Tl TLE;O: THE | NVENTI ON CONTI NUQUS TI ME | NTERPCLATOR
BACKGROUND OF THE | NVENTI ON . Zl‘ Field O The Invention 5

The' -present invention relates generally to systens and net hods for

measuring time with respect to digital signals, and nore particularly to
systems and net hods for diﬂﬂiﬂgﬂﬁnﬁﬁm with respect to digital
si gnal s. 2. Rel ated Art 10 Figure 1 illustrates a

ti me-varying user signal 104. The frequency of the user signal 104
may be determined by (ehRANUOWS TIME TRTERPOLATOREr ence bet ween
consecutive positive zero crossings of the user S|gnal 104 (indicated
by A and C). This tinme-difference is |nd|cated by X The
time-difference betwegm. t he user 15 si gnal
104 (that is, X) is ¢ ' ‘ = . g a reference

signal 102. Specifically, the tine-di fference between a positive zero
crossing of the user signal 104 (indicated by A) and the i medi ately

foll owi ng prsitiFRrld©foThe¢ dawmtipnof the reference signal 102 (indicated by
B) is first quantized. Then, the tine-difference between the next positive
20 zero crossing of the user signal 104 (indicated by C) and the

I mredi |y fal Io | ce signal
102 (] N cated | pybe presét ﬁ?:éh*ghiﬁj%%&fﬁaf%;ﬂ;%ﬁi aﬁ&‘ﬁfﬁéﬁﬁnd Y o
eterm ne Basu ithOtdspedtetec digital \sipmalse Cdre \par hAfiyMe zero
crossi ngs of thﬂer e W nal 104 (that_is, X) ar\éﬁwell kjrllown 25

Ti me- di f f ersystess mdmhws/@r xgmlammellgmgla(tmcwthsre%mt tefdigitalc e
signal® 102 and 1:[ he user signal 104) are quantized by using digital tine
190443 gnais.

s 2. Related Art

10 | Figure 1 illustrates a time-varying user signal 104. The frequency
of the user signal 104 may be determined by determining the time-
difference between consecutive positive zero crossings of the user signal
104 (indicated by A and C). This time-difference is indicated by X.

The time-difference betweexi consecutive zero crossings of the user

15  signal 104 (that is, X) is conventionally determined by using a reference
signal 102. Specifically, the time-difference between a positive zero
crossing of the user signal 104 (indicated by A) and the immediately
following positive zero crossing of the reference signal 102 (indicated by
B) is first quantized. Then, the time-difference between the next positive

20  zero crossing of the user signal 104 (indicated by C) and the immediately
following positive zero crossing of the reference signal 102 (indicated by
D) is quantized. Techniques for using Y and Y’ to determine the time-
difference between consecutive positive zero crossings of the user

is, X) are well known.

25 Time-differences between two digital signals (such as the reference

signal 102 and the user signal 104) are quantized by using digital time
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Sp- % i nterpol ati on techni ques. Many such digital time interpolation

t eghni ques ~currently exist. For exanpl e, vernier devices
medsure "expanded tinme" by using a relatjvely slow .
time-to-anplitude/anplitude-to-expandaed ti ne converter. 5 Al ternatively,

- vernier_principal devices neasure expanded tinme by using ~  two cl ocks

; of slirghtly different periods and counting the nunber of . - peri-ods

until the phases of the two channels are in coincidence. Vernier -

devi ces are intempaiatidtechaiquesi Manyt sweh digital timefinterpolationatetnigasger
conversion tinmes for -jncreased tinme resolution. Consequently, "dead-tine"
10  bet weerCYfEeRMY &%kt s i ncreases. - Mnim zing dead-tine is

| oorant becauscede Al il aelits measurk %hpalBl Ul FFagHETo S oo
propor ti onal rélftivdle sldwreinieLatiplinh de/bMpHitd@é-26-2kpanded time converiid! t abl e

ranp interpolators require triggered ranps to start on an 15 asynchr onous
fevent an¥ t oAdteoatiiehn veyniehrrmcipal devicss megaureixpanded dime. by usiagp

fJinterpol atorg:are fl awed,. hawey. ecause t-hey intr.oduge jitter, _
fnon-1ineari tﬁ’é@,ﬁ%crﬁ &is‘%’gﬁﬁ?’ n%lgeren?‘hgeflf’?f 41, £7URBRE| ﬁ'ffeé‘r‘ﬁ“?l?eés of i nit
gresol ution. déRodLeetil tHe'Flvased dE thd w8 chanfA€B%rk iflRoincidence. - Vernier

JMul ti pl e-phase clock interpolators (such as ring oscillators) require 20
Amany mat-cheddeldtesy arg flawesiashowever,peinceetheyuréqure propattjonallyl: longke-

Pohase cl ock intergol %qurs ar e flaged Si nce t.hey suffer from square root of
jitter inctYRELNOR sdofigezessed tmfpesolion Crosequegtly, (fgagditimetnent s
Pd jitgr i BetwrRnafiBHdirefentd ticpéasBE €SENt i n one del ay elenent).

UVMARY OF THE | NVENTION 25 The present invention is directed to
& digital time inMingmizing dead-time is\isiportamdearetsodeaditime dihitgithe t he

ki me-difference beth en two digital si%nal S. . 190443
? rate at which measurements can be made (instrument dead-time, in some .

cases, is directly proportional to the time required to interpolate):
Startable ramp interpolators require triggered ramps to stirt on an
15 asynchronous event and to stop on a synchronized clock -edge. Startable
ramp interpolators are flawed, however, because they introduce jitter,-
non-linearities, and reset times. The 'ji'ttér and non-lineéritieé limit
resolution. The reset times contribute to dead-time.
Multiple-phase clock intérpolators (such as ring oscillators) reqﬁire
20 many matched delays (at least one per resolution element).- | Multiple-
phase clock interpolators are flawed since they suffer from squaré root of
N jitter increases (where N {s the number of active clock delay elements

and jitter is the amount of jitter present in one delay element).

] . . SUMMARY OF THE INVENTION
25 " The present invention is directed to a digital time interpolation
system and method for quantizing the time-difference between two digitai

signals. -
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.3. 3

The present invention neasures the tine-differ

ence

between consecutive zero crossings of a user signal and a reference
osCillator. The present invention outputs interpolator data, which
represents this tine- difference in digital form 5 The
present invention includes a quadrat0r3e‘ hybrid, a synchronizer,

track-and- holds (T&Hs), analog-to-digital converters (ADC), an encodi ng
circuit, and a boundary detector. The quadrature hybrid

di vides the reference o lator into_ two rein the

signals are out

sanpl e the

d0HRe SUEIRALETOUROBIAROFACHEF sRAGPaRE a¥Rference oé‘e{ﬁ&toi\.[@%

generated upon zero crossings of the user signal. T

t he sanpl edpres

accordi ng t‘ﬁﬂt?he di g}l \;jj zeflési nal s. The synchroni zer
15

and synchro

Lengeni tigfia

oscillator with the event sig

boundary det ect om,ng@ggeln' £ Bfvefition-includ &CPHE5SH r ] :
The present invention al so ienclloﬂdes a -syétemaglg'r% @@é@éﬁ%’g‘q‘[{*ﬁ{é’ze”
recorded cdzadeandheldo(int Ha)dnalog-to-digital cenveatere (ADC), an encodingAccor di ng

to the present .i nvgnt ':l?on, the.reference oscillator is a 20 cont

t wo- phase <qUEfHah

i nst ant of

udagyi dR1ECOLi + of out put val ues at any

i nventi on accel erates conver si‘on.

novel boundsignalsiewheréinntirec bizuels Bte out of phas with eabRusthar Ybylgiect i on
schene, the, present i nv&nt i on avoi ds the, 2 timng errors which

t r adi tiQ)naMe;zr??& r JB§cE
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15

20

o) DThE uadiinife WbriduRid& BiEReRrERE oidhiflor S Bt

Hy, sampleuthentyve yigaplsowpom the occurrengeyof @n
event. The event is generated upon zero crossings of the user signal. The

ADCGs digitize the sampled signals. The encoder generates a fine time
value according to the digitized signals.

The synchronizer measures - and synchronizes the reference
oscillator with the event signal The boundary detector quantizes a
recorded coarse time count.

The present invention -also includes a system for deskewing the
recorded coarse time count and the fine time value.

According to the present invention, the reference oscillator is a
continuous, two-phase signal having a unique pair of output values at any
given instant of its period. By.using this reference oscillator, the present
invention accelerates conversion.

The present invention uses a novel boundary detection scheme. By
using-this-boundary detection scheme, the present invention avoids the
timing errors which are traditionally introduced by measuring synchronizer

outputs directly.
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-4- % FEATURES AND ADVANTAGES OF THE | NVENTI ON The

contintious tine interpolator of the present invention includes t he
fotl owi ng features and advant ages. The present invention avoids
t he use of conventional tinme-to- 5 anplitude conversion circuits that
nmust be started and/or stopped by thed- events bei ng neasured.

| nstead, the present invention uses two guadr at ur e- phased reference
oscill ators. The quadr at ur e- phased reference oscillators provide a
continuous tinme to anplitude/ sl ope reference that is sanpled
on-the-fly. ThiEEATURES ANDi ADMANTAGES,OFTHE NddODNNt i nuousl y
without the dead tine and jitter effects associated w th conventi onal

t echni ques. The dual slope nature of the reference oscillator
allows a given The corftthéis tidedhitirpelatsrospieigtesdniPedtdamefudetf ectivel y
twi ce the resolution since its full #ange is used on both the

posi tive artterfellawing:fesitayes sandf advastagss. ref erence oscillator.

