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I nvention relates generally to automatic test equi pnent, and nore
particularly high accuracy digital counter circuits. BACKGROUND OF THE
| NVENTI ON Nureri cal counter oscillators (NCO, or accunul ators, are
convenient multi-bit 10 registers that increnent a summed value in
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for a digital representation of an analog sine wave phase angle. The digital representation
is then fed through a digital-to-analog converter (DAC) 16 where the accumulating phase
angleresultsina compk:te sinusoidal analog waveform. Further conditioning of the
20  analog signal by a filter 18anda phase-locked-loop (PLL) 20 often occurs to form the
' desn'ed clock.
Conventionally, the frequency of the desired end waveform typically relies on the
accuracy of the NCO. The degree of accuracy is typically characterized by the equation
Frco = Fref(A/B), where Fnco is the desired frequency and Fref is the digital input clock
25  frequency. The "A" and "B" terms together represent a ratio of Fref to Fnco . The "B*
term traditionally represents a binary divisor dependent on the number of output bits N in
the NCO. ;
In other words, the ratio A/B forces a 1/2" resolution when programming a
desired clock frequency Fnco. The resulting problerm is that a user desiring to program a
10 variable frequency clock to, for example, one gigahertz, because of the limited number of
available values for "B", might have to accept a frequency of 1.001 gigahertz. In some
applications, such as autc_imatic test equipment, this level of inaceuracy is problematic.
 What is needed and currently unavailable is an NCO that provides a high level of
accuracy that correspondingly allows more flexibility in frequency resolution for variable
15 frequency clock generators and other circuits that utilize NCOs. The NCO described
herein satisfies these needs.
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multi-bit output reaches the predefined integer value,
Other features and advantages of the present invention will be apparent from the
following detailed description ‘when read in conjunctlon with the accompa.nymg
20  drawings.




BRI EF DESCRI PTI ON OF THE DRAW NGS The invention will be better understood
by reference to the following nore detailed description and acconpanyi ng
drawings in which FIG 1 i's a high-level block diagramof a conventi onal
circuit for generating a 5 variable frequency clock; FIG 2 is a

bl ock~di agram of an inproved nunerical counter oscillator; FIG 3 is a
tabl e showing various \BRIEF DESCRIFFON OR/EHE BRAWINES| mpr oved NCO  of
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quoti ent gEFigaé 2o eachklégkyele; emdhi nder accunul ator 50.  The renai nder
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quot itgnt anployingaheimproeédmieseric dounter osmaior efFigumedt recei ves at one i nput
an eighteen-bit quotient value QUOTI ENT, and an eightee-bit input fed back
fromthe accumul ator output OUT. The first adder feeds a second adder 44
wth the result of the sunmed QUOTI ENT and OUT val ues. The second adder
suns 15 the QUOTIENT/QUT with a carry input fromthe remai nder accunul at or
50. The output fromthe second adder is shifted into a nmulti-bit register

46 cl ocked by input clock CLIC. The output of the register OUT may then be
used as the accunul ator input. -




Wth continued reference to Figure 2, the remai nder accumnul ator 50 i ncl udes
a third adder 52 that receives a thirty-bit remai nder input REMAI NDER,
along with an 20 increnent value froma second nmulti-bit register 54. The
output of the third adder is fed as an input to a subtractor 56 and a
conparator 58. A thirty-bit diviso I rovides a second i nput
for the subtractor and comaraﬁd¢w$moﬁo I ncl udes a control
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desired frequewsth doatitied reference to Figure 2, the remainder accumulator 50 includes a
third adder 52 that receives a thirty-bit remainder input REMAINDER, along with an
20  increment value from a second multi-bit register 54. The outpnt of the third adder is fed
as an input to a subiractor 56 and a comparator 58. A thirty-bit divisor value DIVISOR
provides a second input for the subtractor and comparator. A multiplexer 60 includes a
control input coupled to the comparétor output to selectively pass the subtractor output or
the third adder output to the second register 54.
25 Figure 3 illustrati;s a cycle-by-cycle example of how the multi-stage NCO
 operates. This example assumes a desired ratio between the desired frequency FNCO and
the reference frequency FREF of 10/3. This assumptibn results in a programmed quotient
of three (3), a remainder of one (1), and a divisor of three (3).
With the assumptions above as one example, at cycle zero (0), the remainder
30  accumulator hag an incremental value of zero, with the quotient accumulator output
| incremented by three (3). With cycle 1, the remainder accumulator increments by one
(1), resulting in an adder output of two (2). The quotient accnmulator increments by three
(3) again, for an output value, at the adder, of six (6).
With continued reference to Figure 3, at cycle 2 (the third clock pulse), the adder
35 inputisincremented to generate a value of three (3) at the input to the subtractor and the
comparator. Since both inputs to the comparator are equal, a carry signal is generated and



