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(57) Abstract

This invention includes a second and a fourth-order sigma-delta modulator system having one-half unit delay integrators and feedback.




applications under the PCT.
AT Austria

AU Australia

BB Barbados

BE Belgium

BF Burkina Faso
BG Bulgaria

BJ Benin

BR Brazil

BY Belarus

CA Canada

CF Central African Republic
CG Congo

CH Switzerland
CI Cbte d’Ivoire
CM Cameroon

CN China

Cs Czechoslovakia
cz Czech Republic
DE Germany

DK Denmark

ES Spain

F1 Finland

FR France

FOR THE PURPOSES OF INFORMATION ONLY

Codes used to identify States party to the PCT on the front pages of pamphlets publishing intemational

GB
GE
GN
GR

&

Japan

Kenya

Kyrgystan
Democratic People’s Republic
of Korea

Republic of Korea
Kazakhstan
Liechtenstein

Sri Lanka
Luxembourg

Latvia

Monaco

Republic of Moldova
Madagascar

Mali

Mongolia

Mauritania
Malawi

Niger

Netherlands
Norway

New Zealand
Poland

Portugal

Romania

Russian Federation
Sudan

Sweden

Slovenia

Slovakia

Senegal

Chad

Togo

Tajikistan
Trinidad and Tobago
Ukraine

United States of America
Uzbekistan

Viet Nam




10

15

20

25

WO 96/18242 PCT/US95/14357

SIGMA-DELTA MODULATOR WITH REDUCED
DELAY FROM INPUT TO OUTPUT

Specification

Background of the Invention

1. Field of the Invention.

This invention relates to high resolution analog-to-digital and digital-
to-analog converters, and in particular, to oversampled, noise shaping analog-
to-digital and digital-to-analog converters.

2. Brief Description of the Related Technology and Prior Art.

The use of sigma-delta modulators in analog-to-digital (A/D) and
digital-to-analog (D/A) converter circuits is increasing. It is well known in the
art that so-called higher order sigma-delta modulators have an inherently
higher signal-to-noise ratio than lower ordered sigma-delta modulators. For
many practical applications, fourth-order sigma-delta modulators have become
the higher-order modulator of choice because they strike an appropriate
balance between analog circuit complexity and accompanying digital filtering
complexity. Various fourth-order sigma-delta modulators for A/D circuits are
described in the following applications assigned to the common assignee of
the present invention: application Serial No. 08/112,610, filed August 26,
1993, entitled "Fourth-Order Cascaded Sigma-Delta Modulator;" application
Serial No. 08/147,062, filed November 3, 1993, entitled "Fourth-Order
Cascaded Sigma-Delta Modulator;" and application Serial No. 08/171,091, filed
December 21, 1993, entitled "Fourth-Order Cascaded Sigma-Delta Modulator."
Another fourth-order sigma-delta modulator is described by Karema, et al, in

- U.S. Patent No. 5,061,928. The aforementioned applications describe sigma-
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delta modulators created by connecting two, second-order sigma-delta
modulators, each such modulator being characterized as having two
associated unit delays from input to output. In each of the above
applications, a unique post-quantization network combines the output of the
two, second-order sigma-delta modulators in a manner such that a single
modulated multi-bit data stream, with fourth-order shaping, results. The
modulators in all of the examples given above are characterized as having
four unit delays from input to final output.

A need has developed for a fourth-order sigma-delta modulator with
fewer than four unit delﬁys from input to output in order to overcome
disadvantages associated with those fourth-order modulators having four unit
delays from inpﬁt to output. Prior art fourth-order sigma-delta modulators
implemented as A/D converters suffer from increased operational amplifier
and post-quantization network complexity. Additionally, when such sigma-
delta modulators are used in the feedback loop of such circuits as echo
cancelers, stability may be difficult to obtain due to the amount of delay from
input to output through the sigma-delta modulator.

