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includes a computer (not pictured) that reads the digital values from the digital /O

120, and tests them to verify that the ADC is operating properly.

25 Testing mixed-signal devices such as the ADC of Fig. 1 customarily involves
varying the frequency of the sample clock signal to approach or exceed the device’s
maximum specified rate. We have recognized that it would also be desirable to vary
the duty cycle and pulse width of the sample clock signal. Mixed-signal devices often
specify characteristics such as signal-to-noise ratio (SNR) and distortion. These

- 30 charactens’ncs vary asa functlon of the duty cycle or pulse w1dth of the apphed
- sample clock. The ability to vary the duty cycle and pulse width of the sample clock
would thus facilitate mixed-signal testing and characterization.
Like all electronic devices, mixed-signal devices inherently generate noise. As
shown in Fig. 2b, an ADC receiving an input signal that consists of three pure tones
35 - produces a power spectrum revealing these three tones, plus a plurality of noise
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35 produces a power spectrumrevealing these three tones, plus a plurality
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Previous techniques have attempted to reduce jitter in mixed-signal testing.

25  According to one technique, a free-running crystal oscillator is used in place of the
ATE clock 118. The free-running crystal is connected directly to the UUT’s clock
input, in a manner similar to Fig. 1. Crystal oscillators are inherently stable and are
commercially available with very low jitter. Therefore, the free-running, crystal
oscillator technique typically reduces ATE-induced jitter.

30 Because the crystal oscillator is “free-running,” however, its period is not
inherently synchronized with the period of the ATE clock, i.e., the two clocks are not
“coherent.” The ADC makes a new conversion upon each active edge of the crystal
oscillator, but the digital I/O 120 retrieves values from the ADC under the control of a
separate, ATE clock. Non-coherency adds noise to sampled data.

35 Fig. 6a shows the power spectrum of a pure tone sampled by an ideal ADC and
clocked by an ideal crystal oscillator, but read by a non-coherent ATE clock. The
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‘coherent."” The ADC nmakes a ‘new conversion upon each active edge of the
crystal oscillator, but the digital VO 120 retrieves val ues fromthe "ADC
under the control of a separate, ATE clock. Non-coherenc oise to
sanpl ed QY28 g. 6a shows the power spectrum of a ‘E#g‘ﬁg%gysarrpl ed by
an ideal ADC and clocked by an ideal crystal oscillator, but read by a
non- coherent ATE clock. The -2 WD 01/28100 PCTI USOY 26702 resul ti ng power
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applicati g‘ﬁt r& Qﬂ“@&ﬂ?gég gsamp%ﬁ gmd pass filter built froman array of
quarter-wavel ength, transmssion line stubs. The filter is connected in
seri egsbet weensaeginl ﬁﬂoa&h@@élﬁbmg@focl?ﬁttérh@dl@a&eﬂBS'Fﬁigm%dinﬁlgna| source).

a)
and the UUT. Xu's, fil Per wor ks n f undanent al
f r equency iFgatiqual RtRt ApRlicEIan, @Bﬂﬁé@mg?@% '?t[ 0 ‘Shgérb7 ‘frequenci es.
Perfect squblishediBeembenif, 4998, ouitiassigned i Totadpne, ;nc Tithet apRlication, X or passes
square V"agfsélokﬁ?,%tlﬁgﬂa%ﬁdipas?ﬁlt&r sulé fr6m ahldhy &f @aﬂérf-\fzﬁrl’eleﬁgth]‘ rom 50%

P o oR et i B e Y SR e peeh d B RS 1o, Ao
ittt e|20v\,h itecA P ér@ther signal sopres) endte &IEh e’ Sﬁ#&‘é@g&b&?ﬁ?&lﬂg aBecause its
frequency fQASROMRED funddrhend ﬁlequalbﬁmmeramaa hMrnfUnids | ut GRdMGAtingUdINitherparts, Xu's
i t er 9¢ ﬁ%&l?enc%s OPeits %% s%%ar%twa%]seco];l %%%%&Qés%nly r:ilhﬁs l){lﬁg fiﬁét' on negatively
passes square waves unattenuated. Duty cycles that are different from 50% _
correspond to even harmonics, however, and Xu’s filter elirqinates them. As jitter
25  equates to random changes in the duty cycle, Xu’s filter reduces jitter while preserving
square wave shape and edge speed. , '
Because its frequency response is fixed by the geometry of its constituent
parts, Xu’s filter generally Qperates at one frequency only. This limitation negatively
impacts ATE programs, which preferably test devices over a range of operating _
30 conditions. Although it is possible to modify Xu’s filter to produce variable
frequencies, the modified filters tend to be large. Xu’s filters also become larger for
lower frequency signals. As space tends to be short near the UUT in ATE systems,
Xu’s filter is not practical where low, or variable, frequenciés are desired. In addition,
Xu’s filter specifically blocks duty cycles that are different from 50%, and is thus
35 1mpract1¢al for apphcatlons in which users wish to vary duty cycle
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jitter of thelb EUt cl ock, and controls the duty cycle of the output
clock. In aét ¥ice with one embodi ment of the invention, a timng circuit
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outputs of the first and second phase-locked loops. The combiner has an output that

20  generates an alternating succession of high and low logic levels in response to the first
and second clock signals.

In accordance with an aspect of the invention, the timing circuit includes a
differential circuit that receives an input signal. The differential circuit has a non-
inverted output coupled to the first phase-locked loop and an inverted output coupled

25  to the second phase-locked loop.

In accordance with another embodiment of the invention, a method of
generating a low-jitter clock signal from an input signal includes providing an input
clock signal to first and second phase-locked loops. The method further includes
generating, by the first phase-locked loop, a first regenerated clock signal that is

30 phase-locked to rising edges of the input signal. The method includes the second PLL
generating a second regenerated clock signal that is phase-locked to falling edges of
the input signal. The first and second regenerated clock signals are combined to

generate an output clock having an alternating succession of high and low logic levels.
In accordance with another embodiment of the invention, a method of testing a
35 UUT in a test system that has a master clock, for example a reference oscillator,
includes generating an analog waveform for input to the UUT. The analog waveform
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-5 WD 01/ 28100 PCTI US00/ 26702 BRI EF DESCRI PTI ON OF THE DRAW NGS The
invention will be better.understood by reference to the foll ow ng nore
detail ed description and acconpanying drawings in which 5 Fig. 1 is block
di agr am of WOPM/382- si gnal testing setup according to the pPCTUSEN26702 Fi gs.
2A and 2B are graphs that illustrate the power spectra of a signal wthout
noise (Fig. 2A) and with noise (Fig. 2B); Fig. 3 is a graph that

illustrates discrete sanpl Qf a pure tone with a zero-jitter clock; 10
Fig. 4 is a graph that |I31§r§g S&RJEIWQFJ%%W@$ the pure tone of
Fig. 3 with a clTheknvehién Wilkbg betterundefsiopd by réfereacetb aphfollowingsisres t he

effect of jig, E%g%ec g&nsﬂmk%v%ﬂﬁﬁﬁect raggo?% Jil 9s- 6A and 6B show the

effect of cloc ncy on po a sanpled pure tone. The
cl ocks are coherent in Fig. 6B and non-coherent in Fig. 6A; 15 Fig. 7 is a

~ block di agr aRig.afis dlock ﬂiag&rmbﬂaniﬁedarghﬂnmﬂgkaupﬁ@afdi@mw@ﬁdi a'rthe _ :
I nvention; 592A ar? ﬁ%&% tlﬁus\ﬁja%%ﬁo&erg%ecgngfnggnﬂ 'ogﬁ nofse Fig. 8b

is a timng d%agramo iner di agram
~of the PLLs of Figig- 2A) amdgvitmmpisesFig. BB¥ck d| agram of the oscill at or. of Fig.

9; 20 Fig 31 i§ a Braph MOA A UsGrates G6rolE skl FaPubtbREWIth a 2brobitlr 97 Fi 0.
11Bis a scmtl %m\?lew of the fllterﬁgﬁrcwt%of Fig. 9; Flg 12A is a

bl ock di agram of © for‘fg first frequency divider of Fig. 9; Fig. 12B is a bl ock
di agr am18f tRng4lsegaphcﬂnatdiuﬂatgsdlsr;retﬁlsgnplir&qf:*.he@mtmkoﬂﬁgg}wnhcaf a |l ock

det ector used in  fRRIgMRAd AR th the tining 25 circuit of Fig. 7; Fig. 14,
is atimng -

o Ot ST SF S o0 P o A 2190 ) oy
preserves t Rigs. GAtand 6Bchew die dffeet ofivhuck cohevaicy ofripgwer specteauf akampled ti i ng
0 Ehe o, o PAORLRRSLAYLN S S84 Bl g ol
cl ock- i $3cors-diis aklosk d’faﬂ‘é“"b?ﬁ %@“WB&%W‘W@B%‘PW%QRT thg igventipn; s g :
timng di agiFagnshked schbrasic viewof the combinegofHip.CAy Fig. 86 isH tgnmﬁ,dmgﬁhlﬂoﬂpef ated
wi th frequency myld doHlb'nﬁa%fﬁ@ g£an gener ate identical output clocks from
' Fig. 9 is a block dlagram of the PLLs of Fig. 7;
Fig. 10 is a block diagram of the oscillator of Fig. 9;
20  Fig. 11A is a schematic view of the phase detector of Fig. 9; Fig. 11B is a schematic
view of the filter circuit of Fig. 9;
Flg 12A is a block dlagram of the first frequency divider of Fig. 9; Fig. 12B is a block
" diagram of the selector of Fig. 9;
Fig. 13 is a block diagram of a lock detector used in conjunction with the timing
25 circuit of Fig. 7,
Fig. 14 is a timing dlagram that shows regeneration of an input clock signal performed
' by the timing circuit of Fig. 7, wherein the regenerated clock preserves the
duty cycle of the input clock;
. Figs. 15 and 16 are timing diagrams that show frequency multiplication of a clock
30  signal performed by the timing circuit of Fig. 7, wherein the pulse width of the
. multiplied clock is controlled by the pulse width of the input clock;
F1g 17 is a timing diagram that shows how the timing circuit of Fig. 7, when operated
with frequency multiplication, can generate identical output clocks from
different input clocks; and
35 Fig. 18 is a block diagram of an ATE setup for testing a mixed-signal device using the
timing circuit of Fig. 7.
-6-



different input clocks; and 35 Fig. 18 is a block diagram of an ATE setup
for testing a m xed-signal device using the timng:cistcuit of Fig. 7. -6
WO 01/ 28100_PCTI USOQ' 26702 PAGE | NTENTI ONALLY LEFT BLANK -7 WO 01/ 28100
PCTI US00/ 26 WP212B488Cr PTI ON OF THE PREFERRED EMBODI MENT Th@CE/USPORSTEi r cui t
according to the invention operates as part of Teradyne's CatalystTM

