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speed, | ow power sigma delta nodul ators. 5 BACKGROUND
As is known in theSEGMA DEJiRA MODUIATORAt or s have a
w de variety of applications, such as in analog to

di gital converters (AD?i)CHﬁf@éE%E@ or operates at
to

a relatively high rate Conpare e Nyquist rate in
converting an analog input 1o signal into a stream of
t ypi calhig inveatibn relaegiot sgmadejmanedulatorst drel MEE particularly to high

appli,cation, the rea bits is fed to a

GSHe OO Wer F‘tggia‘{seﬁ)‘amo%@@’é&a series of multi-bit

digital words at the converters sanpling rate, fs.

More particular|y, ADC i dulator and a

deci mat or. The nodul atorﬁémﬁp@gﬁ i nput vol tage

into a,one-bit daja streamat a .rate.determ ned.
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The one-bit data streamis gIr ovi ded to deci mat or

wafi actielatiyolydagls rats ¢arepased tadheibly quisiraedpcery erténg aneanaleg input

quant,i.zat i 0j . t,-t. . i .
PG P i RORAR S ubaF s 1R, RO ERution, he

t frecatieof biatio fedote Gi deainesion ijteptof mrodue akeriesef muile-bii digital words
data stream In pany appljcations there is (il

r dighe cemeHersrsampliag ate. gty Metgopartigylarly, AP dnclydes g mogylagor and
P bRy DB RERY MG 0L ey
Arasé dererndaéd by thedainpting freqepcyKifyl éthehmedulagtoaperforms
integrator wiith.a first ipput for. c i ] .
A SRRl g ! i Sher e o e opt ol LB i g Sgeann i

I 6ioRIRAGE d¥QinhAB Whidh 18R -RSRRERLRY ddupstRiamodedhcB @ ng

a first input coupled to an output of the integrator

ageantigatigrcamst ¢ommenettghereefupnd prgvides filiered df-bit ewiput samples at a
Vx(')al’tet ?sg fi sh-glxjt,eth%o € 1%1ra?(§rodecipx{a?e%98)¢ 3 fascit&ri@,lthe one-bit data stream.
In many applications there is a requirement for very low power, (i.e., less than
5 milli-watts as may be provided by batteries), high resolution (i.e., 16 bit digital
words) ADC:s.
SUMMARY
A sigma delta modulator is provided having an integrator with a first input for
coupling to an analog signal and a second input for coupling to a reference voltage. A
comparator is provided having a first input coupled to an output of the integrator and
a second input for coupling to the reference voltage. The comparator produces signal
having a logic state in accordance with the relative magnitude of signals at the first
and second inputs thereof. The logic state is latched at the output of such comparator
during latching transitions in a series of latching pulses fed to the comparator. A one-
bit quantizer is provided for storing the logic state of the output of the comparator at
sampling transitions of a series of clock pulses fed to the one-bit quantizer. The series

of clock pulses and the series of latching pulses are synchronized one with the other.
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such conmparator during latching transitions in a
series of latching pulses fed to the conparator. A one
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t samdingiteamsitiohs.a series of clock pulses fed to the
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integrators, respectively. 15 The details of one or
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DESCRIPTION OF DRAWINGS
FIG. 1 is a block diagram of a sigma delta modulator in accordance with the
invention; and
FIG. 2 is a timing diagram useful in understanding the operation of the
modulator of FIG. 1.

Like reference symbols in the various drawings indicate like elements.

