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. BACKGROUND

Digital mass data storage devices such as a disk drive record digital
sequences onto media and retrieve them from an analog signal, unfortunately
corrupted by noise from various sources. It is desired to achieve the highest

15 recording density per unit area while attaining an acceptable probability of
error between the signal recorded and that retrieved. To achieve this goal, a
disk drive’s read channel uses equalization and coding prior to processing in

a digital signal processor. One solution is to use run-length limited (RLL)

codes with a RLL encoder and decoder.

20 Digital mass data storage devices use RLL codés, when applied to
data only, to improve signal-to-noise ratio (SNR) or to implement frequent
updates to the timing recovery and automatic gain control loops, or both.
The RLL codes use two parameters, d and k, controlling the minimum and
maximum number of symbol intervals between transitions in the input

25  signal, respectively. For a given d, the RLL code dictates at least “d+1”, and

at most “k+1", symbol intervals between transitions. Conventionally used



codes are those with (d, k) constraints of (I , 7) and (lz,m,Am@m@dzﬂy used
with peak detection nethods. These asynchronous net hods detect single
pul ses. The "k"-constraint insures that a non-zero channel output is
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detection designs to recover digital data written as a series of magnetic
transitions on a recording surface of a rotating magnetic disk. A voltage
. controlled oscillator (VCO) uses an “Enable” command for controlled
15  starting and stopping of the oscillator. When the “Enable” command is
asserted, the VCO begins oscillating in a known state, The rising edges of
the clock’s transition occur at a fixed delay interval after “Enable” is
asserted. o
In turn, “zero phase restart” (ZPR), also sometimes referred to as zero
20  phase start, senses a logic transition of a read gate control signal ("Rd Gate")
{0 from inactive to active, and disables the VCO. Upon arrival of a subsequent
“transition edge” at the ZPR logic, “Enable” is reasserted and the timing
control circuit VCO is restarted. A timing delay block compensates for the

delays associated with detection and restart, which results in the next

25  transition edge and the first clock output coinciding at the input to the phase-
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the read channel is first equalized to a' pfescribed partial respoﬁse (PR)
signal. PR signals permit a controlled overlap of responses in the output
signal. 4 priori knowledge of the “controlled overlap” significantly reduces
. the complexity of the required detector, compared to that required for an
15 unequalized signal.

One commonly-used PR target signal in digital magnetic recording
systems is characterized by the transfer function P(D)=1-D?, where D is the
transform of the unit symbol delay operation. This PR signal is commonly
referred to as a "Class IV PR" or “PR4.” The noise-free outpﬁt response at a"

20  suitably prescribed sampling instant for PR4 is given by

Y(nT) = a(nT) —a|(n—2)T] 1)
where:
n = 23,...
| a(nT) = the input symbol at time instant nT,
25 normally i)icked from a binary alPhabet,

{0,1} or {1, -1}.
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data, a timng recovery control circuit, often a PLL, is used to adjust
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phase error detector receiving input Troman anal og-to-digital “converter

(ADC) . 25theurccogdiagdas sveli es adtitomdidancgonothatGnay bedefjiired cfthbei ng zero
when system). A single systefn may require two different PR target signals, e.g.,
PR4 and EPR4. Many PR targets exist for magnetic recording and are now
commonly referred to as the "Extended Class IV" family of PR signals. The
15 Extended Class IV family of PR signals is defined by the polynomials
P(D)=(1-D)(1+D)", where n is a positive integer. Note that n=1 yields the
standard PR4 signal; while n=2 yields EPR4; and n=3 yields E? PRA4, etc.
Correct operation of any PRML system depends on sampling the
readback signal syhchronously. Even small time shifts from thc correct
20 sampling instant act to distort the sample values. To maintain proper timing
of the _read data, a tlrnmg recovery control circuit, often a PLL, is used to
adjust the phase of a VCO based on the phase error, §, determined by a
digital phase error detector receiving input from an analog-to-digital
converter (ADC). .
25 During acquisition, the phase error, §, is defined as being zero when

the rising edge of the clock signal is aligned with the ideal sampling



the rising edge of the clock signal is aligned with the i d®hugasipdishg -4
26 August 2004 instances of the input signal. A non-zero phase error,
causes the error detector to send a signal to a loop filter that outputs a
signal proportional to the phase error. This signal shifts the
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frequency and ghase synchroni zation” The timng control ci reurt rsed a PLL

15 circuit apa atsnglepperkeaciohesenintionat besk defstticiatfhesaRahdied By be
taken at prgdeterm’ ned | ocations along the input signal. It is necessary

to first | ofRiaiped byusisgeauADC that saetplesand @mntizas thé ecacewaivefsnsanpl i ng
frequency can Ei acquj red 1and.tracked. A phase detector processes the
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PRML read channel uses a timing control circuit to acquire and lock

- frequency and phase synchronization. The timing control circuit uses a PLL
15 circuit to generate a phase-coherent clock so that data samples may be taken
at predetermined locations along the input signal. It is necessary to first lock
the PLL circuit to a reference so that the required sampling .frequency can be
acquired and tracked. ‘
A phase detector processes the signal samples fo calculate a phase -
20 ermror, §, between the actual and desired signals. A compensation to this
phase error is used to adjust the sampling frequency that is typically the
output of a VCO, with the compensation for the phase error value as the
control input. The output of the VCO controls the sampling period of an
ADC. Conventionally, long acquisition times are addressed by applying a
25 relatively large initial correction to the VCQ, thus enabling a quick phase
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"reverse-slope null", i.e., a metast'able -polnt initial phase

difference is HEh¢ wme iteukeen timingsterblerpbeseol eigked toReE MY Poi nts. In
this instance, acquisition may ‘

synchronous data clock signal impacts both the speed of acquisition and the

amount of required disk space. In conventional disk drives, when the

“READ” mode is entered, the PLL acquires the initial data clock frequency,

15  f, and phase, ¢, from a known pfeamble waveform, most often a sinusoid,
that precedes the input signal.
By nﬁninﬁzing PLL acquisition tﬁﬁe, performance and capacity are
. improved. Early conventional PLLs had long acquisition times, and failed to
lock within a desired maximum time. This problem is identified in a paper
20 by Floyd M. Gardner entitled "Hangup in Phase-Lock Loops", [EEE
Transactions on Communications, Vol. COM-25, No. 10, October 1977.
Gardner observes that acquisition may staft around a "reverse-slope null”,
i.e., 2 metastable point where the initial phase difference is halfway between
two stable phase-locked operating points. In this instance, acquisition may
25  take additional cycles. Further, the presence of non-negligible noise can
exacerbate this.



25 take additional. cycles. Further, the presence of non-rzgghigisbP@moi se
can exacerbate this. 6 26 August 2004 There are ot her nethods for
acquiring and tracking a sanpling frequency. Timng recovery nethods for
synchronous data receivers have been investigated by K H Mieller and M-
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10 gradient defined as:

Serror) ==y, xx,, +y,,xx, @)
where:
Yo = the sampled value atn
Xq = the ideal sample value that is closest to y,.
15 In a PRML channel, x, is restricted to the values +1, 0., or-1. Once §

is obtained, a PLL circuit is used to recover the sampling clock. The PLL
operation is divided into two stages acquisition and tracking.
Conventionally, a sinusoid is written onto the disk, usually at the start

of each track. It is known as the preamble. Following the preamble on the

20  disk is the user data that is sampled in tracking mode. .The preamble is read
durin_g’ the abquisition mode and data are read during the tracking mode.
Since the sampling clock should be at the ideal sampling frequency and
phase after acquisition, the PLL’s bandwidth is lowered in the tracking mode
to reduce timing jitter. '

25 These designs use a timing gradient (TG) calculated using actual
signal samples and estimated signal samples obtained from symbol-by-

-7-



Since the sanmpling clock should be at the ideal sanpling facequestiocind
phase after acquisition, the PLL's bandwidth is |lowered in the tracking
node to reduce-timng jitter. 25 These designs use a timng gradient (TG
cal cul ated using actual signal sanples and estimted signal sanples
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pr eanbl e5 nusimesheCensdquenely, klye hrmtlyod dot batret tieg siys phmemaystdvielse its
synchroni ze given this 10 situation. Al ongmpreanbl e, however, reduces the

total anoundiigctiensizghustoent seuorl tiameseir te vsmityeaf thisAnétastdbde concern
is the non-1li nﬁ*r .charact%lri stic of the timng gradient circuit when
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to reduce ngpaee available for user data. |
A further concemn is the non-linear characteristic of the timing
gradient circuit when traéldng random user data. Because the method for
calculating the timing gradient is based on approximating the slope of the
15 pulses, the gain of the timing gradient circuit varies when tracking random
user data due to inconsistent pulse slopes. This variation in gain results in
less than optimum timing recovery.
Another approach uses a singlé “FG circuit” to gather a rough
estimate of the ideal sampling instances. This yields ZPR samples that may
20. be metastable, Furthér, if these samples are averaged to reduce noise
contribﬁtions, and, if “hangup” is to be avoided, a hysteresis effect must be
introduced in order to reduce the probability of reversals in the once chosen
direction of timing and phase adjustment. Having this additional function,
i.e., the introduction of hysteresis, to address further complicates thc_a solution

25  and also reduces performance by increasing latency.



contributions, and, if "hangup” is to be avoided, a hyster28Asgaftet4 nust
be introduced in order to reduce the probability of reversals in the once
chosen direction of timng and phase adjustnment. Having this additional
function, i.e., the introduction of hysteresis, to address further
conplicates the solution 25 and al so reduces perfornance by i ncreasing
thod for avoi ding the "hang-up" effect in

| atency. 8 26
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pr eanbl e, ZPR as beeanlﬁ)e wi th conventional 10 timng control circuits.

Upon obt ai ™Y ea}qalluﬁs ﬁﬁﬂ@ﬂ'ﬁ theyataretsubigod t epliwsﬁrdmfsflarthﬂce the VCO
t d t h di ff ZPR t hod
appl | ob’ . SURPRS Bl ACUtER fuftiniPtieRS: Bie RecRsRBOCSHEHOPLET Ui t .
tt t ith the 15
rcom ng < eAupRPbicamiblc, 1 o daoamitee e ROREF pas BB befiresPecor ai ng
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Response Signaling Systens", Proc.
conveni oné&imigg o] carcRlits. ci rcui t cont rols the timng recovery in PRV

recordi ngs. A phase detector processes 'the signal sanples to generate 20 a
phase error, ~, UpSiv@iAining andnifial iapet-signal-toclockopieaseydiffeoenmensiag i on

VCO is stopped in order to adjust for any phase difference. The ZPR

method appliés a controlled phase delay within the timing control circuit,

permitting a “restart” of the read channel in phase alignment with the

15 incoming signal. A ZPR circuit for timing acquisition in a PRML recording
channel is described in Dolivo et al., "Fast Timing Recovery for Partial-
Response Signaling Systems", Proc. of ICC '89 (IEEE), Jun. 11-14, 1989, -

In conventional designs, a PLL circuit controls the timing recovery in
PRML recordings. A phase detector processes the signal samples to generate
‘) 20 aphase error, 4, between the actual and desired ﬁ'ec'luency; Compensation |

for thjs phase error is used to adjust the sampling frequency, e.g., the output
of a VCO, the phase error compensation being the input. The output of the
VCO controls the sampling instances of an ADC. It is necessary to first lock
the PLL to a reference frequency so that the required sampling frequency