m xed-signal test system although it can be used in a variety of 5
environnments. The Catal yst TMtest systemincludes a 100 MHz naster cl ock
and a plurality of high-speed digital channels (HSDs) connectable to a UUT
for digitally exercising the UUT. A plurality of timng generators receive
the master clock and derive frequency and edge pl acenents for the HSDs
based upon user input. Duty cycle of an HSD can be varied fromnearly zero
to nearly one hundred percent by 10 varying the placenent of the rising and
falling edges of the HSD in 10 picosecond (10* 10"12 seconds) increnents.
Frequency of an HSD can be v _hﬁggé%gﬂggfg . The Catal yst TM t est
system al so i ncl udes analéaugé %3#§§$§L$¢ﬁi provi di ng anal og
stimulus and response to the UUT. The anal og sources and 15 receivers
receive digital control to generate discrete output levels, or to capture
discrete input levels, under the direction of the master clock. The
Catal yst TMtest systemal so includes digital 1/0 for reading and witing
digital words to the UUT, again according to timng controlled by the
master cl ock. The HSDs, anal og sources and receivers, and digital 1/0 al
deri.ve their timng 20 characteristics fromthe sane master clock, and are
thus all "coherent." As the Catal yst TM naster clock controls the timng of
the HSDs, analog sources and receivers, and digital 1/Q jitter in the
master clock manifests itself in each of these system conponents. Because
jitter in the master clock is common to all of these conponents, however,
the master clock jitter contributes only slight errors. For 25 exanple, an
HSD edge nmay be displaced due to jitter, and therefore an ADC may be

cl ocked earlier or later than it should. But the anal og source feeding the
ADC is displaced by the same interval. As the displacenent is the sane for
both the cl ock and '



the source, the errors largely cancel each other out. Any errors that
result" fromthe displacenent are substantially absent fromthe digital
codes produced by the ADC. 30 Not all jitter cancels out. W have
recogni zedwanesr2sidee timng generators that derive the HSDCGI/GEIREndd
jitter to the HSD outputs that is not common to the rest of the system
Unli ke the common jitter, which is "correlated" throughout the system
this "uncorrel ated" jitter trl : L7 he accuracy of
the test system The Qﬁéﬁw%gawc(&hbﬁgjﬂﬁﬁ&%ﬁgﬁﬁ@miuon reduces
uncorrelated jitter, while 35 at the sane tine preserving correl ated
jitter. Tests of s 0054 Gl | 2T al) 5

PCT/ USOQY 26702 Eﬁﬁg%’%{&%%&{?@\%& e b grtafeaﬁs n %ﬁ&%@gﬁ'gt ed jitter
from as nucHasalyst® mixedsigaaldss systean, alfbeughitcanpeysed R avaREY 8k, Over al |
Structurg. %nbikéhments. | ThesCaralysEM test systemdnelides ai 100 MKz master dockpantia t he

I nvention. An. .inpWi. . Si . . [ SD, has a
pr edef i ned Pﬂgﬁl&gﬁgﬁlgléﬁsg&gﬁ%}ﬁ%%ﬁ%@dﬁ @ﬁ%g%%%é(?@?%fogﬁig?tﬁ%ﬂ of a

di fferenti a|exmisingitﬁ/e UUd. Arplaralify ofdineing penerators eeepive themastes §1ogk A8 - i nverti ng
out put  710b gafek AeueRdeinticage sladeRi¢hts f3:06¢ HEPABased Spogusedipat. Dityt he i nput
signal 71 Qa, th? g-l nvgrtl n ut utl 71 8)0 oflthe@Ii1 2 &E‘%nit circuit 10
gener at es ric¥§IRg @{;8 D can fe ﬁbﬁgi‘fﬂ%ﬁ‘?ﬂ&% P BEREYPEC fg‘én Yates’ falling
edges. UPon vafyig the glacahoens obthe rising iang falling egges of thedSDih &0 pispsecoRder t i ng

out put 710b geNe"BLLends inkieRintsC FRRBRY S ANASDLUR bb baribdFEPBIC 6200
generates risi.ng edges. The ti mng citcuit 700 includes first and second

phase- | ockecMHB'ops (PLLs), respectively 712 and 714. The non-inverting
out put 710b of t Mhe dafdher@rtestaystam alsoincludéSanalog sowrcescandiresgivers fohe i nput  of
the first P . ' | 0 Ishin@bedtdi al circuit is
coupled to egéﬁﬁﬁ%%étgﬁgﬁi%@gﬁﬁ%s&#%h%}ﬂggrg-?%%dfig the first and
second PPBLs reopiversfgceivesdi MF%WF% %sqrq}%mnpgtépve 8r VLM% w i nher ent
jitter. Thelisctetsinpatieveis anded tHeldirectidrsaf the mbseraldck. have very | ow tining
skew bet ween t hei [ 11 : hei r

Hhe C%Hlﬂ‘ﬁ"t eﬁvﬁe%gys?elgs-e g&bfﬁcp@@é&g{gél 1iCEfof RadinB GhaRSink

outputs is the sane, as | ren be n.their i ts. During
nor mal oper &igighworls t“hﬂPII-ﬂgRI agaip aF‘ES”%B@ E’sm&’cngtcﬂ@qﬁlve\ﬁ g’é heapastes cpﬁgut

si gnal s. OniThg HSDs, xealogsoatces amil reéeivens; andidigital 1) all dexivelithdietiremgi al circuit
710 but ,qot the fi ' wi t h opposite

pol ari tfaedﬁé%ggﬁﬁghﬁ#tﬂ‘?sag#eaﬁéflt&%g)fg’?aggerﬁgiﬂl‘%Iogé,}g?tf t he out put signal
of the first PLLAgItheRaralyst™ master elgckennaelsthe timwe sEthefIRls, | 710a, the
out put si gnabureés dndeecedeay) shdUifitA 0y jittenvih the thastdriclogk achgifests ifdelf in each

of these system components. Because jitter in the master clock is common to all of
these components, however, the master clock jitter contributes only slight errors. For
25  example, an HSD edge may be displaced due to jitter, and therefore an ADC may be
clocked earlier or later than it should. But the analog source feeding the ADC is
displaced by the same interval. As the displacement is the same for both the clock and

the source, the errors largely cancel each other out. Any errors that result from the
displacement are substantially absent from the digital codes produced by the ADC.

30 Not all jitter cancels out. We have recognized that the timing generators that
derive the HSD signals add jitter to the HSD outputs that is not common to the rest of
the system. Unlike the common jitter, which is “correlated” throughout the system,
this “uncorrelated” jitter contributes errors that limit the accuracy of the test system.

The timing circuit according to the invention reduces uncorrelated jitter, while

35 atthe same time preserving correlated jitter. Tests of the timing circuit according to

el



out puts 712a and 714a of the first and second PLLs join at a comnbi ner 716.
The conbiner 716 conbi nes these outputs generate an output clock havi'ng
character of the output signals fromboth PLLs. Fig. Ll lustrates
an errbodl‘kétﬂ% 2 the conbiner 716 accor di ng to the 30 iﬁ\?ﬂ'ﬂ{sg 702\
flip-flop 810, for exanple a SET/RESET flip-flop, receives the outputs
712a and 714a of the first and second PLLs at SET and RESET i nputs,

respecti vefhy invedlioh &O@Lhofvfn%aﬁﬁoﬁ i Wlcorfrbihted fiRér fRonR BT thicPasiogh | evel,

activates t.he t.he fI| l op 810 and causes the flip-flop to
assume oneplg‘fsﬁ‘f%‘lf{"g%s oA pigoseeq Iﬁ(% A later signal fromthe second

PLL activates the RESET |nput of the fli p-flop 810 and 35 causes the
flip-flop to assune an opposite state (for exanple, Q= 1ow). The flip-flop
-9 WO 01/ 2BvevalH@Strustares702 810 t hus changes i't's stat6 once for each
edge of t he in tal (assum, uenc gai n -of descri bed

bel ow) .> The fli Isgfﬂ% tress gmu%cwc%yﬁah E‘gnge‘}éé'PFﬂn"%qnﬁﬁ 3&@@%1‘ the i nput
si gnal anchlgnab'zwasfbrexmn}ésqmgméﬂomaﬁéSDﬂmkhbregeﬁntgé‘reqﬁ"dmy&ﬁd¢ut§'I op 810 -
t herefore i si_gnal
710a, and Jygﬁ ﬁ,ﬂ I(‘éagdrttgsag‘r“{l}gl e pqus?% h&gtﬁqgf@ uty cyc‘l[}lré of the

i nput si gndl. meorbw?@pgewpa%w andan inwerting oniputife Ypen misingedges i n whi ch
the PLLs ajfelieciput sighhlR104, the aspignatingaitput 710of thullifferontial@iifepiut equal's i nput

[ OQUERFY kel HOLDSiacE AL i SEETE007 00 sbAFLHAILLAR, | BofiP" 1T (O

however s .can Wt h frequency

gain greatfellmgn@s?seﬁ@e mmltflﬁ@é 182y theino-invsttingoutput 7Hb gemrgte#fablpgsw ‘changes

its statedagéﬁmamlhvﬂﬁgémputaawg&éﬂ&snmg ebi on of the input signal.

eration at e ef e to Figs.
% 18 bel ow. MoS n%énﬁﬂgggﬂﬁn%g“d?ﬁs%?mq nd ﬁ%%eﬁ(ad}qogiﬁfgg),c’ producg an
i ndet er i rrespectivelyt12 ant did.t e I@Emmgmrn%mft@@?f@emﬂlhﬂ%t ive .
si mul tﬁneomllyeouiﬂaatébab uk 6fthe &t BLO 715 H!biﬁﬁ&?ﬁﬂft@plﬁﬂ@d’bﬁh&ondltlon i f

t he pul se nput s ap .t desired
out put pul q@!ﬁrcu'ltds 9“@&33?%‘3 éFgﬁlt?f d?%f? ‘grﬂs%fi?&?ryn@?‘% each of
the SET arfad s@gETPLhwt?@ndﬂ 14 pee subst@nﬂlbﬁem velopjokerentyitter. a0 .
seri es- com%&%&mw&%mwpw&m&ws@wlmﬂ sk&abeta;e&hth@me shot
circuit éxit’des tﬁ %g ?1 nce?]tgé ntﬁmrou 15 easag{eff reg‘Fsl NAND .gat e,
andadela Hent: 808 ouplre 0 an® rtlngln etheloglc gate.
As shdfin i f@ﬁlyebweemﬁ@ﬁlm shot circuit converts clock signals having
arbitrari I y | Omimﬂg'hﬁﬂldl\’oﬁérﬁtﬁ) | Béﬂapnué ﬁ)@ktcidfdgésfhﬁ ﬂ{éﬁ'\&bsfﬁctﬁrefilhﬁ(@d I ength

pul se w dtsp nalTh6wm attﬁé) ﬂvgfsion of oxpe oul V\ftgt Hlff%%ngal 1rcu1? 710 but not the -

other, the first and second PLLs align with opposite polarity edg_es of the input signal
710a. For example, if the cutput signal of the first PLL aligns with rising edges of the

25  input signal 710a, the oﬁtpi;t signal of the second PLL aligns with falling edges. The
outputs 712a and 714a of the first and second PLLs joinata combiner 716. The
combiner 716 combines these outputs generate an output clock havmg charactensncs
of the output signals from both PLLs.