Convent i onal intﬁagolator techpi ues .peasure froman event edge to a
synchroni zed cl otRe SYGEEDt HYeRlpy, gy Saﬁée ot feaveRtiepal time-to-

synchr oi z %ﬂgggg%ﬂ%rsﬁ}{ QirEIEi;i:s FRA T B dtaktk S elrd/or %iggpg? ﬁ?pft y agai nst

I nvention av these errors neasuring the event e
20 the reafvensndeingscineasired. anfbstead; hélse oprfesenthansyutidn onsezattwon to a

- less critical portjon of the rre,ﬂsur enent ﬂfocess. This de-sensitizes
t he rAtRdEA asesl syaferrnshi pecillalarg,r s wi nastdate-phasedt han hal f
t he r e | t ri,o . I sg.0 oni zer
output is (Trerence CoRTHltble ol a” Conffol! md" G0l anlftydYHEHE

The advant agferende tthet jy emnpled onahéiflpn This allows i tihe- ilervalsCto bk
i nterpol ators include |ower jitter due to reduction fromN active clock
del ay ¥ endneasuregh spatinpensly withoyt th, tigie and jtter effectsiassacitedi n t he

oduces - it SOpPRGRARIERNEL 1O LTG0l o N for eaquival ent
t echnol ogy cl ockThe dual sldff#4dature of the reference oscillator allows a given
' 'analog-to-digitail converter (ADC) to have effectively twice the resolution
since its full range is used on both the positive and negative slopes of the

15  reference oscillator. . _

Conventional interpolator techniques measure from an event edge
to a synchronized clock edge. This forces any error due to the
synchronization process into the measurement itself. The present
invention avoids these errors by measuring the event edge directly against

20  the reference oscillator and "pushes-off' the synchronization to a less
critical portion of the measurement process. This de-sensitizes the
measurement to synchronizer errors with magnitude less than half the
reference oscillator period. The only use of the synchronizer output is in
a boundary detection portion of the system. '

25 The advantages of the present invention over multiple-phase clock
interpolators include lower jitter due to reduction from N active clock
deiay elements (where N equais the number of resoiution elements in the
interpolator) to one clock driver for a track and hold circuit. This reduces

jitter by a factor of square root of N for equivalent technology clock

190443



-5- s del ay/driver elements. Also, linearity of multiple-phase clock

I nterpol ators I s dependent on matchi ng many active delays. This could
pl ace seri ous linearity limts on an active delay based system The
present invention only requi res sa single mat ched del ay el enent for
the clocks to two track- 5 and-hol d-circuits which can easily be adjusted
to match during instrunent cal i bration. Mul tipl e phase
cl ocks coul d be generated passively (to reduce jitter), but technical
difficultie single
delay line (fg Hjé’tésr érlélg{ugc&:‘ %ﬁgéﬁ’s%g%%gfﬁ% E esérg&?kl“rl\tge, Olrago@and series

resi st ance)js dependestaon hnawtihgemaay active cdeﬁysxt'ﬁms osiuldh place serious
series-parallel delay |line archi tect% However, nore input pawer is

required t dinearity Jimite oo st delay Rased systepe (ThgdRreseR! trweﬂaeer

splitting goi,ng fromthe ), passive
del ay aFChlqt@x&&g@gﬁ#éll}%f%ﬁ@ﬁ@d%lﬁ egra?“ fes tﬂ (ﬁ%‘ﬂééﬁtggélg @g the | arge
15 v uesaxﬂi-heﬁi éithﬁf%%x&E‘éaﬁfeahly Be aajmtedmnefcqar@nﬂgwmsmmm

i nvention fers superior resolution over nultiple-phase clock

I nt er pol at ocaixbmina:hl Ki nds. Furt her feat ures and
advant ages of th ent inv L.on structure and
operation of var E’m?b icsOffdu}(ﬁsbepIggggﬁerkyassxlv?ﬁeg[ol 5?1 USre

descri bed ﬁﬂeﬂdEﬁﬁ{échﬁfchpmm&‘ﬁlh@s réstiefrencaddihg a Tafi number 8¢ eApEPanyi ng
drawings. I'nt draw ngs, like reference nunbers indicate | dent i cal

or functi ont 4 ginglerideky lmee(m:ah @s reduded Gﬁsﬁ $Bﬁedt ngpeémcenmgtclungl t
of a r erenc nunber .ident. fi ‘ﬁx t he %r aw r& ¥\lm ch th Ff e{ence
nurrber i r s%n SpESS gesmtance) is' can pgsed 10 some exteh

series-parallel delay line architecture. However, more input power is

required to retain the same signal power at the loads due to power

splitting gomg from the series to the parallel delay lines. Also, passwe

delay archite cturcs are not easily integrated on to a chip due to the Iarge

15  values of delay required at this time. Therefore, the present invention

offers superior resolution over multiple-phase clock interpolators of all
kinds.

Further features and advantages of the present invention, as well

as the structure and operation of various embodiments of the present

20 invention, are described in detail below with reference to the

accompanying drawings. In the drawings, like reference numbers indicate

identical or functionally similar elements. Additionally, the left-most digit

of a reference number identifies the drawing in which the reference

number first appears.
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-6- s BRI EF DESCRI PTI ON OF THE DRAW NGS The

present invention will be described with reference to the

acconpanyi ng drawi ngs, wherein: Figure 1 illustrates a
time-varying user signal. 5 Figure 2A illustrates a non-ideal

sawt oot h. Figure 2B illusfrates a two-phase non-ideal saw oot h.
Figure 2C illustrates a reference oscillator of the present invention

as a trapezoidal waveform Figure 3 illustrates a bl ock diagram
of the continuous tine 10 i nterpol ator of the present invention.

Figure 4 presents a BRIEFODESQRIPTION tOE THE DRAWINGSE

I nt erpol ator. Fi gure 5A shows an ideal relationship between a
coarse tine count 502 and a fine tine count 504. 15 Fi gure
5B illustrates I 086, i | he .su e coar se
time count 502 Z'Egg?ﬁrt\éégx?tl @eggﬁﬁt&%% ?g?#rﬁnletgur%é E}f&eﬁ& to the Fi gure
5C shows t%cgf,{pg(ﬁyi,@f dgvdihgsgdv}te’raﬁ;skew (that is, a systematic

of fset 512) betweenh the_coarse tinme count 502 and fine tine count
504. 20 Fipugerleillmstrates pstimgrasying iesgs pighalval ue 514, which is the
sum of } he coar tol oun 0] ngd fing time count 504 from Fi gure
5C. E}%&??ﬁg,@‘gﬁgﬁgﬁ‘ ?It]llg%éla?@c%%tpogl'r andomtine skew (jitter)
bet ween t hpjgupanEillustiatesor Mo pRdsendnlites] dawiBogpuUNt 504 about a
singularity point. 25 Figure 5F illustrates a nmeasured val ue

522, which is thFigmen26 illustrates a refereacs oscillator of dhe pses2nhitventine ti ne
count 504 from Fi ur;%i ]'-SE. Figure 6 presents a timng diagram
of the out pii & tpezoidal wavelamm, . i s Fi gure 7A shows a bl ock

di agram of a boupgafy 9eflRShates a block 44¥4rh of the continuous time
10  interpolator of the present invention.

Figure 4 presents a timing diagram of the continuous time

interpolator.

) Figure SA shows an ideal rclationship betwcen a coarse time
count 502 and a fine time count 504.

15 Figure SB illustrates a measured value 506, which is the sum of the

coarse time count 502 and fine time count 504 from Figure 5A.

Figure 5C shows the effect of a fixed time skew (that is, a
systematic offset 512) between the coarse time count 502 and fine time
count 504. .

20 Figure 5D illustrates a measured value 514, which is the sum of the
coarse time count 502 and fine time count 504 from Figure 5C.

Figure SE shows the effect of a random time skew (jitter) between
the coarse time count 502 and fine time count 504 about a singularity

- point. | '
25 Figure SF illustrates a measured value 522, which is the sum of the
coarse time count 502 and fine time count 504 from Figure 5E.

Figure 6 presents a timing diagram of the outputs of a
synchronizer.

Figure 7A shows a block diagram of a boundary detector.
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-7- s Figure 7B illustrates the boundary detector in greater

detail Figures 8A and 8B collectively illustrate a bl ock
diagram of an i nterl eaved architecture according to the present

i nvention. Figure 8C illustrates the manner in which Figures 8A and
8B are conbined. 5 Figure-Fillustrates a timng diagramof the
i nterl eaved architecture. DETAI LED DESCRI PTI ON OF THE PREFERRED
EMBODI MENTS 1. Ref erence Oscill ator The conti nuous
time interpolator of the present invention quantizes t he

ti me-difference BiunedB ﬂﬁutrdtegi thelbavingary detector imagreater| detailt he 10

conti nuous time jnterpaqlator ant,i zes, t tinme-difference between zero
crossings of an l%‘é?$gﬁi én@eﬁj CPhth}VS%ﬁE“séraitﬁ@PE%igﬁ gram gggEal l ed the
"event edgey ' ' : eg:; aqei gital
counter - conPistieayelfithkeAlfe oRAAMR 1S T prennt HRORIAH STiglrcsl 01 L
di gital coullustragsrthe ahsmndrhia whigh Figarese84&|landk8Bare @onibingd.t he 15  ri sing
edges of the reference oscillatar. This cour}t is called a coarse tine
count, dr coar seFiguse Sdlustrates a hpring diagram of the interleaved; arghitecturs- equal s

N after the occurrence of N rising edges of the reference oscillator. The
coarse tinme clock is a representation of the coarse tinme count as it varies

with time. DE:%I@ED DESGRIPTIOMN OF THE PREFERREDCEMBODIMBENESti me 20
clock is further described bel ow. According to the present

I nvention, the reference oscillator is a conti nuous, two-phase signal
havi ng a unj que g%ﬂr gE gié Rk rvaI ues at any given instant of its
period. Fi %re e reference oscillator of the present
i nvention as a trapezoi dal waveform Two phases of the 25 trapezoi dal

waveform (indicated by VI 208 and V2 210) are shown in Fi gure 2C.
These phases di f The coptiggousctine daterpolator of the presemt invention quantizes

the time-difference between two digital signals. In particular, the

10  continuous time interpolator quantizes the time-difference between zero
crossings of an electronic test instrument’s input signal I(alsc called the
"event edge" or trigger) and a coarse time clock generated by a digital
counter contained within the electronic test instrument.

The digital counter generates the coarse time clock by counting the

15  rising edges of the reference oscillator. This count is called a coarse time
count, or coarse time counter. For example, the coarse time count equals
N after the occurrence of N rising edges of the reference oscillator. The
coarse time clock is a representation of the coarse time count as it varies
with time. Figure 6 illustrates the coarse time clock. The coarse time
20  clock is further described below.

According to the present invention, the reference oscillator is a
continuous, two-phase signal having a unique bair of output values at any
given instant of its period. Figure 2C illustrates the reference oscillator
of the present invention as a trapezoidal waveform. Two phases of the

25 .trapezoidal waveform (indicated by V1 208 and VZ 210) are shown in

Figure 2C. These phases differ by 90 degrees.
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- 8- ¥ The reference oscillator of the present invention may

al so be I npl emented using a triangle waveform or a sinusoi dal

wavef orm In theory, the reference oscillator could be

i mpl enented using a single, idegl. sawtooth having (1) nonotonically

I ncreasing voltage 5 proportional to time, (2) zero fall tine, and (3) a
period T equal to the period of the coarse tinme clock. However, this
i deal reference cannot be realized without infinite bandw dth (for

zero fall tine).The geferetee oscillatarl bfishe apresermt forentidaamayanisoobé. Note
that the nQn-'&deaI awt, oot h doe not haye a, uni que_pair of output

val.ues at AMPIGNERLS i??é’?%ﬁt“@ﬂgfetg’aﬁflgfrﬁoorl@)Sln%gi%&Wﬁ@rﬁut put val ues at