25  canbe acquired. Phase lock occurs when a preamble appears undex-' the

readback head of the disk drive. A longer acquisition time requires a longer



for this phase error is used to adjust the sanpling frequegcAugust 2004 t he

output of a VCO, the phase error conpensation being the input. The out put
of the VCO controls the sanpling instances of an ADC. It is necessar y to
first lock the PLL to a reference frequency so that the required sanpling
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under the readback head of the disk drive. A longer acquisiti
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avai l abl e for uyser_data. One technique for Ilocking the PLL to a reference

frequency i Apededrthiibe nomeinabsamplingequensfy. one fourth the noni nal
sanpl i ng frequeniﬁé ‘Iﬂ:l: PLL .nmust be sw tched synchronously between the
clock signal 5 Fle mushilie sviphed spnelonossly bewrean thealock sigradt i ons

f‘LE U%tg %’Ef?@& g ?}ﬁ@&@%%a?‘éﬁéitﬁ%&% 20F SPUSETOS RageL Bé‘:“ﬁcgf‘gil:(t fons.
suscept | bl e teobE FLLHEOhERTEEARE ot LR ERY BRoVCR iy . “Noi oo
on the | npubtasiednBhoABURIOMEAR, irubAEOHAAL EoRBBASIRAMIEIRM . | eadi ng

to i naccurate phase correction that fon time.
One type of imterfeee indtl phaediockifige pairing” noise. Pul se pairing causes

adj acent pulses to have alternating, i.e., early and |ate, phase errors.
Convent i onal zZPRCéeseytionaloZ AR dedprs trepsisveptible rahoise®sbatethhey rely on
a single initial neasurenent. QO her designs iInclude a pulse position

det ect o0 t o€ and dhginpe signalerNoatse dretheeinpud aignad dosesbated te! ock

pul ses, and, an avera ing circuit to determ ne the average anount of phase
di fference H%F&F“E%tw%élﬁ pReasuzement, deadingdpdgaceumatephase ¢umectbandthas st op

the VOO to folyotted:d adhiitad¥elifds BhaS Dne type of noise is termed "pulse
pairing" noise. Pulse pairing causes adjacent pulses to have alternating, i.e.,
-early and late, phase errors. Conventional ZPR designs do not detect pulse
15  pairing since they rely on a single initial measurement.
Other designs include a pulse position detector to detect the phase
difference between data pulses and clock pulses, and an averaging circuit to
determine the average amount of phase difference over several pulsés. This .
average value is then used to stop the VCO to correct for this average phase
N 20  error. Preferably, averaging takes place over an even number of pulses,
N thereby diminishing the effect of pulse pairing noise.
Implementations of EPRML channels have been documented by R.
Wood, "Turbo-PRML: A Compromise EPRML Detector," IEEE Trans. on
Magnetics, vol. 29, no. 6, pp. 4018-4020, November 1993, herein _
25 incorporated by reference, and E. Eleftheriou and W. Hirt, "Improving

Performance of PRML/EPRML through Noise Prediction," INTERMAG 96,

-10-



20 error. Preferably, averaging takes place over an even mamigfusiofogaul ses,
thereby dimnishing the effect of pulse pairing noise. |Inplenentations of

EPRVML channel s have been docunented by R Wod, "Turbo-PRM.: A Conpron se
EPRML Detector,"” |EEE Trans. on Magnetics, vol. 29, no. 6, pp. 4018-4020,
Novenber 19935eiéleeWasis, Apririfditants hereireirmoeporitedby referehed tTiesseou and

W Hirt, "Ilnpr ovf ng Performance of PRML/EPRML through Noise Prediction,”
| NTERVAG 96, HDiCPecTialans upnoersalbvrequire waignal pipesdsing biyckaafer ther ei n

I ncor por at ed referen se., ,inplenentations universally require a

si gnal pr oces‘g(%lrh‘éermod’&l%i% gﬁgqfﬁédc@ﬁmféﬁtqrgﬁéto PRAMIYE T pedermantca
order to optigk : rfQrmance w t hout nodifying..the timng recovery
control ci rcuﬁlﬁ%g%@arlgﬁ%% el FeoveyY F%&PI éﬁ?ggecause deci si ons
about dat sanpl i {1] R Lification is
correct. Iigor exarr%?gfée? géirgg%@hlg Iﬁ-ﬁﬁé}%tib%%%%éleaéagiﬁgj@@rom‘éé , t he +2,
+1, -1 and - 2sathplesldnd SHaE AIPASKARWMAR sPERT émﬁ&?ﬁfgﬁfgg%gg@a{e%wna'

mass data storage devices use a variable gain a to mai ntain

a constant saexdmple] dos PRagltharll arididielevetnanid Fori BRRaL Y+20-+1BL phainoa
constant anpljtude is also known as automatic gain control (AGQ).

| npl enent i ng lewelsdshpulyl bakabwg againrsi Theneforecorbnsionds nidve dampkickigd
sine wave to &n i%gual i zer, ? a digital FIRfilter, to output. an

equal i zed si gREYICCAUFAGISIAD ¢%@i§1 awphities (Y Gush to perintdine canstany sanzpled
oo SR LR A A g o oS 206,
oLeh roposect ER4P A boiesAERbACS!LACTS! et G AR o
the fol | ow nganalog acquisition, the VGA sends the amplified sine wave to an equalizer,
e.g., a digital FIR filter, to output an equalized signal. A feedback loop
- controls VGA operation during analog acquisition. Implementing AGC
15 during digital tracking, the equalized signal is digitized in an ADC and
forwarded to a detector where it is fed back to the VGA to adjust gain.
AGC functions for PRML read channels have been proposéd that
update the VGA gaig by using the gradient deriw?d from the following

relationships:
20 : e, =Yy, —%, (4)
}
gaine,)=e, xx, ()
where:
Yo = the sampled value at n,
Xn = the ideal sample value that is closest to y,
25 e = the decision error.
«11 -



relationships: 20 en = Yn - xn (4) where: yn xn 25 en gai3s(Ausgpt 2008 x x"
(5) the sanpled value at n, the ideal sanple value that is closest to y"

the decision error. -11 26 August 2004 Note that x" is either +1, -1 or O,
for PRA. Once the gain error is obtained, the AGC | oop adjusts the gain of
the VGA. Trﬁotﬁpﬁ\ﬂgﬂhé&cﬁhemﬁh AGE OsfatiRR4ed into two stages, acquisition
and tracking. 5(§)Jri acquisitjon, a sinusoid with a period equal to 4T
is used to provi'dBCt R §AgaToRIsNbtaingd, the AGhdeopEdjnsts thogaimabtie ti ne

or discrete-;d t hods. can.he .1qQ.i.npl.ement the acquisition node.
See R G de‘é.b'yg-ﬁ,r H%PPBB%S‘}%?f%!e w@%awlg& MRG0 T Stages SeeprisitionsarRRML
System for [&&%ﬂg Magneti c Recording," | EEE Journal on Selected Areas in
10 Conmuni cations? Vol. 10, No.1l, pp. 38-56, January 1992 and R Yanmmasaki,

L T el mupdc e AR g e

San Franci sqroviddthe $ipnaPaidplitdid RFefeRREATEth & Eitthuds-time or discrete-
time methods can be used to implement the acquisition mode. See R.
Cideciyan, F. Dolivo, R. Hermann, W. Hirt and W. Schott, "A PRML
System for Digital Magnetic Recording," IEEE Journal on Selected Areas in

10  Communications, Vol. 10, No.1, pp. 38-56, January 1992 and R. Yamasaki,
T-W. Pan, M. Palmer and D. Browning, "A 72 Mb/s PRML Disk- Drive
Channel Chip with an Analog Sampled-Data Signal Processor," Proc. of
IEEE ISSCC, San Francisco, 1994, pp. 278-279 incorporated herein by

. reference.

15 In the continuous-time implementation, a peak detector is used to
derive the amplitude error. After acquisition, assumning that the gain of the
VGA is appropriate, the bandwidth of the AGC is reduced for the tracking
mode, thus reducing noise sensitivity. )

EPRA4 relaxes the need for equalizatibﬁ as compared with PR4 (fbr ‘

20  higher channel densities). Having a lower high frequency SNR than PR4
enable;; EPR4 operation at higher linear densities. However, this comes at a
price of added complexity, in turn, leading to longer processing times and
lower throughput rates.

A further consideration is the non-linear characteristic of the timing

25  gradient circuit when tracking random user data. Because the methoﬁ for

calculating the timing gradient is based on approximating the slope of the

-12-



reference. 15 In the continuous-tine inplenmentation, a peds Agjuectans is
used to derive the anplitude error. After acquisition, assumng that the
gain of the VGA is appropriate, the bandwi dth of the AGC is reduced for
the tracking node, thus reducing noise sensitivity. EPR4 rel axes the need
for equalization as conpared wwth PR4 (for 20 higher channel densities).
Having a | ower high frequency SNR than PR4 enabl es EPR4 operation at

hi gher i reéj,etﬁ%irédiﬁ?af Jﬁ%‘élﬁ}ﬁgﬁg gﬁ’éﬂién?@ﬁ@ﬁit YParfes Whig ?ra%gir?gjgﬁgirom user

conmplexity, 1n’tur nger processing tines an

t hr oughput d4tat Bscael BF tdlﬁhgiﬁ?gc‘j%lg%m%gb t . Phish¢afi@ioh ﬂle?’aiﬁ ﬁﬁﬁEé%rsh%t-i c

of the timng 25 gradient racki ng random user data. Because

t he net ho%ﬁtﬁhun@ﬁh@iﬁg%b@@eﬁyhe timng gradient is based on approximating
the slope of the -12 26 AuguSt 2004 pul ses, the gain of the tim ng gradient

circuit varies Thereforegckihag isandededssr todpievidecausasetbbd chadosydenu|foe
sl opes. This variation in gain induces sub- optinmumtimng recovery.

Ther ef 6r e, opiiaizing theetesdant sassociated ivi¢h @ trtingdremodesy grocedsoFurther, the
optim zing the restart associated with a timng recovery process. Further,
the syst essédroheoubd beageaabte of oppimizing the sthding phasefomphmdng fasquisitivng
acquisition in.nmultiple operating nodes_and should be transparent to a
user. SumvERVuliple anesating sodgsian wid pedransparains tpaaisent i nventi on,

there is provided 10 a method for Mphase error when processing a
digitized signal in a timng recove -operable in a system
associ at ed wit hyg MENDLNANG RS0 (L0GPLPULELIDD 2;phASE detect or having an
10 a method for estimating phase error when processing a digitized signal in a
timing recovery circuit operable in a system associated with a memory and also
incorporating a phase detector having an input and an output, comprising, a)
employing timing gradient circuits, one of said timing gradient circuits being
native and another of said timing gradient circuits being non-native, each of
15 said timing gradient circuits implementing a different phase error transfer
characteristic realized through a unique encoding method, b) normalizing, if
necessary, each of said timing gradient circuits, and c) estimating a phase
adjustment operation, wherein, if said native timing gradient circuit has a
timing instance closer to zero phase error than said non-native timing gradient
20  circuits, then an adjustment value, x, a number associated with said native
timing gradient circuit, is inputted to the timing recovery circuit, and wherein,
if one of said non-native timing gradient circuits has a timing instance closer to
zero phase error than said native timing gradient circuit, then an equivalent of
180° is added to said value x.
25 In accordance with a second aspect of the present invention, there is

provided a system incorporating a phase detector having an input and an

output, a timing recovery circuit, and an association with a memory,

-13-



enploying timng gradient circuits, one of said tinng gradifmgust2ocuits
being native and another of said timng gradient circuits being

non-nati ve, each of 15 said timng gradient circuits inplenmenting a

di fferent phase error transfer characteristic realized through a unique
encodi ng nmethod, b) normalizing, if necessary, each of said timng
gradient circuits, and c) estimating a phase adjustnent operation,

wherein, | LoRfiikiig! h“fatlvetindng! ghdtalle Cirédit!dnd'dndh-nlifh il (AAG RNt

closer to ze phaSe error t S non-native timng gr

circults, thenitaforfeldhiingiinehid sedondollfie TGR&ME TG £ deihddiivepy. hritPd | ve

timng gradient circuit, iS inputted to th I mng recovery circuit

wherein, chnpgar & teordvingakaide TG rand W(ﬁdhﬁﬂtccﬁhFaﬁthvﬁl@l%s ahleteB Mg
|

i nstance closer to zero phase error than sa native timng gradi ent

circuit, tKkdreram,ddsakhpativedimiig@radieadddrtuip hagiadtivdhgeinstanik® ¢loser to
accordance with a second aspect of the present invention, there is

provi déd azeysstphmasencorgiothan nsaid pilosseatiee etiinghgvadignanciragts, dneh amn
output, a timng recovery circuit, and an association with a nenory, -13 26

August 2002dpwEBent | vidueaxndt invenbemanspaiated; svith aid uativen diming gradicnt e
o "0l g5 Bine TSR Fabiek i 4 Srhestant S g
o1 FRVE N Eelaent T e b e e R et
wt th"sab o i b e Fanib Ghaffens tkalil Yok o pifivalentpd BEOT s Addef s ©
has a0 of R UdipsBRERCPARERT, 1 o ee error | than Sai 4 native timng

gradi ent circuity fduepdae® With 3 QRlrdChsf&Q bf RUIBrdeft ih¥efiftbd, FHELSTEEN

val ue x.
provided a phase detector, having an input and an output, and an association

with a memory and a timing recovery circuit, comprising, a native timing

gradient circuit and a non-native timing gradient circuit, for generating first and

15 second outputs TG, and TGy, respectively, and a comparator for receiving said

TGy and TG, and comparing values thereof, wherein, if said native timing

gradient circuit has a timing instance closer to zero phase error than said non-

native timing gradient circuits, then an adjustment value, x, a number

associated with said native timing gradient circuit, is inputted to the timing

20  recovery circuit, and wherein, if said non-native timing gradient circuit has a

timing instance closer to zero phase error than said native timing gradient
circuit, then an equivalent of 180° is added to said adjustment value x.

