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"delta-sigma A/D converter” is well known in the prior art. The delta-sigm
A/ D converter has cone 20 into wde use primarily due to its high

resol ution output and adaptability to m xed-signal VLSl processes. The
delta-sigma A/ D converter is inherently an oversanpling converter, although
oversanpling is just one of the techniques 25 contributing to its overal
performance. The delta- sigma A/ D converter essentially digitizes an anal og
signal at a very high sanpling raSPECORIGENPONNg) to performa

noi se-shaping function. Digital filtering after noise-shaping allows the
delta-sigma A/D converter to achieve higher effective resolution 5 than the

quanti zed output fromthe delta-sigma nodul ator. Decimation is thereafter
applied to reduce an effecti RESBADPSLAYA MCDYUAAMGR t he

5 FIELD OF THE INVENTION

This invention relates to a delta-sigma
modulator and more particularly to one composing
oversampled plural-order modulator portion used in a

10 high precision A/D converter. The modulator
performs noise shaping with minimal signal-to-noise
ratio (S/N) degradation over a wide range of input

levels.
15 BACKGROUND OF THE INVENTION

An oversampled A/D converter, often denoted as
*delta-sigma A/D converter" is well known in the
prior art. The delta-sigma A/D converter has come

20 into wide use primarily due to its high resolution
output and adaptability to mixed-signal VLSI
processes. The delta-sigma A/D converter is
inherently an oversampling converter, although
oversampling is just one of the techniques

25 contributing to its overall performance. The delta-

sigma A/D converter essentially digitizes an analog



"Nyqui st rate".

shaping, digital filtering and decimation. Fig. 1 illustrates a

conventi onal
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second- order delta-sigma nodul ator 10. The nodulator 10 is
denoted a second-order delta-sigma nodul ator

integrated twice with respect to tinme. Accordingly, the

To gai n an understanding of the delta-signma A/ D converter
It is inportant to 10 wunderstand the operation of oversanpling, noise-

in that 15 an error signa

at

The integrators 12 are connected I n series between a first summ ng node 14

and a 20 queotpezerfdfin aTheigsnshapintd fehowhcas. a Bnglidgl t o- di git al

conversion block for digitizing, or "a/d" block) quantizes an anal og out put
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output Y. The quantized output is fed back to 25 anplifiers having
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than the quantized output from the delta-sigma
modulator. Decimation is thereafter applied to
reduce an effective sampling rate back to the
"Nyquist rate". To gain an understanding of the
delta—sigma A/D converter it is important to
understand the operation of oversampling, noise-
shaping, digital filtering and decimation.

Fig. 1 illustrates a conventional second-order
delta-sigma modulator 10. The modulator 10 is
denoted a second-order delta-sigma modulator in that
an error signal at output Y is integrated twice with
respect to time. Accordingly, the modulator 10
comprises two integrator circuits 12 shown in a
dashed line. The integrators 12 are connected in
series between a first summing node 14 and a
gquantizer 16. The quantizer 16 (shown as a analog-
to-digital conversion block for digitizing, or "a/d*
block) qguantizes an analog output signal from the
second integrator 12 to produce a digital code at
the output Y. The gquantized output is fed back to

amplifiers having respective gain scale factors gg

and g1 denoted in Fig. 1, through a digital-to-analog



- 2- (denoted as "d/a") converter 18. The respective outputs of the
anplifiers are connected to the first summ ng node 14 or a second sunm ng
node 20. The output signal Yis fed to a digital 5 decimation filter 22 as
a digital code. The filter 22 has the functions of filtering out the high
frequency conponent of the quantization noise produced by quantizer 16, and
of decimating the sanpling frequency back to the original Nyquist 10 rate.
Digital fil{denoted dai "dy ale) | cénowertaen LBcl uddse | oespasstieehni que
utilizing a finite inpulse response (FIR) filter, an infinite inpulse
response (lo®rplitls evf thea agupbl Aidaeinsn afebocomnea®iédaticoortvanfhesitncl uded
in or separate fromthe 15 filters. )
summing node 14 or a second summing node 20.
The output signal Y is fed to a digital
5 decimation filter 22 as a digital code. The filter
22 has the functions of filtering out the high
frequency component of the gquantization noise
"produced by quantizer 16, and of decimating the
sampling fregquency back to the original Nyquist
10 rate. Digital filtering is fairly well known and
includes low pass technique utilizing a finite
impulsé response (FIR) filter, an infinite impulse
response (IIR) filter, or a combination of both.
Decimation can be included in or separate from the
15 filters.
The feedback from the digital-to-analog
conversion circuit 18 to the first and second
summing nodes 14 and 20, respectively, provides
stability to the overall architecture. The circuit
20 18, the output of which is coupled either directly
or through the amplifiers to nodes 14 and 20 via the
feedback, basically functions as a reference voltage
selector. Either a positive or a negative reference
voltage (either +Vref or -Vref) is respectively

25 selectéd by the circuit 18 in accordance with its

input level, a high logic level or a low logic



The feedback fromthe digital-to-analog conversion circuit 18 to the first
and second sunm ng nodes 14 and 20, respectively, provides stability to the
overall architecture. The circuit 20 18, the output of which is coupled
either directly or through the anplifiers to nodes 14 and 20 via the

- feedback, basically functions as a reference voltage selector. Either a
positive or a negative reference voltage (either +Vref or -Vref) is

respectivel y] @oesel ectied belidererrL8i tthdr ébyacenr dowwawd lants input
| evel, a high logic level or a lowlogic -3- | evel . The sel ector 18

t her eby can dppweptisatappedereneer vhditage tol tige swmnhagunmdeg nodes

14 and 20 in accordance wth the corresponding | ogi ¢ val ue of the digital

out put signaldYand 20 in accordance with the corresponding logic
value of the digital output signal Y.

5 Conventional delta-sigma modulators often have
difficulty in converting a full-range of analog
input voltages. As shown in Fig. 2, as an analog
input signal X approaches a full scale (i.e.,0.0
dB), nqise is injected into the feedback loop due to

10 the non-linear behavior of the quantizer 16.
Specifically, as the input signal X approaches a
peak value, the quantizer 16, which is essentially a
comparator with gain, begins to enter a non-linear
state. Non-linearity is caused primarily from an

15 increase at quantizer 16 input while the reference
feedback level from the circuit 18 remains fixed.
That is, the gain of the quantizer 16 undergoes non-
linear -operation. The non-linear response at high
input values causes the feedback loop to operate in

20 what is often called an "overload" condition.
Overload is defined herein as a property of a delta-
sigma modulator resulting from the failure of the
quantized output data to follow increases in analog
input values through negative feedback. Since the

25 output levels (+/-Vref) of the quantizer 16 are

limited, the quantizer gain will appear smaller as



5 Conventional delta-signma nodul ators often have difficulty in
converting a full-range of analog input voltages. As shown in Fig. 2, as an
anal og i nput signal X approaches a full scale (i.e.,0.0 dB), noise is
injected into the feedback | oop due to 10 the non-linear behavior of the
quanti zer 16. Specifically, as the input signal X approaches a peak val ue,
the quantizer 16, which is essentially a conparator with gain, begins to
enter a nomtsneapust alrcrisases neafitt \somecanped: pteveili lexdeediay 15

i ncrease at quantizer 16 input while the reference feedback |level fromthe
circuit 18 theanthrdskhedd Tfatoverlokd gunount .t Helrgant opsraBiander goes
non- |inear operation. The non-Ilinear response at high input val ues causes
the feedbackf| 5b¢ tdebbargiana rodud@ior scapnat ke | raimtaioned) oad”

condition. Overload is defined herein as a property, of delta- sigm
modul at or reAUFLAsY $RentlrRd f |ﬁitsn@ralma-aeaﬁﬁ 63/ 85 FRtHata to fol | ow

increasgsiﬁ&g?mkallustrates a relatively linear slope 24
which changes to a non-linear curvature 26 as the
input level is increased toward the full scale or
peak value. The overload of the feedback loop is
illustrated at the point (approximately -6.0 dB)

10 where the linear slope 24 changes to the
substantially non-linear curvature 26.

Reduction in the comparator gain from a linear
model to a non-linear model not only injects
unacceptable noise into the feedback loop during

15 peak voltages of the input signal, but it may also
cause the overall instability of the delta-sigma
modulator even after the input signal which caused
the instability is removed. Many skilled artisans
have utilized reset trigger at the integrator

20 circuits, which resets modulator operation if a loop
instability occurs. In addition to, or in lieu of
reset trigger, gain scaling the first-order
integrator has also been used. Gain scaling the
feedback reference voltages to a level above the

25 peak aﬁalog input values is equal to reducing the

signal levels within the integrator and quantizer,



I nput val ues through negative feedback. Since the 25 output |evels
(+/-Vref) of the quantizer 16 are |limted, the quantizer gain will appear
smal ler as -4- its input increases. At sone input |evel exceeding the
threshol d of overload anount, |inear operation of the delta-signa nodul ator
cannot be maintained, causing the drop of signal-to-noise (S/N ratio. 5
Fig. 2 illustrates a relatively linear slope 24 which changes to a

non- | i near agydl & Uthe2@wsrlbad rpn beveldisiédcr easeedemapd itdie ful
scal e or peak value. The overload of the feedback loop is illustrated at
t he poi nt bdpgramnatallying. apgR)y cddblbete tshef lrstaprleapeo?4 changes to
the substantially non-linear curvature 26. Reduction in the conparator gain
froma |i ne@cond-order, single stage delta-sigma modulator is

provided in reference to U.S. Patent No. 4,851,841

5 (herein incorporated by reference).
Gain scaling an effective feedback reference

voltage to a level exceeding the analog input

voltage allows the S/N boosting of the converted

analog input signal near to the extremes of the

10 input signal peak wvalues. Gain scaling the

effective feedback reference voltage is illustrated

in reference to the following transfer function of

the output signal Y, indicative of the single stage

second-order delta-sigma modulator of Fig. 1:

15

Y = XZ2-2/gg + Q(1-2-1)2 (Eq. 1)

, where Z-2 represents two delay times associated
with blocks d of both integrators 12, 1-2Z-1

20 represents the reciprocal of the transfer function
of each integrator 12, and ggo represents the scale
factor of the first-order amplifier. After
decimation, Dout is represented as the following
transfer function:

25

Dout = Ygg = XZ2-2 + Q(1-2-1)2gg (Eq. 2)



-nodel to a non-linear nodel not only injects unacceptable noise into the
f eedback | oop during 15 peak voltages of the input signal, but it may al so
cause the overall instability of the delta-sigma nodul ator even after the
i nput signal which caused the instability is renoved. Many skilled artisans
have utilized reset trigger at the integrator 20 circuits, which resets
nodul at or operation if a loop instability occurs. In addition to, or in
lieu of reset tEifggesisgails sassagtt be hrsheondar]l ogt égpaitor has al so
been used. Gain scaling the feedback reference voltages to a | evel above
the 25 peakigmeibg thmxt aml apslicg egoakbet factori ng taddsdghal | evel s
wthin the integrator and quantizer, -5- and so the overload can be
avoi ded. Aegaextieni @» The application of the scale factor gy
to the analog input will cause an increase in the
5 analog noise as well as an increase in the
quantization noise Q(1-Z-1)2. The application of the
gain scale factor gg is therefore beneficial in the
avoiding the overload, but at the cost of increasing
the quantization noise and/or analog noise
10 associated with the digital output signal Dout.
Modern day delta-sigma modulators attempt to
minimize overload by utilizing what is often called
a cascaded arrangement. A cascaded delta-sigma
modulator is defined as one having more than one
15 stage of first-order or multiple-order integrators
coupled together. Fig. 3 illustrates a second-order
stage 30 coupled in cascade with a second first-
order stage 32 to form a cascaded 2:1 delta-sigma
modulator 33. Between the second-order stage 30 and
20 the first-order stage 32, an interstage summing node
34 is coupled. The summing node 34 is configured to
receive a scaled down analog signal from an
amplifier 36 and a selectively amplified analog
output from an amplifier 38. The scaling function
25 of the amplifier 36 can be designed to have a

scaling coefficient which is the inverse of the



of gain scaling applicable to a first-order or second-order, single stage
del ta-sigma nodul ator is provided in reference to U S. Patent No. 4,851, 841
5 (herein incorporated by reference). Gain scaling an effective feedback
reference voltage to a | evel exceeding the anal og i nput voltage all ows the
S/ N boosting of the converted anal og i nput signal near to the extrenes of
the 10 i nput signal peak values. Gain scaling the effective feedback
reference veliadects of |ssalaned doef el edenes twithd rf cihpdidd dxrsnsf er

function of the output signal Y, indicative of the single stage
second- or dedd (el Andsiddim. noAddittdromal Eyg. the 18mpld H&er BB/ glaar rhe+
Q1-Z[err])[err] (Eq. 1) where Z[err] represents two delay tines
associ at ed wedighedktal véckive ipregrammable, insyruetionsr afhrechnts t he
reci procal of the transfer_function of each integrator. 12, and go
represents defigal an amplification factor which allows the
5 interstage summing node 34 to produce (i) only

analog data (i.e., data at the input of the

quantizer 16) from the first stage 30 absent

quantization noise, (ii) only the quantization noise

absent the analog data from the first stage 30, or

10 (iii) a combination of the data and the noise.