~tl and t2 are t : : i 14 I reference

osci |l I at or canng?l %%Biéz,otggrrle)flerence osﬁllrlrp%gn@r‘n’?@?eu%?%%ggentt%-uﬁ%s% non-i deal
sawt oot h. Eingle,e i@éali lshwedotht daving (1) amondtdiiedly Nacreasing! voftagooth. Note
that the two-phase non-jdea sawt oot h does 'not havc~a uni que pair of

|
out put Sval psepertiona) tgitime, (2)zerpdall time,7nd (3) pperiod Twquat to ke out put

val ues at d . ., Referring again to Figure
2C, note t%’é{'%?l h%ét?‘\%o-ogﬁ{fggm ??égwﬁa' IE)I VENE this ‘deﬁplr’?‘g%rﬁf‘cgﬁegﬁ?ﬁ B% i ncl udes
four quadr gedigreda without infiniteabandWidth @or zero ﬁlﬂc@xﬂ?e)quqcﬁgﬁ% 242B, a

third quadrant 202C, and a fourth uadrant 202D." TheSe quadrants 202
are al so callussrates aengn-isleal sawtoqathndNetethat the gionridealbmmtontipidags i s in the

he 11 near M9 Bavea rane R Bt oGt KBRS 2t sy eiv> i dtmeeriod " Ciup)
204 ang a Eghé@% bRyt Rewexdad Ml £l 1P 8fe tH/ @dhepW occurs when the

upper bound 204 is exceeded (that is, the value ©of the signal is greater 25
than the upper Wodditionally, thedereferencecmscillatten cammeot ober properdy 206

I s exceeded hat g, the value of the,si,gnal is |ess than_the | ower
bound 206) gmgyiementea usm%&ﬂ- S¢ Ropsideal sa ,°\i3he€!gl5¥?e2%ﬂg%%“}t§si n the

linear or QU%-Phase nod-idggﬁrsafv?&tﬁf‘ Ndiat tHa%thie”t\{'?-Rngt‘?ﬁ? SI{J]F-id%EiPer phase
t

I's outside the Finear or guasi -l i near region , overtlowed or
under f | onweddwiobilisloes hot Bawpa unique paif 6Dddtput values at any given instan '
? 15  of its period (since the output values at t1 and t2 are the same).
Referring again to Figure 2C, note that the two-phase signal of the
‘present invention includes four quadrants: a first quadrant 2024, a
second quadrant 202B, a third quadrant 202C, and a fourth
quadrant 202D. These quadrants 202 are also called linear or quasi-linear
20  regions. When a phase is in the linear or quasi-linear region, the phase
is said to be in-range. . _
The linear or quasi-linear regions have a voltage upper bound
(Vup) 204 and a voltage lower bound (Viow) 206. Overflow occurs when
the upper bound 204 is exceeded (that is, the value of the signal is greater
25  than the upper bound 204). Underflow occurs when the lower bound 206
is exceeded (that is, the value of the signal is less than the lower
bound 206).
As shown in Figure 2C, when one phase is in the linear or quasi-
linear region (that is, in-range), the other phase is outside the linear or

30  quasi-linear region (that is, overflowed or underflowed). Thus, the slope
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of one phase may be determ ned by detecting the in-range, underfl owed,

or overflowed condition of the other phase. By using a

guadr ature phase rel ati onship between the two phases, the linear or
quasi -l inear regions of each referencg _signal 208, 210 can be 5 used as a
conti nuous, two-phase, tine-to-anplitude/slope reference. Note t hat

t he quadrat ure phasi ng provi des continuous coverage in tinme by

arranging the four linear or quasi-linear regions of the two reference

phases in %f%@ﬂhﬁﬂ@%ay‘Béhbﬁﬂ?miiféwbyld@p&tmfg theednirangengederfiberdnce
determ nes which of the two possible quadrants (first or third, second or
10  fourt loy dverflowedgondition of the other phastst ed above, the reference

i1l at ft . t ti . ' I { '
Cr apezof dal viavaRERHRE £ AT RidserepHoReRip Bery Bl B R ETAIRE Db er or m
General |y, tﬁgﬁnetg{]gf ggﬁ%.mx_%ﬁf lrégxbag ofreycﬂopelfgrence sighal 208 rccanshbeg any

wavef or m havl ng OW ng properties. First, the waveform

must bé a wsed asacostinaows, twoqhase, timeitagmplitude/slqperiefereNceglisite t o t he
coarse clock period. t he wavef or m nmust .havg%two | i near

. S d
or quasi - | thefhe dpadrature phasing prOFAEY, EORUNIQIRS CONRETES JANITE PYast 00

degrees w Ithd lIieg asi-1ii@aPre@lons &SH fHe WS irefdidfcat | east 90
degrees wi Hﬁ‘rﬁlgﬁ%é{lfﬁugl ope? o_lghguzs(l) two Fegi ons nust be approxi mately

equal in rphgsesin aregnmiiguais. fashion. The slopehif dhe tihaahge idefereace or

Rour th ' 1 héletomties SeUFLEr B o RS-IBIE ARrapSETHITeh SR eeRRLer - have
posi 115" < EBBEM M pketeR ' (CocT%) i Pear region or magnitude | ees ¢ han ¢ he
nost negative poAfitnoted hbeve)afetreferenteopscillatoeaof the presait- invertionr egi on.

é? ?3?? ure anay bpdmpiementsd using edranezaisiad wm@nnataeviﬂ]égﬁ waveform,

or a sinusoidal waveform. Generally, the reference oscillator may be
implemented uéing any waveform having the following properties.
15 First, the waveform must be a continuous wave function having a
period T equal to the coarse clock period. '
Second, the waveform must have two linear or quasi-linear regions.
One of the regions must span at least 90 degrees with a positive slope.
The other region must span at least 90 degrees with a negative slope. The
20  two regions must be approximately equal in range and magnitude.
Third, the two linear or quasi-linear regions in a given phase are
separated by 90 degrees. '
Fourth, the two 90 degree portions used as slope indicators must
have magnitudes greater than the most positive point in the 90 degree
25  positive slope linear or quasi-linear region or magnitude less than the

most negative point in the negative slope linear or quasi-linear region.
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Figure*3 illustrates a block diagramof the continuous tine

i nt.erpol ator 302 of the present invention. As shown in Figure 3, the
conmtinuous tinme interpolator 302 receives as input an event edge (herein 5
abbreviated as IT, for interpolator) 3 and a reference oscillator 316.
The reference oscillator 316 is discussed above in Section 1.

The I T 314 corresponds to a user signal. The IT 314 is generated upon
a zero crossing of the user signal. The continuous tine i nt er pol at or
302 neasur eg, t he Stiigtufe and iseration ofrthe Covtimious TEnvS Bhitetfolatdd gnal (t hat
I's, upon the occurrence of the IT 314) to the next zero crossing of
the reference oscillator 316. The continuous tine I nt erpol ator 302

out put s interpol or d 3 present s di fference
bet ween the zero s?strlagu%?atf:%gi ﬁ@gﬁf ﬁh&ﬁ maﬂ%%ﬁec?‘é@%‘f%célme
oscillator. 1ﬁﬂ3r¢6’lﬁtd¥%@rdf61ﬂeeﬁﬁé§é’dtnﬁ%nﬁﬁnt hasPstRWR in |FTYEHE BORpe the 15

I nterpolator data 330 is 10 binary bits The dre nmany

wel | - known t:entlnuquﬁeyma)mtw&tat B re¢eivasTassinput an eventeygoiherteise

t echni qyes used chi eve present, i nven As
shown i gﬁ%ée‘@ateah%s tgnf g ohqﬂ’é) ?ﬁfé‘?’ﬂo‘l‘ gF%fexg’@Qoscﬂlator i P& udes a
quadrature THY teferitee &cﬁw&hsmszagc&% aBB@é:gu gedidiphds 20  (Téhs) 306,
anal og-to-digital converters (ADC) 8, an enco circuit 312, and
a boundary det ectThe BIG14 cﬁh&spommasmssxgmzd The IT dadds igegerated det ai |

bel ow. The operation of these c? onents, and of _the continuous tine
i nt er pol at oMP8B2 2 RO WAIASENEG| 1| qs¥seat stgnah Fl'BEFf ecoptinuous  timg ch

bresents a gkt St fedbufed e fileHBH thé Terd WY Bt the 1er

10 signal (that is, upon the occurrence of the IT 314) to the next zero
crossing of the reference oscillator 316. The continuous time
interpolator 302 outputs interpolator data 330, which represents this time
difference between the zero crossings of the user signal and the reference
oscillator. In the preferred embodiment of the present invention, the

15  interpolator data 330 is 10 binary bits.

The are many well-known techniques for generating the IT 314.
Any of these techniques may be used to achieve the present invention.

As shown in Figure 3, the continuous time interpolator 302
includes a quadrature hybrid 305, a synchronizer 304, track-and-holds

20 (T&Hs) 306, analog-to-digital converters (ADC) 308, an encoding
circuit 312, and a boundary detector 310. These components are
described in detail below. The operation of these components, and of the
continuous time interpolator 302 as a whole, is illustrated in Figure 4,

which presents a timing diagram of the continuous time interpolator 302.
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2.1. s«Quadrature Hybrid The quadrature hybrid 305 receives as

I nput the reference oscill ator 316. The quadrature hybrid
305 divides the reference oscillator 316 into 5 two approxi matel y equal
anplitude signals with one phase shiftgd ninety degrees with respect
to the other. In this patent docunent, these signals are called the O
degree signal 322 and the 90 degree signal 324. The out put of
the quadrature hybrid 305 is illustrated in Figure 2C, where the
reference ogqill ggdrgﬁ@ei}syaidrapezoi dal waveform In 10 Figure 2C, the
O degree signal I'S represented by V1 208 and the 90 degree signal
324 is represented by V2 210. This is also illustrated in Fi gure 4.
As indicated in ure t he ad eh. | d, 305 out put s t he
0 degree signal E%g mrﬁoﬂﬂ)&‘{aﬁe 'rﬁﬁé%%ﬁ mp‘ig fhie Egré&fnchr oni zer
The synchro& ﬂtogg%recel ves the reference oscillator 316 and the I T

314. The synchroni zer 304 neasures and synchronizes IT 314 with the
ref erence oscil | herqugisature hybrid 305 dlwﬁbﬁaﬂwlmfmemc pscnlletm 3dérintni ns a

di t al t h Th d I th
oo o oPva gpPHSGTaaIE SaufL ABRlinide IERaIS Witk Phe fidsd Shiteebiisibee t he

coarse tinegy %(‘e% S with respect to the EET PR denttéﬁmﬂ?%ﬁt ﬂies@%igya‘fsr may be

| ocat ed out Si synchroni zer case t
synchr oni zeare3edlletbthed0 rdegeees sighiile322 and thed0sdegreersignab824.as i nput. 25
The synchroni zer _304 produ 318 whi ch

an out ed Cl qut
corresponds to t ﬂglerqlgpﬂboéﬁ’&&‘@ldr?w e ggos ;rétﬂg ik IgHrs Hedi at el y
follows I'T Gidre the refetelfée*scillator 316 is a trapezoidal waveform. In

e 10  Figure 2C, the 0 degree signal 322 is represented by V1 208 and the 90
degree signal 324 is represented by V2 210. This is also illustrated in
Figure 4.
As indicated in Figure 3, the quadrature hybrid 305 outputs both
the O degree signal 322 and the 90 degree signal 324. |

15 2.2.  Synchronizer

The synchronizer 304 receives the reference oscillator 316 and the
IT 314. The synchronizer 304 measures and synchronizes IT 314 with the
reference oscillator 316. }

The synchronizer 304 contains a digital counter (not shown in

20  Figure 3). The digital counter in the synchronizer 304 uses the reference
oscillator 316 to produce the coarse time clock.