DETAILED DESCRIPTION
Referring now to FIG. 1, a second-order sigma delta modulator 10 is shown
having a pair of integrators 12, 14, a one-bit quantization section 16, a voltage

regulator 18 and a timing unit 20. The one-bit quantization section produces a pair of

trains of bits at outputs Q and Q. One of the pair of trains is the compliment of the

other one of the pair of trains. One of the trains of bits (i.e., here the train at the Q



fromthe clains. DESCRI PTION OF DRAWNGS 20 FIG 1 is a
bl ock di agram of a sigma delta nodul ator in accordance

wowndi/ovgses | nvention; and FIG 2 is a timng di POT/ER2003/015846

10

15

20

25

30

useful in understanding the operation of the
nodul ator of FIG 1. Like reference synbols in the

varj oys drawi ngs indicate |ike el nt.s. o DETAI LE
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spgaRd eisiston 2086/ bE airBied ithshs Agile}; inpansigi@l at ipputrtedfinal 22.
integrators 12, 14, a one-bit quantization section 16,
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quant | zation section produces a
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S 0 a non-inverting I
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Ing rnput (+) of infegrator 14 via an )
i hleer R1 nqualuR? oo th28a sgrond esferenes vadoge Yrie25 b valislis produced

ith the. t._of the i.nt JThe_ i '
aAtheaiteans 1 Al e oS O R el g eee
dvipVventinfdab #diavating (19 inpitesfitad Rteprakdrs 124nd Thars shown.
voltage regulator 18 is fed by a voltage source, here

2 +\F/:ﬁ The q@%)rttizgtmlr wat lfaﬁalugewqmvé@ar@tor andmere-bib Ruaggiger 34.
+ . T f. 1ce. i
c ?E% F%Igf)qergt% ?Q h)a/sga %iﬁs’t bnls)uﬁ (nrogag\r/e?'f?lgge 1n§ng!r ¢+ o}y}ﬂ%ﬁ%o i ouéput of

oun r gna pair connecte

I @l sstsdSint3graterd 4RAd assscstlddnput (ibPettidp €-) RioupledadoshdRcond
that a second_reference voltage VREF [2 = % 5 volts is
predergaesvoliage Vier/3. s showsn ke qoommasaier 12his fedby a sigpal qg line

a%@Aﬂ-@{ %r&ﬁ%@d‘% fh%ftﬁﬁiﬁg Rt ¥8it 2inner to be described in
connection with FIG. 2. Suffice it to say here, however, that comparator 32 produces
a binary signal having a logic state in accordance with the relative magnitude of
signals at the non-inverting (+) and inverting (-) inputs thereof. That is, the
comparator 32 quantifies as a logic 1 or logic 0 whether the integrator 12, 14 is above
or below the reference zero, here Vgrer/2. Further, the produced logic state is latched
at the output of such comparator 32 during latching transitions in a series of latching
pulses fed to the comparator on line NOT _LATCH by the timing unit 20 in a manner
to be described in more detail in connection with FIG. 2.

The one-bit quantizer 34, here a D-flip/flop, stores the logic state of the output
of the comparator 32 at sampling transitions of a series of clock pulses fed to the one-
bit quantizer by the timing unit 20 in a manner to be described in connection with
FIG. 2. As will be shown in connection with FIG. 2, the series of clock pulses and the
series of latching pulses are synchronized one with the other. Further, each one of the
latching transitions occurs prior to a corresponding one of the sampling transitions.

Thus, the one-bit quantizer 34 is clocked at 192fs from the PLL 42 and provides the



