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Technical Field
[0001] The present invention relates to on-chip diagnostics
and testability, and in particular, to phase-locked loop

circuits with jitter measurement.

Description of the Related Art
[06002] A= technology advances, predicting the behavipr of
transistor devices and passive elements such as resistors and
capacitors becomes increasingly difficult. Increased
uncertaintcy in the modeling of these devices sometimes
mandates integrated circuit desions to function beyond
original targets in order to provide encugh performance margin
over process, veoltage, and temperaturs (PVT) variations.
Conservative designs may often result in more power and area
consumption than is needed.
[0003] If internal system parameters can be measured and used
to adjust the system parameters, the system design margin can
be greatly enhanced. In the past, system diagnostics were
performed by measuring available off—chip test nodes,
However, an external diagnostic path is slow, and solubions
are not always found. Furthermore, the limited ofi-chip

vigibility of internal analog/digital waveforms results in



[On As technol ogy advances, predicting the behavior
of transistor devices and passive elenents such as
resi stors and capacitors becones increasingly
WO PEATR . | ncreased uncertainty in the nodelfGTgU3p08/050493
.these devices sonetinpes nandates integrated circuit
Ligd ERgnte T B CBEGH Eg’ﬁo\ﬁbejcﬂ-i gfRaFet aryetdemERdoF ok ren-
to provide enough performance nargi n over, process,
chy B E%@%‘E‘bla]rfdiﬁ’t é‘ﬁﬁeﬁé@%’i‘%‘s%ﬁ\ﬁ}‘a@agF gt opsincreased.
Conservative designs may often result in nore power
[CO9RY dmeghedfslepitebri-aoRan PIE) réeded, KegoBlL |parameters
internal system parameters can be nmeasured and used
sugh @8l isttathe s§ysienPRRFAMRITNErs, PRy sidmMvedspgn range
margi n can be greatly enhanced. In the past, system
argi ayFoieles didtacpbE f b stk lng tRedB Ut rgRakad algbbems.
of f-chip test nodes. However, an external diagnostic
Ampa¢ hthess| gwasandngol Ut ion Peafernance| e voghdl lenging,
Furthernore, the Iimted off-chip visibility of
asj himimm | wiraltaghy gie atlomy geoenst e iinargages with
W)2008/ 088976PCT/ US2008/ 050493 limted | earning
moggrestd@dmoliosivd. Hence, the demand for on-chip
testability and diagnostics has greatly increased. pm
I n phase-|ocked | oop (PLL) design, key PLL paraneters
BUMMBRRY as jitter, static phase error, and control
vol tage range are extrenmely difficult to evaluate in
[00Df egiated symtensenfnrghtde sy deasoti dfnjdd t er
performance is very challenging, as timng
me tanseaidi ity innaclacke gerterclt lahchacr e aye siepilbiri np digian
t echnol ogy. SUMVARY
large gset of latches and delay lines, timing uncertainty in a

zero-time crossing of some latches could be detected.

However, a large number of delay lines could induce additiomal
jitter generation, possibly degrading jitter measurement
performance. For sexample, an instantaneous fluctuwation of the
supply voltage caused by on~chip digital switching circuits
can prevent the short-term jitter measuremeni: from being
reliably performed. Also, jitter measurements using an analog
charge pump are not favorable due to mismatch reguirements of
transistors,

[0006] On the other hand, a long~term jitter measurement is
more immuine to instantaneous on-chip variations and provides a
more reliable way of evaluating system performance. In

accordance with present embodiments, an illustrative method
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LOGOS] Jitter measurenent nethods may detect timng
nmetastability in a large set of |atches. By depl oyi ng
the | arge set of |atches and delay lines, timn
WQHEEPEATty in a zero-tine crossing of sonme |t 08/050493
coul d be detected. However, a |arge nunber of delay .
fopppes @WRRSTHAGEESAdHIM JREF) j FLEEGondtREi sATPlifying
possi bly degrading jitter neasurepent performnce.
hargdyaes FAIN,S¥ahY| %gt B dOHETPRELPH A THFCET PERESDE 1in
supply vol tage caused by on-chip digital swtching
the; F’g%li t P APHLEPEVERTCHHe BKREPLSE P JGaaEHNg a phase
measurement from being reliably perfornmed. Al so,
eryprtay SREs FedRERRSe UBY I SN CARAVDER ch P pURPL LR 2rror-
not favorable due to m smatch requirenents of
deteapsinttdreshgddepndsatrs Gi'lﬁefmg‘aﬁﬁﬁ}tﬂe\m dflg-pbehgs for
jitter measurenment is nore inmmune to instantaneous
DOBR-RF¥GRSAAdat i ons and provides a nore reliable way
of evaluating system perfornmance. In accordance with
[00pVles &nt 1dhbodratentes cigauit | Ustactordenget ibeh the present
W)2008/ 088976 PCTM52008/ 050493 f ocuses on phase-| ocked
prioojpidy |gnpdioveuat sal twisridsbdpling vamprirmugnwahase error
conplexity by using information already present in
detaetdt {TPEDoantodetecicuipeaspphase sesomeapll bnde only
phase error at each reference clock cycle with a
inpregt anitalslseveingrneetseiiidn tyhiestiod denidtdaeesrodring .
information in |atches for post processing. [01007]
This mdtasstitaposeible cud tmike acseopfanetiiveivt hdmple lumped
present principles enploys an all-digital
delmstBinteeneoFsrphase Erg drardebret comgl-BERDY dnds detestapend
peak phase error anplitude only instead of measuring
onnetastidyd icoptirnllidd eeridlatpe ¢VORkihipdiineynakese itthe
possi bl e to make use of relatively sinple | unped
hadébane |datestsFohbbherernde ahpldiade xoriglice phogedbesguency
not depend on a voltage controlled oscillator (1100)
detecigquen@Figi noeptthe hardware detects phase error
anpl i tude at the phase-frequency detector (PFD)
(00081t pEh. apparatus includes a phase-locked loop {FLL) circuit

including a phase-frequency detector configured to output
phase error signals. A phase error monitor circuit is
configured to determine instantaneous peak phase error by
logically combining the phase error sigmals and comparing
pulse widths of the logically combined phase error signals to
a programmable delay time at each reference clock cycle to
determine instantanecus phase error change. A storage slement
iz configured to store the instantancous phase error change.
[0009] Another apparatus includes a phase-locked loop (PLL)

circuit including a phase-fregquency detector configured to
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[ 0008] An apparatus includes a phase-Ilocked | oop
(PLL) circuit including a phase-frequency detector
configured to output phase error signals. A phase
WIS tor circuit is configured to detei MGTEIS2008/050493
I nst ant aneous peak phase error by |ogically conbining,
outpet FheRe SrEeF Sigats aRdPEBRPBaRTTRF amnééow BHFEgE 18
the | ogically conbined phase error signals to a
COpEbgiERhas £c8eraine | s tan teREAUs Aee e sEl BERoEy e
to determ ne instantaneous phase error change. A
Phasd rege e PFERERPT | STEGHTH @@Fgadﬁ% 3 g€ lagd ve OR gate
i nstant aneous phase error change. [0009] Anot her
conphizadi &0 ABPhER LY gHENES| GBReBNITH FYPELFLER#ERi 10
i ncluding a phase-frequency detector configured to 3
Propbdn sy 8896 POPUSXRRRd50a08 @mmrwégeai%w line
signals. A phase error nmonitor circuit is configured
copplygatest onerpwsdam drd@ys tpeaktphidi fgmpér ouilpplet signal
phase error nonitor circuit includes an_exclusive OR
as gattdureshtilgursdingt [WYickainytephbienus PRagRaSEref rgdlange
signals to provide a first output signal, and a
of plegy rairals| elaerhyls invasgsafl gurearh Fefesende alet ay
time to the first output signal as a threshold
cyab@i nst shhiredei atergntancogsnphaveedryostongntles of the
out put signal is nmeasured at each reference clock
inglantanegust phage efemembangeconfigured to store the
I nst ant aneous phase error change. POCDA Yet anot her
[00&fpa¥at usno tidudepazaphasioadloclesd al pbps¢Plddkad Loopt
i ncludi ng a phase-frequency detector configured to
(PGt muitrcphias éneluding isgrhkse-anereephasietector oo itgured
circuit configured to determ ne peak instantaneous
to phage te phesebyriogi cigay) s¢ oabd ni nopaswe eplras ener oy
signals and couparing pul se widths of the logically
ciooniy medfpbased ete gietsirgiakspeak alipFiwgtamyabs epbdeaerror
time at each reference clock cycle to determ ne
by | hstiaafldgeoosbirase @y phachamgeor Ehgnalist and armomeging
phase error change includes a difference signal and a
putsevvsidghal of Aclnel Yogileddy Cerioomdd giwed torceceigmlas to
i nputs and sel ect one of the difference signal and
a2 piynaawadilgndélaAntiast arukatbrréSicond edoth ayele to
out put of the nultiplexer to accumul ate instantaneous
detphasieceinstaghamem: T @ivass associ ctteged t Fha ingiEntaneous
Wi ndow.
phase error change includes a difference signal and a raw

signal. A multiplexer is configured to receive as inputs and
gelect one of the difference signal and the raw signal. 2an
accumelator is coupled to an ocutput of the multiplexer to
accumulate instantaneous phase error change counts associated
with a time window.

