2 5 APR 2005 -1 TITLE OF THE | NVENTI ON MPEG PCR JI TTER, FREQUENCY OFFSET
AND DRI FT RATE MEASUREMENTS 5 BACKGROUND OF THE | NVENTI ON The present
invention relates to the quality of conpressed video signals, and?fofP® 2005
particularly to a nethod for neasuring Mdtion Picture Engineering G oup
(MPEG Program C ock Reference (PCR) j_'LIt_ter, frequency offset and drift
rate wwth a sel ectable, constant neasurenent bandw dth over 10 non-uniform

PCR arri val -f-li-l—rg?é?ggfy_ig %WEWWPCR rate. Recovering a program system

timng clock ( ecoder side of a digital transm ssion system such
as a digital video broad ) i 0 recreate a video
signal. In the Mtion Pi @&%@% lﬁiéﬁ'%@%ﬁéﬁ%g@ npr essi on schene
to allow i sochronous 15 r ecdNBrYREFT RATEMEASURENENTS i mary O ock

Ref erence (PCR) sanples of an encoder's program STC count, such as a 27 M&
clock count, are sent wwthin a Transport Stream (TS). It is required that
the PCR values are both (i) <correct at the point of origin and (ii) not

di st org ed i @Aékéég%ﬂm?mgngmyt he point of creating problens in

t he process of “deco conpressed 20 signals. Measuring the interval
between arrival tjpnes of the PCR val u accuracmf t he expected
geFShY

es, the
val ues, the arri vhe PresendMvention ’ﬁ'ﬂ@sjt?heeﬂua%t&ﬂﬁﬁﬂ idge PCrR
val ues, and the transmitted arrival time in the TS is necessary to assure
t he confi dersignalf, ded outarbipartigulaflyttbe mpetgdsior sneasanvg Métson Pidtere frequency
of fset and frequency drift rate are inportant paraneters
Engineering Group (MPEG) Program Clock Reference (PCR) jitter, frequency
offset and drift rate with a selectable, constant measurement bandwidth over
10 non-uniform PCR arrival times and a variable PCR rate.
Recovering a program system timing clock (STC) at a decoder side of
a digital transmission system, such as a digital video broadcast (DVB)
system, is necessary to recreate a video signal. In the Motion Picture
Engineering Group (MPEG) compression scheme to allow isochronous
15 recovery of the STC, explicit Primary Clock Reference (PCR) samples of an
encoder’s program STC count, such as a 27 MHz clock count, are sent within
a Transport Stream (TS). It is required that the PCR values are both (i)
correct at the point of origin and (ii) not distorted in the transmissioﬁ chain to
the point of creating problems in the process of decoding the compressed
20 signals. Measuring the interval between arrival times of the PCR values, the
accuracy of the expected values, the arrival time and resulting jitter
accumulated on the PCR values, and the transmitted arrival time in the TS is
necessary to assure the confidence of decodability of the program streams.

As jitter, frequency offset and frequency drift rate are important parameters

25 for the overall process, a clear definition is needed for what is understood as



25 for the overall process, a clear definition is needed for what is
understood as 2 5 APR 2005 -2- PCR jitter and a guidance is needed for its
measur enent net hod. Fromthe specifications set forth in | SO | EC 13818R1700%
is possible to define a limt mask, as shown in Fig. 3, for the frequency
deviation fromthe nom nal program STC frequency, 27 MHz. Frequency offset
is the difference 5 between the actual yalue and the nom nal frequency of
the STC at the encoder. For 27 MHz the limt is set at +/-810 Hz or
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"speed" at guency of the program varies wth time, i.e.,
It is the first deriyative.of .the frequen _t.h ct. to tinme or the
second derivati J&o8t! %\%%C'ﬁﬁtfpnfos‘?tég _& %{gﬁthnjegﬁ%zg lhispossible et 1o 75
mHz/ sec for the 27 Miz program STC or, normalized to the STC frequency of
27 MHz, as definepadimit maske gsalewn inFig- 2h e the feagueney devedionfeomiheh
represents the nmaxi mumerror of a PCR value with respect to the value it

shoul d havendghigal prddramt $TE fpequdriayn 27 Midhe Fréqueridy Jifeeetlis thet giffeesnde equency
offset and drift rate are inposed for the STC as it is represented by the
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errors are fully equivalent to phase and jitter errors when the PCR val ues
are used atpprhe Fdequehayyateohrhange ot drifitratgcis theéswad” atavhieh thed for testing
program STC frequency error, drift rate and PCR

frequency of the program STC varies with time, i.e., it is the first derivative of
the frequency with respect to time or the second derivative of phase with

10 respect to time. The limit is set to 75 mHz/sec for the 27 MHz program STC
or, normalized to the STC frequency of 27 MHz, as 10 ppm/hr. The phase
tolerance is set to +/-500 ns which represents the maximum error of a PCR
value with respect to the value it should have due to its time position in the
TS.

15 The limits for frequency offset and drift rate are imposed for the STC'
as it is represented by the values of the corresponding PCR fields. They
include the effects of the program STC and any possible errors in the PCR
calculation. The limit of 500 ns is not imposed on the program STC, but on
the accuracy representing the PCR values with respect to their position in the

20 TS. However the PCR errors are fully equivalent to phase and jitter errors
when the PCR values are used at the decoding point to reconstruct the STC.

A method for testing program STC frequency error, drift rate and PCR
jitter is described in ISO/IEC 13818-9, 1996. This test is carried out for one

program in the TS at a time. The procedure uses a plot of PCR values, which



jitter is described in ISOIEC 13818-9, 1996. This test is carried out for
one programin the TS at a tinme. The procedure uses a plot of PCR val ues,
which 2 5 APR 2005 -3- represent the program STC time at which the J0anAR Wel§
transmtted, against PCR arrival tines, as illustrated in Fig. 1. The
arrival tinmes are plotted on the X axis and represent accurate tinme at the
receiver. The PCR values are plotted om-the Y axis. A linear regression
line is fitted to N sanples and the 5 slope of the line mnus one is the

frequency %{3%%%“ R@plﬁﬁrgﬁf Sirg tﬂﬁéid?%i% tﬁé‘ﬁ?tg%j/%% ﬁaﬁgmﬂfeot dicg val ues
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shoul d be t accunul ate enou apples. Jf Nis too |large, low freguency
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jitter when 10 using the straight line curve fit rather than a quadratic
fit. For theakisrasgt represemeaccsratedime at the regeivrgihe POGR values@det o estimate
the frequency offset. But since the frequency offset often drifts or