Wth reference now to Figure 4, the NCO 30 in one application may be 10
conveniently enployed in a variable frequency clock generator, generally
designated 100, wutilizing direct-digital-synthesis techniques well-known
to those skilled in the art, and briefly described earlier herein. The NCO
feeds its high-accuracy output to a look-up sine table 102 having
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In another application, and referring back to Figure 2, the NCO 30 may be
employed as a standard circuit block to generate timestamp data. Timestamps are often
20 useful for establishing relative timings between signal occurances or events. For this
application, both of the accumulator oufputs are used such that the quotient accumulator
output represents integers of a specified unit of time, such as nanoseconds.
“Those skilled in the art will recognize the many benefits and advantages afforded
by the present invention. Of significant importance is the dual accumulator aspect of the
25 NCO, which enables the quotient to be regularly corrected during operation, This allows
for a high degree of resolution flexibility for applications such as variable frequency

waveform generation and timestamping,
While the inventjon has been particnlarly shown and described with reference to
the preferred embodim&rjtts thereof, it will be understood by those skilled in the art that
30  various changes in form and detail may be made therein withont departing from the spirit
and scope of the invention.



5 out put adapted by cal cul ations perfornmed by circuitry for transmtting an
out put val ue out representing an accunul ated quotient sum the nmulti-bit
out put capabl e of being increnmented by a predeterm ned anount in response
to each reference clock period; a remai nder accunul ator, the renainder
accurul ator having programmable inputs for receiving respective renmai nder
and divisor values, a reference 10 clock input and a nulti-bit output
representing an aW@t@BA%DtI& remai nder sum |l ess than a predefined
digital integer, the fezﬂ[rﬁgug Ghiiat -:8L.Ng a sunmi ng
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the remainder accumulator multi-bit output as it is derived from the operation of the

15  entire circuit and fed back into the third adder, the comparator operative to generate an
increment carry signal for application to the quotient accumulator when the remainder

multi-bit output reaches the predefined digital integer value.

2. A numeric counter oscillator according to claim 1 wherein the quotient
20  accumulator comprises:
a shift register having a clock input for recciving the input reference
clock signal;
a first summing stage for receiving the quotient input, and comprising a
second input coupled to the accumulator output; and
25 a second summing stage disposed in series with the first stage and having
an input coupled to the comparator output to receive the increment carry signal, the
second summing stage further comprising an output coupled to the input of the shift
register.
3. A numeric counter oscillator according to claim 1 wherein the remainder

30  accumulator comprises:



a second shift register for increnenting the remai nder accumul ator out put
in response to the input clock, and feeding back the output to the third
sutming 5 stage. 4. A nuneric counter oscillator for providing a numerical
solution to the relationship A/B, where B conprises a D VISOR and the
deci mal solution conprises a QUOTIENT + REMAI NDER, the nunerical counter
oscillator conprising: 10 nmeans for accunul ating a quotient sumin response
to an i nput QUOTI ENT wafubtactendvitiedndair off ywdsr firi regeiyingdnaicrristveldinmttien
response to %ﬁ%‘oﬁ@% oinﬁﬂé'ihiycﬁéu&&ﬁnﬁgﬂtage Bh&’ih%ﬂ?vl%ﬁtval{%l ligg the means
for generating a remdl nder sum conpriSing neans tor generafing a carry
signal to increment the sptohd eshift Sugistehedr tih@emditinee il ReRdindsrmaegytailas: t 0
the DI VISOR input value. 5. A nuneri¢c coupter oscillator acgording to, claim
4 wherein t hPVHYA Hsrepppnse gb@em%[%& %pdq’fgsieméﬁﬁcl@aﬁwoem%m é’ééh‘r%s‘&%ﬂgent
accunul at gr, 4 guotient accunul ator having a progranmable 20 input for
receiving a | ENT value, a reference clock input and a nulti-bit output,
t he output adapted for transmtting an output value OUT representing an
accunmul ated quotient sum the multi-hjit output_ jncrementing by a
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accunul ati ng a remai nder sum conprises: a remai nder accumul ator, the
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predefined di@iORENTVEgEanihe remai nder accunul ator further conprising a
conmparator having a first input for receiving a programed divisor val ue,
and a second input for Meagefoyigegeiatag aanpirinder sue dudespanssy tongy REMAINDER

output, the znput value and a DIVISOR input value, the means for generating a remainder sum

comprising means for generating a carry signal to increment the quotient sum when the

15  remainder sum equates to the DIVISOR input value.