The amplifier 42 at the output of the interstage
summing node is preferably configured with a scale
factor less than one. As a result, the level of the
data, noise, or both, applied to the input of the

15 second stage 32 is maintained at a level necessary
to minimize the overload of the stage 32. Reducing
the input level to the second stage makes the input
level to the quantizer 44 small, which causes the
second stage to operate in a more linear range.

20 Even if the first stage utilizes its overall dynamic
range, the level of signal forwarded from the
amplifier 42 is maintained at a relatively low level
so as not to exceed the feedback voltage levels sent

from a reference voltage selector (i.e., digital-to-

25 analog converter) 46.



factor of the first-order anplifier. After decimation, Dout is represented
as the followi ng transfer function: 25 Dout = Yg[err] = XZ[err] +
Q1l-Zerr])[err]g[err] (Eq. 2) -6- If noise is present with the anal og
i nput signal, then an anal og noise factor is added to equation 2. The
application of the scale factor go to the analog input wll cause an

I ncrease in the 5 anal og noise as well as an increase in the quantization
noi se Q1-Z[err] Fiers]4 IThdéuwsiptatesi en ndiskecgaiaektataomactiorcyfiérr] is
therefore beneficial in the avoiding the over|oad, but at the cost of

i ncreasi ng e deahonad itth necsiwmdibe sHgbgahoPyErtSs¥ocarCed i t h

the digital output signal Dout.
g at E%speé%ive outputs of the stages 30 and 32. A

delay circuit 52 is coupled to receive the output Y;.
5 The delay circuit 52 functions to delay Yj; data
relative to ¥Y; data, as Y1 is presented to a summing
node 54. The digital difference signal between the
outputs Y1 and ¥, is produced at the output of a
summing mode 62. A differentiator unit 60 comprises
10 two series-connected digital differentiators, which
differentiates the digital difference signal from
the summing node 62 in a manner known in the art.
The output from the digital differentiator unit 60
is added to the output of the delay circuit 52 via
15 summing node 54, which yields a digital code at an
output ‘Y. A digital signal Y represents a digital
code of high-speed digital bit pattern forwarded at
the same frequency as the clock freguency of the
gquantizer circuits 16 and 44. The relative number
20 of logic 1's to logic O's provided by the signal Y
is indicative of the polarity and voltage magnitude
of an analog input signal X.
The configuration and function of the cascaded
2:1 delta-sigma modulator 33 and the associated
25 noise cancellation circuit 50 of Figs. 3 and 4 are

described in reference to U.S. Patent Nos. 5,148,166



Modern day del ta-signma nodul ators attenpt to mnimze overload by utilizing
what is often called a cascaded arrangenent. A cascaded delta-sigma

nodul ator is defined as one having nore than one 15 stage of first-order or
mul tiple-order integrators coupled together. Fig. 3 illustrates a
second-order stage 30 coupled in cascade with a second first- order stage
32 to forma cascaded 2:1 delta-sigm nodul ator 33. Between the

second- or deanét 4gP 30, 244 Aherein dncorperaseshoBrresieneneestage

summi ng node 34 is coupled. The sunming node 34 is configured to receive a
scal ed dowPangesFEiBad 1 faeh Qrﬁpmqwe@bgweaﬁa- %-sgﬁg&n%r ya&ml i fied
anal og output froman anplifier 38..Thggscalin function f the

anplifier 36SR8% H&'AEPGTANS of REV AP LBPPEJh A fFRES ichis the

i nverse of é?%aﬁ&ément, with appropriate noise cancellation,

5 are to remove the quantization noise generated by
the first stage 30 and to increase noise shaping
orders for the quantization noise of the second
stage. Scaling the output of the interstage summing
node 34 alleviates overload problems generally

10 associated with many non-cascaded arrangements. The
cascaded arrangement thereby achieves the advantages
associated with gain scaling the first-order input
of the first stage. Unfortunately, however, the
aforesaid cascaded arrangement by itself cannot

15 compleﬁely eliminate overload during times when the
input analog signal X is at or near the full scale
values.

Figs. 5 and 6 illustrate a cascaded 2:2 delta-
sigma modulator 70 with associated noise

20 cancellation circuit 72. The modulator 70 is
similar to the cascaded 2:1 delta-sigma modulator 33
of Fig. 3. However, the modulator 70 includes not
one, but two integrators within a second stage 74.
The second-order second stage 74 is therefore.

25 similar to a second-order first stage 76. An i

interstage summing node 34, shown by the same

- 10 -



product of scaling coefficients within anplifiers 40a and 40b.
Additionally, the anplifier 38 can be designed to receive programabl e

i nstructions which define an anplification factor which allows the 5

i nterstage sunm ng node 34 to produce (i) only analog data (i.e., data at
the input of the quantizer 16) fromthe first stage 30 absent quanti zation
noi se, (ii) only the quantization noi se absent the anal og data fromthe
first stageeaflerenct) rfumérad asbihati dm Fighe3datinelnddese thoe se. The
anplifier 42 at the output of the interstage summ ng node is preferably
confi gured amnRhifiess 36 agner 3&swhighn igieut A8 soadedtsiomal evel of the
data, noise, or both, applied to the input of the_15 second stage 32 is
mai nt ai ned téte aSPEPENG R@86as¢E + 0 MnPWLRLE RRMB A IRAL 6PNt HS st age 32.

Reduci ng the input, | evel to, the second,stage, nakes the input |evel to the
quanti zer &PE%gﬁﬁ,QMﬁcFWCE :9%3@1%ler 2" rou&h a"Scale

5 factor preferably less than 1, and in many instances
less than 1/2. Quantized signals Y; and Y, are fed
into a noise cancellation circuit 72 shown in Fig.
6, with the delay circuit 52, the summing node 54
and the differentiator 60 shown by the same

10 reference numerals as that in Fig. 4.
The combination of the modulator 70 and noise
cancellation circuit 72 produces the following

transfer characteristic at output signal Y:
15 Y = XZ-4 +(1-Z2-1)4Q,/hcl (Eq. 3)

, where Z-4 represents four delay times associated
with the delay circuits 78 and 80 of Fig. 5 and the
dual delay circuit 52 of Fig. 6. (1-Z-1)4 represents

20 a fourth-order noise shaping function within the
modulator 70; Qs represents the quantization noise
produced by the quantizer 44; and hcl represents the
gain scale factor of the amplifier 42 (at the
interstage summing node 34 output). The

25 quanti;ation noise produced by the quantizer 16 is

canceled by use of the noise cancellation circuit

- 11 -



second stage to operate in a nore |linear range. 20 Even if the first stage
utilizes its overall dynam c range, the | evel of signal forwarded fromthe
anplifier 42 is nmaintained at a relatively low | evel so as not to exceed

t he feedback voltage |levels sent froma reference voltage selector (i.e.
digital-to- 25 anal og converter) 46. -8- Fig. 4 illustrates a noise
cancel lation circuit 50 designed to receive the digital outputs Y[err] and
Y[err] at re%3pectiTheogapm sodlihg tegffidlemid G@r Acddlayfactowi)t 52 is
coupled to receive the output Y[err]. 5 The delay circuit 52 functions to
del ay VY[ err]ofatde campiliditer Y%@rﬂ]s deroted Herh¢lis fhwecpravstfen
summ ng node_54. The digital difference, signal between the _ outputs Y[err]
and Y[err] i5upcddires 2f Orlayi pir@diihs associated with

integrators and the integrators themselves are of
5 common knowledge to skilled artisans and set forth
in the U.S. Patent No. 5,061,928 (herein
incorporated by reference).
The overload performance of a cascaded delta-
sigma modulator such as a 2:1 or a 2:2 cascaded
10 arrangement is generally better than a single stage
delta-sigma modulator. Accordingly, the
arrangements shown in Figs. 3 and 5 provide a
significant improvement upon the arrangement shown
in Fig. 1. Cascaded modulators perform over a wider
15 dynamic range whether the first stage is overloaded
or not, provided the subsequent (second) stage is
not overloaded. Any overloaded quantization noise
of the first stage will be canceled by the noise
cancellation circuit 50 or 72. In order to minimize
20 the poésibility of overloading the second stage, the
gain scale factor (hcl) of the amplifier 42 is made
very small, preferably less than 1, and in many
instances less than 1/2. By making the gain scale
factor small, overload is minimized at the cost of
25 S/N ratio. The transfer function for the digital

output signal Y of equation 3 bears this result.

- 12 -



summ ng node 62. A differentiator unit 60 conprises 10 two series-connected
digital differentiators, which differentiates the digital difference signal
fromthe summ ng node 62 in a nmanner known in the art. The output fromthe
digital differentiator unit 60 is added to the output of the delay circuit
52 via 15 sunm ng node 54, which yields a digital code at an output Y. A
digital signal Y represents a digital code of high-speed digital bit
pattern forfagded atlinstsakesroqieddtie R @ ceasras@sneylof the
gquantizer circuits 16 and 44. The relative nunber_20 of logic |'s to logic
O s provi deRFBFRIIRNGNEN FUOR | @S| ﬁiﬂ?@&aﬁ%waf 1thd B9t adirt PLEAEL 86 edye

magni tude of an_anal og input signal X. The confi.guration and function of
the cascaded Pﬁékﬂ?g-ggg&fﬁﬁﬁuiﬁﬁﬁ133 Eﬁﬁt %ESoéi YR BBakoi se
cancel | ati oo glLau &o 590 il Ofe 3% 41 A7 8 ATHUS PEduldhd oL grence to U.S

5 improvement in overload performance at the cost of a
higher S/N ratio. For example, an interstage gain
scaling of hcl=1/8 results in a linear range closer
to the full scale (0.0 dB) than the other larger
gain scale factors. However, a gain scale factor of

10 1/8 produces a lower S/N than the other gain scale
factors. By gain scaling the analog input voltage
for a cascaded 2:1 arrangement with a gain scale
factor .gp similar to that described in U.S. Patent
No. 4,851,841, the transfer function of the output

15 signal Y is as follows:
Y = XZ-3/gp + (1-Z-1)3Q,/hcl (Eq. 4)

After decimation and gain compensation of gg, the

20 decimator output Dout will be as follows:
Dout = go¥Y = XZ-3 + gg(l-2-1)3Q;/hcl (Eg. 5)

Increase in the input gain scale factor gy

25 increases the quantization noise factor. As such,

- 13 -



and 4,920,544 (herein incorporated by reference). As described in each of
the above U. S. Patents, at |east two reasons for inplenenting a cascaded
arrangenent, w th appropriate noise cancellation, 5 are to renove the
quanti zation noise generated by the first stage 30 and to increase noise
shaping orders for the quantization noise of the second stage. Scaling the
out put of the interstgge.sunning node 34 alleviates overload probl ens
general |y 1G@436ePa & W Luskaatedntbes swrpat ivearffeatsofTiey agsoaded
arrangenent thereby achieves the advantages associated with gain scaling
the first-ord® ¥&pdC-of the first stage. Unfortunately, however, the

af oresai d cascaded arrangenent. by itself cannot 15 conpletely elimnate
over| oad during 'r’rre%nmﬂg%eﬂ%ti%ﬁupsfﬁﬁf?‘bgs Ngeigosedatiomhr near the full

scal e associated with the interstage gain scaling, the
5 cascaded 2:2 modulator 70 can be employed, having
the response shown in Fig. 8. Similar to Fig. 7,
Fig. 8 represents the simulated output response of
the signal Y for various input levels of the signal
X. Fig. 8 indicates the improvement of overload
10 performance in accordance with a decrease in the
interstage gain scale factor hcl, yet at the cost of
S/N ratio. A comparison of Fig. 8 to Fig. 7
illustrates the advantage in using a cascaded 2:2
arrangement. Specifically, a cascaded 2:2 modulator
15 achieves significantly higher S/N ratios via a given
interstage gain scale factor. Given a smaller
interstage gain scale factor, the cascaded 2:2
arrangement can achieve better overload performance.
For example, in Fig. 8, the cascaded 2:2 arrangement
20 indicatesla linear roll-off (i.e., overload) at -2.0
dB input level with a 1/8 interstage scale factor.
While S/N and overload performance are significantly
improved in the cascaded 2:2 arrangement, overload
nonetheless remains near input peak values.
25 . Regardless of the delta-sigma configuration,

whether it is a single stage type with input gain

- 14 -



values. Figs. 5 and 6 illustrate a cascaded 2:2 delta- signma nodul ator 70
W th associ ated noi se 20 cancellation circuit 72. The nodulator 70 is
simlar to the cascaded 2:1 delta-sigma nodul ator 33 of Fig. 3. However
t he nodul ator 70 includes not one, but two integrators within a second
stage 74. The second-order second stage 74 is therefore 25 simlar to a
second-order first stage 76. An_i _interstage sunm ng node 34, shown by the
sane - 10 -Scalig@i®r edceanaaded 4slt meduhatoy wwlthpndnkResedgeanplifiers
36 and 38 whic¢h in .a scaled signal tot sumi ng node 34. An out put
sdati8g" and oL 18 ’9

anpl i ficati9®lfs BY & HOLRE SANFRLATALINIBlgR £AREPESE fact or

preferably é?isdéﬁﬁiéto%m%iéh”ﬁﬂ éfE%QGSGEain scaling and noise

cancellation, the results remain the same. That is,
5 the modulators get overloaded as analog input

voltages approaches the peak or full scale value.
Figs. 2, 7 and 8 all shows that overload occurs
before the input signal X reaching full scale. For
example, if the analog input value reaches a voltage

10 near the reference voltage, a conventional modulator
will change from a linear operation to a non-linear
operation. To further clarify, using an exemplary
of +3.0 v. Vref and -3.0 v. Vref feedback levels, an
analog input level approaching the peak voltages

15 (e.g., exceeding in absolute value +/- 2.9v.) of
Vref will cause the modulator to experience an
overload condition regardless of the modulator
configﬁration. Attempts to alleviate the overload
by gain scaling the feedback Vref voltage or by

20 scaling the interstage gain merely reduces the S/N
ratio as a trade off for improved overload
performance. It would be desirable to further
enhance overload performance without detriment of
S/N ratio. Thus, improvements for conventional

25 modulators entail a configuration which does not

enter overload before the analog input signal
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| ess than 1/2. Quantized signals Y[err] and Y[err] are fed into a noise
cancellation circuit 72 showmn in Fig. 6, with the delay circuit 52, the
sumi ng node 54 and the differentiator 60 shown by the sane 10 reference
nunerals as that in Fig. 4. The conbi nation of the nodulator 70 and noi se
cancel lation circuit 72 produces the follow ng transfer characteristic at
output signal Y: 15 Y = XZ[err] +(1-Z[err])[err]Qerr]/hc
(Eq. 3) whereaghamg tber @aaksvadiye del@y fumbdiensoubarddneeh tdise del ay
circuits 78 and 80 of Fig. 5 and the dual ,delay circuit 52 of Fig. 6.

