5 to 3:0, a five-sanple or six-sanmple M |bok- 5
ahead detector with optim zed coefficients approaches or outperforns
Viterbi detectorsg, especially in the {]aisi%her Léée_l’ dePsity r ct;e The

det ector per f or Na${CETINIRG OISR RMtACoTglationcoptfigsnty for 3 Gerrelated poise;  x o

t of coefficients is aptdni =2.0, the SNR perf i
it al |y tHEReEeat e A FER Be L7 bt cotor for Du ranging from 1.6
to 3.0. 1f the | ggl ALe ,

0 € 3%f¥ﬁgn§2{1§ﬁg’aﬁw R5is8 variafed GafRA aftiqﬁ gx‘ri]{pg{t dEshid " mance

w ll inprove. Also, ctor “l rnear equation coef can be

optim zed t PIR Giltee forh pliality of RIRoeffidié¢it donbinativhs;es ot her than parti al
response equalization. Several variations of performance versus | ook-ahead
sanpl e | éngth  determining a plurality of minimum distance error values of said FIR

filter for said plurality of FIR coefficient combinations;

utilizing an optimal coefficient combination from said plurality of FIR |
coefficient combinations which maximizes a signal-to-noise ratio (SNR), said
SNR comprising a function of said minimum distance error value and said

10 noise variance value for each of said plurality of FIR coefficient combinations.

10. The method of claim 9 wherein said SNR is determined for each
FIR coefficient combination by dividing an associated minimum distance

error value by a square root of said noise variance value.

11.  The method of claim 9 wherein said step of determining said
noise autocorrelation coefficients further comprises:
determining a variance of a noise power density of said correlated
noise sig:\al based on a transfé.g function of said noise correlating element;
20 dividing an autocorrelation function by said variance of said noise

power density.

12. The method of claim 9 wherein said noise variance values are
determined for a selected user density (Du).
25 |



15 and linear equation conplexity are presented in Figure 7. Figure 7
shows detector signal-to-noise (S/N gain versus Du when a Lorentzian pul se

shape is ideally equalized to EEPR4. The gain of an i Det ect or
is showmn as a reference for the other detector arrang At D[err

the noise is AWGN. 20 Detector | is a five sarrple u”g”

| ook- ahead detector optimzed for AWGN. Detector _' m

conpensate for correlated noise. y2 inpr8¢es its performance by 0.%6* B at
Dlerr]=2.0 and by 0.64 dB at Du-2.5. Detector IIl is a nore conplex five
sanple, three equat| on_| ook- 25 ahead detector whose performance is within
0.3 dB of an |dea1 Vi t Ehejinethod of mlaim 9 3¢hérein Baidrplugality ¢f FIR dodéfitiang. 5.
Detector IV is i.ve sanml e, (ihree yation detector that utilizes the

| ookback sanb‘ °§‘is>&fgg'd’“‘§? tt%§°e fedds sequiring onlyishifts ang laddihgur
equati on | ooksahgafhsdet ector whose perfornmance exceeds the Viterbi detector
over a w de r%nge of Du. Detector VI is a six sanple, four 5 equation
detector with even greater potential perfornmance inprovenent.



A sanpl e conputer routine in BASIC for generating autocorrel ation
-coefficients is provided as Appendix 1. Further, a sanple conputer routine
in BASIC for generating a |ist of signal-to-noise gain values is provided

as 10 Appendix 2. Thus, a nethod and appasr.fa\t us for reducing noise
correlation in a partial response channel” ha _::- de ﬁ r o- 31 -
APPENDI X | 10 ' Parti al MBE ND\APEQRY : P& ent 20

P1=3.14159 30 ' PR Sel éékk&ﬂaﬁou'\liﬁ A pAﬁQ)mL5REsmNSE CHANNEL
'DICODE 50 'N=1  : A(OT =t ACIT=T ' PR4 60

'N=2 @ A(0)=3 A1) =4 M%—E—WEPM 70 N=3
A(0)=10 :A(1)=15 :A(2) & : = | NPUT "K=": K

. K2=K[ err] K 90 B=EXP(K*PI)