5. A numeric counter oscillator according to claim 4 wherein the means for
accumulating a quotient sum comprises:

a quotient accumulator, the quotient accumulator having a programmable

20  input for receiving a QUOTIENT value, a reference clock input and a multi-bit output,

the output adapted for transmitting an output value OUT representing an accumulated

quotient sum, the multi-bit output incrementing by a predetermined amount in response

to each reference clock period.

25 6. A numeric counter oscillator according to claim 4 wherein the means for
accumulating a remainder sum comprises:
a remainder accumulator, the remainder accumulator having
programmable inputs for recetving respective REMAINDER and DIVISOR values, a a
reference clock input and a multi-bit output representing an accumulated digital
30 remainder sum less than a predefined digital integer the remainder accumulator further
| comprising a comparator having a first input for receiving a programmed divisor value,

and a second input for receiving the remainder accumulator multi-bit output, the



conparator operative to generate an increnent carry signal for application
to the quotient accunul ator when the remainder nmulti-bit output reaches
the predefined integer value. 5 7. A nmethod of generating a desired
nuneric counter oscillator frequency based on a reference frequency, the
desired frequency and reference frequency having the relationship A/ B,
where B conprises a DIVISOR, and the decimal solution conprises a QUOTIENT
+ REMAI NDER, copgasgarhenerativel i9d gesrath eans inspemeng etaotyasignal  for rapplicasivnetoc Hwck

havi ng the reference fr n period; 10.increnenting a.first
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for 15 kegping track of [ ' A | [ .sumto
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frequency; using the output of the first accunulator to select a value
repr esent at i wecumulated sum;

incrementing a second counter by each reference waveform period, the

second counter having a divisor input DIVISOR related to the QUOTIENT input for

15  keeping track of a remainder sum; and
comparing the remainder sum to the DIVISOR input, and when the
- remainder sum reaches the DIVISOR value, generating.a camry increment for

accumulation in the first counter.

20 8. A method of generating a variable frequency clock having a desired
clock frequency, the method using the method of claim 7 and further comprising;
specifying values of the QUOTIENT, REMAINDER and DIVISOR to
provide the desired clock frequency; and
using the output of the first accumulator to control a direct digital

25  synthesis circuit.

9. A method of generating a variable frequency clock having a desired
clock frequency, the method using the method of claim 7 and further comprising:
specifying values of the QUOTIENT, REMAINDER and DIVISOR to
30 provide the desired clock frequency;
' using the output of the first accumulator to select a value representative

* of a point on a periodic wave form;



of a point on a periodic wave form 8 select a value representative of a
point on a periodic wave form converting the sel ected values to an anal og
signal; and conditioning the analog signal to provide a clock. 5 10. A
vari abl e frequency clock generator using the nuneric counter oscillator of
claim1l1, additionally conprising: a | ook-up table coupled to the output of
the quotient accunul ator, the_ |ook-up table providing gutput val ues

representing entries i seleste Yakys ePTesetatg %y PPH’é"P@LHCBB l_cd‘faVFﬁ‘é‘_nﬁuoti ent
accunul ator; 10 a digi tcéﬁverr@ngaﬂll@'s%ctﬁ@Oéﬂﬁfstet%_ranra?aﬁ%lbggicggaldhﬂdta' i nput

coupled to the output of the |ook-up tab nditioning circuit
coupl ed to the output ebndiheniagdlecgatog siingl togirovideavlecker, the out put of
the conditioning circuit providing a variable frequency clock. 15 11. The
vari abl e frequency clock generator of claim 10 wherein | ook-up table stores

val ues representing. sanplfabR fr@ueh&Ecl¥EYSnerhfor ulhe tINGRBGIEduhRgUENCY
cl ock generator of claim 10 whereinthe <condition circuit conprises a

filter, a cliosgilptgr ef dain 1, additignallyperaepstbingdcked | oop. 20 13. A variable
frequency clock generator. co i Sing; numeri g.counter. _oscill at gr
conprising: a first co%?(r)dclﬁ et %Letc;ougggé%%ﬁd’ug’glﬁf)f%’le 98 mt;accu??omgmf’ﬁ?e’rd
control i nputiookauElablelpro Vgl outbulvlutlepREdnbink eh@iék BOthe talaé idekdidly taBanges
at a plurality of times _correlated to the clock input, wherein at a first
subset of saio¥tPut plthe quotient agcyeslalor;t he  digital out put changes in

proportigp to the valug d?éitai %ealfcaid’gséonga’% ﬁl%ﬂk Qﬁi‘gltafﬂl%ut c?c}upf’ed to the output
of the look-up table ; and
a conditioning circuit coupled to the output of the analog to digital

converter, the output of the conditioning circuit providing a variable frequency clock.

