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Description . g FREQUENCY SYNTHESIS CIRCU T TUNED BY DI G TAL

MERDS g vﬁbggéﬂﬁﬂﬂNlCAL FIELD. ~ - : - The invent i POTAUSIM0EE t0
frequency synt hesi zer s ~and,’ nnre_gartlcularly, to a direct digita
frequency - synthesizer. 10 .~ BACKGROUND ART - o In
a paper entitled, "A 150-MHz Direct Di gltal _ ' Frequency Synt hesi zer -
in 1.25-[err]m CMOS with - 90-dBc ‘Descripildrous Performance” by H T.
Nicholas et al. in | EEE ~ Journal of Solid-State Circuits, Vol. 26,

‘No. 12, Dec. 15 1991 the authors explain that many direct dlgltal
frequency synt he FRBQUEN(SE SYNTHESIS oCCPREVIT - TUNED| BY DIGA@ALY WORDS  of a
K-bit word accunul ator to generate the phase - ... argumrent of a . . -
gener at ed output wave. Successive words  of ~ the accumnul at or -may be
mapped isnt 0 VPRUBEKIAIe FiBLR 20 . values for a generated output wave.

" In US. Pat. No. 5,656, u the
.accunul at or t'echni que scrlﬁyéﬁpﬁéﬁ §E1§tes §8 freﬁpequ nc§ synfﬁ'ggilng
devi ce for ussuLnHMQFtRﬁrthUlarlfonﬁﬂnﬁcdﬂﬁ§ﬁ§ #heis adh L ragiengy

frequency is &0difagiAex. established with great precision.. The patent
di scl oses a circuit which eéenploys a phase | ock Ioop to operate on
an i nconing data signal. - An accunulator circuit receives a B
d|grtahomncjgggxggbgmnnggm A varrable divider circuit processes o
accunul at or output signals to adjust th hag t l.ocal ctock :
" based upon the.content %fatmﬁpﬁ¥g?PEFtEﬁgrd K égﬁtﬂﬁﬁb%E 5ﬁ§h hase
of .the | ocal tfkerfty eSyntsites Dzehanges . 26 -puoit ptmosf meap}nencwo dBc S .
- The circuit sclosed 1, S I e n mhere '
195 lp%/rg mgxgge Bﬁ’subcﬁl nih b sslot taﬁ S UBkhed B

a digital ch annél~or ‘whichH phase
i nf or mati on afourmal of Soliflo8kate EGRrodatiswi Viela diegi Ng kA . DecFor

exanplq5|r1 1991 the authors explain that many direct dlgltal

frequency synthesizers use the modulo 2% overflow property
of a K- bit word accumulator to generate the phase
argument of a generated output wave. Success1ve words of
the. accumulator may be mapped into success1ve phase ~ |
20_ values for a generated output wave. _
| | In U.S. Pat. No. 5,656,958 P. Albert et al. use .
a varlatlon of the accumulator technlque descrlbed above -
in a frequency synthe5121ng device for use in digital
. communications where the’ carrler frequency is to be
25 h established with great prec151on. The patent dlscloses a .
' circuit which employs a.phase lock loop to operate on an -
h_incdming data Signal.'_Anjaccumulator circuit receives'a
&igital word from a source. A variable divider circuit
: processes accumulatorIOutput signals to adjust the-phase'
]{3b'_ of the local clock based upon the contents of the dlgltal:
‘word. Continuous changes of phase of the local clock R
give rise to changes in output frequency
' The c1rcu1t dlsclosed by P. Albert et al
_ _ useful for the 51tuatlon where a dlgltal channel contalns-_
" 35 -a subchannel or slot in ‘which phase information of the
. clock is encoded w1th:a digital word. .For example, in- f
MPEG (Motion Picture Expert’s Group) data transmission,
there is a subchannel7known as the system_clock'reference ,"“':




~.transm ssi on

MPEG (Motion Picture Expert's Group) data transmission, there is a -

subchannel known as the system clock reference : - WD 99/ 38252,

PCT/ US99/ 0%792;[38252 ~ (SCR which i$ transmitted at | east s ddoRnsrds
~every 0.7 S€cond by the MPEG encade The SCR™signal nust be : :
-received, decoded and sent to the audio a a video decoders to update

Lnternal cl ocks. . The subchannel may 5 be used to encode a nunber for
use in a fre se_l oqQps, are
wel | known. C|$§Eﬁ h f@”@ﬂ% l§ﬂ§f4r1 eaSto?s Of %@kgg 8%§Fb 9 % _
l'ock | oop secoudnhwamma MERE jentaasier i . eEhsrﬁﬁk segmabamuatlbas of ‘the 10
'S|gn|f|cant a C | he. -

Q-Q P{%Ifd dg&#éﬁ ﬁtﬁ%&t\/‘é\%‘%’c@ﬁ’cﬁ%ﬁfo dnd VldSBdescrl bed in
U S. Pat. Nodezq:os_mrss@@ tpdate dnfiexnal clocks. o The subchannel mayan

obj ect gf ‘thpel Q@A ite) iR 5 ¥R 28 dde ih!£UELAGYenEPr a reference

frequency using digital - techniques, with high stability and. | ow
Cjitter. ~AnofKBfheslzeIghiect is to provide the |ast stage of a phase |ock
~loop, . . namely a nERigec dldak Q@H];fsﬂa{:ﬂii W] | edwh . cirdQitsSEMYARY OF.

| NVENTION The ¢ t_h h N
frequency syﬂl?ﬁ&'?’? &b phase e 6%2 ngItS%ﬁC éali‘s tu%ac]%é‘segefocguﬁgﬁpe del ay

line in conbcaat camosilt the mmhﬂe(r,aac.wm -short témtovariduibong of ahbki eved

WEh reBPect oignd LANke diieq [ o SGA JLLUENGY  IPMPLR! SHoRYsLoC2!

oscillator over specities the
~ out put fretuh@ytVQM@@lSSNQ@|Qh§nnaﬁgytsnchuﬁlp¢b IQQDY@rY circupts

accunul at or o yRoges¥alitRd §3CRES PYALRdR! 14, F41,308 tHreshpbde1adlli s
peri od depenas on the input digital word 30 value.. Thi's’ accunu?ator

course, overfFo@d- In this pat ent application, accunul ator underflow
~and overflow - are bel bugaldtedt’ BHY filrBnt i b G agd ayﬁuﬁés%edsl ay

_15rjf'frequency near a reference frequency using digital
. techniques, with high stability and low jitter. Another
object is to provide the last Stage'of.a phaSe'lock loop,
' namely a numerically controlled oscillator. | )
20 ".SUMMARY OF INVENTION
The above object ‘has been achieved in a .
frequency synthesis c1rcu1t - One embodlment features a
'tunable delay line in comblnatlon with a modulo ‘accumu-
lator. - Tunlng is achleved with respect to a stable _

- 25 reference frequency, generated by a local osc1llator,
over a single clock”Cycle. A'digital_word-sbecifies the
output frequency value The input digital'word is fed to
an accumulator- whose value reaches perlodlcally a
threshold. ThlS perlod ‘depends on the input dlgltal_word'

30 value.i;This accumulator,:of:cQurse, overflows.-_ln this' |

- pateht application, accumulator_Underflow'and.overflow
are both called-"overflow";_'The exact amount of delay
corresponding to the phase delay signal-is provided by a

 plurality of buffer cells, each of which driving the =

'35 fan-in capacitance of the next delay cell unlt and also

| the interconnect wire capac1tance which acts as the
'prlnc1pa1 delay element. A control pln for each buffer
serves as a buffer strength drlve modulator, allow1ng the

A’'phase .



cdrrespbndﬁng to the phase del ay S|gnal'|s provi ded- by a o plurafity offj_-q

buf fer- cel:l's, each of which driving.the: 35 fan-in capacitance of the - -~
- next del aywoeds)hsmlt and. al so ‘the interconnect- wire ca‘fﬁﬁ’p PRAROBT 3 hi ch
- acts .as the . -principal delay el ement3- A control pin for each buffer
serves as a buffer strength drive rmdul ator allowing the - . WO

99/ 38252 - . PCT/-US99/ 00873__

S -3- Imaddddp@redmientdeiei;a}t d:Cbeba'eNaJabalele Th“éhcoﬂwlﬁlroél pinsis .
dri.ven by a gh e b g
and end - of aas?&%?‘e g’méck \cgy e c;‘ﬁﬁﬁ § 2! &E@Q &QCig Hinked Re Rien

oscillator to insure that
the total anbeginsfingelemd iends of l@apﬂlwiﬁmﬁl%‘ﬁ]@ eYetR efckbe legelt ot al

amount of debg&1 atdrs JoeCiﬁéhfé refdd pLig e ophii CAmSRAE abes delagh 1|sncom ng
'_dlgltal wor d fting the local oscillator frequ ncg/1 %%F by a

phase dBl ay L"—ﬁPF é’&@l’iu{q RS FAFK fe¥ekent The tgkedr aMgHRELE Zﬁ'rator
-(coEnter) Iﬁggt eed 4 éJch\ﬂ!tﬁpllanef hﬂlil’cblhtd:pé:eaeaéﬁ oi[ﬂaﬁ ¢nuohﬁ.hgcounts -
each time t |rs i nt tor aches the thr _
i nput S‘O&ﬁﬁ?lqyfﬁ "6 84188 §EF§8% f%% |gFP; word
is first passeénal byt m@}grsaddfmnmrtreamh tiine hacoewi 3nsmmem‘- _
integrator 15 ~ and a thre | h | t
connect ed t 0C5EGTn A t:t}‘seerl\}llq"ln Igést{%yn C%%ﬂ_tt:'%rf fBLaded 5%&? be%or e
successbve mthii phﬁ)te:pl‘mtemz.t i dthiml ceanter coun‘hSSembl Glg@néib@t §1§S§er| es