Alternatively, the digital counter may be located outside of the
synchronizer 304, in which case the synchronizer 304 would receive the
coarse time clock as inp{xt.

25 The synchronizer 304 produces an output edge (Clout) 318 which
corresponds to the rising edge of the coarse time clock which immediately
follows IT 314. '
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More than one period of the reference oscillator 316 nay be required

to. reliably produce Clout 318. Therefore, the synchronizer 304 del ays
| T 314 by the nunber of periods that is required to reliably produce
Clout. 318. The synchroni zer 304 out plds- the delayed IT 314 as 5 | Tout
320. 2.3. Track and Hol ds The T&Hs 306A and 306B are
sanpl ers whi ch capture anal og sanpl es of the 0 degree signal 322 and
the 90 degree signal 324, - respectlvel | Tout 320 sinul taneously

clocks both of tMererahen e peniod ohihe rteﬁmreec‘aé@ﬁ@ét%r i8I magbeind the 90

??Siﬁeaﬁhgﬁéétuﬁgé}ef?rr&a@y prod P CRASR, DRAFRE W shicfed e A Th cn

are vel | %{9 ter 1319SBy the nietabkt &f peribde thit is A@%uh‘@cﬂtt@g?el gadp! i ng
circuit coul Ee used for t he track and hol ds 306 of the present

i nvent i on prodece CRout. 318ADChe synchronizer 304 pyspytschie dolpyed i 31+ ahe TEH

out put S@dltion to clocking the T&Hs 306, the |Tout 320 al so
cl ocks the 3 8 such t hat the ADCs 308 receive the T&H outputs
332. As shovvn in Figure 3, however, |Tout 320 is delayed | ong enough

to allow the T&H out puts 332 20 to settle before being clocked into the
ADCs 308. 2.3. Track andhHoldser ati on of the ADCs 308 of the present

invention is simlar to the operation of conventional

anal og-to-digital converters. The ADCs 308 generate digital
representations %;? 0. e d
representations ’@e sen %Séﬁﬁ?%%tg% E?S to l} Egﬁgﬁgoécf%ggm rcuit
312. samp¥é¥t43 the O degree signal 322 and the 90 degree signal 324, - 13 -

respectively. ITout 320 sxmultaneously clocks both of the T&Hs 306.
10  Thus, the 0 degree signal 322 and the 90 degree signal 324 are
simultaneously sampled by the T&Hs 306. The track and holds 306 are
a subset of voitage sampling circuits, which are well known to those
skilled in the art. Any voltage sampling circuit could be used for the track

and holds 306 of the present invention.
15 24 ADC

The ADCs 308 receive the T&H outputs 332. In addition to
clocking the T&Hs 306, the [Tout 320 also clocks the ADCs 308 such that
the ADCs 308 receive the T&H outputs 332. As shown in Figure 3,
however, ITout 320 is delayed long enough to allow the T&H outputs 332

20 to settle before being clocked into the ADCs 308. '

The operation of the ADCs 308 of the present invention is similar
to the operation of conventional analog-to-digital converters. The
ADCs 308 generate digital representations of the analog T&H
outputs 332. These digitai representations are sent as ADC outputs 326

25 to the encoding circuit 312.
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The amplitudes of the O degree signal 322 and the 90 degree signal 324

are set so that both zero and full-scale ADC outputs 326 correspond to
t he upper bound 204 and | ower bound 206 of the linear or ~quasi -linear
regions. Alternatively, this is acconplished by appropriately 5 setting
the full-scale input ranges of the AD&S-308. In addition to the
ADC out puts 326, the ADCs 308 have overfl ow and underfl ow status bits.
(d'uB) 327. The O UBs 327 indicate when the i nput (that is, the T&H

3'Bs 327 al 1 ow Thacrages ot Aogtsrab el 22, ang: IS0 fEth: o7 n%

| arger dyn 319 that both zer§CaiiHRHIsERB! ADCUSh{pRkES26N Figure
3, the O’U%@@ﬂan 1|-ecf§1%teso ba v(\)/hen tﬁe 0 egrsee s‘l%jnal 322 and the 90

degree si gnrrékpéndre theupper bbend 204 ankilowar bound 286 of thedarear @gi on. As

not ed above, when one is in the quasi- . i negr region, the other is
out of the %kllﬂﬁfné%ﬂoﬁsegﬁi)‘ﬁmaiﬂ’ﬁrﬁ ithisds Iaﬁ?oq‘ﬂlﬁ'@ by apPRRPrESely| ndi cat e

t he spegific,gqua : I I _ signal 324 is in
the firbt ﬁé@%ﬂ‘ie""%&i\%é@‘%ﬂgeﬁég?%i%‘?gﬁéﬁ%22 is under f | owed
(as indicated byrfOh§#&tida%8)the KIPoulputes26itheaal DERB08shdve overflowt he second
guadrant 202B when the 90 degree signal is overflowed (as I ndi cat ed

1

]E)y Q uB 327?d umrélgwﬁén@/ ifs VB IS dThe O/ MBS %ﬂd' cén@;e w?mtt]gwen' Lhe
) ¢ = - .
quadr ants ogoht G M SR8 pufli e8] Srt JRRREECTERS positirsly T e

in-range p tively)'S The O/UBs 327 allow SBRkRigem@ltiple WD Usi 308, in3saralgsicr i bed

above, effectlvely doubles the nunber of 'ADC resol ution el ements
becaust0 t hetosoltain ardargensdynamiosangeor ovi des an extra bit of tine

ange | 5 1 ner eashitieBbafRidht lifsfacéa dn Figure 3, RO/ GhE 327 HraiglR " ©
represents gpe£XREpl Regrbesighal $7°ak@Mhd DOAesrdd iBnal 324 afeNb§y HOIhRt or 302
cont ai ns si x?%l?t ADCs 308.2Under this exarrp?e, geig?:h ADC 308 woul d

have 64 r eslimedri amquasélipaas regione A notedcahayenwyhen aneeis in the quas0443
Sive o5g  linedtugaam o ORieM S e IR AR WgRhn.  Afaliaf 308 WUl
15 O/UBs 327 indicate the specific quadrant. For example, the 90 degree )
' signal 324 is in the first quadrant 202A when the 0 degree signal 322 is
underflowed (as indicated by O/UB 327A). The 0 degree signal 322 is in
the second quadrant 202B when the 90 degree signal is overflowed (as
indicated by O/UB 327B). Thus, the O/UBs 327 avoid the ambiguity
20  between the first and third quadfants 202A, 202C (and the second and
fourth quadrants 202B, 202D} which exists when only information from
the in-range phase is used.
The present ihvention, as described above, effectively doubles the
number of ADC resolution elements because the slope information
25  provides an extra bit of time resolution. For'examp]e, when two six-bit
ADC:s are used the dynamic range is increased to 8-bits. This is shown
in Table 1, which represents an example wherein the continuous time
interpolator 302 contains six-bit ADCs 308. Under this example, each

ADC 308 would have 64 resolution elements. However, according to the
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I nt er gedi at e ADC 0 (308A) ADC 90 (308B). CQutput

Quadrant 5 0- 63 Under f | owed 0- 63

1, Overfl owed 0-63 ' 64-127 . 2

63-0 Overfl owed 128-191 3

Under f | oned 63-0 - 14 - 192-255 4 10
"Table 1 The ADC outputs 326 and O UBs 327 are as shown in the

first two colums of Table 1 (that is, the ADC 0 and ADC 90 col ums).

The encoding circuit 312 interprets the ADC outputs 326, and O UBs 327

and gepresenteinvantioh: Hereombinatignigfithe twei ARGs308 wauld BivedS6n ¢ he

third col um 1? . of Ta%lrtf 1. The internedi ate output represents a fraction

of the |eastesoliution Sieé‘h ‘cant bit of the coarse time counter. The

i nternmedi ate output is also called the fine time count. The encodi ng

circuit 312 is described in a section bel ow. 2.5. Boundary

Detector 20 Figure 4 illustrateltemmediagnal s that refl ect

concept ual ABD@i0 G08A)Y he ADC 90 (3@8H)o| at Outiad2, but whi Qualbranbt actual |y

exi st. Jhese signals are Tine Anp 402 and T-Ranp 404. Tine Anp 402 is

the four |igegar or quasli- Underflowedar sectiong3of the reference phases

pl aced side -5 as they._ggcur I N t kB~ T- Ranp 404 is

t ransf or nedOQ%FfZ‘Jl"gﬁd of Ti 2 0&’9@ The 25 g;annsf ormation i S defi ned by

Tabl e 1. Thg' rapsformati onconverts Tinme 402 into rm4potoni cally

| Pwedde prgsab tional to the 1922 190443

10 Table 1

I ncr easi ng

The ADC outputs 326 and O/UBs 327 are as shown in the first two .
columns of Table 1 (that is, the ADC 0 and ADC 90 columns). The :
encoding circuit 312 interprets the ADC outputs 326 and O/UBs 327 and .
generates an intermediate output, which is illustrated in the third column

15  of Table 1. The intermediate output represents a fraction of the least
significant bit of the coarse time counter. The intermediate output is also
called the fine time count. The encoding circuit 312 is described in a

section below.

2.5. Boundarv Detgctor

-

20 Figure 4 illustrates two signals that reflect conceptual details of the
interpolator 302, but which do not actually exist. These signals are Time
Amp 402 and T-Ramp 404. Time Amp 402 is the four linear or quasi-
linear sections of the reference phases placed side-by-side as they occur
in time. T-Ramp 404 is a transformed version of Time Amp 402. The
25  transformation is defined by Table 1. The transformation converts Time

Amp 402 into monotonically increasing digital code proportional to the
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el apsed tine fromthe previous positive zero crossing of the coarse tine
clock to the event edge bei ng neasured. As shown in Figure 4,
théere is a singularity at the transition of T- Ranp 404 from
full-scale to zero. The singularity pqisnt represents the 5 potential for
1 arge neasurenent error. This error can occur when the event edge
(that is, IT 314) falls on or very close to the singularity. At

these points the interpolator 302 may record either a zero or a full-scale

out put. Thuslapséd timé €ramlthe queﬁibtls)gbsiﬁﬁé’ zefulfbsbing Of e &barkey tipie ful |
period of the reference oscillator 316. Therefore, the interpolator 10
out put 330 Fiesk tocthesavent gdge bsing weasyredcoarse tine counter. -

Specifically, for ' Lrrd . he sjpgularity, t
i nt er pol at or 302 §/ﬂ@r‘%§o&r g\@fe}%é’)q ﬁsl,sgtgﬂgé@%’é{fys@{ p?"hb'aeﬁtt#?f’e‘?glﬁﬁst
count “one  eRandp Ao3i e hilksdale theeidnt ThROiAkMArB0 poltCRipiednivibe soal e.

Since the "correct” coarse tine count is not kno there 1s no way to 15
exani ne3t hepetentiad for Mrgeoneasuiement gmprc ol hiscerroheanmeacsur schencsha t .