Fig. 8a illustrates an embodiment of the combiner 716 according to the

30 invention. A flip-flop 810, for example a SET/RESET ﬂip-ﬂop; receives the outputs
712a and 714a of the first and second PLLs at SET and RESET'inputs, respectively.
A signal from the first PLL; for example a high level, activates the SET input of the
flip-flop 810 and causes the flip-flop to assume one state (for example, Q = high). A
later signal from the second PLL activates the RESET input of the ﬂ1p-ﬂop 810 and

35  causes the flip-flop to assur_ne an opposite state (for example, Q = low). The flip-flop
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delay tinme "A" of the delay elenment 814. Preferably, the delay time Ais
chosen to be extrenely short, for exanple, 500 picoseconds, just |ong
enough to satisfy the hold 25 tine specification of the flip-flop 810. As
the flip-fWpoiRBMoassunes an i ndeterm nate state:only wheBCT/USHOREYPAL

pul ses overlap, limting the input pulse widths to 500 picoseconds clears
the way for operation up to one G gahertz. Preferably, the PLLs 712/ 714

providetheig out puts as differe tla tL n &gNAND ate 812 has
B TF erant 1 aIS10 7B cbatach s Patb oot st e 0h e ok ek e Hiones
a?:corrpl [ Z gzcgahyofmnewscrg)eﬂbdo?l)fmﬁmﬂ@l “sets’linaksponde to ba:hlrrsmgteélgi he del ay

el ement > ance
B o bt e e e
printed cir t ed.

Al t er nat |5veltheretoi°32préﬁk\ae,stlﬁd;ﬁmenhdﬂﬂdaddatydyelelolﬁ’ﬂie&njmsgdalwth one or nore

| ogi ¢ gates, ' 1, | d be 35
t aken, using technl qges ﬁﬂmﬂ k)%v ?é%gﬁﬁﬁg q‘?ﬁ’&ﬂg‘?"‘t‘%ﬁe"pﬁq&%m ze

i nduced j i t tvithout fraquepgy gain, 3.8 froquensy.a Bhgtiminge di gi t al

E 0 WP?nentCz Qslﬁrchla ﬁcd‘oi'dﬂagl@ thé fn%htion?ﬁﬁbt&hﬁtedﬂ’ﬁivﬁif&nt htcﬂd)nkiﬁirx]lgglyll?igts ; tT :\/I v ef ari |y
mtter-Coupled.Lo rom

of 1 nt egr at RPEREPRL e PLLS tah pperie B iBiothcy gheh erccn e R THhEE oy a1 ve ¢ 0
the difflér ervitcumnstanqes,the flipifiop %lﬁ;phmgeeus state maultiple tithes for egchisidge e- shi f t ed

out put  si gneﬁa%slﬁS&Qf%le h@ﬁ?ﬁgﬁd}eo QR @4t inyBtifiiedi FRAERRIRE B desGiRl Mith over
both edges of - the cl is I?ﬁmﬁ ccording to another alternative, the
t

di fferential*feEpreipis ted, and the PLLs are constructed to
respond to edges McbstSEfEﬂESlﬂ'ﬂlpfﬂcqas,ilﬂepﬂldﬂipeﬂdp;ﬂlOIpredlicmasﬁmhmm@ond PLLs

Lo o ol v B Rt (hn_del ays
cannot B malb RaySEpble g B enadiion 1 BE Fjss Wit Mo Tane B ket B 'S

di storts t here lohgaritianshe desirbdoutpatrpulse siidtd). d‘n@rdmhﬂmdngemﬁtgsgmﬂlakl ng out put
pul ses  app§gmbiiiet ‘7‘% emrdf%E’Pind‘WT 0 ﬁﬁfﬁ}?% %P@%&gﬁ%ﬁécgpm

pul ses. Accor.di n linve tiqn, tim g H’?ﬂ Hpe

mani pul at i nd*t 8°‘1"5‘F‘§E PR&ThopgIrquts gn g'fsél' ?a}c ghe §‘r6‘¥1 t he i nput
signal, for 1mludvphéoglagate gmalforfemmnplara d!ﬁ@entiath}H) gife,taﬂ&yslhlayybmm ‘HSD
timng iy u peegTo S Elfb%n W bet ween
t he PLLSZ%ca?q%gpﬁggrs%r ed, a e Bf‘ﬁﬂe#@?%gé{ ?ﬁ |1§| ({ usted to
bring the PISROLGIGHE FAOVER @031 ?‘@F??Fgﬁf”ngﬂ'i‘m& ‘?"&éﬂ“ e wigtas iq Rulséoach can

i ncl ude a varimihheingelfixgd-ldngth pulsetwidth. i dedatitnt ef thepusmwidtisedualsithe skew. As

a delay time “A” of the delay element 814. Preferably, the delay time A is chosen to be
extremely short, for example, 500 picoseconds, just long enough to satisfy the hold

25  time specification of the flip-flop 810. As the flip-flop 810 assumes an indeterminate
state only when its input pulses overlap, limiting the input pulse widths to 500
picoseconds clears the way for operation up to one Gigahertz.

Preferably, the PLLs 712/714 provide their outputs as differential 31gnals and

the NAND gate 812 has differential inputs. Inversion of one input of the NAND gate

30  is accomplished by crossing the differential signals at its input. The delay element
814 preferably consists of a length of controlled-impedance differential transmission
line, buried within shielded layers of the printed circuit board on which the one-shot
circuit is implemented. Alternatively, the delay element 814 can be implemented with
one or more logic gates, or with a commercially available delay line. Care should be

35  taken, using techniques known by those skilled in the art, to minimize induced jitter.
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20 variant on this schene, one PLL can include a constant, bul k delay and
the other can include a variable delay. The variable delay is offset "and
has enoqu gg{ 5 ment range to span both sides of the ?@%ﬁmﬂﬁk .

Phase- Loc oop Structure 25 'Fig. 9 is a block diagra a ﬂ%, such as
‘PLLs 712 and 714, according to the invention. The PLL 712/ 714 incl udes

el enent s conventionally found in PLL circuits, for exanple, a phase

figt Eﬁfy \% 9 tlge Im@ﬂerabl‘rleﬂﬁrd@&?congﬁﬂeﬂwbﬁm?mﬁfgghwt @R hroafplbmaited  916. tAst

and .S an out put.
The out put™s B’fgl?‘ﬁgs 5‘3’3&“8@?#8%"?%;?% tf‘%? qﬂ %ﬁgélgg’ffﬂderence P
bet ween S|fgmaib'9f8memted¢wuﬁ$,muﬁﬁdre§évmoﬂolﬂphlcs Also as is known, the -
| oop filter 912A§wdehiaﬁ@eﬁomtaedlmi&Meﬁ&M10tmchlhtt?l&t%rZé‘ﬁes and the VCO

916 converts a e fr I

P O sty e G el hsompliRe e gbRRiye ot siednbl SPBRPL Y Bece
el ement s chosh edpes of the tlodinsignah Rtdording uanbher ditemativd, the®ifféradtitl al so i ncl udes
first anduch%ﬁﬁaijofsroﬁﬂﬂé‘d‘ ﬂéﬂﬂ@ﬁrﬁc &@&fo‘r%ﬁbﬂd%gﬁsﬁﬁ‘ 23&1 35 They

al so incl a progranmabl e-gain anp 914 sel ector 920.
The This - Has Been Repl aced 111111111111111111 I 11 I WD 01/ 28100
PCT/ US00/ 26702 Idéallyshe firstlarricsecond P[ﬂshmerthg/smhe\prmgmoaaielaydbemedm t he out put .

frequ y dr€S the

out putelrb(c)f t@% In? Xﬁ?'ﬁ‘ Bﬁézﬁ’%mggﬁ%%ﬁmgl ém;mﬁﬁm% gﬁq{g@sd ector 920

sel ect i velBfoppgatiqngd ssar@e rwel}fdtexeﬁﬁ'éf %@alﬂ%&%ﬁm befveeepL . The

Ii ﬁ:_ect O(rj mssmmsaheieyammipsmbmebhﬁsmghnmﬂallmgddgesjmﬂdﬁ@mhpalpghed s of the
and t t

o oper at GO B Mmdni oF phuck foe ?&%%%%ﬁ%g gt pfeghdifls lthe 00| e

t he forwariBvestion tising Pl@WPE Eoramsa%%y AP atfnséhe ¥lge ela(;?rmqﬁg Hiee \vco :

frequercy day falifHetpedsrithe fipiit sighal, fereradplefd Seidbhion af HSDIdn 1824 i s di sposed

e i S0 i P M e 1 | Eeny
forward papfiware. Skwh@@@%@le’%@ﬁmhetmwaye%@n@mewftéﬁliﬁﬁe cl osed- | oop
f r equency indieidaalifadjuseed b briighthe PEE digaslk intealipnment: mlﬁdlahhdy,dhe/PBlLs)n But the-

second fr eg&e(%ﬁ%chgd at\ggﬁblg aéla fife fI; ﬁ%st&b&eto%ﬁﬁﬁg?th %}%ﬁ ahs t he

PLL's feedbat ase det ector 910,
it dri3Pes vpﬁ@ltfonélqamemneﬂ’%cemﬁbﬂesicgﬁan Gplk sl awn%ﬂlﬁa&ebﬁarbf M- The

PLL thus mde%sia&aaedaaﬁrmavahmauaaﬁs mtmemnoﬁgldmusﬁmmhge 712/ 714 is
desi gned msga%&,ﬁ,ts?deg%%%%mew and -nearly a

-

Phase-Locked Loop Structure

- 25 Fig. 9 is a block diagram of a PLL, such as PLLs 712'and 714, according to the
invention. The PLL 712/714 includes elements conventionally found in PLL circuits,
for example, a phase detector 910, loop filter 912, and voltage-controlled oscillator
916. As is known, the phaisé detector 910 has first and second inputs and an output.
The output of the phase detector is proportional to a phase difference between signals

30  at the first and second iriputs. Also as is known, the loop filter 912 stabilizes the
feedback of the PLL 712/714, and the VCO 916 converts a voltage from the loop filter
into a signal having a frequency that varies with the applied voltage.