15 11.  The variable frequency clock generator of claim 10 wherein look-up

table stores values representing samples of a sine wave.

12. The variable frequency clock generator of claim 10 wherein the

condition circuit comprises a filter, a clipping circuit, and a phased locked loop.

20
13. A variable frequency clock generator, comprising:
a numeric counter oscillator, comprising:
a first control input;
a second control input;
25 a third control input;

a clock input;

a digital output having a value that changes at a plurality of times
correlated to the clock input, wherein at a first subset of said times, the values of the
digital output changes in proportion to the value of the first control input and, at a

30 second subset of said plurality of times, the value of the digital output changes in

- proportion to the value of the first control input combined with an adjustment value, the



30 second subset of said plurality of tinmes, the value of the digital

out put changes in proportion to the value of the first control input
conbined with an adjustnent value, the -9 timng of the second subset of
said plurality of times depending on the value of the second control

i nput; a conversion circuit having an input and a digital output, the input

coupled to the output of the nuneri¢ coynter oscillator and t et&i}i ital
output of thdmiBEe o speang fulasef elsHd PN OLHMES deRpRkingIPR V@Ew e
i nput; a di gigk@ndlcBn@f1ahg; converter having a digital input coupled to the

digital output of the conversion circuit and an anal og output; and a
condi tioning circuit hawonversion giralibhpvimgpan inpurane atdigitdl outpht tlounputt of t he

digital to anal ircuit and. an output provi.din eqond, cl ock with a
frsquency . 100pmiad RAF Pubul i tnRudrahcquii i fapufthe A FuBH Sl o

i nput andisor dbhirsiee SindiCaking @h a valRWictatkd by Titeing@t | abl e frequency cl ock
generator of claim 13 wherein the timng o‘?r the second subset of tines is

sel ected in response t @ digital ininadog wvertes hawiogadligitshinpyt coupledita thetdigital t he
third controlou' NPyE The vari.abl.e frequen | ack generator of claim 14

15, .C
wherein the value o ec?’ﬁvé:r%l?l}%‘ﬁmtsaélgc?‘ﬁc?nglﬁﬁo%lﬁ%’&n ontrol inputs are

selected froma desired cbﬂ(ﬂiﬁ@ﬂng%&ﬁiﬁhdﬁﬁ%ﬁl anabl gugp@fcohietdd to $ke Supitiof]
i nput is the whgle nunber quotient when the ratio is _evaluated 20 as a
fraction the Regigial 49 analeg guwitnmd aaputrt providieg ¢ secopd clprlo wathys figsmency

remai nde g OV\’h ?I%xt VBltf'&% iﬂ\ﬁ;\ﬁétjri](ﬁ{\% éﬁévﬁﬂgy%g ?irsq r&gnt}a%ﬁ{g lm‘l't?glotfh%ﬁgc%nh r&-bﬁtg(flgo ntrol

input is the divisor quotrent i's conput e varla
frequency cl aggat.generator of claim 14 wherein the value of 25 the first,
second and third control inputs are selected froma desired ratio, wherein
the wvalue of the first control input is the whole nunber quotient when the

ratio is eval uatedys asTt@elh@@ié #Bqiddly YRLKEerRbath c?ﬁf’xol% QOLR tid tis
t he divisor when the quo?i ent ?s@qcorgryput edggndat{ntg val ue ol? the tw:nr
control i nputfile se¢vmdwhbdet oftimbeis selentad miespalse fo the values of the second control

15 input and the third control input.

15.  The variable frequency clock generator of claim 14 wherein the value of
the first, second and third control inputs are selected from a desired ration, wherein the
value of the first control input is the whole number quotient when the ratio is evaluated

20  as a fraction the value of the second control input is the whole number remainder when
the quotient is computed and the value of the third control input is the divisor when the

quotient is computed.