(1-Z[ err]) [EPE] Gt E8e At B GORSHIHBFHEP WS shapi MR INERENOA wi t hi n

th dul at 0; \ ts th tizat,i ' duced th
quant zor - 439 1 ERES R G QUBRO A e SHBAEEE oF SBO L akPli 11 or 42
(at the interati sunnigp node 34 output% The 251 ugmt'zation noi se
produced by"PHY %& | 9B NSV ENG A% 1 HPBY G496 ( WBLGS SPRancel 1 ation

circuit5 extend up to and exceed the peak value level of the
feedback reference voltages.
DISCLOSURE OF THE INVENTION
10 The problems outlined above are in most cases

solved by an improved modulator configuration of the
present invention. That is, the delta-sigma
modulator of the invention utilizes a local feedback
arrangement which selectively controls a local

15 integrator circuit placed subsequent to a first
integrator circuit. The local feedback arrangement
is thereby not necessarily used for the first
integrator, but for an integrator subsequent to the
first integrator, i.e., for a second-order

20 integrator in a cascaded 2:x configuration, for a
second and/or a third order integrator in a cascaded
3:x configuration, etc. Thus, the local feedback is
preferably not placed on the first-order integrator
in the first stage. The local feedback is used to

25 control the output of each local integrator by use
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72. The gain scaling coefficient (or scale factor) of the anplifier 42 is
denoted as hcl. The transfer functions of delay circuits associated with
integrators and the integrators thenselves are of 5 common know edge to
skilled artisans and set forth in the U S. Patent No. 5,061,928 (herein

i ncorporated by reference). The overl oad performance of a cascaded delta-
sigma nodul ator such as a 2:1 or a 2:2 cascaded 10 arrangenent is
general | y I5ef tarneg@tivei Agicalst fgedbelaka-thabm imsdiidesr anAccor di ngl y,
the arrangenents shown in Figs. 3 and 5 provide a significant inprovenent
upon the adf¥hEEHEN@lHIMANEAZ8Y). 1. Cascaded nodul ators perform over a

brovi ded the SUBKAAOLY EREBRIGs: 4 Rresent invencign . o "0
contemplates a delta-sigma modulator. The delta-

5 sigma modulator includes first and second
integrators coupled in series between an analog
input node and an analog output node. A first
summing node is coupled between the analog input
node and the first integrator. A second summing

10 node is coupled between the first integrator and the
second integrator. A local feedback loop is coupled
preferably only between the analog output node and
the seqond summing node. The local feedback loop
comprises a first quantizer coupled in series with a

15 first reference voltage selector. A plural-order
feedback loop (or a global feedback loop) may be
coupled between the analog output node and the input
of the delta-sigma modulator, preferably the first
summing node. If desired, the global feedback loop

20 may also be coupled between the analog output node
and both of the first and second summing nodes. The
global - feedback loop comprises a second guantizer
coupled in series with a second reference voltage
selector. The global feedback loop is dissimilar

25 from the local feedback loop, wherein the global

feedbaqk loop feeds back to the summing nodes
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not overl oaded. Any overl| oaded quantization noise of the first stage wll
be canceled by the noise cancellation circuit 50 or 72. In order to
mnimze 20 the possibility of overloading the second stage, the gain

scale factor (hcl) of the anplifier 42 is made very small, preferably |ess
than 1, and in many instances |ess than 1/2. By nmaking the gain scale
factor small, overload is minimzed at the cost of 25 S/INratio. The
transfer fupEeceiing the i irshl ang mecengndntegrasqueai on 3 bears this
result. - 12 - 7 illustrates. S/'N raﬁ{0 for a cascaded 2:1
arrangenentc§ﬁﬂﬁ%§ﬁfﬁatQﬂﬁw%PFﬁ Lrifpedbagkot d8egeflyhck $8dsof i nput

5" ror overBREK A8 P PSR (e f P SFIFAE sk ot g Bumming” ©15eS &
node preceding that integrator, but not to the
5 summing nodes preceding other integrators.
The present invention further contemplates a
plural-order, cascaded analog-to-digital converter.
The analog-to-digital converter includes a first
stage of at least two primary integrators

10 electrically coupled in series between an analog
input node and a first analog output node. At least
one local feedback loop is coupled across respective
primary integrators except for a first-order
integrator with which the analog input node is

15 coupled. In other words, the local feedback loops
are coﬁpled across each of the primary integrators
except for the first-order integrator. The primary
integrators which receive the feedback via the local
feedback loop are the second-order, third-order,

20 etc. integrators in the first stage. If desired,
other local feedback loops can be arranged across
various integrators in a second stage as well. A
second stage of at least one secondary integrator is
electrically coupled between the first analog. output

25 node and a second analog output node. A noise

cancellation circuit is coupled to receive quantized
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hi gher S/N ratio. For exanple, an interstage gain scaling of hcl=1/8
results in a linear range closer to the full scale (0.0 dB) than the other
| arger gain scale factors. However, a gain scale factor of 10 1/8 produces
a lower S/N than the other gain scale factors. By gain scaling the anal og

I nput voltage for a cascaded 2:1 arrangenent with a gain scale factor
glerr] simlar to_that_described in U S Patent No. 4,851,841, the transfer
function of $¥EN8dSH AL 18he sty aradog Pubmut nedezisar the[bochl+

2 e T Lo SEATEH S8 S
gai 1 seal o FOREBRtFEas | 25 THA SLEE FROGRLAREIAN GriRORes factor AS
such, - 13 roduces a digital output out of the quantized
5 signals.
Other objects and advantages of the invention
will become apparent upon reading the following

detailed description and upon reference to the

accompanying drawings.

10
BRIEF DESCRIPTION OF THE DRAWINGS
Fig. 1 is a block diagram of a single stage,
second-order delta-sigma modulator of conventional
15 design;

Fig. 2 is a graph of S/N plotted as a function
of the analog input level for the modulator shown in
the Fig. 1;

Fig. 3 is a block diagram of a cascaded 2:1

20 delta-sigma modulator having a second-order first

stage and a first-order second stage of conventional
design;

Fig. 4 is a block diagram of a noise
cancellation circuit used in conjunction with the

25 modulator shown in the Fig. 3;

- 19 -



equation 5 illustrates the negative effect of g[err] upon S/Nratio. In an
attenpt to offset S/ N degradati on associated with the interstage gain
scaling, the 5 cascaded 2:2 nodul ator 70 can be enpl oyed, having the
response shown in Fig. 8 Simlar to Fig. 7, Fig. 8 represents the

si mul at ed out put response of the signal Y for various input |evels of the
signal X Fig. 8 indicates the_i nprovenent of overload 10 performance in
accordance wi t h Bidecbeds® anbillesek rdbagrage oai @ sesaadedt 8r 2hcl, yet at

the cost of _'SINratjo. A comparison of Fig. 8 to Fig. 7 illustrates the
advant age | RedEa HoBas IRy Bt orahaiHgedeft SesRREr PERAY threhscaded 2: 2

Mt er ot age SHAHSSEHG AaSRSORG DEHeE HRFPBA IHASS: Qfe gai n scal e factor,
t he cascadggogv%ﬁgigﬂgim%gsfég;achieve better overl oad performance
5 Fig. 6 is a block diagram of a noise
cancellation circuit used in conjunction with the
modulator shown in the Fig. 5;

Fig. 7 is a graph of S/N plotted as a function

of analog input level and interstage gain scale
10 factor for the modulator and noise cancellation
circuit shown in the Figs. 3 and 4;

Fig. 8 is a graph of S/N plotted as a function
of analog input level and interstage gain scale
factor for the modulator and noise cancellation

15 circuit shown in the Figs. 5 and 6;

Fig. 9 is a block diagram of a single stage,
second-order delta-sigma modulator having a local
feedback loop provided for each order;

Fig. 10 is a block diagram of a noise

20 cancellation circuit used in conjunction with the
modulaﬁor shown in the Fig. 9;

Fig. 11 is a block diagram of a cascaded 2:2

delta-sigma modulator having a local feedback loop

provided only for a second-order in a first stage;
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For exanple, in Fig. 8, the cascaded 2:2 arrangenent 20 indicates a |linear
roll-off (i.e., overload) at -2.0 dB input level with a 1/8 interstage
scale factor. Wiile S/N and overl oad performance are significantly inproved
in the cascaded 2:2 arrangenent, overload nonet hel ess renmai ns near input

peak val ues. 25 Regardl ess of the delta-sigm configuration, whether
it is a single stage type with_ input gain - 14 - scaling, a cascaded 2:1
nodul ator with iHtdrstldgel arnbdegk rélégé'aﬁbi%% 2aRediS&tion, or a

cascaded 2:2 noduylator with interstage gain scaling and nqise cancellation,
the resul t CABFEITARFEOBaFEYphE HSEd 1ReCREGUNSE B SNy tdy ckNBaded as

:Rglggairpgﬁgégﬁ%ﬁgggog B&gggﬂgiEgggF%E?k fi;full scale value. Figs. 2, 7
Fig. 13 is a graph of S/N plotted as a function
5 of analog input level for mismatch errors between
the local feedback gain coefficient and noise
cancellation gain coefficient of the modulator and
noise cancellation circuit shown in the Figs. 9 and
10;

10 Fig. 14 is a graph of S/N plotted as a function
of analog input level, and is dependent upon the
presence or absence of local feedback, for the
modulator and noise cancellation circuit shown in
the Figs. 11 and 12; and

15 Fig. 15 is a circuit diagram of a the second
integrator within the first stage of a cascaded
delta-sigma modulator having a tri-level reference
voltage selector controlled by the local feedback
loop provided in the cascaded delta-sigma modulator

20 in the Fig. 11.
PREFERRED EMBODIMENT OF THE INVENTION
While the invention is susceptible to wvarious

25 modifications and alternative forms, specific

embodiments thereof are shown by way of example in
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before the input signal X reaching full scale. For exanple, if the anal og

I nput val ue reaches a voltage 10 near the reference voltage, a
conventional nodulator will change froma |linear operation to a non-linear
operation. To further clarify, using an exenplary of +3.0 v. Vref and -3.0
v. Vref feedback |evels, an analog input |evel approaching the peak
voltages 15 (e.g., exceeding in absolute value +/- 2.9v.) of Vref wll
cause the nodeatd@vWinggpanickiwbl dnherginabecdafarbhededa dletaids. t he
nmodul at or configﬂrati Attempts to alleviate the overlopad by gain scaling

the feedbackl¥r Q}bl}é)g%é SRARESBO0Gha HOWEYRE /i ikt Bhe giawhnos y

reduces the S/ N ratio. as.a trade, off. for_.inproved overl paq performance. It
woul d be(kﬁﬁ?gbﬁ?QQFfﬁﬁtﬁﬁsQﬁﬁB &89»&9$£§5°p@4?ﬂﬂﬁﬁcéQquéﬁﬂ to

et ent o Sl Sie: s iR BT Kol LECsconiEn kagl 25 modulators
Input signalgjsclosed, but on the contrary, the intention is to
cover all modifications, equivalents and
alternatives falling within the spirit and scope of
the present invention as defined by the appended
claims.

10 To ensure stable operation and minimize
instances of overload, it is necessary that feedback
loops are used besides conventional feedback loops.
Namely, the present invention is directed to
supplementary feedback loops (or local feedback

15 1loops). The local feedback loops are used in
addition to the conventional plural-order (or
global) feedback loops associated with all delta-
sigma modulators. The local feedback loop is
defined as a feedback loop which extends from the

20 output of an integrator back to the input of that
same iﬁtegrator. Thus, the local feedback loop does
not extend back from the output of one integrator to
a prior-connected other integrator, as is the normal
case in the global feedback loop.

