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[0002] As technology advances, predicting the behavior of
transistor devices and passive elements such as resistors and
capacitors becomes increasingly difficult. Increased
uncertainty in the modeling of these devices sometimes
mandates integrated circuit designs to function beyond
original targets in order to provide encugh performance margin
over process, voltage, and temperature (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 solutions
are not always found. Furthermore, the limited off-chip

vigibility of internal analog/digital waveforms results in



visibility of internal anal og/digital waveforns
results inlimted learning rates for yield. Hence, the
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metastability in a large set of latches. By deploying the

large set 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 additional
jitter generation, possibly degrading jitter measurement
performance. For example, an instantaneous fluctuation of the
supply voltage caused by on-chip digital switching circuits
can prevent the short-term jitter measurement from being
reliably performed. Also, jitter measurements using an analog
charge pump are not favorable due to mismatch regquirements of
transistors.

[0006] On the other hand, a long-term jitter measurement is
more immune 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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nore reliable way of evaluating system performance. In
accordance with present enbodinents, an illustrative

\Hﬁ%&%ﬂ&&ﬁ?ses on phase-| ocked | oop (PLL) CIrCUbE%ﬂBZMBMﬂM93
us st nplifying hardware coaneX|ty by usi ng

U, 'Eabho naLL e e&g&ﬂcer% gg:g?t I;] htﬁhp Chltrs? PR tsci Imp1i fying

CIrCUIt op rates ase error at

ﬂ£&ﬁ$ fgg # %ﬁ¥9éﬁ0@%hg gnfgfﬁg Qh§?ady reseﬁt in

error saves e rnrornma

1 Ghes fgfm&%ﬁ &gf&%ﬁikggﬁwpe@ ﬁeaghyﬁ%age ffse

clrculrt 1 n accor nce wt e pres princi

SELPLS AL A OB NS PSS, KB gpror-
Qe”ce\ét %t %ﬁge&of@%%ﬁ]' QeEEEﬁétJ?E ﬂnta¥6PH {erla ches_fox

€T 0SS 0SSI
relatl S|nple | unped del ay Ilnes Furt her, the
%ﬁ%ﬁb ee%onp?eX|ty does not depend on a voltage

L
LEBRIe St ory T oo 00 b sl
Bsss. Ot Sl s e o SIS,
SONIL UL gt deLcr e Lnst a ancous, peak Base Sl
RISt ot et AL T e o

each ref erence cl ock c%ple
delay lines. Further, e hardware complexity does not depend

on a voltage controlled oscillator (vC0) frequency since the
hardware detects phase error amplitude at the phase-fregquency
detector (PFD) output.

[000B] 2An apparatus includes a phase-locked loop (PLL) circuit
including a phase-freguency 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 signals and comparing
pulse widths of the logically combined phase error signals to
a programmable delay time at each reference clock cycle to
determine instantaneocus phase error change. A storage element
is configured to store the instantaneous phase error change.
[0009] Another apparatus includes a phase-locked loop (PLL)

circuit including a phase-freguency detector configured to
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det erm ne instantaneous phase error change. A storage
el ement is configured to store the instantaneous phase

r ge. [0009] Anot her apparatus include
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ﬁQngtg gﬁalt including a phase-frequency detector configured

to output phase error signals, and a phase error monitor
circuit configured to determine peak instantaneous phase error
by logically combining the phase error signals and comparing
pulse widths of the logically combined phase error signals to
a programmable delay time at each reference clock cycle to
determine instantaneous phase error change. The instantaneous
phase error change includes a difference signal and a raw
signal. A multiplexer is configured to receive as inputs and
select one of the difference signal and the raw signal. An
accumulator is coupled to an output of the multiplexer to
accumulate instantaneous phase error change counts assoclated
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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sel ect one of the difference signal and the raw
signal. An accurul ator is coupled to an output of the
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thresholds such that phase error amplitudes and times are
provided to create a jitter histogram.

[0012] An apparatus for short-term jitter measurement includes
a plurality of programmable 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-term
measurement of jitter movement. A phase detector includes as
inputs the clock signal and the delayed clock signal. The
phase detector includes a phase-frequency detector configured
to oubtput phase error signals. 2 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



measurenent of jitter novenment. A phase detector

includes as inputs the clock signal and the del ayed
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foll owi ng description of preferred enbodi ments with
reference to the follow ng figures wherein: [0015]

FIG 1 is a block di_agram showi ng a conventi ona

RRIRE, PESEREPTLON, QroDRAWINGE 0161 1 G 2 is a bl ock

di agram show ng an instantaneous phase error detector
[@QE%D)T%m@@tl@aum Wi proyideceetahte W theohellowing
illustrative enbodinentg@%OO;?] FIG, 3 is_a diagram
afRewLRg Lant ¢ fi prp fesrefe pEROAIRRIS With FEFeTHIEE (PEDhe
t hreshol ds indicated which may b e provided

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 embodiment;