~of crystal oggild b@%g:roxp%{éa%hes the sndpyef avan ie! tB‘éBQnBYJta crystal

oscillator p&frio m nus_(counting up or counting down or -
rever sal dighi&ed d@rai,/ gt dekxed- the input of the multiplexer) the

phase del ay unit. This Adfsindking @eperss eerahesi Bpvit ass@tﬂltéﬂ wor d

val ue. The shaping circguit, and counfer are out ut_ of '
the multipl ekd& %{ [t %%)&l%ult 'ﬂ%{'%hmﬁ?ﬂs?‘§gﬁo{°gl ﬁ%{‘t Fassed
~ throughst he (‘a@!dlfaﬁfthresholmtciréﬂitét p_rI'D]neV\Bhdpmgpchreused:Ls :
~Thus, the present inv tion e _ f eed- ts. - A first
f eedback ci ré’ﬁ’lntnqciﬁifgks ° that® rq) %’?gl a%rr%ﬁn?géﬁhﬁglﬁgc%wdccurs wi t hin

one cycl e andeftiming the successive multlplexer selection values.
" This would generate a series of crystal oscillator period
square waveforms followed by a crystal oscillator period
20 _:plus or minus (countlng up or counting down or reversal
phase delay oxder at the input of the. multlplexer) ‘the
~ phase delay unit. ThlS last period depends on the 1nput |
digital'word value. - The shaplng circuit and counter are
clOcked'by the output of the multlplexer so that the next
25 data word is not 1n1t1ated or passed through the counter
o untll the prior word is processed o
- Thus, the present invention employs two feed-
- back circuits. A first feedback circuit insures that' the_
total amount of delay occurs within one cycle and the-
30 ° second feedback loop, employlng the same oscillator as
the-first circuit, synchronlzes the 1nput shaping c1rcu1t'
and counter with the multlplexer output. The second -
feedback circuit wholly incorporates the first feedback
~ circuit. e o |
35 . . A secondrembodiment does not use realpdelay'
lines. in-the second'embodiment'the reference frequency _
" of a local oscillator is multiplied and fed to two
shlftifs in phase reversal relatlon,'w1th offset phases

;x



'p30 -seCond-feedback'{odp, enploylng the sane OSCI||at0r as - the

'first_circuit synchronges t he input shaping circuit . and count er
wth the 9#9 output. - The second . - _ feedback ci ropd—fmgggmom

d ncorporat es irst feedback - cirguit. 35 . - A second
- enbodi nent ‘does not use real delay = i'nes. In the sec_o_nd embodi nent "
-the reference frequency . of ‘a local oscillator is multiplied and fed .
to two r I

Yo 061 38252 SSRGS SR F RSS! ££E4ALACY. (il EHEORLAR! pRBARES as

- 4- mumulaﬁmq e Jayre o dehe r@qnehcgmbﬁdmen‘éarreoﬁeﬁnéeaa@. _
the nultiple gdely %@@fdltélecél Word MOk ROt thr SRR éﬁaaacumulato%n i nput .

digital word Is s roug an accunul at or, whose qverf om/S|gna]

‘after being oS SvErIlaNrsignal, pitey ]Pr‘EPngFE‘k%SrFBegeI ggdrggses
~approprisat e ehaﬁﬂtqi.qheﬁcéxorto seleé@eaﬁodppr@pfiatétﬁhasél deNgy’ ifee t0 a

l.i ght" ch f Th ted wth
Cother I AR RS e BT B r LB HOr PrPhOSHEnERABED AR
-frequency or fireeisitgi.es. THE procesSRIEFrAFEIRy Pepbeht el WHEhDBANLKGS :
© Fi 1 f nm, h

slygt hes: : 2| %&ﬂ I% g‘fa ; pﬁesene[q“{esﬁcee’ ‘%@%:E%B%nde:f[%nlﬁé E Se{"’r SEQ%E%Y 2A

is atimng ﬁmmquahqyanuﬁnequﬁnq%&me ~ “versus time as the out put of
the ingyt integrator in the . frequency synthesis circuit of Fig. 1,
with athreshold . | evel superinposed Fig. 2Bis a

timng plot SRIF HRSGARIRERD S DRAW%N$$he circuit of Fig. 1,

illustrating a synthesiggefl 1 is érm@awlégﬁaal of a first embodimkb@ 2C _'
is a timng plot . of recover ed dat inthe circuit of Fig. 1. -

Fig. 2Dis a°f fh%y %ﬁuea’f%aﬁia@m%p%rwt 28f the REGEPBY data word
~ bits in the dinvemidiosf. Fig. 1. R Fi gs. 2E-2G are tlnlng pIots
- of deIa% line . Fig. 2A is a tlmlng plot of a llnearlzed value
versus time as the output of the input 1ntegrator in the
frequency synthe31s circuit of Fig. 1, -with a threshold
level superimposed . ' '
_ : Fig. 2B is a t1m1ng plot of an output waveform
_ 26“_ from the circuit of Flg. 1, illustrating a_synthes1zed
frequency signal. o | | |
~Fig. 2C is a- tlmlng plot of a recovered data
_word 1n the c1rcu1t of Fig. 1 ' o S
i ' -Fig. 2D is a tlmlng plot of data envelopes for
25 recovered data word bits in the circuit of Fig. 1.
' Figs. 2E- 2G.are,t1m1ng plots_of delay line
'output 51gnals T _ ' .
-Fig. 3 is a block dlagram of a ‘delay llne used'
in the c1rcu1t of Flg.. _ ' :
30 - Flg 4 is a c1rcu1t dlagram of a buffer c1rcu1t
hused in the delay llne of Fig. 2. _ _
' _ Fig. 5 1s a c1rcu1t diagram of a charge pump
:.used in the circuit of Fig. 1. '
Fig. 6 is a circuit diagram of a phaSe lock
35 -1oop employlng the frequency synthe51s circuit of Flg 1
as a numerlcally controlled osc111ator



out put slgnals _ - Fig. 3 is a bI ock di agramof a delay I|ne
used - in the- CIrCUIt of Fig. 1. 30 - Fig. 4 1s a circuit
‘di agram Sfwe dosBiser circuit . - used in the del ay |ine of HGYUSH08TS

- Fig. 5 |s a- CII‘CUI'[ di agram of a charge p8Rp ~used in the CII‘CUIt of
Fig. ' s " ‘Fig. 6.is-a circuit di agram.of a phase | ock 35 -
| oop enploylng the frequency synthesis circuit of Fig. 1 as a
~nurreri cal |y control | edRdgei 17 dtsora circuit dlagrgm/ggzgzsecond

PCT/ US99/ 00873 " Fig.
£ th g.

7 is a circul {“b %S'r am c?ff ézr%eecforndq'lency E@%t ?srr%?\tc%)fc?ﬁg for eé]:ugncy

synt hesi s C|p¢asen@fnnwgnt10n- present invention. Fig. 8 1is
a circuit diagramof dygly SW fers crousisediagrafieoti ault sofi fegs 7.

Fig. 8Ais a tinmng plot of a high_ frequency cl ock waveform used in
the cirbuit uBef gn rhe circuit of F Figrif:-"8B is a timng plan for a
divider used in tehiey Cigrctid Hftfhing 130 of a high freGugncyBC 8F

are timng pIots for shifter inputs - ugl shifters in the
circuit of Fegock waveform used inthe c%ﬁF@fga?g ?? ‘plots for-shifter

outputs fromthe ShlftﬂmﬁglrBBfEscarEimin@preg.far a leidEI used iFi g. 9D
i's atimng ot af data g?%glo ' recovered in the circuit of Fig. 7.
Fig. 9Eis a! Nntnied ou but waveform = - fromthe circuit of -
Fig. 710|IIustrat|ng aEmgaJm&Ezﬁﬂ are tlmleguph@yssfgﬁashlftgg inpR&e MODE -

- OF CARRYING_ggqﬁgggddgfaggf}%ers in the Jibuiefgeepsg.tg Fig. 1 t he, flrst.

enbodi ment o frequen synthesis'circurt of the present
i nvention has an Bigax 93 1§¢$e%bmyﬁﬁgP%9FPaﬁ§#|Fpéétﬁrgnal

represent'ngdﬁﬂﬂdﬂéffrdﬁ”éhérﬁﬁfftéfg ihecneal gerehithes Fig. 7.
~ Fig. 9D is a tlmlng plot of data envelopes : 
15 ‘recovered in the circuit of Fig. 7. '
Fig. 9E is a timing plot of an output waveform )
from the circuit of Flg 7 1llustrat1ng a synthe31zed

frequency signal.