VREF /2 is fed to the inverting (-) inputs of the
integrators 12and 14, as shown. The quantization unit
wd Boosnadeusies a conparator 32 and a one-bit quaPtT/E81003/015846
34. The conparator 32 has a first input
(non-inverting input (+)) coupled to the output of 15
the second, i nt egrator, 14 and second jnput (inverti
(5SS FRfnteh GRS balbneite P BE RIS R s WRELs 14 by
atheshpwRigndhe conparator 32 is fed by a signal on line
NOT_LATCH produced by the timng unit 20 in a manner
to be described in connection with FIG 2. Suffice it
to say here, however, that conparator 32 produces a
bi nary signal having a logic state in accordance with
the relative magnitude of 20 signals at the
non-inverting (+) and inverting (-) inputs thereof.
That is, the conparator 32 quantifies as a logic 1 or
|l ogic O whether the integrator 12, 14 is above or
bel ow the reference zero, here VREF/ 2. Further, the
produced logic state is latched at the output of such
conmparator 32 during latching transitions in a series
of latching pulses fed to the conparator on |ine
NOT_LATCH by the timng unit 20 in a manner 25 to be
described in nore detail in connection with FIG 2.
The one-bit quantizer 34, here a D-flip/flop, stores
the logic state of the output of the conparator 32 at
sanpling transitions of a series of clock pul ses fed
to the one- bit quantizer by the timng unit 20 in a
manner to be described in connection with FIG 2. As
will be shown in connection with FIG 2, the series of
cl ock pulses and the 30 series of l|atching pul ses are
synchroni zed one with the other. Further, each one of
the latching transitions occurs prior to a
correspondi ng one of the sanpling transitions. Thus,
the one-bit quantizer 34 is clocked at 192fs fromthe
PLL 42 and provides the 3 WD 2004/ 008643
PCT/ US2003/ 015846 negative feedback current to
bal ance the charge injected into the integrators 12,
14 by the input signal. 4
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t hrough an inverting buffer 24 and resistor 26, as

shown. The Q output of the D flip/flop 34 is fedback

to the non-inverting input (+) of the second

i Nt egr ReRkrinkkotMIGOUARe I oLpuesttho D meﬁo@mZ& f@ddck to the non-
resistor 30, as 5 shown. The rail tages of the

binfvEring i@phit &h)obfme first invegER on h2l thyouglres. inWreng bufifer@4uamidtresistor
20 is coupled to an oscillator 40 which produces

PP, $8ShéWh. Bhe RDESBul Take DAP/AOPBY)s fedbackie ti@siLinkveding

| oop (PLL) 42 produces a train of pulses at a

f inpquen of tt@8ééend imtegratorfld though an averDE bayfiel 2& and msi,stor 30, as

the freguen t h .t | tiobit_  di taI

ag}? ’f’ﬁ){'Bﬁag&s Btﬁﬁ Wﬂ?ﬁ@ qud 28 arg X&EF%V tgﬁ% al n

of b' t ?h@hm}{% it iU‘v‘ifs cbiifle@t8 Mscmaﬂfr 40 Rehigtpddhcepafses for a
one- bi t ciuantl zer . e output train of pulses

pplase besk lpgp (Ph4.) PEL Tlng pheseflefdc laep BRldoKt2uipdusss o drain of pulses at

fDét&rle{q L ggﬁA ?Wﬁl-ur{]efﬁ %e Kbc®, gpg;l 8&‘13[10% {Pﬁ g%/éllerf)csr af whéc?1 the

t Hﬁx_ltpbft ldiditaf WoRris4fe pﬂauﬁcelarbycau‘eeﬁnamohrfmea fedf byotk $@k of bits at
havi ng a tfrequency 192fs or half the frequency of the

R R A R e
Pﬁsésf;ﬁb&hc@& bP WeSIESL, B ROE a8l Btk hitSes@ QUS-BYY/f16p 44 h&he D
ip/flop 44 are fed as |nputs to a NAND gate 46. The

t Of ﬂ%@ﬂ\%lﬁﬁgp 488 4 Ih%q) %upt%gﬁof Al yllloswrf)fT& Q output of

,now erefor servinig

' {Hé% tﬂ‘?ﬁ/ho? Hpghus N%ii_ﬁd%k'&s PfraitlN ?L\Eé’st Bavid é’fréﬁﬂeﬁ@ys 1 92*1? or half the

si gnal i ne LATCH and ul ses at
ofrequencybf thi @ulsezf. priogndeddyy tthdeQl dbs tnahweofqildﬁ@k pmqllus@sby the

]CREL{; 42 alt]§1 %5 U?jS)’%%s 321% the, alflé)g b{.lf SES Q{agtb(:ieg g’l? the, (f Rugpit of the