25 ~ The local feedback loop is derived in

consideration of the shortcomings associated with a
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- 15 - reaching the peak value. O further inportance, is the desire for
a configuration which can maintain a high SN ratio throughout the dynamc
range of the nodul ator and having an input signal which can 5 extend up to
and exceed the peak value |level of the feedback reference voltages.

DI SCLOSURE OF THE | NVENTI ON 10 The problens outlined above are in
nost cases sol ved by an inproved nodul at or configuration of the present

i nventi on. JFhabalk, ferdbdatk aleopmthatduintdudss théuiradernrdarutili zes a

| ocal feedback arrangenent which selectively controls a |local 15 integrator
circuit pl atsgegmrequent tRehtarssomatvgdalaterscwhicirheelycal feedback

arrangenent is thereby not necessaritg used for. the first
solely upon the global feedback loop is more

susceptible to overload at inputs close to full
5 scale. This is because of the plural-order
integration of a analog signal that makes the input
of a quantizer grow more rapidly in correspondence
to the increase of an input level.
Referring now to Fig. 9, a single stage delta-

10 sigma modulator having both global feedback and
local feedback loops is shown. The global feedback
loop is of the conventional design and is denoted as
reference numeral 101. A global feedback loop 101
includes a quantizer 102 and a digital-to-analog

15 conversion circuit (or bi-level reference voltage
selector) 104. The quantizer 102 and reference
voltage selector 104 are coupled between the output
of a integrator 106 and the inputs of two amplifiers
110 ana 112. At the input of a first integrator 108

20 1is a first summing node 111, and at the input of the
second integrator 106 is a second summing node 114.
A first local feedback loop 116 is coupled from the
output -of the first integrator 108 to the first
summing node 111. Additionally, a second local

25 feedback loop 118 is coupled between the output of

the second integrator 106 and the second summing

- 23 -



I ntegrator, but for an integrator subsequent to the first integrator, i.e.,
for a second-order 20 integrator in a cascaded 2:x configuration, for a
second and/or a third order integrator in a cascaded 3:x configuration

etc. Thus, the local feedback is preferably not placed on the first-order
integrator in the first stage. The |ocal feedback is used to 25 control the
out put of each local integrator by use - 16 - of a negative | ocal

f eedback t mRdentilddes Bhei Adinatdubpcadafieedbachk: dany Speakndy, the

present invention contenplates a delta-signma nodul gtor, The delta- 5 sigma
nmodul at or iSREAAEs 1AGat HgeARaTndLPRPedrkl 0PRCEOIRNEHIAR 88 i es bet ween

an anal og in node a n anal og out put node. A first ]
g aﬁg&og—to—égbgtai coﬁbersgon CErCUlt {quantlzer) 120

and 122, respectively, and further include a
5 digital-to-analog conversion circuit (reference
voltage selector) 124 and 126 respectively.

The purpose of using the local feedback loop on
each integrator is to maintain the corresponding
integrator's output voltage within a certain range

10 so that the global feedback loop will not overload.
Each local feedback loop 116 and 118 prevents
associated individual integrators from saturating so
that the output voltages of respective integrators
are within proper ranges. The outputs of individual

15 integrators 106 and 108 are continuously examined by
the qugntizer 120 and 122. If the integrator
outputs exceed the proper ranges, negatively feeding
back the outputs of the reference voltage selectors
124 and 126 controlled by the outputs of those

20 integrators returns corresponding integrators to
their normal operating ranges. Respective quantizer
outputs of both local feedback loops are sent to a
noise cancellation circuit shown in Fig. 10. The
noise cancellation circuit in Fig. 10 indicates two

25 amplifiers 130 and 132 coupled to receive respective

quantized signals Yi; and Yip within each local
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summ ng node is coupled between the anal og i nput node and the first

I ntegrator. A second summ ng 10 node is coupl ed between the first

i ntegrator and the second integrator. A |ocal feedback |oop is coupled
preferably only between the anal og out put node and the second summ ng node.
The | ocal feedback | oop conprises a first quantizer coupled in series with
a 15 first reference voltage selector. A plural-order feedback |oop (or a
gl obal feedbfekdbask hegphe el raise ERCcehdadidRoCoyCHHt n%ag and t he

i nput of the delta-sigma_ nodul at or, preferablz the fjrst s ng node. |If
desired, thefyrbber firabudes pd2iipgentzates I%GungBee‘gPt ké<€anal og

oulput _node andebotn £l hhe Litel cend secend sumy e podesgeglobal
he 1 ocal { dEHEAOR Hbop Snfier SRR RECyI Dot TP RS RUT o8F Hihs back to the
summ ng podeg 1 ifier 130 and differentiator 134. The delay

circuits are necessary to maintain synchronized

signals at the inputs of a noise cancellation

summing node 138.

The operation of a delta-sigma modulator 100 and
10 noise cancellation circuit 128 is best described in
reference to an overall transfer function.
Specifically, the transfer function representing a

digital output signal Y; is as follows:

15 Y1 = X272 + (1-Z71)2Q1 - g0Z 2Y¥1a - 92(1-Z71)Z-1yyy

(Eq. 6),

where (1-%2-1)2 represents the second-order noise
shapiné function of series-connected integrators 106

20 and 108. Each local feedback loop 116 and 118
includes respective scale factors gp and gz used to
scale the front end of the corresponding integrator.
The amplifiers 110 and 112 also have scale factors,
denoted as gz and g1, respectively.

25 - The above equation 6 is derived by designating

the scale factor g3 to one and the scale factor g; to
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- 17 - preceding the first and second integrators. Conversely, the |ocal
feedback | oop nerely feeds back the output of one integrator to the summ ng
node preceding that integrator, but not to the 5 summ ng nodes precedi ng
other integrators. The present invention further contenplates a

pl ural -order, cascaded anal og-to-digital converter. The anal og-to-digital
converter includes a first stage of at least two prinmary integrators 10

el ectri cal IpweoupWeeri ntkeseesdml eefacimmmapgandpgt; avde ginden tior st
anal og out put node. At |east one |ocal feedback |oop is coupled across
respect i ve i€ ngil phiadt efeadbesiexkepp f6Fl a thesemadetonnbegrator with

whi ch the anal og i nput node is 15 couypled. In qQther words, the |ocal
feedback | ddpydlcCates that the quantization noise within a

signal ¥Y; is directly fed to an output signal Y4,

5 whereas the quantization noise within a signal Y;p, is
fed through a noise shaping transfer function
denoted as 1-2-1. The noise cancellation circuit 128
receives the signals presented at Yis, Yip and Y; and
produces a noise canceled digital output signal Y.

10 The transfer function representative of the noise
cancellation circuit 128 is shown in a simplified

form as follows:

Y = Y3 + go'Z27%Y1, + g2'271(1-271) ¥y (Eg. 7).,
15
where 1-Z-1 represents a first-order noise shaping
functién, Z-2 represents the two delay blocks (or
delay times) at the output of the amplifier 130, and
Z-1 represents the delay block at the output of the
20 integrator 134. Substituting the transfer function
Y1 of equation 6 into equation 7 presents the

following transfer function.

Y = XZ°2 + (1-2-1)2Q; - g9Z-2Y15 - g2(1-2-1)Z-1Yqy

25 +g0'Z272Y1, + 92'2°1 (1-2-1)Y¥yy (Eq. 8)
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are coupl ed across each of the primary integrators except for the
first-order integrator. The primary integrators which receive the feedback
via the | ocal feedback | oop are the second-order, third-order, 20 etc.
integrators in the first stage. |If desired, other |ocal feedback |oops can
be arranged across various integrators in a second stage as well. A second
stage of at |east one secondary integrator is electrically coupled between
the first anal og2sutpliuss nadvedand xqunbmanaﬁm<gpﬁump@maﬁmh. A noi se
cancel lation circuit is coupled to receive quantized_- 18 - si gnal s of
the first amkstgeent gt andedph WAd) RaVSPeHFRKE é@ﬁtk(aeﬂel‘égp € and of

t he second anal og, out put pode. noi e cancel lation circuit roduces a
di gi t al omwﬁﬁaﬁgﬂZﬁénmﬁlﬁﬁmﬂ¥éhﬁn e s1gna& Y1, to sign al' .

Whereas, if any mismatch between scale factors g; and

5 g,' occurs, the signal Y3y is substantially
suppressed by the first-order noise shaping process
(i.e., 1-2-1 first-order noise shaping), so that the
quantized noise component of the signal will leak
out.

10 The basic operation of the local feedback loops
116 and 118 used in each integrator within a single
stage plural-order delta-sigma modulator is
described, in reference to an article by Moussavi,
et al., "High-Order Single-Stage Single-Bit

15 Oversampling A/D Converters Stabilized with Local
Feedback Loops", IEEE Trans. on Circuits and
Systems, Vol. 41, No. 1, January 1994, pp. 19-25
(herein incorporated by reference). Using a local
feedback loop in each integrator, as described in

20 Moussavi et al., is beneficial in preventing
overload of a global feedback loop. Provided the
non-idealities of each integrator 106 and 108 can be
controlled, provided amplifiers scale factors go and
gs properly match with respective scale factors gp'

25 and g' of the noise cancellation circuit, and

further provided the scale factors g3 and g1 of the
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5 signals. G her objects and advantages of the invention will becone
apparent upon reading the follow ng detail ed description and upon reference
to the acconpanyi ng drawi ngs. 10 BRI EF DESCRI PTION OF THE DRAWNGS Fig. 1
is a block diagramof a single stage, second-order delta-sigm nodul ator of
conventional 15 design; Fig. 2 is a graph of S/N plotted as a function of
the anal og i nput |evel for the nodul ator shown in the Fig. 1; Fig. 3 is a
bl ock di agrgioblala Lasdderk 21 ¢oR0 piwiner $ygma taluuvattr ahaleajrad
second-order first stage and a first-order_second stage of conventional
desi gn; Fi gvadues atheoskngbegrakage a dende logrkl faedbadtrcuit used in
conjunction with the . . )

configuration of Moussavi et al. will ideally

function and bear the following transfer function:
Y = X2-2 + (1-2-1)20Q, (Eg. 9),

where Q3 repreéents the gquantization error of the
quantizer 102. The quantization error Qi, however,

10 is minimized by receiving noise shaping of a second-
order transfer function (1-2Z-1)2. Accordingly, in an
ideal situation, the digital output signal Y can
include very little quantization noise associated
with that signal, as indicated in eguation 9.

15 However, in most instances, the ideal situation
cannot be obtained.

The ideal transfer function of equation 9 cannot
be always obtained in case of semiconductor
fabrication process inferior, or erroneous design,

20 layout or manufacture of modulator 100 components.
As shown above, for example, non-idealities of the
amplifier gg will appear as direct noise leakage upon
the digital output Y. To prevent overload in a
second-order single stage configuration, the second
25 and first local feedback loops (feedback loops 118

and 116) must be activated at input levels of
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25 nodul ator shown in the Fig. 3; - 19 - Fig. 5is a block diagramof a
cascaded 2:2 delta-sigma nodul at or ﬁgma—seeeﬁdwe%der first stage and a
second- order second stage of conven i onaf desig M Fig. 6 is a block
di agram of a noi se cancellation cirguit used’ Ln_conjunction with the

nodul ator shown in the Fig. 55 Fig. 7 1s a graph of S/ N plotted as a
function of analog input level and interstage gain scale 10 factor for the
nmodul at or eapproxsienatadyl -t odBctocuilte shold istahe KOgd EBhndnd Fig. 8
is a graph of SIN plotted as a function of analog input |evel and

i nterstage uli A s&lteof beorfubl shalmmduraspecindebyse daell ation

feedbacks can suppress only the output swing of the

corresponding integrator. As far as the first local

5 feedback, a first-order integration function will
still remain within the signal path between the
analog input and the quantizer. With first-order
integration of the analog input as the quantizer
input, the global loop will still overload.

10 Therefore, overload can not be prevented in a
second-order, single stage configuration without
activating the first feedback loop (feedback loop
116). Since the gquanitization noise leakage of the
first feedback loop 116 is severe and direct upon

15 the digital output Y, only the input levels before
the activation of the first local feedback loop are
considered as the normal operating range. In
addition, the first local feedback circuit will
become another analog noise source, the noise from

20 which will become a new noise source converted to
the analog input when implemented by actual
circuits. Further details regarding operation
ranges of the first and second local feedbacks are
providéd hereinbelow.

25 . Turning now to Fig. 11, a block diagram of a

cascaded 2:2 delta-sigma modulator 200 according to
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15 circuit shown in the Figs. 5 and 6; Fig. 9 is a block diagramof a
singl e stage, second-order delta-sigm nodul ator having a | ocal feedback

| oop provided for each order; Fig. 10 is a block diagramof a noise 20
cancellation circuit used in conjunction with the nodul ator shown in the
Fig. 9; Fig. 11 is a bl ock diagram of a cascaded 2:2 delta-signma nodul at or
having a | ocal feedback | oop provided only for a second-order in a first
stage; - 26he prepgntiinventiiogtkigi aoam of Bheomaiehater &G®n circuit
used in conjunction wth the nodul ator, shown in_the Fig. 11; Fig. 13 is a
graph of SARGHEREE] T It f BRE; ISHFONEGT SERIR 3h8utanr‘gv7e@4for ni smat ch

erro“;betwggbectively. It is understood that the stage 202

includes a minimum of two-orders of integration, and

5 that the stage 204 contains a minimum of one-order
of integration. Accordingly, the stage 202 includes
a first integrator 206 and a second integrator 208,
whereas the stage 204 includes a first integrator
210 and a second integrator 212. The first

10 integrator 206 of the stage 202 produces an analog
output signal fed to the input of the second
integrator 208. The analog input signal to the
second integrator 208 is denoted as Aj,. The second
integrator 208 produces an analog output signal

15 denoted as Agyt. The output signal is quantized by a
quantizer 102 equally configured as shown in Fig. 9,
and fed back to a first summing node 221 and a
second summing node 222 via a digital-to-analog
conversion circuit 104. The amplifier 112 is

20 designed to have a scale factor gi, wherein g; is
preferably defined as two. The quantizer 102,
digitai—to—analog conversion circuit 104 and
amplifier 112 constitute a global feedback loop 101,
similar to that of Fig. 9.