20 BEST MODE OF CARRYING OUT THE INVENTION -
' - . With reference to Fig. 1 the first embOdiment of the
frequency synthesis circuit of the present 1nventlon has
. an input line 11 receiving a transmitted s1gna1
o representlng a dlgltal Word 1nd1cat1ng the value of theg
”] 25 desired output frequency "The frequency synthesis '_ _

. circuit of the present 1nventlon can establish a de51red
frequency in a very narrow range centered about a nomlnall
or reference frequency of a ‘local oscillator 37 usually

corresponding to: a’ system or’ data frequency. :
30._.' . _ Input line 11 feeds 1ntegrator i3 whlch is part
' of a shaping network 15.  From the 1ntegrator, the .
incoming signal is fed tc_a threshold circuit 14 whlch
goes high when the inputySignal is above a predefined
. level. . L _ _ L

35 '~ Fig. 2A shows integrated bits of a data word.

" Line 12, a linearized trace of the integrator output,
represents a digital word input which is clocked in from
the output synthesized.frequency waveform. The first |



25 - desi red out put frequency _The frequency synt hesr s . : ci rcurt of

t he. present |nvent|on can establish a desired - _ frequency in a very . .
‘narr ow ran% red about a nomi nal . or reference fresgoswoosrsa
|.ocal osci ['lat or usual ly" corres%ondr ng to.a systemor data
- frequency. 30 - Input line 11 feeds integrator 13 which is part

- of a-'shapi'ng network 15.  Fromthe integrator, the" ‘incom ng-signal ‘is

fedtoathr s g eRot ut signal
~ is- above a pr g%%‘lﬁdr cfhc%st ﬂlﬁ #\{% h]é;sproduggg ehte Qaﬁ‘g ﬂz ?%IJO\%E i nt egrated
bits of a datdalmnd:n which Ltsresnecuéleqin?@ﬁrtlzeddtea‘éelornpﬁe MRKSgr at or

out put, - SRk She dtérlé:@épuoéeefﬂpéteﬂlal Eﬁvbivihgchéﬁ@ infrom -
t he out put sy nt esr zed frequency waveform = The {c WD 99/ 38252
PCT/ US99/ Oggpyerflow period, shown in Fig.. B tg en from lrlﬁtee&roat or 13

It E Fh g. Stl Fredm Qfgtﬁ'!ﬁ)rﬁaﬂibléhﬁﬁﬁtafrequend%rah: !DmnthSPfh:&uSpelele? by
e lgital | ut n teso oe i nvol vin
the OOt aREp e @3 snote T dnble e Rual rdoRerpRaianes s V' 1Y
coming from tdiegmet]pmtexfeleqm:ycwtedrhg Bonérdm in Flgul RRAp| eThe 33 The -
threshol O filidsrh FUANLANP, 2 uoed) b1 BLe! 8VEime! BILEALET HadI N 16

in Fig. 2A res ciTcul 4°Ts use S5t e ST ot .
or der tdcqsedeé@tcta mavepiplasecdelayi ghghal . | f Ifhtheampmpi gigmalo 12
cr osse o he t %?Qfg hé l?i-le}é’.l% duise 18 s £ 1 18Fig C;irs
gener at ed %hry s%%gta 2‘?’ e elna *’e for HEM. Bt:loﬁﬁ ter mﬁ‘.""’%‘ .

‘integrates tﬁ'ég-} i o rﬂfrﬁﬁ%"e%dr n BRecpulse isig simBée gnABkepRS%Feadel ay
unit shiftedghaft@dy wiich mtegﬂartfes nehe@éemeomhgapdeeeeahnoeed@r e. -

_ gounfeﬁ or 3&%”%&%%. 3 a A f‘?\g g\qulgﬂl gﬁ ﬁEeﬁ?rﬁlgéggPl eﬁgﬁgegypg?de
successi ve cwﬁntlriﬁtrmdmyls)fn@totmtdeglmal onavdide.t bheipar, asrtrc) but
chn oxd% end® 5 SHIBRLE AV Lenind mods FofpEkABRICR, Bty SRS, 5"
because t he temnter OIfIIEFf]HQiFﬁ@LiDMEYaC@dﬂDt 1nou11edhv\pnﬂryt boesdiy -
'capaC|tor changes per successive count. This way of counting
| avoids?the parasitic switching of a decimal counter. 1In
- a decimal two bit.counter,-one_can experience problene,
20 for example, when'switching from 1 to 2 because the.two'
| “flipéflop'outputs_are'not'IOaded'with the.seme capacitor.
_'If one sends this value-to the'multipiexer, the problems "
will appear'on-theemultiplexer output. A one bit -
.sWitching counter does'not”produce'this phenomena ' Then
25 the series of blnary equlvalent values is as follows: O,
1, 3, 2,6, 7,5, 4 for a 3 bit counter in accord with-

.the following table.

' Gfax Code -  Binary EngValent

30 . (Counter) ~ (Mux Delay Input)

e 000 . : ;';- 000

- 001 _ 001
o 01 Lo -~ 010
35 - B 010 .01l
: o 110 B - 100

111 = 101

101 S0 110

100 o 111
__40. . .



If one sends this value to the nUftipIéxer;'the'problehs' S Will ‘appear

- on - the nultiplexer output. A one bit ' sw tching counter does not -
‘produce thix ghssgsaena. Then 25 the series of binary equﬂ’/‘éT’Hﬁ?”‘\%T:’ues '
is.as follows: O, o1, 3,2, 6, 7, Eﬂ 4 for a 3 bit counter in accord
with. . the foll ow ng table. : ' Gay Code . Bi nary -

_ EqU|vaIent 30 C (Cbunter) - ( Mux Delay | nput)

- 000" Of cour®€) the phase’ delay afdlint of signals m@oy be
gié B connecteéoln a correct order % the mult1plexe€ order
101 to be sdtbBed out correctly whed the Gray code qaunyger _
PCT/ US99/ 0087 99/ 382 O I
Cour ot he laxgadEsy iloBter words, the ney selected eignalimist
correctSordébetﬁh;ﬁéedubylQnéxﬁhaﬁﬁ unltt%?%Rﬁ%Qﬁt%ﬂ BR® correctly

~when the G OHALEr e ther hean
sel ect ed SIS% ?9%%3% YAES For ekﬁﬁﬁﬁﬁﬁ &1 ddhﬁ)ﬁéfcdﬁﬁébted EoNgnput

: y one, phase t red to the
previ ous onel Oﬁomuexaﬁﬁl@us§1£ﬁu§9n9€cﬁﬁﬁh éJEPH:%%pu$§ gp Bf mux, S2
' ﬂ;ht bg C22d|@8ﬁﬁs4 Qcﬁ?d'bﬁauinﬁutsa,“gmﬁitdﬁ?lpqt 3, ccu}nmmednmsm{/geut%g not

3; must .be . ognected to i gjcounter -
i s equal 10 SoRgegtedhER FHBHE % e 1fm?% s %ﬁlse occirs -
':jtel gg)cisﬁ;se;tbool tllﬂen input 2 ((S2) iis w=lesttetl ( SZESla -Ipulsf] aafurphase -
: ul se_gcgur er, r.eac, Laput 4 is
b tlﬂgrgaseg edr s tkt 9.?13)”11%3 S‘SSZ§2 £ é@feé% edNeg2LBPUL 4 |

sel ect ed. connec + unit ase delay) and so
on. 15 FrounatfphaseodaﬂawdlntIéfavm@MtﬂuiﬂﬁnnﬂQ#r%en@th@@uater

reaches 3, then 1nput 4 is selected. Input 4 is
_ 'connected to 83 (83=S2 + unit phase delay) and so on.
15  From a functional p01nt of view the counter generates a’
'~ variable (the counter value), able to select all of the -
phase delay signals in the'correct order, i.e. eech.new
signal is the phase'delay unit shifted relative to the
previous signal. o . T
.20 The address received by multlplexer 33 :
'1dent1f1es the next phase delay signal to be selected
from a- delay line. When the delay 31gna1 is received,
the multlplexer 33 outputs ‘a frequency 31gnal on. line 35,
illustrated in Fig. 2B. - Returnlng to Fig. 1, this output
25  signal is fed back”to:integrator 13 to clock in the next
input word and to accﬁmulat0r'17 to_feed'the next addressl
_to multiplexer 33. | - ' - |
.The local 050111ator 37 is set very close to
" the nominal frequency but not exactly at the nomlnal
30 - frequency. The oscillator is preferably a crystal
' controlled osc111ator of hlgh precision and stablllty.
wThe osc1llator.transm1ts.a.slgnal_to delay line 41 which
has:a plurality of delay taﬁs at incrementally increesing
_ delay unit 1ntervals, s1, 82, .;.; SN whlch span one
35 - clock cycle of the local osc1llator All of the delay_
'~ taps feed multiplexer 33 so that an appropriate_delay'can SR
- be called by the address signal fed to the.multiplexer
along line 31.. | | | | |



. vari abl e (the'couhtef;value) able to select aII of t he " phase del ay.