According tQ the presenj .i ' this is sol ved exan]jning the fine
t'i me cou%t ) ?‘f&e &F‘Pfﬂsﬂ w&&gﬂs PP YEY froseotey Bl Fimen r’tt)'rg Atorrect”
coarse ti MetlfdePoints the intergolatochUB/ﬁﬁ | ‘eB&id él?ﬁéilﬁl%xso b al finiSecReOD! em

i nvolve (1) extending the 2 range of the interpolator to Cover nore than

one period ¢utputg Ehus, rthetinterpolator outpusdd0rcanpd bean ependytowe fdl i ods of

the reference .ogcitl ator). and/ or (. suring the time jnterval

et ween  t hePEUEN; Ok 46 FETPRE BRRIRIPr G716 ho Theretorgy Hieh ipiarpelaten hat i s,

the ting inb@fptd!330"AESH refleet tle state of thet cogrse tﬁ@bﬁﬂﬂ%’eﬁnt age of the first

conventional solution 1s that it does no renove the singularity.

Rat her, the firsSpecifically,i forad givénutevent motyrrimgoiadsthe singukabigy,Sthegul arity
by using a non-co?gti [Hbgus ti rre-%l(r)- anpl _H]ude reference that spans nore
than one pelitgfporator RAY KECPRS, 2670, o Thus, thie ¢onarse dime gounter must f or ces
the tinme-tog | & | vent.,an then
be sanpl ed %%h%ﬁés’%%gﬁféﬁji&e?ﬁ%ﬁj? pﬁfe L‘%éﬁ%?#sgg?gngésrg dé?‘.'u & 30 t he
- singul ari t ySipoe thes'sbriectfejoarsc times caugt issnavkicwr, thireeiéeno wayerd i rst -
190443 . . 16-

convent? onaf*aming: thencopfse tiBE SoMBY ialene, apd RorFass thet measured aresuits ude

orcsent | nvASRY R B dh¥ preseat SfherieR Tni FEo B RlhBling dhe davent | onal
sol ution i stitneadount together with the coarse time count to determine the "correct”
' coarse time count.
Conventional solutions to this problem involve (1) extending the
20 ° range of the interpolator to cover more than one period (using a time-to-
voltage ramp that spans two periods of the reference oscillator) and/or (2)
measuring the time interval between the event edge and the output of the
synchronizer (that is, the time interval from IT to CI).
A disadvantage of the first conventional solution is that it does not
25  remove the singularity. Rather, the first conventional solution only avoids .
the singularity by using a non-continuous time-to-amplitude reference that
spans more than one period T. This works for traditional counters as it
forces the time-to-ampiitude reference to be triggéred by the event and
then be sampled by the synchronizer output up to T seconds later. Thus,

30  the singularity (or reset time) of the ramp is avoided. However, the first
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“increased jitter and tining error from the synchronizer output is
troduced into the nmeasurenment. Although neasuring fromthe event

'_dge (1'T) to tthe synchroni zer output (Cl) automatically incorporates the
Poarse time recorded into the neasurepent, it forces the interpolator to
fJecord the jitter and tine delay driTt®o6f the synchronizer. 10 The
gontinuous tine interpolator 302 of the present invention ‘. -avoids the
J#itter and timng error i ntroduced by the second _ solution. This is

gone by exani ni e asu ' ram t he
vent edge cﬁnﬁﬁ?g?gﬂ Pagyndc%r%oxh é‘fﬁ) Viﬁae ? héeongngfroég & toamg}(%ud% and
fhe out put referefige %Uﬁﬂﬂﬁ&edi@tyethTeOEo&l&zouEhtxmealmmmh&& 302 idgfethel me’ 15
greasurenent directly Involving the synchronizer 304. - - o Fi gure 5A

' hows an i duresentcindentdoR-hi p bet ween a coarse time count 502 and a

: t t 204,.- F 5B.i |l ust 508,
hicn i 5 the surfortiralsies 3t e Sebaid oS/ RRel lsolviign ¥R 200 50
rom F'ﬂureiné&as&ﬂ _lxtter and fiheny e&rr6E. frbfA thE spihrdfrizet | b Jmtg t he

anner in which rea world factors deviate fromthe i- :
fel ationshi qntmn‘mnd untq:ﬂyumsmmm Althougl. measyrings froa: ahet eSents how t he'

pf f ect  of k t hat t ffset 512 |
het \(/avgenot hgeéi%\ nﬁﬁs B nggi °§i?1mf (Gl ﬁqtﬂ’é’%%maeﬂanllf%urﬁ?r%gﬁtheﬁ zgur es 5E

and - SF Shoveddiee GHEHdectlied iR ThEAREHERY A Torcebithé %ae,gsxfawr% the
coarse tinme count and fine time count 504 about singularity
boi nt . record the jiiegand Bimprdedayndsiftaot threi sypchicagzerm of the outputs of
e synchr izer 304 (that is, Clout nd | Tout 32 and of the
oundar19 EctRpH (s ey ipt E’Pﬁla%oiéf gk R"b‘F&,ﬂ?ﬁi PR 4pe
oundary ds thO9iteE? and ti troduced by th d - 17
g‘éotle?:t%?%lo auF| gllﬂlggfér?rl Imug? ruzftees ){hee ngjonndary datector 310 in
gr eat er solutidet dTHis is done by examininpthediy timetdount cmeastireddirecthhed, or

recorded, bg_ Cl out 318. | at ched. val ue,of the coarse fine count

is called a Bt e guenty %ee?ﬁhiaﬁb‘ ngt sYREIRpizeEdP theaARaree tme elorkhg to
Figure 6, gﬁ d 't QLHRH &%eso%utnass &&@%r310 THiS ewxaategaosae #hfp case 1.

The recorded coarse ‘tine count 1s Clout 318 case
Ref errilfg t endasgremesnt6diréetly mwdivitig, thd’lsymbmmiacxﬁ%t ector 310 -
Figure SA shows an ideal relationship between a coarse time
count 502 and a fine time count 504. Figure 5B illustrates a measured
value 506, which is the sum of the coarse time count 502 and fine time
count 504 from Figure 5A. _
b 20 - Figures 3C, 5D, SE, and SF illustrate the manner in which real-
world factors deviate from the ideal ré]ationship shown in Figures SA and
5B. Figures 5C and 5D show the effect of a fixed time skew (that is, a
systematic offset 512) between the coarse time count 502 and fine time
count 504. Figures SE and 5F show the effect of a random time skew |
25  (jitter) between the coarse time count 502 and fine time count 504 about
a singularity point.
Figure 6 presents a timing diagram of the outputs of the
synchronizer 304 (that is, Clout 318 and ITout 320) and of the boundary

detector 310. Figure 7A shows a block diagram of the boundary
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deterniines if the recorded coarse time count is Nor N+ 1. The boundary 10
detector 310 operates by delaying | Tout 320 with respect to Clout 318 by.
harf a period of the reference oscillator 316 and then using a D flip-

flop 706 to performa binary phase comngari son. There are two
cases. If Clout 318 is coincident with | Tout 320 (that is, case 1 in
Figure 6), then the boundary detector (BD) bit 328 is 15 | ow i ndi cati ng
that the recorded coarse count was N. If Clout 318 occurred one

period af t edetettart 3BROFiguret7B #lustraes thei boutidguy defictort BT in lgeeater BD bit
328 is high. ingicating the recorded coarse tine count was N+ 1.
The BD bit 98®ilhas some conditions on its use. Fi rst, it has the sane

wei ght as the le 1296 filfedtBu?’; Ly opf o] ' cquynter 20
(that is, if the'L Bccdoa?%ﬁe coalllrnts%.elg%al(trre doognrféer gs%%.“%ﬁ?&of gs'econd,

. then the BDlditlied328lueast theneoayse tinhe toarr inehlledThyecordedcesirs@tinye t he
BD bit 328 nust be added to (or, subtracted from the coarse tine

count er? Thfeunts kpsrxapiplecieferingdodiiguread,dbe recordedisparseitime esunt bed

‘below. 25 . h i small _reqiop.of. t] where t he
val ue of the N for C@?Bﬁf]{'ﬁd{:’%g f|'sq‘rtll§t ﬁggf%eﬁimg%rg? tme fﬁpgpf%é{"biw?gﬁcur s
wher e Cl out C3d8t 318lcase 2. | Tout (delayed by T/2) 704 violate the set-up and

hol d requirements of the BD flip-flop 706. According to the present
invention, this Rejeming $o Figuresghs7Aj endd/Bothehhoundanyodetecttys31@ t h t he

T e o el e Bt P oSt A E R clilaly” ™
- 18 -10  deteRtd?F10MOpethtes UiSdslayihg IFoud B2G wmxoréiglé@rezgi dtjgoatrﬁs\'@,l idity of

-the BD bit 328, the fine tine Counter (also c he i nternedi ate
out put) nushalf a pegedestithengeference oscillator 36 amdvthen rusingar & fhf and 5F,

two limts £V1 V2) ;are 5. established which bound the upper and | ower
i nt er nedi at OBJ@B&P R}%{fmaaomary B@?%i‘zﬂénl?%*%gi on around the singularity.
Specifically, alirhépd ues t@b ddies. If ClouP388TEY t ' e less
than V1 or greater than V2 are outsi dg %?ﬁg&cﬁ%gﬁoﬁﬂgr%@h?%e

si ngul ari t y(thabisy easell \in Eighre 6),then ahetboundary det'entc'ﬁ‘r(EDP die328iput which
to V2 are inside

AR TR N Y N R A N TN,
Sr‘rg!t ?Ct 1.0n Ociired Gne’ Eeﬁéd%?ierQ%B{ 820 (1HaP'¥s, a8 3 W Figure 6)CON oS are
BD bit 328 is high indicating the recorded coarse time count was N+1.
.T_he BD.bit 328 has some conditions on its use. First, it has the
same weight as the least significant bit (LSB) of the coarse time counter
20 (that is, if the LSB of the coarse time counter has a weight of 1 second,
then the BD bit 328 has a weight of 1 second). Thus, conceptually the
BD bit 328 must be added to (or subtracted from) the coarse time
counter. This is done by using a deskew algorithm, which is described
below. '
25 Secondly, there exists a small region of time where the value of the
~ BD bit 328 is not deterministic. This region occurs where Clout 318 and
ITout (déiayed by T/2) 704 violate the set-up and hold requirements of
the BD flip-flop 706. According to the present invention, this region is
positioned so that it coincides with the midrange of the T-Ramp 404. In

30 this region, the BD bit 328 is not needed to deal with the singularity
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Firsts all random and systematic skew between the coarse tinme 502 and
the fine time 504 nust be contained between V1 and V2 as shown in 15

Fi-gures 5E and 5F. Second,. the region where the BD bit 328 is
not determ nistic nust be outsil e the region defined by the first
condi ti on. In practice, ‘Choosing V1 to be 75% of full-scale
and V2 to be 25% of full-scale yields balanced systemtimng. This