In accordance with a fourth aspect of the present invention, there is

provided a mass data storage system incorporating a phase detector having an

25  input and an output, and an association with a memory and a timing recovery

circuit, comprising, a native timing gradient circuit and a non-native timing

gradient circuit, for generating first and second outputs TGy and TGy,

-13a-



In accordance with a'third aspect of the present inventi or2é Aurrise200st

provi ded a phase detector, having an input and an output, and an
association wth a nmenory and a timng recovery circuit, conprising, a
native timng gradient circuit and a non-native timng gradient circuit,
for generating first and 15 second outputs TGO and TGl, respectively, and a
conparator for receiving said TGo and TGL and conpari ng val ues thereof,

wherein, i | &k i |4y | W NG
cl oser o Teeoay 4R Al aroRrth ke R eld Ty Sud TOl Aol dpie,

then an adjvakidgtetiereaf,Ussherein? iﬁusm&rnat@?mﬁhﬁigegr&ﬁiem sét¢hifaldsvg tghimgg

gradient circuit, is i'nputted to the timng 20 Tecovery circuit, an
wher ei n, i finstahce olusenad e phasenerror dtiresdidaidicHativdinihg siadias diRgiiggce
closer to zero phase error than said native timng gradient  circuit, then
an equi val éim¢n afn B8fustmend dealuep xgaa domdpes tassotiaved ueitk. sdid astoe dandeg
with a fourth aspect of the present invention, there is provided a nass
dat a stor ageadigst eirciiitc ts prputtéchte thephiasiagdecoveny chauitngndnwhefein nifisaidnd
an output, and an association with a nenory and a timng recovery circuit,
conpri si ngROR-RAVe dlnaing grpdjentdcartitchas ai timing iasisose reloseateta iZotomghase
gradient circuit, for, generating first.  and _sec;on&1 outputs TGO and TGl, -13a
26 August SHX saidi pallye taming %6&'&&#‘ At othene aRi gquHyakeat T &80ansg
TGl and cogaari n% . a(%].uets thereof, wherein, if said native timng gradi ent
circuit hadddedite; ﬁlji/a HStEEREVaESer to zero phase error than said
non-native timnpg. gradiegnt _cirecuits, hen_an adj ustpent val ue, Xx,.a nunber
associ ated with Q? H: ig@ﬁq%&%ofgﬁ%ipéﬁe i Gpﬂsnigsqsnﬁﬂt?‘r@hltpﬁmﬂ'ﬁe
timngqrec ' [ : LA, ' N=-naft-i 1 LN radi ent
ci reu? hagdgog Gue ¥ hor Bl AT Biufng SradR (TCONCREY il ELARLNIFAUEY
timng gragh } ' i i : La-1:
T mnf&ygﬁ?g@%ﬁg BEREs 8P Bl CHRLANSS RpatPlocated 4086H0dig$Bnthling
instances, 1.e., orthogonal to each other. For example, the center timing

instances for a Partial Response Class 4 (PR4) detector are at %, 3%, STE’ %‘T

along the ideal sinusoidal waveform provided as a preamble, while the timing

15  1instances for EPR4 are at 0, %, T, 3?”, and 2 z. Further, neither circuit of the

pair is required to exhibit a hysteresis property, thus reducing latency and
processing complexity.

Before the initiation of a ZPR operation, each circuit of the instailed

pair(s) of timing gradient (TG) circuits is normalized if the two TG slopes of

20  each pair are not the same and to allow for use of the power of two modulo

arithmetics. This insures the same values for transfer characteristics. The

circuits are then activated to calculate phase errors within each of their

respective timing sampling instances. At the moment of ZPR activation, the

one circuit of each pair of circuits that is closest to zero (i.e., gives the better
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A preferred enbodi nent of the present invention uses an ardshhugest2008 10
havi ng one or nore pairs of timng gradient (TG circuits with center of
zero- crossing operating points of each circuit of a pair |ocated at
opposi ng sanpling instances, i.e., orthogonal to each other. For exanple,

Che center Qo SSRIES 0Lt il RERTOABCARTt B oL

are at 3rc al ong I NUSOI waver or | ded

as a preanbticulthi(lfmidie tmmﬂgpﬁﬂr&:ﬁwaﬁ&ﬁ& fs%seﬁ?%rﬁf}%t%’ircﬁit ?’]—g/asq and 2

r. Further, neither circuit of e pair is required’'to exhibit a eresis

property, tbiithe arhleded ciratinavittatt lgwes esornglaeipbelstiod.). BBfeeqht he
initiation of. a ZPR operation, each circuit of the installed pair(s) of

timng gradinifel pirge eiroe distabitionds naiforey eithet bé thevpaifGos hagest the 20
- each pair are not the sanme and go allow for use of the power of two nodul o
ari t hmet? cs SUeHitS of maghtple pusy bagan gquakchance obbeingrchosenadndhe sases. The

circuits are then activate o0 cal cul at.e phase, err.ors within each of their
respective ﬁ}}ﬁrﬁ& %%Bﬁﬁﬁﬁ%i‘(héﬁ ﬁ%@@g to fhe denredh g semphRaginstanaeson, t he

The bet tor 8 RanaE abbSoettE ot thle P ahid b Erniferpiateter ror
ciroui t5 1 s haey, ThoRe pRu ot TE D o1 dBESAANARE BB ioREE v ¢

the | owest ermopvaliddsueThis &gliesieatof 1369 Ra8itdiEcohld IBé% elclpbABLa8ddPr

distribution is uniform either of the pair (or any of the 57circuits of

mul ti pl 0 pairthyr hetheaphasguddtectoafintenfallyyiondn che siening recohercesgtromher e a
non-native TGis closer to the desired timng sanpling instances, a
separat e si gigniti(extganally). e fiendnidial iZRR toparatampgs eesultdnt plmsg errdrhe

equi val ent ﬁf‘éldeO for one pajr of TG circuits) should be_added tog the
resul tant pABQWd apnTeach Zetp dhushforcmg) seleetieon of thepativeiliG dhersalics be

cyclically agdedias Fig. 8a provides angular measurements of a sinusoid (preambie)
and Figs. 8b and 8c provide angular measurements of a bit.

15 An additional benefit of using at least one pair of TG circuits is that
the resulting phase error transfer curve now has at least two extremely
accurate operational points that are also signal amplitude independent. This
results in any maximum incurred error being at least half what it would have
been using only a single TG circuit. |

20 Some of the salient advantages of the present invention are that it:

-_- imposes no requirement for memory (e.g., a register) at each stage.
¢ reduces latency.

¢ reduces net overhead.

¢ is ideally suited to use in those systems calling for dﬁal operating

25 schemes employing two different encoding architectures
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10 either in the phase detector (internally) or in the ti @6nuguec20leEry
control «circuit (externally). After initial ZPR operation, the resultant
phase error shoul d approach zero, thus "forcing" selection of the native
TG thereafter. Note that Fig. 8a provides angul ar neasurenents of a

si nusoi d ( preanblee) perdoingicghoul Stomnh @@rgtﬁ%ﬁiﬁtﬁ?tage%&'i tHERSINABR  tigndf 2
bit. 15 An additional benefit of using al |east one pair of TGcircuits is

that the resultingaysiteble enddhen flips tler resutivte thewrdekéngttdgeast two
extrenely accurate_ operational points that are al so signal anplitude

i ndependent. Thi & @egsmetsequirgdyysteresisaficats berpttodnced. bei ng at | east
hal f what it would have. been using only a single TGcircuit. 20 Some of
the salient advarft RFRSITHElY Ketipraies hotal ¢ ishitt awhile Hacuiting 4 npnaeamo

requi rengnt for mﬂr&v&e'%” a register) at each stage. reduces |atency.
reduces Ret over headdfr P é‘éﬁi‘F@r suited to use in those systens calling for

dual operating 25 sghenes enpl o .two different encoding architectures

I n
-14 26 August 2004 re@é‘??%?ﬁggg’é?%%ﬂa&lqrbns in acqui sition stage when there
is nore time avgil hen flips the result .t he tracki ng stage.
does not requi reqhygéygﬁggﬂqgoxépﬁgg{eg %@“PH@P&&’&E@B@hfe&%@&r ately estinmates
total phase shift, whi lNGUR L ' ni mum 5 hardware burden. . reduces
error propagati on. Vﬂllﬁgg%ésl ggéé%%% ?&?E}gﬁ%goﬂ‘ffﬁ?satfg&?ﬁer%%%?Ié(,tbﬁr@.mr
includes at |east tuynhaBeEEAlE POints for operation on the error transfer
curve.

10 e can be made extremely accurate by simply adding circuits to

operate, as needed, in pairs.

Thus, it is a general advantage of the present invention to improve the
timing recovery method in synchronous partial response magnetic recording
systems.

15 Further, an advantage of the present invention is to provide a ZPR
optimization system that determines an optimal starting phase for a timing
control circuit oscillator, thereby minimizing clock recovery time.

A more specific advantage of the present invention is to provide a
ZPR that uses a minimum amount of hardware and subsequent silicon area

20  ona chip.

A further advantage of the present invention is that it provides a ZPR
optimization system and control algorithm that determines the optimal
restart phase for an oscillator clocking signal provided to an ADC for
sampling an incoming analog signal. A

- 25 A further advantage of phase optimization is minimization of the

frequency transient, since frequency may be derived by integration of the
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10 can be nade extrenely accurate by sinply addi ng circui2&August 8p@t at e,
as needed, in pairs. Thus, it is a general advantage of the present

i nvention to inprove the timng recovery nmethod in synchronous parti al
response nmagnetic recording systens. 15 Further, an advantage of the
present inv iserridr, 90 PIcRvidh b A h@QN . et erm nes
an opti nmal g?aarti ng phase for@?gﬁ’ﬁrﬁll%%ﬁ%%%% gji}ﬁ&‘gl?gl:’]?%’tegr, t her eby
m ni m zi ng dreglencyonversyartd sheorténabacqEpRiif bEtRAYRAKe, Of -t he present
invention is to provide a ZPR that uses a m ni num anount of hardware and
subsequent silicdh Sélﬁ’lé,athezuvcntlan@:Ianplchi!e\fwbd:ﬂim—rnddw@nrﬁ@‘marxfcet[j}eﬁpﬂﬁﬁgent

I nvention is that it provides a ZPR optimzation system and contr ol

al gorit hm t & 2YER8&¢ ﬁ’i%ﬁé% di&@%@ifﬁﬁler ther earinsigRtaneousomen osci | | at or

5ot o ener oy I P Bellad Bied n e BRI e e aiarhon o s, O

f t ' ' . deri,ved by int ti f th

15726 muguet 365y BrReRt Bl P PR RR RGP IR plhe bl s, 6,
It in | : | S L -of it he

D oAbl o | e E POSCr Q% Pt 8Pkt sdfmled)

finding an sigeildssenhisspariilel e eacte TR Lhehit 4HNa 8bnidiehR! BRCTBm 5 A

preferred nmethod used for the starting phase selection in a m ng
recovery pradehsoluteciales, canpandsithe @ridemnalngs prohredfecn @ich TeEDERe)t,

frequency sappled signal at two simlar TG circuits. The received sanpl ed
signal il§ semi adiusied starengphasads salectdd, based anch signehpepresantingtie |
mntmm lesser absolute value of the two error w./al.ues. The timing recovery control -
circuit is coasting during this period until the user wants to use it. The
timing gradient closest to zero is then either latched or averaged over a few
* cycles until ZPR is initiated.

15 BRIEF DESCRIPTION OF DRAWINGS

Figure 1 is a diagram of a mass data storage device and part of its read
circuitry.
Figure 2 is a block diagram of a read channel circuit for a preferréd
embodiment of the presént nvention.
- 20 Figure 3 is a block diagram of a conventional timing recovery circuit
connected to a phase detector via a loop filter.
Figure 4 is a block diagram of a conventional tifning recovery circuit.
Figure 5 is a block diagram of phase detector operation for a preferred
embodiment of the present invention.
25 Figure 6 is a graph showing maximum phase estimation error using

two timing gradient circuits as compared to a single timing gradient circuit.