.si.gnal s in the correct order, _i.e each new - ~ signal is the phase delay
“uni t Shlfté%é éﬁ%lve to the preV|ous signal. 20 . perruseshbes
-address re |ve y nul tipl exer 33" ?entlfles the next  phase del ay
signal to be selected = - froma delay T Wien the delay signal is

-received, . t he nultlplexer 33 outputs a frequency signal. on |ine 35,

iltustrated in Fig. ZBITBBEEW Pbgglgn%nt@”g trge &élasy O_LLEII%lt %ﬁigégn%lg is -

--fed back t.o integrator
accunul-at or 8€riesf oédbulfifemerirguditsss each étSﬁqmﬂatU emaeﬂrh:ﬁ load

The | ocal OSE%ﬁAﬁS.EBr?’Ef' BaRgt *ogfmecl eBcdped bty NOBHR! adbgicgEy but

‘not exactly a e nom requency. _ -The qscillator is preferably a
crystal .~ delapt i8l pe&ae%ésheét 8F SHnedyPYh e Ghatge SR t4hifriyen

Tlhe OFC{’l I a}geydt?ﬁnsnkt im%:smeel ré@tzl.@i%:e%y 45 ne. ﬂﬂas/\/rﬁ@st%r llélaéeetby

plurality of delay taps a c a I ncr elay un

intervals, S, Sﬁnai. g?’o@Nt\\?bﬁi' E}Frg G 6%’& fea‘fqlt?g‘k O I RPSRC (M Rocal

.osci'llator. % adf £1bf dhbalowest ulndgs d‘&@ﬂaldrﬂd# Li m}@(mhalﬂgfégaudipt han

appropriate a alle e address signal_fed to the
xpga8wa FPRBQ %rom %hey %. VDS QP

nultlplexer
PCT/ US99/ 00&#&nner, the delay is tuned to. the reférence clock cycle. |In

one emﬁpdlnent t he degﬁg Ibgesﬁgggr|3@%v%fozrlequ & ueegﬁ%éer circuits,

each associated with a capacito tribed .
“bel ow. The »epuasepting thedsigpals f@%&heﬂas:adr asgiddasen Tharge punp

43 .driven  Seapdy afoSgRiihipabl, opp&gw ?zfye&ei)'%eseﬂvss d figiLr wseiset by
a S|gnal fromthe hlgheste%nlt of delay and feset a . Ssignal from

the | owest UPRe BRiBePhydelale BRar YoegFgmpt res°¥%%§tﬂﬂ%ﬂﬁ&iﬁ%ﬁﬁns from

- the SR regighSlnt bﬂ fhtger in anaBRcambibRicie Aay.S loitaskdgivde
referenge cIock [ shows a mavefornl th zero

del ay, PR §eﬂ? ﬁﬁlﬁﬁee§ﬁﬁﬁthFPUﬁ&tﬁ§%¢ﬂﬁ§ 1O, [ 3MOHYr

taken al ong déhay 39shoWhgin2Figepeesenepresegrialg W tinits of delay, a |
signal which is in phase with the zero delay 51gnal of '
Fig. 2B. The output of the last delay’ cell and the
. " signal coming out of the local oscillator are sent to a
20 phase comparator which provides the phase difference -
| between the two signals. The difference equals zero, as .
shown, when the ‘two s1gnals dre in phase. This means .
that the last. output 51gnal SN, is delayed by the perlod
of the reference signal, i.e. the per;od_of the local |
25 oscillator. The minimum'humber of deley'units; or’ delay
' .cells, is a function of the maximum peak to peak jltter
which is to be resolved,_l.e, At. The number of.cells is.
 given by the following formula: o

30 " N (number of cells) = (T_ref/At) +1
where T- ref equals the period of the local osc1llator
.The inverse of the period of the output waveform T out,
o is the frequency of the 51gnal on line 35 of Fig. 1 The
- 35 period of the output waveform 1s given by the follow1ng
formula: ' '

- T_out = T;ref*[m.f_(14(1/N))1/(m+i)f



“one unit of delay, At, where At resolves a specified anount of: jifter-”'

- in a non-anbi guous way. Successive 15 . anounts of delay exi st ﬁ :
t he' maxi huwoaeBsase of del ay, shown. i n - Fi g. 2G represé’rﬁ ’“%99 “%Hu ts

-of delay, a. - signal which is in phas®-with the zero delay signal of :
Fig. 2B. The output of the | ast - delay..cell and the . 'signal coming: out -

of the | ocal oscillator are sent to a 20 .. phase conparator which provides
‘the phase difference withbmt wed@™{¥k- 1mo(§|§ﬁduéo texadi f ference equal s

~zero, as. - shown, when the two signals are in phase. This nmeans
that the |ast out put - SIgnal SN, is delayed by the(gerlod of _the
reference sighare V.e t redgeimad é’lasc%é’qld’@alo Bgh %B??I‘é%%i‘talThe

- m Ai mum. nU”‘E@{x&f ﬂﬁ'—aihténhhﬁ\be&* dﬁ'c’@&ay cellge,l %5, = Iﬁhﬁ EﬁﬂcﬁidﬁhOBfL he
maxi mum pea 0 peak jitter lch is e resolve e, At The
nunber Bf cethe pgcumulater, Jgreater than ?m}WQHFné ta%ow°rd bit

N (nunber ofygathy) Ex(irs_l’@c&uébrtbt the¢ base 10 nuinbes Bf glossmilslles the

‘period of the |ocal asci h inverse of the period of the
output vavef 8FaFFS08E, ccumuﬁ§tFﬁe dﬁency of the signal on line 35 of

Fig. 1. The 35 perlmﬂeWEfbhe out put waveformis given by the follomnng
fornula S T out =T ref*[n1+ (1+(1/N) ]/ (m+l) - WO
99/ 38252 ' PCT/ US99/ 00873 - .
with me (2[err]/V)-1 F(_ezunmeulFo_neeﬁ*n@z“*N)/Hzm&)eW = the deci mal base

"~ value of the input digital wor d, - N = the nunber of delay cells, K =
the bit width of 5 ~the accunulator (greater_than the_ | nput di |taI mord
bit  width), 2[errPith egfgrense e Fise B b#0p0i8| BFEn to

comprise a plurallty of logic circuits in series,
.startlng from a first logic circuit 51 and ending in a’
‘15 last logic circuit 53. Each logic circuit is 1dent1oal _
and prOduces a unit of delay;' Each logic;oircuit.51 has
" five terminals, including a vref terminal 61, a clock |
‘terminal, labelled "ck", 63, a clock out terminal,
~° labelled "ckout", 65, a delay output terminal 67 and-a
-20 hload output terminal. The ckout terminal of each 1oglc'
' | circuit is connected to the ck terminal of the next logic
c1rcu1t, so that each loglc circuit is clocked by the
. preceding loglc c1rcu1t, except for ‘the flrst, which is
clocked by an incoming oscillator pulse. The vref
25 terminal, 61, of each logic circuit is connected to a
common_line'70 dtivehﬁbyfa connected charge.pump circuit,
- ‘described below. The output te:mihal 67 is connected to
a multiplexer'33 in a.manner such'that the muitiplexer is
able to select an output termlnal prov1d1ng the des1red
30 amount of delay, dependlng on an 1nput dlgltal ‘word. _
| - " Fig. 4 shows the details of each of the loglc
citcuits of Fig. 3. ‘An 1ncom1ng clock pulse at terminal
63.is fed to'the CMOS first inverter pair formed by the
3tran51stor pair 71 and 72, cau51ng momentary conductlon
'35h in the n-channel tran51stor 73, connected to the source
of transistor 72, as there is a -vref drive voltage on
vref input terminal 61;._The incoming clock pulse at |
terminal 63, while switching the states of transistors 71



stat es of accunulator output o . o Therefore | 10 : o
F_out E ref*(2[err]*N)/ (2K*N) +V] - ' W.t h reference to .

Fig.. 3 delv?é’ﬂédi?z is seen to corrprr se a pI urality of b@g’usgg}nogwr ts.
in series, starting froma first. ch circuit 51" and endrng in a 15

| ast - Iogrc crrcurt 53. Each logic ¢irrcuit’is identical . ~and produces
a unit of delay. .Each logi.c circuit 51 has “five termnals, including

a vref ternnglg %Deaq SR Eiret ihFLAOR pal 2081 L8y wikche@3: a clock out

ternrnal ut termnal 67 and-a 20
.l oad out put ttaransiatorsTik culit73 i araase@@nréaenveﬁgee pair, gldewing s

connect ed to g stﬁilb rfrdd“ldgﬁi pﬂilé@%a%efgalen line 95! BBtleedO that each. -

| 6gi ¢ crrcurt pr eced |n% ogi c_circuit, except for
the first, welestnpdes °f(§2ﬁﬂﬁkﬁ%®r%n 4 reRRi 5fo§§|Fh§F8r1§uF§§ vrede

vref 255  tehadlolthgdlotamte | V8 E £ﬁp@ﬂlterﬁ1ﬁamn6§t6d to a
.common |ine 70 driven b a connect.ed cgﬁ?g Q% ci descrrbed
t

cu .
‘bel ow. - The output ter |STFRRILR P vret ﬁtnEFFWﬁpé}e5133 in a
"manner such tesafaplished thiip amounts of curesdhe fbowehgcinanheutput t er ni nal

BrOUT 10 TN S8 n AT 5] e SEREOE T 0170 LR 1
“Circuits of Eh; Ihftrh1deunﬁnuhﬁ(ﬂxxﬂuxMIsndatheetnanaistors 763 W§ fed to
(the CMyg 11 Shd MMRIL Al il "PIRDYot Mohe circhifNS!A!QE,BAY! ! ghbudd 72

“causi ng nomentary conducti on Fannel transt Stor
connect ed t ooftheonsiwatdon on tdie tkefisigide ppovidesnstrong drivef teri ve

voltage on the Miffe igiHE 4R H NHhodd cudhent qs@ieeglﬁtedshe%ﬁs atv\o

- terminal 63, while switching.the states of frapsistors
99/ 38252 termlnai 69 whith éharges the loa Cgaggggf£@g7gapac1tor

-10-- ofndréhdistdyes fiq,st73 NVEL | eg2 pahd BhEersvhhebeswire
: :15f . capac1tor, while also providing output drive to the
1nverter pair of tran51stors 82 and 81 which 1solate the
output.termlnal 67 from the load capacitor. In this
. manner, the level of vref at terminal 61 governs the
_ strength of conduction on the left side of the circuit
20 ~and the amount of charge stored on fan-in capac1tance and
wire capacitance.. The amount of charge . stored governs
- the sw1tch1ng time of the right side of the circuit, _d
. thereby establishing the ‘timing of output pulse on output
R termlnal 67 and the ckout terminal 65. ' '

25 - . The charge. pump of Fig. 5 receives upP. and DOWN

- inputs on terminals 91 and 92 from a phase detector 45 in’
Fig. 1. For a phase lead there would be an UP 1nput and
for a phase lag there would be a DOWN input. These

_ _ '] inputs adjust vblas_at_output_term1nal_93. .The vbias”
30 . output feeds the vref control pin 61 of the logic .

