5 DECEMBER 2005 APPARATUS AND METHOD FOR SPECTRUM ANALYSI S—?A,?E @ TA
JI TTER MEASUREMENT Fi el d of the Invention of the Invention gEs IQ(%YOQA
invention generally concerns the field ofjitter measurenment, and in

particul ar concerns an ap arat us_and nethod for neasuring jltter in a signal

under test with a real W%P‘@MF&%O&@RI oscope. Caimfor
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Anal ysi s: Deconposing Jitter Using A Spectrum Approach, (Ward, et al.)

filed 15 June 2001, and gssli ggid to the szg assignee as the subject

appl i cati on. Background &f€ £ vent is a well-known term of
used t v, [ EEH}Q t in a
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s equerpastlcutafr comteansdrt &ppbrartma aridenethbd éal messring jine.in heigmblendes e¢st alithdat a

com"runlﬁag (g é yst ens, Eq% serial data clock is not usually transmtted

with tf git étqrpge[%srcﬂ GPRf- cause data errors at the receiving end. It

is therefore extrenely inportaniciiigh fetPeiRtye the amount and kind of 20

jitter that maybe present in a Signal under test. In this regard, it is
not ed t hat Thetstigjlectcappjicatesclaimaprdirgy oot UtSquimdmﬂ @atennApplicationt t er (DJ)

and rgndom jifte Ran jitte boundedl anmpl.i tude and
2o ebeciatdbie ?qxlt@g%a@atad&t Sl P EcqrmRasE HEeTIdting Aundom and
is bo ht A | {at ), Duty
Oyl o e R B P e e L bR TSRt Foo

| nt er fthe sibgeet gpphicptios 25 al so known in the art as Data Dependent Jitter
(DDJ). ISl is data-dependent determnistic jitter caused by the tine
differences required for a signal to arrive at a recei ver threshold when

starting fromdifferent plagegikbfullbf8RaHessRs (i.e., synbols). DCD is the
difference in the mean pulse wdth of aTogic "1" pul se conpared to the

mdan pul se Jitiedisn wrelldmbwgltcrm of arpubesleoidefine &ieoickrahmk&om an tsleqh.m'nm ofP] is
characterized 30 t/epﬁr i odi.c vgblatlon§ i.n eﬂ@? 3? ntlrre

frequéi&'eY 'R ASIE"4 SEFHE A fhemispoHToHEs ORHE sign S & éﬁﬁcﬂleﬂﬁ f er ence
bet wegjF dhAdiBReIHRE 134341@0&1%@5; | Bn&ders 8&ihl a@tqléeﬂﬁmﬁtha@eha dyssefﬂmﬂle
transition and the nom nal synbol transition tine is called the Tine

| nt er vgtialEaragrlock(i mnE) usurlly ganismisted ithntlie deta, wi jittes cewld|qpusendada spisaat dat a
conmu catlon [ a charat ri ea t he two
ot ooohf BEbShe fl gt iy e AR TR B Pack hes GBI SR St SR KIpor' 0F L1

7208- Ytel that may be present in a signal under test. In this regard, it is noted that jitter comprises

two distinct types, deterministic jitter (DJ) and random jitter (RJ). Random jitter (RJ) is
unbounded in amplitude and assumed to be Gaussian. In contrast, deterministic jitter is not
random and is bounded in amplitude, and comprises Intersymbol Interference (ISI), Duty
Cycle Distortion (DCD), and Periodic Jitter (PJ). Note that Intersymbol Interference (ISI) is
25  also known in the art as Data Dependent Jitter (DDJ).
ISI is data-dependent deterministic jitter caused by the time differences required for a
signal to arrive at a receiver threshold when starting from different places in bit sequences
(i.e., symbols). DCD is the difference in the mean pulse width of a logic “1” pulse compared
to the mean pulse width of a logic “0” pulse in a clock-like bit sequence. PJ is characterized
30 by periodic variations in edge transition times at frequencies that are uncorrelated with the
data rate. The signed difference between the measured time location of each sequential data
symbol transition and the nominal symbol transition time is called the Time Interval Error
(TIE).
RJ and DJ accumulate differently in a serial data communication link. If the

35  parameters that characterize each of the two categories of jitter are available, then bit error
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5 DECEMBER 2005 rate (BER) can be estimated. It is theref orgmMgPhezo
be able to neasure each of the two categories of jitter. Unfortunat one
cannotrafi(BERY cah geégmhgteamnwﬂ@ra&@ dRbirdUeto BIUblECRURERRACIPES the tivET bec ause
both categories are always m xed together and appear as "total jitter". One
nust sefegoreeof jittert Wnforurataly.icne connas sinply ebedseta megsurhene ofithe twet er s. 5