In addition to these elements customarily found in PLL circuits, the PLL
712/714 also includes first and second frequency dividers, respectively 918 and 924.
35 They also include a programmable-gain amplifier (PGA) 914, and a selector 920. The
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10- oct ave range. The VCO 916, however, is variable over only a one-octave
range *~ (between 2 and 4 GHz, described below). Therefore, neeting the
design goals of the PLL involves varying the divider values over a |large
range. 20 W@81i2840t he divi.der values Mand N changes the PEATER0RGT®e of the
PLL. The Ioop gai n of the PLL 712/ 714 is |nversely proportional to the
product MFN. "Loop gain" refers to the overall gal n around the Ioop, for

ot ebt or 01 Gstand seerpbRFAsRSK G idemicact g8 o ayigk Bagepey otshy YR Re pii s
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| eft unconp aﬂggﬁl@m ﬁhg&gﬁelé&br"db "sel&ﬁ%’fﬁggss%'&’!ﬁ@c K ftp hpafa gain of the

PLL 712/714, ange t e _AC cteristics of e PLL. O
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the PGA 914 nue%o 4%%&%@1 4 to cancel 30 out the effects of the
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of the PGA ings ihalkefred of BiviliiPhe VTG Begienty by Qcéxﬁenpwdm;e sbédNd to keep the

| oop gain (and AC,ch | | the entire
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varied tQg ac | eve a. se 5 not
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I ncorggfg?egg %P@QR%%@ ol %@gg;{@hﬁcw& t'he rir‘l'es PGA can be
vari ed over (%Pt%enc?amd ﬁ@HFaé}?ﬁ‘é"beﬁleIP@@ a'lgl‘?e Ofe, meting the,d ‘?,SF E’h? i ncl udes

a fiel d- pr oPLARING vaBing the dvyder (alh¥shHvenolargeirangs) to control t he PGA gai n,
as wel | 28S Ot her Vfa%é t'hQ AfideE vAiDEs N o changes the performance of the PLL. The
loop gain of the PLL 712/714 is inversely proportional to the product M*N. “Loop
gain” refers to the overall gain around the loop, for example, the gain between the first
and second inputs of the phase detector 910. In a known manner, the loop gain of a
PLL affects the PLL’s settling time, accuracy, stability, and other AC characteristics.
25  If left uncompensated, each change to M or N would change the loop gain of the PLL
712/714, and thus would change the AC characteristics of the PLL. Of particular
relevance, each change to M or N would affect the ability of the PLL to filter jitter
from its input signal. .
To avoid this occurrence, the PGA 914 is used by the PLL 712/714 to cancel
30 out the effects of the frequency dividers. The PGA 914 operates by establishing a
voltage gain between its input and output in response to programmable control. The
gain of the PGA is varied in direct proportion to the product M*N, to keep the loop
gain (and AC characteristics) substantially constant over the entire range of output
frequencies.
35 The PGA 916 is preferably disposed between the output of the loop filter 912
and the input of the VCO 916. This placement is not critical, however. Alternatively,
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circuit. Alternatively, discrete digital |logic can be used. The ATE can
also directly control the PGA gain by witing to a register within the

timng ci 15 Vol tage-Control led Oscillator AIthoug

vol t age- c‘gﬁwr&sfl? %d oscillators are conventional | y incl u% a/Uis?]olzlg'{_ne& t he
'VCO 916 according to the invention is not a conventional design. Fig. 10
Illustrates the VCO 916 according to the invention. The VCO 916 includes a

'th42%412 | teh GA%E@P%f‘osﬁﬁﬁxb& remg%ahﬁsﬁi gnal p amfmﬁm71ag?grfrgg1cﬁ S:Z
nodel If%m ‘1{;88?’383{51%8’85 %’?"pmﬁ; I%S?HDQ P on The

Yl G osci I Itmtbuﬂtmtodhultep filter@l0r lAcmrdingmaI@heneltersqﬂvertbe ﬂmnmsaqfau using a -

~thin-fil ml@{fﬁl‘é‘e’%%lé Sre¥ufibdhodohib iRt YRR Ofloop dHif oh#A RRIAL PEACIUCES an
out put fr ncy Proportlona to an applied nagnetic field. 25 The magnetic

field i¥s §'t9b by a permanent magnet within the sphere_that 1 ncl udes
separat e el ect MheRGAIl4acan be inedé fromcommemidlyavailpblerdmponatt arni ng of applied -

magnet e b ngtloéqgﬁr&l ?\E@M%nﬁoﬁheﬁpﬂmﬁ& 9?@&31%13%&?%& band limted

to 400 kHzZ, or adainst. wd se. The YIG
osci | | at orcaaédﬁdélhé@lek @@PQOGWVW%MOSPG“PS%I“&‘BEPW%? 100kHz “of f set -

froma 4 Q&weed, MA! Thé Seerd'gain ofife RN PG A kon beedried @veraa 360dB se- t une -
driver,, 1016 coupl ed to the course adjustnment coil of the YI G oscillator.

The colzgrs &M&ne driver 1016 receives it input froma_digital-to-anal og
converter (DACPrefgally, ﬂmemmg@mwawqﬂeclé@ﬁﬁﬁgm-msmm@hgat%?ab| i'sh an-

appr oxi rragspeneﬁafshmﬁw EstitRN Y m‘A g a¥'Well esethéd fahdions efthe timirgequency -

corresponds e out r.e nc f C or when the _:
UL o 1 Aferia e iR oS S aeedy T S g @RS 7 SR ¢ ¢
pl aced acmmlﬁh@%gu@é’ytmgé@aregtstﬂrwfbt@h@tlmﬂf@%rse tune coil from-

spuriqgs noi se. The VCO al so includes a fine-tune driver 1010 coupled to
the fine adjustnent coil of the YIG oscillator. By operation of the

feedback Woltégﬁ-ebhtraﬂad?khﬂétbﬁ fine- 5 tune driver 1010 zeroes in on a

i roct |y pr oportbesh valaesgpip i cstiinBiar SFUFEROHL SRR HERIRC ang”

fine-tune tthG@r%ﬁh@ébﬁdmgltbﬂhé)itﬂerpmaﬁsammlalcgn@upmai/d@m FigdPputs in the fof m -
of curren ﬁustrlﬁé %églémmfdiﬂaome%bﬁ/%ﬁ@é@leﬂmuh@é&how-e preferably

fine-i ehe3%2$,%ép@ sl 0 pripis raveRey epsroR 2 Oliz b4 GHE FRETSE and

oscillator 1012 is preferably a “YIG” oscillator, such as model MLPB-0204 from :
Micro Lambda, Incorporated, of Dayton, OH. The YIG oscillator includes a Yttrium-
Tron Garnet sphere fabricated using a thin-film process to yield a high-Q resonator.
The resonator produces an output frequency proportional to an applied magnetic field.

25  The magnetic field is supplied by a permanent magnet within the sphere that includes
separate electromagnetic coils for coarse-tuning and fine-tuning of applied magnetic
field. The fine-tuning port of the YIG oscillator is band limited to 400 kHz, and
protects the oscillator against wide-band noise. The YIG oscillator achieves a very
low phase noise of -130 dBc/Hz at 100kHz offset from a 4 GHz carrier frequency.

30 The VCO 916 includes a coarse-tune driver 1016 coupled to the course

' adjustment coil of the YIG oscillator. The coarse-tune driver 1016 receives it input
from a digital-to-analog converter (DAC) 1014. The DAC and the course tune driver
establish an approximate operating frequency of the YIG oscillator, which frequency
corresponds to an expected output frequency of the YIG oscillator when the PLL is
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vol tages, and rely upon the parasitic resistance of the coils to devel op
the YI'G tune currents. However, the voltage-controlled technique cannot

conpensate_fo nges in the resistance of the control changes
i n tenper aPJL?r‘Ll %@3 resi stgnce depends strongly: .upon te (‘f&‘m‘@& and
drift in coil current changes the operating 15 frequency of the YIG If
current through the coarse-tune coil changes by a |arge enough nargin, the

feedback W liboBg HafMHly, aGabRINPis AN Abrddd L DARE R b frofebmewi | | DI eak

out of | ock. f|n -tune,driver, voltage control of the fine-tune

coil adds &0%?'8“’?80‘11 eMSPHHYSACIynct i on of the PLL. The added pol e
unnecessarily cdmpMGhlesimiudes 4 finatune driedr 10h@ cRipled t8 theFimefadjustmept t he DAC

1014 is pro | or

oxanl o, "an EDCRCE ST AALRAF, BF BRsidf iy SEMRGE AR BIETLIFR, Bhltne,

Det ect orﬁLoG\@iefdﬂVFIélOllﬂlzg@es jmonsa value that mseciseligontrols g Wﬂtfffﬁg‘ﬁnﬁl’e t he phase
get ector 818 andlM pric’fieldl id difetlPprdpartiondl @ Asplied clrbent.| Theeeforepthe The phase
et ect or i nc s a | t

vol t age- contPEFT {lgv%sairm% @M&Eﬁﬁ}bﬁ{@&%&?@%ﬁ% tﬁ%n& stors
1112, 1114, of tumentsy rialemme anghfine-tyne ddveshti6yend d0H) are prefesably yeliage-

capaC| tors, cansolfdedment someesdi gi tal phase detector 1110 generates UP and

put pul eir co nts,.in.re 1O &

d| ffer eﬁbes bet mé@%hg%g%y,ctfg%gqgrﬁa& ggnineé]hng? ?igqﬁﬁf)ﬁ%thg&aﬁ% %d a clock

signal at a velagesidnd rélyppon thy paragitic resiy@as: ofdbecailsdo denslapithe YEE tusat put

21 ke curr e LROAS SHEReRE, (10 %I0ge ST toc B e e g e o
e loap filter response to

the UP and DBEfRR TRYfinse o ?&Gﬁg{‘ cgil ?ﬁ‘"tt%gh RSy %"%ﬂ?fm@r“’%f erably, to

pr onot e fastdepaﬂpmglstmpmtempmtent a:fddnz&ms:oﬂoummnhmgbg/th%pm ained in

the outp ;f{ﬁ%:g%gﬁéﬁél%f é e&%e—%@%oﬁﬁh&@@sm elhe -14 WO

rClnggé(r)lgetoeleéﬁ e e e Sl U o Rl R T

phase det ectwill bichk @:ut of lp(EIEf!E’ ﬁ’bthp ihe-l?ﬁﬁ.drdwex; ivoktgge centodi ofithe dinersure coliCK

12140, from 8 | 3 Sunh s +3v, and
V3 is -b5v, aﬁ@%eﬁ@%ﬁypth{aﬂ'g?sfgfﬁ&ﬁi'bﬂgfgm PI!T?‘ g%%%gjpgtt puté(::sé 0 %the di gi tal
phase det ectcemphicaies siabilization oftBeRELs ef er enced anal og el ectroni cs of the

| oop fil2oer 912. preferablyf the DAC 50laris pograpinyedisingaesneontiel sowse aethe
however, as gelloyfl byo LRARRe A FPCEA cdtrold Wouftht DAY 1614 bkt SGRRE4OT- Lhe

i nventi on.

Phase Detector/Loop filter

Figs. 11a and 11b schematically illustrate the phase detector 910 and loop
25  filter 912 according to the invention. The phase detector 910 includes a digital phase
detector 1110 coupled to a voltage-controlled current source (VCCS). The VCCS
includes transistors 11 12,1114, 1116, and 1118, and the accompanying bias resistors,
capacitors, and diodes. The digital phase detector 1110 generates UP and DOWN
output pulses, and their complements, in response to phase differences betweena
30 clock signal at a reference input “R” and a clock signal at a variable input “V.” The
VCCS receives the digital output signals and generates an analog current. The VCCS
respectively sources and sinks current to a virtual ground of the loop filter 912 in
response to the UP and DOWN pulses from the digital phase detector 1110.
Preferably, to promote fast response time, current flow is continuously
35 maintained in the output transistors 1112, 1114, 1116, and 1118 of the VCCS. The
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The VCCS reduces jitter at the output of the PLL. First, the differential
circuit. 10 attenuates noise fromthe PECL supply. Because the PECL suppl y’
noi se appears e&trjally in both circuit branches of the VCCS, the noise is
conmon noY efore, the effects of the PECL supplyl’ﬁé‘ﬂ@@“'@mcel out at
t he out put of the VCCS. Second, the differential circuit increases the
phase detector gain, which decreases the overall PLL jitter The PLL

requires ns 15 of
the phasea*aéﬁﬂ B A 8 B BB e BB 19 O
out put . Hb@ag’@lewtahﬁhaéeﬂ@%@frﬁli%ﬁmﬁaﬁbw ®ice, gener at es
”ﬁraie”S'ef?é‘%‘E?‘“ e oY b e s ”SOLP?L Dot fon-of the
IF:)’GA can be redﬁéoﬁfab @5‘?181 03’2 ﬁ %? ést'%gf §°19Eiub SB™As’ shown in
Fig. 13b bqﬂh&elPEQb CfumutSeqfﬂQBl@glt% phascdetg@dr blsloandﬂmgagmdtrcﬁerendﬂde | oop :
Filter inclnigg %1eeﬂoﬁmftﬁetsépﬁ&é@ufgaglsméma@ﬁbfr@wﬁgé%tmaml ifier, a

f eedback tor 4, a resis e feedback

capaci t or ‘H‘g‘gi‘{}ﬁ’ﬂﬁtaéi‘m g&mﬁ‘;ﬁ&dﬂ%% thin the,seope of et or 910 to
establish iavgmtib. at DC in the Ioop ga| n of the PLL. The feedback resistor
1152 adds a zerfg %dﬁd& SSRep QOﬁrﬁ,ﬁhw@%&aﬁacﬁe&# hel ps t o

stabiljze the overa Zeros o
filterl 091?“ﬁ%tt?éesé‘°1§6iﬁ‘i°¥?éﬁ? g&éz;l’ °°a'é9Fé]? Inﬂ‘PP é‘WSFéHEFé‘FFcy response of

t-he PLL asqgaaliytialbeth cirouit bianche$ of the NGUS, the ndseiisvontmae thedst Tharefdre, jitter
transter fHOGel AL ﬂ%’PE’tﬁ,ﬁh@{hﬁ Q&'\}O@P&hﬁﬁtptﬁ@gu ﬁro?&leos‘? F§eSea;Joﬁ&)p filter