16.  The variable frequency clock generator of claim 14 wherein the value of
25  the first, second and third control inputs are selected from a desired ratio, wherein the
value of the first control input is the whole number quotient when the ratio is evaluated
as a fraction the value of the second control input is the divisor when the quotient is
.computed and the value of the third control input is the whole number remainder when
the quotient is computed.

30
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the quotient is conputed. 30 -10 17. The variable frequency cl ock generator
of claim15 wherein the frequency of the second clock is proportional to
the frequency of the clock multiplied by the ratio. 5 18. The variable
frequency cl ock generator of claim 13 wherein the clock input is a fixed
frequency clock. 19. The variable frequency clock generator of claim 13

wherein the conversion_circuit is a |lopokup table. 10 20. The, variable
frequency clock géder atlde vana Fg‘ieﬂ?%y\ﬁl%@}%é?ﬁrﬁtﬁ’éoﬁ%@%ﬁ wheginghet ores a

series of valfegefsiortd\@cthddSiicis Profdritfifal RAhE FURUREP b Mhe 2lock EfHMAA ab! e
frequency cl oft:kgl gener at orcof cl al r%%zcaﬁmheraeﬁn tﬁéa%er?ogﬁ:hg 1c§ Wa\}%l ormis
a sinusoid. Mthdtaiovari abl e frequency clock generator of claim 13 wherein
the digital output of the numeric counter oscillator has a maxi mum val ue N

and increases to the value of the digital output are conputed nodulo N. 20

23. The vagriabl e figequameYasies freg@dey dloRk gberfibPbBldid WhGh&LA thbglovar i abl e
frequency cl ock generator operates to produce a periodic signal through

direct digit anputéymfixessfreguendy gddck. Aut onati ¢ test equi prent enpl oyi ng the
vari abl e frequency clock generator of claim13. 25. The variable frequency
cl ock generator of claim 14 wherein the nunmeric counter oscillator

conprises: 30 a filpst Jbeyhtidtaé Bequdn0s CRAB gBryr dfaitdl Weh&kintthe first
control input at the first subset of the plurality of tines; and
conversion circuit is a lookup table.
10
20.  The variable frequency clock generator of claim 19 wherein the lookup

table stores a series of values defining a cycle of a periodic waveform.

21.  The variable frequency clock generator of claim 20 wherein the periodic

15  waveform is a sinusoid.

22, The variable frequency clock generator of claim 13 wherein the digital
output of the numeric counter oscillator has a maximum value N and increases to the

value of the digital output are computed modulo N,

20
23.  The variable frequency clock generator of claim 13 wherein the variable
frequency clock generator operates to produce a periodic signal through direct digital
synthesis.
25 24.  Automatic test equipment employing the variable frequency clock
generator of claim 13.
25.  The variable frequency clock generator of claim 14 wherein the numeric
counter oscillator comprises:

30 a first accumulator, increasing by the value of the first control input at

the first subset of the plurality of times; and

-11 -



-11 a second accumul ator, increasing by the value of the second control
input at the first plurality of tinmes; wherein the second subset of the
plurality of times is determined by the value in the second accumnul at or

i ncreasing beyond the value of the third control input 5 and at the second
subset of the plurality of times, the value in the second accunul ator is
set to the value in the second accunul ator nj nus the value of the third
control input and the \RieERd %'fwrﬁ%lamrfl&ma%%% t eiogaleﬁ@?@é]s‘@atfﬁvni?%
val ue of the yiefraGRRaliRl ofithidst Pl us one. 10 26. The variable frequency

cl ock generator of claim’25 whefein, the first accunul ator increases

val ues nodul o N, N bei nhesein greesdedrel subsee o f theel phaplitgrd tintes isdatendneaideyubel at or

Lglc Lgags St |h2 V\[é.ﬁ.]leglg tl{.}%%?(l?:g]l a%f:wé‘ﬂ]?{o? _ir?cgi:assinag b\é%(l)ﬁJCF the :\Lfglug %i‘ Sl%tﬂ%(rjd E(?l}?u% in%rllxt the
5 and at the second subset of the plurality of times,
the value in the second accumulator is set to the value in the
second accumulator minus the value of the third control input and
the value in the first accumulator is increased by the value of the
fist control input plus one.
10
26.  The variable frequency clock generator of claim 25 wherein,
the first accumulator increases values modulo N, N being a
predetermined value; and

the second accumulator increases in value modulo B, where B is a value

15  selected based on the value of the third control input.
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