wanders, tligottéd bethe &t 468, Palinder regeedsion lias gefittetetd N ddinpleswiitigie ef f ects.
Since these values far exceed the jitter specification but are tracked by

the dpcoderuoBne AP 898 4 Pidrealdndiinelt drilind: % Refiieliskel 1 1

they are of no concern. erefore not be

measur enent .and shoul d separ at el antified with respect to drift rate.
The rever sé"?aténﬁ?gg%h? Bz:epof’aﬁ‘ﬁé ?@yémq%%ﬁbe(yf‘edri ft rate - small tining
variations that are well within the jitter specification my, and often do,

far exceed the dii$method hasdbefaroltemaf detesmining howpargm Nt $tundd! biedtot he
second 20 derivative of the timng or phase error. Therefore the drift rate

measur ementaccaheiate driodghve@apidsi |If Briedos targel lowfeedisndyl tifningy errors with
peak vari ations
perturbations, i.e., wander, cause overly large measured values of jitter when
10 using the straight line curve fit rather than a quadratic fit. For the linear fit the
slope of this straight line is used to estimate the frequency offset. But since
the frequency offset often drifts or wanders, the jitter values may be unduly
large due to these wander effects. Since these values far exceed the jitter
specification but are tracked by the decoder’s phase locked loop (PLL), if the
15 drift rate is below limits they are of no concern. Therefore they should not Be
in the jitter measurement and should be separately quantified with respect to
drift rate. The reverse is also true of the measurement of drift rate — small
timing variations that are well within the jitter specification may, and often do,
far exceed the drift rate specification since it is proportional to the second
20 derivative of the timing or phase erraor. Therefore the drift rate measurement
should be lowpass filtered to not include timing errors with peak variations
within acceptable jitter limits. It is preferred to do a quadratic curve fit also to

verify the compliance with frequency drift rate but, if N is too small, timing

variations within the jitter limit cause the drift rate estimate to always exceed



within acceptable jitter limts. It is preferred to do a quadratic curve fit
also to verify the conpliance with frequency drift rate but, if Nis too
smal |, timng variations within the jitter limt cause the drift ndtAPR 2005
estimate to always exceed 2 5 APR 2005 -4- specification. If the PCRs do not
arrive with sufficient regularity, then the regenerated STC may jitter or
drift. The receiver/decoder may even go gut of Ilock. The timng effects
visible at a TS interface point nay be nodeled as 5 indicated in Fig. 2.

This is an gsgahégm.nmﬁé pgaeeow%mé mmufrﬁd?érﬂ&sgygﬂgﬁgggy}iﬂéca“ on

net wor k. The" conponents o e no I'n the encoder c to the PCR
for a particular pro stre ere t he . conponents in the network
relate to tF%geéﬁrgtteé’géfgg]Wﬁ’él'ﬁﬁn'}jﬁmﬂésﬁesrﬁg?@ﬁ{lgg MPRY G¥RC B DR @1 at or
with a nomnal 10 frequency, F, such as 27 MHz, but whose actual frequency

deviates frtmokthis by a function, fde" (p,t). This function depends on the
time (t) and is specific to a single programstream (p). This represents

frequency of f set Th@rtinﬁihg HUB D AisibIE TR GUES ttetfBt s Pore fitydbd ehddeib 8 @sMPEG
standard shoul d stay between specified tolerances. Drift rate i1s the rate of
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drives a PCR gounter whi.ch en ra,h?es an ide&lai _ed PCR count, NP,:, where
(p) refers £8 Fﬁ@‘@ﬁ'@&?tﬂ?%”e&"y r arn S EPERRNE off,tlje medef i the' emeodsrt

position in the TS. To this is added a value froma PCR inaccuracy source,
MP, ;, to cree spadific RORevBCHRfas eepaiticul0 programsstrédm, whteassthepl e
rel ati onshi p between these val ues is:
components in the network relate to the entire TS.
The model has a system clock frequency oscillator with a nominal
10 frequency, F, such as 27 MHz, but whose actual frequency deviates from this
by a function, f,.(p,t). This function depends on the time (t) and is specific to
a single program stream (p). This represents frequency offset for thé nominal
frequency which according to the MPEG standard should stay between
specified tolerances. Drift rate is the rate of change with time of f . (p,t). The
15 drift rate also should be below limits set by the MPEG standard. |
The system clock frequency oscillator drives a PCR counter which
generates an idealized PCR count, N,,;, where (p)‘refers to the specific
program stream and (i) refers to the bit position in the TS. To this is added a
value from a PCR inaccuracy source, M, to create the PCR value seen in
20 the TS, P,;. The simple relationship between these values is:
Pi=N,;+ M,

At the output of the encoder the TS is being transmitted at a constant

bit rate, R,.m. The communication network beyond the encoder varies the



PP.1 = NP.j + MP.l At the output of the encoder the TS is being transmtted
at a constant bit rate, R ,,.. The conmuni cati on network beyond the encoder
varies the 2 5 APR 2005 -5- arrival tine of MPEG packets fromtheerHﬁA)Rﬂ%ﬂﬁfi
arrival time by introducing a variable delay, J(i), which is the delay in
seconds for the ith bit inthe IS The nomnal arrival time is cal cul ated
fromRn,mand the bit index in the TS. -5fthe equation for the actual arrival
time, A(i), is: 5 A(i) =i/Rom+ D+ J(i) Dis a constant representing the
fact that tahevdlitime of MHG gatkbid fromderirardrginal amival tmbilbyriatrpdasithg &at t here
is a nean delay through the communication network. J(i) represents the

jitter in tvaﬂasetdéré{; 39, wh.aﬁ\r%méd@rawngébws Ry e #hbitihMBeiTs. def i ned to
be zero - this sets he val ue of D. J( 1|sthe 10 overa