-16-



of absolute value, conpares the error values produced frordteSdusTZ®® rcuit.
10 An adjusted starting phase is selected, based on a signal representing
the |esser absolute value of the two error values. The timng recovery
control - circuit is coasting during this period until the user wants to

use it. The tini Bigwreeatidelineatessestfdrqunefions Sot NeP, Bid hefetdabshed or
averaged over a few cycles until ZPR is initiated. 15 BRI EF DESCRI PTI ON OF

DRAW NGS Fi gure 1 Figuze 8ailagrdepictiorofrasmplimpepaints figex pesferedand part of
its read circ itci;i : Fiﬁ%r%Z is.a block diagram ofa read channel circuit
for a preferFB¥O ﬁiﬁ’é‘@it nnoyfs PR4, FP&bmnd Fiversticase” somplipgrpoifits s a

bl ock di agra f. onventional .timng recovery circuif connected to a
phase det ect g%‘é)%lgteg ‘Vgﬁgjqiﬁlppélrn.velﬁ Rggatye igupggrrdens gloapasof a

ti | tim . Cd S P [ -bl ack_di n of ph
et ector “oper at| on PUE S Bhels HELT S siptliP efister finflich SoEEBRE Rt  On-
det ect or oper effér Féd GHOEH _
i ng. 0r adh et oot Lo g0g SulBh LB AR S PRRD Gie calRvaipela

-16 26 Augusf8@®04 Figure 7 delineates transfer functions for 1, 2, and 4
detectors. Figure 8a is a depiction of sanpling points for a-preferred

embodi nent t hat shogwerRideEiPRAthedl@ civanistranefee Tuseiad FRIPRAI mithve mode
associated with both posjtive and negative timng gradient slopes. 5 Figure

8b depicts tHathrEPR4 made sunenisnposediwithi amappropERie ofifstt wguivahes tei t h PR4
node sup%i mggagd Wi th an appropriate offset equivalent to 180.
Figure 9 depicts the phase estimation error when EPR4 is the native

mode, including worst case at .’%. and multiples thereof, for a TG circuit

employing normalized EPR4 used in combination with a TG circuit

employing normalized PR4 mode.
15 DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Figure 1 is a diagram of parts of a mass data storage device 100,
mcluding part of its read circu’iﬂy 113. The hard disk drive 101 contains
several magnetic disks 11 1, each containing data 611 its magﬁetic surface 117
and each associated with an arm 103 controlled by a voice coil motor 1,0.4,.

20  the arms being connected to spindle 102 that is rotated by a §pindle motor
(not sliownj. At the outer end of each arm 103 is a read/write head 105 for
reading from and writing to the disks 111. A magrietic disk output signal
112 from read/write head 105 is input to a preamp 115 that, in turn outputs
amplified signal 116 to read channel circuit 113. The output signal is

25  transmitted on path 119 from the read channel circuit 113 to a controller or

digital signal processor 114,
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Figure 8c depicts the TGcircuit transfer function for PRAEGHEtGUsE2GEEde

wi th EPR4 node superinposed with an appropriate offset equivalent to 10
1800. Figure 9 depicts the phase estinmation error when EPR4 is the native
node, including worst case at n and nmultiples thereof, for a TGcircuit 2
enpl oyi ng nor mal Fipd &RRts asmdvientionabicadtdlamnet tircaitGcbf Bl 1 in@ABiOYi N
normal i zed PR4 node. 15 DETAI LED DESCRI PTI ON OF THE PREFERRED EMBODI MENTS
Figure 1 isdatedi ang aenventipnal siwsuitay fesspplying sine agd gaavicoatrdpd0Shown
including part_of .its read circyitry 113. The hard di sk drive 101 contains
several maghetiRUtgs §ﬁ% 09%} Sé@é*ﬂ Idéehpriseney dabofdng d shateemditioneduhé ace

o1, 30 R 1A BT e e R e o
[ : X . .103.i
i T R %?Wiggﬁfﬁﬁé%%ﬁ@g?fﬁw@j%wfﬁé”na_gs%zéﬁaﬁ1. A
magnet i ¢ di glocutpis wih@naad dieufel eRnARAAWS! L& agAdidOSh haalBRyE. 192
1'e

preanp 115 that, in turn outputs anpli Si gnal 0 rea

circuit 113pravidedwnppdthA0Big. Dsfraf dnABg Wity T0PRID 2l hAMLDE,-r ead
channel circuit 113 to a controller or drgital Signal processor f 4. -17

26 August 2digitaticnverteh(Md @) 20 FepPi dbat enstotliataniatiucies aub-biddi3i@f
Fig.1 in nore _detail_ and conventional circuitry for applying tinme and
gai n cont r oflgnghewputfEommHIC 282 Hig. ammathsfl%éig-ﬂlﬁ) ofFIRrghep2Q15 of
pnai og 19 B4 hauRegRoR Bt RvEn) eAiessPatted ROFh g R tasient POSdiigod and
signal  condpt | QaLA%y B (ﬁgj)tgsrhac}wn) external to the read channel circuitry 113
Fig.1. An 8-bit filtered digital output signal is provided on path 209 Fig. 2
to a detector 210 Fig. 2 for output on path 119 of Fig. 1 to the digital signal
processor 114 of Fig. 1. In one embodiment, a second path 211 Fig. 2 is
15 provided for feedback purposes, first to a band/error detection circuit 212
Fig. 2, the output of which is provided as a 5-bit higher order signal on path
213 Fig. 2 and a lower order 3-bit signal on path 214 Fig. 2 toa gradient
block 203 Fig. 2 containing timing and gain gradient circuits (not separately
shown in Fig. 2). An output signal is provided from the gradient block 203
- 20 Fig. 2 on path 215 Fig. 2 to automatic gain control (AGC) circuitry 216
Fig.2 ﬁ'om the gain gradient circuit (not shown) of block 203 Fig.2. From
the AGC 216 Fig.2 an adjustment, or feedback, signal is provided over path
221 Fig.2 to analog circuitry 204 Fig.2. Another output signal from the
timing gradient circﬁit (not shown) in block 203 Fig.2 is sent over path 219
25  Fig.2 to phase locked loop (PLL) 201 Fig. 2. FromPLL 201, a feedback of

phase adjustment signal is sent over path 220 Fig. 2 to ADC 202 Fig.2. Fig.
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processing wi thin read channel circuitry 113. A conditi oneth Anflsogoc gnal

Is provided on path 205 Fig. 2 fromanalog circuitry 204 Fig. 2 to an

anal og-to- digital converter (ADC) 202 Fig.2. One enbodi ment includes a
6-bit digital . signal output fromADC 202 Fig. 2 on path 206 Fig. 2 to a
FIR filter 207isiproMided as hnexamplepd theconsbntiohalemethabebpiatidihgninting
coefficient 2(1)_]%r Fi.% 2 qrovi ded by source (not shown) external to the read
channel ci r cfifd A1 eonIg gpermitiipg anyrnderstanding ofithg concenis peadisgdoal is

D6 of g Drbfabeftaifent ol resentuaaitioma’or Fig. 1 In one
FIret (o a bands er gy S SSBIAt rflodic s ps¥ inyeibong] ungRe sEeouiibopn | s
Order 3-bt o qnalon SRAPEL B BE2, Yplihe aNC (R shofi i pIe
cont ai ni ng ti38Ing Bigd 3)apendrtasd @Btsagigles bﬁjcq(irtg] Wzngtg}%v%gé%dg Fig.

2). An output signal is provided fromthe grad C on
path 215 Fi g.input froauanalmig mretgaiyrﬂ(iwﬁli%.@lalb tig 20§ Uithrorded f 14k from

the gain gradient circuit (not shown) of block 203 Fig.2. From the AGC 216
Fig.2 an adj Udth@@l, Figr2 feedpquited sagipling feguencyledsinveoidpatot shadd)kitg. 2
to analog circuitry. 204 Fig. 2. ot her output signal fromthe timng
gradi ent ci r W% Q‘-ﬁ'gl a&%@%ﬁPﬁPE%Wﬁdg Fivgherei E is@he bib periodadhirgeeteds
9.2 Lo Rnes AEFRGOM KELL) 120 Flded FromPtl 20t 8 feedbeck of
R e R i B T
S tepi cts o bl oorp BanEng SRR RTERALls GlotishGo B3 Hio LKA bk ™ ©
203 of Fig. 2). The timing gradient calculators 302 of Fig.3 provide input
over path 304 to a proportional-and-integral loop filter 303 that is connected
15 viapath 305 to VCO 301. In turn, VCO 301 receives a reference signal
from an external source (not shown) over path 306. VCO 301 provides
adjustment or feedback signals over patﬁs 307a and 307b to timing gradient
calculators 302 as well as to ADC 202 over paths 307 and 308. Note that
what is conventionally termed a phase detector is the final staiges of ADC .
20 202 and the timing gradient calculators as depicted by dashed block 310 in
Fig. 3.’ Fig. 3 is provided as an example of the conventional method of
providing timing and phase control, permitting an understandmg of the
concepts leading to a preferred embodiment of the present invention.
Fig. 4 shows the position of the pieces of conventional timing
25 recovery loop 300 of Fig. 3 in relation to conventional timing recovéry

circuitry 401. Fig. 4 shows input from analog circuitry 204 of Fig.2 along
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5 300. The digital PLL 201 in Fig. 2, enploying a VCO ( notossheyMat paodi 9. 2,
301 in Fig. 3), generates the sanpling clock of ADC 202 shown recei Vi ng

i nput fromanalog circuitry 204 Fig.2 along path 205. In order to |ock the
PLL 201 Fig.2 to a required sanpling frequency, a sinusoid (not shown) at

e SR R A I ol et ol B EIERE e
K N e T
Dut §nelUISdeh bl aka ROB0DE ai2le pHieabs T oAk 68 pukas 507

(filter 303 307AFid s sRARGSIMDISFILA. pEsh iASRatel MRPHILo the riultipleeO 301

receives a reference signal rom an external source (not shown) over path
306. VCG 3040DFoy.idlesan atdiuts AGQITRK 404 dhack Sognat sxternal gmirks (867a and
307b to timng gradient calculators 302 as well as to ADC 202 over paths
307 and 308shavem eprchadingtatusi en duenmede; (a0 being regdisitiph@ddheet ector s
the final stages of ADC 20 202 and the timng.gradient_ calc Iatg,rs S

depi ct ed byPi@asHda shrwseid a0t shpwi), gnd3TRE g‘gdw@tm&traﬁ&mgj@ﬁ&&s whatabxanpl e

of e comuen ool TS ool o UL R K ando o5 SO Kol or
crbod ment gl SRBRERPRbRIEBAL PR o RO A0 RS Mot e
Cireai 11 2 3 A A S T A P 202
Fig. 4 and g paed/ealor R&ctich Eheuit DR2Fiot &r P bald/@rrbr dddedtbt efrelitdet ai |
I's provided about nultiplexer 402 that Selects output signals from ADC 202
Fig. 4 al onglpdip. 4Q3tputy.thé highasmet SthiogigriaRalong path 213 Fig. 4 and the
lower order 3-bit signal along path 214 Fig. 4 to the timing gradient circuit
310 Fig, 4. The timing gradient circuit 310 Fig. 4 provides output along
15 path 406 Fig. 4 to the loop filter 203 Fig. 4. The output of the loop filter 203
~ Fig. 4 is provided to a summer 408 Fig. 4 along path 407 Fig. 4 together
with a frequency reference signal along path 306 Fig. 4 from an external
source (not shown). The output of the summer 408 Fig. 4 is transmitted
along path 409 Fig. 4 to VCO 301 Fig. 4. VCO 301 Fig. 4 also receives
20 input from a zero phase re-start circuit 410 Fig. 4. The output of the VCO
serves to adjust timing of the ADC along path 220. The zero phase restart
circuif 410 Fig; 4 receives a continuous time ADC input waveform along
path 411 Fig. 4. Fig. 4 is provided as an example of the conventional
method of providing timing, phase, and gain control, permitting an
25 understanding of the concepts leading to a preferred embodiment of the

present invention.
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207 Fig. 4 along path 211 Fig.4. Al so indicated as inpuf t 26 Agustrbod pl exer
5402 Fig. 4 is an input, ACQ TRK 404 Fig. 4, froman external source (not
shown) providing status on the node, ACQ being acquisition of the preanble
sinusoi d (not shown), and, TRK jndicating tracking of the digital_ signal
out put al ong paﬁﬁgQ g)rﬁ‘,\v’gi_eszaﬁpﬂqg%cﬁpgq of @ preferted gmbodimentafitbat of  t he

I A Pt R LD Sl A0
Fig. 4 AR G4 1o
0t SO0 gt e B P r T IONP A

Fig. 4 and Riges theweplii ﬁl(ﬁl@bp':ith@%@%' | 206 PRd. ; '

timng gradi g_nt Ci rqgi t 10 Fig. 4. Thearﬁ m ngpgé ?d%%ﬁtpﬁg??%ﬁ?%lﬁg&%&h g. 4
provi des oulipirg gramigntl@NPE)ib140ks,fhg oné ihaht detleddd 501 Fig2§3eddige 4. The
output of the loop filter 203 Fig. 4 is provided to a sunmer 408 Frg. 4

. g
al ong pat h fnorn aty 206 depsgnated asi Gy 408 Teguerand thef ethende thé dosted Hoang
pat h 306 Fijg]. ﬁ_frog 8[] e>§§rt ernal, _source! (not shown). The. output of-the
summer 408 ¥t 5 leadmng, e path 2000 sgsigaatedid6:1503. Fig. 5o Bach 86thei g. 4.