Uus P t. 56, 850 B t tter . t

and paRatier o G PreR ROt spsetPe e ot Reroe 1 BRGSO T\ e
| nt er aterANGhy it dephidte the itWe cate o@st[ﬂn gtoodtihRfihg Wigakamaes! y, a TTA with
an arning a]{)J/stem does not lend itself to incorporation in an oscilloscope

vmht5hout th SaPme?w é%ﬁmlwmpestlaéi dxqglowmtteogmrﬁé@n@népwamﬂ e off
ooaeur i atis b Panh i o et B ARRREEC Din A Al (A aSindne o

ji tterarﬁlﬁ{gasrg@tehanﬂmmﬁel&S adna wigh RPgkmik@spter® do&Re dndMsaifdd Ysi s,

separ at es etermnistic jitter and randomjitter using their spectral

pr operiRfQIBOraten it # ?ﬁcslﬂqsca:oqq witkout {hst espingisysers. Jhastexishng psdiligrgppessare wher eas

rando ram and
e qRRis LT RS, BuPlRay whydh nBBREN £ Wbl fole pRBITH Pr Bttty

jllt)t erRmmﬂthithanoBcﬂloecrdpe.r rate estimation is perforned based on the

jitter separation result. Brief Description of the Drawing 20 FIGURE 1 is a

graphi cal description of an enbodi nent of the subject invention. FlIGJRE 2

is an illustration of a procediifadyYr KRERTHHMI data tine interval error

(TIE) FIGURE 3 shows wavefornms useful I n understandi ng the procedure of

FI GURE 2 mmREsepammmppmtuwanéﬁmthndah@ed hn@pecgmapmmssesmaratcs

0 ey e er o i Sfine e Sl bbertsy, SR BrmR B R o

I 115us texBibes atsPectelinh Berrﬂmlsdsr wnarehs RAdGH jidr amblala bﬂ@ad HRit SR A finet ot al
jitter (TJ).. FIGURE he spectruns of DJ . FIGURE 8 is a

f 1 owc Higimais higtaesmm pat a : fmwen%ﬂ?msn Bistogram pﬁweusmab@e m&ﬁfe&atw torpbiaia _
subj esggg!tr g&@@@%&% BiY eﬁb EéEes%rﬁa%o id ﬁm@g‘oa&ﬁ%wtﬂg {[I Sef &H}%ﬁgn of Bit

Error I'n acco ance vmt e subject 1T nve 0 is an
illustration of a conparison between a normal i zed histogramof a set of TIE

measurenents and a recovered, ? rmal i zed .hi stogr.am in accordance with the
subj ect invention. 35 Fl é@%@ﬁ@@&%ﬁ 3 tion dP=BIRE bat ht ub curve useful for
under MM DY i$ D BrapHRiaPEEscHPYENSF DemBRANhST tHy subfctinvaitionl - 2 7218- USL

FIGURE 2 is an illustration of a procedure for measuring data time interval error (TIE)

FIGURE 3 shows waveforms useful in understanding the procedure of FIGURE 2

FIGURE 4 shows one waveform and three graphs useful in understanding the subject

invention.

25 FIGURE 5 is a flowchart showing DJ/RJ separation in accordance with the subject invention.
FIGURE 6 illustrates the different properties of DJ and RJ in the spectrum of total jitter (TJ).
FIGURE 7 shows the spectrums of DJ and RJ.

FIGURE 8 is a flowchart showing ISI, DCD, and PJ separation in accordance with the
subject invention.

30 FIGURE 9 is a flowchart showing the calculation of Bit Error Rate (BER) in accordance with
the subject invention.

FIGURE 10 is an illustration of a comparison between a normalized histogram of a set of TIE
measurements and a recovered normalized histogram in accordance with the subject
invention.

35 FIGURE 11 is a graph of a bathtub curve useful for understanding the subject invention.
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5 DECEMBER 2005 Detail ed Description of the Enbodi nents In asbﬁ@thkizb?;r
nmeasur enent sequence, a waveformis acquired and stored in the nenory of a
digital storage oscilloscope. Total jitter can be nmeasured fromthe

waveform  The nost | i kelatailddtbD&cripBas Uf @e¥ibddanéds eval uated is cl ock or
data time interval error (TIE), 5 so the first processing step is the
measur ementngftypicd jitie meapirementgaguerdst @ wagetoapay aqqeired and storadra theind | f

possi bl e, to degonpase the into4ts . onent s of l,,.DCD and PJ. Once
Phe i naroeh iR Ea TR el Colhshdis JeRTRRBRRE bRadred Fomun WA BB cur v
can beTHianod ¢iltely jftfep Meah@eRRhNole sunatd it Bloclbt dRs tHale ihebail that (Tyay) d
correspond to a given eye opening can be directly read. This series of

st Sps sogheiEest prasessing digthisdhe measyiemp e [E. Negt itns dasoeiie ta separse &Jel enent s

ol enerian o8 ity o FBE R s RE Dy S B ERED SETBERAG sk ™ T e
are el mesidiaded Dihed RIbjodgionentsand kaswn, Be-datas tsARmb cusk” ThiEbadekivdie

estimati on of BER fromthe RJ and DJ conponents _are known fromthe prior
art. A'rpm;the bybbraupts, die Wit erercate that verld cpgesiond fo paivemese opening gan n 15

T erosdeel AT SR sy B R R 4T masea, w11 be

dggcri bed 1A FIGURH 1,aBbélemdite 1082514 ¢2®Movelthdlddshed iife atdkreywiatrosy r or
(TIE) involves conparison of corresg&ndl n e tine locations in a sanpled

d
dat a vileBreTar; dinse gleseantul 3 dd0i HoalS@akoa, ?@gdgﬁ éppRanag balgvhibejdashedr . TI E
consi Sﬁn% 39% el&%leﬁt's‘loﬂﬂe”s%bj)&?in@e“i&{.ence intine between a 20 threshold
each corresp g Sy

crossing o nding Synbol transition (or bit transition) edge in
the two waMefméRBrembBat 6 PIH awdltheesiisiatiesof BBRArdn tHel KURGE 2] camnpomamys be

summari zed as_follows. Gven. g nheasured veform (step 200), a hardware or
sof t mar%f%fg)ﬁrbépmtthaﬁm fign A léb%éiemml@fl op Fest TeHgrs ivgiyee Selat 3t B (st ep