1 PCR
jitter whi has a merror s cat se VPE andard. A
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and jitter is preferred so that all neasurenent systems neasure the sane
val ues on {lihe equatioprfogthenadtOrs asgival tienes tAli)eds:bandwi dt h. Al so a 15 const ant
bandw dt h nmeasurenent has nore physical neaning in ternms of how the
recowered STC in the MPEG decodgyjyregronds @ j §§R errors since the decoder
typi cal l y has a constant bandw dth and"@perates i ndependently of PCR
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sel ect abl e, const ant measur enent bandw dt h over
are arbitrary and that there is a mean delay through the communication
network. J(i) represents the jitter in the network delay and its mean value
over all time is defined to be zero — this sets the value of D J(i) + M, is the
10 overall PCR jitter which has a maximum error specification set in the MPEG
standard.
A constant bandwidth method for determining the frequency offset, drift
rate and jitter is preferred so that all measurement systems measure the
same values on the same program PCRs at the stated bandwidth. Also a
15 constant bandwidth measurement has more physical meaning in terms of how
the recovered STC in the MPEG decoder responds to PCR errors since the
decoder typically has a constant bandwidth and operates independently of
PCR arrival intervals or PCR average rate.
What'is desired is a method of measuring MPEG PCR jitter, frequency

20 offset and drift rate with a selectable, constant measurement bandwidth over

non-uniform PCR arrival times and a variable PCR rate.



non-uni form PCR arrival tinmes and a variable PCRrate. 2 5 APR 2005 - 6-

BRI EF SUMVARY OF THE | NVENTI ON Accordingly the present invention provides a
met hod of neasuring MPEG PCR jitter, frequency offset and drift ratseARR 1065 a
sel ectabl e, constant nmeasurenent bandw dth over non-uniform PCR arri val
times and a variable 5 PCR rate. The sel ected constant bandw dth demarcates
jitter fromwander and is derived fromea |imt nmask based upon the
standards specified for jitter, frequency and drift rate in the MPEG

standard. HEEPESUMMARY OF TRE IRVENTIER$Ured with a reference clock and are
converted to neasured PCR intervals, and the neasured PCR intervals, PCR

val ues and sel e tcggrq}ﬁ%&qﬂéiﬁggeﬁﬁﬂgg\h@&p dég;gH*ettﬁ pg%%gﬁﬁbnal fference

equations to de requenc The set of

di fference equations is derlved i ther froma t.ype || ase | ocked | oop or
from | east Mr%g%ﬁ ReRditter. fremesnay ¢ aéWadrdfﬁﬁ%?a‘N'?{'ba égﬁcFﬁﬁ%:r%onsfﬂfét obj ect s,

advant ages and ot her novel features of the present 15 invention are apparent
fromthe fotdasuremedebandwidtileser npoiunifonnd?CResmivaltimesandactariabled t h t he
appended cl ai ns and attached drawi ng. BRI EF DESCRI PTI ON OF THE SEVERAL VI EW5

OF THE DRAWAS 4tedThé §e$e@tearc@aatmIbaﬁuamtarae\ﬁhmﬁe@,rj.ttas?ﬂoﬁﬁwaﬂaeFrequency
offset and 20 jitter according to the prior art. Fig. 2 is block diagram
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frequency offset drift and
g Y frequency and drift ratcj-:* in the MPEG standard. The PCR arrival times are

measured with a reference clock and are converted to measured PCR
intervals, and the measured PCR intervals, PCR values and selected

10 constant bandwidth are input to a set of difference equations to derive the
jitter, frequency and drift rate values. The set of difference equations is
derived either from a type Il phase locked loop or from least mean square
(LMS) linear and quadratic estimators.

The objects, advantages and other novel features of the present
15 invention are apparent from the following detailed description when read in

conjunction with the appended claims and attached drawing.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING
Fig. 1 is a graphical diagram view for estimating frequency offset and
20 jitter according to the prior art.
Fig. 2 is block diagram view of a model indicating sources of variation
in PCR values for a program stream in an MPEG Transport Stream.
Fig. 3 is a graphical diagram view of a frequency offset drift and jitter

mask according to the present invention.



mask according to the present invention. 2 5 APR 2005 -7- Fig. 4is a
sinplified, general diagramview of a neasurenent filter for measuring
frequency offset, dither and jitter according to the present inveriti PR 2005
Fig. 5is a block diagramview of a phase | ocked |loop (PLL) 5 representation
for neasuring frequency offset, dither and jitter according to the present
invention. Fig. 6 is a block diagramviegw of an equivalent circuit to that

of Fig. 5 for deriving a set of difference equations according to the

present | nventi gg 414 §sirhplified, (Wrerkl diaBRirAMil BVathe A8LrBRIY RtBRforC T cuit
using |l east nean 10 square first” and second order estimators for deriving a

set of difference uat i ons.accqr.di 0 e _present .nventign. Figs. 8a
and b ar e Tenmane ERRSEPE ALtr Mt atrARE b ahP BB 1t ers witn
a differentiator plus |owpass filter and dual differentiators plus |owpass
filters redpentiofel y according to the present 15 invention. DETAI LED
DESCRI PTI ON OF THE | NVENTI ON Two net hods are descri bed for neasuring

frequency of f setRigf b ésadiocgk diigram viewvesfanphase loekedioa(MRBG System Ti mi ng
Clock (STC) as determined by 20 transmtted PCRs, each nethod being

descri bed ggpastftattin I%ir'ﬁpéé‘sﬁir[g RGNS SoyCSrRt &ﬂ%r%ﬂtc)} gﬁ%\ﬁaﬂcﬁ@ip? to

i npl ementation on a conputer. They effect constant ters
operating qE non- u i.forrpsarrpl ed data independent of the PCR rate. Each
met hod, as SRGWSTH 'BYYVA" has two discreet time inputs: (1)

Fig. 6 is a block diagram view of an equivalent circuit to that of Fig. 5
for deriving a set of difference equations according to the present invention.

Fig. 7 is a block diagram view of an equivalent circuit using least mean

10 square first and second order estimators for deriving a set of difference

equations according to the present invention.

Figs. 8a and 8b are comparisons of FIR linear and quadratic
regression filters with a differentiator pius lowpass filter and dual
differentiators plus lowpass fiiters respectively according to the present

15 invention.