' circuits shown in Fig. 4. The pechannelltransiStors 102;:
103, as well as n-channel transistors 105, 106, act as
current source mirror.providing a positive current when
UP is active, loading a built-in capacitance'equallto

'_35' several pPF, or a negatlve current when DOWN is actlve,

o _unloadlng the capac1tance A typical built- 1n capa01-
‘tance ‘arises from a large area of polys;llcon over gate
oxide in MOS devices. This charge pump and capac1tance



transi stors 74 and 75 of a second inverter pair, allowing - .. - "an output
clock pulse to enmerge on line 76 bet ween - el-ectrodes of tranS} ‘iqtj%rs 74.
and’ 75, aavob%ﬂszs the vref 5 drive voltage onthe vr ef G P naI
61. : ~ The strength or levetlef vref at term naI 61

establ i shes t he anmount of current flowng.in the two - paral 1 el

branches formed by transistors 71, 72, and 73 on - the 1eft side of the
‘circuit and ddte 4= ansfiloesing, degice, iamd ipopn fiflden g theidekay he
circuit. Sn{lcgrﬁﬂ;g :?é@l#".%ator ﬁonei‘gioﬂgkﬁt ' O'Th%” phaad ddtedidsr prigvd des

strong drivé e and“a short “current, pul se |nlt€ the ckb
term nal 69 chaxge @mgestbﬁecﬁﬁéﬂl‘g'apéeoﬁpéet@&péﬁlta@r line itge

‘transistors /4 o ZPL§11n§§déan| gher (iﬁﬂ@ae&ow whetb thecepmudmenmf e also’
3

provi di ng out put Ive, to i nver ai-r_.of trans tors 82 aFnd 81
whi ch i%ol attdhe h’en"entm’au?ﬁﬁ?l?@?n?ﬂa?n@ er HET Jdh i TS
this dhessevel jmftérei:eth:enmml 6l egoverersy thmw. The

strengt h of cond | on fi.si-de_of . the rcuit 20 anount |
of charge stﬁﬁ%"g PR ?‘We’(?ﬁpgg %Q‘ﬁcéné{ﬁa‘tlon e ca:|zoeacc? anceé %\1
anount of charqel sy caedugbveegalator.t hd pwistithiveg variatofon hef roufiputi de

Coupet kg v AR FREPESLE PRI C By el driegeln
char geLpunp déldy goiBoubtei showoPiangiBOWW while ianmadptoiVe QWERIFs 91 and

92 froma p F dea ahase | ead there would
be an UP. Ing@f‘ﬁ:%&%i?ﬁ ﬁcraase theFathouht JO é3,h

hase | ag there moul be ‘i nput".
~ These i nput's adj @§@195F&%Yat thgt pirounts Qi doted de%@ey Vit as 30

out put feedsa&ﬁ?stfé&fbyoehéObonparaton ashan (I!ilgc 1 so HACWIB shown in
Fig. 4. The p-channel” transi stor

wel | c nnel
transi st ors Bs debay QEFuxs exa&lé’u?”r"&ﬁllns&ﬂecéﬂrﬂqﬁ? oqycp]r%\/l ?ﬁfh 615 _
positive curpamteihea clock MRy hamet ite, pheadi rgijndned tto ramapmlmence '

equal to 35 gver a or e e cur e ]gllgﬂz .
unl oadi ng th‘%l't]%b%c?tﬁng le 5\1?;9% %gﬁ:lléw I #{ |c2ptctal\MaEC|rt é&““jhcg:éetl'éalt:"ie| ses
from a | ar gelar facoéapebyshal hewnselectgs: phase SG-)QIIPéL i¥s MElertedes. This

‘charge punp CﬁgﬁcsEfEEEed signal WQ Y138 F of 1 unit delay_phase
- PCT/U899/008compared to the prev1ous selected one. By changing the
20 data words, the output frequency may be selectively .
| '-changed For example,'by"incrementing the input'data
word by a preset amount, the phase of the output : _
frequency may be contlnuously shlfted by an 1ncreas1ng,
_ or decrea81ng, amount. Th;s gives rlse to an output
25.' frequency based upon phase shifts of the_local'oscilla-
. tor. ' e ' ' a
| The circuit of Flg 1 has been descrlbed as a
stand alone circuit. However, in some communlcatlon '
' applications;an input clock s1gna1 can be derived from .
30 " other sources and the circuit of Fig. 1 can be used as
- _part.of a phase lock loop circuit. Such an arrangement
is shown in Fig. 6. Assume that Flg 6 represents the
receiver side of a dlgltal ‘data communlcatlons system
Assume further that the transmitter side is transmlttlng
35 - a base band signal whlch 1nc1udes the phase of the system
transmltter clock,ltself at a nominal frequency,.where-
" the phase of the'clocktsignal is used as a reference for
-a local oscillator iu_the-receiver at the nominal fre- . =



act as.a filtering device, i.e. loop filter of the delay - anmount

~regul ator control |oop. = The ‘phase detector, the . charge punp, the - ..
capaci tancwg #ie delay line itself ~ - are 'a PLL inside pdfrn$ve/0s73

~invention #Hé enbodi ment of 5  the.iLnvention requires an anal og

" portion i'n order to neet very aggreSsive jitter requirenents, i.e.

.overy I-ow The - second enbodi nent of ‘the invention does not contain

such a 0 At '

~..vol tage -w I I ecr%ase@%eﬁggr%%n%ggflade ngﬁetﬁie\é‘g‘%ﬁf@% héme qré}&éﬁher
circuits shosundenbYl geanswhfl @ Rhasgadeneraragut(a Modulq tGRIEERY) - i ncrease

the amount of |g¥unﬁer is periodica®1i @%aﬂéhlﬁﬂéﬁEﬂﬁnﬁubiﬁsﬁﬁééﬁ del ay
is adj usted e co arator _45 in Fl%lq so that all pof. .the

del ay occur stemact:i-/?qﬁn 8RN Bh‘e‘ VRAUR o 0d! ar?-t DG WOTnner, a cl ock’

~may -havg 'tsréﬁféseﬁés%héddﬁgleai value of the tghase sno*:gl&he;l ock cycl e.
Each.tinme the accunul a a_new eI ect ed (?e signal is

ase _
sel ect ed. recq—mrgrnggﬁgm E&lﬁddéﬁdﬁéﬁ' E‘féﬁ BpsE f?ﬁ"ﬁ"f aPhase.
conpared to fiecerediolin setert &d cope wB;trnhma;meg tdisst30rbankzes. wor ds, -

the output fre que?ﬁév?z%g céﬁb%%%d"%&ébfllter%*@%% r'lilalF%J.]?.lE Yo LY

I ncrenment i ng preset "anount ase. of the.

out put - ffeqqenuyysmayhbs.lzem‘u nuousl y shifted by an |ncrea5| ng, -
‘or decygasing, anount hi VES chivett & e%ltoqg.lt 2P gicdy eguency - based
upon p gse shifts of t'ﬁhér ggggkoggc %yt ‘Y%IE gi The

circuit of FryangmhasipBeAYEESEY F‘Bé& ﬁ@ able~ to s?tra?ﬂdéﬁ cherange ek |
However, in fPQ&uéﬁmsl gatikBlinding t&RPhckd0NDrAd fytined asgsaynal can

be derived from 30 t her squrcges_.and the .circuit, of .Fi can used as
part of a ph3sRI| bRg F'BBBtcaf"gﬂrFf“l w?ﬁéhaasnaame’ﬁi@l catSE h@%ﬁm in .
- 'Fig. 6. ASsaghEowBathéi gecéivepr esemun tslymchronous—i(}elwuﬂrh Stk of a digital

o ek T aageatac 8k Ebeminerl o TS e, Yind MnS RS AR G T 0

syst-em withisnat herroworknges elff faeqalemmaaalnefaaeqﬂmayommﬂ e
" the phase Ofrefﬁrghggkﬁ?égﬁ@# ?s used-as a reference for =~ . a Iocal
_OSCI [ 1 ator € recei ve he nom nal fre- ' '