2 . 3 i J . S 220) .
doni R O T A ROy BRIy BRLSRITRRE R D, Pt o
(st ep and@)J, amd by etgpd-Dymadde fhaksérsietoroposedewitbBesdasedbddaa aetadlriseldw. f orm t he

data TIE (step 250). Where there is no ed etween two Qr nore synbols
because t he esrw?ameglqa\aeégetﬁél%wwﬁwpf?ﬁlﬁgww vetSﬁemgﬁraimQﬁ synbol s can

b ‘ ] e ; ' TIE
€ eStdo%Wg%pédgé glg&({tl)_ tidhs m%%é{ﬁ leggg%lvgjveff §! éa’l‘é&ét@c?h%.%?&'atgat a

time trai e wave RE 3 1llustrate this approach.
| n t higawetanphaingrid gitert N E30nwatseff oaleulang tguii ffedncd ineinedigewkemder

e sohr e dass, and. assldne, Lhembe daua. Sypbol 4Lansit on
whRdEst 'Iﬁs_eﬂ}obéﬂutr@is(&%@r‘rﬁe@tiﬁ RIOEREE ahd dadyd eaflgfndReatal $fowsl Ni s may

bé done through li'near fitting, PLL-based recovéery of the data clock, or
ot her appr daivhes menhwred svayafoain (dtepf2003 radwsdwire toneeftvarealmbak taansttipn | ocat i ons

and | de%%'e ﬁggér%rggge?y lo%%taets Idg.Pased%[ese (stter})eZ ﬂﬁlt q’h;ndaEt:a edges are assigned to

corresponding data symbols (step 220). Ideal data edge locations are calculated (step 230),

25  and then subtracted (step 240) on a edge-by-edge basis from the measured locations to form
the data TIE (step 250). Where there is no edge between two or more symbols because the
symbols have the same level, TIE for the group of symbols can be estimated by interpolation
(step 260) to form an interpolated data TIE time train (step 270).

The waveforms of FIGURE 3 illustrate this approach. In this example, after the

30  waveform is acquired, the edge finder identifies the real data edges and assigns them to data
symbol transition locations. The real data edge locations are recorded as ty, tp, t3, t4, ts . . .
The next step is to calculate the ideal data edge locations. This may be done through linear
fitting, PLL-based recovery of the data clock, or other approaches. The (signed) differences
between real data edge locations and ideal data edge locations are the data TIE:

35
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35 Benjamn A Ward, et al. 3 7218-US 1 5 DECEMBER 2005 e; = &pGEMBRR 2005
0,2,3,4,6... Notice that there are no transitions at certain data synbol

| ocations, such as synbol locations 1 and 5. The TIE at these m ssing
transitions | ocations need not to be considered if only the 5 bit error is
of concern, since they don't céitfritbfird tG2Bi%0-error. However, they are of
great interest if the spectrumof TIE is considered. Their values can be
obtained by interpolation fromthe TIE at their nei ghbor |ocations. For

exanpl Fotidd that@hera Atk @OtrEMMING dtRERLIA At Sehbbl RIALIAR, sRR as SEnb&ocldns. The
TIE at interpolated | ocations are nmarked "interpol ated" so that they can be

di sti njandhedhe THhetthessemspmedmnsitiopd logntignsinged petrie be icongideradifondye the

| of. e P I h h
cort oohbaahTIb Bruh i MRS LY orfifela il " RN AR BBt T oo
can beingést Vfabe {pretru@sifi TIE! e dpnsiddted, Their Valuds cadlbe @bfiried3tifterfoletisrye to be

created. The bathtub curve directl shows how nuch timng nmargin is

avai | affp@ thq)TIEaatdhe,;éne1ghlgorelp1aqj]fon|s.a¥gr_ exsie. k¢ and @icauheintgpotated Bewcess of
ti bat ht [ i : 3 Fl GURE 4

Shone 97Fa5r 2 St P S8 RS BERIAS st - inidodliE & ebufcaber 0

i ndi cabeedistinguished foht thps€TIH b&sespdndiag ko trimitionk on. I n particular, this
segnent of data happens to have transitions at tines | and 2, which are one
syltbol - wi dt @ngecy complpte staiistieal dlescrapsigneof thejetter das beenmgnsitedolei s subject to

jitter j 3 . : | Y. £l | ortion
of t hecé%%%d@goﬁﬁ%wﬁﬂ%%%%?@%@@sofitlﬁestg%gﬁ Ingrsé&;%[lfe gr‘{galfl g?rgns 1.
Si mi | agstiyhatddneThis, g turpodlfovara bdthgbaptveBo bk cidatddREhebahabutei dirdely as it

applies to transition 2. Gaph C_of FIGJRE 4 shows the cunul ative
di st r i HOws SaviaRd immegmrreapr)avadible forangiyven biheror rpigr Refeyring WHGHREzont al