The sigma-delta modulator of Fig. 1 is an example of a fourth-order
sigma-delta modulator which is formed by connecting two, second-order
sigma-delta modulators. This is similar to the fourth-order modulator
described in U.S. Patent No. 5,061,928 by Karema, et al. This modulator is
characterized as a cascade of two second-order modulators. These second-
order modulators are characterized as including two integrators each of which
can be characterized as having the following transfer function:

H(z) = z2'/(1-2")

As can be seen in the above equation, there is a single unit delay in
such an integrator due to the z” term in the numerator. Additionally, such
second-order modulators are also characterized as having a quantizer, which
typically is used to quantize only the sign of the signal presented at its input.
This is commonly modeled as a summing node where one input is the input
to the quantizer (Q) and the other input is a noise source (E) which

represents the quantization noise of the quantizer. Such a model is shown



10

15

20

25

30

WO 96/18242 PCT/US95/14357

-3-

in Fig. 1 as Q, and Q,. The overall transfer function of such a second-order
modulator is typically given by the following equation:

y(z) = z%(z) + E(z)(1-z")?
where y(z) is the output of the modulator, x(z) is the sampled input to the
modulator, and E(z) is the quantization noise of the quantizer within the
modulator.

When two such second-order modulators are connected together as
shown in Fig. 1, the transfer function at output y1(z) can be characterized by
the following equation:

y:(2) = 2° x(z) + E,(z)(1-z")*
where x(z) is the sampled input to the modulator and E(z) is the
quantization noise of quantizer Q,. Output y,(z) can be characterized by the
following equation:
y:2) = z* E,(z) + KE,(2)(1-z")?
where E,(z) is the quantization noise due to quantizer Q,, K is a constant that
is frequently used as a scaling factor for the connection between the first and

second modulator, and E,(z) is the quantization noise due to the quantizer Q..

The two modulator outputs, y,(z) and y,(z) are typically combined using
a post-quantization network which results in a final modulator output y, .(z).
An appropriate post-quantization network for use with the circuit of Fig. 1
is shown in Fig. 2. Such a circuit along with the two, second-order sigma-
delta modulators shown in Fig. 1 will result in an overall fourth-order sigma-
delta modulator which may be characterized by the following equation:

You(z) = 27%(2) + KE,(2z)(1-z*")*

Essentially, the post-quantization circuit of Fig. 2 removes the quantization
noise E,(z) due to quantizer Q,. It also results in an overall fourth-order high
pass filtering function on the quantization noise E,(z) due to quantizer Q..
As can be seen in the above equation, such a modulator has an overall
constant group delay of four sample periods due to the z* term in front of the
x(z) term.

In application Serial No. 08/147,062, described previously, a fourth-

order sigma-delta modulator is formed by connecting two, second-order sigma-
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delta modulators together such that only the input of the first quantizer is fed
to the second, second-order sigma-delta modulator. The output of each
quantizer for each second-order sigma-delta modulator is then fed to a post-
quantization network which removes the quantization noise of the first,
second-order sigma-delta modulator and shapes the quantization noise of the
second, second-order sigma-delta modulator with a fourth-order high pass
filter function. Such a sigma delta modulator is shown in Figs. 3 and 4 and
can be characterized by the same equation that characterizes the operation
of the fourth-order sigma-delta modulator described by Karema, et al. That
is, the output of the fourth-order sigma-delta modulator described in the
aforementioned application also has a constant group delay of four sample
periods.

It is an object of the present invention to provide a fourth-order sigma-
delta modulator which has high resolution, but with an overall constant group
delay of two sample periods. This is to be accomplished by connecting
together two, second-order sigma-delta modulators, each being characterized
as having an overall constant group delay of one sample period. An example
of a prior art second-order modulator having unit delays less than one is
described in the IEEE Journal of Solid State Circuits, Vol. 25, no. 4,
Aug. 1990, pp. 979-986, in the article entitled "The Implementation of Digital
Echo Cancellation in Codecs," by Friedman, et al. Friedman describes a
second-order modulator characterized as having integrators with 1/2 unit
delays from input to output. Furthermore, the second-order sigma-delta
modulator of Friedman is characterized as requiring two flip-flops two
perform delay functions in the feedback of the modulator to obtain the
desired transfer function. Such a second-order sigma-delta modulator is

shown in Fig. 5.
It is, therefore, a further object of the present invention to describe a

second-order sigma-delta modulator which does not require two flip-flops in
the feedback of the sigma-delta modulator, thus reducing the manufacturing

cost of such a sigma-delta modulator.
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It is a further object of the present invention to utilize two such
second-order sigma-delta modulators, which are to be connected together, to
form a portion of a fourth-order sigma-delta modulator.