A method and apparatus for reducing noise correlation in a partial
response channel through optimization of a look-ahead maximum
5 likelihood (ML) detector. In the method of the present invention, the ML

detector is optimized in light of the noise correlation generated by the partial
response channel. The impi'oved ML detector provides comparable
performance to, or better performance than, a Viterbi detector in the presenée
of colored noise. In the present invention, a set of finite impulse response

10 (FIR) transversal filters are used as the ML estimator for the look-ahead
detector. The weighted sum outputs of the FIR filters are compared to a set of
thresholds based on previously detected data to make the decision for current
detection. The present invention improves the ML detector's performance
and reduces its complexity by optimizing the coefficients of the FIR filters in

15 the presence of the correlated or colored noise. The SNR (signal-to-noise
ratio) of each FIR filter is determined for a range of coefficients based on the
noise autocorrelation of the channel for a given user density, and the
coefficients providing the highest SNR are selected for each decision function.
The result is a noise whitening ML detector providing improved

20 performance and lower complexity than prior art ML detectors.
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100 'Variance 110 V=0 120 FOR 1=0 TON 130
V=V+A(I)[err]2[err](Blerr] (Kl err]COS(I[err]Pl)+I[err]SIN(I[err]Pl))-K)/(K2+
I[err]l) 140 NEXT 150 'Autocorrel ation Coefficient 160 INPUT "T=";T 170 P=0
180 FOR 1=0 TO N 190 T1=T+l:T2=T-1 200
P:P+A(I)[err](B[err]K[err]COS(Tl[err]PI}-K+B*T1[err]SI N(T1l[err]Pl))/ (K2+T1[
err] T1) 210 /9
P=P+A(1)[erer](Blerr]Klerr]COS(T2[err]Pl)-K+B[err]T2[err]SIN(T2[err]Pl))/ (K
2+T2[ err] T2) 220 NEXT 230 PRI NT P/V : GOTO 160 32 APPENDI X 2 10 '1,7-
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20 ' Five Sanpl e Look- Ahead Channel Wth Col ored Noise 30 'Ideal EQFilter
- 40 ' (YOYOYZ2, Y3, Y4) =(ABCDE) 50 'Signal =(1,3,3,1,-)-(0,1,3,2,2)=(1,2,0,-1,1);
S=A* A+4*B*B+D* D+E*E 60 FOR A=.0 TO | STEP .1 70 FOR B=.5 TO 1.5

STEP .1 80 FOR C=-.5 TO 1.5 STEP .1 90 FOR D-1 TO. 0O STEP.1 100 FOR
E=.5 TO 1.5 STEP .1 110 S= A[err]A+4[err]B[err]B+D[err]D+E[errr]E 120

Rl =. 4826 R2=.1722 :R3=- R4=,,@312 'Du=1 130
V—A[err]A+B[err]B+C[err]C+D[err]D+E[errf +2[err]((Alerr]B+Blerr][[err] C+tC e
rr]D+Dlerr]E)[err] RlL
+(A[err]C+B[err]D+C[err]E)[err]R2+(A[err]D+B[err]E)[err]R3+A[err]E[err]R4)
140 SNI =SQR( S) / SCHRBENTOSRATE2999 : R2=-.3907 NEXT SITATE :R4=.0324
"Du=1.5 160
V=Alerr] A+B[ err] B¥EKerr] CBINerr ] D+E[err] +2[err] ((Alerr BENB[ err ] C+( err ] D+Df
err]E)[err]RL
+(Alerr]C+Blerr] D¢ err] Q@0 R
170 SN2=SQR(S)/ SQR(V) 180 R1=.1077 ' :
"Du=2 190 V=A*A+B*B+C*C+D*D+E*E+2*((A*B+ S

RerGORS+Alerr] E[err] R4)
R3=-.021 :R4=.086
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+( A*C+B* D+C*E) * R2+( A*D+B*E) *R3+A*E*R4) 200 SN3=SQR(S)/ SQR(V) 210 Rl1=-.0726

. 1 R2=-5852 R3=.1631 :R4=.0787 'Du=2.5 220

V=Alerr] A+tB[err]B+(Jerr] C+tDlerr] D+E[ err] E+2[err] ((Alerr] B+B[err] C+([ err] D+D
[err]E)[err] Rl