912, thejltter transf tallore selectlvely'
30 filter thedifigrent CHF‘Flt’é‘F’@?ﬂeSﬁe S teefgrgala ttb#ee theovarll sel ect or.
Fi gs. 12a RAgitlez bTheRlde feuiveslacerthih walue af forvird ghini(the prdduetpfelrecgairdi vi der 918

d | 2a, th
e st B ol gie AGERE N6PG Lot 4 9CTYR L yiaeo B B Bulele i Sewd 20, (0 (o
out put fr&mmr%et%wgeswetsh%@ﬁ 8hbernprates oorgpoiggAban thg fjxed -
factor of phaseldetector 01( (BY Mtredsiddkhe gaifi lof {he phide deteetbr 9 0athe Gain-cgiidgal | i um

arseni de, téafermtrﬁm Gl —bPR Bl Gn'Seccd, Bkcihg B usRGH T ange, of the

Yl G OSCI| e pre-scaler oupl'e to a fixed,
di vi de- bth‘l‘RﬁbO BhRk-er 1212 then to a programuabl e, divide-by-P counter

1214. 28 As s hO\AB showirindFig. 11213 thé lvop $ittee212ds ardatiged axcdnlifigratorr The o second
Sel et or ey che. SERATRL HLYioh b 3R ok BBt N

re-scal e
p capacitor 1154, and a feedback resistor 1152. The feedback capacitor 1154 operates

in combination with the phase detector 910 to establish a pole at DC in the loop gain
of the PLL. The feedback resistor 1152 adds a zero to the integrator’s closed-loop

25 responsé and helps to stabilize the overall feedback of the PLL.-

The poles and zeros of the loop filter 912 have a dominant effect in

determining the frequency response of the PLL as a whole, and therefore have a
dominant effect on the jitter transfer function. By adjusting the poles and zeros of the
loop filter 912, the jitter transfer function of the PLL can be tailored to selectively

30 filter jitter of different frequencies.

Divider Circuit and Selector.

Figs. 12a and 12b respectively illustrate the first ﬁ*equent:y divider 918 and
selector 920 according to the invention. As shown in Fig. 12a, the first frequency
35  divider 918 includes a pre-scaler 1210 that divides the output frequency of the YIG by
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counters 1212 and 1214 connect to the first selector device 1250, where
they are selectably passed to the output of the PLL by operation of a
control signal 922b. The outputs of the counters 1212 and 1214 al so
connect t oWM@/28tond sel ectior device 10 1252, where t hey RGTEUKOREO2 abl y
passed back to the phase det'ector 910 of the PLL by operation of a control
signal 922a. By di stributing the output and feedback signals bet ween the
first and sec sel egtqrs 1250, a 1252 LL ord| to the

i nvention al¥ fﬂ?@?iﬁe e?Fbﬁ@kgﬂgqﬂsB@m%ﬂ5%8$“§ﬁ%f ' For exanpl e,
the PLL can aﬁmdeimmesmpmslycammeuhebﬂﬁlﬁeﬁi@emwamfdne YIGO to its
output, at tRGNSPHETH a{gp@afthb & b6 e&dﬂléastota*fs(e@tmué-bwms he

di vi de- by- P count er to it L can output signals
havi ng hi gW@FﬂI‘F‘r%}ae E?E’saﬂrﬂg ef&é’ﬂ’ﬁa?é’&‘&“&’ﬂefﬁ%\ﬁ Often, it is
desirabl ¢ to ski p\smhbwninhg 12bi therselester Qmmcladeslfmsﬂandsegnnd sehéctqr whi | e

continui ng @y BReabe bl 18 and 182 52hephihrs of G2 Brlelie 10 i GAPDT |1t

by sel ecting e| |xe state "0,

whi | e t he PLceura,texﬁt 2%@@ 1234 |ceenscbtﬁthqq@rs t Seprgtor devieral 250, wmﬂmmt or Fig. 13
illustrates saleaamplpessamda 18¢é bitpitrTthd WIISBy byepdtiod oF & Eéritiol bigasl 922b. Thej uncti on

W th the | nERb Ol Uinlde 219 o i ahsed LD géasn&igeﬁc&oqldfa@@se 25

det ect or o 1 nver?| ng an non-i1nver

differ erwu a|12525pvher¢ they arg selectail passed ack e ﬂrau:hwpteﬂpb 1018 the Blehaby at es a
positive voloba,ggoﬁafgaﬁ,ﬁem 19280 UP si gnal and a negative wvoltage in
response to a e dlff lifie ferabl v.incl udes
a lowpass filte Y‘ﬁ%ﬁg‘ﬁ%ﬁ‘é&b ‘g%eﬁgg ?F”\%ﬁgﬁ %f?'{/sg %iegﬁl?{dsl ons of
the diff er eseleetorsai2b0 and £352 Lma@qrdlegyothalrsf@pm!mlb%dwﬁfqmwl@albt er can
30 be provi 4dgde odtpt aautfmaclaf F&maﬁpfefmemucahdaéaﬂ 'sﬁﬁ;ﬁiﬂé%%ﬁm@@fme(?ts to

an absol.yte val u ner OSIi.ti na for both
posi t i véganﬁﬁcﬁ%{ lgied 4 l?tu ut’lahﬂ‘eémﬂﬁﬁﬁ‘&asg F%H%HBPI{% % absol ut e
val ue of t helidde-by:Ptcogntemil# to ithfsedhaclouThusf the Phb calbgntpultsgnalisllumngi rcuit
1312 C?”“EC fﬁ@dhch&%a&éheﬁé&%%ﬁl%{k Jéﬁe’ﬁ itAs cfeﬁldtﬁé & &Wlé‘e’sﬁ?%' }I_/L
connects to er input. o arat os en i's
e o Do sk BBlork eml o7 SPAE Srthoia o e Fh e sbheon2” L

pul ses fr omlﬂﬁ@pnlwglles thiis qapatibtydytseletting elthdt fogdaigh sltdte“lﬁluﬂadixedﬂovdomm

puI ses, 2phe gtate “0,” while the PLL continues to lock on the input signal.

Lock Detector

Fig. 13 illustrates a simple and efficient phase-lock detector used in
conjunction with the invention. The UP and DOWN signals from the digital phase
25  detector 1110 couple to inverting and non-inverting inputs of a differential amplifier
1310. The differential amplifier 1310 generates a positive voltage in response to an
UP signal, and a negative voltage in response to a DOWN signal. The differential
amplifier preferably includes a low-pass filter, for averaging the positive and negative
excursions of the differential ampﬁﬁer. Alternatively, a separate low-pass filter can
30 beprovided.
The output of the differential amphﬁer 1310 connects to an absolute value
circuit 1312, which generates positive signals for both positive and negative inputs, in
a manner analogous to taking the absolute value of the circuit’s input. The output of
the absolute value circuit 1312 connects to an input of 2 comparator 1314. A
35 reference signal V; connects to another input of the comparator. When the number of
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PLL has | ocked. In response to the | ocked condition, the output of the
absolute value <circuit 1312 approaches zero and crosses the reference
vol tage. The conparator 1314 then changes its output state. Preferably,
the conpaV@PY#818B14 has input hysteresis-it 5 requires POFHRON2 at its ,
input greater than the expected noise |level to change its state once it is
| ocked or unl ocked. Tailoring the PLL Transfer Function Qur neasurenents

have s hovvnp.% kS t est
system ts%s NS or e@a?shdsk hétg‘g?lliﬁtell &vﬂiﬁqhg(ﬁ?‘é%&%ﬁg% é‘ngﬁsbrg ngﬁced by
the PLL i Pliches logkeilninesmonsate thciopkes coudition, (eicsimbpEibe Absobie YAl ow
frequenci egircaftd317G5prGRES Ze A teTREdsahd Hfehdncé {raa.g@nme do&ﬁfafa@éiqsm Qur

nmeasur enen ave al so s t co s _sityated
W ihin 2 oen e AR, pleGinast odierfor] 2t ot et e
negat i V@ exfeqvatﬂssmve}nemtaéntsmtmatmthammzwe@yda@mlem}t@hh;ang%lts)andvm dth of
the PLL t OgtitB BndelifS IKEA of wrfistkediCy of the PLL-induced jitter and. the

uncorrelated jitter. In the particular hardware inplenentation described
above, this optimal setting is about 5 kHz. Wth the bandw dth of the PLL

set to thi tinma ses the lion's share of correl ated
jitter andf?ﬁs k‘?ﬁﬁﬁﬁ?@@ﬁ&%&"ﬁ&%@ noi se. The PLL also filters -
pCA 91 aéidd’e's‘%‘%?ﬁa@“"i"‘%‘;%m?ﬁ‘é‘“’%?* kBl il ok Mot e s
| its
opt i mall v e syst ‘F‘%dgkf‘gl Wgt@%t"ﬂ‘/g'%ﬁﬂ“ﬁ?%f 'f‘tﬁremd‘f‘ieggﬁgﬁcy di vi der s
924 and 9I1PLL ifself (Bimnadilyuls: Y@@Dexqeedstthsnbme Boorianlomufrequemiestand ful | range of
operating gongld %'e ent?aﬁ g’ﬁ%@kh@f‘in as-gé ”@)ﬁign ﬁx@hﬁbﬁtsﬁbﬂ%:lso]sﬂoﬁﬁ illustrate

the operation o i1t /0 er ent al ues of

frequency %ahimost 94@“ ?%151 “ﬁth‘nzt‘??éqﬁzrﬁ ﬁﬁefégb@ifﬂlﬁn‘?bo as'a =

f requency hagard&ogxﬁzddrthatth?embgatemeffeels ofyjitter ngLive mmgnaéd Hmmahe ng a period
P angk OpLI 1y the croasmgr ﬁ-%qﬁgﬂﬁ:y E{:heﬁ% iH&IES | ¢ rst clock

si gnal |n res onse 0 r1sing e input_ si 4 0 and the
second PL Lwaqelge%ﬁgt &athg P%Bﬁﬂh%ﬂi‘ﬁ%fﬁ Hgvlg*ﬁa}tatm dep 5@?@%@% alling
edges  of tdptimahgetdingsis gk 5 kEHZ0 Withnthe binaitvidth pf the PELiset to ithds cptiviil ner - 716

convert th&lJeé%é&’LﬂQﬂss%?%g'ﬁgnﬁ %g 3{5&%&&% Ed_#} ﬁlfeﬁthé‘ﬂg?ﬁ %@@&k pul se

trains, resB tivel

successi veY§ ”91??5“? PLL plsq 3?F§§“‘EQS1'°15FF€JWF%'1°V6 %@t'ﬂ"’i u%412 and
succesz vel y " iByswiyiiig the gaiaof dieRGA 014, hedSbrited above, ﬂnllmhandmdﬂ:l4l4 The -~
resul ti ngf%gtogﬂ{am%HMt i bptihA vafal! BEarilss o R v ROMARN of the VO 01/28100

PCT/ USOW
frequency dividers 924 and 914. The PLL thus keeps jitter to a minimum over the full

range of operating conditions.