It is still a further object of the present invention to connect two such
second-order modulators to a post-quantization network to form an overall
fourth-order sigma-delta modulator with a total of two unit sample delays.

It is yet another object of the present invention to provide a sigma-
delta modulator which can be fabricated using switched capacitor circuitry in
such a fashion as to form an A/D converter.

It is still another object of the present invention to provide a sigma-
delta modulator which can be used as a digital noise shaper for a D/A

converter.

Summary of the Invention

The fourth-order sigma-delta modulator of the present invention
utilizes two, second-order sigma-delta modulators connected together. Each
second-order sigma-delta modulator is characterized as including integrators
with a 1/2 sample period delay from input to output. A second-order sigma-
delta modulator including such integrators exhibits a single sample period
delay from input to output. A fourth-order sigma-delta modulator which
includes two such second-order sigma-delta modulators exhibits a delay of two
sample periods from input to output.

In a preferred embodiment, a fourth-order analog-to-digital converter
circuit is described by combining two such second-order sigma-delta
modulators which include the characteristic that all capacitors which are
connected to the output of each op amp within the sigma-delta modulator
would be charged on the same clock phase. Because of this characteristic,
glitches between clock phases are avoided and performance of the analog-to-
digital converter is improved.

In another embodiment, the two second-order sigma-delta modulators,
and a portion of the post-quantization network, are constructed as a digital
circuit that can be used as a digital noise shaper for a D/A converter. The

resultant outputs of the post-quantization network may then be input into a
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plurality of D/A converters whose outputs are summed to form a single analog

output.

Brief Description of the Drawings
Fig. 1is a block diagram of a fourth-order sigma-delta modulator of the

prior art,

Fig. 2 is a block diagram of a post-quantization circuit of the prior art;

Fig 3 is a block diagram of a fourth-order sigma-delta system of the
prior art;

Fig. 4 is a block diagram of a post-quantization circuit of the prior art;

Fig. 5 is a block diagram of a second-order sigma-delta modulator of
the prior art;

Fig. 6 is a block diagram of a second-order sigma-delta modulator of
the present invention;

Fig. 7 is an embodiment of two integrators, each having one-half unit
delay;

Fig. 8 is an embodiment of two integrators, each having one unit delay;

Fig. 9 is a timing diagram of the timing signals, ¢, and &,, used with
the switching capacitors of the present invention;

Fig. 10 is a block diagram of a fourth-order sigma-delta modulator of
the present invention;

Fig. 11 is a block diagram of a post-quantization network of the
present invention;

Fig. 12 is a block diagram of a second-order sigma-delta modulator of
the present invention;

Fig. 13 is a block diagram of a fourth-order sigma-delta modulator of
the present invention;

Fig. 14 is an embodiment of a fourth-order sigma-delta modulator of
the present invention, which utilizes summing integrators;

Fig. 15 is a timing diagram showing the relationship between the
switch capacitor timing signals, ®, and ®,, and the outputs yla, y1b, y2a, and
¥2b, of Fig. 14 of the present invention;
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Fig. 16 shows an alternative embodiment of an integration stage of a
sigma-delta modulator of the present invention;

Fig. 17 illustrates an additional embodiment of an integration stage of
a sigma-delta modulator of the present invention;

Fig. 18 is a timing diagram showing the timing of the switches in the
sigma-delta embodiment illustrated in Fig. 19;

Fig. 19 is an embodiment of an integration stage of a sigma-delta
modulator of the present invention;

Fig. 20 is a graphic illustration of a plat of simulated signal noise plus
distortion ratio levels (SNDR), with an oversampling ratio of 64, of a sigma-
delta modulator of the present invention; and

Fig. 21 is a post-quantization network for a D/A modulator of the

present invention.