- With reference to Flg 6 an input 51gnal
_contalnlng the dlgltal tunlng word is applied to the
.20 phase lock loop along line 81. In case the frequency is_
- dlrectly received on the receiver 51de, the input 51gnal
must be 1ntegrated first to get its phase, a dlgltal '
. word. If ‘the phase is already transmltted for example,'
:-as in an MPEG2 bltstream, then there is no need for block
25 ‘83 of Figure 6. The output of block 83 is. compared with
| the phase of the recovered clock 'In order to geherate
.thlS second phase, block 95 must be fed by the frequency
-signal comlng from the block 89. The dlfference between
_ ‘these two phases must be flltered because the received
30 . input 51gnal is noisy due to transmission- path distur-
bancés. The recelved 1nput frequency signal is composed-
of the average frequency signal plus noise, i.e. jltter
Block 87 filters the_jltter,_whlch is not_necessary'to
_recdver-the average'transmitter frequency;.and provides a
'35 digital word which represents this ayerage_freguency when
'the PLL is locked. ' . _ o -
Phase comparator 85 transmlts recovered 1nput
data to fllter 87 for. ellmlnatlon of spurlous 51gnals and
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-12- quency. The: phase srgnal i's. generated on the transnitter.

si dé by rrmossvatzsa phase generator (a nodul o counter), "ésc?@ﬂ??tser is
‘periodically transmtted in a bitstream13- tine cl ock and this value, a

digital "tuning word, 5 ‘represents the digital val ue of the phase.  On the

‘receiver side, this digital value nmust be recovered and - filtered, in. .
order to cop&emttn:ahammetedl toupbanddator 89 W qhedd & cumeBheatEY and -

filtered sigpale %tteartagslglator bEeRuen ey NN Eetedlin Fig. 1, The

¢l ock recovery Sys transm ssi on Sé'St em must  be

~able to proviile @sehhyater beingf tugeehdvedheudidiidhg iR M Ral or

reference. S' |s1%nal BSbR0at hechPuscdingidtdr Wartl tase ardewvagedndi cat or .
.Thi s ows the receiver ;to run synchronorueg%/ﬁvmth the 15 ci ated

ot ransmi"eter 1WH1EhfF§q&P§6Yspé§| predied A2 M ?f?ﬁr%i'r\"‘?aﬁge of

frequenci es n@érnﬁﬁermeatmyl contromfedr oaed flramersy . selects from Wt h
reference to Fig 'C.otalnln the gjr% t uni ng

ut
word is appl?’\éﬂl}%b%ﬁepg‘ﬁg Bﬁgggsl 5‘9kﬂr(? c?ngref ase the '’
frequency isgignaldalengl ¥ineceBved Thist lwtrp&rterﬁmqtmntar ime | nput si gnal

must be integrated first t fat he
~phase is alr Yﬁ f?gﬁgm t'“%’ 898%1_» t2 %%I%%atae Ui sﬁ{ase' ]R%DE%Q %I tst ream
then there isnoegneaedrf 85 bnoakfgedbaceke, 1gforFi Sjurands, tramembkk pdt baekp| ock

83 is conpar e oo or to
generate € %‘f“ges‘é‘@%‘ﬁ?gﬁf@% “ml&p?frrﬁ?ta/ﬁe%e%ﬁ%f t]ﬁ%é]fareqﬁgﬁcy

signal com n@jvﬁlbﬁblﬁepbﬁéékdgéalfsﬂﬁ’é @soidrlatr theiese two
‘phases nust Eéléyetﬁ{rggllﬁbiéuiﬁ the rdeqewqchf@ 41ioputigi anpl oksthei sy due

to transm ssion pat The regej ved, i npu equenc .
signal is covbsteal eiayoﬁlrlﬁed&\?&r&%@%b@dﬁ%cy é%lg‘?%trl‘b?ugk %{’ .y.-
jitteras h de Bl g6l ﬁﬁafsel delayt ba ljows erunisy ot |c$¢m11at|mnssar]9yt o

recover. the average. [ fr 9g pLOVides tal
~word which r%ﬁ?‘ég ﬁf‘ ?ﬁﬁswgv rage r%qtj%%a?q%t 4oL df%j?é?-’ll_ngkgllsocked.-
Phase conpareahang8és,t thesputputedaeauehdyn llne 9fijat@Yt]eerﬂ¥e¢d87 for
el i mnation QitﬁpHEbBHEtS t@"2h2 Faterence frequency on line 91.

_ The delay line of Fig. 1 provides actual t:me
20 delay from load capac1tance ‘It is possible to s1mulate_
delay using shift reglstexs as described below. ‘The
_ ‘shift registers provideia_delay 1ine with phase-delay
' unit depending on the reference clock, since the effect
-of the'delay line is the same as a real delay line, both
25 - the virtual delay line and ‘the actual delay llne will be
' called a delay llne in the patent clalms below. '
| In Fig. 7, the second embodiment of the’ _'
- frequency synthesis circuit of the present 1nvent10ne
_operates to receive a digital‘input word on line 111
'_30' E Wthh is sent to 1ntegrator 113 hav1ng an output whlch is
fed to a threshold level circuit 114 in a manner similar
to the first 1ntegrator 13 and the threshold c1rcu1t 14
in Fig. 1. The input data word is recovered in ‘these _
: circuits and fed to an accumulator 117, Wthh is a modulo
35 counter, similar to accumulator 17 in Fig. 1. ‘The ‘output :
”Signal from the accumulator 117,ra counter overflow '
signal, is fed along line 131 to the multiplexEr switch
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then transnitted to oscrIIator 89 mhrch isa nuneri cal by _ controlled
oscillatorg 9?slggsltype il lustrated in: Fl g 1, ~ ‘the osci | p@f/BE0REEMBI.

t uned by t i ~input word. = eIa ignal froma local oscillator,
at the recovered 5 " i'nput frequency, ‘%plled as a reference al ong I|ne

91.. - The nunerically controlled oscrIIator 89 selects from

(gyailable phase del s bady Qidhr TG5aNe Al cockerece, ShENAE ghang |ine

93... This ou gquency 1s er to generate the

phase by a phesed shifts led @W¥) 05 in a f eedback | oop 97 and transnttted_.:

‘back =~ " to ph Kwithh
~bac 0 phase com f);ﬁfc £ M £ Pﬁp’r‘.{té'eéré ﬁ@ﬁéfatea withhe

avallable phase del ay I'l'1_ator 89 resenb del ays avallable
in the del ay reifgrenteptaiay. 1°palor°~°c%1 atorvlﬁu‘&hlebl aperakesdascai bed

bel ow. gSel eglonamaQl siiat kb cldt8si Fashideep. debsyiplhevs 191 Ag af very

oscillator 89 b J.nput di |taJ val ue the digita
- words - Ekakdes osid lliﬁ qﬁﬁ%ﬂﬁ%ﬁg ?Yﬁ%ag3°ﬂﬁ§rﬁg£9 ried
with respect oeitthetioaf.er en&eﬁdmumoqlwklsmal is taken along lihke

detay | f d | d '
R Lons Dhas g AHEES'S ACYEnd) ThrkbinFRE Yot S ERAORRRT) | B0oS
"bel ow. The the sysitefrt ﬁnqguﬂnnx;hy(numhmbenelay | The high fregeedeyay

it dggendi a9 0 JBRACTAERFQ £l 80K e oL (EEboK: signh LBE del oy .

line iSthe sa eal T1%e virtua 1'i ne
~and the act uﬁhedéll&‘?tl ishd ffien ltﬁel and tl@@@m@a nveresr| 148 £o tche pat ent
claims bel OWgecond shifter 153.n Fig. 7, the second enbodlnent of the
frequency synthesis crrcur of the resent |nvent|on ' erates.

receive a digital inpuf® G @%ﬂ.%ﬁﬁ LIRAUPPEY @BhFlPolﬁﬁtéﬁiator s
113 havi ng a;.ﬁ.eeursput:sv\tamﬁputs to a difxetlié:ﬂ eitdutshoid, | wethcaioiigesl14 in

a mann Si flrst at the th eshold circuit
ANNGE O e mpl eiptild Mhdayidey BEH A Phend 06 18°0kik |
crrcurts andshedteof@M'ameUMMai(BhﬂﬂﬁerSWHmﬂr2E repmdsénté5thecbunaér

‘simlar to a gapgrq5§€§1df ef%y ﬂ%ﬁhctﬂénﬁualsshlftg? ngHgtthe

accunul at or coun overf Ine 131 to
the nu|t|p|edéw1§ﬁﬂt@wtput s1gna1 1s taken along line 149 an