25 Operation of Timing Circuit

Figs. 14-16 illustrate the operation of the timing circuit 700 for three different
values of frequency gain. As shown in Fig. 14, the timing circuit 700 has a frequency
gain of one, and receives an input signal 1410 having a penod “P” and a pulse width
“Tw.” The first PLL 712 generates a first clock signal in response to rising edges of

30 the input signal 1410, and the second PLL 714 generates a second clock signal in
response to falling edges of the input signal 1410. Ohe-shot_'cir'cuits in the combiner
716 convert the first and second clock signals into first and second pulse trains,
respectively 1412 and 1414 The SET/RESET flip-flop 810 successively “sets” in
response to the first pulse train 1412, and successively “resets” i in response to the

35 second pulse train 1414. The resulting output signal of the SET/RESET flip-flop 810,
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the output clock 1416, has, rising edges résponvae to rising. edges of the
i nput 'signal 1410, and falling edges responsive to falling edges of the

i nput signal 1410. The period and puI se width of the output clock 1416 is
the same a¥OMe888riod and pulse wdth of the input si gng’FTﬁJﬂW“”

Therefore, the timng circuit 700 regenerates the input 5 clock 1410, while
preserving duty cycle and pulse wwdth. Fig. 15 illustrates the operation of

the timng {Hlil{ c138914[’¥'6t ﬁhsehsxf %?g&%%)nﬂﬁ{'é‘to rﬁingéﬁges offife iAbSight? and 714

;
lelo
generate cl OCKS

C 1510, and
one-shot ci 14 end @BW&@FIS“'S’[‘FP@"E#‘YFC"Qgg 1ng EAI%SEI Pgée et ﬂgmi ﬁg’o 1514. The
SET/ RESET f érihdfalna puBd Vidsk Bﬁﬂﬁb&tpuaﬂoﬂullnﬂtls the sarke 45thé péricgiantiipalspul se 10

trains, t
the input %ﬁaﬁﬁsﬁ‘*?%ﬂ%&?@é b Hﬁgﬁxnﬁﬁnéﬁ%b‘ﬁ%ﬁg&ﬁ%‘%‘rhés g A o
final ex&nptleck Mwhwmepwsqmggdwcym%dml% tving circuit is operated

with ? f re?uencp'l g08s muﬁfat@tﬁ@bperﬁ&nhﬁmrtﬁmng biecu 100 willPa freqhierdylganc h
generate ou A, T requenc
of the |npuf’ r?j\e%?‘g‘igu ddﬂl e?%gﬁ%ﬁ%kgﬁa% rcw% ég{)@ﬁ eé ¥ he gl ock>s/
into pul se inpat deck.LEIQ, apdcbneshat cirpeits convestihe °’@F’Gﬁclm°Jmﬂ%W 1312 artjuency
ﬁqual to ei ﬁlfﬂﬂ tmTVﬁESETﬂiBJﬁQ?UIG%enH&&s hﬂbﬁtbu@l&khSlﬁﬁQm thEpalse 16 shows
ul ses 10 ol belars, ApeR i Rtney BERE RRlpG AFEHB T aSORE ksl P11
used for pﬁ’eq;.enw,dherpldhe\méﬂmfﬂm'lMIdOC&tssprp@q‘(ﬁéncy mul tiplication. Pulse
‘é\ﬂeﬁte:‘af'evgalt Bﬂtlc firaPeRap éﬁ%h&ﬁdﬁrﬁtﬂg%r k& tBRing hﬁ‘ﬁﬂﬁﬁb é‘l’aﬁ%@ﬁthto N
e an_an i s capable
of providi ngfr e‘I‘i‘f‘é“’YEﬁ‘Hg ﬁﬁ%ﬂgﬁ?#ﬁgﬁeﬁﬂéaﬁﬁqg W"&Fﬂ*’% ogk? t nput EI gnal
any time thargnaﬂﬁemshneapammgmlghtpinesﬁtelﬁnquwcyaﬁﬁesnnmggpdrlﬁw apd the
timng gg rCljet on?. st ?‘h‘ﬁltssdog thEQloc &%ﬁshﬁm hit1618P e Bﬂdpﬁﬁ wi dt h.

As can be seen e wavef orng o t dth
al ways equaFlck h@@@ﬁ&lﬁ?ﬂ‘éﬁn‘%f’q‘?ﬁ@ qighy G?es@qWW Hfﬂﬁﬁﬂé)‘ﬁgﬁﬁulbfzgﬁzeom put
_;I)_erl od. $he out pRig. p&lﬂﬁ:@s\hod'tthe ﬁmﬁxgtdimmtmlmmeckmderamelhmm shodl |y as
wout W I MODULO
QB‘% S 58 laﬁo&{/ ?ong%léﬁu W}:lél%]s au Qﬁet{ cT‘QM% T bEWsdl

(Pin/ M) . NUBL S
D3 vi det” G fasulseaidh ds@slerb@%we 2 irameey meplintiv wlfrer ﬂk dggignif ™ "9 (56¢

' ndeDF”d@;‘_Lb&u@ﬂ&‘li Qdsirisle Avhem the [usdrsishids U6 g’eneaminiqlim clockohavingyshofteri t S out put
si-gnal s e tim |rc desired output signal fromM
PH‘B%?" Uhgls)‘ié‘% 9&@8%8@91&@1’7 P 9

di fferent the timng circuit can
generate an out pie ﬁ:‘nﬁ@%lucmt divides the pulse width of an input signal any time that the

frequency multiplication M causes the period of the timing circuit’s output signal to
be shorter than the input pulse width. As can be seen from the waveforms of Figs. 14-

25 16, the output pulse width always equals the remainder of the input pulse width
divided by the output period. The output pulse width can thus be expressed
mathematically as

Twour = Twin MODULO Poy, where Poyw = Pi/M, or 1)
TwOut Twln MODULO ( Pln/M ) (2)

30 By combining pulse width division with pulse skipping (see “Divider Circuit and
Selector,” above), the timing circuit can independently control both the pulse width
and the frequency of its output signals.

The timing circuit can generate any desired output s1gnal from M different
input signals. As shown in Fig. 17, the timing circuit can generate an output signal
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-18 WO 01/ 28100 PCT/USOO/26702 1710 from any of the input signals 1720,
1730, or 1740. of these input signals have a frequency equal to'1/3

the freq the out put signal; however, their duty

respectlﬁ(ﬁl%@g 1/6, 1/2, and 516. The different ianF*’!"&%ﬂg t hat
yield the sane out put si gnal can be expressed by the relationships 5 Duty,
1/M* (j + Dutyout), or (3) T.I. =) * Pout + Twout ; (4) where ] = all

i ntegers flrnmniﬁy(owhk)mpdt&ghmlm 17@@6& msrmvo&rme@éhnbﬁfa sf requenci es
cIosetoMsrrg_ ,lgxguser @810“ XIbI|It%rf& mnimze
C1oE, L2 e BRI Sl 1d 02 oSy G e g, B Wl dly T T 2

t he ni ddl eydes tebmcnmlgaquahﬂﬁdﬁmdélﬁoﬁéle diferéns ihpot SIM&M:QHUUEIE:W/ timng
circuit Flsqmeq, bf dighid £t 530 ¥P teQblafiihipe9 @ UUT 1814 using the timng
circuit 700. The ATE system 1810 i ncludes a.nmaster clock 1818. The

mast er ¢l ock generat es a comon timng reference for the anal 0g source
1816, digital 1/0 1B®by,=abMtijnDuyou)gemer at or 1824. Becau3k all of these
conponents are referenced to the ATE master clock 1818, these conponents
are all therefore cdwerdftPoutfiomg a typical test of the WUT 1814, a user
prograns the anal og source 1816 20 to generate a test waveform The test
wavef orm i ncl udes succeswhen j sfallditsgerefiem Daw @Msl), incltisivd. i shed in response to-
clock pulses fromthe master clock 1818. In response to user input, the

;:a 21 no g gerWﬁéI frahﬁ gnﬁHgﬁéf @egéit%ab&%it&ﬁﬁseﬁﬂﬁyhﬁndmek&éﬁaméth L rghmthe
u ck.sign and the

ti m nd%;i rffembgl Wgﬁé&% -fredus ‘?%Hﬁ”&ﬁ"p‘g?hgﬁ hoosin %‘F‘e UUT 1814

i s oper at ef “§"itowayd nieer middle of therengedndicateddbowk. gi t al out put signals in

response to the. output clock fromthe timng circuit 700. Under user

control, the digital 1/0 1820 retrieves the digital output signals fromthe

UUT and riMpthod ohtestingaUUT w/ttimingtcirouitor ocessing. Preferably, the ATE
1810 includes a. software driver_(not s ) 30, . caonfigurin he HSD 1826
and the timi ngFig 18 fHustrateda sefunsfonesties 13{9‘&‘%‘%“%{“&& gﬁ‘i A user
pr-ef erizbl yrhepeB dysem 810 iretpdesa sastercelguk 18¢8.WiTk hastér ck)cklgenemek ut put '
cl ock. Trljl Bﬁﬁ{o}x\éﬁﬁlﬁ fkgérgx?c@féﬂﬁ axﬁ oﬁt@e? H%L %?@ﬁ) tha@pd frequency .

of the I n acc ance W a I on ove Iver also
proogr ans tgqger%tp . 'Because all o ese components are renced to thc master - o

clock 1818, thesc components are all therefore coherent.
During a typical test of the UUT 1814, a user programs the analog source 1816

20  to generate a test waveform, The test waveform includes succession of discrete levels
established in response to clock pulses from the master clock 1818. In response to
user input, the timing generé.tor 1824 derives a desired frequency and pulse width
from the master clock 1818. An HSD 1826 outputs the de51red c]ock signal, and the
timing circuit 700 generates the desired output clock.

25 As the UUT 1814 is operated, it generates a succession of digital output
signals in response to the output clock from the timing circuit 700. Under user
control, the digital I/O 1820 retrieves the digital output s1gnals from the UUT and
reports the signals to the ATE for processing.