25 The cascaded arrangement of Fig. 11 purposefully

avoids ‘using a local feedback loop between the
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the local feedback gain coefficient and noise cancellation gain coefficient
of the nodul at or and noi se cancellation circuit shown in the Figs. 9 and
10; 10 Fig. 14 is a graph of S/IN plotted as a function of anal og
input level, and is dependent upon the presence or absence of |ocal

f eedback, for the nodul ator and noise cancellation circuit shown in the
Figs. 11 and 12; and 15 Fig. 15 is a circuit diagramof a the second
i ntegrator wWwahputt taf fthet fitegle dhtegrestadedOdeldarnd sthen imsiut aber
having a tri-level reference voltage selector controlled by the |ocal _

f eedback | odphPr Svirdtd lﬁtﬁmiﬁﬁgtaaéé(ﬁﬂﬁ@f%r§¢ﬁsqmmingpnd§blﬁzuhe Fi g.
11. PREFERRED. EMBODI NENT OF THE | NVENTI ON ile the invention is .
suscepti bl e ¥b GBS 95 ABHSIEREPENS Uhl- al TasFRade tbens, specific

embodi ment s ntlggtrf[gftoax[ 62880\6”% tﬁ’i&\?ylaf uesxgsr,rplaefierc]adback loop 220
5 coupled between the output and the input of the
integrator 208, via a second summing node 222. The
local feedback loop 220 includes a quantizer 224 and
a digital-to-analog conversion circuit (reference
voltage selector) 226. The local feedback loop 220
10 functions to detect an overload condition at the
output_of the second integrator 208 (or any
subsequent order integrators), and to produce a
local feedback signal at the output of the selector
226 which feeds back a compensating signal to the
15 input of the integrator 208. The quantizer 224 of
the local feedback loop 220 generates the digital
code representative of the compensating signal,
which maintains the second-order integrator output
within a desired, specified range. By monitoring
20 the output of the second integrator 208 and feeding
back the quantized signal of the second-order
integrator, the local feedback loop prevents the
integrator output voltage from increasing in order
to avoid overload of the second stage 204.
25 The local feedback loop 220 and associated

circuitry can be duplicated, and can be used in
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- 21 - the drawi ngs and will herein be described in detail. It should be
under st ood, however, that the draw ngs.and_detailed-description thereto are
not intended to limt the inventioi;to the partiicidlay formb5 di scl osed, but

on the contrary, the intention is f§o cover:;allk ;nodif] cations, eqU|vaIents
and alternatives falling within th -&phﬁh%-andmscope of the present

I nvention as defined by the appended clains. 10 To ensure stable

oper ati on apdural rordéemsinbegratfovgsentidduini & caswaisdaanalley-f eedback
| oops are used besides conventional feedback Ioops Nanely, the present

i nventi on |§th%ﬁ#§éhc¢%®¥9ﬁ&ﬁﬁﬁarVOFe@ﬁﬁmR Eoofs oY fassladeddback 15

| oops The | ocal feedback ] oops are sed
ps). converter may av% X- ocal feedback loop arranged

across each integrator in the first stage. The only
5 integrator in the first stage which purposefully
does not use local feedback is the first-order
integrator (i.e., the integrator which receives the
analog input signal X). All orders of the second
stage are designed for having no local feedback. A

10 1local feedback loop is not needed for the first-
order in the first stage since it is not necessary
to eliminate overload from the first stage. Any
gquantization noise from the first stage will be
canceled by the noise cancellation circuit.

15 Given a proper selection of interstage gain scaling
by providing a local feedback loop for subsequent
orders in the first stage, the second stage is
prevented from entering overload. In case of a
x:y:z cascaded converter, X-1 local feedback loops

20 are used in the first stage, y (or y-1l) local
feedback loops are used in the second stage, and z
(or z-1) local feedback loops are used on the third
stage, etc.

The first stage 202 in Fig. 11 is coupled to the

25 second stage via an interstage summing node 232.

Amplified outputs from the selector 104 as well as
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addition to the conventional plural-order (or global) feedback | oops
associated with all delta- sigma nodul ators. The | ocal feedback |oop is
defined as a feedback | oop which extends fromthe 20 output of an

i ntegrator back to the input of that same integrator. Thus, the | ocal

f eedback | oop does not extend back fromthe output of one integrator to a
prior-connected other integrator, as is the normal case in the gl obal

f eedback | obpteggrator 20 aweafefeddbachel sspmindenpded 372 consi derati on
of the shortcom ngs associated, w,th a - 22 - gl obal feedback | oop that

i ncl udes p|6fa§plzsigmglym Sgt bE serpd 34- QPgFR it PEESeTal ¥hateld sol el y

upon the gl obal, feedback | Qop js.nore suscepti hle to pverload at i nputs
cFose to ?uﬁpale §3ctor ﬁ%féh is éie pro ué% o% tﬁe inverse o

scale factors for amplifiers 228 and 230. An
5 amplifier 236 operates at a scale factor of 0, 1 or

2 depending upon what is fed to the stage 204 from
the stage 202 via the summing node 232, namely data,
noise or a combination of the data and the noise,
respectively. The output of the interstage summing

10 node 232 is scaled by scale factor hcl of an
amplifier 238. The scale factor hcl of the
amplifier 238 is set at less than one, preferably
less than one half in order to prevent the second
stage from overloading without use of a local

15 feedback in the first-order integrator in the first
stage. Scaled output from the summing node 232 is
fed to a first summing node 240 in the stage 204,
along with a global feedback signal within a global
feedback loop 101'. The second stage 204 is

20 identical in configuration with the first stage 202,
except for having no local feedback loop such as
feedback loop 220 in the stage 202. Both in the
first and second stages 202 and 204, the global
feedbacks of unity scale factor are utilized to the

25 first summing nodes 221 and 240. Moreover, scaling

to the second feedback nodes 222 and 242 is
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5 scale. This is because of the plural-order integration of a anal og signal
that nakes the input of a quantizer grow nore rapidly in correspondence to
the increase of an input level. Referring nowto Fig. 9, a single stage
delta- 10 signma nodul ator having both gl obal feedback and | ocal feedback

| oops is shown. The gl obal feedback |oop is of the conventional design and
I s denoted as reference nuneral_101. A global feedback | oop 101 includes a
quanti zer MRrieFmedipredenabhyiapbg a55cabfyEaitedr cPfctivo ( or Thie | evel

reference voltag%%%ﬁlector) 104. Thg-quantizen 102 and reference vol tage
sel ector 10228&F PREHOPGSTRRIAT t REYH pte BR9a ilnt ebPator 106 and the

108 20 i's bUFPREE ARG e 141 CanRAdrd: FERMF R HRreuEEng
e ator 30 55 yaRESRLRIURAR, MR oot Hialoborgl esihanid oo
5 to the first stage, second stage, or further stages
within an overall configuration. for example, a 3:1
cascaded modulator having a third-order integrator
in a first stage and a first-order integrator in a
second stage is also intended to. Regardless of the
10 configuration, it is important that the first-order
within the first stage does not contain a local
feedback loop, and each subseguent order contains a
local feedback loop. The spirit and scope of the
present invention device thereby contemplates any
15 cascaded arrangement having at least two orders in
the first stage, and at least one order in the
subsequent stages.
Turning now to Fig. 12, a block diagram of a
noise cancellation circuit 260 is shown. The
20 circuit 260 is designed to cancel quantized noise
generated from all the stages but the last stage of
the modulator 200. Thus, the circuit 260 is used to
cancel noise generated by all quantizers within the
first stage 202. The only remaining noise with the
25 digital output signal Y is that of the quantized

noise produced by a gquantizer 244 in second stage
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summ ng node 111. Additionally, a second |ocal 25 feedback |oop 118 is
coupl ed between the output of the second integrator 106 and the second
suming - 23 - node 114. The first |ocal feedback |oop 116 and second
| ocal feedback |oop 118 each include an anal og-to-digital conversion
circuit (quantizer) 120 and 122, respectively, and further include a 5
digital -to-anal og conversion circuit (reference voltage selector) 124 and
126 respect i2@dy. The poiposd of26Qi K§CiTeschher SRR ZesbPWRPEECh

W thin & cerd beRanangno So Pt Ve b roRbiare BOUBAALPEodOR 1 | FBE
overl oad. Eech Local, {cgdback oo Jri% A0 410 P PYEBRARSPSE S0
is singly differentiated by a differentiator 262 in
5 the circuit 260. Various delay circuits designated
with a "d" reference are coupled to the output of
the differentiator 262 to synchronize input signals
at the noise cancellation summing node 264 in the
time domain. The outputs Y; and ¥Y; of the quantizers

10 102 and 244 in the global feedback loops are double
differentiated by a differentiator 266. The summing
node 264 adds the double differentiated global
feedback loop outputs to the singly differentiated
local feedback loop output.

15 Referriﬁg now to Fig. 13, a graph of S/N plotted
as the function of the analog signal X input level
is shown. Fig. 13 represents the S/N ratio
simulation when the single stage second-order
modulator 100 in Fig. 9 is coupled to the noise

20 cancellation circuit 128 in Fig. 10. The S/N ratio
is dependent not only upon the input level, but also
upon the mismatch errors of the scale factors gy and
g; within the first and second local feedback loops.
Fig. 13 shows that a 1.0% mismatch error between go

25 of the first local feedback 116 in Fig. 9 and gg' of

the noise cancellation circuit amplifier 130 in Fig.
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that the output voltages of respective integrators are w thin proper
ranges. The outputs of individual 15 integrators 106 and 108 are
continuously exam ned by the quantizer 120 and 122. If the integrator

out puts exceed the proper ranges, negatively feeding back the outputs of
the reference voltage selectors 124 and 126 control |l ed by the outputs of
those 20 integrators returns corresponding integrators to their nornal
operating r ARgERURREpSEL VRUGUANEHE Z_EE A NRESBolRAKRAIE f eedback | oops
are sent to I se cancel l afion circui

an shown in Fi,g. 1Q. The noise
cancel | atioﬁr&h_f £ A Iﬁrrglrl‘-ﬁuitnc}?ec‘é? sOf %r%ﬁbg‘?ftiéﬁé 1 Goarﬂi? 132
cach local Figy 13" SIBEHROSBEtTR hofle LADGEFR: G SFrcul t 128 |
between g; and g;' in Figs. 9 and 10 causes somewhat
5 1less serious quantization noise leakage problems at
an input level of approximately -4.0 dB.

As shown in Fig. 13, the significant increase in
noise leakage upon the output signal Y occurs if
there is any mismatch between amplifier gain scale

10 factors gg and gz relative to ggo' and gz'. Fig. 13
shows that the first-order local feedback 1odp 116
in Fig. 9 is activated at approximately -8.0 dB to
the full scale. The second-order local feedback 118
is active before the first local feedback is

15 activated, given a rising input voltage to a peak
value. The second local feedback, however,
maintains a greater degree of linearity relative to
the activated first local feedback. The linearity
difference primarily depends upon whether the

20 leakages of respective first and second local
feedbacks influence directly to or through first-
order qoise shaping. The result shown in Fig. 13 is
explanatory of the transfer function shown by
equation 8. Direct leakage is represented in.

25 equation 8 as a transfer function Z-2, whereas the

first-order quantization noise leakage is
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further includes a differentiator 134 coupled to the output of the
anplifier 132, and a series of delay circuits, "d"s, coupled to the outputs
of the 5 anplifier 130 and differentiator 134. The delay circuits are
necessary to nmaintain synchroni zed signals at the inputs of a noise
cancel l ati on summ ng node 138. The operation of a delta-sigm nodul ator 100
and 10 noise cancellation circuit 128 is best described in reference to an
overal | tratebsesentedoms petireinsiey, fupstiiremsieZ tunc® on representing

a digital outpuL SI nal Y[err] is as follows Ylerr]=XZ[err] +
(1-Z[ err]) [ EPMIY }Ongﬁ%w¢$2[&ﬁqnﬁﬁﬁr]ﬁqu%&@y€1s B3R err] Y err]
Eq. 6), wh 1-Z[ e d h
et i b of & eéiﬁ(revs RofnEiiedthet EeRiorS1103 20 L andniEat eachnSeal |

f eedback | 116 _and 11 | ud t le f d
glerr] used TBSHFEENS rr’.?#‘i?“sﬁ%s&qeﬁ Sk SEgh e B el Sl

5 influence of mismatch errors can be substantially

eliminated using the configuration of Figs. 11 and
12. A cascaded converter having only one local
feedback at the second-order in the first stage
substantially eliminates any direct leakage

10 associated with a first local feedback. The
elimination of direct leakage is due to eliminating
the first local feedback and utilizing only a second
(or possibly third, etc.) local feedback. Thus, the
present invention prevents overload without the use

15 of a first local feedback loop. A single loop
(single stage) arrangement cannot achieve this
condition. In a cascaded arrangement, the
gquantization noise within the first stage will be
canceled provided the latter stage (second stage) is

20 not in an overload condition. Appropriately scaling
the amplifier 238 in Fig. 11, and further limiting
the output signal level of the first stage by the
function of the local feedback loop 220 avoids
overload of the second or subsequent stages.