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

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

accordance with one illustrative embodiment;



by a pattern anal yzer in accordance with one
enbodi nent; [0018] FIG 4 is a schematic diagram
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I'n"accordance with one illustrative enbodi nent;
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[%)8,9 1] FIG_7 is a, ,di agram show ng out put_ val ues over
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FIG 8_.is a schematic di agr am showi ng a differenti ated
HPIUFELARY aRBotREFIRTS e F 8 et ector (1 PED) in
accordance with anot her enbodinent; [0023] FIG 9 is a
BPFdk TRGgréarkss RoRrRgNalic KEpgraanabesiphas didfpspntiated
detector (IPED) including a jitter histogram
Fredd\stantaneeapapiade prrpoodaiediag (IFEPS anperdance
di agram showi ng an I PED as a | ock detector (LD) and/or
vil W1 appghphiagmbedfmastt ;npnitor; [0025] FIG 11 is a
schemati c di agram showi ng a del ay calibration schene
[08233n FRED 9 risaecbildahotiagrem ahowlhasin amsrentaneous
enbodi ment; [0026] FIG 12 is a schematic diagram
Sees egran d@Ertor (IPED) including a jitter histogram
measurement 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 diagram showing short-term jitter

measurement using an IPED in accordance with an illustrative

embodiment.



enpl oying a Vernier nethod to achieve a finer
resolution in accordance with an illustrative

[ ; and [0027] FIG 13 is a block diag
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enbadi nents i npl enented in software
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 embodiment, 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 implemented as
circuits 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 medium {such as a disk, tape,
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the software may include firmvare, resident software,

m crocode, etc. Preferred enbodi nents are inpl enented
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wafer (and/or the layers thereon) to be etched or cotherwise

processged,

[0031] The resulting integrated circuit chips can be
distributed by the fabricator in raw wafer form {that is, as a
single wafer that has multiple unpackaged chips), as a bare
die, or in a packaged form. 1In the latter case the chip isg
mounted in a single chip package {(such as a plastic carrier,
with leads that are affixed to a motherboard or other higher
level carrier} or in a multichip package {(such as a ceramic
carrier that has either or both surface interconnections or
buried interconnections). In any cése the chip is then
integrated with other chips, discrete circuit elements, and/or
other signal processing devices as part of either (a) an

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



die, or in a p ackaged form In the latter case the
chip is nounted in a single chip package (such as a
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a voltage-controlled oscillator (VCO

qucéaaleﬁeypd Pilele rSYEHE®) 182, whifd acqwe&saét%c@ftﬁsea%)ewemy
is shown. The PPD_14 conpares the phase of an

qer*f@&ﬁapﬁg(%%rﬂe%c@ chgEreppppe (CP) 16, a loop filter (LEF)

18, a voltage-controlled oscillatoxr (VCO) 20, a frequency
divider (DIV) 22, and a lock detector (LD} 24 is shown. The
PFD 14 compares the phase of an incoming reference clock Fger
with that of a feedback clock 12, the latter provided at the
output of the frequency divider (DIV) 22, The PFD 14
generates logic outputs at varying pulse widths that are
provided to the charge pump 16. The charge pump 16 generates
an error voltage to tune the VCO frequency. The loop filter
18 between the PFD 14 and the VCO 20 rejects high fregquency
neise, and, along with other lﬁop components, determines
characteristics of the overall PLL behavior. The £frequency
divider 22 is generally used to enable the VCO frequency Four

to be higher than that of the reference clock frequency Fagr.
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with that of a feedback clock 12, the latter provided
at the output o f the frequency divider (DV) 22. The

erates logic outputs at varying puls '
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enplgyln a groqgannable delay line or |ines. )
measurements can be converted (o jitter estimates. Multiple

threshoids (dotted lines 108 in FIG. 3) may be provided by
emploving a programmable delay line or lines.

[0035] The IPED 102 acts as an instantaneous phase error
detector at each reference clock cycle., The accumulation of
the instantaneocus phase error information can be converted to
jitter. The IPED boundary describes a transition between a
delay step where the IPED output is low and where it is high,
An IPED threshold is the delay beyond which the instantaneous
static phase error would yield an output 1. The difference
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 IPED output goes high), and

the IPED boundary is output referred.
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[0035] The I PED 102 acts as an instantaneous phase

error detector at each reference clock cycle. The
|on of the instantaneous phase error
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singl e-1evel detection as dbfl cted in FIG, 4 .
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line 122, andaDtypefllpfl%(DFF) |atch 124. The
%&angggg gp@En XOR gate 120 ate 126, a delay line

122, and a D-type flip-flop (DFF} latch 124, The XOR gate 120
generates a pulse (1) that has net phase-error information;
the width of the pulse is the magnitude of the arrival time
difference between the reference clock Fper and the feedback
clock 12, This arrival time difference will be reflected in
the magnitude of the difference in width of the UP and DN
signals as labeled in FIG. 1 and FIG. 4, with the XOR gate 120
output pulse (1) capturing that difference magnitude.

[0038] Referring again to FIG. 4, the pulse (1) is delayed by
the delay line 122, which is controlled by a control signal,
CTR, and the delayed pulse (2} i1s fed into the DFF latch 124
as data input. The clock input {3) of the DFF latch 124 is

generated by the AND gate 126.



generates a pulse (1) that has net phase-error
information; the width of the pulse is the magnitude

rival tine difference between the ref
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The movement of the IPED boundary over multiple samples is a
measurement oy 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 can be detected more reliably with post processing
{e.g., pattern analyzer 104).