DETAILED DESCRIPTION OF THE INVENTION
Two methods are described for measuring frequency offset, frequency
drift rate and jitter of an MPEG System Timing Clock (STC) as determined by
20 transmitted PCRs, each method being described as a set of simple difference
equations suitable for implementation on a computer. They effect constant
bandwidth filters operating on non-uniform sampled data independent of the
PCR rate. Each method, as shown in Fig. 4, has two discreet time inputs: (1)

the decoded PCR values, PCR(n), for a given program stream from the



t he decoded PCR val ues, PCR(n), for a given programstreamfromthe 2 5 APR
2005 -8- MPEG Transport Stream (TS); and (2) the PCR intervals, PCR.int(n),
bet ween PCR val ues for the given program stream as measured with arf 5 APR 2005
asynchronous precision reference oscillator fromthe PCR arrival tines. Each
met hod has a single control paraneter - the neasurenent bandwi dth (BW 5
which is a demarcation frequency betweeS-jitter and wander - that is

sel ectabl e and constant independently of the average PCR rate. Each nethod
has three MBEG:Teartspoet Stoepmt(TiEasnd EXethe R@Ruhtesval$ IPCRIGit(d), equency
offset, FQ(n); (2) STC frequency drift rate, DR(n); and (3) PCR jitter,

Jit(n). 10 i j R ' hybri d
digital - ana Ogéﬁ‘%@@?&é{i@rftﬁ%Sw(élgﬁpirfﬁﬁibdgﬁ"?égﬁ%ﬁﬁf%a‘éﬁg?%wgénvmer e the

feedback  CNPRaOReps e kN R e A B PR el P RN s
added to Jit(n) to inprove separation of wander conponents and scale the
out put to URPH@ddTas1d singhe cpBirokRRGMEtendying BRIFUTSHIRHRandwigth (B i s
added to FQ(n) and DR(n) to inprove rejection of jitter conponents. A
practfcal swhiclis didemareatien éupaaienoy betvegan jittari aretiwanden +HbafPisL nodel such
that frequency offset, drift rate and jitter may be neasured with a

sel ect abl e, scfaighRHEndEONRAE fhde?@ﬁéérﬁw&eﬁﬁ the dvepae POR PRB: Wadpr m PCR

arrival tinmes. 20 The type Il PLL shown in Fig. 5 has two ideal integrators
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subtract onf'requency offset, FO(n); (2) STC frequency drift rate, DR(n);, and (3) PCR
jitter, Jit(n).

10 The equations for the first method are derived from a hybrid digital-
analog phase locked loop (PLL) model, shown in Fig. 5, where the three
output parameters are extracted from various points in the resulting feedback
control system. Additional high-pass filtering and scaling is added to Jit(n) to
improve separation of wander components and scale the output to units of

15 time per second. Additional low-pass filtering is added to FO(n) and DR(n) to
improve rejection of jitter components. A practical set of difference equations
are derived from the PLL model such that frequency offset, drift rate and jitter
may be measured with a selectable, constant bandwidth independently from
the non-uniform PCR arrival times.

20 The type Il PLL shown in Fig. 5 has two ideal integrators -- a digital
accumulator and a voitage cohtrolled oscillator. This creates a second order
highpass closed loop response at the output of the phase subtraction:

Therefore below the loop bandwidth the response is proportional to drift rate

and above the loop bandwidth the response is proportional to jitter. A first



Therefore bel ow the | oop bandw dth the response is proportional to drift
rate and above the | oop bandw dth the response is proportional to jitter. A
first 2 5 APR 2005 -9- order highpass filter is added to the jitted 5 APR 2003
measurenent to renove the effects of drift rate. Conversely a | owpass
filter is added at the drift rate output to renove the effects of jitter
fromthat neasurenent. The filters are lgest inplenented using digital

signal processing (DSP) on the raw data and, since 5 the PCRrate is the
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adjusted to nmain n approxi mately the correct nmeasurenent filter

bandw dt hs d.contrql | oop,danping. IS sihle ta.copvert the PLL to a
fully sanp|°§§”£v§{]een¢8?¥%@ Iynﬁq(gwﬂgaihh@ﬁ'ﬂ@%ﬁrﬁqéﬁ’%gf'ftlfép%awé’u% {%e running
oscillator and the decoded PCR val ues such that the bandwidth i's 10

i ndependentrempvadie effectsrohjtter fram éhatmpeasirementul badilters areleestare  conput ed
in software without an explicit voltage controlled oscillator. The VCXO may

be const r udmplkni¢rasd asing digitat signa pnocessinge@®@ SR thg QWXEat afd, 1gipoe
accuracy and a FLL locking a VCXOw th +1-30 ppmrange. This may be used to

cali by at e e plereABNe O bhaple PtDie Bleigh PAR (BRI UALMRYd dndif® ' ed

O herwi se the may be us one and i requency error or offset
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hybrid DSP and anal og signal processing nethod. A practical set of
di f f er ence bagdwigtos andespriied! deep dammin@nitiheossible tocanyer) the il ta@i ng t he
cl osed-1 oop response such that frequency offset, drift rate and jitter may
be measur eduWy $dmplesedystdraldrivenfbyx adnéasuded R interval using a free running
oscillator and the decoded PCR values such that the bandwidth is
10 independent of non-uniform PCR rate and the measurement values are
computed in software without an explicit voitage controlled oscillator.
The VCXO may be constructed from a subsystem having a free-
running OCXO of 0.1ppm accuracy and a FLL locking a VCXO with +/-30
ppm range. This may be used to calibrate the frequency offset output to 0.1
15 ppm accuracy if desired. Otherwise the VCXO may be used alone and it's
frequency error or offset verified by applying a known, accurate frequency,
and subtracting the error from subsequent measurements. This describes a
PLL implementation as a hybrid DSP and analog signal processing method.
A practical set of difference equations may be derived from the PLL
20 model duplicating the closed-loop response such that frequency offset, drift
rate and jitter may be measured with a selectable, fixed bandwidth
independently of the non-uniform PCR arrival times. Such an equivalent

circuit is shown in Fig. 6 for deriving such equations. The PCR(n) values are

input to a differentiator, and the output from the differentiator is input to a



i ndependent|y of the non-uniform PCR arrival times. Such an equival ent
circuit is shown in Fig. 6 for deriving such equations. The PCR(n) val ues
are input to a differentiator, and the output fromthe differenti &0APR 4005
input to a 2 5 APR 2005 -10- second or der | owpass filter for non-uniform
sanple intervals. Also input to the second order |owpass filter is the
corresponding PCR int(n) fromthe | ast-.1g-eceived PCR(n-1). The filter output -
y(n) is nultiplied by the overall open 1loop d.c. gain, Godc, to obtain a

nor mal i zed shrgRHIBRRY 1EWPESIRItENfatHdN uhBorn Salbleiptédalso Alsh 'erpﬁJtttBe bi - pol ar
frequency offset FO The filter outputs for two consecutive sanples, y(n)

and y(n-1) ’thé'igg%dr{lﬁb'rtdeﬁ'?ov@?§§§ﬁﬂgr ] tHe h@HBhng‘?Rpfng@p"fﬁn‘?tﬁé fdstr error

out put, J(n) ass filter
to derive the drlft rate, flrst rder passfllter to
derive t he "p5qived PCR(pcH) RP%@BWE HP@W?W(QH? gglegpb&]qqugl | @Pefer ence
equations 10 nmay be derived: y(n)=2*y(n-1)-y(n-2)-(y(n-1)-N 1