POST {10 fhocls0bP o 0h S EurPE AORRL s il ransi {1 on 25 2 wi 1 occur

Izon Itiron to. For transition 1, we are interested in the
prigbabi | i t yWaheforrh raofFIGIOREM shiolls aaepresersatbeaegraedt of data foi whithphé nt, so we

must use the _conpl enentar ipstead. Graph D of FIGURE 4 shows the CDF
for treiest Qavanlfqer,aaﬁan ifRged &%%F@Pﬂkpﬁ%ﬁ%isﬂncﬁﬁg AR FpRAEEUIaTRRIS deci si on
er o7 {hen¥ldatdfupb O a1 RafiGHibl 4 tfthds 1L which! e SREGHAb Ay R [ANQ &S

or
the deci"sion tinme | osen sonewhere "in the bat , I ndi cated 30 by
t he shanitinteovalapattal |ine. This |ine can be positioned at a vertical |evel

t hat t .ch bit .. t. dth . di ti
nterval (ot Bstisadsacmrcni fer (o vlheen SErRRE S B ng) can
beydi reed left peRRArorese %Mgh% STRIGURE 4hAbRt ths PDIFVA if a%p1ie%wgiéf§i§fbghglll y drawn

|

using logarithmc scaling on the vertical axis, since the
Similarly, the right portion of graph B of FIGURE 4 shows this PDF as it applies to transition

2.

Graph C of FIGURE 4 shows the cumulative distribution function (or CDF) for
transition 2. For any given horizontal position #y, this CDF gives the probability that transition
25 2 will occur prior to horizontal position ¢#y. For transition 1, we are interested in the
probability that transition 1 will occur subsequent to a given point, so we must use the
complementary CDF instead. Graph D of FIGURE 4 shows the CDF for transition 1 and the
CDF for transition 1 superimposed. The decision error rate will be lower than certain bit error
rate specified as long as the decision time is chosen somewhere “in the bathtub”, as indicated
30 by the short horizontal line. This line can be positioned at a vertical level that corresponds to
a chosen bit error rate, and the corresponding time interval (usually expressed in unit
intervals and called “eye opening™) can be directly observed. Note that the bathtub curve is
conventionally drawn using logarithmic scaling on the vertical axis, since the BERs of

interest correspond to levels very near to zero.
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interest correspond to |levels very near to zero. Benjam n A sYW&EMmBirabos 4
7218-US1 5 DECEMBER 2005 The subject invention, a jitter separation nethod
based on spectrum analysis, will be described with respect to FIGURES 5
through 11._In this approach, it is assuned that the serial data_signal

bei ng nmeasul BUSUOHFS inveation. it SERyruen Mythod Sasediangppetiure analysthaV bk brer

assu@&és?ﬁb%%ftl@?es?%ﬁiﬁ Fg@pﬁeﬁ@spﬂmbﬁg% pﬂg ths atg&sg&m i0k agéaﬁqéd%ﬂmhé ng

pattern 1s known. engt e repeating pattern 1's not known,
it is spmat datobiged bedsy hyasie¢decansisedo fiayperedanall n edpeatingdpattetre Thpextherum of t he
signal.). The i n%er pol at ed . TI F tt}nrre trai rlb&b ai ned. as descri bed i WI GURE 2
i s condFUEPRRP erthepaeasired;signal i that 1BF 14ngthof tnEAPg3ting Paseriskaa™Bat VIeR | thi s

total jpictibddin b rh 7€Hbt 1GBWAORTE §81cUfchichlify derhiALRY - A
spesgtrum a pr%@cﬁ}%ﬁs&agﬁgﬁtgéseé@anc]&gnp?o;e ﬁerﬁglﬁagflgrdef%epar}éte DJ and
RJ, asexinunsionofFhe3pREIrém ofttke sigealt)r um appr oach separates DJ and RJ based

upon the fol] owm ng ob ations; 1. i s assune be Gaussian;. its
spectrum i SJFIB? ’Sﬁﬂg‘gﬁ@agléttfmﬁg?@oobéyé?%]% ‘fesc%egdﬁgﬁéﬁ_&g 2 15 copgideredfr i odi ¢
in thepd m@t%otglqggeé i) g?lgni {24425 Sn1B& BAA IR tdtzﬂﬁ#ﬂe?ﬁfs tald @ra?i?eé requency

domai n, since al “data signal consists a periodically repeating
dat a peat¢gories ofNatter: Diiahd R JwiAnsimetriomappreachiisdisgpdedadd leafployed deraig tan FFT t o
obj ain the ct This. w nction may be, for exanple, a Bl ackman
vviifﬁomﬁ?@rqiﬁgﬁ‘{)ﬁraﬁﬁh%‘f’ﬂé?%fl(gg%%ri ate windowi ng function. 20 As FI GURE 6
(showi ng a Th&EspebR&rhlapPloach keps4tas B9 andl RS bdiddl BosMe 1SR dReratioly and RJ
are readily observable in the spectrumof total jitter (TJ). Various
approaches taR] beassurkethta e Gapssraat &s spretrumps byad ahd distrithsed orgarsdl f 1 oor”. One

of theﬁe uies A hi st ogr am approach (steps 500, 510, 520, 550). If the "noise
f1 oor"TBMPHE R) is flat, its level shows up clearly in the histogram of

the spectrum [¥iifperigdit R tikeBshaf andftThdianpe@rRPEST infpuldeliis tiRPl i t ude and
25 bel ow. Because the nunber of inpulses is proportionately small, these
shbw up at r elfegfiienslyydomadny sinogdhe s¢rial tafe sm‘ngf@glsiamofﬁmesiodﬁicslﬂsogapam@g)pr oach
can be appli e:%/awi tg a sliding window to detect inpulses locally. The
sliding wi ndo BRIEE M acr 0ss the whol e spectrum span. The spectruns of DJ