VCO 301 Fi g, SO receiv 0 input. froma zero. phase_re-start_circuit
410 Fig. 491\1']1:#9%‘(95‘?([3 ozlmfﬁg DS @Q%égu%@ tiqny ﬁfﬁgréfblpﬁ]é SABC al ong

pat h 220. rt circuit 410 Fig. 4 receives a continuous
time ADC i%ﬁ?éﬁég%ﬁgs Egpgﬁr;gﬁ path 411 Fig. 4. Fig. 4 is provided as an

ADC | ApU | - 4. Fig 4is _
Cont Tol per m t LY RGUaiCg Onde A i of & a0t ELtio R 303708 8 7

preferred é@@ﬂ%&@ﬁﬁp@ﬂ‘ﬂﬁe"tﬂlmﬁf Sip@Rl pteWasd ifRiin ABT éﬁzﬁgygtal&&é’@g@sg- S

provi des a bl ock diagram of a preferred enbodi nent of the hase” detect or
portion 30206 and 2064 RigeS5; wiiosg ougmetve icjockedcon path 904 Fiig5 4 a clock

(not shown) and optionally normalized by a rﬁultiplicative factor established

in an external source (not shown) as shown by the multiplier at 505 Fig. 5.

15 The normalization is optional depending on the system architect’s
requirements, e.g., if the slopes of the timing gradients TG and TG, are
equal, normalization might not be needed. Another benefit of normalization
wquld be to bring the arithmetics down to modulo 2, should that be_
desirable. | |

20 In a preferred embodiment, outputs from TGyand TG, are provided as
7-bit signals to a multiplexer 506 Fig. 5 along paths 507 and 507a Fig. 5 for
TGyo and along paths 508 and 508a Fig. 5 for TG;. The output from TG, is
also fed along paths 507 and 507b Fig. 5 to an absolute value comparator
| min | 509 Fig. 5. Similarly the output from TG, is sent along paths 508

25 and 508b Fig. 5 to absolute value comparator |mm| 509 Fig. 5. The values
of the output signals from NTGy and NTG; are compared in absolute value
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The input is shown as a 6-bit signal from ADC 202 Fig. 2 aléomgueprdnd206
Fig. 5 then splitting along paths 206a and 206b Fig. 5 to a pair of
normalized 5 timng gradient (NTG blocks, the one in the dotted box 501
Fig. 5 | eading fromErn t h, 206a designated as TG 503 Fig. 5, and the other

in the dott edmseratdrOPmin b509 Fieading ﬁrﬁ%‘ﬁt@ﬁmlé’ﬁ’@?ﬂﬁ’@&wrﬁé%@osléﬁ503 Fig.
5. Each of the NTG bl ocks 501 and 502 are simlar, thus, description of

NTG bl ock 5@gro,smftputted ab signEGMEANhNAIZ aldf: MAh 9[@@1g59$0 Eatghﬁlcmgsl sts
of atim ngégradl ent circuit 503 Fig. 5 having as input the output “signal

provi ded freémlaichZobl Figy 5 recaivesgigealHsATLIE MIN alige path. 5B, Fihdse out put
I s clocked ath 504 Fi 5. by. a ¢lock (not_shown) and optionally
nor mal i zed eriemab crrEp] GEC‘F“éBf Groteshiona sWden tlhﬁ sagnal \t AT MHN,ce

| opti onal OB Agtkpatts Teyten alefhdd ple. % it fegreniall &”5' aichi e
ot be needed. WRoCREt BRRERT: oftsor b e satird. st SO iRl T O

ari thrmeti cs [ewg js {Qchdul o 2, shoul d that be. desirable. 20 In a
preferred enbodi nent, outputs from TGo and TGl are provided as 7-bit

signals to a mul ﬂnmlxgae&rré@enfbcﬁhm‘én@li@@mlaeé}hslﬁﬁgaﬂ@hé%ﬁnﬁ's@ aﬁﬂ‘sor
TGa and al ong paths 508 and 508a Fig.” 5 for TGL. Thé output fronTT(&q is

al so fed al dog apenghpatinyl hidg SD@nRilgplexet & 1drFighSovhitie sidieresigeaipar at or |
mn 1 509 Fi .. Simlarly the output fromTGL is sent along paths 508 25
and 508B0Fi @%EML'@RQI?%‘F Qt@ﬂd@df@m@mtanml sounden(rbtshows m Fig. Sjhe val ues

of the outpu om NTGL are conpared in absolute value -21
26 August UL BARRS bo BIEI 5 o e BeRsgS [ on SiENA AL &R S bR EIg. & fams  two
are closer taotm:ung recovery loop (not shown in Fig. 5) along path 519 Fig. 5 is

selected. Signal MEM_TR_PR4 is also provided along path 516 Fig. 5 as an

input to XOR gate 517 Fig. 5.

15 The output from multiplexer 514 Fig. 5 is provided as signal
SEL_NTG along paths 518 and 518b Fig. 5 to XOR gate 517 Fig. 5 and
along path 518 and 5 1.8a to multiplexer 506 Fig. 5. The output from the

- XOR gate 517 Fig. 5 is provided as signal OTHER_TG to selection circuit-
SEL 510 Fig. 5 along path 521 Fig. 5. Signal OTHER_TG provides the

20 equivalent of 180° addition as necessary to adjust to a native timing
gradient. The output from multiplexer 506 Fig. 5 is also sent as signal NTG
(norrﬁalized TQG), a 7-bit signal to adjustment circuit SEL 520 Fig. 5 along
path 522 Fig. 5. From SEL 520 Fig.‘S, two output signals are j;)rovided.
Along path 523 Fig. 5, a 6-bit output signal is clocked by register along path

25 524 Fig. 5 and provided as the phase error signal PHERR output to the

timing recovery control circuit (not shown). The optional signal indicating
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zero, outputted as signal M N_NTG al ong path 510 Fig. 5 t@slmigubt Zobl Fi g.
5. Latch 511 Fig. 5 receives signal LATCH MN along path 512 Fig. 5 from
external control circuitry (not shown). Wen the signal LATCH MN, s

provi ded along path 512 Fig. 5 to latch 511 Fig. 5, is at logic LOWN the
latch 511 [ NS : PR 8§ o1, 5 41l : signal to
| atch 511 dggﬂog’igwmtchgﬁﬁwlg%rﬁgf glr rgtlatldl"ci ghn@oﬂpﬂgﬁ%thﬁpgﬁﬁtg};? ch 511
Fig. 5 the whepit isclpvkiediat patied 28I Kipgs paldhowthat (b an eXtdrdaltedeivdpndt 514
Fig. 5 where either signal 10 MEM TR"PR4 provided froman external source
(not shown shova in Fig. %L ohlee pémtrititions f the. afbremehtiopt@xipmabd 4ilibesi gnal

FI XED_SEL Fig. 5from a timng recovery |loop (not shown in Fig. 5) along
path 519 Figjaborated ogdiedewed. Signal MEM TR PR4 is al so provided al.ong path

55 T G o e o e
518b Fig. 5 Fiag. 5 ‘ 5 51 Sa..

mul ti 8: %xercwg%gﬁgﬁoﬁéeo#m rc?c?oarﬁ:}'? ﬁggﬁ‘?@%ﬁmtfn@%g?w. “’&‘1}%:;5)- )
B2 Fi. o g hRSiGRdaNGH IeRe BE' ook df mPThoibitalydsoafe A0 Bo
necessary tiapdeteginihs Whidh b¥ ehd tWib 16r nﬂfr@)’mglg nosei Rl %@g}g_ S, 7obit

mul ti pl exer 506 Fig. 5 is also sent as signa rmali ze

signal to dijsubererputwithuihe sbll&2@aghitude. al ong path 522 Fig. 5. From
SEL 520 Fig. 5, two outs%ut signals are provided: Along path 523 Fig. 5, a

6-bit ol put si gh{EDs SHladkput by patly5dOdrigabdognphipieér SP4Feg.gs, 5 and
provi ded as the phase .error signal PHERR output to the timng recovery
control ci rReVidgsibe conddsignad dromy thertaming weraveryépotol sicud n@é August
2004 A .
‘ shown in Fig. 5). A logic HIGH value fixes selection of the appropriate

NTG block 501 or 502 Fig. 5 based on the MEM_TR_PR4 setting provided

on path 515 Fig. 5 to multiplexer 514 Fig. 5.

5 MEM_TR_PR4, sent along path 515 Fig. 5 to multiplexer 514 Fig. 5,

provides a register memory bit from an external source (not shown in Fig.

5). In a preferred embodiment, a logic HIGH value indicates the PR4
operational mode of the timing recovery control circuit (not shown in Fig.
5 ..

20 - Zero Phase Restart (ZPR) operation. Before the ZPR operation
begms? LATCH_MIN, provided on path 512 Fig, 5 to latch 511 Fig. 5, is at
a defaﬁlt logic LOW state in preparation for selecting and outputtihg phase
error, §, from the NTG block of the pair 501 Fig. 5 and 502 Fig. 5 that is
closer to the ideal sampling instance of the appropriate timing recovery

25 mode (in a preferred embodiment, either PR4 or EPR4). Multiplexer 514

Fig. 5 provides a zero output.
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overflow, OV NTG is provided as a 1-bit signal along pat lR6oRmust 20045
where it is clocked at path 526 Fig. 5 and output to an external receiver
(not shown in Fig. 5). The contributions of the aforenentioned signals
will be elaborated _on below. 5 LATCH MLN, provided on path 512 Fig. 5 to
latch 511 Fig. 5Af&eranualiostance ofi GBI cal cudetiohet!e bitty-bitseleetioncent r ol

Ctate of \f hahE oW AED Sloskiay. Fig, % AmbOdSie: SrimBscafychansidoning tae (or
Tmon t ude  ToAEORSVERY SiePf protided aloiE poties £2 FBE . 5 toateh Hldebie 1 Fi g
Chot ™ Shown PRI TOHL Thibalfes AT WlQBhEEREH fuff Bedimufadon”
vl fed® o b aetle, Hod JineRETG Hlock SBRIRR, S T MRS B B, "Tent
al ong path BAcEZER & perforthed PFBXED SH Rh@vided oRlE SRR AT LY StEr menory

bit froman external source (not showh in Fig. 5). prefe

enbodi ment , raultigexen CGHRigl Jydramsdtions &slddie HIRGH, ané thé NTG!b18BES09f t he
timng recovery control circuit (not showmn in Fig. 5). 20 Zero Phase
Restart (ZPRjloperatiZohig.Belsaeieatad f@rteemationat thegiresmbledGLiMidn

provi ded on at?.lh 2 Fig. 5 Eo latch 511 Fig. 5 1is at a default logic LOW
state in pr ergﬁ Gt FssHmes | taak ahigr ZRR oiespinal iphgsp haros, Seis quite Smalf r om

t he NTG,hl ock of .the . 501 Fig. 50 10, 5. that is_ _closer to the

i deal s&ﬁpl i WH@%H@@%‘F@W@% rtgsi?ﬂgebﬁ)lcgﬂ%} ?@3@5\/@?§0%§1&0ﬁe (ina

preferred enbod Tfitne C7p1eiEfkfed” nidde! 1t H8'ZPR CBSRHiGH S ndf Sertorehed) ! oS
the initial phase position may be in a metastable region of the NTG block