+(Alerr]CtBl[err]D+t(Jerr]E)[err] RR+(Alerr|DtBl[err]E)[err] R3+Al err] E[ err] R4)
230 SNA=SQR(S)/ SQR(V) 240 R1=-.2286 3/9R2=5547 :R3=.3388 :R4=.0003 'Du3
250 V=A* A+B* B+C* C+D* D+E* E+2* ( ( A*B+B* C+C* D+D*E) *R1
+(Alerr]CtBl[err]D+tCJerr]E)[err] RRt(Alerr]DtB[err]E)[err] R3+Al err] E[ err] R4)
260 SN5=SQR(S)/ SQR(V) 270 PRI | NG' ####. ##" , A, B, C, D; E;

20[err] LOE SN1)/ LOF 10) ;" 20*L err]20[err] LOE SN3)/ LOF 10) ;
20[ err] LOG(SN4) / LOH 10); '
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5 pul se signal into a target pulse signal, said first frequency response
coloring an additive noi se conponent of said input pulse signal and
generating a correl ated noi se conponent of said target pulse signal; a
detector receiving said target pulse signal and providing a binary data
signal, said detector conprising: 10 a plurality of detection
decision circuits receiving said targgygpulse signal and providing a _
plurality of decision values, wherein at |least orie of said plurality of
detection decision circuits conprises a finite inpulse response (FIR
filter having a set of coefficients maxi m zing a signal-to-noise ratio; 15

a decode . ; - d
decoder {provi ding said binary dat g.ghigplasPased on conparisons between said
pluraligy of decision values and said state dependent threshold val ugs. 20
2. Th¢—apparatus ol _craimTJwWiereln sald signal {0 Noise raty o conpri ses
a m ni mim diuatwoncef laokakhewdi| U¢ Of saiNbniiaslRhresholids @t Stagnal di VimteiokY a
squar e nfoot ofSampioiVeleyari an¢e at an output of said FIR filtefVaridble] The
apparatUs_of claim1 wherein $aid ®R filter Wdhprises 4195 tapped de¢l ay
lin rqvi din | ural j f i ghal h pf [
e prquid gBaaseaneuCt?éck ty ofit apl'gxe>dz.5S gpa SF’a >e?..aSC 1 Sﬁg >C{.5t ap DEQA
Fa = yy+y2
Peak Check
Fx = 0.5y0+y1-y3 Fx>0.25 Fx >-0.25 Fx >-2.25 X
Fy = 0.5y0+y1-y3 Fy>125 Fy > 075 - PFy>-125 Y
Fw = 0.5y0+y1+0.5y2-0.5y3+y4 Fw > 1.50 Fw > 1.00 Fw > -1.00 W
Negative Phase
Nominal Thresholds at State
1111 0111 0011 .
Baseline Check
Fa = yi+y2 Fa<-25 Fa<-25 Fa<-15 A
Peak Check
Fx = 0.5y0+y1-y3 Fx <-0.25 Fx <025 Fx <225 X
Fy = 0.5y0+y1-y3 Fy <-1.25 Fy <0.75 Fy <125 Y
. Fw = 0.5y0+y1+0.5y2-0.5y3+y4 Pw <-150 Fw <-1.00 Fw < 1.00 w
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signals being multiplied by a coefficient value fromsaid set of
.coefficients to provide weighted signals, said weighted signals being
sumed to provide one of said decision values. 5 4, The appar at us
of claim| wherein said first frequency response is a | owpass function with
hi gh frequency boost. 5. The apparatgf of claim1l wherein said decoder"
further conprises a state nachi ne wher P a transition between a first
state and a second state is 10 dependent on said conparisons. 6. The
apparatus of claiml wherein said binary data signal is run- length-limted
(RLL) encoded. 15 7. The apparatus of claiml wherein said FIR