and RJ are NbeWiatiawindewHusé@at i8mppliedpebleddinVROFET tosbiath thd §ddkurh.
Referring again to FIGQURE 5, the standard deviation paraneter of the RJ

conpon&his Wigdpve nchien iy dien & eBgmebp iRizdkgnapvandewisg fundiionoer ether RJ deri ved
s om BRIk oL (5% b 305, 575, 509). tote that (he
SpEEt rum caas PEGUREW ghewind/a TEE Shegring) idastaata| thetdifdsentirdgerties of DJ and
RJ are readily observable in the spectrum of total jitter (TJ). Various approaches can be
taken to separate the impulses from the “noise floor”. One of these is a histogram approach
(steps 500, 510, 520, 550). If the “noise floor” of the RJ is flat, its level shows up clearly in
the histogram of the spectrum, since a large number of FFT bins appear at this amplitude and
25 below. Because the number of impulses is proportionately small, these show up at relatively
low levels in the histogram. This histogram approach can be applied with a sliding window
to detect impulses locally. The sliding window moves across the whole spectrum span. The
spectrums of DJ and RJ are shown in the Histogram of Spectral Magnitude of FIGURE 7.
Referring again to FIGURE 5, the standard deviation parameter of the RJ component
30 canbe obtained by computing the RMS value of the RJ derived from the frequency domain
histogram (steps 565, 575, 585). Note that the effect of window function can be directly
taken into account. The DJ-only spectrum can be recovered by setting to zero all those bins
from the TJ spectrum that are attributable to RJ (step 560). A time-domain record of the DJ
can be obtained by performing an inverse FFT on this DJ spectrum (step 570). Note that

35  after inverse FFT, the effect of window function should be reversed. The peak-to-peak time
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fromthe TJ spectrumthat are attributable to RJ (step 560). sHECFRBERME
record of the DI can be obtained by performng an inverse FFT on tﬁﬁ r%q
spectrum (step 570). Note that 35 after inverse FFT, the effect of w ndow
function should be reversed, The peak-to-peak tinme Benjamn A \Ward, et al.

5 7213alys, whighHeHVRRRMREESOf/iatqrest f%%wanéhanb@ foundadieactly feom thig Bmest for DJ,
t t 0, 590

ot e CIoaris allBtn b FERsY. soOP T Rt b I0ERARL RattRUE b TS P o

det er maticogntéhehpeditemmeiain/thk peak-pak ehact rum of DJ, which consists soI eI y

of inpul ses,, was obtained in the prevjou teps Referring to Fl GURE 8,
DJ has thr B‘?ﬁ?ﬁﬁﬁf@ﬁﬂﬁ yajich %sﬁﬁﬂl‘%ﬁ(’f‘ﬂi’é‘ ses Wasebraipgd indhe pESMiSent s can

586%@64@ QiR 6ﬁ§%ﬂE@@3%§%e9@§rﬁgoﬁeﬂf‘s ta b@w mbfrﬁé O?”(?IE’? 1. Al

i npul se due to conponent’'s nust appear at rru I ples N, where
N is tjiteer compenents caﬂwetsepaated ftdre thtal heawppnentce’sed uhe;ﬁelbdwmgbbeamatlc(nst ep

810), 2. An r,ema ning i gﬁﬁfﬁ are due to PJ. (ste %/Ref r alsoto
FI GURE 6) .1 24 impy lses e @&g TG OmBeneRi§ Faust appe %tdnmaﬂleﬁﬁ vepere; s

f dt t f
"ot erest fopt it RS R Sf pinblith WeTpiaiRtels ko Bk, GREABS.ETE “hgai n.

t hose | oca.iAmsrefrikiag 1rhpmnsesr¢reldaeerdPJ dstep 1325) (&uﬁaﬂa@d tmllfé@UR(ﬁ)ﬁmutl ng the
peak- peak val ue (steps %gp 55, ﬁl The hi Olg of DJ and i i
cdifponent s Kam Ut SeastamnelP Py irgfrthor e PE %rmeﬁst%?mvsgé HYi ng
spectr IR

spect rttlﬂ}l att|P|§4 u Szgﬁ%ﬁ?o%le?bﬁgcﬁgetéﬂsﬁhlﬂe%sy@ t%?flﬁmegﬁlﬁem@yism%gﬂ%r med to
recovetim¢ BShimDOMcE agsingthose kwatdmmnark@@tmper@ﬂ&)‘:d” tremat caomsed wldn ar e nmar ked as

"interpol ated" are, set t o ( The tinme-domain record can now
be sepfg’l“ﬁ’t"‘éag?}?ﬁﬁ?a{‘\%ﬂ% BFZ%‘ep%\i‘L’f’Bsbﬁ%Q}ecord contains only the rising
edges and tfie }ﬁgthxrarrp@ﬂbﬁhﬂ?1t9961§i%6r{};%tsf&hlbb%gta%%%ougﬁﬂlv%rs@'ﬁflo&ﬁﬁ‘f@ 20

performed on each™of them (step 8 he DCD and | SI “conponents can be
dilst i npmiespradingf spectmeadhpuolsérerUsiag edlydhe fimpufsote) @w‘tmgs pf thpgitter sgectrtm The