501 Fig. 5 or 502 Fig. 5, potentially causing a “hang-up.” Therefore, as in
the “ZPR-enabled” mode, the NTG block 501 Fig. 5 or 502 Fig. 5 that
15 exhibits an error closer to zero has to be initially selected by keeping
LATCH_MIN, provided along path 512 Fig. 5 to latch 511 Fig. 5, at logic
LOW. After a few clock Cycles, it must be ensured that the NTG block 501
Fig. 5 or 502 Fig. 5 is selected by transitioning FIXED SEL, provided along . .
path 519 Fig. 5 to multiplexer 514 Fig. 5, to logic HIGH. Note that,
[ 20  assuming a uniform distribution of initial phase error, the chance of the
initial phase being in the metastable region is quite small. However, should
this occur, the resulting phase error, §, i.e., the error value produced by the
opposite (non-native) NTG block 501 Fig. 5 or 502 Fig. 5, would be very

stable and near its maximum value, ensuring a quick adjustment away from
25 it
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26 August 2004 At the actual instance of ZPR cal cul ation, dgh®udist 2dna- bi t
selection of the closer NIG block 501 Fig. 5 or 502 Fig. 5 is fixed by
transitioning the LATCH M N signal provided along path 512 Fig. 5 to
latch 511 Fig. 5to logic HHGH This ensures that during subsequent phase

Floo 5will be ueadtereRtSbRRaey b ﬁp‘a&mésbﬁrééfseSCﬁe}%v%@aF g
Phe NTG bl ol BFrqs §  ib Lt Ematthde' dhd Sirelaly déﬁ@*%élﬁura%ﬂ”&ﬁ?@’of "The

preanbl e acegsFig. ananaﬂggz Fi ghS%haﬁﬁﬂlgﬁt%% t@hasd e £l s fof ﬁéﬁﬁ?gs&%%

error, 9, is quite smal nd wt e Il near range o ock

501 Fig. 5 chab@ dithog @alﬁ@reabhe)chPRth 3011 @ddlﬁmﬁepaiﬁomemﬁ%t% operation
i's not perforned, the initial phase position may be in a netastabl e region

of the NFG tﬂmployeﬂoacﬁnrgcyﬁs lellBﬁQi Fror efampl, asingPRA medei fiog ome NTG
"hang-up." Therefgre, as in_ the "ZPR-enabl ed" node, the NTG bl ock 501 Fig.
5 or 502 Fi dvlosktﬁiﬁt5ﬁade‘s“(BRﬂumgdarfowéﬂmth@ré@@rFlgoSztzfra)pweTsembIbea

Bt ch 511 Fiafi g cdggtipn "f?ﬁ%%m%%}f 53 PRI SRa0. ByRIERS, 1 fuighphese O
d that th ' 5 502 F

oo 1 2 JIBNEE S0 s B

514 Fig. 5, Not a nformd tribution of

Cnitial phas%w‘?@gﬁl;em%* MR cind pBtdrgti e SHRasovh el HovPStidRee At

metastable rggion is quite small. However, should this occur, the
resul ti nid phg-séo‘étﬁl@.rﬁ, theiintroduttien ef moradditionabT6icireit ydichted opp63ite
(non-native) “NTG bl ock 501 Fig. 5 or 502 Fig. 5 would be very stable and

near its MEIIE hAhUGin SASHE Afdt MliCkeANy 868 HIL. 8 8 erhliBE in2ondtve ~ 24

mode orthogonal to that of the first TG circuit, has moved the worst case

~ error from the position of &t 605 Fig. 6 to % 604 Fig. 6, thus halving the

error as seen at 606 Fig. 6, with respect to ideal decision line 601 Fig. 6,
15 compared to a single TG circuit as seen at 607 Fig. 6. Further, by employing
additional pairs of orthogonal TG circuits, additional accuracy can be
~ attained. ‘See Fig. 7, depicting worst case phaée error occurring in graph 703
Fig. 7 for the case represented by 705 Fig. 7 in whlch two pairs of TG~
circuits (thus 2X2=4 detectors) are used, at = 704 Fig. 7 (as compared to

20 one detector 701 Fig. 7 or two detectors 702 Fig. 7, and multiples thereof,
employing orthogonal transfer function characteristics have been
implemented.

Because the timing gradient circuits are deployed in pairs does not
mean that an even number of circuits (with respective encoding

25  architectures) need be used in a preferred embodiment of the present
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26 August 2004 A preferred enbodinent will enable a nore preAIGSt2004
determ nation of phase error, 6, in both anplitude and direction, by

enpl oyi ng NTG blocks 501 Fig. 5 and 502 Fig. 5 that inplenent phase error
transfer characteristics, K that are orthogonal to each other. For each

addi tional PHSRUen- Jit capibessesndhat By swiiching the pative doniigmstage foramyl e,
usi ng PR4 for one G, .bl ack Fi.g..,.5.and EPR4. npde for the other 502
Fig. 5 of Zﬁﬁéﬂ&%ﬁ%% Ogth%gWFe%}g&I?ﬁ?ﬁefoC%ﬂ wRbgns are nepy gvatablgadi | y

seen in Fig i i : 2 Fi 6, .S plot. ai nst
phase, T 60%0 E}cgéﬁéwé‘;}t}%g%?‘?/?ﬁgg{ ﬁf;cfgr E;gf[fﬁg%‘&l@gﬂ’lﬁﬂﬁ%e&%fﬁ\/ t?gﬂ%@gér Vi ng
that the eryehrdmofsr &fRdteo] icg_ﬁgﬁ at 10 2 604 Fig. 6, the introduction of
an additional TG circuit Indicate By 607 Fig. 6 to the single TG circuit
i ndi cat el by 608Nitg thdt.it AREr 8 hdgahtBgsondtd ¥8d the : at of
the first TG circuit, has noved the w&%r st case errgrecﬁsg%otg e Sé‘lér?‘t‘?%n of n
605 Fig. 6 130%Beutlw sgledtedttomnhalve (g vahe emn@rus)aﬁo geephale &ecfdrd. 6.
w th respect. to ideal decision |ine 601 Fig. 6, 15 conpared to a single TG
circuit as SEeWtEt 580 Figi §. For erampierif this eatpk dy compuaediin tlontimipgi rs of
orthogonal TG circuits, i.ti.on _aécuracy can be attained. See Fig. 7,

b

* depi cting WHTFStVCERSHCHH &hlom fiaveragmapeutd be dung firstthmforee

{ eq.: 5_Fi 7..inwhi¢h t. i f TG .ci it th 2 X
592 4" ot ool E5vid-aft2 afit updui (3 4Tt bt e mom patiie 158 cimaltuot ect or
701 Fi 7 t T Fi | £ t.h f | i
or thogoral ¢ r anstoe 1oL e idealsoting Bofnditr A PRRAL ‘MBHE AR . ' "
Because 1 heobtath@Wbgical Shtwe hicthols, e ALRANLGAMHDIR fire Paghnlil]  mean

that an even nunber”of circuits (W th respective encoding tures)
need be userhrige slope eficthodd Biddetivaive alethbe iPEESSEH as follows for the

PR4 mode and the EPR4 mode:
| d . (= T 2
Ay =-—Asin| — = Acos—=—4
PR4 Mode ° =75 ( 4] COos 4 2 (6a)
V2
15 (DO =2x—A4 =\/5A (6b)
2
ode A= Asin(0)= Acos0 = (6)
EPR4 Mode 1 = g Asmi0)= Acos 0=4 (6¢)
®, =4 ‘ (6d)
®, 24
Ratio '&T = T = \/5 (6¢)
where: Ay = slope for PR4 native timing mode
20 Ay = slope for EPR4 native timing mode
Py = phase error for PR4 native timing mode
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-25 26 August 2004 invention. It can be seen t hat by Swi t e Agyusheooaat i ve
timng instance for any given two (a pair) of the three, six different
conbi nati ons are now available to the systemarchitect, either
programmabl e by the user og availableg to a ven for different
applications. 5 Note that {Dtl may be &@ﬁ&rﬁ e&iﬁ%‘tmlwmié&&%ﬁy
equi valent of 180 to the gel ected non-native,.TG value externally to the
phase detector circuitry %OO Fi g. fmﬁﬁﬁl(t%(%rﬂlgg I’iif this value is

conputed in the timng regovery cirgcuy Lo Fi t he, aver agi ng
woul d be done first before the di vi%stgn%l- %g(gll?b#cﬁpg]ﬁ Of%cﬂ'enaqﬂ Z’%ti ng from
the non-native TBheirh&xiriumb@nEBeiSH® G Ryl of a
PRML node can be obtained by gne (ZE% %ﬁ%@ﬂgﬁ@@@hﬁg@w&gﬁ{@@é Egt%hod or

t he maxi frunmodenayed theoBPReetrodd; The derivative nethod is derived as
follows for the PR4 node and the EPR4 node: PR4 Mode 15 20 EPR4 Mode

AO=dAsi n7c .= Cﬁfo~d:e~A do (4) 4(1)2 =24-A=2A 0 2 Al =d Asin(0)= AcosO = A
A 0T

dB (D =A ( - (72)
2
2,
EPR4 Mode (Dl = p (7b)
2
4
T
Ratio D __ 2 _
SHD o~ (70)
X4
2
z
2

A key point in determining phase error, §, is that any estimate is a
10 function of amplitude of the signal, A 802 in Fig. 8. Thus, if the estimate of
the signal amplitude, 4, is not accurate, the initiation of ZPR will not be
accurate. - ” |
Fig. 8a depicts the positive portion of a sinusoidal preamble 804
provided for acquisition on path 205 Fig. 2 to ADC 202 Fig. 2. The
15 sampling instances for PR4 mode are shown at 802 of Fig. 8a, while those
for EPR4 mode are shown at 806 of Fig. 8a. Should the sampling points
erroneously fall at points 807 Fig. 8a, then a positive PR4 timing gradient
(ncgativé slope) would be evident as line 808 Fig. 8 shows. Conversely, if

the sampling points erroneously fall at points 809 Fig. 8a then a negative
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.. . . : 4
6b) (6c) (6d) To ~A Ratio ~i - A - -F2 (6e) where: Ao = i6ofeusbrod2R
gati)w(a ti)m'(ng) node At = slope for EPR4 native timng node Oo = phase error
for PR4 native timng node -26 26 August 2004 (Di phase error for EPR4
native tim mode, A anplitude of signal 2 = phage angl_e for a.blt cl ock
of period 2#AR4tRRINSLARERt(ROGYIvS] sippe}mlud)dibe&:wi@emt\&mm&mm%m for the
PR4 5 node and thﬁ EPR4. nnde: PRA Nbde (DQ EPR4 Mobde (D, Ratio A Zr 2
(7a) (7b) A sﬁomsc) (3SEp Stmung gradient 1s given as line 811 Fig. 8 between points
802 Fig. 8 using PR4 sampling mode as an example. Note that, for Fig. 8a,
p P g
the preamble period is shown along the x-axis 803 Fig. 8 with a period equal
5 to2mn. Contrast this with Figs. 8b and 8c that show the bits sampled along
the x-axis 803 Fig. 8 with a bit clock period of 2.