[0011] Yet another apparatus includes a phase-locked loop

{PLL) circuit including a phase-freguency detector configured
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[OOH] Yet another apparatus includes a phase-|ocked

| oop (PLL) circuit including a phase-frequency

detector configured W?2008/088976PCT/US2008/ 050493
WQ0HIBR®t phase error signals, and a phase erMftdyUS2008/050433

monitor circuit confjgured to_determ ne peak .

£0;] RALRH FE6GS SHRAE & HIFDR biof of i RBATS, S6bi PR The
.phase errqr signals_and conparing, pul se wi dths of the

1 o ATV LOBRBINGY GTEREarT Bk e tepegus phase error

programmabl e delay tinme at each reference clock cycl.e
by {{PRleari RETPHEL At Ho S SE NS E e TGP fE8, CORAL i Fg
i nst ant aneous phase errqr change includes a first
pulfe 1Ridtisqod Bher erEialdy sPRRERred RURFR BpFRXef1gals to
configured to receive as inputs and select one of the
2 progiarmabh g dat@y  hveyiat #Reht Fafersnpraclogk pfYrs ity
of counters is coupled to an output of the .
detRimins REFAPHAIRREUIMANRSE PREPAMIATSUs PREsENErdg@Aneous
change counts associated a pluraljty _of instantaneous
PhaFR RF e GRALGR eSPotuess Gc ALEREL SigHiede 288, grdifierential
canmplitudes_and tines are provided to create a jitter
signashogPaflFdRieTenn hpsaiarused dro JIF6REVEeRf RS and
measurenment includes a plurality of progranmrable
selRGtayPngt 8feshe ofiTfurdd@red pednilte sdifderpBhiat signal. 2
di fferent anmount of delay for a clock signal to
plyrahiitye of deralem clo@evdlghalo f8t cadust ab| gre
short-term neasurenent of jitter novenent. A phase
mu Hekrd@psE FACRERMEEL RS Apgtantaee Yo SRasRgREF R fRaATE
- del ayed cl ock_signal. The phase detector includes a
COPHES BSEPE4BERR Y2 det WAt Ye BRT 1Yt Et-aNgog6t RS HHEOT
error signals. A phase error nonitor_circuit is
thieefitalgsr EHCRotRRE arlinste SpEak #MtidnCssests piERD are
error_ change by | ogically conbining the phase error
Prasyigies §0aﬁ§eéﬁﬁﬂ§aﬂ1%qu5u%§ét9$¥ﬁqhs of the logically
conmbi ned phase error W?2008/ 088976PCT/ US2008/ 050493
[0012] An apparatus for short-term jitter measurement includes

a plurality of programmable delay stages configured to permit
selection of a different amcunt of delay for a clock signal to
provida a delayed clock signal for adjustable short-term
measurement of jitter movement. A phase detector includes as
inputs the clock signal and the delayed clock sigmal. The
phase detector includes a phase-frequency detector configured
to output phase error signals. A phase error monitor circuit
is configured to determine peak instantaneous phase error
change by logically combining the phase error signals and

comparing pulse widths of the logically combined phase error



signals to a programmuabl e delay tine at each
reference clock cycle to determ ne the instantaneous

W@E@%ﬁ@gﬁor chan_ge. [01013] These and ot her f%%lfbgz%gsmsows

tages wl |l becoms appar ent fromthe
SLGRBAR tibrt FEPREPEUTS LR 178 He Pk -FRorence clock

v BRSO BRSPS CHAG J‘?‘«%ﬂ% 3o %%@%%%%@FERW%

rovide details_in the follown escription of
[C'Og?]ef éhPed %&Flﬁ%nt%awl??ﬁ raéFje%gﬁ'ﬁ‘%t? 3 e o Pe5RM R g
figures wherein; 1J(0015 FIG .1 is_a block diagram
aPRIOH I f T@TC SRG e R %??&}nqoﬁﬁé&él%@k%%fqrdgﬁlepmg
{_0016] FIG 2 is a block diagram show ng
i1 waheitiaie SHEOBHERR 2 TS <@t el P (IISPEB) bﬁoﬁ‘ﬁ%@t“éﬂ
to a PLL in accordance with one i|lustrative
cormpgdiote LR BbE RCIImarying dryfiftam showi ng a
timng reference signal with nultiple I PED threshol ds
i ndi cat ed which may be provided by a pattern anal yzer
i n accordance vvlth one enbodi ment; [0018] FIG 4 is a
T et 19 ) 3 an i nst ant aneous phase

error detector (I PED) in accordance with one
[0014] The disclosure will provide details in the following

description of preferred embodiments with reference to the
following figures wherein:

[0015] FIG. 1 is a block diagram showing a conventional phase-
locked loop {(PLL);

[0016] FIG. 2 is a block diagram showing an instantaneous
phase error detector (IPED) connected to a PLL in accordance
with one illustrative embodiment;

[0017] FIG. 3 is a diagram showing a timing reference signal
with multiple IPED thresholds indicated which may be provided
by a pattern analyzer in accordance with one emwbodiment;

[0018] FIG. 4 is a schematic diagram showing an instantaneous
phase error detector (IPED) in accordance with one
illustrative enmbodiment;

[0019] PFIG. 5 is a timing diagram illustratively showing pulse
width comparisons for transitioning an output of the IPED in

accordance with one illustrative embodiment;



illustrative enbodinent; [0019] FIG 5 is a timng

diagramillustratively showi ng pul se width
conmpari sons for transitioning an output of the_ | PED
WQ H03(088854ance with one illustrative enbodi nefGT/US2008/050493
0020] FIG 6 is a schematic di agram show ng an | PED
[002P} hFAGH t § - feveIsahemashe| deaquass Showiag cap WiiEh
another illustrative enbodinent; [0021] FIG 7 is a

mudthybeifals AOWeREO b8 p U= 8lalife 3C698(aRG S ity agother
_plurality of latches in FIG 6; [0022] FIG 8 is a
ildeplerptive @rhgeaneshowi ng a differentiated an
I nst ant aneous phase error detector (IPED) in .
[003tkoF@@nce 8 teh ddrarhey showodl mbprt] 09283s RIver gijne for
a bl ock di agram show ng an i nstant aneous
a plurality of latches in FIG. 6;
[0022] FIG. B is a schematic diagram showing a differentiated
an instantaneous phase error detector (IPED) in accordance
with another embodiment:;
[0023] FIG. 8 is a block diagram showing an instantanecus
phase error detector {(IPED) including a jitter histogram
measureament capability;
[0024] ¥FIG. 10 is a block diagram showing an IPED as a lock
detector (LD} and/or a static phase offset monitor;
[0025] FIG. 11 is a schematic diagram showing a delay
calibration scheme in an IPED in accordance with an
illustrative embodiment;
[0026] FIG. 12 is a schematic diagram showing an IPED
employing a Vernier method to achieve a finer resolution in
accordance with an illustrative embodiment; and
[0027] FIG. 13 is a block dlagram showing short-texrm jitter

measurement using an IPED in accordance with an illustrative

embodiment.



phase error detector (IPED) including a jitter
hi st ogr am neasur enent capability; [0024] FIG 10 is a

bl ock di agram showi ng an | PED as a | ock detector s(zLD .
WOHIPBPOY static phase of fset nonitor; [0025] HETES2/050493

ool SRR Y VABOMERO s o) 0L
enbodi ment; [0026] FIG 12 is_a schematic diagra
[0088lowPnEY BFET-PEDPEXBLESI AR ]FAT SFPLeY 35 LaghPdy Loop
a finer resolution in accordance with an illustyative
(PRhhothardts 5A0S oAy meadvwise) upisrder By agfad
showi ng short-termjitter neasurenment usi Rg an SPED

infpracerd dEeady t BERENY Lastha: File edbB@PAERE circuit in

accordance with present principles operates by measuring a

phase error at each reference clock cycle with a programmable
error-detection threshold and saves the information in latches
for post processing. an all-digital peak detector may be
employed, which detects peak phase error amplitude only,
instead of measuring metastability in the zero-time crossing.
Simple 1lumpead deléy lines are preferably employed. Hardware
complexity and power consumption is reduced since phase error
amplitude is detected at a phase-frequency detector (PFD)
output, meaning that the monitor circuit does not need to
operate at the (typically higher} VCO freguency.