Preferably, the ATE 1810 includes a software driver (not shown) for

30 configuring the HSD 1826 and the timing circuit 700 to generate the desired output
clock. A user preferably specifies a frequency and pulse width éf a desired output
clock. The software driver then sets an optimal pulse width and frequency of the
HSD, in accordance with equation (1) above. The driver also programs the timing
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-19 WD 01/ 28100 PCT/ US00/ 26702 circuit 700 by setting the frequency
dividers, the PGA gain, and the coarse adjustnent value of the VCO 916.
The coherent configuration of the ATE system 1810 pronotes accurate and
ef ficient WA128W0 As al | .components operate under :cont r o/PCIUSHE st er
clock, nmost of 5 the jitter of the master clock 1818 is comon to all
conponents. This common, or correlated jitter passes through the timng

circuit 700 and t ri but nly snal.l agunenent rars, reqver, nost
of 't he. uncoreetsaiby seineths SpbpdRvders To¢ POA TR o Spdies SBUHEAET, o
uncorr el at edajuetof the WD OI6.but es smal | errors, as well. Because the
Feduces mski ry v e bitbrcht cbulfpureiBh BB TR ystef? B10 prRS @birmicand 07

i r spectra of sanpled,si.gnals erefore
pronotes aé %{Eﬁs“%e‘qgglw%ﬂ?‘?‘ﬁt&uﬁ ‘fr(?ﬂmé‘?l?g Ini‘qﬂeﬁgfg’ n?‘?‘?éoﬂeed f or
Wi ndowi ng ofthe jitpen of theaaater Slock bel 84T Eoromion tadlbcanipenems cThis commof, ainal og
signal s as %ﬁ%la{%ﬁjia?@?a?%gﬁrf)%tg@ g @R 900 hnd RmrARHydhalt al 1/ the

ATE has no nee 0 un Il nput si.gnal.s with dows before
per f or mi ng [DSPSUTEHERITEATS- JMRrEONEr Iestof the yngerral erds ét?rém%&g’& "as the ATE
i s not cal |l ehitipeifcuit70pr Thes; ancoarebatal jitted comtributésesniallsrrogs, as wellii t 700

mstor el ock 1 Pt b8 ot illonbiom ST by B g bro R0 J e, BAVE B
ecteypf seppled aﬂinae«mefempr%t

—

ci rcui t 1900 redusessiskizgdinghe powerss ed gep $r mance with
0 ][ll y hs nal Izocab@}%ag.s The cblitgenf Iénfightiioh al¥b Bimiiates thel neéd Sorivindowiag of laputaccur acy
of these syt by, _Rassl ng. corr Jikier. and . rd . Dg
uncorrel ate Iﬁﬁegfgﬁjgﬂ?a’?gﬁ% qo&o?gﬁgﬁgse@gﬁfsnw ﬂ%%ééer hlhgg exanpl e
of Fig. 18, antecadingiof thedJIhanddigitd ,ghqATEélesmqeémarbmangfmm be

- under st ood, iiRERAls with Winddw Yefoté peforRing OSP! €mpétescihal hederlea\tee al so.

apply tq_oth m xed- sj gnal ice such as di al -t o-anal og converters,
modens, qéS d%ejé@(araf‘?‘glﬁedcgﬁﬁﬁg& ﬁsélf’ts‘fafuﬁﬁgl’:@iaf\?gfo‘ SRIVCYP8FFal radi os, and
hi gh- speed i nt er Jibt timingscircultF00 injegiatscsnndodiy with currens ot FsystemsuMasbus

al ternative efbadiciRhhve PMasttdibckith@RBordirdRl altf/iti@dRrougtdit % A'MH, €Thet he

{11 tering ¢ fging izt Tofse be ieze Gofh et InBrgye B PPRRE PAR on. The
filtering aonysyaitechtngesto the ATl Theduhing cirait 708 improves the atcathcy of these

wher eveny t A sRRARDY gafsﬂ{g RHRERGintet 41 filfeﬁﬂg GRGrelBIIIRIF Boithd he | oop

filter could, , to provide a different bandw dt'h. Alternatively,
the PLLs codfgtaldBmbelyid- pass, band-stop, or high-pass filters, or

conbi nat i ons t heimretht ppératingexgaplesgfdig. fiBcthe UUT is an analog-to-digital converter.
It should be understood, however, that the testing principles described above also.

apply to other mixed-signal devices, such as digital-to-analog converters, modems,
25  disk drive controllers, transceiver links, digital radios, and high-speed interpolators.

Having described one embodiment, numerous alternative embodiments or
variations might be made. For example, the tailoring of PLLs to reject uncorrelated
jitter involves low-pass filtering the PLLs at about 5 kHz. This is merely an

30 illustration. The filtering arrangement can be modified to reduce uncorrelated jitter
wherever it may appear. For example, the frequency response of the loop filter could
be varied to provide a different bandwidth. Alternatively, the PLLs could use band-
pass, band-stop, or high-pass filters, or combinations thereof, to target specific
frequency bands of jitter, as needed.
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frequency bands of jitter, as needed. -20 WO 01/28100 PCT/ USQQ 26702 The

input to the timng circuit described above is an HSD.. The timng circuit
i s usabl U{%‘f er, with other signal sources within th tem or

w th ext 3??161 és{’i gnal sources. In different applicati ongf&@%ﬁm%ﬁ%dw dt h of
‘the PLLs can. be tailored to suit the jitter characteristics of the signal
source used. 5 Therefore, the invention should be limted only by the

spirit and scometﬁipumﬁheﬂmmﬂtaésahmabo&hsmy %&Mg&&ﬁ%l%?w

What is clal m .ng.,circuit. tlct pment,
conpri si nd mgg #‘?W%vfr’ggﬁsoéhqrglgﬁ’gdo‘%% H&Q/{hﬁges; e gL Ei@ ing a first
clock 3 sﬂlgmhsmums @ﬁmapﬁmhonsoﬂikémdmdibOﬁ&m%sambﬂmd@ener at i ng a
second cl agff thed lt%gmae,{s{;&(;flﬂqesﬁ ey cl ock signals having a

pr edet er m ned el ations C i ner. vi ng first and
second 7 nput s P‘g’g g(g?’l yoyentig Bg‘ﬁﬁd'?egm?ﬁ@ “é?"@g;?‘ﬁfﬁ’gt Sorrafiest and
second phmeﬂdﬁ&khdnsl oops, - and having an output 9 generating .an alternating
succession of. high and low logic levels in response to 10 the first and
second clock signals. 1 2. The timng circuit of claim1, further
conprising: 2 a differential circuit having an input that receives an input
signal and 3 having first and second outputs that respectively provide
inverted and non- 4 inverted versions of the input signal, 5 wherein the
first output of the differential circuit is coupled to an input 6 of the
first phase-locked | oop and the second output of the differential circuit

7 is'coupled to an input of the second phase-locked-loop. 1 3. The. timng
circuit of claim?2, wherein the conbining circuit conprises a flip- 2 flop
having first and second inputs respectively coupled to the outputs of the

3 first and second phase-|locked loops. 1 4. The timng circuit of claim 3,
2 wherein the flip-flop is a SET/RESET flip-flop having a SET input that
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3 is one of the first and second inputs of the flip-flop, and a RESET i nput
that is .4 the other of the SET and RESET inputs, the conbining circuit
further 5 conprising: 6 a first one-shot circuit having an input coupled to
t he out put YW@V | r st 7 phase-| ocked | oop and an out put PEHUBN0BET02 0 t he
fi-rst input of the flip-flop; and 8 a second one-shot circuit having an

I nput coupled to the output of the 9 second phase-l ocked | oop and an out put
coupled to the s d_i,nput,.of the 10 flip-flop. -22- This Shitlit t Has
Boe | I~1111 11 VERESSSERIEE per/ Usaol 26702 1 5. The timng circuit of
claim4, wherein the first and second one-shot circuits 2 each conprise: 3
a | ogi ¢ dat el.haviAtming direuit fori antpniatip test equipeent,aiomiprisiegt i ng i nput both 4
coupl ed t,o the input gf tyd M j n del ay

el enent i2(r)1t er posed be?\/\%&etn%?gﬁgﬁfl%\%?mg w?%&?ﬁpgggét%aeéhﬂ%a?%qc%cgate and the
i nput of Ythe resf#®bve one-shot circuit. 1 6. The timing circuit of claim
5, whereidn the del ay alsecomdtphasaripekied dsopaiaving anddipiit genedatihga sicbndélotk ace on

a circuitsg board. J i A ' ks . 3 Wﬂﬁi [ ach of the
first and second > aég}r@sﬁ%‘%%nﬁggghﬁ@;%énu"?én%rgdeén ceg ?sleeses: 3 a
phase detbect or hasliptiepship; atd and second i nputs and an output, the first 4

i nput bei7gg coupl ed tacbimeiﬂeﬂrhuﬁngﬁrstaﬂdm&mnh 'hbmﬁieﬁgecfogpfmdtb&héﬁcond

i nput 5gbeing c t.he phase- ed loon: 6 a |oop
filter having an%ﬁﬁ%us{jo@ﬁedﬁ %ﬁa“%%%"u%?. gorke :6?8"1’%&“%{*‘%‘8% 3‘%"?0 7 the
out put of? t he : plegerating analtemating sugeession afhigh and losdgic devels imzespense & i nput
and an ogt put, t hEe filRPatid seeind¢ldeRiphald. to 9 the output of the loop filter.
1 8 The timng circuit of claim7, further conprising: 2 a progranmabl e
gain anplifier having a gain, an input coupled to the 3 output of the |oop
filter add & outThetingngigiravit of clairhd, fumtbertconfprising: oscill ator; 4 a first

frequency divider haviyefrerntiay kit HaPig bR MpufNhaBBcdiviR'ah ifRY B and
3 having first and second outputs that respectively provide inverted and non-

4 inverted versions of the input signal,

5 wherein the first output of the differential circuit is coupled to an input
6 of the first phase-locked loop and the second output of the differential circuit
7 is’coupled to an input of the second phase-locked loop.