FRp40dre Fidl 48 @5p s to 4 NANDY £44¢186.C TheSdkphiSofN ANBCEH 46 i
at tEefwgut utt: of ?ﬁ% PEL 42, l\%ﬂe t hat thg train ofgﬂe N

pfﬂdstebothaspmt@ af a iiasla gate T8 (i.g:2now thesgfdregrvimhes yeiayerder). The

fromt h
SR BB L1 E B e
f {He@ Hhpht dtthe Q5ﬂ1§]'fﬁ)prm1x1§ro{/1@wﬂhe diozy Eﬂlﬁbsﬂ’w\ﬂ& dniebit quantizer
nal _on the NOT LATCH line. Note that there
3 , as shown in FIG. 1.
Referring now to FIG. 2, the top timing diagram shows the train of pulses at

the frequency 384 fs produced at the output of the PLL 42. Note that the train of

pulses has four phases, T1, T2, T3 and T4. The second from the top timing diagram
shows pulses at the frequency 192fs produced at the Q output of the D flip/flop 44.
The next lower diagram shows the signal on the NOT_LATCH line. Note that there
is only one pulse for every four phases of the pulses at the frequency 384fs produced
at the output of the PLL 42. More particularly, there is one pulse on line
NOT_LATCH during the phase T4. During each one of the pulses on line
NOT_LATCH the comparator 32 is enabled. However, only the decision of the
comparator 32 (FIG. 1) at the falling edge of the pulse on line NOT_LATCH is
latched at the output of the comparator 32. Thus, the falling, or trailing edges of the

5
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NOT_LATCH during the phase T4. During each one of the
pul ses on line NOI_LATCH the conparator 32 is

e : e t
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pol(qs&")cuhridgrtﬁe Pldbed 4 G, (Wheﬁ the ethsdthtB33 [sAabIEEARS the logic

of the ﬁu sés on line NOT L ATCH) are here at |atching
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enabled) that th o [ c | evel  of  the conpar at or

; slajein aproadance P tveé?agpﬁ%dec@r?b%naéﬁ%ﬁ e33on- mﬁm}ng (+) and
t E‘R'ertill\'%_ £ Lﬁpﬂ% thE@HS 'b{d @B ptdduBS lggi sira% 15-'1_§che:@t ehCoutht of such
t hat IC ut of

|'at ched at the out t he conparat or
32omrretey 32 ﬂarln@hﬁml@ toansBi2npT 8dliBe3CaTbiatariy a seripsalf latching

At s BF Gmghare Satfe R RIE G e it bl €

' nver t TRk, (n Me"éﬂb&h?letsh&ﬁrﬁﬂf FICP YL a \dpc P'isolﬁtéﬁ@diat' tR&b&put of
state is latched the out put of such 10 conpar at or

3gordparatay 32 éihovvmbg the ﬁwsﬁhttnmns dipgrant fommlye topDndile; 2) at

r.i es of t chi es fed.to the npar.at o
Rty BRI RS 1567 Sl C BRI flecbaraor
e32Rlilahs hewdetiBioh pfase2l4 @idr@@iatchingd ﬁadsamrtﬁﬂe aB. 1Hwe at
out put of conparator 32 (shown by the fourth tim

dlagéyllgﬁramsgmnttﬁgc 1Bphs deciqn ofthe gdmparator B fglicates a loglc 1. This
‘E‘éh%h dﬁ? 1 tréf‘rHBn;r At thd Bﬁ 1@‘ %Bﬁ)cdtraltd}gib il iRk ecRion ophase

e ou arato unt next deci si
pﬁiaspﬁoﬂ' % lptchimg ttanmhah d:lmeﬁ[‘,p t Hanesattlatolmng Itmmsﬁ&l tihde rTeQ the
ion.time TB th deCISIO

3&%%3%3@%” Sompiaies 0 audisaigiyipgicd: Thi. &t G dicpivg of opifyt gf the

Lol UL TSR KL o o

t cormpar@or B patil th¢ néxatdetisiog phasaridi prios o tatahenghiartsiteon time TD.
Here, at latching transition time TD the decision of the comparator 32 indicates a
logic 0. This latched logic 0 remains at the output of comparator 32 until the next
decision phase T4 prior to latching transition time as the process continues.