‘allows up to T/ 2 seconds 20 of total systematic and randomtinme skew
bet ween coars ti AEem | irgal Iy
corrected BY° c@ﬁ?%%e&r&%ove Th&g o Elnt er po glgﬁ'tdgggy\a#{amtzﬁg deskew

al gorithm pit 328 the fine titheecounsdre(als called tire inftetmbediptecowtput) musnt i on
operates as follo ' The internedi ate output is checked. If the
i nt er medi abe Q?@Dpﬂ@d-l s less 25 than V1 or greater than V2, then the BD

bit 328 is ignor nd th t :{“3?-‘ u S f | y added
to the recorded ‘%)és m,ng'lgures jél ﬁ]ou corre‘HEl& KV?oagé v‘gfi ﬁ\égrreasured
val ue. sThe ¢BizB%5Ned MEcHBound the ipperemrhlcwérhaterdiddiiteddutpievalaskew
algorithmfor this case. If internedi ate output is greater

than or equaltside thé regioni sround the Slﬂ&ﬂ%@%ﬁﬁpa@lécdbﬁ mlk valyes o shehan or

| V2, th h |
ST lntetrnfeﬂzaéye%g&?l&i@sﬁeﬁfesaw'& ¥4 TSR hap YPoreRuigt. Thero
are four e. ré Eﬁs fi°ar gur(lad the smgu-lfﬂﬁtyf ! 'G'Invéﬁ:%@ exlls tvalydienoft fRe BD bit 328

Is 1 and the I nt ut put greatér than or equal to V1. If
the first ommaaesqutpmhmhare gredtar ehameqt equaldotYlorilessghdmori vel y

added to the recor coar,se,t.i m.nuys .1 rse tine gount to give
the nedsur &9ug @e({?ﬁh%febﬂﬁ%ﬁi?/ the regiggq *B%\‘ r‘é‘ﬁf@ emgz@av{fyut of the
deskew al g h cand Vasg st vided Blaobit 328 is
1 and the %&&matlgf r}gglsgtleg:tlgﬁt gﬁtsﬁl s less than gl?ﬁ%%gfbto V2. If the

second case;oﬂditi?dt&,arb(knetthen the internmediate out put |s effectively added

to the recorded coarse me witho rrecti o ive t nmeasur ed
val ue. The bi narKirsteall random and m%@r#@‘% GGPﬁ °8? HE“EB@%

al gorithm .44  the fine .meﬁtgmg«reeeaﬁﬁufea By fvedlier] Lha @Pab\}l éﬁg I's 0 and

the internmedi IS greater than or equal ‘the third
case elgstsﬁgﬁfggnsmhadlﬁ? |nt er medi ate output is effectlvely added to the
recorded coarse tine ut corlrag:ut%r} to give the peasured val ue.

The bi nary code $econd, the reglon w ere the 8 is not deterministic must
be outside the region defined by the first condition.
In practice, choosing V1 to be 75% of full-scale and V2 to be 25%

of full-scale yields balanced system timing. This allows up to T/2 seconds

20  of total systematic and random time skew between coarse time 502 and
fine time 504 that is automatically corrected by the continuous time
interpolator 302 via the deskew algorithm.

The deskew algorithm of the present invention operates as follows.
The intermediate output is checked. If the intermediate output is less

25 than V1 or greater than V2, then the BD bit 328 is ignored and the
intermediate output is effectively added to the recorded coarse time
without correction to give the measured value. The binary code 01
represents the output of the deskew algorithm for this case. .

If intermediate output is greater than or equal to V1, or if the

30 intermediate output is less than or equal to V2, then the values of the
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represents the output of the deskew al gorithm The fourth case

exi sts when the BD bit 328 is 0 and the I nternmedi ate output is |less

t han or equal to V2. If the fourth case exists, 20 then the internedi ate
output is effectively added to the regorded coarse time plus 1 coarse
tinme count, The resulting binary code 10 represents t he out put of the
deskew al gorithm The two bits of the deskew al gorithm out put

have wei ght equal to the LSB+ 1 and LSB of the coarse tine counter.

These two by attge?u?t?ut af@StRVBR BRI 31 arO¢hete ! TIRPOUIEGHuf as the
nost signi: |cant ts I nternmedi ate out put to produce the

interpol at easesut put 330. In the above paragraphs, the phrase
"effectively added" .i ndi cates ddjtign,is not atct ual l'y

perforned by thellBfEkshgase s’aﬁst"mﬁn e BD h‘ﬁgggéﬁj apg the dnteppediate,

J&orit hm

B(ra?:‘/ij(rjﬁ:dt %@ ecl f%ﬂhﬁ} {Halﬁ:‘&?h@u%}eskew 1-itte ﬁﬁ%%%ré%tgqﬁén el L€l

- 20 -5  intermadénei binmumus peffectivejOaddédrtot thee ire¢crded déirse aithput nust be
added to the recorded coarse tinme, mnus 1 coarse tinme count. If the
deskew al g@Rinusnh coarse Hme)GPURL togive Hbp measyreder s, attdieoBIAY nust be

added to t ew al gorithmoutput is
10, then t%§d|£zﬁe){e%ggsl (fllttseth%ﬁ8 u?)t?’[gtl}%]g%es%é%tahéoﬂﬁgrto t he recorded coarse
tinme plus 1 coarpketdet®nd case ewistit when the BDeftit r338 ésrbbdindenheof the

present invention, the actual addi tions are performed by, a
post - processteﬁgledllaéﬁmtpuﬂﬁlaﬁ"BFE@FWN/@V2 If therserandegase existever , the

addi t1Bhal 1hen dhe atesmiside Sebein SHREBey adaest i Bis edSrad sanms,
signal to lighewitHisutcitetionl wrgiveninslmdaghied(vatde. Oe binargdebdyed by T

(one coarse tinme clock period, code 01), or delayed by 2T (two coarse
time cl ock rppreseuts, theoowtpuppf the\desksy algonithnng t he correct "deskewed”

CoT e, LT, T e RS o 3 B8y BROER B R et °°
aut omat i cal i‘fs' $§‘1 atkerl thahlr QRIS Vit ”Bfrtﬁé%ird case exxsts then lthe SUMTTRI Y,
according to sent |nvent|on jitter (which is |less than T/2 in
magni tifde) xdtwﬂedlatheougpmhnocﬁfmwel&oaddsdrmt thee aeconddd qdrrse tlme i s
because the SIS codion to"give Phle edsired’ VSeS " Bhaady “dode™bp" 31°
represents the output of the deskew algorithm.
The fourth case exists when the BD bit 328 is 0 and the
intermediate output is less than or equal to V2. If the fourth case exists,
20 * then the intermediate output is effectively added to the recorded coarse
time plus 1 coarse time count, The resulting binary code 10 represents
the output of the deskew algorithm. . |
The two bits of the deskew algorithm output have.weight equal to
the LSB+1 and LSB of the coarse time counter. These two bits of the
25  deskew algorithm output are appendéd (as the most significant bits) to the
intermediate output to produce the interpolator output 330.
In the above paragraphs, the phrase "effectively added" indicates
that the addition is not actuaily performed by the deskew algorithm.
Instead, the deskew algorithm providés two bits which indicate the

30 operation that must be later performed. Specifically, if the deskew
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20 directly as opposed to being interpolated to Clout 318. Only the BD
bit 328 is determ ned by the synchroni zer outputs 318, 320. The BD bit
328 is not sensitive to jitter less than about T/2 (this is nuch |arger
than . the resolution linmt of the systen). 2.6. Encoding

Crcuit 25 As noted above, 2@ he encodi ng circuit 312 processes
the ADC outputs 326 and the O’ UBs 327 in order to generate the
i nternedi ate output. In generating the intermedi ate output, the

\iﬂggdit Eg 8{5%3%% outputoig%?g@%iéﬁgqgtregin@giattg o-xll_?pbulteml}St baebg(YGee'd t%p t%%i fically,

- 21 - recordedédate fime MinushE cO4rsé eisi ot TR kh2 dOsKew Algafthovwed, then

t he encodi ng ~circuit generates the internediate output by using the
ADC out put @fpat is 01, thevithe intepnaliale gutpat imust bataskledrtat therecdrdedgr ee

[ | 208 i ] fl d h th di Ci It .the ADC -
s1onal" 200 Lo e me SUbb L85 ARBILS RSB G Vo e A0
| ndi cates thaby must 5{'%&3@(1%9{&%&'095%& cgﬂr&g't?mQV k! PWBdrsel fifd the

encoding circurt uses ADC out put 326A to generate the

i nt er medi ateounts dntthe\freferrétemboBiment of h27presenti inaeetion, e ddneal0 degr ee
signal 208 is_ underfl owed, taﬁ’g’ t he encodi ng circuit_uses the ADC
out put 326Edditigay,areperfpFaed by pestprosessing elsment: In an alternative |y  he

o | ooy SBSAGTGy Whetel Mhe EIdiliBhs HdPheHebrdifted by thePoded?!P

underfl ow or overflow near ran I es, I"onal
arbitrationalgegtlimj s i ncluded in the encoding circuit. This
arbitration logic systematically forces the encoding circuit to use the ADC

15 ol@put to ofdditienally; the deskewlgombm cuiputcan bpusedasa erntrelar y.

In the pref e i .he ' haq, '

ADcs. 306 ar Sl B Ronfle iR MEESRAel TCES 06]. ol ORROLE 4. .,

the i nt er pofoieOtodisd Rithe stk peridd,béidde 0TY)oori déleyate diy AP (86 RhrdecPr esent s
the |l east significant eight bits of the interpolator” output 330. 20 '

The encodi ndmei ¢lock pegipdsnegdel8) thembyseecording theucomreasnidekewed”
boundary defeclotinde0 PiisPaihHatld thd *ﬁ%egetsokﬁiévpean'&%é LD biS o' bed

15  deskew algorithm  to the intermediate result because they are

automatically included in the coarse time result.
In summéry, according to the present invention, jitter (which is less
than T/2 in magnitude) due to the synchronizer 304 is not measured. This
is because the event edge is interpolated to the reference oscillator 316
20  directly as opposed to being ixiterpolated to Clout 318. Only the BD
bit 328 is determined by the synchronizer outputs 318, 320. The BD bit
328 is not sensitive to jitter less than about T/2 (this is much larger than

the resolution limit of the system).