Figs. 8b and 8¢ depict detector output, A 802, versus phase error, §
803, for EPR4 native timing instance mode 804 Fig. 8 and PR4 native
timing instance mode 801 Fig. 8, respectively. Observe the relative position
10 of Figs.8a, 8b, and 8¢, and note that the EPR4 and PR4 timing instances afe
orthogonal to one ancther and that the worst case of their respective

deviations from the desired decision line (the 45° line through the origin)

601 Fig. 6 occurs at g— 805 Fig. 8, and odd multiples thereof. Also note that

the two modes for each pair must be normalized, if their slopes differ, in
15 order to be able to correctly select the amplitude, A 802 Fig. 8, of the NTG
block 501 Fig. 5 or 502 Fig. 5 that is closést to zero phase error. The
normalization is shown in Fig. 9 where it can be seen that normalized 901
Fig. 9 is at the sanie slope as normalized NTG, 903 Fig. 9 as compared to
un-normalized TG; 902 Fig. 9 and TG, 904 Fig. 9. |

20 Native TG slopes are defined as follows;
: y |
PR4 904 in Fig. 9 m= P (8a)

J2 4
EPR4 902 in Fig. 9 m=—=— (8b)

and the normalized idealized slopes will be:
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(D -F2 A2 n 2 Akey point in determ ning phase error, 35 Augustbaga any
estimate is a 10 function of anplitude of the signal, A 802 in Fig. 8.
Thus, if the estinmate of the signal anplitude, 2, is not accurate, the
initiation of ZPRwill not be accurate. Fig. 8a depicts the~positive
portion of a sinusoidal preanble 804 pr ovi_gl@& for acquisition on path 205
Fig. 2 to ADC 2@®rriadized 90tha Big. Sanpl i nf*imstances for PR4 node By shown
at 802 of Fig. 8a, while those for EPR4 nodé®are shown at 806 of Fi g. 8a.
Shoul d thegg&gti ng points erroneously fall at points 807 Fig. 8a, then a
positive PR4 finming gradient (negative slope) would be evident as |ine 808

Fig. 8 shows. Conversggly, df }_}5@51%%@?5{1@9 points erroneously fall at
points 809 Fig. 8a then a negative =27 26 August 2004 PR4 tim ng gradi ent

(positive slope) would be=evi ds_atwﬁéngha@ Sdl8ctiof is 8ongRAWFa GAp7er 0 tim ng
gradient is given as line 811 Fig. 8 between points 802 Fig. 8 using PR4

sanpling node a @r@] forr F \ e.preanbl e period
is shovv?l al ong '?WZH?(&; IS @%&’g&hgﬁ gg%lrﬁﬁ?afpé%uﬁ%gﬁu%ﬁ %E?ngibc. Cont r ast
this with Figs. 8b and 8c that show the bits sanpled along the x-axis 803
Fig. 8 with a bipreainbé&k period of 2-z. Figs. 8b and 8c depict detector
output, A 802, versus phase error, 803, for EPR4 native timng instance
node 804 Fig. 8 IagdomRpictathe normahzed phast deteetoronapsqld KO, V8, phase,
respectively. erve the relative position 10 of Figs.8a, 8b, and 8c, and
not e t hat t‘%@@%@rﬁﬁ‘d&h@@ €356 MJlardst ances are

Ay = -3-42_,_ slope for PR4 native timing mode (92)
L2,
10 A = 2 = A - . .
| 32 5255 Sope for EPR4 native timing mode (9b)

The foregoing describes the salient features of the present invention’s
use of pairs of timing gradient circuits having sampling instances orthogonal
to one another, and should not be interpreted as limiting the application of,
method of operation, or uses for the present invention to that specified in the

15" foregoing. . |

While the invention has been shown with specific equations and

-

methods of implementation, and further described with regard to specific |

filter ty'pes,'it will be understood by those skilled in the art that various other

changes in the selection of equations and use with different combinations in
20  implementation, or other details, may be changed without departing from the

spirit and scope of the invention.
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orthogonal to one another and that the worst case of theirog&sRectoose
deviations fromthe desired decision |ine (the 45 line through the origin)
601 Fig. 6 occurs at 805 Fig. 8, and odd nmultiples thereof. Also note that
the two nodes for each pair nust be normalized, if their slopes differ, in
15 order to be able to correctly sel e GLAKMSinplitude, A 802 Fig. 8, of the
NTG block 501 Fig. 5 or 502 Fig. 5 that is closest to zero phase error.

The normalizatiofeigaghown in Fig. 9 where it can be seen that nornalized
901 Fig. 9 is at the same slope as nornalized NTGo 903 Fig. 9 as conpared
to un-normalized TG 902 Fig. 9 and TGa 904 Fig. 9. 20 Native TG sl opes
are defined las fdresiBoddpy esomatingmhpsesarqreehemproqssug AdiER4ed902 in
Fig. 9M8b) 2 ~ and aBhe nornmal i zed idealized slopes will be: -28 26 August
2004 32 nornal i 2EENAAR § RIHLG reep vy cguiigenerahle id: a fystepmassocigied and A =

32 when phase selioeh 9fe b WA M6 héiBolidng a phase detector having an
input and an output, comprising:

5 a)  employing timing gradient circuits, one of said timing
gradient circuits being native and another of said timing
gradient circuits being non-native, each of said timing
gradient circuits implementing a different phase error
transfer characteristic realized through a unique encoding

10 method;
b)  normalizing, if necessary, each of said timing gradient
circuits; and
c)  estimating a phase adjustment operation;
wherein, if said native timing gradient circuit has a timing instance
15 - "~ closer to zero phase error than said non-native timing gradient
' - circuits, then an adjustment value, X, a number assdciafed with
said native timing gradient circuit, is inputted to the timing
recovéry circuit, .and
’whefein, if one of said non-native timing gradient circuits has a
20 timing instance closer to zero phase error than said native
timing gradient circuit, then an equivalent of 180° is added to

said value x.
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5 nunber (0 t1163), and 32 occurs at 2 , assunming a 4T singsaugudtreaabl e.
Fig. 6 depicts the normalized phase detector output, 602, vs. phase, a
603, for the above case, where: AO = A, 32 slope for PR4 native timng
mode (9a) A 10 dE = 32 2 45A , slope for EPR4 native timng node (9b)

. 255 TheZf or edbrmgethoscos dlaimt hfirsladri eompfisatuitemtioly i@ spiRSENind

i nvention's EQS)G OL Qai rs .of timng gradient circuits having sanpling

i nstances or t AbyBREAXING SHHevaluert kewherema seitbutlnenois derived érqmet ed as

limting the | i cation. of. t hod of operation, or uses for the present
i nvention to ?ﬁ‘ﬁ?esﬂ&'@ev&}%@ﬁ%- 15 foregoing. Wile the invention has
been shown with specific equations and nethods of inplenentation, and
further described with regard to specific filter types, it will be

Sl ecti on of equat ons and-ita BERAR AEPaH AT BeChraliess " 1
i mpl ement at i ogtateoto tieh@entyairicn td%n@gf’g%EMQ%%tﬁﬁ%ﬂq%ﬁ?@@ﬁ@%f romthe

spirit and scope of the invéention. -29 ugust im 1A
met hod for estimating phase error when processing a digitized signal in a
timng rgcovergv_l circuit operable in a systemassociated wth a nmenory and
al so i ncty por haF mecthogrefsdatmtlewhereinaald gqaivalényush | SO sAimpaUbpY! |

conpri si ng: . ..
P g separate signal to the timing recovery circuit.

5. The method of claim 1 further cofapﬁsing minimizing the phase error

wherein adjustment of the phase is initiated.

6. The method of claim 5 further comprising iterating steps a through c
for purposes of initiating a zero phase restart (ZPR).

7. The method of claim 5 further comprising providing‘said equivalent

of 180° as a separate signal to the timing recovery circuit for use in
initiating a ZPR.

8. '_I‘he method of claim 5 further comprising providing said equivalent
of 180° as a state to the memory prior to being processed in an

internal calculation prior to use in a zero phase restart.
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5 a) enploying timing gradient circuits, one of said tim ragp AgqiRepENE
circuits being native and another of said timng gradient circuits being
non-nati ve, each of said timng gradient circuits inplenmenting a different
phase error transfer characteristic realized through a unique encoding 10

met hod; ) ndfhetriethod oficlainegepgein seidcdeate salchisteSangigbAdhelt =
circuits; and c) estimating a phase adjustnent operation; wherein, if said

native tim ndhgahdoke valuechiih| dfsaid ddjudtngentnalee ke whbeigl [ﬁﬁﬁrist 0 zero
phase error than said non-native timng gradient circuits, then an

adj ust ment  vdlxml axan adiusBent ¥8RRCi ated with said native tim ng gradient
circuit, is inputted to the timng recovery circuit, and wherein, if one.
of said non-native timng gradient circuits has a 20 timng instance

cl oser to zerg phase error than said native timng gradient circuit, then
an equi vidl-entThsy megiod of strinu2 twhersin gaidadewica calcsates xAudiesiquae94r2. The
nmet hod of cl ai ncLI further conprising iterati ng said steps b) and c) until
fixing said val4adJustmgREyaiug % avhierein e ix fixed deranadjustmentavaldevi ce
outputting -a nunber. 3. The method of claim 1l wherein said equival ent of
180 is input as a state to the nmenory prior to being processed in an

i nt er nalycal ' .of elaim 1l wherei.n.sai.d equi val ent of
18001 o 1 at e letlod br T TNARRIE saf) Bk ARG GHES clipride
a pair of timing gradient circuits, being mathematically described as

maximally separated from each other, such that each said timing

gradient circuit has sampling instances orthogonal to those sampling

instances of other said timing gradient circuits.

12. The method of claim 1 wherein said encoding methods are

implemented through an algorithm that enables orthogonality between

said encoding methods.

13. The method of claim 11 wherein said orthogonality is obtained by the
use of PRML encoding methods PR4 and EPR4, wherein either

method can be selected as the native timing gradient.

14.  The method of claim 1 further enabling modulo/circular arithmetics if
the phase detector output corresponds to an equivalent of 180°,
wherein adding the equivalent of 180° involves inverting the MSB bit
of the phase detector output.
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5. The method of claim| further conprising mnimzing 't he2gphagist 20040r
wherei n adjustnent of the phase is initiated. 6. The nethod of claim5
further conprising iterating steps a through ¢ for purposes of initiating
a zero phase.restart (ZPR). 7. The method, of claim5 further conprising
provi di ng sgﬁ d eQuiXet r@r}P%OB?Of?L@DgéSP}b?%é}%?@PE%éY%W fRputpad dhi ng
recovery circuit_f i:ninitiating a,ZPR 8. The method of claim5b
further conpri si(r)ltét'(i')r[‘)“lrt’(L;%|ﬁ(r1¢J ﬁé fgg?}gefé{qﬂ?%ﬁe%% an, ASSAALIAN W1 & CNQTY he
menory prior to @&h?gisﬁ{ﬁcessed in an internal calculation prior to use in
a zero phase restart. - 26 August 2004 9. The nmethod of claim2 wherein

sai d device cal cul at egnatife HraE g%di%ﬂt%iﬁﬁﬁ@hﬂﬂﬁ ﬂfﬁi-ﬁ&ti*!féﬂiﬂlﬂnlg%aaﬁédﬂ The

adj ust rent val ue x, wherein m ni i xed as an adjustnent va

met hod of clai m 2 wheciecuitsfir gedevitirg findteuidderondbuthhis BGyane Td,, sai d
adj ustment value x, wherein x2 is fixed as an adjustnent value. 11." The

met hod of claim| whefespactéesly; andi ng gradient circuits conprise a pair of
timng gradient circuits, being mathematically described as naxinally
separated from each of REMPAAEHER fohEgCetwag @é@éﬁd #ah§ G gradcempanngcui t  has
sanpling instances ortt]ogo al tﬁ those sanpling instances of other said
timng gradient ci r cuY &S LTeRbe pt hod of claim 1 wherein said encodi ng

et ween sai d onturng Bt gadve linH B R R AR R B ol o

" S _ e  na- d
B RS ! o e ke RGO MR A0

circuits, t_hcn an adjustment value, x, a number associated with
said native timing gradient circuit, is inputted to the timing
recovery circuit, and
. wherein, if said non-native timing gradient circuit has a timing
15 instance closer to zero phase error than said native timing
gradient circuit, then an equivalent of 180° is added to said

adjustment value x.

16.  The system of rcla‘irn 15 wherein said equivalént of 180° isinput as a
state to the memory for further processing prior to input to the timing

recovery circuit.

17.  The system of claim 15 wherein said ‘equivalent of 180° is input as a

separate signal to the timing recovery circuit for further processing.
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met hod can be selected as the native timng gradient. 14. Zh&ugust bogh of
claim1 further enabling nodulo/circular arithmetics if the phase detector
out put corresponds to an equival ent of 180, wherein adding the equival ent
of 180 involyes inverting the MSB bit of the phase detector output. -32 26
August 2004185, Rhegysiem phetaipot amhayen pridsanitet gradienheviwiss afe | nput and
an output, a timng,recovery circuit, and an association with a nmenory,
conprising: a na?qq}gd?‘&ﬁﬂ?r@%bﬁé&héﬁc%ﬁ ¢lcsaid palvempteyinga natve i mi ng
gradient 5 circyj for nerating first,and second Qutputs TG and TG ,
respectively; an%al{épgégﬂggté{lg‘? O@P%Pﬁﬁleﬁ%qhﬁdwé&ieoﬁwl%éiﬂﬂt@lc%tﬁﬁ tiwonpari ng
val ues t hereof, KA d £ | Lye. tining gradient circuit has a
timng instance W{i%f?:fggiedrﬁpﬁﬁ%%@d’%hﬁg&gﬁ%,or than said non-native timng
gradient circuits, then an adjustnent value, x, a nunber associated with
said native timng gradient circuit, is inputted to the timng recovery

circuit, aniOwheThesystetn sficthinols Maidrvin ddidicaaieilagi 601 368 i€ty gy @
timng 15 instance closer to zero phase error than said nativ I mng

gradi ent ci rcui t§tatehientharmeniry #boe ftrtidr @@ essinag@rst thdndat & 1adi nt
val ue x. 16. The system of claim 15 wherein sai% equi val gnt of 18gﬁ¥lgei nput
as a state to tIEONBROEYCHIGTOF use iremipadegssZhR. prior to input to the
timng recovery circuit.