{0029] Embodiments of the present invention can take the form
of an entirely hardware embeodiment, an entirely software
embodiment or an embodiment including both hardware and
software elements. In embodiments implemented in software,
the software may include firmware, resident software,
microcode, etc. Preferred embodiments are imﬁlemented as
clrcuits in hardware, e.g., as part of an integrated circuit.
[0030] The circuits as described herein may be part of the
design for an integrated circuit chip. The chip design may be
created in a graphical computer programming language, and

stored in a computer storage medi (such as a disk, tape,



W)2008/ 088976PCT/ US2008/ 050493 DETAI LED DESCRI PTI ON
OF PREFERRED EMBODI MENTS [0028] A system apparatus
and met hod enpl oy phase-l ocked [ oop (PLL) circuits to
WOIOPESE har dwar e conpl exity by using i nf or ngtGLYH2008/050493
al ready present in the PLL.. A mpniitpr cirguit in
o LG et Eiepr SRS B P BRoSE G aHads 26, 16 2
neasuri ng a phase eyror t _.each reference clock cycle
SERFERE PG ARTHBFE or 16t -6t CEFIOPFT IHRREGPY Arpticate
saves the inforpation in |atches for_post_ prqcessing.
CHARS ofT - Y iREQEOpe EROFAR O Moy Beetnd d‘;ﬁ‘s&}c%‘? RS,
detect s peak phase error amplitude only, instead of
EhapdeSh 9y ERASTEARF| TS F57ulfd g et es 19 Y PEYS Ayt means
Simpl e unped .delay lines are preferably enpl oyed.
(E1Er dvid¥ PROPPRERI RyCH Howdf bR TG s SFRBtRE Fhe
since phase error anplitude is detected at a
dephaRb- 4% SHESHEGREER LY ore -@PEDf ottt therdRtergethato such
the nonitor circuit_does not need to operate at the
entiviftal Py SritdiePy VeBusddienche [ T2e 54T nehtiden
of the present invention can take the fozm of an
CORVRY e yintar dhGr ePRTIdi e EOTHAT eff 1S el PraBhi fabata
enbodi ment or an_enbodi nent i ncl udi ng bot h_har dware
SYSRY sof t \WISa Ta ) ehehit e ITibeipatimRmS nhasrdAheSeREH.c
software, the software may include firmare, resident
maght ¢ EEEh fveisebde, ingladeppef 6EPEY GTRIGE REnFRE FRED
i npl erented as circuits in hardware, e.g., as part of
degign e gREEEA ORI R 1279 GO3bE faened rtuie ¥aggr. The
descri bed herein may be part of the design for an
pho iR BMRE@PSilE cURET S Trd LeRed Brsisfinrafrpas of the
created in a_graphical conputer programmng |anguage,
wafgw Swuled thealrvputidersos) afe P ditinhelsgehotkegise
di sk, tape, W2008/088976PCT/US2008/ 050493 physi ca
PreReIFIi ve, or virtual hard drive such as in a
storage access network). If the designer does not
[003 Hbr Fhat vegdi s dnERerphel otindvdgr aphibe easibe used
to fabricate chips, the designer transmts the
di gtesibutiong bleShgnidyr isiaisircap nednse sy gormpythat is, as a
providing a copy of the storage nmediumstoring the
sigpky giyfesr thpbchasmuwldiiple( engackagyd giirshe as a bare
Internet) to such entities, directly or indirectly.
dighestior edrdekiged | &orhen Inokber iad-dmicasehghe chip is
appropriate format (e.g., G aphic Data System |
moyagl 11 of ginghe dhiyw itcatkeos ofuphdola rhegraphtarrier,
masks, which typically include nultiple copies of the
wighileafssitati arquestixed thae aethexbdeed ornmethon lHgher
waf er. The photolithographic nmasks are utilized to
ledslf ivserdegasoof in e mdfidchiandackagehd sughens 2 hesEmiyr
to be etched or otherw se processed.
carrier that has either or both surface interconnections or

buried interconnections). In any case the chip is then
integrated with other chips, discrete circuit alements, and/ox
other signal processing devices as part of either (a} an

intermediate product, such as a motherboard, or (b} an end



[Oom The resulting integrated circuit chips can be
distributed by the fabricator in raw wafer form (that
is, as a single wafer that has nultiple unpackaged
WOHIHEIRIT6as a bare die, or in a packaged foi mPOIAUS2P{8/050493
| atter case the chip is nounted in a si n%e chi
Prdifage Theu BRC BT Y T SBPC PEaF Y &5 OdNCEn PR L g ER 1 =S
. are affixed to a notherboard or other higher |evel
ingegratsd cAECrAt LA CRPFIPIckETR (¥ EC ﬁnﬁs‘?%h%%f]ﬂﬁ*@m
carrier that has either or both surface | .
aPP R HIEHRTe £Pi BREeD GONBH PRt BF BT e LAYHRY . 2 ISRy &
case the chip is then integrated with other chips,
keyheasibtor OChed| ingtle FEVESS: afiBE 7 ISR SPHRGFSSOT -
processi ng devices as part of either (a) an
[0032]t eFhedhetkods 6gudescrikad derpinp@érivdatsed dn thy
an end W2008/088976PCT/ US2008/ 050493 product. The
falantbairicduot dnredestady chrouliet ching drnédhufhe testing and
integrated circuit chips, ranging fromtoys and ot her
mohpvesimd afpbrectimmyraoeesaddanced conput er products
having a di splay, a keyboard or other input device,
[00331d arnetite alrapriagessocluddD32] thhe ammphiodsiag, like
descri bed herein may be used in the fabrication of
numét=ig atepdesent uite chames oor similde dlesenng. ankeferring
nonitoring of on-chip processes. [0033] In the
intrisiingsol grtuded 4 lichiks dappramati en cohivkrt humer gihase-
represent the sane or simlar elenents. Referring
lodkwd ilaldpy (POLF| Grstlem A 0b| ebkcli agmarisek a phase-frequency
conventional phase-locked | oop (PLL) system 10, which
decorurd degDa phase-dhegecpoypdéCRLtldr, @PEDpp1aileer (LPF)
charge punp (CP) 16, a loop filter (LPF) 18, a
18 val tageagertoot tell sak cisichialetof VEO0)I12A0, aaf fegumesroy
divider (DIV) 22, and a | ock detector (La) 24 is
dishinwn. (Diive PED d4d conpaikedsetbetphale)of24amsi siswm ng The
reference clock FREF with that of a feedback cl ock
Prili214 tdeephatkethprohdsdedfatint ecoutqutredbrehee clock Fegr
frequency divider (DV) 22. The PFD 14 generates
witlogilztowEput Seafbadt Wingkpubsetid didiserhatromided at the
provided to the charge punp 16. The charge punp 16
ounganerat eheafirequaicy ditvddert ¢DIvuheZa.he THECPFPetikiency.
The loop filter 18 between the PFD 14 and the VCO 20
ged@faeiss 1lhggh bhemuency: marseng amdl saawddghei thaiotdwesr
| oop conponents, determ nes characteristics of the
provelsl toPihebehamio mumpha6f. r efve mhardievipdep B2 generates
generally used to enable the VCO frequency Frm to be
an hegher vidlaagthad wind her sher énemuaiamek fhequeneyiilter
FREE. .
18 between the PFD 14 and the VCO 20 rejects high freguency

noige, and, along with cother loop components. determines
characteristics of the overall PLL bebavior. The freguency
divider 22 is generally used to enable the VC0O frequency Foyr

to be higher than that of the reference clock freguency Fage.

10



W)2008/ 088976PCT/ US2008/ 050493 The | ock detector 24

is often used in the PLL 10 to provide an indication

of the PLL |ock status. p0341 Referring to FIG 2, a
WORGRRS8ATogr am of a PLL 100 with an i nst ant and§UEUS2008/050493

Ehase error detector é PED) 1Q2,and a pattern .
ThENSPYS et RFEOENP 1045 P &5 M58 ABi VRF Fighdifin tPpprovide an
, agcordance with_present principles. By enploying
NI R80T Wi E5G EhfabPE* sE@EUWsnst ant aneous phase error

detecti on boundaries or thresholds 106, the )
[0034] - BrgrEaing FED FI2 @nabl ekogtuldijegrhmeshod Flgedi0 with

phase error novenent detection; when conbined with
anp§Rg LPHEEESTSnglpAe soEat Seheahary FEPE| dOR @hflch pattern

coul d reside on-chip or off-chip, sequences of phase
angtyYZRY fREdElekBAt 87e okl P teailepiv ey jint apcordance

_estimates. Miltiple thresholds (dotted lines 108 in
with @repenfaPprbacppdos de @Yo EEAEY 89Y Yl H teddyr arpgnmenable

delay line or Iines. [Oom The |IPED 102 acts as an
peghsizfianyégesuphabes e raxgiord 8esee biomthamearies epence

cl ock cycle. The accunul ati on of the instantaneous
thpgglvalds Ad6 .| Bher abl 1diwiced BEEBoWR ramedles juiter .