[0040] Referring to FIGS. 6 and 7, an example of an IPED
implementation 200 with 8-level detection thresholds is
illustratively shown. In this cass, 8 delay lines 202 are
cascaded to set different detection levels to generate 8 data
outputs (P; to Py) for each sampling time. It should be
understood that any number of levels may be employed. In FIG.
7, an example of data (circles) stored in registers for five

reference clock periods (Trer) is given. The darkened circles

13



The novenent o f the | PED boundary over mnultiple
sanples is a nmeasurenent or estimation of the jitter

‘892@%@8@% (See FIG 7 ) . If the delay anpount P@/U%%osmsoms

programmabl e delay line 122 or by multip
elay |Lin phase emen . phase.jiiter. ca
ISEPd:e géltt egﬁﬁoﬂe]&r e “%%tg?%“gﬁ c‘rstos lg%r’ ogggs{f%ég (ile?agr.n ,quCles

]P/eapfrte%r rllita\n_ﬁela yfl%]% 1031?%115%%9;?‘[%' 5(6 f1e®{wr i .ngst geg%%%i th[Ga nq '

an exanple o enent ati on
-] evel, _detect] t hreshol i.s idlustrativel hown.
dhd SeTiaf2hE 0L Yhd RLARAR 07 L3 |dAMBHER! LYEH Yol Nl hacn

S TR S Tk CRASE e e R R B PR AP B crock
e da e 1 Gho) PAtRRshs Sotqu A Ralobe defajuase by
SRS roLroes IS b B BRoReT by, sEBRtts PE iy bna
ahetpab s, f St B P nbe, adt SM 5 firShred P HElE,

U e I SRl
S ioaea. o e (6 R il 1Rak, SeSatmr st
Rl E aer e n SRS, * (e JGcPEREItER Hodrdary
overall operation of the 1PED 200 is simlar to the

Tk GECHE GPE ST iR P Bx( TBE) CHP S Ryilial Foded Pe for

det ect or gﬁth vari abl e detection threshold. Note that
e FEER hotinddrSwoul d

[0041] Referring to FIG. 8, another embodiment 300 of the IPED
is shown which detects only a transition of the IPED data
variation. By adding an XOR gate 302 at the outputs of two
secquential latches 124 and 304, differential jitter
information can be obtained. In this way, the frequency of
alternating phase variation can be also detected with post
processing.

[0042] A detailed post-processing method will be described
below and may include using counters or accumulators to
measure and record jitter movement, Storing 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 the data, counting the occurrence of data
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occur between P and P5 for tinme step 111, P5 and Ps
for tine step 112, etc. [0041] Referring to FIG 8

odinment 300 o f the IPED is shown
‘gggéc g&gng a transition of the |IPED data Var?ginmﬂmwmman

BB T, P By
4ﬂ§g, ?_g§%§e obtained. In this way, the

req ency 0 ernatlng phase vari ati on can be al so
B PP A0 5 L 802RL 1 $5B B oA hows
e LSR5 P ASULALOLELLE RPN 2o
HDer) of PUGIE S BSRPTIRG (9% SUBEY AR Tafograge vhich
L 8 P Sl R
SR OB 08 LR Lt B e
DS Foiel QSRS BRPERE PP e
Juoordance vhich ace-sel bl 2L clicy L 408 wihe
LR pELEPLO S0 by Lhe el erance ol pek (ERCL
EJE% LEEEE%QO 6&”£§“ﬁ%sg%§ggeQQngﬁa;néi%kerent threshold
amount for the instantaneous phase error amplitude. A
multiplexer {(MUX} 402 selects (in accordance with a select
{SEL) signal) either the IPED outputs (P} (based on the method
illustrated in FIGS. 4 and 5) or the IPED differential outputs
(Pa) (based on the scheme illustrated in FIG. 8). By counting
each level of the IPED outputs and the 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 bhe 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 a

lock detector and/or a static phase offset monitor, as
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| evel threshold detection which is illustrated in FIG
Each counter 404 is associated with a different

6 .
r anount for the instantaneous phase e
\&%ﬁ@b&%ﬁ6 A multiplexer (MJX) 402 sel ects (i nE)E‘i])rUSZOOS/050493

AN Mo b SRR R L e TREL, hf B g Pime
48055k B0y LEED B VR oot gt o B ot
S PobSEBhaplot POdRRD, O B Ah g Elheg quancicy.
el SOPI ) SR 20pS30a 2 P LBRRpeELE. | (irormansy,
el BHELA! o AR COH! b GNPV ARd: ARY. RGSR5BTlase

neouslty a Ccos ferent counter

cﬁoérS%t%a}négang ;%(ﬁ&egh[%lo lg%i%y Ll OJV%@FLE%Q %& t rﬁ@fggte Basured

4 LYl S psgs gl eady | ncludes stat i phase
BT BIARE LSS BT o BSP oL e <
Shilersnee belween the arriual s o the relarence. ..
I Te L ¢ port 00 Loplles 3 6C phaes. .o
A QU e STaULe phesg offsel ey b2 {hovdht of

| ong tine . , . .
data over a long period of time, a statistical average of the

IPED boundary (e.g., & measure of jitter amplitude), that is,
the static phase offset information, may be obtained. Since
on-chip delay variation is significant over temperature and
process variations, a calibration of the delay circuit is
needed to gquantify the static phase offset in terms of
standard units such as picoseconds.