ST SR e
I Sl ( sdRP8oBLA: (stp @aplocéﬁérﬁrthit@e Prbeds Hntdrp6latkit E&rseﬂﬁdze%‘gﬁ g Jitter

have been estimated according to the process shown in FIGJRE 9 and have
been sﬂgﬂérﬁlemrye -dormriaoeeqrid £an nowrh@ parated gt tratrecordsp@Rprecus rbeordal cul at ed

o eSSl AR By P SRR P R 1 o
C%(')D“";fé@fo(r%é&@n 84dh) of tREAi(§teppi860RUThe DCD and ISI components can be distinguished
from each other based on the following properties:
1. The difference between the mean values of these two histograms is DCD (steps
890, 898).
2. The average of the peak-peak value of these two histograms is ISI (steps 870,
25  880).
After the Deterministic Jitter and Random Jitter have been estimated according to the
process shown in FIGURE 9 and have been separately characterized, the Bit Error Rate
(BER) can be calculated as described below:
From the DJ/RJ separation procedure of FIGURE 35, the time train of DJ was
30 obtained. The time-domain histogram of the DJ is now computed (step 910), again without
counting those locations marked “interpolated”. Note that this approach of recovering a J
histogram is a new method. The time-domain histogram of the RJ is synthesized based on its
Gaussian model (step 915), using the standard deviation obtained during the DJ/RJ
separation. The histograms of DJ and RJ are then convolved (step 930), to get the recovered
35  histogram of total jitter (step 950), as shown in FIGURE 10, a graph illustrating normalized

Benjamin A. Ward, et al. 6 7218-US|1



counting those |ocations marked "interpolated". Note that thg$HrRIEMBRRRGS
recovering a J histogramis a new nethod. The tine-domain histogram of the
RJ is synthesized based on its Gaussian nodel (step 915), using the

st anda { gk [ oA : LafnTrTE i nms of
B0 and R B ey N P Rl 88 T o PR o
of t ot ptoppily hemalgedpad He)integsetet @asutha PD FloGHRAJ1 Finadlygthablathitlith ustveas i ng

nor mal i zed nj api . r t al.. 6 7218-US]1.5 ER 2005 asured

i st ogPBnst DR form dhis Syl S viRes GEreamid 1hF CURE gy Beed ory H ot ogr am
when  pEARB it eN e Bk iopBsing ©aR bB 8stihted RSref 80Pt Ei& R BER)! Bestbdvn i nal 1y,
the bathtub curve i§ oObtarned (step 960) fromthis PDF as previously

destri BKGURA Il GURE 4. Based on the bathtub curve, the eye opening can be
estimated f iven bit.error rate E hown in 5 FIGURE 11. What
has been dedif BEPE AR iribae hob R et B o D AEORpOsRad A (FEFE (nor e

speci f kﬁ‘e@lﬂcﬁu%/,:@;ét@] ifebYiffo) itd EYnBtitukRt C&RMFInlehtd K mERTRARAN BlotOImpEasHIyeTent .

Mor e i mportan t he novel nethodology is useful 1 n an oscilloscopé
becausthetrozeliméthoddlogemaisefreman psrillgseppoberadseithe infitéal triarsurdment 1s. 10 One
skilled i.n tge g{et .wW I recognize that the subject analysis can be applied
to si ghafdmedine tMafomala “That is, one can performa subset of the RIDJ

omel ock si gRakkillas invBlelart WIBRcogrifethatibe 86bjeanRhlysik Sarf BOapRicanslsigdlst 0
multi level signals, not just two levels (wth a Single threshold). Both of

t hese ot thar dataodbatiseorietaamesiorma subsetwi thei B e dedpegmals ahwell o Allewi ng
clains, 15 1t was nentioned.apove that . TIE is the. ti dj fference between
The  ringiRoight AR 5l b ARSUAER YR HlemalsSoy B Wi Rl b SBea o
whi | e gaéstbldpt Beth &fthéRanbd@ahtilaesint@sied IR WahRGhe SdvpeDfithd Rlolwing he art
will realize that |Ideal edges do not have to be cal culated. For instance,

one ca#lamasily imagine a test setup where an "ldeal" data signal is applied

[ der .: . : ' d_the,out,
mekEur oa onteih arFPERb A Sghan S Greafralf el S T B8 one

woul d havée aldeel datiigeyal §hodldbeinoted, thithehilexal @idtiah of #eldsalgsiaks wad
Measured Data Signal, and the TIE between the two. In such a measurenent

ar r ang@atencd; ore skalded in theygrt vall reglize ghat dlealedges 4o met havgdp byicelcubateder t han
t he f ; - = U nt : be
ot her ﬁ%ﬁgtggreb?gﬁe%%%%gggﬁn%g gee g?(?s? %‘{%ﬂ) @]1 Sfevagll e%tq} %ﬁ%g gs égoﬁé@é%lrté tolie
Wi t hi nDietiee $ndpeT @t (DOUT)f @id both thg iapwtiand theldutBanamedsufed Marwb dfferadt. 7
7218-US1 5 DECEMBER 2005 What is clained is: )
20  channels of an oscilloscope. At this point one would have a Reference waveform (i.e., the
original data signal), a Measured Data Signal, and the TIE between the two. In such a
measurement arrangement, the result may be termed “Skew”, rather than TIE. Other than the
fact that one expects the mean (TIE)~= 0 and the mean (Skew) to be other than zero, the idea

is entirely equivalent, and is considered to lie within the scope of the following claims.
25
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1.. A nethod for deconposing Total Jitter of a data signal ink¢ddsvBRRBANENT
parts of Determnistic Jitter and Random Jitter for neasurenent of said
Determnistic Jitter and Random Jitter, conprising the steps of: 5
neasurevglg .Tot al Jitter; performng Spectral Separation of Determnistic
Jitter s SJitter; performing further spectral separation of