The | PED boundary describes a transition between a
thyeshnld pegkwhbraet ter rPEOvenepht d¢tedtgwnanuhen es@itimed

is high. An IPED threshold is the delay beyond which
vithodgistarcaaedns & & iretshaseapryremdiogkyileich arpuld

output 1. The difference between | PED del ay boundary
rezide |PPEDhdel ay ohfecihal d seguehaes tdfe dHRED ehreshol d

is input referred (e.g., it is the actual trip point
megsngsrend swedtthbahesrvaPED tot puttepesstiimghes . afdfthiele

| PED boundary is output referred.
thygseagis08897EPETI USRD(G8/B080483CG | 0DBBjayShacproiedddED

102 takes PFD |l ogi c outputs, UP and DN, which include
emplasiage & progndonaptd cleleasédnenopuligesai dt h

nodul ation, the | PED 102 can be considered an
[0035{t emse VEPED Tt20-aditgi &al arcomadatieépnedhe paideerror

anal yzer 104 collects the digital outputs captured by
detdgdrPED t62handfetengeosfiopkocesk: Nng Tieowcdesulsefod of

data anal ysis such as a jitter histogram | ock
thel etrediengapestat ploagh asercof ingdrmmii g0 can, bahcodvartdd to

be illustrated | ater.
jitter. The IPED boundary describes a transition between a

delay step where the IPED output is low and where it is high,
ATl IFED threshold is the delay beyond which the instantaneous
static phase error would vield an ocutput 1. "The differsnce
between IPED delay boundary and IPED delay threshold is that
the IPED threshold is input referred {e.g., it is the actual
trip point in pulse width where IPEP output goes high), and

the IPED boundary i& output referred.
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[0037] Referring to FIGS. 4 and 5, the operation of
the IPED 102 is illustratively depicted. For
sinmplicity, the IPED 102 includes a single-I|evel B
WOLHPHIIEI B as depicted in FIG 4. | PED 102 i n@GIdER00§{)50493
- XOR gate 120, an AND gate 126, a delay |line 122, agd
[0036]1 35895 9 FEEPo O DREeS Jifch 199aC SHesieR §ht 8u9 Y
generates a pulse (1) that has, net phase-error )
whigh drrdifEnPlede ST IGFOrRat e K858 PRePREGH Tt
of the arrival tinme difference between the reference
mO@HRN PREFPENEFF R el (e &8FaBR EPRRIdersd 7 §xBrRg g time-
tinme difference will be reflected in the nmagnjtude of
totdigidialf PEHEELER- wiheh PELTERR VR 7@ rDNOS| Grrt &ctss the
labeled in FIG 1 and FIG 4, with the XOR gate 120
digiaduousgrse epgtesst b hget RBED di %% erendbs it ude.
P38] Referring again to FIG 4, the pulse (1) is
DT oRASHiag Eyov#%e% a1E8EYY fataoznaliich sushcdnt # ol dtd@Tby
a control signal, CTR and the delayed pulse (2) is
higtqurag o el BFEFEGREI®h F2atas elase ofpaet e 39 vk
i nput (.1223 of the DFF |atch 124 is generated by the
whisp vijdtle be 281 lusipzowg) 388876 PCT/ US2008/ 050493 [ 0039]
Dependi ng on the pulse width of (1) which represents
[003T e Retemtiage ter FEBS. t heawlitPputthp eperadizldoFpLlphecERED
be high or lowas illustrated in FIG 5. For exanple,
103 fist Hd lpgksatiwelth defoictpdi s For gemolligaty, ddieylPED 102
amount set by the delay line 122 (see (2)), then the
indR@er24 Bingbe-taghl @atestionses identdldet piinglc. 4. IPED
diagram. If the pulse width of (1) is snaller than
102 Hewdeldey anoiOR osdte By 0t handdiydtiend2622z deleay tliae
DFF 124 is set |ow (second case in the timng
123l agdam D-Tipe fkip-tHeorddPEY) aboiait 1Bdovi Teel IR deltey 120
line 122 sets a threshold of the phase error
gerndstaaesi enpulencel) tfimtphasenabveresst-ewkprs hivbgiression;
over time can be detected if a phase detection
the hrigkhobfl the ghwbe tis &hel PEDbouwldafy the ahwiysladdme
novenent. The novenent of the | PFD boundary over
di ffigrengkebs twptrestliss mmimrasoe epkontk Fherestifintlte ofeagback
the jitter of the PLL (See FIG 7). If the del ay
clamipdit. | Shistabyitaile imeglaffetdealetidy bemeellZrted in
by multiple delay |ines, the phase novenent or phase
theg maperitode 0 st etitfiderrore frlwiadlly ofi thepddtand DN
processing (e.g., pattern analyzer 104). [0040]
sigrefler pEndabeldd G M Gand Fndafl@exdnpivetbf the ¥@EQate 120
i mpl enentation 200 with 8-1evel detection threshol ds
outipmti pludiser at) veptistiogn theh dhiterace, m8udetwde | i nes
202 are cascaded to set different detection levels to
0038 nerat -8 ndabgadnt pot BIq Pl4 ,t ahPQrlibse ech isadplangd by
time. It should be understood that any nunber of
thd ey Mhye bez2nmpitdyed isl noktfallsd ay exaoptmlofsidaba,
(circles) stored in registers for five reference
cTiG| ek peei debayERHWLses (g ves. fdhdandar kraenF e i Yadiats 124

as data input. The clock input (3) of the DFF latch 124 is

generated by the AND gate 126,



W)2008/ 088976PCT/ US2008/ 050493 represent the | PED
out put (P1.41) of high, and the clear circles

t the IPED output (P]...$ f low As in
WERBBERFI e D outpt (71 5) of 1o Sqagubbons
oL e A B AR UF e eRIL
o BESE ST BHLEC I BS ghelvge By B\, anL 58

potentially to take, appropriate action, if desjred.
OT LIRS e EEREPE Hb&pr%ﬁ-i on of °Ff W' PES: 269 Fie pulse

.simlar to ,the tinetqg-digital converter (TDC) or C?
wigFBiehl (Wodk GBFEET orial P G4V aBTe o et PEnEie delay

.threshold. Note that the | PED bounpdary wqul d gccur
Ligetdeen' 95§ dAd) Pstheh HHSPFE éﬁgllﬂ,s high bgllf%t‘r case
time step 112, etc. [0041] Referring to FIG B,

1 o Hemi@gh BdrARAT 300 - ienBM L BEFIE S Réwh L Wnt e rEmaller
detects only a transition of the |IPED data vari ation.
Ehay bRRYided-aan axery ate- 300 the ?ﬁ%‘%d‘t”ﬁiﬁ d2d5 Ehen the DFF
sequential latches_124 and 304, differential jitter
124 nkorifdt i16W ¢8RCPRE GRSH A@d EREnt PRI WejporeRb. That is,
frequency of alterpating phase variation can be al so
thede@edmfiirh BERT b idsSphgy {9t 4422ASgEEaR | Breshold
post - processi ng nethod will be described bel ow and i
of e IRASRd 8THST et Br-s HEnagcuhifl #06F8 PoveRRRMich

and record jitter novenent. Storing all the data
vagkeferoitead Fhet ren | P etgEtedopt %G%E\‘F@ drEeatEot ar ge
nunber_of registers, resulting_in substantjal area
fiBoR1OFRAstR AN FFED HPIAGREY 10f HEedhhase movement.
counting the occurrence of data

The)\gopsserss 97 6 Peg 11830 AP pSeAY3ovaT itlitdRleapasplas is a

har dware area whil e enabling a"j:itter hi st ogr am
TmeFF R oF estimation of the jitter of the PLL (See FIG.

7). If the delay amount is set by the programmable delay line
122 or by multiple delay lines, the phase movement or phase
jitter wan be detected more reliably with post processing
{fe.g., pattern amalyzer 104).