[0046] The IPED outputs may include IPED_r and TPED_d signals.
IPED r and IPED_d are the raw and difference outputs of the
IPED, respectively. IPED r thus corresponds to the raw
instantanecus phase error, captured by the cutput latch once
per reference clock cycle., IPED A thus corresponds toc the
absolute value of the difference between consecutive

measurements of the instantaneous phase error as captured by

16



[0045] Referring to FIG 10, a circuit 500 may b e
enpl oyed as a | ock detector and static phase offset

\VBQb@ﬁJ d@ accordance with the present pr|n0|p¥§®gmgmmmﬁm93

counti ng 8nd accumul ating, with an accunul ator

J‘Lﬁ%uQCQHFEﬁ@g earPfodnRe ch PER: oM e rdat a1 Qc\!ﬁrcﬁzlé%nQe g., it

pefiod of tinme, a statistical average of the

lé.nq%rx { Lol 3t BrTRRSHE Lo P ﬁ'éﬂee&a@anehtﬁ&@ﬁ) that
S, e static phase offset information, Ty e

|
{86%1‘ Neth ;068 Qe &hif d%hax%egha&al% 'cimlt 600 is
Si g

ficant over tenpera ure and process variations, a

stﬁﬁ,'v}nbf%t | 0.8 r:Hbe gl%klex sa ﬁwa&l yneaded 10, QUARLLS Yol ay

tic p aseé of erns o s tandard ‘units
lfilrjﬁlg U dénﬁ IP(I:ﬁ(Z))’§ (ra&eas n %%I%Egggg]s?%%dl tEQPgEt fel % anfg’asﬁ% d
bl Pl f%?EEEECS%ﬁ%;ipon%f ?Qfﬁpﬁr%e o be set
Tohc AGARES par o BT Y enc o8P o ‘é‘;?% Lo 3, ey gomna
agﬁ{resﬁog%sbé o, the absalul g, va n%‘?:o‘ifl %1“55 dérﬁfa%{atel% €1evel

ndectti ve easuf enen nstan eous
hase error. as cal d _byou | at ches on
ééﬁ%gegﬁtﬁg%l?%fc ence%c ocg %@cles (e.g., It acts as a
sition detector 0047
LT i Gees P GEg 1Y | aputan) o ]660“%%9

shown for neasuri ence callbratln he_del a
o l0atay oot ' Apba Gad ng el ol "Gr 4R 0
SetCé@fq(glth?l% Eltf.ng:%tngie ; ;l:-ercElflotsk?coG g c; 1br acbl £ th

delayed signal is logically combined with a calibration mode
signal (CALMOD, e.g., on or off)) using a NAND gate 608 to
enable operation of the ring oscillator 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
612. A counter 604 is enabled in accordance with the time
window 612. Using the counter 604, the number of cutput
clocks from ring oscillator 618 within a certain timing window
612 (e.g., NxTser) i85 counted. The delay time of each 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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to a desired frequency. Note that the DLY_TUNE signha
could alternately b e inplenented and controlled as an

‘Qgghgﬁmkggel usi ng an anal og calibration |°°p'PE9§%§%SMﬂM93

neasure the delay of each delay elenment, a rin

SChLRU0E BBl 0 IO Ul Bt 1% ARIR ) Bl fladiPlinen

Clrcurt

Sl Wl SLSoTL 00 0y Bl o

ratt on node Sig

ff)a USLAY 0 I p ' e
e o B e e S A B
& tivates a line enable counter (LE_CNT) 602 to count
ref'erence clock cycles to deternmine a tine w ndow 612.

er 6Q4.is enabled in.accordance wth the tine
o e £ ot R PR P SR AEE oG U CEReS NP GrS <
AL RS BRSO Yo BBt % Do
The del time of each delay circuit c b esti_mat ed .
qivar e Ty L 5o GRATSA tEEIRE; at SRR 6EALYT NG Sy Apowing
10 can al so adjust the anpunt of the delay in .
SPEARELIR) LTEBITYaOF SUBTYL BFA 1PBpo G g% L1ator,
ariations so that the_delay |line can provjde al npst
5 CEARY BT LB TR0 FPEhES L2 & IGmeBic ARRHER eapu ted,
Thecal i,br atj on Processin% s%ﬁéen1610 Rrovides a .
I’f@é‘@&&&?%ﬂ@‘ﬁa? 9t ofo&PE s HE ﬁkﬁ’s%’ﬁ’ﬁl‘?%leﬂfélda)‘?’lth

in the delay elenents to b e adjusted to nore closel%
the SRaRLEaPEER AbdAUPECEF AT P al (9te that alternate means

of disabling the ring are possible. In this configuration,
the delay per stage represents a sensitivity thresheld of an
IPED., If maintaining a fixed absolute sensitivity threshold
is desired, delay control signals, such as delay_tune<0:k>
given in FIG. 11, can be 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-
locked loop, which, in general, uses a passive loop filter, a
phase detector, and a charge pump.