2.6. Encoding Circuit

25 As noted above, the encoding circuit 312 processes the ADC
outputs 326 and the O/UBs 327 in order to generate the intermediate
output. In generating the intermediate output, the encoding circuit

operates according to Table 1, above. Specifically, when the O/UB 327B

190443



- aboves The encoding circuit 312 would take the two bits of the deskew -

al gori'thm out put and append them as the two nost significant bits of the
~interpol ator output 330. According to this enbodi nent, the interpolator 25
output 330 is generated entirely in-drdware (wherein the conponents

illustrated in Figure 3 are hardware conponents). In summary,
the nmeasured value 506 is determ ned by summ ng the coarse tine
count 502 of the digital counter and _the interpolator out put 330
whi | e r et aiindicgtes thatther ¥ degree signab 29 ds %dgﬁ&w@s themthe encashing

acconpl i shed when the LSB and th SB+, cear |

190443 circult generates _ﬁwzléltgnneaeia)!'e OU&’UQL)’R‘Qﬁg\,@%tEﬁ@é gﬁ@u&\gﬁg ‘s as the
MBB-1 and NgBehMpd ONOB f329ANtindicklesOfthat the 0 degree! Kignalt 20§ okat or

out puts. Alternatively, the encoding circuit 312 may
gener at e anwesflowed,t then thetemcadinigaciscwitit ysgs . thei ADGr oytput n2Gbdadar y

detector 310 may nerate ..5 nd, s e the [ 28.,. An_ext er nal
conponent , SfAEEHe %ﬁ? ipermediate output. Whén tﬂﬁﬁ&ﬁ?@ér'@mmﬁbﬂ? woul d

t hen recei 14 ' isVepid : sroui i+he 328 and
- produce th\e{ﬁFtr?pedréﬁg%gtglgrﬁg%%%%ﬁt 330.w%’idtgkg>e<tth grerllxg?dmg cireuiiles thg’orrponent

woul d al so APC eutput 326 Actokgenerdtgdhe imtermediate output. When the &88Bdi ng to
the present_ invention, the duc?‘se t he

' .Ci i t..312 10
e Tl 0, i ISR OLGA 1L ST b, BB
Wt hout t heeg:%ggﬁcgoé\}&u% LS the WBC btut %Qhﬁgtg%g@ﬁt?;ﬁétiﬁt&ﬁﬁhimst be

stored is a

2x(overd | oMmpdgrf | ow bits) + Boundary bit. Wth the
encoding circuit 312, the nunber of, data bits tha S 15 be
stored is reduceln the tavent dhatoynperfections cause ne’t]t"e‘mbﬁjB 7P mAtdi at e

result +B°u(3g@f3¥aﬁ to_pnderflow .or overflow neaf the SqdtidPhhie Btmazls, ¢ h.i S

means t hat

additional arbitration logic is included in the encoding g:ircﬁit. This
arbitration logic‘: systematically forces the encoding circuit to use the ADC
15  output to one specified side of the imperfect quadrant boundary.
In the preferred embodiment of the present invention, wherein the
ADCs 308 are each six-bit, the intermediate output is 8 bits. However,
the interpolator output 330 is 10 bits. The intermediate output representé
the least significant eight bits of the interpolator output 330.
20 The encoding circuit 312 may also process the output from the
| boundary detector 310 by performing the deskew algorithm, as described
above. The encoding circuit 312 would take the two bits of the deskew
algorithm output and append them as the two most significant bits of the
interpolator output 330. According to this embodiment, the interpolator
25  output 330 is generated entirely in hardware  (wherein the components
illustrated in Figure 3 are hardware components). -
~ In summary, the measured value 506 is determined by summing the
coarse time count 502 of the digital counter and the interpolator
output 330 while retaining the correct relative bit weightings. This.is

30  accomplished when the LSB and the LSB+1 of the coarse time count
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st be stored is reduced from 17 bits to 9 bits. 3.
WwPpterl eaved Architecture for Increased Sanpling Rates 20
#=5gnchroni zi ng the events to be rreasured may take a si-gnificant anount of
me. Thus, the synchronization procesg2wmy linit the rate at

%\hich neasurenents can be-nmade. According to the present invention.

st gher sanpling rates can be achieved by interleaving paralleled
synchroni zers and nmeasurenent channels. By doing this after the initial
0443 have the same wexghts as the MSB-1 and MSB (most sig@ificant bit) of

Hfre-to-anpl it ude/ sl ng (performed by a first rank track-and-
ihpl-d 306A), i et ?qggozi rYB!%’thdom conponents of tinme skew (up to T/2

i5
1
h
-spconds peak- to peﬂkamlaﬁw@emdoafc%uh@g eﬁcm@agrﬁsgegénéh@a éi%tcﬂ%?? . |
e Bco?ectlvely
4
1
P
d

i mnated fromthe nmeasurenent. e&ﬁr es 8A and

| ustrate allﬁﬁﬁbkdmta@ﬂmt@f&mlaﬂy. the bpnnéany ectoar3dﬂ| maytganeram:cor ding -
b t.he preseéent i nventio ] e | ustr at nner. i n.which
gur es éA aARd ST :ﬁé‘ gH)FH%% rﬁblﬁxéernal Co.fan"FN* ‘F t"é%y eeithehg -
agram of -t RrdwireIdeivkrd! BilakENTEcdle oiamfiate outpur 308 FE 10
gures 8A, 8B-illustrate the case o our interleave urenen :

annel s. " THBI} bit A& eodupmdtuan the gnnqmianozeduﬂpm I\B3ﬁeas'ﬂhxsnmémal '

annel s by usi an N o | ti A denul ti pl exer |
4 .decel er af%%“l’%‘fg Evé’i‘l‘?‘s r&‘i’ﬁ%ﬁ&fﬁ‘%‘f ajgorithm. \here N is the
mber of denul ti M@@amguwum% F@exﬁﬁhveﬂ%ml%e émumo% Rlifgfr g3 nt roduce

itional time skews which ad 0 neasur enent In traditional
er pol18t or semmhmgumb@roﬁft bits tbat sywsthborstaredsfor each diate#qidipt. The

esent inve | asurin chroni zer o directly.
erefore, i 1% ﬁg?'r'gg}ke &ﬁa&&lf&}*ﬁafﬁﬁﬂgmwg éégﬁacé‘ts that mystebaiti ng at
gher speedgidrB@ns as $hieWe synchroni zer is enployed at the 20  output of
guadrature hybrid, .then this interleaved architecture increases . the

siyst em nmeasurenent rate to that of the sanpling device wthout
I htroduction of a sure
§ dz‘i&b& Wits T° (oae ov.,'ander%{ow bits) + Boundary bit.

With the encoding circuit 312, the number of data bits that must

15 be stored is reduced to the following:
Intermediate result +Boundary bit.

& For six-bit ADCs 308, this means that the number of data bits that

must be stored is reduced ffbm 17 bits to 9 bits.

3. " Interleaved Architecture for Increased Sampling Rates:

20 Synchronizing the events to be measured may take a significant

amount of time. Thus, the synchronization process may limit the rate at

which measurements can be made. According to the present invention,
higher sampling rates can be achieved by interleaving paralleled

synchronizers and measurement channels. By doing this after the initial
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In opetation, the demultiplexer 804 takes events from an input

channel and sequentially distributes themto N neasurenent channels 25
(each neasurenment channel runs at 1/Nth the rate of the input channel).
Each neasurenment channel is the sanme as the bl ock di agram shown in

Figure 3, but with one exception. In-B8gure 3, a single rank track-and-
hold is used. However, in the architecture of Figures 8A 8B, a two rank
track-and-hold is used, wherein T&H 306A represents the first rank, and
1190443 - 24 - T&Hs 3068,

306C, 306::) tlmt%mhﬂéiﬁ/égmtsamlvémge(cmﬁomw Bhéirstinank track-andnk T&H
306A t
The first rRE %é‘%%k@eitanﬁiacénﬁ@%dgepﬁé&h%g‘?x?mc o BeSkew (3P o Tupl i ng of

the two ref gsconde P&ﬂd—id— BE&&%% ARk 'R ANk
track-and- hol ds 306B, 30 CQOSOGD an 306E to gﬁu}égggﬁgf@ |ca I

cl ocked wi thllmmatirdcfmmldhtrmmmmnt pat h that goes through the

derul ti pl exer 80 Thi k ont significant anounts of tine

skew wi ?hout addir sﬁéa@f‘l‘r éﬁg‘%’f"% "3 iJusBatsca thieck idiagramank an T&H

306A does t C bl.e out
meﬂéaaeu akn%m'ré WOl 0 ¥R el in Bnddf.0 Bg0H B 10

while it is sanpled by the second
306E. Thus, illustratesi tire mammeri in which Fégures Saand 3B-hr3QMisiaes. 'F?gure al ter

-~

t he vol tage t e s cond r.ank. T&Hs 306B, 306C, 306D, and 306E acquire
fromthe fif djustr agming gjagram of the interleayadsarchitectwre oﬁFigwesSAl ities
15 Tid gge-to-anpl i tude reference may contain significant non-

| inearities depending on the characteristics of the reference signal and
quant i ¥¢r. Dat a Figures8ApB8BdHustratbehesast dffous dmeslesved ﬁfé‘a@ﬁfeﬂéent’b‘

correction roce ure uld_ i.ncl ude a | ook-up table or mapping tunction
whi ch woul Fhé’%ﬁcﬂrﬁe‘éﬂfn r@s;ﬂ@ﬁSéﬂ izedote Nhinsaswamentre 20
perfectly |imade Pﬁtrpl" efIH n hardware or software

dependi ng on sys%segr;{lr'lgl\l/’g per ngﬂce re I%Q(r"llémants Wi | e

various enbodi meAt dembiltiglexerr 80 decslevacs i ebénterdl€ey a factor of N
where N is the number of demultiplexer outputs. Conventional |

15 demultiplexers introduce additional time skews which add to measurement

errors in traditional interpolators measuring the output of synchronizers

directly. The present invention avoids measuring synchronizer outputs

directly. Therefore, if a track-and-hold or other sampling device

operating at higher speeds than a single synchronizer is employed at the

20  output of a quadrature hybrid, then this interleaved architecture increases

the system measurement rate’ to that of the sampling device without

introduction of additional measurement error.

In operation, the demultiplexer 804 takes events from an input
| channel and sequentially distributes them to N measurement channels
25  (each measurement channel runs at 1/Nth the rate of the input channel).

Each measurement channel is the same as the block diagram shown in
Figure 3, but wi_th one excepiion. -In Figure 3, a single rank track-and-
hold is used. However, in the architecture of Figures $A, 8B, a two rank

track-and-hold is used, wherein T&H 306A represents the first rank, and
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described above, it should be understood that they have been presented

by. way of exanple only, and not limitation. Thus, the breadth and scope 25
of¢ the present invention should not be limted by any of the above-

descri bed exenpl ary enbodi ments, but ggould be defined only in

accordance with the foll ow ng cI ai ms ahd the| r equival ents. 190443
- 25 - VWHAT | S CLAIMED | S: . A system (302) for timng
an event signal (314), conprising: (1) a reference oscill ator
(316); 6C, 308D, Ahd DB &5 IS sécR) 1. Hhe géng sai d

ref erence ST&%SS%:%# gi:;thorC ?316)’ Into first and second signals, wherein said

?e;:ond Si gnﬁ(nkT&H S(Dﬁﬂxlsanlrjl ln‘SqﬂMﬁmemthhsmgl&jm‘easmnmxgrwhanl 1Smredegreesf

3 means (306 coupled to | ans or
sanpl i ng said fi)m: St sawoaack gwﬁh‘xeﬁt?tp% eeé"ﬁeﬁg ?‘Me“@!Fe e¥ gnal
(314); 10 . 0 o} | ans, for
digitizing samphng,sgf @esgvrr%ﬁ g%%?é%s@mnﬁwggggﬁt s'l'rgﬂr%a%il dé Séedid (5)

encodi ng megxk {rdékanddoldd 806Bp 366CH 306D, tand BGGBH@nBe léssr critically
generating a fine time value according to said digitized first and second

signals.  dacked with aphil gle¢le ffqmofip eyent| pathy !Lhatf gﬁQshQ?f%hp?h%l ng:

o) ggagggéﬁ‘)@pdf & §04 1451'11@%1&12%;&9;1&?&,%{@?@&& Oﬁ#hhﬂ%"éi § e

(310), coupyiedy Withotiadding to SIEASH eRiErRi @ardfebaéauséorthéIUﬁfgtl ifaﬂw s
recorded coarse tinme count; 20 (8) means, coupled to said

boundary deTé&H 366 Andoessthef exitical sampliagkdirggtly and doldsca stable oadpite ti e
count S5 Ao 1% AP e et rok T Shon, R, 00 1 °
i nt er pol at o5, #8bEH! Thus, some time skew in the second rank T&H 306A does not

alter the voltage the second rank T&Hs 306B, 306C, 306D, and 306E

acquire from the first rank T&H 306A.