{00407 Referring to FIGS. 6 and 7, an example of an IPED
implementation 200 with 8-level detection thresholds is
illustratively shown, In this case, 8 delay lines 202 are
cascaded to set different detection levels to generate 8 data
outputs (P; to Pg) for each sampling time. It should be
understood that any number of levels may he employed. In FIG.
7., an example of data (circles) stored in registers for five

reference clock periods (Tper) 18 given. The darkened circles
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RI 0431 Referring to FIG 9, an illustrative system
400 shows an exanple of achieving a jitter histogram
using the IPED 200 (FIG 6). During certain periods
W%*““?’S&?@“ﬁ n accordance which are set by a ti ngiCT/US2008/650493
circuit 406 with a tinmer period control_input_ (TGEN)
regresen e diiet EPER| BekPihplfti;a hefepdloy it thy chear circles
reference cl ock (REFCLK? counters 404 are activated
repsegeiintthend PBRcOv FRite el fofe )t RE FPED 29D SeePpdtsF Hasel
on the nultilevel threshold detection which is
the| yastaibogd ofn the Gruhe = adh tiguAREFoY GiECA8S ot A%
with a different threshold anmount for the
col st arRnNeseHs sphls oo moyRpRnt ueeer Aive erpresere clock
(NDX) 402 selects (in accordance with a select (SEL)
pesieial ATaist) her ThAPHMPEDITSUPFOVEAEP)Nh e dnshYEFR DY
nmethod illustrated in FIGS. 4 and 5) or the |PED
pati¢frerannlvaerolifpute Jipgpveraseandy (dRIRTcRefbtter, and
illustrated in FIG 8). By counting each |evel of the
Pot@ED B oS takd 2PRrIPEB e BEELent | degipats (Hence,
phase angles), jitter histograminformation can be
thebresradd. oNetetibmtotdisi AREP0RE0 ofs diimiderokorthe time-
| PED outputs and differential outputs could be
topi i tdd cangeptot e§BXY $inmal daadbub|iock delkectostwish
a different counter allocation or the allocation of
vantdhls cirdlectoont erseflold.hedeteathat ThewfFEPnbeundary
IPED with multi-level thresholds already includes
wogtdtdarushdseweah oPmatidoRs fdwe HiPEDStam bel.udedand B for
| ock detector and/or a static phase offset nonitor,
time aE2008/20889Z6PCT1US20081050493 depicted in FIG
10. Static phase offset is the average tine
[0Ddi1}f f Befaceilfyetiwe NG N8, arndvtalr temipegivént T effettbRCEPED
clock and the feedback clock. It is generally a
is sslgned widaht Heyec fherlist at tchnpbtidomi rplei e5EB @ a
phase offset. Informally, static phase offset may in
vatitiomr y Bgveddingen SOR gatphad?2 «f fidet ombiyube of two
t hought of as the average phase of fset neasured over
sagquargliatli vekyhtonD24 iavel 308048} fReferwiadg jtlatEtrG 10,
a circuit 500 may be enpl oyed as a | ock detector and
inStatdtciophase béf sketainmsd.t ofni hhascondanbe Wretuétey of
present principles. By counting and accunul ati ng,
alvetriatamgapbasel edoratbld, cehebecealyo ehgrchbdt Wwikth REBRE
out put data over a long period of tinme, a statistical
pravegsiger.of the | PED boundary (e.g., a neasure of
jitter anplitude), that is, the static phase offset
00Nt o nadt ol edriy shepobtaisinty rhivhed @WD1T e delcaybed
variation is significant over tenperature and process
beVa@f i:aid ady, iAcTadié bisiingorodhtbhe oelmeutiunadbtsiiso
needed to quantify the static phase offset in terns
me@iwsd aRCakdcUpdt $iHeh myepbaesSecodising all the data

generated by the IPED 102, 200, 300 may need a large number of
registers, resulting in substantial area consumption. Instead

of storing all thea data, counting the occurrence of data
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[0046] The | PED outputs may include |PED r and | PED_d
signals. IPEDr and IPED d are the raw and difference
outputs of the I PED, respectively. IPED r thus
WQW?’@@&%dS to the raw i nstantaneous phase erf{dyUS2008/050433
captured by the output |atch once per reference clock
VaEIREOn |9PEDSEVEhpRT EFERIEPEER tFRABIHTS) Bt ¢T Ve
~of the difference between consecutive nmeasurenents of
hisheoran @Rad¥R&dus phase error as captured by WO
2008/ 088976PCT/ US2008/ 050493 out put | atches on
[004HnsBeterxing dieFdfceel He kil ldyditagtive gsystam 400sshgws
a transition detector on the raw output). [0047]
an Refamrlien @£t schieving a gi titkrubisergnan asiagi Fhe PR 200
shown for neasuring (hence calibrating) the delay of
(FiGe el apPuripgscenpiin iferdegpr el widiThdraAcaaBiaRemahich
set of signal inputs, DLY TUNE<O k> 614, to enable
are heetddivay kimert olpruidettOfowhtesiriawp pegiedcsoniNGtle
that the DLY_TUNE signal could alternately be
inpwip| GIEEH edndnd comiey [cdgcksiapuandlesg Peowidedig the
an anal og calibration | oop. [00481 To neasure the
refteayrofcleash (HEFEK ol epunters 404hEnss Gictizgbed 648 doymt
formed using the sane kind of delay circuit(s) 606 as
the hecalelrgpcei eEuths IRED & 08abibratedaskie odethy aerlti-
signal is logically combined with a calibration node
leweyridires@aLliOibrteciion eirigh d&f3}lumfineged NANIEGate
608 to enabl e operation of the ring oscillator 608.
Eadn analilee é0dnissigpradiatEN €NT) actiffsrentathiesghold
enabl e counter (LE_CNT) 602 to count reference clock
amoyd €9t ghdefes remmreedusnphasadeovr @l 2mpAicodat erd 604
Is enabled in accordance with the tinme w ndow 612.
muUsipigelre (BBt 02 680, ecttise (Annberomiarest pathch opddsect
fromring oscillator 618 within a certain timng
(SR Ndowngl? édtiger MHETREED pastpotmt &) (Pasedebmythd method
of each delay circuit can be estimated in this way.
117004%ed dal FBBSL | g Gdessi hige siREHigIereanial smtputs
adj ust the anount of the delay in accordance with
(P4r dbessq swppley schethet dbpesataiadd var FAGi obk. s@yt faunting
the delay Iine can provide al nost the sanme val ue over
eadln Iavelf afetbé SHEh whangesandhehe IPED differential

outputs (for phase angles}, jitter histogram information can
be obtained. Note that combinations of direct or raw IPED
outputs and differential outputs could be provided and
processed simultaneously at the cost of a different counter
allocation or the allocation of additional counters for these
tasks.

[0044] Since the IPED with multi-level thresholds already
includes static phase information, the IPED can be used as &

lock detector and/or a static phese offset monitor, as

15



W)2008/ 088976PCT/ US2008/ 050493 cal i brati on processing
system 610 provi des a feedback signal that would
enabl e the absolute delay in the delay elenents to be
WQRHIOBEISET t o m)re closely match a target absolRfileUS2008/050493
del ay_val ue. OOS()& The calibration procgss n
deRiSkeini61 IPectPvesSte A PHREEI D Wikt PgfiRfrage time
%CALOUT to detem ne whether a %lven dela | i ne needs
DITERTIREE SSEUPET CEIT AT R GRTRAG S ﬁs BPBRGR | HPCk
frequency of the calibration rin SC|IIator t he |
Hetly imsidbarkgelefkt hetfddifageBe 2 £IBES CERIRI -
glectln the effect. of the AND gate del ay
Thas Hed S d PRE EROR nBURHER & Pat RRese Cﬁéss&:. | Fafepmally.
Note that alternate neans of disablin e r|n are
stpbkeimligse PATERF SBHNM J@cht FBRY W g%rﬂsy E@ ? Fgse
represents a sensitivity threshold of an IPED
of fuih tEvh ibig tRorgle 40 IFs0 IHEe 2ERTRT S IRAaEE PﬁF%@hdﬁ?ﬁ%ﬁéfeﬂ
desired, delay control signals, such as
DV@%I%)FEthmg@lKﬂ@’F—WeWW% FIG 11, can be adjusted to
enabl e conpensation for process, supply, and/or del ay
[00éF]enBafemarricttico#TG. 0061 ] acsairﬁm:ri&dfn% IR (45 smipdeyed as
met hods using a del ay-1ocked | oop (DLL), the approach
a biéciF|ldgtettor sandretd tho rdbise ﬂﬁfmt‘gurrtoallltgysmn%crsw@@ce
it does not require an anal og del ay-1ocked | oop,
witlhiigle presgehepulncimlss . .a Passtvetingopot prepmubating,
phase detector, and a charge punp. [0052] Since a
wi ti. rmancuREDat br e$0id dities ogeverencredhyhe &PEP nemput
propagati on delay of the delay |ine, achieving an
dat®ERren teh lbhgeperbol i drimegsi ags fatded igailt agarage Rfclhe
as inverters as delay elenents depends on the
IPEDtbdusiacyspeed. ofa temsure of jitter amplitude), that is,

the static phase offset information, may be obtained. Since
6nechip delay variation is significant over temperature and
process variations, a calibration of the delay circuit is
needed to guantify the static phase cffset in terms of
standard units such as pilcoseconds.