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

as delay elements depends on the intrinsic speed of the
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[ 0050] The calibration processing system 610 receives
a calibration output signal (CALOUT) to determ ne

\i@ﬁ?ﬁ&ﬁﬁsf&i ven delay |ine needs tuning. Speci Hﬁ‘ﬂfskt}ﬁs/osoms
oug now ng the operating frequency of the
' ' ' il he . t f
CALHRIRLLOD B0 @SR AL AL ot b SELUYE 5! B98O naog
fect. t I iated with t .
S0 2k, KD MR 9 S 810 oS ad ! Lol ioer

gggqithHQisabling the ring are possible. In this
coﬁ%lguratlon, the del ay per stage represents a

itivity threshold of.an IPED. |If maintainin
Py el Eongrt: vz Tohroghep e Sdibeireg? detay
contral _si I s,. such as . del .tune<Q.: k>_given in
B B3 I8 S d el BaoR o a1 oG ALy T O i delay
r ocess, .S l'y,. and/or del el enent, vari ation.,
1051 P& nhat e e SRR Bt L SFE TGS Cis g i Himum
ﬂelaxéggcked | 00 (DLL.é , the roach o f FIG 11 is,

§r ABF PR Yt BP2EGs? %i 528 PR oERenigted in

requi.re_an anal og del ayl ocked | pop, which, in general, .
GisaiE paLsi v%m%wrﬂlﬁtleg, the pffésaef aBOUEE Pt G apwiliary
char ge ,punp. éOOS%% Since a mninmum | PED threshold is
SRicer HiihEd BY*3 T RiRFpr OBEASEH PRy SR @ e
line, achieving an IPED with fine resol ution using
BY &g &WWde%E%sa%ﬁhﬂ? 8¢ FﬂW@ﬁW%ﬁF&ngstEIEQEéFEﬁ%%¥%
depends on the intrinsic speed of thetechnol ogy
Oy 68, O Per RN L Sk BReFTInd- 2P naF WPh} G G

digiital controls of the delay elements can enable
a1 fig the application of Vefnier technigues to set an

effective detection threshold.

[0054] Because 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 bandwidth frequency to the reference clock frequency.
Below the PLL bandwidth freguency, reference clock noise can
dominate PLL noise behavior. BSince the reference clock acts
as the time base in the described monitor systems, PLL output
jitter dominated by input reference clock jitter below the
logop bandwidth will not be captured. Variations in
instantaneous phase error (related to jitter) beyond the
reference clock frequency, meanwhile, may also not be detected
because the described monitor system’s sample rate is limited

to the reference clock freguency.
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resolution. [0053] Referring to FIG 12, by adding an
additional delay line, DLY2 702, the insertion del ay

‘?éé@@‘@gﬁg with the delay |ine, DLYl 122, whi C?C?ﬁfs§00§/050493

ound on the m ni num det ect abl e i nst ant aneous

ffset b ' ' it 700. .By .
BB 2L g elePal AR SR, LRaChEA ol OR oBlerivea
l.ine, DLY2.702, fi | PED luti b
G drBaT e by 1 TR e E R ETT U 61 MEBABERseR | ST eem
i 1 N [ ti d iated with DLYl 122
1150 RLUEL EERLL D IBLEY Seenlaed ML Rt
t [ t fective, tecti t hol d.
R G e R S e R PR
th f set . behayi f the PLL, th [
SR, P RTEE dRRPER T FEhopo% BPSERREMaser | bed
thus far apply is fromthe PLL bandw dth frequency to
[PERO] Rehtd@ e E8cR I r etfreiEF LoBE By ‘Eﬂ%“ﬁﬁf%ﬁgnaw:@ﬂﬁ as
frequency, reference clock noise can domnate PLL .
i SEHe R br . a5 ICOTIRE FLPEF e ek dattved snqeeing
time base in the_described nonitor systens, PLL output
FhiadkeBlloAFRaterf HF HFEE fetericc 08 dERVfF 1t %
the | oop bandwi dth will not be captured. Variations in
SHATaflaRBLT s (Phansd Y opTEr Ehent Sapvd Ert TBEY YR/ JI7E0.
the reference clock frequency, neanwhile, may al so not

Yo @tett edpbrauis Ve Pdesey P anshit spleysteiarnal SEL,

sanple rate is limted
a different number of delay stages 802 can be selected, and

the behavior of the clock under different offset conditions
can be measured. Based 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 loops {(which are intended to
be illustrative and not limiting), it is noted that
modifications and variations 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
ambodiments disclosed which are within the scope and spirit of

the invention as outlined by the appended claims. Having thus
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to the reference clock frequency.[0055] It is
therefore the case that the | PED system descri bed thus