25 _ Fig. 14 illustrates simulation result of what is

achieved by having a single local feedback loop in
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The anmplifiers 110 and 112 al so have scale factors, denoted as g[err] and

glerr], respectively. 25 The above equation 6 is derived by
designating the scale factor g[err] to one and the scale factor g[err] to -
25 - two. Wien these scale factors g[err] and g[err] are given to the

gl obal feedback |loop 101, the equation 6 indicates that the quantization
noi se wthin a signal @éerr] Is directly fed to an outfut signal Y[err], 5
wher eas t hec@asaiscaded Aciksconvarher siyuhl appaapristeehahseugh a

noi se shaping transfer function denoted as 1-Z[err]. The noise cancellation
circuit 128@%@&1\1&“&%:55@% pRefdmtsed hl 8?P«‘e‘lr r1] -Y[&rScakd Y[err] and

produces a 0|se ca ed digita t put nal Y. The transfer function
r epr esent at¥3et8r ﬂ\é B5Se 1Ic/)§t itéh é}l“gﬁﬁpt aPZSt g iRSRTshHage

SIrrpIIerdgaln scale factor. Fig. 14 illustrates, for

5 comparison purposes, S/N ratio as the function of
the input level X both with and without a local
feedback loop. It is important to note that not
only the S/N ratio in Fig. 14 is higher than one in
Fig. 13, but it is further important to note that

10 the S/N ratios depend upon whether the local
feedback loop is used or not. If the local feedback
is employed, the S/N ratio maintains a substantially
linear slope all the way to the full scale (0.0 dB).
In fact, Fig. 14 shows, by way of simulation, that

15 the overload is not only minimized when the local
feedback is used but the overload is effectively
eliminated. Still further, the arrangement of Fig.
11 achieves the illustrated result in Fig. 14 since
go and gp' no longer exist and therefore any mismatch

20 and direct noise leakage will no longer occur.

Utilizing a local feedback in the second-order

(second integrator) in the first stage 202 controls
the oufput swing from the second integrator 208 in
order to ensure that the resulting output signal

25 does not cause the overlocad of the second stage 204.

Thus, controlling carefully the output from the
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formas follows: Y = Y[err] + g[err]'Zerr]Y[err] +
glerr]"Z[err](1-Zerr])Y[err] (Eg. 7), 15 where 1-Z[err] represents a
first-order noise shaping function, Z err] represents the tw del ay bl ocks
(or delay tinmes) at the output of the anplifier 130, and Z err] represents
the delay block at the output of the 20 integrator 134. Substituting the

fol low ng { EaRSRorSaHEl (G CHSE XArat @ LDUA br EFRPERGIEY ot many
Jorert] ol ebPPReees . BIARIRSLER 101 “SPBRERAARES) of usingqans) . o6 -
AR S T R R ST L A
signal Y. 1f the scale factor (hcl) of the amplifier 238 is
5 made too small, there is a possibility that the S/N
ratio correspondingly can be made too small as well.
The quantizer 224 of the local feedback loop 220
in Fig. 11 can be designed as a bi-level or tri-
level quantizer. It is preferable that the
10 qguantizer 224 be made a tri-level quantizer which
functions to detect overload and to produce one of
three corresponding digital levels. The quantizer
224 can thereby be represented as a window
comparator, for example, which produces -1 or +1
15 depending upon the polarity of the input voltage.
When the integrator 208 operates within the
operating range, quantizer 224 outputs 0 levels such
that the local feedback loop 220 is not activated.
Thus, if the integrator output exceeds the specified
20 Dboundaries, the guantizer produces a proper local
feedback signal which forces the integrator to
return to the normal operating range by the
corresponding tri-level digital-to-analog circuit
226. The fully-differential architecture, well
25 known in the art, of the tri-level digital-to-analog

circuit 226 can be implemented with a high degree of
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Whereas, if any m smatch between scale factors g[err] and 5 g[err]' occurs,
the signal Y[err] is substantially suppressed by the first-order noise
shaping process (i.e., 1-Z[err] first-order noise shaping), so that the
guanti zed noi se conponent of the signal will |eak out. 10 The basic
operation of the |ocal feedback |oops 116 and 118 used in each integrator
within a single stage plural-order delta-sigma nodulator is described, in
ref erence thingaxzitivi e By tmduskevel eigital-pogratey Siffwl St age
Single-Bit 15 _Oversanpling A/D Converters Stabiliz wi th Laocal Feedback
Loops", |ERESEfake I%{EEH“F & TOLAE Fé’ﬁ@r&? b1 snl?ildl I\E?—gﬂa%:]anuary 1994,
pp. 19-25 (herein incorporated by reference). Usi a_l ocal_ f.eedback | oop
R each T nieavats: B RRYAme PRESE N s68EP detrLS AE yieRrci al ih
preventing overlo gl obal feedback | oop. Provided the non-idealities
of each intﬁésgkogg&ﬁ%egnd 108 can be

5 Turning now to Fig. 15, a circuit diagram of
block 209 shown in Fig. 11 is illustrated. Fig. 15
illustrates a switched capacitor implementation of
block 209. In a conventional switched capacitor
arrangement, two independent switched capactors are

10 requireéed to sample the first integrator output Ain
and to implement the tri-level local feedback D/A
conversion circuit 226. If gy equals to one, same
capacitance capacitors can be used for both the
sampling of Ain and the local feedback. Since

15 capacitance are identical, this means that a common
(shared) capacitor can be used for both functions,
with a proper switching scheme. Fig. 15 illustrates
a switched capacitor integrator wherein sampling Ain
and imblementing the local feedback D/A conversion

20 of tri-level are both performed. During a time ¢1,
Ain is sampled by a capacitor Csl. During a time
02, the left side of the capacitor is connected to
+/-Vref or 0 depending on the output of the
quantizer in the local feedback, instead of ground.

25 By this sequence, the shared capacitor performs the

sampling of Ain during the time ¢1 and tri-level D/A
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controlled, provided anplifiers scale factors g[err] and g[err] properly
match with respective scale factors g[err]' 25 and g[err]' of the noise
cancel lation circuit, and further provided the scale factors g[err] and

glerr] of the - 27 - gl obal feedback | oop properly match with a desired
val ue, the single stage, dual |ocal feedback configuration of Mpussavi et
al. will ideally function and bear the following transfer function: 5 Y =

XZ[err] + (kctieert)iey rdGkéng the (Eqmed)h2 wheTheQahatgeepresents the
guanti zation error of the quantizer 102. The quantization error err],
however, 10 camsrespomdisgbyor édwt ilhffesieswcehbpimeart Aiseamdl-theder
transfer function (1-Z[err])[err]. Accordingly, in an ideal situation, the
digital outpsisigWgl DEAnconversion circuit output will be
transferred to a integrating capacitor Cint at the
5 time ¢2. Since the component that determines the
gain of sampled Ain and the gain of the tri-level
D/A is common, no mismatch is present. This means
that the amplifier g; of the local feedback is ideal.
If so, the effect of the quantization noise leakage

10 in the second local feedback is eliminated.

It will be appreciated by those skilled in the
art having the benefit of this disclosure that the
invention is believed to be capable of applications
with any oversampled analog-to-digital converter.

15 Furthermore, it is also to be understood that the
invention shown and described is to be taken as
presently preferred embodiments. Various
modifications and changes may be made to each and
every processing components as would be obvious to a

20 person skilled in the art without departing from the
spirit'and scope of the invention as set forth in
the claims. It is intended that the following
claims be interpreted to embrace all such
modifications and changes, and according, the.

25 specification and drawings are to be regarded in an

illustrative rather than a restrictive sense.
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i ncl ude very little quantization noise associated with that signal, as
|nd|cate 15 However, in nost instances, the ideal
S|tuat|o ﬂﬂih@ Hlﬁ ed. The i1 aT'transfer fun tion of equation 9
cannot be*a wa |n case o seﬂ1conductor fgbrication process
inferior, or erroneous design, 20 |ayout_or. nehufastiure of nodul ator 100
conponents. As shown above, for exanple, non-idealities of the anplifier go
wi |l appear @8AJdIM®ct noi se | eakage upon the digital output Y. To prevent
overload in a second-order single stage configuration, the second 25 and

first local feedback Ioops (feedback | oops 118 and 116) nust be activated

at input levels of - approxinately -10 dB,tq the full scale (0.0
dB) and 1. A de ta sigma modulator comprising;

a first and a second integrators coupled in
5 series between an analog input node and a first
analog output node,

a first summing node coupled between said analog
input node and said first integrator,

a second summing node coupled between said first

10 integrator and said second integrator,

a local feedback loop including a first
quantizer for quantizing a signal at said first
analog output node, and a first reference voltage
selector for providing said second summing node with

15 a first analog signal based upon an output from said
first quantizer, and,

a plural-order feedback loop including a second
quantizer for quantizing said signal at said first
analog'output node, and a second reference voltage

20 selector for providing at least said first summing
node with a second analog signal based upon an

output from said second quantizer.

2. A delta-sigma modulator set forth in claim 1;

, - 42 -
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-8.0 dB to the full scale, respectively. Local feedback n ress on
t he output swing of the corresporrdl ng."i nt egrat Ql’"’"‘thhO um m,”mnl
feedback, a first-order |ntegrataon frunction’ vir-Fi {sti |

si gnal path bet ween the anal og i hput and: thefquantlzer Wth f|r§% Ar dér
integration of the analog input as the quantizer input, the gl obal | oop
will still overload. 10 Therefore, overload can not be prevented in a
second(HderWh§MﬂﬂQa%@ééeﬁﬁ#ﬁtggu@ﬁQﬂZQWth@quniigarﬂi;ﬁ¢m first

f eedback | oo gfeedback | ogp 116 Si nce. t he quanltlzatlon noi se | eakage of
the first f gﬂ@#%%pa1969%ﬁé vEignat eppekl aoh rspuesenging aut put
Y, only the t g Ievg i bef ore the activation of the first |ocal feedback
| oop are con f egéﬁf REYorh uSperating range. In addition, the first

| ocal feedback circuit will becone another anal og noi se source when

I mpl enmented 20 by actual circuits. Further details regarding

5 3. A delta-sigma modulator set forth in claim 1;

further comprising a third summing node coupled to
said first analog output node,

at least a third integrator coupled between said
third summing node and a second analog output node,

10 and,

a feedback loop including a third quantizer for
quantizing a signal at said second analog output
node, and a third reference voltage selector for
providing said third summing node with a third

15 analog signal based upon an output from said third

quantizer.

4. A delta-sigma modulator set forth in claim 3;
further comprising an interstage summing node

20 Dbetween said first analog output node and said third
summing node, for adding an output signal at said
first output node to an output signal from said

second reference voltage selector.
25 5. A delta-sigma modulator set forth in claim 3;
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her ei nbel

operationiﬂﬁugi of the first and second | ocal feedbacks are provided

delta-sig

il r”mm" Fig. ri1.-;a bl ock-di-agr-am of a cascaded 2:2
Ccord”ng“fofz5'1he‘pféggnt i nvention is shown.

The nodul at or 200 i nclud€s first jand second $t ages{ 202 and 204, -29 t he
present invention is shown. The nodul ator 200 i ncludes first and second
stages 202 and 204, respectively. It is understood that the stage 202

i ncl udes a nfHRRRD! COMPIGHERG an amrbiitesn wikd 8 sealehastage 204

contains a m

rati,gn._,Accordingly, the stage 202

i qum of one-order of inte
includeseaf?%ggé§ﬁeﬁﬁ%ﬂno$%6 ﬁ&%ﬁ%&c%ﬁ&@nﬁ%ﬁﬁ%tépa QrEPEds t he

stage 204 ing

first

5

10

15

20

25

i i 210 and second integrator 212. The
nb %F%ﬁhfééihlgﬁfgaa%%ﬁmfhg nod%. g

6. A delta-sigma modulator set forth in claim 3;
further comprising a noise cancellation circuit for
receiving outputs from said first quantizer and said
second quantizer and said third quantizer, wherein
said noise cancellation circuit has a function of
canceling quantization noises generated by said

first and second quantizers.