[0046] The IPED outputs may include IPED_r and LPED_Q signals.
IPED_r and IPED d are the raw and difference outputs of the
IPED, respectively. IPED_r thus corresponds to the raw
instantaneous phase error, captured by the output latch once
per reference clock cycle. IPED d thus corresponds to the
absolute value of the difference between consecutive

measurements of the instantaneous phase exrrxor as captured by
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18 W2008/088976PCT/ US2008/ 050493 t echnol ogy
enpl oyed. Alternately, inplenenting finer anal og or
digital controls of the delay el enments can enabl e
WonogsiessIteesol uti on. g0531 Referring to FIG 1Z2CTB2008/050493
adding an additional delay |line, DLY2 702, the )
ouipide FtEREE PR CHFRESATAVEI T RFEFFRITe CdoFkyCYTHRE P 1T
122, which sets a | ower bound on the m ni num
ac gfe tac e Hranp At A tHESHe T pRBS LD IR PULERR! be
conpensated in circuit 700. By controlling the del ay
[004HouRefofridwe tauRTei aty, ot ayl WuphsatDreyxizgpits pp@ris
| PED resol ution can be achieved, by the i medi ate
shewt ifor okasonpensdneg el ibhetimmi e ARsay t¢bihe delay
del ay associated wth DLY1 122, as well as by
limsmblandg tliedapblét asiios of 3@dhiiamaleshhi gliekiqanslset
an effective detection threshold. [0054] Because the
ingpefssr endeToNBek: s Glded tboesahde chchdephpusking flypde set
behavi or of the PLL, the primary frequency range to
to vhiddsitded foeqtercsysbetrs thatrilire PLENTENE asiappl woudd
fromthe PLL bandwi dth frequency to the reference
aligokdlyeeaeimylenBeitedt and PbtiElids dehahranplarrylevel
reference cl ock noi se can dom nate PLL noi se
usihehar enalSyncelihmtriehedenpe cl ock acts as the tine
base in the described nonitor systens, PLL output
[00481t t 6 Herduiat etlebiielapudf reefcdy dntay cdloglent, t tering
bel ow t he | oop bandwi dth will not be captured.
osAMaArliaioross8i Ds | hisdnwdt asdaysthbasenceiriad ¢fellalad to
jitter) beyond the reference clock frequency,
cifmaiwei)| epsnay e ddlely bérdet ectied Heecali$ordtesi. The
descri bed nonitor systemis sanple rate is limted to
deldied efighences clagicaingguenbinad with a calibration mode

gsignal (CALMOD, e.g., on or off)) using a NAND gate 608 to
enable operation of the ring ovscillator 608. An enable count
signal {EN_CNT) activates a line enable counter (LE_CNT) 602
to count reference clock cycles to determine a time window
§12. B counter 604 is enabled in accordance with the time
window 612. Using the counter 604, the mumbher of output
clocks from ring oscillator 618 within a certain timing window
612 {e.qg.,, NxTger) 1is counted., The delay time of sach delay
circuit can be estimated in this way.

[0049] A calibration processing system 610 can also adjust the
amount of the delay in accordance with process, supply, and
temperature variations so that the delay line can provide

almost the same value over in the face of such changes. The
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W)2008/ 088976PCT/ US2008/ 050493 [0055] It is therefore
the case that the | PED system described thus far
mai nly enabl es neasurenent of medium to |long-term
W( 2004/¢88976n PLL circuits. FIG 13 presents an FPCT/US2008/050493
il lustrative enbodi ment showi ng how the principles
caliprdtgomh pieres aledrryrd-age AP aPryvidase ndégetback signal
short-termjitter nmeasurenent. [0056] Referring to
thiy gould, epadileathofahwidivgg fPEDY ot gltss dedayhelemeEls to
i nput, an incom ng clock CLK and a del ayed i ncom ng
be giiipie &0 tar Bous el eaelpyh e clet ek e tg@dsphpEe sde ke
phase error signals (UP and DN) are then input to
vall®ED 102 (200, 300, etc.). Using a nultiplexer 804
and a select signal SEL, a different nunber of del ay
[0084]agEbe 802 Gam tiensprectesinamystten hebhanewmrivets the
cl ock under different offset conditions can be
calidasitried. oBapet simstlat{iCeroval teanteenment shdther a
processi ng of outputs as generated with different
gigal eehiagniing stafesiBi2g.n Apeol darddyw thraudll Rnowing
signal, cycle-to-cycle jitter can be predicted with
theagieratdnes sragudesyg.of dthisngapabtarivmmahyzessiliator,
etc.). [0057] Having described preferred enbodi nents
thofdelasy peenstagppasBtvie dedapesbadkitorcaanbehegnppiiasi
error measurement to determne jitter in phase-|ocked
nediaps ngwWitheheafect fentted aND bets |dalstyr abbueiainsh ratth
limting), it is noted that nodifications and
the adrizAilico pathadf beharade:iNY aper SonsoiskitHaedal tetiretsamieans
in light of the above teachings. It is therefore to
of higsardenhgt ehd thed ohkapgesibhy. bernradd si nohRbguration,
particul ar enbodi ments di scl osed which are within the
thechlevapdrsptagéd OipddenitByansenst Eisrioyt khaeshdiyd tdfe an
appended cl ai ns. Having thus WO
IPRN08/138 88 716 PETMIZH) AB/M>493hdesdte hath=dspedtts Hrddmeld
invention, with the details and particularity
is riegdiredd Bgléhecqpadmt siawslswhaich secldail apdramnek : k>
desired protected by Letters Patent is set forth in
giddie iapperdedlcl @mme adjusted to enable compensation for

process, supply, and/or delay element variation.

[0051] Compared to calibration methods using a delay-locked
loop (DLL), the approach of FIG. 11 is more favorable to
digital systems since it does not require an analog delay-
.1ocked loop, which, in general, usés a passive loop filter, a
phase detector, and a charge pump.

[0052] Since a minimum IPED threshold is determined by a
mininmm propagation delay of the delay line, achieving an IPED
with fine rescolution using fixed unit gates such as inverters

as delay elements depends on the intrinsic speed of the
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WHAT |'S CLAIMED | S; 1. An appar at us,

conpri si ng a phase-1ocked | oop, PLL, circuit
i ncl udi ng a phase-frequency detector configured to )
WHWIHRSShase error signal s; a phase er m&T/US2008/050493

monitor circuit configured to deteterm ne .
tEFh%Q%Hﬁ%Mﬁ@E&@YE@ak bHamadedyy EWPi%EﬂQE¥PHnyBﬁ%i$HQ%?9

the fhase error signals and conparing pul se w dths of
ort g f@!}l @&’Inltyﬂéénﬁ g pledsy etemenis §ival snphlg higher

progranmmebl e delay tinme at each reference clock cycle
repelefctasi.ni ne i nst ant aneous phase error change; and

a storage elenment configured to store the
[0063Ist Bafermebus tphdy€.elRorby ey an addit2iornfiedelay

apparatus as recited in claiml, further conprising a
Lipe uridivizt Y08t thscamesrideinayel &y ess swrifbtgdr with othe delay

deteLnmi ne and store instantaneous phase error
linenf A¥rvet 188, which sets a lower bound on the minimum
detectable instantaneous phase offset, can be compensated in
circuit 700. By controlling the delay amount of the auwxiliary
delay line, pLYZ 702, finer IPED resolution can be achieved,
by the immediate action of compensating for the minimom
insertion delay associated with DLY1 122, as well as by
enalling the application of Vernmier technicues to set an
gffective detection threshold.
[0054] PBecause the reference clock is used to sample the phase
offset behavior of the PLL, the primary fregquency range to
which the monitor systems described thus far apply is from the
PLL bhandwidth freguency to the reference clock frequency.
Below the PLL bandwidth fregquency, refersnce clock noise can
dominate PLL nelise behavior. 8ince the weference clock acts
as the time base in thé described monitor systems, PLL output
jitter dominated by input reference clock jitter below the
loop bandwidth will not be captured. variations in
instantaneous phase errcr (related to jitter} beyond the
reference clock freguency, meanwhile, may also not be detected

because the described monitor system’s sample rate is limited

to the reference clock frequency.
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3. The apparatus as recited in claiml, further
conprising a pattern analyzer coupled to the storage
elenent, to determne patterns in the instantaneou
W(HPQ%S 8816 or changes to estimate PLL jitter. PEITUS2008/050493
The apparatus as recited in claim3, wherein the