‘ka &ngbg enabl es neasurenent of nmedium to lgegnkf&ﬁhsmw3
]It

I'mPLL circuits. FIG 13 presents an

c%,é tﬂeﬁt la¥, oEFD cgﬂ B 5 S0 D(th%tg#ghgr &8 épisesan%et

herel can e genera Yy exte to S ort-term

ééfgl%r &%?%#aggﬁﬁﬁeﬁ%%%ﬁheﬁﬁé@éﬂﬂ %v}so IB& ﬂé” clalmed and

nst ea out puts as t I nput,

4GS rBEQEﬁe% %‘%t@r@eg &S’t %C%'é‘tn o%kﬁcfn %Q:

are use as phase “detector ase error
d DN) are then |nput to IPED 102 (200,
égkgkg}ﬂgﬁing a multiplexer 804 and a sel ect
signal SEL, a different nunber of delay stages 802 can
b e selected, and the behavior of the clock under
different offset conditions can b e neasured. Based on
statistical neasurenent and processing o f outputs as
generated wth different selections of stages 802 in
accordance with a CTR signal, cycle-to-cycle jitter
can b e predicted with post processing (e.g., using
pattern anal yzers, etc.). [0057] Having descri bed
preferred enbodi nents of a system apparatus and
nmet hod for on-chip phase error neasurenent to
determine jitter in phase-locked | oops (which are
intended to be illustrative and not limting) , it is
noted that nodifications and variations can b e nmade
by persons skilled in the art in light o f the above
teachings. It is therefore to



be understood that changes may be made in the
particul ar enbodi nents discl osed which are within the

spirit of the invention as outlined
&899&@25@6 9%;&{%2%)8/050493

appen clainms . Having thusdescribed aspects ©

E%%M?%g Sggxﬁﬁﬁhx§pe details and particularity required

t—taws, what is clained and desired
prot ect ed, by rs. Patent.is set forth in the
appeﬁded C a?%@%%é%é%’léé%Efié IS 1 . An apparatus
, conprising hase-| oc I PLL,. (100) circujt
oo doPhALANARIRIGIOCKER | ) Rirepin Phefid o b,
t.0 output phase.erraqr _signal s: hase.error_noni.t.or
S ST B0Y Y (AT ed Thb U INEAS FRsPRRT AR ditiPe error
f%ﬁlghase error y logically conbining the phase error
signal™s and conparing pulse wdths of the logically
conbi_ne hase error .signals t r.Qgranpabl e | ay
N S e e SRR A R
i NSt ant. aneou hase error.change; and stora
A0 AR T4 RO bRk PR e Bt ot
hase .err change. 2 . The arafus as recited in,
RGP ChoroReE mfor SERSRR R SPrBar bt wathad dgatns
del i nes 02 anfi.gured to determ ne and store
TPt BRL SR P REIBrPOPRERE Frhitt GHOP4Ls Thet
g¥gg%%%&u lgsdéf§§té¥%é gtcggégnféfef%%kghgiock cycle to

determine instantaneous phase error change; and
a storage element (124) configured teo store the

instantaneous phase error change.

2. The apparatus as recited in claim 1, further
comprising a plurality of cascaded delay lines (202)
configured to determine and store instantaneous phase error

information.

3. The apparatus as recited in claim 1, further
comprising a pattern analyzer (104) coupled to the storage
glement (124, 404, 502}, to determine patterns in the

instantaneocus phase error changes to estimate PLL jitter.



conprising a pattern anal yzer (104) coupled to the
storage el enent (124, 404, 502), to determ ne patterns

‘ﬁﬁz&g%skﬂﬁtantaneous phase error changes to es%k?@kﬁmsmam93

C7j1tter.4 . The apparatus as recited in claim

e B, AR AR BB G0 88l S o

| ock "det ect or e apparatus as

SRS I, en e oy meliey gy o

&ﬁg@ phase error thresholds are enployed to the adjust
a deﬁhy line which provides the delay tinme. 6 . The
apparatus as recited in claiml1 , wherein the
reference clock includes a |ogical conbination of the

e o e et La pdDEOPRY AMUSLDS, LORLIAG i

cl ai er sé efror signals

iR RMaOIB TebaN LB EXE] YRlke of B 0L - L1 2R At

gra e 18 pProvi

%ﬁ;%&%ﬁ%ég#( | I;lgkga%s'e -Iv_ah:q:o%p 9ﬁ£gé}9§1 > arr%c 'e{nggol%%% rc]tlgozit@el adjust

I nStafit aneous phase err

signal Ls_pravi ded when th ul se wi.dt hs of the

bl ﬁ@glh§n§o it (Pﬁﬂ¥é§85e %r&é%%ghgﬁggéxceed t he
programmabl e delay tine at each reference cl ock cycl e,
ot herwi se a second i nstantaneous phase error change

signal is_provided.9 . The a atus.as_recited i.n
clai 1, RO IR G PFS Rt o0 on elatn T wigkedh 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 (120} and the programmable delay time is provided by a

delay line (122).