Detailed Description of the Preferred Embodiment

Fig. 6 is a functional block diagram of a second-order sigma-delta
modulator 5 of the present invention. Integrators 12 and 14, each having a
1/2 unit delay with the following transfer function, are utilized:

H,(z) =2 /(1 -z")
A more common form of integrator is characterized by the following transfer
function:

Hy(z) = z' / (1-z")

Fig. 7 schematically depicts a single-ended implementation of two
integrators in series with half unit delays in each integrator. Fig. 8 is a
single-ended implementation of two integrators in series with unit delays in
each integrator. In Figs. 7 and 8, ®, and ®, are two-phase non-overlapping
clocks and are characterized such that neither clock is at a logic ‘1’ during
the same instant in time. An example of such clocks is shown in Fig. 9.
When &, is at a logic ‘1’ any switch which is denoted as being controlled by
®, is closed. Such a switch is open at all other times. Likewise, when ®, is
at a logic '1’ any switch is denoted as being controlled by ®, is closed. Such

a switch is open at all other times.
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In Fig. 8, charge is added to capacitor C, while ®, is at a logic ‘1'.
Once @, becomes a logic ‘0’ and ®, becomes a logic ‘1’, the op amp 16a must
charge capacitor C,; from 0 volts to the voltage that the output of op amp 16a
had achieved during the time &, was a logic 'l’. Since practical
implementations of op amps have a finite output impedance, gain, and
bandwidth, the output of op amp 16a will glitch at the beginniﬁg of the time
during which ®, is a logic ‘1. This is undesirable and may lead to reduced
performance if such a structure is used in a sigma-delta modulator which
performs an analog-to-digital conversion.

In Fig. 7, capacitor 24 and capacitor 22 are charging on the same clock
phase. Because of this, op amp output node 28 does not glitch between clock
phases. Such a structure may have the added benefit of increased
performance when used in a sigma-delta modulator which is configured as an
A/D converter circuit.

For reasons previously stated, it is desirable to have a second-order
sigma-delta modulator circuit with only one unit delay. Such a modulator, as
shown in Fig. 6, would have the desired transfer function given by the
following equation:

Equation A: y(z) = z'x(z) + E(z)(1-z")*

In Equation A, E(z) represents the quantization noise of a quantizer
Q, modelled as a summing node 30 in Fig. 6, where y(z) represents the output
signal 6 of modulator 5 and x(z) represents a sampled analog input signal 7.
Referring to Fig. 6, y(z) can be represented by the following equation:

Equation 1: y(z) = E(z) + C(2)

Solving the block diagram given in Fig. 6 for C(z) yields the following

equation:
Equation 2: C(z) = {z'x(z) - y(z)[z®" + 22" -22%**?] / (1-z")*}

Now, after substituting C(z) in Equation 2 into Equation 1 and solving

algebraically, the following equation results:
y(z) (1_2-1)2 = E(l_z-l)Q + z-lx(z) - y(z)[z-(QH) + 2z-(P+ll2) - Zz-(P+3/2)]
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The above equation can be algebraically rearranged into the following

equation:
¥(2) [1-22" + 2% 4 20 4 27049 _ 27P+] = 2ix(3) + E(z)(1-27)?

The right hand side of the equation above is identical to the right hand
side of Equation A, supra. Algebraically, this is true only if the following
identity is true:

1-2z" + 2% + 2@V 4 220412 _ g Pe3m _
Rearranging the above equation yields:
=277 + 2% + YV 4 2P 2P =

With Q = 1 and P = 1/2, the above equation is correctly resolved.
Thus, the desired equation, y(z) = z' x(z) + E(z)(1-z") is the transfer
function for the block diagram shown in Fig. 6 when Q=1landP=1/2 In
other words, in order to satisfy the desired transfer function, there would be
a delay of 1/2 of a sample period from the output of the quantizer Q, to the
input of the gain of 2 block 15. Also, there would be a full sample period
delay from the output of the quantizer Q, to the input of summing node 10.