[00631 t &EniBnEISERIOTEs thRabREd HiRta tPSC KPERt BTG deseRébed

5. The apparatus as recited in claim 3,
th%e?@f A Emd Ypgheeifs dipaspremenbt of MubsmpesR brBS érm
error threshol ds and the peak phase error threshol ds
Jigker i Byedireuihe. adiifst 14 BepsSPlS e Wiiluptrative
Broyldes the delay time. = 6. The aggaratus as
edintey ishoviagMitaw rmsilRciRees of@l drdhchegrin can be
i ncludes a | ogical conbination of the phase error
geBeHhhlg extended tg shert 4598 aitseadgastrenantn cl ai m
1, wherein the phase error signals are |ogically
[006@ImbRAEETrWinch tan Fdfe| &8 viniRagaré badinhelPED outputs as
programmabl e delay tinme is provided by a delay |ine.
thg. THE{e iappar atnsiasoniew ddcknCek adnd B defeyed nircoming
first instantaneous phase error change signal is
clprloildedrehened has milase Wedehsoof8ithd dpugscal Tiye phase
conbi ned phase error signals exceed the progranmabl e
erdet agicniafds 40P cawd IEf erenthen| bkt yrel EPEDt hé2 W .a
second i nstantaneous phase error change signal is
309r ozticded. Using a multiplexer 804 and a select signal SEL,
a different number of delay stages 802 can be selected, and
the behavior of the clock under different offset conditions
can be measured. Baged on statistical measurement and
processing of outputs as generated with different selections
of stages 802 in accordance with a CTR signal, cycle-to-cycle
jitter can be predicted with post processing {e.g., using
pattern analyzers, etc.).
[0057] Having described preferred embodiments of a system,
apparatus and method for on-chip phase error measurement to
determine jitter in phase-locked 1loops (which are intended to
be illustrative and not limiting), it is noted that
modifications and wvariations can be made by persons skilled in
the art in light of the above teachings. It is therefore to
be understood that changes may be made in the particular

embodiments disclosed which are within the scope and spirit of

the invention as cutlined by the appended claims. Having thus
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9. The apparatus as recited in claim1 , further

conpri si ng: at | east one additional storage

el enent coupled to the storage el enent, the storage
WQ208%85%07%and t he at | east one additional st or £4d/US2008/050493

el epent outputting the instantanepus phase error
degraheRd iaFPECESr BANERS HYETERED eV et AdE &etekls aFRf

a logic gate configured to |ogically conbine outputs
pagti¢Rlachtyr F58uer iR PefEenht L3%¥Hs thgte 15 claimed and

addi tional storage element to provide a differential
def hxed EiEsEedphY see &9 sy P@ﬁ&ﬁgel%iﬁfalﬁmrth in the,

The_apparatus as recited in claim1, further
aPE@ﬂ%?‘fﬁlﬁg-“ﬁ-pr ogranmabl e delay line configured to

del ay the reference clock signal to provide a finer

resolution for instantaneous phase error detection.

11. An apparatus, conprising a phase-1 ocked

| oop, PLL, circuit including a phase-frequency

detector configured to output phase error signals;



a phase error nonitor circuit configured to determ ne
I nst ant aneous peak phase error, the phase error
nmonitor circuit including: an excl usive OR
gate configured to logically conbine the phase error
signals to provide a first output signal; and a
progranmabl e delay |line configured to provi de a

Bl ot D, (115t output ot onel os o (i eshold
OULPY 58123 B0, 0 Al gach el rence cl ok

SL07¢, Lhe LOSaRanFSs PIgee 01 0800 g o prace-
SO LN 2 RSy, O apseatod 06l St L ISk pigpete

error change information. . ) ) .
a phase error monitor circuit configured to determine

instantanecus peak phase error by logically combining the
phase error signals and comparing pulse widths of the
logically combined phase errof signals to a progrémmable
delay time at each reference clock cycle to determine
instantaneous phase error change} and

a storage elemeﬁt configured to store the instantaneous

phase error change.

2. The apparatus as recited in claim 1, further
comprising a plurality of cascaded delay lines configured Lo

determine and store instantanecus phase error information.

3. The apparatus as recited in claim 1, further
comprising a pattern analyzer coupled to the storage element,
to determine patterns in the instantaneous phase error

changes to estimate PLL jitter.
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13.-The apparatus as recited in claim 11, further
conprising a pattern anal yzer coupled to the storage

el enent to determine patterns in instantaneous phase
error change information. 14. The apparatus as
recited in claim13 , wherein the pattern analyzer is
enabl ed Bye aagrooietdet ect vpcofedhelrPldlaim 3, whereis, the
The apparatus as recited in claim13 , wherein the
patterm amslyzer idetenbhlindsbpeak quitagetertor of the PLL.
threshol ds and the peak phase error thresholds are

enpl oyed to the adjust the delay Iine which provides
the delay tine. 16. The apparatus as recited

in clainrid, apphersink bhereefeeente «l=aek 3i,nehydesnache -
| ogi cal conbination of the phase error signals.

%zttgﬂ@ ARPfREUSc88 rh @6t d i fHadleMetorWhRFEiHb BRI and
i rst instantaneous phase error change signal is

- provided when theopulagevhaids ofrd ﬁﬁb el PYLERE adjust a

S|gnal exceeds the delay tine at each reference clock

GyeLe 19&41%%&6p§o§§&9§dtﬂ1@ai@1rgya%%s phase error
change signal Is provid 18. The apparat us

as recited in claimai1, furthe( conpri si ng:

6. The apparatus as recited in claim 1, wherein the
reference clock includes a logical combination of the phase

error signals.

7. The apparatus as recited in claim 1; wherein the
phase error signals are logically combined with an exclusive
OR gate and the programmable delay time is provided by a delay

line.

8. The apparatus as recited in claim 1, wherein a first
instaptaneéus phage error change_signal ig provided when the
pulse widths of the logically combined phase error signals
exceed the programmable delaf time at each referencerclock
cycle, otherwise a second instantaneous phase error change

signal is provided.
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at | east one additional storage elenment coupled to

the storage elenent, the storage el enent and the at

| east one additional storage el ement outputting the

i nst ant aneous phase error change signal in accordance

with the reference clock; and a logic gate

configured to |ogically conbine output.s of the . .-

st or age ﬁh%ﬂﬁﬁﬂéﬁ%%&stﬁé ﬁ?cféggfuéneaﬁghﬂtVo%grther

storage elenment to provide a differenti al

TS8R &t dt¥eous phase error change signal . 19.

The apparatus as recited in claim11, further

conprisi Mt Gy PEAEBPES Yef By 1TH & ETRTINgGPERTEY to the

del ay the reference clock signal to provide a finer

PRI i DETEHE i hEEaRt AFRBUSS éffoFNaetectidih one

20. An apparatus, conprising . a phase-1| ocked

i imal steredet ol ARENEI PR PHaSe Hheedugheytansous phase

detector configured to output phase error signals;

ar phiasgangeo cnBAEPbRaREE cwil Bh doKT irgdeEenee dbe@F mianet

peak.i nst ant aneous phase error by l|ogically conbining

. the phabegir rImtesicgndlisuand tonpegiarg lpulcosbonngt piatmfts of
the | ogically conbined phage error signals to a
progrtanmel eldekay dndectld wackeasf eneneddit bekalyti@wage

"to-determ ne instantaneous phase error change, the:
eNsiait anepuevibase eifberahange inmxtludengoas phase error -

- difference signal and a raw signal; _ S
change signal. : ' '

10. The apparatus as recited in claim 1, further
comprising a programmable delay line confiQUred to delay the .
reference c¢lock signal to providé a finer resolution for

instantaneous phase error detection.

11. An appafatus, comprising

a phase-locked loop, PLT,-circuit including a phase-
frequeﬁcy detector configured to output phase error signals;

a phase error monitor circuit configured to determine
instantaneous peak phase error, the phase error monitor

circuit including:

24



a multiplexer configured to receive as inputs and
sel ect one of the difference signal and the raw
.signal; and . an accunul ator coupled to an out put
©-of the multiplexer to accunul ate instantaneous phase
error change .counts associated with a tinme Wndow.

21. The apparalus s [eci E:ngi%ul% 't@ %%gti%%ﬁ{}eéombine the
conprisiAg a paf?ern anal yzer coupl ed to e

aﬁcunulator to determ ne

P

tterns in the :

SP ATt o B e R o bty B oPaP R bre el and
provi de | ock ddetection. _ = 22. The apparatus as
recit%dp¥?9¥ﬁ@ﬂQH¥9ogegﬁYtﬁ%?ecﬁﬁﬂéagﬁQ%g &°pattern
anal yzer coupled to the accunul ator to detelLtane
pat t ePRSVIFR thélgladt 5APEnEBUSPPhESE te PPGPUEhERGRAL a8 2

information to provide static phase offset _
ﬁbﬁ¢$%91quigainst which instantangous phase error change

of the output gignal is measured at each reference clock
cycle; and
a storage element configured to store the instantaneous

phase error change.

12. The apparatus asg recited in c¢laim 11, further
comprising a plurality of cascaded delay lines confiqured to
determine and store instantaneous phase errox chaﬁge'

information.

13." The apparatus as recited in claim 11, further
comprising a pattern analyzer coupled to the storage element
to determine patterns in instantaneous phase error change

information.