*y(n-2))"' 5ieg24 BWgRORGatlq t) ebRIR g nyrriRed-fraguerey frone minidFoumnity B7MHz, BWii s
t he measurement bandwidth in Hertz and N1 is a constant equal to 1 /(1

+pi * BN 60) suEereﬂem(ta)de?Tveqnérmsbdpérfﬁ 8uerdty) dHsetiFD, 1$hé!(fmar cagrtd fgpher e Gode
is a constant equal to (1-N1)*5.932*BW Jitter, Jit(n), becones Jit(n)=Al

*(Jit(n-1) ) ( |
exp(- 2 pi * é&éf'}%eéé%%@#mﬁﬁﬁy (e e gfémf??’o a@sﬁbﬁ)ﬂe*ﬁemnt'ator
1)+(Godc/Tp *J( where Tp is 1/ i S ex / 30 In this
way DR(n) ft fﬁ%gceﬁl'tlt%r GOPY iR ‘*(F‘ié@"'ﬁéhﬁm L 'rleUtéP g% féﬁd%’@ﬁ is 20
initialized to 1/Godc to mnimze settling tine.

lowpass filter to derive the drift rate, DR(n), and a first order highpass filter to

derive the jitter, Jit(n). From this illustrated circuit the difference equations

10 may be derived:
y(n)=2y(n-1)-y(n-2)-(y(n-1)-N1"y(n-2))*5.932*BW*PCR_int(n)+(PCR(n)-PCR(n-
1))/Fo

where Fo is 27MHz, BW is the measurement bandwidth in Hertz and N1 is a
constant equal to 1/(1+pi*BW/60). From y(n) frequency offset, FO(n), is

15 y(n)*Godc-1 where Godc is a constant equal to (1-N1)*5.932*BW. litter,
Jit(n), becomes Jit(n)=A1*(Jit(n-1)+J(n)-J(n-1)) where J(n)=y(n)-y(n-1) and
A1 is exp(-2*pi*BW*0.68/30). Finally drift rate, DR(n), is A2*DR(n-
1)+(Godc/Tp)*J(n) where Tp is 1/(2*pi*.01) and A2 is exp(-1/30*Tp). In this
way DR(n) is post-filtered with a fixed bandwidth of 0.01Hz and y(n) is

20 initialized to 1/Godc to minimize settling time.

The second method is derived from a linear filtering approximation to a

least mean square (LMS) frequency offset estimator (linear-term coefficient)
and LMS drift rate estimator (quadratic-term coefficient) of a simple second

order time equation for the PCR values. The resulting difference equations



The second nethod is derived froma linear filtering approximation to a

| east mean square (LMS) frequency offset estimator (linear-term coefficient)
and LMS drift rate estimator (quadratic-termcoefficient) of a simileABReBhd
order tinme equation for the PCR values. The resulting difference equations 1
5 APR 2005 -11- yield results simlar to those in the nmethod descri bed
above, but are a little sinpler to corpute. G ven PCR AT(n) as the neasured
arrival tine of each of the received PCRégésval ues using an accurate

ref erence yielibigsuithsimaar oihegedq dhae mathe trleed aheveidared HUR(n) val ues
with terms for the program decoder STC frequency offset, drift rate and
jitter: PSipiert@tddehpdte( n) *Fst c+( PCR_AT(n) ) *2*c+E(PCR_AT(n)) cycles of

Fstc. The last termis the jitter as a function of tine. PCR AT(n) is a

random vari abl e Bclro Aaﬁﬁﬁ 2)N tHé"?néé’sufr?&a?ﬁv@itfﬁ%iaﬁéé&%ﬁtﬁg rédeive! 10

time jitter and (n) €encoding error. is assuned to be a zero-nean,

i ndependen dentically Distributed fandom vari abl which is.fairly
realistic. bo#(@f)é?lb'?é %)"rﬁﬁlrﬁ%gea?%cmgn%& f\??ngln.q e@atQhdom
variables. a is an initial phase error relative to the reference

osci Bl at or ;ietﬁmsdhesexne@t%qlg’éﬁn)wamevwém IR foe tirepegramadecaderdhkC hal f t he
drift rate since drift rate (Hzfs) is 15 a second tine derivative of phase,

DR=2"c. Thiekhonty offiest! daftsawnaed figdr: frequency, Fo=27MHz, is subtracted to
find the STC frequency offset and the terns are nornalized by dividing by

Fo. Since the ST&Q(@%%gp@@ A?%r@y@éteaqﬁdl? p(?gm@n@j,é(,j?ﬂéai irqtclrﬁzjto t he

al | owabl e frequency set valu and I's pre ed to = ded within
the frequepey OLf FSl. "RAS BN 1s hRSi2I4RY RAEBY Ffme. PCR_AT(N) is

a random variable added to PCR(n) due to the combined effects of arrival

10 time jitter and PCR(n) encoding error. It is assumed to be a zero-mean,
Independent, Identically Distributed random variable, which is fairly realistic.
Therefore the PCR(n) values are themselves I.1.D. random variables. ais an
initial phase error relative to the reference oscillator, Fstc is the system
timing clock frequency and c is one-half the drift rate since drift rate (Hz/s) is

15 a second time derivative of phase, DR=2*c. The known ideal system clock
frequency, Fo=27MHz, is subtracted to find the STC frequency offset and the
terms are normalized by dividing by Fo. Since the STC drift rate is typically
very small relative to the allowable frequency offset values and is preferred to
be included within the frequency offset measurement, the equation may be

20 simplified for analysis of frequency offset, b, without the drift rate term, c.
The drift rate and higher order derivatives affect the frequency offset value
rather than defining frequency offset with higher order components removed.