7. A delta-sigma modulator comprising;

a first, a second and a third integrators
sequentially coupled in series between an analog
input node and a first analog output node,

a local feedback loop including a first
quantizer for quantizing a signal at said first
analog output node, and a first reference voltage
selector for providing a first analog signal based
upon an output from said first quantizer, wherein
said local feedback loop adds said first analog
signal to an input of said third integrator,

a blural—order feedback loop including a second
quantizer for quantizing a signal at said first

analog output node, and a second reference voltage
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10 integrator 206 of the stage 202 produces an anal og output signal fed to
the input of the second integrator--208. The anal og inpu ' I | ﬂg
second integrator 208 is denot eF ias: A[err] , The::decond Hlmamt“ lﬂu ﬂll
produces an anal og output signal 15 denoteﬁ as Alerr]. *THe dut futssignal
i s quantized by a quantizer 102 equarry“coﬂ++gﬂ#éd as shown in Fig. 9, and
fed back to a first summ ng node 221 and a second sunm ng node_ 222 via a
digital -to- §ﬁd4egt@zsni@rrs|mowdémq aogecrasl apalpgersignalsbaserdsi gned
to have a scale factor err% wherejin g[err]_is preferably defined as two.
The quanti zelpomzandpgntmtt ramaﬁiglféoﬁ@sp&%rﬂwn&}ﬁe1104waﬁa%| i fier
112 constitute dg obal, feedback | o simlar to that of Fig. 9. 25
The cascade&@%é Brad- QFoet g ? OQQHHI 3§08 ¢s$RGORS ocal
feedback lOOp betfeag &east go an input signal of said first
5 integrator,
an interstage summing node for adding an output
signal at said first output node to said second
analog signal,
at'least a fourth integrator coupled between
10 said interstage summing node and a second analog
output node, and,
a feedback loop including a third quantizer for
quantizing a signal at said second analog output
node, and a third reference voltage selector for
15 providing said fourth integrator with a third analog
signal based upon an output from said third
gquantizer, wherein said feedback loop adds said
third analog signal at least to an input signal of
said fourth integrator.
20
8. A delta-sigma modulator comprising;
plural integrators coupled in series between an
analog input node and an analog output node,

a quantizer for quantizing a signal at said

25 analog output node,
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ut of the first |nteﬁrator 206 and the input of the first integrator

rzrggul(g[ol;lgmnﬁuml’gﬂlltﬁ 221 of the-first.integrator 206). Instead, the

ses a fe dback Ioop 22@:8 {coupl ed bet ween t he
out put and t hé i npu of the integrator 208, 'vi.@a a sgqcond sunm ng node 222.
The | ocal feedback | oop 220 incl udes—a—quanttzer and a
digital -to-anal og conversion circuit (reference voltage selector) 226. The
| ocal feedback | cwpraZferenceanvbildiesye osddeedtonnfovepmmdi dondi t@ron at t he
out put of the second integrator 208 (or any subsequent order integrators),
and to produeeaddmcalghaddiaskedi ypan ant autputpufron seedel ector 226
whi ch feeds back a conpensating signal to the 15 input of the integrator
208. The qudﬁvﬁf@%lgéﬂﬂrof the | ocal feedback Ioop 220 generates the digital

code representati ve of t.he conpensatin i.gnal
P a summing ngg f%r gdal%

an output signal from
5 said reference voltage selector to at least one of
said plural integrators inputs, and,
a switched capacitor integrator configured for
having a capacitor in common use both for sampling
an input signal to said integrators, and for

10 sampling a reference voltage of said reference

voltage selector.
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whi ch mai ntains the second-order integrator output within a desired,

specified range. By nonitoring 20 the output of the second integrator 208
and feedi ng back the quantized signal of the second-order integrator, the
| ocal feedback | oop prevents the integrator output voltage fromincreasing

in order to avoid overload of the second stage 204. 25 The | ocal
f eedback | oop 220 and associated circuitry can be duplicated, and can be
used in - 31 - to-digitaSUy@HV§¥t@F.Iﬁéﬁ ENXURNITLON x:y cascaded

converter may have X-1 | ocal feedback | oop arranged across each integrator
in the first stage. The only integrator in the first stage which

purposelully 5 dges fifpusechocaloheodback 12 e fiqsy goger | ntearator
converting an analog signal to a digital signal and
5 for maintaining a gain linear relation between both

signals. The analog-to-digital modulator utilizes
oversampling and delta-sigma techniques within a
cascaded, plural-order circuit arrangement. A local
feedback loop is coupled across the output and input

10 nodes of at least one subsequent order integrator
within the first stage and subsequent stage of a
cascaded analog-to-digital converter. The local
feedback loop monitors the output from the connected
integrétor/and modulates that output through local

15 feedback to maintain the optimum input levels of the
second and subsequent stages. Proper scaling of the
subsequent stages ensures that the guantizaion noise
generated in the first stage is canceled, and some
direct noise leakage from the first stage are not

20 injected into the digital signal produced by a noise

cancellation circuit at all.
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anal og i nput signal X). Al orders of the second stage are designed for
havi ng no | ocal feedback. A local feedback loop is not needed for the
first- 10 order in the first stage since it is not necessary to elinmnate
overload fromthe first stage. Any qﬂgﬁ$ization noi se fromthe first stage
wi || be cancel ed by the noi se cancel Ton circuit. Gven a |local feedback
| oop provided for subsequent orders 15 in the first stage, and a proper
sel ection of interstage gain scaling, the second stage is prevented from
entering overload. In case of a x:y:z cascaded converter, X-1 |oca
feedback | oops are used in the first stage, y (or y-1) local 20 feedback
| oops are used in the second stage, and z (or z-1) |ocal feedback | oops are
used on the third stage, etc. The first stage 202 in Fig. 11 is coupled to
the second stage via an interstage sunningsnode 232. 25 Amplified outputs
fromthe selector 104 as well as o1 q

Ol

.

DIGITAL
DECIMATION
FILTER

FIG.1




- 32- integrator 208 are fed to the sunm ng node 232. Accordingly,
anplifier 234 operates preferably at a scale factor which is the product of
the inverse of scale factors for anplifiers 228 and 230. An 5 anplifier 236
operates at a scale factor of 0, 1 gogéﬁgfpending upon what is fed to the
stage 204 fromthe stage 202 via th ing node 232, nanely data, noise
or a conbination of the data and the noise, respectively. The output of the
interstage summ ng 10 node 232 is scaled by scale factor hcl of an
anplifier 238. The scale factor hcl of the anplifier 238 is set at |ess
than one, preferably less than one half in order to prevent the second
stage from overl oadi ng wi thout use of a |ocal 15 feedback in the
first-order integrator in the first
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stage. Scal ed out put fromthe summ ng node 232 is fed to a first summ ng
node 240 in the stage 204, along with a gl obal feedback signal within a

gl obal feedback | oop 101'. The second stage 204 is 20 identical in
configuration with the first stagq /208, except for having no |ocal feedback
| oop such as feedback | oop 220 in the stage 202. Both in the first and
second stages 202 and 204, the gl obal feedbacks of unity scale factor are
utilized to the 25 first sunm ng nodes 221 and 240. Moreover, scaling to

t he second feedback nodes 222 and 242 is - 33 - performed preferably at
a scale factor of two. The cascaded arrangenent shown in Fig. 11 is
illustrative of a 2:2 cascaded converter, however, it is understood that
additional orders can be added
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5to the first stage, second stage, or further stages within an overal
configuration. for exanple, a 3:1 cascaded nodul at or having a third-order
integrator in a first stage and a first-order integrator in a second stage
is also intended to. Regardless of ghaslO configuration, it is inportant
that the first-order within the first stage does not contain a | oca

f eedback | oop, and each subsequent order contains a |l ocal feedback | oop.
The spirit and scope of the present invention device thereby contenplates
any 15 cascaded arrangenent having at |east two orders in the first stage,
and at | east one order in the subsequent stages. Turning nowto Fig. 12, a
bl ock di agram of a noise cancellation circuit 260 is shown. The 20 circuit
260 i s designed to cancel quantized noise generated fromall the stages but
the | ast stage of the nodul ator 200. Thus, the circuit 260 is used to
cancel noise generated by all quantizers within the
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first stage 202. The only remaining noise with the 25 digital output signal
Y is that of the quantized noi se produced by a quantizer 244 in second
stage - 34 - 204. The circuit 260 receives the quantized output signals
Y[err], Y[err] and Y[err] fromthe gpdgl ator 200. The quantized signal
Y[err] of the |ocal feedback |oop 220 is singly differentiated by a
differentiator 262 in 5 the circuit 260. Various delay circuits designated
with a "d" reference are coupled to the output of the differentiator 262 to
synchroni ze input signals at the noise cancellation sunm ng node 264 in the
time domain. The outputs Y[err] and Y[err] of the quantizers 10 102 and
244 in the gl obal feedback | oops are double differentiated by a
differentiator 266. The summ ng node 264 adds the double differentiated

gl obal
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f eedback | oop outputs to the singly differentiated |ocal feedback |oop

out put. 15 Referring nowto Fig. 13, a graph of S/IN plotted as the
function of the analog signal X input level is shown. Fig. 13 represents
the SINratio simulation when the 718l e stage second-order nodul ator 100
in Fig. 9 is coupled to the noise 20 cancellation circuit 128 in Fig. 10.
The S/INratio is dependent not only upon the input |evel, but also upon the
m smatch errors of the scale factors g[err] and g[err] within the first and
second | ocal feedback |oops. Fig. 13 shows that a 1.0% m snmatch error
between go 25 of the first local feedback 116 in Fig. 9 and g[err]' of the
noi se cancellation circuit anplifier 130 in Fig. - 35 - 10 causes
serious quantization noise | eakage

Yi

FIG. 6



probl ens at an input |evel of approximately -8.0 dB. Fig. 13 al so shows
that a 1.0% m smatch error between g[err] and g[err]' in Figs. 9 and 10
causes somewhat 5 | ess serious quantization noise | eakage problens at an
input level of approximately -4.0 dBgy shown in Fig. 13, the significant

i ncrease in noi se | eakage upon the output signal Y occurs if there is any
m smat ch between anplifier gain scale 10 factors go and g[err] relative to
glerr]' and g[err]'. Fig. 13 shows that the first-order |ocal feedback

|l oop 116 in Fig. 9 is activated at approximately -8.0 dB to the full scale.
The second-order |ocal feedback 118 is active before the first |ocal
feedback is 15 activated, given a rising input voltage to a peak val ue.
The second | ocal feedback, however, maintains a greater degree of linearity
relative to the activated first |ocal feedback. The linearity difference
primarily depends upon whether the 20 | eakages of respective first and
second | ocal

Q
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f eedbacks influence directly to or through first- order noise shaping. The
result shown in Fig. 13 is explanatory of the transfer function shown by
equation 8. Direct |eakage is represented in 25 equation 8 as a transfer
function Z[err], whereas the firstgpgjder quantization noise |eakage is - 36
- represented as a transfer function 1-Z-1. A conbination of the
transfer functions shown in equation 8 and the graph of Fig. 13 indicates
the inmportance of the present invention. That is, the 5 influence of

m smatch errors can be substantially elimnated using the configuration of
Figs. 11 and 12. A cascaded converter having only one |ocal feedback at the
second-order in the first stage substantially elimnates any direct |eakage
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10 associated with a first |ocal feedback. The elimnation of direct

| eakage is due to elimnating the first |local feedback and utilizing only a
second (or possibly third, etc.) |ocal feedback. Thus, the present

i nvention prevents overload w thout é£§ use 15 of a first |ocal feedback

| oop. A single loop (single stageP angenent cannot achieve this
condition. In a cascaded arrangenent, the quantization noise within the
first stage will be canceled provided the latter stage (second stage) is 20
not in an overload condition. Appropriately scaling the anplifier 238 in
Fig. 11, and further limting the output signal level of the first stage by
the function of the | ocal feedback | oop 220 avoi ds overl oad of the second
or subsequent stages. 25 Fig. 14 illustrates sinulation result of
what is achieved by having a single |ocal feedback loop in - 37 -