1 3. The timing circuit of claim 2, wherein the combining circuit comprises a flip-

2 flop having first and second inputs respectively coupled to the outputs of the

3 first and second phase-locked loops.
1 4. The timing circuit of claim 3,
2 wherein the flip-flop is a SET/RESET flip-flop having a SET input that
3 is one of the first and second inputs of the flip-flop, and a RESET input that is
4 the other of the SET and RESET inputs, the combining circuit further
5 comprising:
6 a first one-shot circuit having an input coupled to the output of the first
7 phase-locked loop and an output coupled to the first input of the flip-flop; and
8 a second one-shot circuit having an input coupled to the output of the
9 second phase-locked loop and an output coupled to the second input of the

10 flip-flop.
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5 to the output of the oscillator circuit and an output coupled to the

out put of the 6 phase-locked |oop, and 7 neans for varying the gain of the’
progrannabléwgain anplifier in 8 response to the divider constant Nto

mai nt ai n V¥ Wantially constant loop 9 gain of the pREEUESIZEWRd | cop. 1
‘9. The timng circuit of claim?7, further conprising: 2 a progranmmabl e gain
anplifier having a gain, an input coupled to the 3 output of the | oop

filter ,and an t put coupled.t.o th ofte05|ll tor 4 circuit; This
Sheer | fas Seoan Tk Aitingidrbis 8 ciifh 4. Wil idh A add oS ooprsfiptdineiy™s 1117 |
L1111 2 | ~I11| pachicomprise:| ~~] WO 01! 28100 PCTI USOO/ 26702 5 a second .
frequegcy divider h@wgiwga&miﬁ qﬁ%vérﬂngsﬁ B&nd\ﬁﬁdiﬁnG&H)géﬁuﬂH%thG series

bet vveeﬂ t he OUt‘F i Eﬁh?ﬁ‘e ocked Io%p circuit, an e second i nput 7
of the“phase d& ‘E’efl&?ﬂ?ﬂ? eé?fae%“’ﬁ@%% of Grewlyaid ng the gain of the
progr aémabl e gain aaxpdqldylekmennu@rpqs@bﬂweentheimengmpdEOfthalwicant Mto -

mai nt agh a Subggtegﬁdﬁki%up@}ﬁéﬁgﬁech%e_sﬁ&%@ of : the phase-|ocked [oop. 1

10. The timing circuit of.claim™, wherein: 2 input noise is carried on an
i nput signal to the phase-locked |oops, 3 internal noise is generated
Wi t hi n1t hé. pha¥ke timingeitchivefxdaimt ¥ evherefuthe delayelersent zomiprises e nal noi se being

functigns of fpeasenriuy BPtré.dEtoﬁr rbﬁ-k?xf‘ﬂdaff 5 function falling bel ow the

i nput noi se function- at a crossover frequéency, and 6 the first and second
phase-1 ocked | oops have a bandw dth substantialllyy 7 equal to the crossover
frequemcy 7bet \Amumh@cirmﬁubfdlﬂmsaem%mmleoﬁhé ﬁfsomwon‘dlphagel- ons. 1 11. The

tim ng CI rcuit hase det'ector circuit conprises: 2
a di gl phasle08 Wﬁh&?&lﬁlﬁspt hat__provi de di %M.al |ogic levels;

3 and a a vol t age- c%maﬁ%qlqt@@rélav%ﬁfst anhiepqnddpPUBAndAg oY pled to the
input being coupled to the input of the phase-locked Loop and the second input :

being coupled to-the output of the phase-locked loop;
a loop ﬁlter havmg an input and an output, the input bemg coupled to
the output of the phase detector circuit; and '
an oscillator having an input and an output, the mput being coupled to
the output of the loop filter. '

w00 ) OV

8. The timing circuit of claim 7, further comprising:

a programmable gain amplifier having a gain, an input coupled to the
output of the loop filter and an output coupled to the }_nput of the oscillator;

a first frequency divider having a divider consft'an_t' N, an input coupled
to the output of the oscillator circuit and an output couplE;d to the output of the
phase-locked loop, and

means for varymg the gain of the programmable gain amplifier in
response to the divider constant N to maintain a substantlally constant loop
gain of the phase—locked loop. -

O 00 N N B WD) e

9. The timing circuit of claim 7, further comprising:
a programmable gain amplifier having a gain, an input coupled to the
output of the loop filter and an output coupled to the mput of the oscillator
circuit; '

W =
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5 outputs of the digital phase detector, and generating an output current
in 6 response to the digital logic |evels provided thereby. 1 12. The
timng circuit of claim11, further conprising a |lock detect circuit, 2
conpri si ng:WQOH28I0 f erenti al anplifier having first and scRCRUSW@26M2r ent i al
I nputs 4 coupled to UP and DOM digital outputs of the digital phase
detector; 5 an absolute value circuit having an input coupled to the output
of the di fferenti al a liJfier n, out at. gen S a.ppsitive
signal fdr both 7 pod ? ﬁﬁﬂ'be“ﬁ% f‘f Sp%@%%f?%g@ﬁ}é l‘ﬁé‘

di f f er ent6i al arrpIsmﬁ&sel:etwandhe&l@mw@aphmflocthdicmg circiiit argt the mund opupl ed to
the outpyt of theralasmhid &tec%r¥§é‘5§aﬁdrcwt and a second input receiving a

ref erenceg signal, the co rat oy engrating a | ocked s i n response
to the of‘?t put of the gﬁ?ég?%%%ﬁﬁ@gfgq fsca‘F‘ B%“E'ﬁ“(?g’sg H‘gglqré‘?erence
signal. 9-24 |11 Iredpotﬂétdﬂmbmwdér&ﬁnmw\ta ﬁéﬁﬁﬁﬂ@ﬁbﬁﬁﬂ'ﬂﬂl&@ﬁﬁﬁﬂ%p 1 13. The
timng rcuit of il A he oscillator conprises a YIG

osci | | afl(I())r 2 cwoﬁfﬂmlﬁ?.sﬁ%@ ?ﬁm ng circuit of claim13, wherein the

YI G osci |l | ator CI rcuit has a fine 2 adjust input coupled to the input of

t he osci l1l atior anﬂie&nﬁﬁglmltaﬁblaﬁﬁljwmm the 3 oscillator further

conpri si RY: 4 a digi tﬂ{ {&&q@c% lwl?rte{ né“"‘fﬁﬂ‘c' rcui 59(?80? an out put;

and 5 a Course tune drlver CIrCUI aV|n e out put of
the 6 DAC circuit anwtan@lumsemge@mteﬂm phasgtlocked OaathQ)lnphte cour se

adj ust igput 7 Qtns&Bﬁaﬁ{teﬁaapaslbébaﬁgfuneﬁdxﬁ'érheq&nééthemmﬁalgbg circuit. of
claim 14, wherei Mhe gﬁ]]l to %t{g}x% R‘P% az %f ne tune,driver
having aR i nput B °rvY ﬂ%’é‘?‘l T 6ﬁf°ss°3’°’(') SqUGECY 2R | | at or
and t he 6i ne adj ust i thedirstahd sérend/plsedacked kops haye abandwidtbsebgantiallg t he

out put of the fi ggud wide efositRbr ﬁ&;u@n%eﬁﬁé@ht&qﬂﬁﬁtﬂbisg%@ﬂie%ﬁl noike 16 A
met hod of, generating a low jitter clock signal having controlle duty cycle
2 from afi i nput i‘f’ﬁﬁ - conprising: 3 coupling the input clock signal to

first and second phase-locked | oops; 4 generating, by the first
phase- | ogked! 00he Aring Gifcuit 881 AlvatibrGh Biekphase detector circuit comprises:

2 a digital phase detector having outputs that provide digital logic levels;
and

a voltage-controlled current amplifier having inputs coupled to the
outputs of the digital phase detector, and generating an output current in
response to the digital logic levels provided thereby.

(= WV, I - N )

12. The timing circuit of claim 11, further comprising a lock detect circuit,

comprising:

a differential amplifier having first and second differential inputs
coupled to UP and DOWN digital outputs of the digital phase detector;

an absolute value circuit having an input coupled to the output of the
differential amplifier and an output that generates a positive signal for both
positive and negative differential inputs to the differential amplifier; and

a comparator having a first input coupled to the output of the absolute
value circuit and a second input receiving a reference signal, the comparator
generating a locked signal in response to the output of the absolute value

O 0 3 O Vi ph W N e

d b
_— 0

circuit crossing the reference signal.
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5 signal that is phase-locked to rising edges of the input signal; 6
generating, by the second phase-locked | oop, a second regenerated 7 ¢l ock °
signal that is phase-locked to falling edges of the input signal; and 8
conbi ni ng¥! ?Wézs!‘ﬁ’r st and second regenerated clock signal ECTAS#@E®Rate an O
-out put .cl ock having an alternating succession of high and I ow | ogic |evels.
1 17. The nethod of claim 16, wherein the conbini ng step corrpri ses: 2

coupl i he second re nerated cl ack to a SET 3
Thpat df 38 et TpBEite it Br e M BE SRR poBiste YR el st anc
seconeregeneralr@dt clock signals to a 5 RESET input of the. set-reset
flip-flop. 1 18. The nethod of cI aim 16, wherein each phase | ocked | oop

an-oscil | Afor - ane e A osInm Fh e e PG Bibeid ot Bn A ¢ oot hag

Been R&pl aced hdjbstlinguk coupled|to the\thput ofthe bsdillatér ant acburse-ad_]ust friplt,khel | ~1 | | WO
01/28140 PCTI Umg&mﬂ{}oﬂ?ﬂélﬁg ng a.. equency of: a si gnal fromthe
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1 16. A method of generating a low-jitter clock signal having controlled duty cycle
from an input signal, comprising: :
coupling the input clock signal to first and second phase-locked loops;
gerlerating, by the first phase-locked loop, a first regenerated clock
signal that is phase-locked to rising edges of the input signal;
generaﬁng, by the second phase-locked loop, a second regenerated
clock signal that is phase-locked to falling edges of the input signal; and
combining the first and second regenerated clock signals to generate an
output clock having an alternating succession of high and Iow logic levels.
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17. The method of claim 16, wherein the combining step comprises:
coupling one of the first and second regenerated clock signals to a SET
input of a set-reset flip-flop, and - '
coupling the other of the first and second regenerated clock signals to a
RESET input of the set-reset flip-flop.
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18.  The method of claim 16, wherein each phase-locked loop includes a feedback
path and a forward path, the forward path including an oscillator circuit, the
3 method further comprising:
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1 21. The method of claim 16, further comprising varying a duty cycle of the input
signal to vary the duty cycle of the output clock.

22.  The method of claim 21, further comprising:
the first and second phase-locked loops multiplying the frequency of
the input clock signal by a constant,
wherein the frequency of the output clock equals a multiple of the
frequency of the input clock, and the duty cycle of the output clock varies with
the duty cycle of the input clock.
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23.  The method of claim 22, wherein the pulse width of the output clock equals
the remainder of the pulse width of the input clock divided by the period of the
output clock.
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24. A method of testing a UUT in a test system having a master clock, comprising:

generating an analog waveform for input to the UUT, the analog
waveform having a sampling rate derived from the master clock;

clocking the UUT with a clock signal having a frequency derived from
the master clock; and

N B W N

-26 -

This Sheet Has Been lieplaced ]I’T’\
AR Y g g




7 of the input clock to generate a second nultiplied clock; and 8 (c)
conbining the first and second nultiplied clocks to generate an output 9
cl ock, the outPut cl ock having rising edges responsive to one of the first
and 10 YRUL$My tiplied clocks and falling edges respBREUSW26W2t he ot her
of the first 11 and second nultiplied clocks.
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7 - sampling a digital output from the UUT at a sampling rate derived

8 from the master clock, :

9 wherein the clock signal includes a first frequency band that includes
10 jitter components that are common to the master clock and a second frequency -
11 band that includes jitter components that are not common to the master clock,
12 the clocking step further comprising substantially passing the first frequency
13 band and substantially filtering the second frequency band.

1 25. A method of generating an output clock from an input clock, wherein the duty

2 cycle of the output clock is determined by the duty cycle of the input clock,

3 comprising:

4 (20  multiplying the frequency of the input clock responsive to rising edges

5 of the input clock to generate a first multiplied clock;

6 (b) - multiplying the frequency of the input clock responsive to falling edges

7 of the input clock to generate a second rrmltiplied clock; and

8 (c) combining the first and second multiplied clocks to generate an output

9 clock, the output clock having rising edges responsive to one of the first and
10 second multiplied clocks and falling edges responsive to the other of the first
11 and second multiplied clocks.
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