Det er nj ni st A gneltdd B dbBrRpdigdd PékiaCliderd &Y dadélgndl irfo &9 BHRPSHHNS phs ¥f Cycl e
Jitter, and |1Sl; performng an inverse FFT on_spectrum inpul ses of said

Det er nPetesninistig i iteeandiRandars Jittep farangpsiemest efsagPeteministic ditsgaadn of sai d
Determnisti Geldfter.an i r-ans of its conponents; perform ng further
separ anﬂt{ﬁmg#dojﬁnﬁ&%}g@sg?gtﬂaénszéqg%lfacorrponents usi ng separate histograns or
st&tistics hedsupfgiThial ¢ittefld negative edges; neasuring Peak-Peak statistics
on all Determnistic Jitter conponents; 15 using Random Jitter spectral
power to esherfesming InestrErporativntal determinisiiplitterand Rapdemdittarng t he esti nat ed

Random Jitter.distrd i on w,t g ra f .. termapistic,Jditter-only
data to for%ﬁgnﬁlnsgt#ggﬁ%rnﬁpgft\f\%las?%ggg%@é Ut o nl;%]q(%1 gl%ﬁginﬁogp%%?%c fII]i §f%1b am of
sai d cignaodpéne@s Dy goelerates, anddg;ht ub error curve to estimate bit error

rate. 20 2. A nethod for nmeasuring Determnistic Jitter (DJ) and Random
Jitter (RJ)performingeanigversgEFa osepaetiue mpvisespisaiddiqteniiniatic Jitteeprshits ng

patt er | Lk Sy . f . uring a tinme
e vartated ' S Brag? BERY Pkl RicF R RiigoPlnd iR

i nt er p@ngdonents;t 0 estimate data points at locations in said signal where no
transitions occur; c) performng a Fast Fourier Transform (FFT) using a
first w ndoeriegningriartherseparationPf DutsrCyele apd Blsompenpents vuimg efpataieal jitter
(Td); l.oyi | i i . finding inpulses in said spectrum
of totrg%to i Sg’?{?@gftﬁgsgiﬂ}e (jéll ne\é\él{aztjdr?e gtéﬁ‘eg% Sdomai n_hi stogram on a portion of
sai d total hédsugfig BpacPedkntativtichbh all Dederglinistiowjtter codh@onerdy; esti mating the
anount of said RJ conmponent from said frequency domain histogram of said
tdfal jittaesi u%ﬁarnwegéﬂjp&meﬁ tonestimgigitrueRandom Kiterdisiribgiion, DECEVBER

2005 convolving the estimated Random lJitter distribution with a Histogram of
Deterministic Jitter-only data to form a histogram of said convolution; and
using said histogram of said convolution to generate a bathtub error curve to estimate
bit error rate.
20
2. A method for measuring Deterministic Jitter (DJ) and Random Jitter (RJ) in a serial
data sequence having a periodically repeating pattern and a known length, comprising the
steps of:
a) measuring a time interval error (TIE) of said serial data signal;
25 b) employing interpolation to estimate data points at locations in said signal where no
transitions occur;
¢) performing a Fast Fourier Transform (FFT) using a first windowing function on
said TIE to obtain a spectrum of total jitter (TJ);
d) employing a sliding window;
30 e) finding impulses in said spectrum of total jitter;

f) generating a frequency domain histogram on a portion of said total jitter spectrum
within said sliding window;
g) estimating the amount of said RJ component from said frequency domain

histogram of said total jitter spectrum; and
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h). cal cul ati ng an anmount of said DJ conponent frominpul ses | I
frequency domain histogram 3. The nethod of claim?2 furtheP$c%¢rﬁp1§rngPﬁ80§ he

steps of: 5 i) nmoving said window to a different position in said spectrum
of total jitter; and ) repeating steps d through h until finished. 4. The
met hod of ch)aialeuBitingrhhsrounbopsdid Ddgotipenettdmmimpijescongidifieqgemcyst andar d
devi a'lté]oon. r%)met er of said RJ conponent by conputing an 10 RMS val ue of
sai d “&%‘ﬁg‘& S deri ved from said frequency domai n histogram 5. The

met hod of claim4 further conprising the step of: 1) separating ISl and DCD
jitter conponents fromsaid PJ conponents based upon [|ocations of inpulses
due t 031 he arethodcd daims fufthep campiipmg éhe gepsaifr um 15 6. The method of claim