8. The apparatus as recited in claim 1, wherein a first
instantaneous phase error change signal 1s provided when the
pulse widths of the logically combined phase error signals
exceed the programmable delay time at each reference clock
cycle, otherwise a second instantaneous phase error change

signal is provided.



at | east one additional storage el ement (304) coupled
to the storage elenent (124) , the storage el enent and

\kﬁ%O&%B%EQSt one additional storage el ement ou%eghkg&gmﬂm93
the

I'nst’ant aneous phase error change in accordarce

wi t h,t he e L.ock; l:00i te (
coangure%£%5ﬁﬁ%%%g§FI%gc% ﬁﬁ%lgﬁtEg?gﬁo " the é%%iage
elegggﬁnsnd the at | east one additional storage

SI"Erven 0 provide a differential instantaneous phase

er T or change, 51Nl 100, JDE. ARAALYSAES. PRI ol o to

clai m urther conprising a progranmma ay I'I'ne
T8 BrotTde S Pl RERb Lo et npat et
leofEordy g prplagP el etk sfPBRLLRAE |

a8 arr i SN Srogh huadd A0 AL Rled Gyt R

E%SZ%ngonfi rpqn}o det ermi ne i nstant aneous peak phase
or 2t ne %% (se é%ror nmonitor circuit including:an

excl usive, OR gate 0) confiqgured to |l ogjcal .
conbfne®¥he %ewé%?o)fogl oha s({ 5:6’ %%%,?%@g c%c%ﬁ'rbsi'“tne

DO%PBUt ;‘étaugtggﬁl%;st%q_’%g% gﬁ.grgéx?tmaan% %h%elagyleleésnte én]ézza)dditional
storage element to provide a differential instantansous phase

error change signal.

10. The apparatus as recited in claim 1, further
comprising a programmable delay line (122) configured to delay
the reference clock signal to provide a finer resolution for

instantaneous phase error detection.

11. An apparatus, comprising

a phase-locked loop, PLL, circuit (100} including a
phase-frequency detector (14) configured to output phase error
signals;

a phase error monitor circuit (102) configured to
determine instantaneous peak phase error, the phase error

monitor circuit including:



provide a delay tine to the first output signal as a
t hreshol d agai nst whi ch i nstantaneous phase error

the out put signal is neasured at eac?
‘?Q?E‘%ZOR%&%I ock cycle;, and a storage el enent ( 5151152008/050493

configure t%ﬁcsltugi%et he égag a{}ﬁz%ﬂe%gﬁfﬁ &a ®d Aogically
e app In“clarm11,

change. 12. aratus as recite

furt Esmggmﬂéyﬁs% glupal éféﬁaqu %@sgégsﬁagq % dotNBS tput

(202) "confrgured to determ ne and store I nstantaneous
phas?igﬁgg nge information. 13. The apparatus as
recited tn' claim11, further conprising a pattern

anal yzer (108). coupkad ey Lhe S10Tags, oLoE (AP0 L0

det erm ne erns 1 n instantaneous ase error change

fnfmgégesiisghae szpleani The app raaéisf(i%% sggbgga%@gglgiya@aas

rern ern analyzer

| ock tggég’l% i aalfg%ﬁ%%f whien Phk l%a'%et'aél}ltgﬁsé o1 1S 35 change

recit n ¢ erern anal yzer

(104) .determ.n eak phase_er thre %Qq e
peakkghgf%% %1%trp§1§: ?‘.hl gggo?ésmgar%uq%r?p:agyég%g% e éltcrﬂgugg“ ock
t he del i\é_lfiﬂ_rﬂct; whi ch provides the delay time. 16. The

u 4

appardtus’ a8 Tecited in claim1l, wherein the

ol erenpe hock Leludes, p Lo GalOUp DALY the

instantanecus phase error change.

12. The apparatus as recited in claim 11, further
comprising a plurality of cascaded delay lines (202)
cbnfigured to determine and store instantaneous phase error

change information.

13. The apparatus as recited in c¢laim 11, further
comprising a pattern analyzer (104) coupled to the storage
element (124) to determine patterns in instantaneous phase

error change information.

14. The apparatus as recited in claim 13, wherein the
pattern analyzer (104) is enabled by a lock detector (24) of

the PLL.



17. The apparatus as recited in claim1l, wherein a
first instantaneous phase error change signal is
en the pulse width of the first out
‘pﬁgﬁa %&§2eds the delay tine at each referencgeg
cycl _germnse a .second_i nst ant.anequs p?gse errar

chan PG| SRRAYHRF §8JTSIRCTHE &pfaPattis Herein the
Pf&ﬁ%%r%gﬁé?lé%%a ) R RER s P B ae r et o tneeoras
b T RERE o9 A08: ShhSiet e e%ﬁ? fred e i Shsuse
Gk Hetng T RS B SEouR S e e tgaFe (909)

conflgured to logically conbine outputs of the storage

el emrent and the at | east one additional st orage

ele t to provide a differential, i nstant hase
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frequency detector (14) configured to output phase

error _signals
17. “The apparatus as recited in claim 11, wherein a
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first instantaneous phase error change signal is provided when
the pulse width of the first output signal exceeds the delay
time at each reference clock cycle, otherwise a second

instantaneous phase error change signal is provided.