PCR_err(n)=a+PCR_AT(n)*b+s(PCR_AT(n)) seconds



20 simplified for analysis of frequency offset, b, without the drift rate

term c¢c. The drift rate and hi gher order derlvatlves af fect the frequenﬂy

of fset value rather than defining frequency offset with higher orderAPR 2005
conponents renoved. PCR err(n)=a+PCR_AT(n)*b+e( PCR_AT(n)) seconds 2 5 APR
2005 -12- where b=(Fstc-Fo)/Fo. The jitter termnow is in seconds of jitter
and a is the initial phase offset in si&onds and b is the frequency offset
of the STC as a dinensionless ratio. This equation, neglecting drift rate,
i s the equahbnbi@stcPANUAY.STRE ljitter kgmandw e ar secapidessijigter ahdsd sathght | i ne
fit of the data to be 5 determined fromestinmates of the coefficients a and

b to mni he dual
result of n}rﬁtfag%%g?&ﬁ&eﬁﬁﬂ@&% %ﬁéd‘ﬂgﬁg%ﬂgﬂ" %étey E%g-as ttﬁém i mte for
b, and second the jitter b subtracting the FO effect due to b and t he
initial phdifRensiPRfEss rato. s%&@%%‘ﬁ‘é%ﬁ'orbi‘ lretipeaitalpdatiae eayatiandeder to
determ ne the nunber of PCR(n) values with which to conpute the straight

line fit, RCR{njmzliceingd lindar tagnession ogistragghd inarfidbfthesdata todbé i near
filtering process is necessary. This way the effective bandwi dth of the

aver agi ng gbterffhdd ﬁsﬁfeétirhatfe% dfftRe %Bﬁraerdataaaﬁaau tOnihRHiRd themédh aver age
PCR rate where the PCR(n) values are tenporaril y assuned to arrive at a 15

uni form average rate. This, uni ormrat i.fied.in this
cont ext | dsaoHTs S ug Bt LR e aro RS IRL S of skl B 1o
properly estimate FOw thin the constraints i rrposed by the very small drift
rate tol ePakcieedienayeoffaat® QasibarldMsS estipiate for.b @ﬂ?es%mj‘@o’(ﬂ‘edﬁéf &% mation
of a filter response to the straight line fit regression analysis is

det er m nedsutstracting the FO effect due to b and the initial phase vailue a as suggested

by the MPEG standard.

10 In order to determine the number of PCR(n) values with which to
compute the straight line fit, a comparison of the linear regression analysis to
a linear filtering process is hecessary. This way the effective bandwidth of
the averaging of the linear fit to the PCR(n) data may be found for an average
PCR rate where the PCR(n) values are temporarily assumed to arrive at a

15 uniform average rate. This uniform rate assumption is justified in this context
due to the large number of samples that are used in order to properly
estimate FO within the constraints imposed by the very small drift rate
tolerance of the MPEG standard, 10 ppm/Hr. Once a good approximation of
a filter response to the straight line fit regression analysis is determined, a

20 constant bandwidth filtering process may be constructed for non-uniform
sampled data that is itself a function of the instantaneous sample interval in
order to develop a constant bandwidth measurement that is independent of
PCR rate. This is important since it allows a continuously updated filtering

process to be mechanized to find practical and consistent estimates of the



20 constant bandwi dth filtering process may be constructed for non-uniform
sanpled data that is itself a function of the instantaneous sanple interval
in order to develop a constant bandw dth nmeasurenent that is indeﬂén@f@nlﬂﬂ%f
PCR rate. This is inportant since it allows a continuously updated filtering
process to be nechanized to find practical and consistent estinmates of the 2
5 APR 2005 -13- PCR jitter, STC frequent§- offset and drift rate for
conparison to the published Ilimts of the MPEG standard. Further since the
bandwi dt h d?*CRljitter, FBGS Jreequamicyi off st metiadtift rade firasvtiepatispedodeagubdished
frequency based on the STC drift rate and PCR accuracy specifications may

be used to |gRtCEMBMPES Blanelar§aFuather Sinzedps Biarawidth lof eie bandwi dt h t hat
has a direct relationship to the recovered STC clock characteristics in the

MPEG decod ' e ' |:S. f PCR i nterval
determ ned%@a%{kgﬁr%éf Er n@%géﬁo%cégﬁg%@%esdsh%aﬂ%t grﬂ;n i rﬁ%gfgaa%%d nﬁ spaced
To seconds apart. 10 PCR_err&;n :a+b"ro*n+e(fn‘ To) seconds G ven N sanples of
PCR val ues,he &I drift £atesq0a A '%BVSW%%SIW atighs payhjusediiedgtaraningy
vector B: B=[a;bl; B= T.I*(N*NT)-1. (NT*X) where 15 T-'=[1,0; O TO ];

(N*NTj - ' = [2pr2stidd] are] staddbpdigsl fijter bandwdih 1hat)hasNrdixgctre[ationsNROR err (n) ;
Ef-, NPCR err(n) ' n]. Initial phase is determ ned bel ow

a=2/ (N (N khe Faadusrbs STHPERR! dHarhéteAbds nhk-MPEG decoder.

Linear Regression Analysis:
Let To be the average PCR_interval determined by the reference clock
and assume uniform arrival times spaced 10 seconds apart.
10 PCR_err(n)=a+b*ro*n+e(n*t0) seconds
Given N samples of PCR values, least mean square (LMS) estimates of a
and b are given by vector B:
B=[a;b]; B= T (N*NT)"*(N™X)
where
15 T'=[1,0; 0,70™; (N*NT)'= [2(2N+1),-6; -6,12/(N+1)]*(1/(N(N-1)))
(NT*X):= [¥ et .nPCR_ert(n); ¥ -1 -wPCR_err(n)*n].
Initial phase is determined below:
a=2/(N*(N-1)*To){} .-1.nPCR_err(n)*(2N+1-3n)}.
Frequency offset estimate for N uniformly spaced samples:
20 b= 6/(N*(N-1)*ToX} .-1.nPCR_err(n)*(2n/(N+1)-1)}.
Quadratic Regression Analysis:
Without neglecting the STC frequency drift rate find an LMS quadratic
curve fit and estimate of the coefficient ¢, where ¢c=(STC frequency drift

rate)/2=DR/2:



Frequency offset estimate for N uniformy spaced sanples: 20 b=

6/ (N'(N-1)tTo){5,= -NPCR err(n) (2n/(N+1)-1)}. Quadratic Regression

Anal ysis: Wthout neglecting the STC frequency drift rate find an IZMSAPR 2005
gquadratic curve fit and estimate of the coefficient ¢, where c=(STC
frequency drift rate)l2=DR/2-. 2 5 APR 2005 -14-

PCR err(n)=a+b"ro*n+cro2*n2+e(n ro) secdfids B=[a; b; c]=T (N*NT)' (NT*X);
T™=[1,0,0; 0, TO"',0; 0,0,To2]; (NNT)''=[3(3(N+1)+2),-18(2N+1), 30;

- 18( 2N+1) , { 12( 2IRAR ( SIkrA)ERFDI(ANATE L2 (rIB0) $@¢eRids 5 30, - 180/ ( N+2)
180/ { (N+1) (N#2) }1/{N(N-1) (N-2)}; ~(NT*X)= [Y"_, _NPCR err(n);

Xn_, NPCR err( n)B;qé; Bgfe];ﬂmgﬂ(mﬁ)()ﬁﬁ-hm@o; @,Py’&',@,sojcmaé-q; for frequency
5

drift rate for N uniformy spaced sanples is:

DR=60/ { N( N- 1) ( N+ )Ny FERTN S 6R/ { (N+1) (N+2) }-Sn/ (N+2) +1 }.
0 LR (e ) )

These two LMS e Cy'o fromlinear regression and 10
frequency drift rate fromquadratic regression, nmay be inplemented as finite
i mpul se response (FIR) filt §|(%N+ﬁf@(2 gd (B |1ﬂé}/f(ﬁé1ﬁh§r£bt1i8i%@é"’%)ﬁ t he
frequency offset in terms of a FIRfilter as a function of z and the nunber
of PLR val ues averaged, NBO,HX(NF26/1BR(INEY TIOF2VEN(N-1)(N-2)};
--O(N_,)z"(2(k+1)/(N+1)-1 }. 15 The nunber of sanples used to estimate FO

measur ement banduEATH O TRer S b eE A e i K Gor TR 3 BW) = 125
sanpl es Wty a8 &ihate for frequency drift rate for N uniformly spaced samples is:
DR=60/{N(N-1)(N-2)10?}*Y .-, .vPCR_err(n){En?/{(N+1)(N+2)}-6n/(N+2)+1}.
These two LMS estimators, frequency offset from linear regression and
10 frequency drift rate from quadratic regression, may be implemented as finite
impulse response (FIR) filters. First describing the LMS estimate of the
frequency offset in terms of a FIR filter as a function of z and the number of
PCR values averaged, N:
Hr(z,N)=B/{N(N-1)To}z™*Y 0.1, Z{2(k+1)/(N+1)-1}.
15 The number of samples used to estimate FO is N=Pr/(2*"BW) where Pr is an
average PCR rate, 10 is 1/Fs and BW is the measurement bandwidth.
Therefore as an example N=floor(Pr/(2*"BW)) = 125 samples with Pr=24 and
BW=0.1Hz. Second describing a FIR filter as a function of z the frequency
drift rate estimate is:
20 Hdr(z,N)={60/(N(N-1 WN-2)T0)IZNY on {(B(k+1)D/((N+1)(N+2))-
(6(k+1))/((N+2)+1}
For comparison a second order recursive Butterworth lowpass filter of

bandwidth BW is cascaded with a differentiator, A cascade of the recursive

LPF and the differentiator response is compared to the FIR LMS frequency



BW-0.1 Hz. Second describing a FIRfilter as a function of z the frequency
drift rate estimate is: 20 Hdr(z, N={601(N(N-1)(N-2)To2)}zNEla-N 1{(6(k+1
)2)/ ((N+1) (N+2)) - (6(k+1))/(N+2)+1 } For conparison a second order ZredRit #l0ve
Butterworth | owpass filter of bandwidth BWis cascaded with a
differentiator. A cascade of the recursive LPF and the differentiator
response is conpared to the FIR LIVLS f-diéguency 2 5 APR 2005 -15- offset
estimator in Fig. 8a. Drift rate FIR response is shown in Fig. 8b where:

N=f | oor ( Pr/ ¢fe? e8tirmtamhetigo8a.s &riit exte FfiRaessaesk isysHolwen iRl Rgf Bbtwtterst t he
average PCR rate of Pr. For conparison a 3 d order recursive Butterworth LPF

of bandw dth BW 5 cascadqda¥biPrid®giviaifhed SHhsplb§ conmpared to the FIR
LMS drift rate estimator in Fig. 8b. Fromthis analysis there is a close

approxi mation of |jnear uadratic regr ion of ,uniformy sanpl ed data
o two |ine%[PFe?%%iBES“\FeEMiﬁ#EEF}ﬁt?%\‘%é@gsi‘zﬁéa?cojdﬁd with sinple
differentiators. Gven an estimate of 10 the average PCRrate, Pr, the
bandwi dt h, Bwcasmpanisoregd\emdenfequssivedutterwprthild?F pf bardwidtBVépl ace a

| i near regression analysis of N sanples is BWPr/(2*N) and for quadratic
regressi on EA&Rdéd itz diffeherstatelis\cingrdred o tioe § R $ M@ drikeagonst r uct ed
fromdifference equations for differentiators and Butterworth LPF filters
as shown ahQygnatst HEigt BE, equi val ent recursive 15 filters only require
storage of two previous PCR values and relatively mnor nultiply/adds; they

are much easier g0 compute ANGIBY ;P§ HCapproximation of linear and

quadratic regression of uniformly sampled data to two linear, recursive
filtering processes cascaded with simple differentiators. Given an estimate of
10 the average PCR rate, Pr, the bandwidth, BW, of the equivalent recursive
filter process to replace a linear regression analysis of N samples is
BW=Pr/(2*N) and for quadratic regression BW=Pr/(2"**N). These equivalent
processes may be constructed from difference equations for differentiators
and Butterworth LPF filters as shown above. Since the equivalent recursive
15 filters only require storage of two previous PCR values and relatively minor
multiply/adds, they are much easier to compute and may be done
concurrently for many program PCRs with a single processor yielding a
constant bandwidth measurement result. The PCR jitter may be determined
by subtracting the estimated PCR values due-to frequency offset by using the
20 estimated value from the filtering process and applying a HPF to reject the
drift rate components from the result.
An equivalent circuit for this second method is shown in Fig. 7. The
PCR_int(n) is derived from the PCR_AT(n) times and subtracted from the

differentiation of the PCR(n) values, normalized, to produce a PCR{n) error



concurrently for many program PCRs with a single processor yielding a

const ant bandw dt h nmeasurenent result. The PCR jitter may be determ _ned _Dby
subtracting the estimated PCR val ues due to frequency offset by usﬂrﬁ—)gAﬁRh@ﬂ&zo
estimated value fromthe filtering process and applying a HPF to reject the
drift rate conponents fromthe result. An equivalent circuit for this second
method is shown in Fig. 7. The PCR.int{¥ is derived fromthe PCR _AT(n)
times and subtracted fromthe differentiation of the PCR(n) val ues,

nor mal i zedyalue, poothjc & ao(PLR( impuétae arfirgt IheaPRMD @5timatr whithiiclbdes B) .