5 erein: said inpulses due tq |IS..and . canponent s_appgar .at, nul ti pl es
ot 05N, ihor o RV S rinfal Ygp LgRRS: SRR RSBl RSP ringt Psa o
serial dat &) sequepssing4tepé-d this wed fRisheai m 6 further conprising the
steps of m renoving portions of said jitter spectrumattributable to RJ,

| SI, and DCD;, and n) performng an inverse FFT to recover said PJ conmponent

in the,ti d [y P Ld.PJ coO n i ng a peak-peak value of its tinme
trai n.4'zgﬂ§m% %{%@?@ﬂhgrgﬁrgp"%pgﬁ%sgfp %tgrrpri sing the steps of: 0)

per form ng Igrohpuths & sfahdardd vy Qaramwdter IfShidaRIOcoRFankmt By doniFutHH@aal N
record by use of only said portions of said jitter spectrumattributable
t 40 SIRMiSvahemfsaidddhesmponenpierivedfrom s#ig feqnencyidemaitohisiogranecor d i nto two
records, wherein one record contains only information relating to rising
edges and the other record contains only information 30 related to falling

edgeS;S.Q)l'h@ﬁfeﬂﬁfdfﬂﬂE%iﬂl@ﬁﬁﬂféﬁfz@rﬁ})ﬂﬁngﬂfd‘stéﬁoﬁai d two records; r) conputing a
di fference between nean val ues of sald two hi stograms to obtain said DCD

conponent ; lhprpasatingdfbend RE Dujittercomppacys fipansaip Bhromponeats kesedupen t wo

hi sto r{g[{g i i I : pamn A Ward, et al. 9
7218- %g n&@%@ﬁg?&ﬁ%eﬁﬁ%ﬁﬁﬁﬁg@gx%& €rein the step of
cdlscul ating said DJ conponent conprises the steps of: t) perform ng an
inverse FFT on said frequency domain spectrum containing said IS,
6. The method of claim 5 wherein:
said impulses due to ISI and DCD components appear at multiples of 0.5/N, where N

is a number of symbols in said repeating pattern of said serial data sequence.

20 7. The method of claim 6 further comprising the steps of:
m) removing portions of said jitter spectrum attributable to RJ, ISI, and DCD; and
n) performing an inverse FFT to recover said PJ component in the time domain;.

said PJ component being a peak-peak value of its time train.

25 8. The method of claim 7 further comprising the steps of:
o) performing an inverse FFT to recover said ISI and DCD in a time domain record,
by use of only said portions of said jitter spectrum attributable to ISI and DCD components;
p) separating said time-domain record into two records, wherein one record contains
- only information relating to rising edges and the other record contains only information
30 related to falling edges;
q) performing a histogram on each of said two records;
r) computing a difference between mean values of said two histograms to obtain said
DCD component; and
s) computing an average of peak-peak values of said two histograms to obtain said ISI

35  component.
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DCD, and PJ conponents; and 5 u) conputing therefroma tine-¢gRigMBERREGE am
of said DJ conponent. 10. The nethod of claim9 further conprising the steps
of : v) computing a tine-domain histogram of said RJ conponent based upon on

its 10 CGaussian nodel using said standard devi ation paraneter; and w)

convol 9i Mtheswdtiodd SdleigT AREheedin siad e aithi AihgGaidDNeMRinentddindpriked thy St ogr am
of total jl'[%el’ 11. The nmethod of claim9 further conprising the steps of:
15 x) geﬁ&qpéf’ ng a bathtub curve by integrating said histogram of total

jitter; sal 8@&%&}3@? aﬁ%yé?séaﬁfgn‘@ax@lcﬁgﬁ]hmo%a){n Aldo Eurgh%trsﬁx'dqgi' on

function; imating an eye op ng for a diven b| err raté, based
on sai BGﬁhlathbcmnpm&:ntsZ@ndZ A net hod for nmeasuring Deterministic Jitter
(DJ) and Random Jitter ) in a seri dat a quence having a periodically

ating p Rﬁ‘“&ﬁ(ﬂheée A medgmIn étt‘i’ﬁﬁ’ir%?ffﬁj“df Récompargat.of - a) measuring
atime interval error (TIE) of said serial data signal; b) enploying
interpolation to estimate data points at locations in said si gnal where no
25 transitions occur; c) performng a Fast Fourier Transform (FFT) on said
TIE to _obtain a spectrum of total jitter (TJ); and d) separating spectral
peaks. @dwhf@eth‘?ﬁeoﬂﬁ%lﬁbﬂﬁgf e@camﬂilzgtmm “the step of separati ng

conpri ses: i I jitter
cpoctrum 1)) SHEERER B Roha BHEREAAPOrBIT R IO RATRR A B4 L uency
dortai nGhiissiaagnadel usihg saa.ddtmdmﬁldemalnbalpampmtérrm and g) calculating the

amount of said DJ conponent from inpulses in said frequency 35 domain
hi st ogram BRI ANRSaidRisiosrams gfsalg@ ?zééUwsmponentsto obtain a histogram of

total jitter.

11. The method of claim 9 further comprising the steps of:
15 X) generating a bathtub curve by integrating said histogram of total jitter;
said bathtub curve being a complementary cumulative distribution function; and

y) estimating an eye opening for a given bit error rate, based on said bathtub curve.

20  12. A method for measuring Deterministic Jitter (DJ) and Random Jitter (RJ) in a serial data
sequence having a periodically repeating pattern and a known length, comprising the
steps of:

a) measuring a time interval error (TIE) of said serial data signal;
b) employing interpolation to estimate data points at locations in said signal where no

25  transitions occur;

¢) performing a Fast Fourier Transform (FFT) on said TIE to obtain a spectrum of
total jitter (TJ); and
d) separating spectral peaks.

30 13. The method of Claim 12, wherein the step of separating comprises:
e) generating a frequency domain histogram on said total jitter spectrum;
f) estimating the amount of said RJ component from said frequency domain histogram
of said total jitter spectrum; and
g) calculating the amount of said DJ component from impulses in said frequency

35 domain histogram.
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