18. The apparatus as recited in claim 11, further
comprising:

at least one additional storage element (304) coupled to
the storage element (124), the storage element and the at
least one additional storage element outputting the
instantaneous phase error change signal in accordance with the
reference clock; and

a logic gate (302) configured to logically combine
outputs of the storage elament and the at least one additional
storage element to provide a differential instantaneous phase

error change signal.



a phase error nonitor circuit (200, 300) configured to
det erm ne peak instantaneous phase error by logically

el t he phase error signals and conparin
‘&pgp%@ko %t he | ogi cally conbi ned phase error S?SEE#Z&BMﬂM93

to a programmabl e delay tine at each reference cl ock
cycle to determ ne instantaneous phase error change,

he i h i_ncl udi
e, 5051 5L NS IR CLLDL S MOR0E )

SR A e R A PR L T LA ER TS cetay

e signal "a era

ccumyl ator. (502). caoupled . to_an out put..,of th .
A ke S e BT e b e B BpckEegyigen for

ﬁﬂﬁp%&?ﬁ unt s associatedg%%th a time window 21. The
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pattern anal yzer (104) coupled to the accunul atorto
determ ne patterns in the instantaneous phase error
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a phase error monitor circuit (200, 300) configured to
determine peak instantaneous phase error by logically
combining the phase error signals and comparing pulse widths
of the logically combined phase error signals to a
programmable delay time at each reference clock cycle to
determine instantaneous phase error change, the instantaneous
phase error change including a difference signal and a raw
signal;

a multiplexer (402) configured to receive as inputs and
select one of the difference signal and the raw signal; and

an accumulator (502) coupled to an output of the
multiplexer to accumulate instantaneous phase error change

counts associated with a time window.

21. The apparatus as recited in claim 20, further

comprising a pattern analyzer {104) coupled to the accumulator
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24. The apparatus as recited in claim20, wherein the
phase error signals are logically conbined with an

' OR gate (120) and the programmabl e d
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each reference clock cycle, otherw se a second
i nst ant aneous phase error change signal is provided.
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define timing windows.

24. The apparatus as recited in claim 20, wherein the
phase error signals are logically combined with an exclusive
OR gate (120) and the programmable delay time is provided by a

delay line (122).

25, The apparatus as recited in claim 20, 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 at each reference clock
cycle, otherwise a second instantaneous phase error change

signal is provided.

26. An apparatus, comprising
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and a plurality of counters (404) coupled to an out put
of the nmultiplexer to accunul ate instantaneous phase

ge counts associated a plurality of
@gﬁ§angous phase error thresholds such thatpgﬁgggmsmﬁu93

er ror, BRLLLYdaR AN o e ar & fnoVdeds Lo h ed P

Jltter ogr am he app us as réecite

PSS VTR 3 Pl 500, e rvor

ters . 28. The apparatus as reC|ted in claim?26,
ereih the phase error signals are logically conbined

el a5 BrREE S5 FBAARLE, CLASL oo B AER A,
HERRh %?%ar%—‘a?“ﬁaétgo% 20 o e Bl Db T

es a |ns ant aneous pnase erro

C%q%epgy CO OVI ded rV\@f{g]?gt{? ﬁlﬂf %Emi%tgigé 0131%]hsteh %idths

O I Ca ned erﬁase error Ssighnal S®exce
| h f | ock |
E’D“f%g{sm & glf'e i R e R af ot Bn S are o og%aﬁég )
| Th t
BB A0 TOE SO S e e Bees

4% | east two_storage el enents 304)

§ s £ Yi! a 2 124 Ougie % neous
SHTORRer S (Y - SallaT o ST AGE EFenbit s B ER taneo

U] 08 0L 202043, B2 140 E18108.8 9 R s delencian
signal;

a multiplexer (402) configured to receive as inputs and
select one of the first signal and the differential signal;
and

a plurality of counters (404) coupled to an output of the
muzltiplexer to accumulate instantaneous phase error change
counts 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 (406) 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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a logic gate (302) configured to logically conbine
outputs of the at |l east two storage elenents to
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31, wherein the phase error signals are logically
conbi ned with an excl usive

30. The apparatus as recited in claim 26, wherein phase
error moniteor circuit includes at least two storage elements
{124, 304) coupled to each other, the at least two storage
gelements =ach output an instantaneous phase error change
signal in accordance with the reference clock; and

a logic gate (302) configured to logically combine
outputs of the at least two storage elements to provide the

differential signal.

31. 2An apparatus for short-term jitter measurement,
comprising:

a plurality of programmable delay stages (802) configured
to permit selection of a different amount of delay for a clock
signal to provide a delaved clock signal for adjustable short-

term measurement of jitter movement;
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OR gate (120) and the programrmabl e delay tinme (122) is
provided by a delay line. 34. The apparatus as recited

' ' 1, wherein a first instantaneous pha
dgﬁgﬁ%@@gnw is provided when the pul se wi dt hEEg s lyososs
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including a phase-frequency detector configured to output
phase error signals; and

a phase error monitor circuit {102, 200, 300) 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 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-
to-cycle 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 (120) and the programmable delay time (122) is

provided by a delay line.

34. The apparatus as recited in claim 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 ét each reference clock
cycle, otherwise a second instantaneous phase error change

signal is provided.
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