As noted above in connection with FIG. 2, the pulses produced Q output of the

D flip/flop 44 at the frequency 192fs are fed as clock pulses to the one-bit quantizer
(here D flip-flop 34). The D flip flop 34 responds to the leading or rising edges of the
pulses produced at the Q output of the D flip/flop 44 at the frequency 192fs (shown in
the second from the top timing history of FIG. 2). Thus, the D flip/flop 34 responds
to clock pulse, or sampling, transitions at times TQ1, TQ2, TQ3, ... shown in FIG. 2.
The Q output of the D flip/flop 34 becomes the logic state of the latched output of the
comparator 32 at the sampling transitions times TQ1, TQ2, TQ3, ... as shown in FIG.

2. Thus, in this example, a logic 1 is produced at the Q output of the D flip/flop 34 at

6



deci sion of the conparator 32 indicates a |l ogic O.
Thus, at tine TC the output of the 20 conparator 32

wo adoaless4t 0 a | ogic 0. This latched | ogic O repei/ns20a3/015846

10

15

20

25

30

the out put of conparator 32 until the next decision
phase T4 prior to latching transition tinme TD. Here,
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next deci sion phase T4 prior to latching transition
t PRREIDYES-t he process continues. 25 As noted above in
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%%EEM apploabR WhBYefthé Rhfel FRhAdbnRardtbes X i eARAGNd Mg antizer is
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pul se, anplin nsitians . .
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out put, of the conparator 32 at the sarrPI i ng .

t Feapeetivelyn g his rtesentepigngidins thegame sensithdtistoinal oF 19igs as the

2. T ' ' I ' [ .
Grpihite 4 Ber USRI i ol SBhe g G BHF BR b
PaITédtiShe 0BAR S 8fiéhargd breng didllivered|to ¢hecintegiagorp d ddife edoramercially
the. Qo .0f the lip/fl 34 at timme T

| S5 §80 Bheterip &S reropithaft pcto pioats o8 fp stages o the
Bthi@kratbis®, T4&BThE@PEkH84 PIROLE pSwere@ ohhe SeferbRbSsighdl@nd they
series of clock pulses and the series of |atching

pptoyik aarl eansvodtaga $nuodei te ¢he iotegraipish Thewisolatesthe npigy chirol logic

CBp PR it ihL OBV O Bkt e FATEF FoegROC s

an arr gngasedihat ith thes %bﬂﬁ@ﬁi RBRbRA G W) HeRlyhAmic range of
state of the conparator 32 is |atched and the
qthermeedudator K) is maximized ginge thedrpu signahgpprpaghss the power supply

2%%1%21?0%@1@ treaqgnc', (fﬁé E@&’bacf( Qfgngle&l%reﬁ{ i %@né?gtea 'B? {5840 Q%,k30 from
the rail-to-rail outputs of the buffers 24, 28. The regulator 18 and the buffers 24, 28
comprise the voltage reference. Any analog or digital clock noise present on this
voltage translates to in-band noise. The regulator and buffers provide analog and
digital noise isolation. The quantity of the charge delivered to the integrators 12, 14
from the one-bit quantizer 34 is the reference value. Not only is this charge a function
of the buffer output voltage, but also of loop timing. To prevent variations in the loop
timing, the comparator 32 is also clocked. The comparator 32 is enabled for a
controlled period of time and then the result of the comparison is latched in the
comparator output. A four-phase clock is generated by timing unit 20 to control both
the one-bit quantizer 34 and the comparator 32. The comparator 32 is enabled during
phase 4 (i.e., T4) when the latch signal is a one. The result of the comparison is held
at the end of phase 4 and clocked into the one-bit quantizer 34 at the beginning of
phase 3 (i.e., T3). All of this logic here is implemented in a Field Programmable Gate
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10 buffers 24 and 28 provide the reference signal to
the integrators 12 and 14, respectively. This
w0 edognessee si gnal has the sane sensitivity to BCOOSI009015846
noi se as the input path to the nodul ator 10. Al so,
the shape (rise and fall time of this signal) affects