filter hds a second frequepcy response, sard second Trequency respon
whi t eni ng sai §uront®Ertat ed hoi se conprmpleValyp/Nexit State{PgeodehDrtge si gnal .| 8.
The apparfatus ot m | wherein sai tector is a naxinwgr 0:. Ti kelli hood
(M) det get-or—29- A 20 nai AT nartii al
response |( PR) PSRN asE 0P I sing a noise correlating el enent coupled tjo a
detector,] sai d detector fugther conprising a finite inpulse response (JFIR)
filter cqupted .
6000 0/0000/0 +1/0001/1
1000 -1/0000/0 0/0001/1
1100 -3/1000/0 <2/1001/1
oot +3/0011/0
toot +2/0011/0
Negative Phase
f11t 0/1111/0 -1/1110/1
gttt +1l1111/0 0/1110/1
eott +3/0111/0 +2/0110/1
1110 -3/1100/0
o1taQ -2/1100/0
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25 to a decoder, said nethod conprising the steps of:
autocorrelation coefficients for a correl ated noi se signal at an input of
"said FIRfilter; determining a plurality of noise variance val ues at an
output of said FIRfilter for a plurality of FIR coefficient conbinations;
5 determining a plurality of mninmumdistance error values of said
FIR filter for said plurality of FIR coefficient conbinations; utilizing an
optimal coefficient conmbination fromsaid plurality of FIR coefficient

conbi nati ons which maxi m zes a signal -t@&/®ise ratio (SNR), said SNR
conprising a function of said m ninum di stance error value and said 10

noi se vari ance value for each of said plurality of FIR coefficient

conbi nations. 10. The nethod of claim?9 mhereln sald SNR |s detern1ned f or
each FIR $9eLLLG#@HL—GQHb#HGL#Oﬂ—by—dLM
se vari aRgg yakieopulsd 11.

error val ge by a égm&ﬁofsggh,gglnsal d no
met hod of |clai m 9 wherein said step of fleternining said noise
cofpri ses:

autocorrelfatton coeffrcrents rurtner

det er mi ni ng noi se

Detector Type o | 10| 15| 20 25 | 30
Ideal Viterbi 10 776 | 788 | 820 | 859 | 9.09
L 5 Sample, 3 Equation
Fx = Fy = 0.Syg+y1-ys — | 775 | 740 | 713 | 7.04 | 743
Fw = 0.5yg+y1-0.5y3+y4

IL S Sample, 3 Equation
Fx = Fy = 0.5y0+y1-y3 — | 789 | 764 | 769 | 766 | 740
Fw = 0.5y0+y1+0.5y2-0.5y3+y4

OL. 5 Sample, 3 Equation

Fx=Fy=0.8y040.6 +0.5y2-y3 — | 725 | 754 | 796 | 833 | 8.4
Fw =0. 8yo+y1+0.7yz-0.5y3+y4 . 3

V. § Sample, 3 Equation

Fx = Fy = 0.4ym1+0.4yg+0.7y140.2y2-0.5y3 — | — ] 7441 | 8291 | 918! | 9.75
Pw =0.5yM1+0.5y040.9y1+0.6y2-0.1y3+0.7y¢ :

V 5 Sample, 4 Equation
= Fy = 0.75y0+y1-y3-0.75y¢ — | — | 776! | 8201 | 865! | 8.96

FW=70+°'75Y1+Y2-0573+74 . 7812 | 8202 | 8902 | 10.142
Fv = yg+0.5y1+0.75y2-y3+05y4

VL 6 Sample, 4 Equidon
Fx = Fy = Fz = 0.75y0+y1y3-0.75y4 ~ | — | — |820|865} —

Fw = yq+0.75y | +y2-y3+Y«¢ 8202 | 9.542 | 10.902
Fv=(¢Q 75y“+y‘+0.5y2-0 25y340.25y4+ys

1. Optimized for Du=
2. Optimized at each Du
(Fa = yl+y?2, for all above cases)
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determ ning a variance of a noise power density of said correl ated noi se
signal based on a transfer function of said noise correlating elenent; 20
" dividing an autocorrelation function by said variance of said noise power
density. 12. The nethod of claim9 wherein said noise variance val ues are
determ ned for a selected user density (Du). 25 13. The net hod of
claim9 wherein said plurality of FIR cpgdficient conmbinations are limted
to coefficients requiring only shifts and addi ng operati ons. '
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DETERMINE NOISE VARIANCE PROVIDE NEW SET OF
AT OUTPUT OF ML ESTIMATOR FIR FILTER
DUE TO CURRENT SET OF FIR [€ | COEFFICIENTS FOR
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