FIG.9



the cascaded 2:2 converter with appropriate noise cancellation, shown in
Figs. 11 and 12. A scale factor of less than 1/2 is chosen as the
interstage gain scale factor. Fig. 14 illustrates, for 5 conparison
purposes, S/Nratio as the functiorhs@f1 he input |evel X both with and

wi t hout a | ocal feedback |loop. It i ( ortant to note that not only the
S/Nratioin Fig. 14 is higher than one in Fig. 13, but it is further
inmportant to note that 10 the S/N ratios depend upon whether the | ocal

f eedback | oop is used or not. If the | ocal feedback is enployed, the S/N
ratio maintains a substantially linear slope all the way to the full scale
(0.0 dB). In fact, Fig. 14 shows, by way of sinulation, that 15 the
overload is not only mnimzed when the | ocal feedback is used but the

overload is effectively elimnated. Still further, the arrangenent of Fig.
go' 130
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11 achieves the illustrated result in Fig. 14 since g[err] and g[err]' no

| onger exist and therefore any msmatch 20 and direct noi se | eakage w |
no longer occur. Wilizing a |ocal feedback in the second-order (second
integrator) in the first stage ZOZéﬁgzﬁ§ols t he out put swing fromthe
second integrator 208 in order to that the resulting output signal
25 does not cause the overload of the second stage 204. Thus, controlling
carefully the output fromthe - 38 - first stage through use of a |ocal
f eedback, in many instances, elimnates the constraints of using an
extrenely small scale factor for the anplifier 238. If th 2@ e factor
(hcl) of the anplifier 238 is 5 made too small, there iaég possibility that
2@0 snall as 1.
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The quantizer 224 of the | ocal feedback |Ioop 220 in Fig. 11 can be desi gned
as a bi-level or tri- level quantizer. It is preferable that the 10

gquanti zer 224 be made a tri-level quantizer which functions to detect

over|l oad and to produce one of thrgg ﬁg%responding digital levels. The
guanti zer 224 can thereby be repre A as a wi ndow conparator, for
exanpl e, which produces -1 or +1 15 dependi ng upon the polarity of the

i nput voltage. Wien the integrator 208 operates within the operating range,
guanti zer 224 outputs O levels such that the |ocal feedback |oop 220 is not
activated. Thus, if the integrator output exceeds the specified 20
boundari es, the quantizer produces a proper |ocal feedback signal which
forces the integrator to return to the normal operating range by the
corresponding tri-level digital-to-analog circuit 226. The

fully-differenti al architecturésg\ell 25 known in the art, of the tri-|evel

di gital -to-anal og
r_____._/___j‘ / 260
Y1b->Dh—\@-}d + dl—={d
Lo
L o —d
Y41 264
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circuit 226 can be inplenented with a high degree of - 39 - linearity. A
tri-level digital-to-analog circuit is used to mnimze noise | eakage at
smal |l signal inputs by providing primarily zero levels at those input

val ues. 5 Turning now to Fig. %F circuit diagram of block 209 shown
in Fig. 11 is illustrated. Fig. 15]1 4£§irates a switched capacitor

i npl ementation of block 209. In a conventional sw tched capacitor
arrangenent, two independent swi tched capactors are 10 required to sanple
the first integrator output Ain and to inplenent the tri-Ilevel |ocal
feedback D/ A conversion circuit 226. If g[err] equals to one, sane

capaci tance capacitors can be used for both the sanpling of Ain and the

| ocal feedback. Since
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15 <capacitance are identical, this neans that a conmmon (shared) capacitor
can be used for both functions, with a proper switching schenme. Fig. 15
illustrates a switched capacitor integrator wherein sanpling Ain and

i npl ementing the | ocal feedback D/ AxC ersion 20 of tri-level are both
performed. During a tine [err]1l, Aln 1s sanpled by a capacitor Csl. During
atinme [err]2, the left side of the capacitor is connected to +/-Vref or O
dependi ng on the output of the quantizer in the |ocal feedback, instead of
ground. 25 By this sequence, the shared capacitor perforns the sanpling of

Aln during the tine [err]1l and tri-level DA - 40 - converting during
the time [err]2. The charge corresponding to the difference between Ain and
the tri-level D/A conversion circuit output will be
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transferred to a integrating capacitor Cint at the 5 tinme [err]2. Since the
conponent that determ nes the gain of sanpled Ain and the gain of the
tri-level DDA is conmon, no msmatch is present. This neans that the
anplifier g[err] of the local fee is ideal. If so, the effect of the
guanti zati on noi se | eakage 10 in the second | ocal feedback is elim nated.
It will be appreciated by those skilled in the art having the benefit of
this disclosure that the invention is believed to be capabl e of
applications with any oversanpl ed anal og-to-digital converter. 15
Furthernore, it is also to be understood that the invention shown and
described is to be taken as preseg;ly preferred enbodi nents. Various

nodi fications and changes nay be e to each and every processing
conponents as woul d be obvious to<&{ 20 person skilled in the art without
departing fromthe spirit and of the invention as set forth in the
clains. It is intended that the fol|ow ng
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clains be interpreted to enbrace all such nodifications and changes, and
accolﬂmﬂ”“&muﬁﬁ cification and drawings are to be regarded in an

illu Lﬁﬂﬂhan arestrictive sense. - 41 - CLAI M5 (AMENDED) 1.
A del t'a- §i ghm "hodul at or conprising; a first and a second integrators
coupled in 5 series between an anal og i nput node and a first anal og out put
node, a first summ ng node coupl ed between said anal og i nput node and said
first integrlsREMSH ABEREDSun ng node coupl ed between said first 10

i ntegrator and said second integrator, a |local feedback |oop including a
first quantizer for quantizing a signal at said first

1. A delta-sigma modulator comprising;
a first and a second integrators coupled in
5 series between an analog input node and a first
analog output node,

a first summing node coupled between said analog
input node and said first integrator,

a second summing node coupled between said first

10 integrator and said second integrator,

a local feedback loop including a first
quantizer for quantizing a signal at said first
analog output node, and a first reference voltage
selector for providing said second summing node with

15 a first analog feedback signal based upon an output
from said first guantizer,

a plural-order feedback loop including a second
gquantizer for quantizing said signal at said first
analog.output node, and a second reference voltage

20 selector for providing at least said first summing
node with a second analog feedback signal based upon
an output from said second quantizer,

a third summing node coupled to said first
analog output node,

25 a circuit-stage, coupled subsequently to said

third summing node, including at least a third



*anal og out put node, ﬂ ﬂul rence vol tage sel ector for providing
sai d second sunm ng ‘m H u“ﬂwmm rst anal og feedback signal based upon
an output fromsaid first uahti%er’, a plural-order feedback |oop including
a second quantizer for quantizing said signal at said first anal og out put
node, and a second reference voltage 20 sel ector for providing at |east
said first summ ng node with a second anal og feedback signal based upon an
out put fromistiegrsatord apdndi secored t butgdutummdg oodgploedpl ed to said
first anal og output node, 25 . acircuit-stage, coupled subsequently to
said third swadegdiogdy i x|l s¢imigest andst a third I ntegrator and a
second out put node coupl ed_succeedingly in series, and, .
a feedback loop including a third quantizer for
quantizing a signal at said second analog output
5 node, and a third reference voltage selector for
providing said third summing node with a third
analog feedback signal based upon an output from

said third quantizer.
10 2. canceled
3. canceled

4. A delta-sigma modulator set forth in claim 1;

15 further comprising an interstage summing node,
coupled between said first analog output node and
said third summing node, for adding an output signal
at said first analog output node to said second

analog feedback signal.

20
5. A delta-sigma modulator set forth in claim 1;
further comprising an amplifier with a scale factor
of less than one, coupled between said first analog
output node and said third summing node.

25

6. A delta-sigma modulator set forth in claim 1;



‘a feedback | oop including a thi | guantizing a signal at said
second anal og out put 5 node, ajﬂlﬂ@jﬂﬂuimﬂﬁjgmlnce vol tage sel ector for
providing said third sumring n i " anal og feedback signal based
upon an output fromsaid third quantizer. 10 2. canceled 3. canceled 4. A
del ta-si gma nodul ator set forth in claim1l; 15 further conprising an

i nt er stage summ _ng node, coupled between said first anal og output node and
said third SusmRMgrn6OEPTLFIRIdENRAhSBuCHRCa} bpblom Fhrauitr fiomnal og
out put node to sai¢gd second anal%%_feedba k signal. 20 5. A delta-sigm
modul at or sEEGRFY RO QUERWEE; Tran eeldoft st nguantdier r pBA Waia

scale factor of |ess than one, ¢ | ed_bet ween sai d,.f.irst anal og .out put
node and saf§GR<d -*ﬁﬁﬁbé@%ﬂéald ghlrd]quantlzer, wﬁefiln P
said noise cancellation circuit has a function of
5 canceling quantization noilses generated by said

first and second gquantizers.

7. A delta-sigma modulator comprising;

a first, a second and a third integrators

10 sequentially coupled in series between an analog
input node and a first analog output node,

a local feedback loop including a first
gquantizer for quantizing a signal at said first
analog output node, and a first reference voltage

15 selector for providing a first analog feedback
signal based upon an output from said first
quantizer, wherein said local feedback loop adds
said first analog feedback signal to an input of
said third integrator,

20 a plural-order feedback loop including a second
quantiéer for quantizing said signal at said first
analog output node, and a second reference voltage
selector for providing a second analog feedback
signal based upon an output from said second

25 quantizer, wherein said plural-order feedback loop



25 6. A delta-sigma nodul ator set forth in clain111 further
conprising a noise cancellation circuit for recei vil ﬂﬂlt}@'“q)mmmﬂbmsal d

first quantizer and said second quantizer and said w&hi s , Wherein
sai d noi se cancellation circuit has a function of 5 canceling quantization

noi ses generated by said first and second quantizers. 7. A delta-signma
nodul at or conprising; a first, a second and a third integrators 10

sequenti al | yaddgplsai dnseecred dnbileen fwedbakdg sigmalnade loswsa ftio st
anal og output node, a local feedback loop including a first quantizer for
quanti zi ng aawi gmapputat sagindlf i @£t sand o vatpantegkeataemd a first reference

vol t age

an interstage summing node for adding said

signal at said first output node to said second
5 analog feedback signal,

a circuit-stage, subsequently coupled to said
interstage summing node, including a third summing
node and at least a fourth integrator and a second
output node coupled succeedingly in series, and,

10 a feedback loop including a third quantizer for
gquantizing a signal at said second analog output
node, and a third reference voltage selector for
providing third analog feedback signal based upon an
output from said third quantizer, wherein said

15 feedback loop adds said third analog feedback signal

at least to said third summing node.

8. A delta-sigma modulator comprising;
plural integrators coupled in series between an
20 analog input node and an analog output node,
a quantizer for quantizing a signal at said
analog output node,
a reference voltage selector for providing an
analog signal based upon an output from said

25 quantizer, and,



15 selector for providing a first I ck signal based upon an
output fromsaid first quanti ngll“@@jmru mj focal f eedback | oop adds
said first anal og feedback sig c said third integrator, 20

a plural -order feedback |oop including a second quantizer for quantizing
said signal at said first anal og output node, and a second reference

vol tage selector for providing a second anal og feedback signal based upon
an output from s& dGweteng IBdguiat Asdingesaild sanalpoursignader

f eedback |O%P adds_ sai d second anal og feedback signal at_|east to an

i nput si gnalframsgpd & ireteranss arettage isetestage Wunmtndarsde ¢BE

i at said_ first outggt node to said second 5 anal og

?gghggciaggéﬁéﬂggkd plural integrators inputs;

wherein said at least one integrator is composed

5 of a switched capacitor integrator and said switched

capacitor integrator samples said analog signal from
said reference voltage selector in utilizing a

capacitor in common for sampling said input signal.



a'circuit<stage, subsequently coupled to said interstage sunm ng node,
i ncluding a third summ ng node and at least a fourth integrator and a

second out put node coupl ed succeedingly in series, : } ck
| oop including a third quantizer for quantizing a sggﬁ%rﬁg?sggFa ?Q@iﬁ&gﬁ

anal og out put node, and a third reference voltage selector for providing
third anal og feedback signal based upon an output fromsaid third

i , wh j ; | d i d | f k
quanti zer etagpgéﬁiﬂa%%l%ee@ba% &9%?;@8%\1516‘.1'. thhed @m%oga)e%?&c

signal at |eas sald third summ ng node. 8. A delta-sigma no at or

conprising; pkgr@d dmtesr alns SEGRUPIk1 &, Seeispredei vweer an 28canal og i nput
node and an anal og out put node, a quantizer for quantizing a signal at said

anal og out put feedibagkselarenseppeleisagontleehy dwtparowwing af algé og
si gnal based upon an output from said 25 quantizer, and,
corresponding integrator. Without the first local
5 feedback, a first-order integration function will
still remain within the signal path between the
analog input and the quantizer. With first-order
integration of the analog input as the quantizer
input, the global loop will still overload.

10 Therefore, overload can not be prevented in a
second-order, single stage configuration without
activating thé first feedback loop (feedback loop
116). Since the quanitization noise leakage of the
first feedback loop 116 is severe and direct upon

15 the digital output ¥, only the input levels before
the activation of the first local feedback loop are
considered as the normal operating range. In
addition, the first local feedback circuit will
become another analog noise source when implemented

20 Dby actual circuits. Further details regarding
operation ranges of the first and second local
feedbacks are provided hereinbelow.

Tufning now to Fig. 11, a block diagram of a
cascaded 2:2 delta-sigma modulator 200 according to

25 the present invention is shown. The modulator 200

includes first and second stages 202 and 204,

?- “fj_',;'jlme-m”wxi
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a summ ng node for adding said analog signal fromsaid reference voltage
selector to at |least one of said plural integrators inputs; wherein said at

| east one integrator is conposed 5 of a sw tched caagtiate s aypr /@y
said switched capacitor integrator sanples said anal og signal from said

reference voltage selector in utilizing a capacitor in common for sanpling
sai d input signal
to-digital converter. For example, a x:y cascaded
converter may have X-1 local feedback loop arranged
across each integrator in the first stage. The only
integrator in the first stage which purposefully
5 does not use local feedback is the first-order
integrator (i.e., the integrator which receives the
analog input signal X). All orders of the second
stage are designed for having no local feedback. A
local feedback loop is not needed for the first-

10 order in the first stage since it is not necessary
to eliminate overload from the first stage. 2aAny
quantization noise from the first stage will be
canceled by the noise cancellation circuit. GGiven a

local feedback loop provided for subsequent orders
15

prevented from entering overload. In case of a
X:y:2 cascaded converter, X-1 local feedback loops
are used in the first stage, v (or y-1) local

20 feedbaék loops are used in the second stage, and z
(or z-1) local feedback loops are used on the third
stage, etc.

The first stage 202 in Fig. 11 is coupled to the

second stage via an interstage summing node 232.

25 Amplified outputs from the selector 104 as well as

{
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