t Y i Lyer t hi

| A PRGNV T GRS BPURA0DR IR RBRRE e one-bi

i Quantizer 3 dpprox@BalentieriopatsenahrEhihsigeal iseetntally dedtity edigital

t charge .to.the 15.integrator.s 12, 14. The buffers
25‘?@2@% ECImaHRG gﬁer ol gﬁf ?pé’iléz?tlé)l’i‘ce signal and they

provi da minfle 8PetBbdiRGRts HO teGRvenfioh Avd BHeR AeahBES. For example,
They isolate the noisy control logic and provide a
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10 Any anal og or digital clock noise present on this

vol tage translates to i n-band noise. The regul ator and
buffers provide anal og and digital noise isolation.
The quantity of the charge delivered to the
integrators 12, 14 25 fromthe one-bit quantizer 34 is
the reference value. Not only is this charge a
function of the buffer output voltage, but al so of
loop timng. To prevent variations in the |oop

timng, the conparator 32 is also clocked. The
conparator 32 is enabled for a controlled period of
time and then the result of the conparison is |atched
in the conparator output. A four-phase clock is
generated by timng unit 20 to control both 30 the
one-bit quantizer 34 and the conparator 32. The
conparator 32 is enabled during phase 4 (i.e., T4)
when the latch signal is a one. The result of the
conparison is held at the end of phase 4 and cl ocked
into the one-bit quantizer 34 at the begi nning of
phase 3 (i.e., T3). Al of this logic here is

impl emented in a Field Programmable Gate 7 WO

2004/ 008643 PCT/ US2003/ 015846



Array (FPGA). The density of the 192fs bit stream at
the output of the one-bit quantizer 34 approxi nmates
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digital filter (i.e., decimation filter) in an ADC
application. A nunber of enbodi ments of the invention

For exanple, 5 the conparator 32
h%ﬁéﬁeﬂ%?ﬂgmlfggch t he conparator can be | atched
with a separate Iatch di sposed between the output of

Sycha sighReas alodulatditednii@isingput to the quantizer 34.
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2. The modulator recited in claim 1 including a buffer coupled between an output

of the quantizer and the first input of the integrator.

3. The modulator recited in claim 2 including a voltage regulator, such regulator
producing a voltage to power the buffer and wherein the reference voltage is a

fractional portion of the voltage produced by the regulator for the buffer.

4. The modulator recited in claim 1 including a second integrator having a first
input coupled to the output of the first integrator, a second input for coupling to the

reference voltage, and an output coupled to the first input of the comparator.

5. The modulator recited in claim 4 including a second buffer coupled between an

output of the quantizer and the first input of the second integrator.



14 wherein each one of the latching transitions occurs
prior to a correspondi ng one of 15 the sanpling
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i ncluding a buffer coupled between an output 2 of the
quanti zer and the first input of the integrator. 1 3.
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first 2 input coupled to the output of the first
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claim4 including a second buffer coupled between an
2 output of the quantizer and the first input of the
second integrator. 9 WO 2004/ 008643 PCT/ US2003/ 015846
1 6. The nodulator recited in claim2 including the
vol tage regul ator producing a 2 voltage to power the
second buffer and wherein the reference voltage is the
fractional 3 portion of the voltage produced by the
regul ator for the second buffer. 1 7. The nodul at or
recited in claim8 wherein the first and second
buffers are 2 CMOS inverters used to charge the first
and second integrators, respectively. 10
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