_ " simultaneously fed to both shifters 151 and 153. The
.20  dual shifters are clocked" 1n clock phase oppos1tlon

relation because of. inverter 145 and the shlfted s1gnals =
.are fed to multlplexer 133 as individual unlts of phase
' -delay spanning one complete clock cycle, with equal units
of delay. The output frequency, taken along line 155 is
.25 ~ used to clock. second 1ntegrator 117 and the: flrst
""=1ntegrator 113. S .
F1g 8 shows the detalls of the dual Shlft
registers. The- flrst and second shlft.reglsters 151 and
153 both receive the same:input'signal along line 149 and -
'30-  both. receive the same high frequency clock s1gnal along .
1ine” 143, except that. the . second shifter 153 has the hlgh
.jfrequency clock inverted by inverter 145 so that one
shift register 1s clocked on the rising- edge of the hlgh .
frequency clock and the other shifter is clocked on the
'35 _'-falling'edge It will be seen that only a 51ngle d1v1der-
' - has generated the needed phases " Each shift register is
- made up of a series of D flip- flops. . The output:of each
 flip-flop is fed to the next succeeding flip-flop and at
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-14- : 133 as a select S|gnal operatlng to select one of th
_ phase shi fivo ®dBsHER2*N) . : -~ The phase shift mptR%T’HF%”Ms”
- generated with reference to a localimscillator 137 which operat es at

a .5 ‘nomnal systemclock frequency ‘Oscillator 137 is a very-

" stable oscillator, typically a crystal controlled - . . oscillator. A

“reference Cleﬁ§ &agﬁahlm& tfakens & angit io® delay. 13Bhandutpyteood ﬁb@quencyf:”
“multiplier: mul ti n t r&fu VadeNbhRe@el1ds - The. -
- high frequen é‘if glpc?)eker% or?alth%% ts %%38?3?%% gsagec | ock Sel grilfal to
“the first shsﬁ.gmalBSB (a(r&fl\t)h-rldu@nd i I@r nepregephing MaxigEmo MRS ft er

153. . t tfiea f £ LRE Ciu THE uekeer 133@11 -
feeds its ouf’pufi tlo d| Vi desﬁ%%lcéurgt}relf?@dv\hl ch _di vllldesf315 % i

mul ti pl Bed fFequeﬁc;th@,rqby BREsenting untis et ofelay exEﬁPf*&?‘-’fr e dual

shifters and ?.N ey ts the total nunber of units of delay from
the dual Shl ers. : ~di vj deqﬁ(ﬁ)ut 3 ng L S tgke% al on I i ne 149
and - sinul taneousll‘{Ptfeed:l'%ad‘— Pt cord 1€9bgdimen PRESFS BRal

shifters arecgaoeeebump G0 a&w&ﬁ:rﬁpsmtérotﬂo keep theatiedaybedgmed sof

I-nverter 145 and the shlft Si t | 133 as

i ndi vi dual uffx BG5S ei_‘ %%{9 %Jp% %%gcéﬁgec%ﬁpn}%tgegcl o%k cycl e,
wi th eggal U&hib%dlment caﬂldeimyche Tizames pof thequefieyencekedoskomge ine
1155 is 25 u%%d r}r%n%u%c&os%%lq}_i%ﬁ e%fétk&én&%7ci‘8gkt herhiel 3% is now '

I nt egr at or 1# details of the dual -shift
registers. Tme-hals ca'hd:lwdtmh strequengy sebpsk151ThAG 1s t&® both

recei ve the g IHE | 248024330 = both receive the sarre_"
hi gh frequencq‘q’q'l SI gr%n fék?r@aﬁ ﬂél °

i ne 143, except that the second. -
~ shifter 153 has the hidfg- 8A ﬁhQMﬁeH@? Righkt FﬁQH?Psg 8§°C%V 45 so .-
that ong in ¥iid tvr%mc&igerlme cl oz kegomnErbquehsingudddeldiext Nathi gh
11w Do s g9 e FLPdrnres diyrherntfeeaniat dnd 1o, ii¥locaon
phases. Each gghighowsedilsd eredislt -of dimildiog bheahsghl ExeglieDchy igidradps.
.The output of; e%%%nter/d1v1der 147 where division is by eight.

Fig. 8C shows the result of division by eight
20 where the waveform represents the shifter input for the
. first-flipflopt as one. Figs. 8D and 8E show subsequent .
. signals for the first shifter. Fig. 8D shows the next
| input'after the S1 input, clocked one3high:frequencyi
‘clock cycle later. Note that S3 is an odd unit of delay,'
25'. with even units being in the second shlfter 'Fig.,SD
shows a waveform for the last. unit of delay for the first
shifter. Fig. 8E shows a waveform for the first unit of
delay for the second shifter. Even units of delay are
associated with the second shlfter - o
30 ' Fig. 93, 9B and 9C show output waveforms from o
the-first and second shlfters correspondlng to the input
waveforms shown in Figs. 8A, 8B and BC described above.
Fig. 9D shows waveform envelopes for the accumulator _

- circuit. Slgnals in the waveform envelopes are trans—'
l35' | mitted to the multlplexer w1th output shown in Fig. 9E.
" The multiplexer waveforms are taken from the avallable

delays, as spec1f1ed.by a phase signal recelved_as_an
overflow signal from the accumulator. The dashed lines



flip- flop is fed to the next succeed| ng fI|p flop and at . V\D
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- 15- the s%ne t| me forms a unit of del ay.. The out putﬁ—_-g{]sggmsn
shift regi &%?9986 the right side of Fig.. 8 are the delay signals
“S((2*N)-1) and S(2*N) representing nmaxi i uni ts of delay. .The -

signals are fed to the nultiplexer 133 in'5 Fig. 7 thereby presenting.

- ‘units of del a ~_extendi ng. fr.om e that_
“in the seconf®@ H‘b&&ﬂ?&rﬁ‘cﬁlﬁé} &4 arhooutopu% %'n%%eforﬂnfpr%? t:ﬂase %g%par at or
to keep the debanls. gna&m numbeys phas:dlwwaveerKBysmeﬁl@PGEkoﬁeEagse in

the second 1 F%gi% terildsda d %%Eé% é’tﬁoﬁﬂ?@srf{'&ﬂeﬁé clock are

~syrichr onous requency cloc I'S now - one- hal f of
the high. freqaelm}al@lt@?k encpdling spepified q]ﬁlﬁYr‘EJm j FO¥ cPXaMP LR/ chR®he

resolved. - pumber 3 speciffi®s Thath@s Bdarkegh sissuesgyis! ené shgpal 15
inFig.. 7a|ongI|ne13fromfre uency_nul ti Il er i.gnal .

~clocks the dampush ofedelpyl GRMEI fﬁ'%}‘.‘ zero. SB%gh%mElgﬂéIrE%ait of

di vi di ng- thecBhﬂ'infoeeQiiﬂﬁqy Hegidd by the gedntevéstYodesigddlnhey ein -
division is b 8C shows the result of divi s_l on:

_ei
by eight 20 é‘%é‘tt FEVERARS . Fe’pﬁ'esééﬂts the shifter input for the
first fli pflop, as one Thd%,gsthé%lbtmlmtBEvanﬂmsmbanEegt 9E repsegents for
the first shift t i the S1 input, . .
cl ocke&% one ﬁyﬁﬁkfféft?ehn@%%e%%ﬁscl%gk%&g l h Qﬂé' ?ééﬁ%%t S3is an odd .
“unit of delagpv@ftiom.th even units -being in the second shifter. Fi g. 8D i

shows a waveformfor the last unit of delay for the first ' shifter.
Fig. 8E shows a waveformfor the first unit of . delay for .the second
“shifter: - Even units of ‘delay are . ‘associated with the second shifter.
30 S Fig.  9A, 9B and 9C show out put waveforns from - the
 fIrSt ‘and second shi-fters corresponding to the input . . waveforns shown
in Figs. 8A, 8B and 8C, described above. - .~ Fig. 9D shows wavef or m

“envel opes for the accumul at or. ocircuit.  Si gnal S- |n the wavef orm
envel opes are trans- : G



35 mttedtothe rrultlplexer W|th output shovvnln Fig. 9E The
'nultlplexer wavef orns are taken fromthe available - dela -
‘speci Ti ed WO 993§28xse signal received as an . overfl ow siP s”’P'l?Hi’t he
accunul ator. The dashed lines = = -1W—) 99/ 38252,

PCT/ US99/ 00873 =~ ' 16Thls Sheet Has B
.construction of an output vvavef orm from.t he del ay mu MII
nunbers in the maveforntenvelopes of- chalms - 9D repr

over pass anmounts fromthe accunul-at or encodi ng specified del ays
exanple, the 5 nunber 3 specifies that S2. be used, since S2 is the
“third | Janodetfxedeeray, SYBLReRAs FRERUAES yhosm,@tgtg:naﬁrqquency
continue untid gheaaRinda Ef'edﬂgitaQVﬁbEHQW HopHisihgd N . - the next
‘envel ope of "Firg. 9D. us, .t he out put_waveformin Fi 9. 9E
represétts 10 synth%%ﬂz%ﬁu\?vatrétlﬁrﬁ?cﬁﬁv&é’@oﬂﬂ‘ﬁﬁt i & SQ¥fs

invention. determinative of a desired output frequencyﬂ- '

Clains 1. A fre nt hesi s _circui e put frequency
“i.s determ ned by input a’ﬁ%‘&‘t‘g% ﬁ%?ﬂg‘uiég%r PR e\M]Q‘? e input elql i nput
i ne recei vififgyr sccunebat ink gstatessive andtadetv@mds)atuhse of a de5| red
‘output f equiiifmulator prov:.dlng s&cHBQEEQeaﬁﬁ%@é' %te(i c(tq}g}l %fu?es he

input line
' 10 on an output thereof;

a local oscillator produc1ng an osc111ator
's1gnal hav1ng a reference frequency,- ' ,
_ a delay line connected to the local osc1llator
to receive the osc1llator signal therefrom, the delay
15 llne producing a plurallty of versions of the osc1llator
' | s1gna1 ‘with different delays, the delays correspondlng to
' a plurality of incremental phase shifts of the received
osc111ator signal at the reference frequency, the
_ plurallty of 1ncrementa1 phase shlfts spanning one cycle_'p
. 20 of the oscillator signal at the reference frequency; and
' a multlplexer connected- to the delay’ llne to
receive the plurality of phase shlfted versions of the-.
oscillator s1gnal therefrom, the multlplexer having 'a
_ control input connected to the output of the accumulator
25 to receive the succe551ve ‘phase selectlon values o
- -therefrom, the multlplexer repeatedly selectlng one of
‘said plurallty of phase shlfted versions of the :
oscillator signal as an output of the circuit in accord -
_ with the success1ve phase selection values, whereby the-'”
30 o repeatedly phase shifted selectlons form a synthe51zed
| output frequency o ' ' '