20.  The system of claim 15 wherein said equivalent of 180° is input as a

separate signal to the timing recovery circuit for further processing

prior to use in initiating a ZPR.

21.  The system of claim 15 further enabling modulo/circular arithmetics,
if the phase detector output corresponds to an equivalént of 180°,

wherein adding the equivalent of 180° involves inverting the MSB bit

of said phase detector output.

22.  The system of claim 15 wherein said timing recovery circuit

implements a phase-locked loop (PLL).

23. A phase detector, having an input and an output, and an association
‘with a memory and a timing recovery circuit, comprising:
a native timing gradient circuit and a non-native timing gradient
circuit, for generating first and second outputs TG, and TGy,
5 respectively; and
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17. The system of claim 15 wherein said equival ent of 180 désAigustizO®Gs a
separate signal to the tinmng recovery circuit for further processing. -33
26 August 2004 18. The system of claim 15 wherein said timng gradi ent
circuits are provided as a pair, each circuit of said pair enploying a
native sanpling insta@ncempatatogbmatectivinpeaibTiGyansel), iandd ddtepangs of the
ot her of said timng gr?itdi ent circuits. 19. The system of claim 15 erein
sai d equival ent of 180@lpes theseef,as a state to the menory for further
processing prior tg inlgﬁi, to the timing recovery circuit for use in
initiating a ZPRWBFFeIRNE saldpaly o Himing;gradeniussicuitrhasa tinsigg imatamce of 180
is input as a separat

al _to,the timng recovery circuit for further
processing prior to ucz(%&%rﬁgl F‘PPQ@F%GT’?&TZ]P%? s3ifl noprpalysituning gediem 15
further jgnabl i ng nodul I §.C j i if the ase det ector, out put
corresponds to an equic\?{aclqjé%sf Hjb%%@%amﬁgpglgﬂmgdﬁr ﬁd‘“ﬁﬁ&%ﬁﬁ%ﬁﬁ@if"lg} 180
i nvol ves inverting theaeBativé tin9hoS&hd; : t...22. The
system of claim 15 wherein said ti %@%@?\?@P@fgfﬁéﬁﬁ%iﬁ%w& a
phase-| ocked | oop (PLkpcolsy drqfins@ddet ector, having an input and an
output, and an association wth a nenory and a tuning recovery circuit,
conprisi ng: a natwherein,nif sgidgnentnativedimmy prafientcipont hak iaMemihgi ng
gradient «circuit, for, generating first and second outputs TG4 and TG, 5
respectively; and - 34 IDganggGLesepdzero phase error than said native timing

15 gradient circuit, then an equivalent of 180° is added to said

adjustment value x.

24.  The phase detector of claim 23 wherein said equivalent of 180° is

input as a state to the memory for firrther processing prior to input to

the timing recovery circuit.

25.  The phase detector of claim 23 wherein said equivalent of 180° is

input as a Separate signal to the timing recovery circuit for further

processing.

o

26. _The phase detector of claim 23 wherein said timing gradient circuits
are provided as a pair, each circuit of said pair employing a native
sampling instance orthogonal to the native sampling instance of the

other of said timing gradient circuits.
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a conparator for receiving said TGo and Td and conpari n2é Avglstie8o4
thereof, wherein, if said native timng gradient circuit has a timng

i nstance closer to zero phase error than said non-native timng gradi ent
to circuits, then an adjustnent value, X, a nunber associated with said
native timAg graBedhesedetagter of claimpld vdwrein t4id equivaignt oS80ty
circuit, and wherein, if said non-native tinnjng gradient circuit has a
timng instance™PUbdsR FRtCAS thegnamory iphfusthemprEesessingper (o mipug to 15

gradi ent circuitg, then equi.val.ent. of 18Q i.s.added t aid adjustnent
val ue x. 24. Thethﬁhtg%éngg?ceog/tewcb?cu&ﬁ T HSSANREHENE §z)%§equi val ent of 1800
Is input as a state to the nenory for further processing prior to input to
the timng recovery circuit. 25. The phase detector of claim 23 wherein

ool vaRent he bHdse Betdcpubt 8RR PERAALE SaWVAPGE TR 0 |

recovery circuit for further processing.

23 wherein said inpuitag agrepdiatetsighalayithe tirﬁfr% RICOVePPEirditFoP FifthefaCH
circuit of said pair enploying a native sanpling instance orthogonal to

the native sanpl Pragess1sggnoer tof uscum indtikgng afZBR{ d ti m ng gradi ent
circuits. -35 26 August 2004 27. The phase detector of claim 23 wherein
said equivalent of 180 is input as a state to the nenory for further
processi ng circuit for use in

ior~f0 input, fo. the tim recovery (
i nitiating ggzpéﬁl‘éé’. agﬁéef?ﬁé%feogél@@tﬁ fistien epahlimg Weshdolvirsailar
equival ent of 18Q:4S,etics if the phase detector output corresponds to an equivalent
of 180°, wherein adding the equivalent of 180° involves mverting the

MSB bit of said phase detector output.

30.  The phase detector of claim 23 wherein the timing recovery circuit

implements a phase-locked loop (PLL).

31. A mass data storage system incorporating a phase detector having an
input and an output, and an association with a memory and a timing
recovery circuit, comprismg: | | --

‘anative timing gradient circuit and a non-native timing gradient
5 | _ circuit, for generating first and second outputs TGy and TGy,
respectively; and
a comparator for receiving said TGO and TGy and comparing
values thereof,
wherein, if said native timing gradient circuit has a timing instance

10 closer to zero phase error than said non-native timing gradient
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input as a separate signal to the timng recovery circuit ZoAugust 2Okt
processing prior to use in initiating a ZPR 29. The phase detector of
claim 23 further enabling nmodulo/circular arithnmetics if the phase
~detector output corresponds to an equivalent of 180, wherein adding the
equi val ent of 180 i nwatousts, thenear admstinent Wbt a ofursbéca RBamgedakEEt O
output. 30. The phase detector of claim23 wherein the timng recovery
circuit inplenents &2phBalve oneg gredientritcuit, 3 inphttaks thet thmsi@r age
system i ncorporating_a phase.detector having an input and an output, and
an association with A°HEYRSY\CIERAL #0G ni ng recovery circuit, conprising: a

native timng gragdi elrcuit and a non-native timng gradient 5 circuit,
for generating fv?t?ésrt(:% mar%gSéléfé%%ngﬁy fltringeeyachentieircuit has gdumingl y: and a

wheretn i1 oai o nat 1yaREaEistir AR Pihs Bl BBC Gt B ithing ance.

wherein, if said native timng gra 10

closer to zero phase geadieht blreisSaldh APBYARMINR If M0 UPILGR! 536 26

August 2004 circuits, then an adjustnent *val ue, X, er assitfated with
said native timng gamdflistnfen¢ivelw %, is inputted to the timing recovery
circuit, and wherein, If said non-native timng gradient circuit has a
timng 15 instance closer to zero phase error than said native timng
gradi ent cifcui tr t hen an equi val ent of 180 is added to said adjustnent
val ue x. 32 he mass data storage system of claim 31 wherein said equivalent of

180° is input as a state to the memory for further processing prior to

input to the timing recovery circuit.

33.  The mass data storage system of claim 31 wherein said equivalent of

180° is input as a separate signal to the timing recovery circuit for

further processing.

34.  The mass data storage system of claim 31 wherein said ummg
gradient circuits are provided as a pair, each circuit of said pair
employing a native sampling instance orthogonal to the native

sampling instance of the other of said timing gradient circuits.
35.  The mass data storage system of claim 31 wherein said equivalent of

180° is input as a state to the memory for further processing prior to

input to the timing recovery circuit for use in Initiating a ZPR.
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32. The mass data storage system of claim 31 wherein said 48gigust 204 of
180 is input as a state to the nenory for further processing prior to
input to the timng recovery circuit. 33. The mass data-storage system of
claim 31 wherein said equivalent of 180 is input as a separate signal to

the tim r i j [ - pr i.ng. .34. The .mass.data
Storage Syst omori M Sdra s e b IR P F SR PR sl el VRIERE S o e

provi ded as a]®@ Isi i } i bibai i : ive sanpling
i nst ance orthogonaSImPg@tB%gsﬁgﬁa&/eeg{ arrrfi iﬂﬁ%‘h:hﬁgggﬁ}égy%%@%ﬁﬁ I)e/r of said
timng gradi efurtlwrprocessingdpriof 16 ukB s ifidfadingt Pr@Fe system of claim 31
wherein said equivalent of 180 is input as a state to the nenory for
further processing prior to input to the timng recovery circuit for use
in ini ti%\fiﬂng,gﬁ ZPR. -37 26 August 2004 36. The nmass data storage system of
cl ai m 313 dher ERG M2assHadygtorageystem of eniins3 1 Mptthemenabliepar at e signal to
the timng recovelié/{ cir uit.gg_‘r' J‘ur_%her grocessi ng prior to use in
initiating a BPRUIGeICH arthmegissif theophese dsiectonastpel comesporidsr t her

enabling nodyl iLrcul ar igfaretics. i f, t.he phase. detect or_out put

cor responds ogrg%qlé]ﬂ&#%lo?rﬁ§®f %ﬁ?l%@@gﬁﬁaﬁwﬁﬁ@wﬁh&@ val ent of 180
dat a st or age yohees el VAR Br AR R e SRS v T
i npl enents a phase-1ocked | oop (PLL). 39. The mass data storage system of
claim 31 wherein the nmass storage system conprises a disk drive.

38.  The mass data storage system of claim 31 wherein the timing TEecovery

circuit implements a phase-lockeci loop (PLL).

39.  The mass data storage system of claim 31 wherein the mass storage

system comprises a disk drive.
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PHASE DETECTOR ARCHI TECTURE FOR PHASE ERROR ESTI MATI NG ANB AusmeS #994SE
RESTARTI NG ABSTRACT A system and nethod for enabling an efficient Zero
Phase Restart (ZPR) of a device. The structure is based on depl oyi ng
nornal i zed tinmng gradient (NTG blocks (501 and 502) in pairs, each
circuit enploying an orthogonal phase error transfer function
characteristic (having one TG circuit sanple orthogonally in relation to
the other), for ‘exanple, PR4A and EPR4 nodes ideal sanpling instances of
a preanble. Through iteration of the nethod of the invention, a NIG bl ock

(501 or 502) is. sel eRHO8E JESEA T ARGLTRGIEENER FEASE MRRER sanpl i ng i nst ance

with-7a phase error that gbspplregeshnlfroZBiZ@E rResHRSANG here is an equal
chance that either of the circuits in a circuit pair wll be selected, if

the circuit inplenenting the curreNSBg»? - &IJ ve architecture is selected,
a separate signal is generated. Thi |§f‘n@1¢ adds the equivalent of 180 to

the error valug Lhslerh SRl SHEMRA Fo: bASLEE A0 SIRERMR! Zer§ BIRAG R oSBT

. exanple, by itera I'ng the process after theé special case- of a zero phase
; gglste ar te d( @ e rafev%r,bm %Qﬁhbﬁﬁe%@’ﬁ&sbﬂ%ﬁ bR forhaliced titthpe
’ gradient (NTG) blocks (501 and 502) in pairs, each circuit employing an
ofthogonal phase error transfer function characteristic (having one TG
circuit sample orthogonally in relation to the other), for example, PR4 and
1WEPR4 rﬁodes ideal sampl‘ing instances of a preamble. Through iteration of
the method of'.the invention, a NTG block (501 or 502) is. selected based on
having a native tiining sampling instance with a phase error that is closest to
-zero. Since there is an equal chance that either of the circuits in a circuit pair
will be selected, if the circuit ifnp'lementing the current non-native
architecture is selected, a séparate signal is generated. This signal adds the
equivalent of 180° to the error value that is provided to the timing recovéry
circuit. For example, by iterating the process after the special case of a zero
phase restart (ZPR) operation, thé native sampling instance is “forced” to be

] | selected thereafter.

FIGURE 5
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