14 . The apparatus as recited in claim 13 , wherein the

pattern analyzer is enabled by a lock detector of the PLL.
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23. The apparatus as recited in claim22, further
conprising a tinmer based on the reference clock to

define timng w ndows. 24. The apparatus as
recited in claim20, wherein thephase error signals

are logically conbined with an exclusive OR gate and ‘
.t he ptogrBmuasiceresligy a6 Aeclseprigvided Wy 3a. dehgyein the
l'ine. - 25. The apparatus as recited in claim

R0; tesheragial vaefi deternstemtardo i asieasererr ohiretangs and
signal is provided when the pul se widths of the

tlogimald yresebenedr phasesleridy asiegralps cexdeed thwe adjust the
programmabl e delay tinme at each reference clock

ayyicd e, 1 iotchetwicsepaos edond:ticnstedntyandads phase error
“change signal is provided. 26. An appar at us,

conpri si ng a phase-1ocked | oop! PLL, circuit

i ncludi ng a phase-frequency detector configured to

out puts phase @aehteE0Aal Sécited in @1RR@se18riBErein the
nmonitor circuit configured to determ ne peak’

st anianeauskphaseugts of 1¥y:lRAl chbY ng0ibh N NG HN@hase
phase -error signals and conparing pul se wi dths of the
40e,calilha@nbi ned phase error signals to a

programiabl e del'ay tinme at each reference clock cycle

to determ ne instantaneous phase error change, the

i nst ant aneous -phase error change including a first

Si9”@%7?@&@9a%5%&%&89t£§'rééﬁﬂéﬁ?in ciaim 11, wherein a

first instantaneoué phase error change signal is pro%ided when
ﬁhe pulse width of the first output signal exceeds the delay
time at.eaéh feferenée clock cycle, otherwise a éecond

instantaneous phase error change signai is provided.

18. TheiapparatUS as recited in claim 11, further
comprising:

at least oﬁe additional storage element coﬁpled to the
storage element, the storage eleﬁent and'the at least one
additional storage element outputting the instantanecus phase
error change signal in accordance with the reference clbck;
and

a logic gate configured toc logically combine outputs of
the,storége element and the at least one additional storage
element to ?rovide a differential instantaneocus phase error
changé signal.
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a multiplexer configured to receive as inputs and

sel ect one of the first signal and the differentia
signal ; and a plurality of counters coupled to
an out put of the nultiplexer to accunul ate

i nst ant aneous phase error change counts associ ated a
pl ur allbt yTlo¢ dpstaitenesusephasé Br roraimhridshdhdsher
such that phase error anplitudes and tines are
poopttethd ;. ereatramaapilet delhy stiogr amnfigured 2F.ddhey the
apparatus as recited in claim26, further conprising
acfbfenchbasedroribhelr ebepeseticloakri-e dekbbetidmi fig
wi ndows for the counters. 28. The apparatus as

iestiethhdbiud @hHNs26-rwber gbPedtr:phase error signals
are logically conbined with an exclusive OR gate and
the programmabl e delay tinme is provided by a del ay
l'ine. 29. The apparatus as recited in claim

26, wherein fhe fins! sbapaksingl udes a first
i nst ant aneous phase error change signal provided when

the pyl §ﬁaé’¥ir_d1tc¥b§<e%{f &to?)%e,l %L?a&l%mﬁﬁdﬂliﬂ@%dﬁﬁgsﬁ phase-

error signals excee programuabl e del ay tinme

E?&?uéﬁr‘é?rc?é%%%t%ko%n‘ﬂghfe%%&%u"ﬂp%% ?hﬁ@gog{imr signals;
I'nst ant aneous phase error change signal I's provided.

a2 phase error monitor circuilt configured to determine
@eék instantaneocus phase efror by ngicaliy combining the
phase efror signals énd coﬁparing pulse widthsréf the
logically combined phase error signals to a programmable delay
time ét each reference clock cycle to determine instantaneou$
phase- error chanée, the instantanecus phase erfor change
including a difference signal and a raw signal;

a multiplexer configured to receive as inputs and select
one of the difference signal and the raw signal; and

an accumulator coupled to anroutput of the multiplexer.té

accumulate instantanecus phase error change counts associated

with a time window.

21. The apparatus as recited in claim 20, further

comprising a pattern analyzer coupled to the accumulator
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30. The apparatus as recited in claim26, wherein
phase error nonitor circuit includes-at |east two
storage el enents coupled to each other, the at |east
~two storage el ements each out put an instantaneous
phase error change signal in accordance mﬁth t he

rence, cl ock ate co ured fo
t8g§%’éﬁ‘§}”ceor?&tﬂf§r85t e S e kst BPag st o dpehange
%nents to provide thﬁ dlf% rential signal.
% O$$a%ﬁﬁhﬁgt§§oﬁéﬁe Brf é%?ﬁ?q%qﬂer neasur enent ,
conpri si ng: a plurality of programmuable delay

stages configured to permt selection of a different
amount of delay for a clock signal to provide a

del ayéd- cFer lCRRgallst 8 &AFL5EAbIR %lh?dr“t Zgr fprther

measurenent of jitter novenent; phase-

© dereEi9INg e IPaditRgnasd R hpUEs e bR §h@napcarﬁ@lqtmer to

del ayed cl ock signal, the phase detector including a
éhb@mim@@@@n@eﬂectm tosf dgtared S0 Phaspuer phasehange
error signals; and a phase error nonitor

thfoundt ponficgpreditie deteiqipieapeai fisest antaheoping -
phase error change by |ogically conbining the phase
error signals and conparing pul se widths of the

. | ogi cal |y conmbi ned phase error signals to a

- prograsnabhe gal=apntiisnasakreeatd raf erlenice 2cl, ogkreyete
to-determ ne the instantaneous phase error change.
comprising a timer based on the reference clock to define

timing windows.

24.‘The_apparatus as recited in claim 20, wherein the
'phase error signals are logically combined with an exclusgive
OR gate and the programmable delay time is provided by a delay

line.

25. The apparatus as recited in claim 20, wherein a
first instantaneous phase error'chaﬁge signal ig provided when
the pulse widths of the logically combined phase error signals
exceed the programmablé delay time at each reference clock
cycle,rotherwise a second instantaneous phase error change

signal is provided.

26 . An apparatus, comprising
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32. The apparatus as recited in claim31, wherein
cycleto-cycle jitter is predicted using statistica
neasurenent of a different selection of delay stages.
33. The apparatus as recited in claim31, wherein the
phase error signals are |logically conbined with an

excl usi Mea GR lgatkedandophePphogr Bl dndélidyngi aephase-
provided by a delay line. 34. The appar at us
aseqemidedidtrctoal ro8figwhed eion cututsphaast ant@neoiys:als;
phase error change signal is provided when the pul se

wi dt hs phaddedrag aahliyoecoabraett phasd garedr toi goadsnine
exceed the programmabl e delay tinme at each reference
BEAEKI eI anebher phaee ac 680N, ilNgtianl apeousb pase the

error change signal is provided.
phase error signals and comparing pulse widths of the
logically combiﬁed phase error signals to a programmable. delay
time at each reference ciock cycle to.determine instantaneous
phase error change, the instantanequs phase error change
including a first signal and a’differehtial signal;

a multiplexer configured to receive as inputs and select
bne of.the first signal and the differential signal; and

‘a plurality of counters coupled to an output of the
multipleXér to accumulateginstantanéOus‘phase error ¢haﬂger
cOunﬁS\associated a plurality of instantaneous phase error

thresholds such that phase error amplitudes and times are

provided to create a jitter histogram.
27. The apparatus as recited in claim 26, further
_comprising a timer based on the reference clock to define

timing windows for the counters.

28. The apparatus as recited in claim 26, wherein the

phase error signals are logically combined with an exclusive
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OR gate and the programmable delay time is provided by a delay

line.

29. The apparatus as fecited in claim 26, wherein the
fifst signéi includes a first instantanecus phase error change
signal provided when the pulse widths ofrthe logically
combined phase error signals exceed the programmable delay
time at each reference clockrcycle, otherwise a second

instantaneous phase error change signal is provided.

30. The apparatus as-recited in claim 26, wherein phase
error monitof_circuit includes-aﬁ 1east Lwo storage_elements
coupled to each other, the at least.twdO storage elements each
output an instantanecus phase error change signal in
accordance with the.referende clock; and

a logic gate configured‘to logically éombine outputé of
the at least two storage elements to provide the_differential

signal.

31. An apparatus for short-term jitter measurement,
comprising:

a plurality of programmabie delay stages configured to
permit selection of a different amount of delay for a clock’
signal to provide a delayed clock signal for adjustable short-

fCerm measurement of jitter movement;
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a phage detector including as inputs the clock signal
and the.delayed clbck signal, the phase detector including a
phase"freqﬁehcy detector configured to output phase error
eigndls; and

a phase error monitor circuit configured to determine
peak instantaneous phaéé error change by logically'combining
the phaée error'signéls and.comparing‘pulse Widthszof the
logicallj combined phase error signals to a programmable
delay time at each reference clock cycle to determine the

instantaneous phase error change.

32. The apparatus as recited in claim 31, wherein cycle-
ﬁo~cyc1e jitter is predicted using statistical measurement of

a different selection of delay stages.

33. The apparatus as recited in claim 31, wherein the
phase error signals are logically combined with an exclusive
OR gate and the programmable delay time is provided by a

deIay line.

34. The apparatus as recited in cilaim 31, wherein a
first instantaneous phase error change signal is provided when
the pulse widths of the logically combined phase error signals
exceed the programmable delay time atleach reference ciock
“cycle, otherwise a second instantaneocus phase errcr change
Signai is provided.
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