Foo(n) is input to a first linear LMS estimtor which includes a derivative

function agdridathRcRndtion dhid 4 QUB8AE ofddrtiewphSs Aediecotilge tHd equency of fset,
FQ(n). The frequency offset is input to a second quadratic LM estinator

o 12! e OB YR el R Bl 3 BlaiE
is multiplied by the PCRint(n) and, the result subtracted fromthe PCR(n)
error val ubMedipaias whigh indudes adssivatiye ?‘f.‘r&tm&‘aﬂﬁ@f entigtay andfigst

i nstantaneous jitter value is then processed by a cascade filter, having
firsts a fordarlowdess filbeptasproducedhe fdoiftl ratee DR(n)a Tiher feequoarabyroffued lapsrs s
filter, that produces 10 the PCR jitter, Jit(n). The resulting difference

equat i ons & Aultiplied by the PCR_int(n) and the result subtracted from the PCR(n)
FQ(n) =PCR_i nt (n) (n' BW 2* Foo( n) *E(n) +2E(n) *FQ(n-1) - E(n) 2*FQ(n- 2) "where

(onp( ) - 1B AR B ML Ed A el REPARRER BT B 1 1)) s
JJ(n) =Foo( ms_taFnCt)gggzéuPsC}?trérn\Ba(lma;is then processed by a cascade filter, having first a
first order lowpass filter followed by a first order highpass filter, that produces
10 the PCR jitter, Jit(n). The resulting difference equations are:
FO(n)=PCR_int(n)*(*BW)**Foo(n)*E(n)+2E(n)*FO(n-1)-E(n)**FO(n-2)
where Foo(n)=[PCR(n)-PCR(n-1)}/Fo-PCR_int(n);
E(n)=exp[-PCR_int(n)*m*BW] (exp(-x)~1-x+x*/2-x°/3);
DR(n)=E(n)*DR(n-1)+m1*BW*FO(n)-FO(n-1)];
15 JJ(n)=Foo(n)-FO(n)*PCR_int(n),
Jit(n)=E(n)*[JJ(n)-dJ(n-1)+2*Jit(n-1)-E(n)*Jit(n-2)].
Thus the present invention provides a method of determining MPEG
PCR jitter, frequency offset and drift rate from the PCR values arriving at non-
uniform intervals and a selectable, constant bandwidth which is the frequency
20 that separates wander from jitter using a set of difference equations derived

either from a type Il phase locked loop or from LMS first and second order

estimators.



Jit(n)=E(n) [JJI(n)-JJI(n-1)+2"Jit(n-1)-E(n) Jit(n-2)]. Thus the present

i nvention provides a nethod of determ ning MPEG PCR jitter, frequency offset
and drift rate fromthe PCR values arriving at non- uniformint er valshPRntln
sel ect abl e, constant bandwi dth which is the frequency 20 that separates
wander fromjitter using a set of difference equations derived either froma
type Il phase | ocked | oop or fromLM f-ivst and second order estimators. 2
5 APR 2005 -17 CLAIM OR CLAIMS WHAT IS CLAIMED I S: 1. A method of measuring

program cl ogckameOR eng@MPCR) jitter, frequency 5 offset and drift rate
with a sel ectabl e constant neasurenent bandw dth over non-uniform PCR

arrival tinmes and a variable PCR rate conprising the steps of: neasuring an
interval between PCR arrival tines with an asynchronous precision reference

oscillator; _@*é(l n l@@ ;ﬁl ect abl e constant neasurenent bandw dth
i ndependent A 9&2\ le PCR rate, the fixed sel ectabl e constant
nmeasur enent bandw dth demarcating a fre&ency between jitter and wander;

and cal cul ht Angethied dboregsuring pragragueaecyy refefesiee (RedR)ditier: frequeneys a
function of the interval between PCR arrival tines, the PCR val ues at each

PCR 15 arrisffdet bha®iriincaté MtH & selbciatieconblapt awaslAshe MBS ovBANdW dt h
inthe formof a set of difference equations. 2. The nmethod as recited in

claim1 whefel Dnkdifn PR Shrivli HHRELH58 5B PPER Site comprising the steps
of:
measuring an interval between PCR arrival times with an
asynchronous precision reference oscillator;

10 fixing the selectable constant measurement bandwidth independently
of the variable PCR rate, the fixed selectable constant measurement
bandwidth demarcating a frequency between jitter and wander; and

calculating the PCR jitter, frequency offset and drift rate as a function
of the interval between PCR arrival times, the PCR values at each PCR

15 arrival time and the fixed selectable constant measurement bandwidth in the

form of a set of difference equations.

2. The method as recited in claim 1 wherein the set of difference equations is
derived from a hybrid digital-analog phase locked loop (PLL) model where
20 the jitter, frequency offset and drift rate are extracted from various points in

the feedback control system for the PLL.

3. The method as recited in claim 1 wherein the set of difference equations is

derived from a linear filtering approximation to a least mean square (LMS)



derived froma hybrid digital-anal og phase | ocked | oop (PLL) nodel where 20
the jitter, frequency offset and drift rate are extracted from vari ous
points in the feedback control systemfor the PLL. 3. The nethod &< AR W04
in claiml wherein the set of difference equations is derived froma |inear
filtering approximation to a | east nmean square (LMS) 2 5 APR 2005 - 18-
frequency offset and an LMS drift rate-ggtimator of a sinple second order
time equation for the PCR val ues.

frequency offset and an LMS drift rate estimator of a simple second order

time equation for the PCR values.