4. . Data Correction Possibilities

15 The time-to-amplitude reference may contain significant non-
linearities depending on the characteristics of the reference signal and
quantizer. Data correction could be used to reduce system error. A
correction procedure would include a look-up table or mapping function
which would transform the nqn-linear résponse to one which ‘was more

20 perféctly linear. This could be implemented in hardware or software
depending on system-level performance requirements. '

While various embodiments of the present invention have been
described above, it should be understood that they have been presented
by way of example only, and not limitation. Thus, the breadth and Scope

25  of the present invention should not be limited by any of the above-
described exempiary embodiments, but shouid be defined oniy in

accordance with the following claims and their equivalents.
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3. . ,.The' system (302) of claim1l, wherein said reference oscillator (316)
25 Tconprises a continuous waveform having two regi ons of approxi mately

equal range and nagnit ude. 190443 : - 26
- 4. The system (302) of claion 1, wherein said encodi ng neans
(312) : conpri ses: (a) means for generating said fine
time value according to a first set—of values i ndicated by said

digitized f d se i s underfl owed;
(b) mansmm fi nﬂmﬂmnm““mulJIHr ding to a second
set of values indicated by said digitized 'sefond signal when said

first signal is overflowed; (c) means for generating said
fine time vdlue a%(smm@oﬂbf@ timing anjevent signal (S/bﬂl)ue@mpﬂsingat ed by said

digitized first s gnal e a|d ﬁg &r}g signal is overflowed; and
(d) rneans for QQ ‘g’reéﬁFoosﬂ o (30 al ue according to a fourth
set of val ues 'n32§ ?ﬂléﬂ‘l‘aﬁ@éﬁ hﬂ'ﬁlb&ﬁéj(ﬂﬁg%g dividia sil Seferahsk

er

first signal is system ((302) of claim 2,
wher ei nSsai @seiliator (316} intg fixstand second sizmals, odiepeinssaid second signal  (a)

ﬁ?@&éﬁ’&?%%ﬁ#eﬁﬁh < Wi 578, s "ixygad@fere”ce PR ) heant

for generating an tFiﬂEa \/\21%39 leHFfB@ rgﬁreg%ﬂ%ﬁféa'ﬂgmm) rreans&

The system (302) cI alm 5, eret n sai undary tection
(310) - conpr ifeesamplmg said first and s¢condnsigmals @pOR)reteivingethayevent sigaakbvent

signal (314),; ﬂ (b) means (706) for l|atching said output
edge upon r &3 i ng
10 (4) means (308), coupled to said sampling means, for digitizing

said sampled first and second signals; and

(5) encodiﬁg means (312), coupled to said digitizing means, for-
generating a fine time value according to said digitized first and second
signals.

15 2. The system (302) of claim 1, further comprising:
(6) means (304) for synchronizing said reference oscillator (316)
with the event signal (314);
(7) boundary detection means (310), coupled to said
synéhronizing means, for quantizing a recorded coarse time count;
20 - (8) means, coupled to said boundary detection means, for
deskewing said recorded coarse time count and said fine time value; and
(9) means, coupled to said encoding means and said deskewing

means, for generating an interpolator output.
3. The system (302) of claim 1, wherein said reference oscillator (316)

25  comprises a continuous waveform having two regions of approximately

equal range and magnitude.
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25 said del ayed event signal (314). 190443
-5 27° - 7. A nethod for gquantizing a tine difference between

consecutive ' an event signal (314) and a reference
oscillator (316) Jlﬁ’ﬂ“@"ji@ﬂﬂ@i’ coppgi.sing the steps of: (a)
di viding (305) t L | ator (316) into first and 5 second

signals, wherein said second signal is out of phase with said first

signal by 90 degrees; . b) sampl in 306) said fi and
second si gn@l s uéﬁﬁ ystem 307 of dafmtlhé"lbe\;gﬁtsaéﬁ? | P‘?‘)ng means (:glszt) (¢c)
digitizing ég,géﬁségg\i d sanpled first and second signals; 10 (d)
generating (312) a fine tinme value according to said digitized first

and second signa(a)y means for gengraling saidfinertime yalug aceording bea fizster ence

oscillator (31 i th the .event sjgnal. 314: . L(f
qﬁalnt i zi ng get é’&ﬁfédné\?ﬁ@e"x %ﬂ&‘iﬁ&'&%ﬁi g@?&gng] Wwhen s"t‘ﬂ)sew%’e%é‘é%‘/i ng said
recordeg COffskddriiBRegount and said fine time val ue; and

(h) generating an 1 nterpol ator output (330). 8. The net hod of
claim 7, wherein(bpi d meas fB1g8neratingsaid fine time value acéording torm val ue

according to said digitized, fjrst and second sjgnals 20 conprises the
steps of: second set o ‘fj’é‘l’f'e‘r "??ée‘i§chaf‘f§3£1§1¥erdegwae51%@o‘?’h?r$§alﬁo a first
set of val uﬁfst.sggnal ié Bgé ;by sfai d digitized first signal when said
second signal i undertl owed; generating said fine tine
val ue according {(¢) a ssemmndfcregentirating saidl fihe tihediahwd adcddingpis! adi gi ti zed

second signal, when said fjrst si gnal_ 1S .. . .
10 ~ third set of values indicated by said digitized first signal when said second

signal is overflowed; and

(d) means for generating said fine time value according to a
fourth set of values indicated by said digitized second signal when said
first signal is underflowed.

15 5. The system (302) of claim 2, wherein said synchronizing means
(304) comprises: ' '
(a)  means for detecting a rising edge of said reference oscillator
(316) immediately following the event signal (314); and -
_ (b) means for generating an output edge (320) upon said.
20  detection.
6. The system (302) of claim 5, wherein said boundary detection
means (310) comprises: _
(a) means (702) for delaying the event signal (314); and
(b) means (706) for latching said output edge upon receiving
25  said delayed event signal (314).
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over fd owned, generating said fine tine value according to a
third set of val ues I ndi cated by said digitized first signal when

sai d second signal 1S - overfl owed; and . 190443

- 28 .- : ”Illlllml ﬂ lM“Lsai d fine time val ue according to a fourth
set of val ues el | Allsai d- @7gitized second signal when said
first signal is under f | owed. Q. The met hod of claim7,
wherein said step for deskewing said 5 recorded coarse tinme count and
said fine tfnme vaA weethodrfor spantibingsa apme differenet:between consecutivddi ng sai d
fine tinme value to_said recorded coarse tine géunt to, 1produce a
deskew out peerogressings of an event sigpal Gildp and ajreterenempscillatpr (316), the o) t age

val ue or gr . .age val ue; 10 addi ng said fine

time val ue ﬁ’g&@éﬁ‘ W‘@’{@’P‘Eﬁﬁg%s és?te)%'ti me count and subtracting a

- coarse tine counya)o Riivddiige (305 C{hda‘_&f@‘&wbﬁﬁllaw%lsylﬁﬁb first apld ne tine
value is greater than or_ equal fo said first voltage value and said

quant i z&8d csenond signals.cuberein 3aid) second ;signal is out of phasgiwith said dirst ne tine

val ue to said rfﬁor'ﬂ\e}gﬁ coarse time count to 15 produce sai d deskew out put

“when said fFgBd Yng & s less than or equal to said second

vol tage val ue an ai afipim i an &y Sondndi winy 1

addi ng_ said fi neq‘t))lsma%val uetgt(ggg)aiﬁfji rfﬁé-gtorl(kj%rge coa{gsl%nztlis #goggrﬁﬁ%w%

produce sai thelewdntvsignalput when said fine tine value is greater than or 20

equal to said first vol.tage v d said.quantized coarse tine count
(328) is 0; and (5) | dxgi?i%mg @cﬁ)ﬁsﬁgﬁs ; ]Ffj(rjfgs"t? s%ﬂq%zmgﬁag’ai d' recor ded
coarse fpi e Coun{pnd generatirg(¥12ya né e falk ABGAY td Akl said

deskew out put when’ said fine time value is an or equal to said
second vol t figst amad secoadcsigndlsf 25 2 quanti zed coarse tine count (328) is O.

(¢) synchronizing (304) the reference oscillator (316) with the
event signal 314; _ '
() quantizing a recorded coarse time count;
15 (g) deskewing said recorded coarse time count and said fine
time value; and
(h) generating an interpoiator output (330).

8. The method of claim 7, wherein said step (312) for generating a
fine time value according to said digitized first and second signals
20  comprises the steps of: . | _
generating said fine time value accdrding to a first set of values
indicated by said digitized first signal when said second signal is
underflowed;
generating said fine time value according to a second set of values
25  indicated by said digitized second signal when said first signal is
overflowed;
generating said fine time value according to a third set of values
indicated by said digitized first signal when said second signal is

overflowed; and
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10. ¢ The nmethod of claim 9, wherein said step for generating an
i-nt er pol at or out put (330) conprises the step of appending said deskewed
190443 output—tosard-fine tine value, wherein bits of said

gg\slge\gggal()u;gr;rlmuljﬂﬂﬂI“ﬂﬂﬂ!ﬂl“ bi E;3O.f said recorded coarse tine count

generating said fine time value according to a fourth set of values

indicated by said digitized second signal when said first signal is

underflowed.

9. The method of claim 7, wherein said step for deskewing said
5  recorded coarse time count and said fine time value comprises the steps
of: |
adding said fine time value to said recorded coarse time count to
produce a deskew output when said fine time value is less than a first
voltage value or greater than a second voltage value; '

10 adding said fine time value to said recorded coarse time count and
subtracting a coarse time count to produce said deskew output when said
fine time value is greater than or equal to said first voltage value and said
quantized coarse time count (328) is 1;

adding said fine time value to said recorded coarse time count to

15  produce said deskew output when said fine time value is less than or
equal to said second voltage value and said quantized coarse time count
(328)is 1; |

adding said fine time value to said recorded coarse time count to
produce said deskew output when said fine time value is greater than or

20  equal to said first voltage value and said quantized coarse time count
(328) is 0; and |

adding said fine time value to said recorded coarse time count and
adding a coarse time count to produce said deskew output when said fine
time value is less than or equal to said second voltage value and said

25  quantized coarse time count (323) is 0.

10. The method of claim 9, wherein said step for generating an

interpolator output (330) comprises the step of appending said deskewed
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output to said fine time value, wherein bits of said deskewed output and

corresponding bits of said recorded coarse time count have equal weight.
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