2. 'The circuit ‘of claim 1 wherein the accumulator is
coupled indirectly to the 1nput line via an input word

35 shaping circuit connected therebetween, the 1nput word
shaplng circuit. comprlslng an 1ntegrator in serles w1th a
threshold level detection circuit, the. input word shap:.ng -

_c:.rcult converting the recelved 1nput d1g1ta1 words to

] IIIII Il |II|
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- for integrating the values of the input digital words, the . o .
~accunul ator providin?"”lﬂﬂﬂﬁnuuﬁ"tmﬂne sel ection values 10 - on an output,
.t hereof; O 99/38252 | 1: at or produci-ng an oscptT/mkew/00873

- si gnal haV|ng a referéncé ffe dqlercy;” -a delay line connected
to the local oscillator - to recelve %%e osci | l ator signal therefrom
the. del ay . 15 - line producing a plurality of versions of the oscillator

“signal with %Jé&émvéeéﬁwestm\rﬂﬁéaaspaeabasae@ﬂhea b9 said idghlwurality
.of increnenta], phase sh| ts of the received ogci |l ator .signal -at the

reference fréHdt ¥ Peds, the peeuppister FHEP§H§HPSI apRdgdtatifis
~spanni ng one d&tﬁhﬁéﬁ&neraﬁeﬂi@dosyl éh6hosuatenslivat pulger,ef erence -
. frequency; and ' a mul tiplexer connected to the delay line to.
‘receive the plurality of phase shifted versions of the oscillator -
si gnal. - tsher efy omThélecmd:mimlceﬁ(emlalﬂmZQWhere:.n saddt ddlgltaﬂutcommtm:ct ed to
“.the out put of, the 0 to recei ve successive phase sel ection
- val ues thereﬁf%nq é¥§§#gﬁég'é° |p¥exer repeatedly sel ecting one of said
~plurality of phase shifted versions of the oscillator - S|gnal as an -
output of th Lo ARpCQSe! 4 dim! BoyhereinSUEeAShYegpURYE SEIECti ON
- val ues, mhergh #ﬁgreieatedly 30 % erﬁl?t Fect?ons ?or :
synthe3|zed<ﬂRQHNUIat°r 4#Qxﬁk9@56d by_the output of the mﬁétéﬁlﬁﬁﬂitﬁ
‘cl aim jgrmerein the accunulator is .. " coupled indirectly to the i nput

i ne via-an |nput wor d circuit con ected therebetween, the

i nput word Qﬁuﬁﬁ?ﬁP%ﬁr%iléfétﬁp}l¥hﬁﬁeaﬂ 2 Fe@?i?BriﬁﬁeSerles with a
5 threshol d:dr@mlsesketecplmrittpwf bﬁﬁﬂerneufcu@td shapetges, theCl rcuit

converting th e cei ved input digital __succ ses

havi ng & per Ot AR TP L AT HBETS £0 8 GRaFRs) PHBPGEREhe 15BEEmI at or

_ conpr|5|ng aeaqhtbuffer ofcﬂhsusﬁrlasreﬁehuéﬂebyceachltacwethlaa pul se. 10
= 15 . increasing 1ncremental delay, providing a phase delay to -

the output frequency of the local osc1llator

6. The circuit of claim 1 wherein a phase lock loop is
_ .'connected to-said delay”line:in a manner to'regulate-the
20 1ncrementa1 delays to span one cycle of the establlshed '
. clock frequency.- o

7. The circuit of clalm 1 whereln the delay line.
comprises a plurallty of serlally connected capac1t1vely
25.__ loaded circuits and a charge pump associated with a.
. filter, each succes51ve c1rcu1t hav1ng an 1ncreas1ng
amount of delay in 1nd1v1dua1 units of delay as adjusted
by the charge pump . ' |

30 . 8. The: c1rcu1t of clalm 1 whereln the delay llne
comprlses at least one shlfter, the shifter. hav1ng a
plurality of- outputs d1v1d1ng a clock cycle of the local
oscillator into units of delay dellvered to said

_ multlplexer ' '
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3 The circuit of clai m 2 wherein sald dlgltal counter- = . is a C?ay code_ '
.counfer, . 4. The circuit of cl aim2 wherein sai d. |nt e%rator and 15

aceunul at'orwe®eBsEsdcked by the output. of the multi pl exer. =~ PCT/USIB/00873
circuit of claim1l wherein the delay |inets-: conprises a-plurality of :
“buffer circuits in series, the ~ buffer circuits connected to a charge

_punp which | oads 20 each buffer of the series of buffer circuits with an

_increasing i rtrerBine ativendy, ofr okpding whekeda gelphpse lock ladme bmit put
frequency of a‘%&?‘ﬂé &4 Psckhiat Sélagollne 18 alRRrkldhCWd :Fggtﬂl.aﬁlénéh

~wherein a ph loop.I'S nnected to_said delay Iine In manner-
to regul ate twrementﬁ%cﬁ%%?aFodéPan% sysRcoRE GRS @Ed-’rahtlﬁesh%al
-oscillator frem@ocsrequency. 7. The circuit of claim1 wherein the del ay e
|l ine 30 conprises a plura |ty of . serlally connect ed capaC|t|ver

| oaded Arcuits and a charge punp associated with a filter, each
success:c vg cizEui tTHI@\éd:iIQCﬁ:htldﬁrehathgQ wheredpuntheoff idaitajard seuhn/d dual -
units of de. t he : -

“Tor O1 90 gnisidnd A UGRRBR: o pluralicy: o BoifiRShers

- conpri ses at ¢lexcdted oy shignals fhemshhet @ochdvosgidlator gH wal i ty of -
out put s.-di vi 89 8 0@ -oscill ator |nto units of
del ay dellveﬁg olgg?§#u§y£$ ?% E?eagrﬁﬂkeger - o _

1l. The c:chult of claim 9 where:l.n the delay l:Lne
compr:l.ses a plurallty of serially connected capac:.tlvely
~ loaded c:.rcults and a charge pump, each successive loaded
circuit hav1ng an increasing amount of capacitive delay
15 . in individual units of delay as _adjlusted by ‘the charge '

I
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9. The CIrCUIt of cl al phase | ock | oop is a connected to..
said delay line in a m ermmtate the |ncremant al delays to -
span -one oyobw3snsz t he i||ator frequency. " PCTIU§99?10-5]?:>E

circuit of claim9 wherein the first an% second sﬂlffersleac Lt _
conprlse a plurality of D flip-flops ~ clocked by the oca osci a or
signal at a frequency 15  multi BP €hAIMSger . 11. The -

‘circuit of claim E[m:hmébnthdiatwtmpallamauonw mayrh999 $E80599); ural ity of -

serially connect ecbrigigs cldimviednyended; remaivinie clais @ichbsged(tl page)par ge pump, .
each successive loaded 20 circuit having an increasing anount of
“capacitive del ap erGQQQQXMﬁKﬂﬁhﬁﬂlﬂnﬂl@ﬁ%itd@h@geaQHGQPUSfedqhencye

charge - 1BUGEterm1ned by input digital words, comprising:
REPLACENENT SHEE an input line receiving the 1nput dlgltal words
| determlnatlve of a desired output frequency, ' '
. a modulo accumulator coupled to the 1nput line
_for accumulating successrve dlgltal words, the
- accumulator prov1d1ng successive phase selectlon values
10 omn an output thereof; o '
a local osclllator producing an. 0501llator
51gnal having a reference frequency,_
. a delay line ‘connected to the local oscrllator
to receive the oscillator signal therefrom, the delay
15 line producing a plurality of versions of the oscillator
51gnal with different delays, the delays correspondlng to
‘a plurality of incremental phase shlfts of the’ received
oscillator 51gnal at the reference frequency, the
plurality of incremental phase shifts spanning one cycle
20  of the oscillator signal at the reference frequency, and
| a multlplexer connected to the delay 11ne to
receive the plurallty of phase shifted versions of the ,
~oscillator signal therefrom, the multiplexer havzng a
. control 1nput connected to the output of the accumnlator
25  to receive the successive phase selectlon values
| therefrom, the multlplexer repeatedly selectlng one of
 said plurallty of phase shifted versions of the
- oscillator .signal as an output of the circuit in accord
with the successive phase selectlon values, whereby the
30 repeatedly ‘phase shifted selections form a synthe51zed
| ‘output frequency.

:2. The circuit of- clalm l whereln the - accumulator is
coupled indirectly to the input line via an 1nput word
35 shaping circuit connected therebetween, the . 1nput word
- shaping circuit comprising an integrator in series with a
- threshold level detectlon c1rcu1t, the 1nput word shaplng_
. circuit converting the. recelved 1nput dlgltal words to

W oo mmramnass [ |