Figure 10 illustrates the functional block diagram implementation of
the current invention illustrated by a fourth-order sigma-delta modulator 9
formed by connecting together two, second-order sigma-delta modulators 11
and 13, each including 1/2 unit delay integrators associated therewith. The
output signal 15, y,(z), in Fig. 10 is represented by the following equation:

y:(z) = z'x(z) + E,(z)(1-z")*
The equation for output signal 17, y,(z), can be represented by the following
equation:

¥o(z) = (1/C)zy,(z) - (1/C)z"'E,(z)

The term E,(z) is removed in equations for y:(z) and y,(z) so the
following desired fourth-order output equation of the fourth-order modulator,
as shown in Fig. 10, is achieved.

You(2) = 2%(2) + CE,(z)(1-z")*
To accomplish this, the following steps occur: Firstly, the y,(z) equation is
multiplied by C, C representing a constant, which yields ¥s(z) as follows:
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y.(z) = z'yl(z) - 2'E,(z) + CE,(z)(1-z")

Secondly, the term z'y,(z) is subtracted from y,(z) yielding the equation

y.(z) as follows:
v.(2) = -z'E,(z) + CE,(z)(1-z")*

Next, y,(z) is multiplied by the term (1-z")’ yielding the equation y,(z) as

follows:
v:(z) = -2’ (1-2")’E,(z) + C(1-z")'E,(z)

Equation y,(z) is then multiplied by the term z" which yields equation y,, as

follows:
vs(z) = z%x(z) + z'E,(z)(1-z")*

Finally, equation y,(z) is added to equation y,(z) yielding the desired

equation for y,,(z), as follows:
Y..(z) = 2%(2) + CE,(z)(1-z")*

Fig. 11 illustrates the post-quantization network 23 which corresponds
to the aforementioned equations that results in the above equation for y_ (z),
21. Output signals 15 and 17, y,(z) and y,(z) from Fig. 10 are connected to
y,(z) and y,(z), respectively, in Fig. 11.

Thus, in an A/D converter application, the output signal 21, y,(2), in
Fig. 11 is available as an input signal to additional circuitry, such as a
decimator filter.

Fig. 12 illustrates how scaling is employed in the design of the second-
order modulator 25 to prevent the integrators 36 and 38 from clipping, while
not affecting the transfer function of the second-order sigma-delta modulator
25. The scaling is accomplished by using constants K, and K,. Thus, the
integrator in Fig. 12, is shown within the dashed area 36, which includes
summing node 10, 1/2 unit delay integrator block 12 and a scaling factor 1/K,.
Likewise, the other integrator in Fig. 5, shown within the dashed area 38,



10

15

20

25

30

WO 96/18242 PCT/US95/14357

-11-

includes summing node 11, 1/2 unit delay integrator block 14, and constants
K,, /K, and 2. Since 1/K, in integrator 36 is compensated by factor K, in
integrator 38, no net change occurs in the transfer function due to scaling
factor 1/K,. The quantizer Q,, denoted by summing node 13, with noise E,(z)
as an input, is typically a comparator which quantizes only the sign of the
signal input to it. Thus, the term 1/K, can be of arbitrary size and will not
affect the transfer function of the second-order sigma-delta modulator 25.

When two second-order sigma delta modulator sections, as shown in
Fig. 13, are connected together to form a fourth-order modulator, the term
1/K, acts as the 1/C scaling factor shown in Fig. 10. The resulting fourth-
order modulator 27 is shown in Fig. 13. The post-quantization network
which combines outputs y,(z) and y,(z) for sigma-delta modulator 27 shown
in Fig. 13 is identical to the post-quantization correction network 23 shown
in Fig. 11, with the constant C in Fig. 11 being replaced by the constant K,.

Fig. 14 depicts an embodiment of the analog portion of the fourth-order
sigma-delta A/D converter of the present invention. The implementation
shown is a single ended configuration. If output signal CMP, is a logic ‘1’
and output signal CMP,* is a logic ‘0", then negative reference voltage
DNEG is selected as an input to the summing integrator 40 and positive
reference voltage DPOS is selected as an input to the summing integrator 41.
If output signal CMP, is a logic '0* and output signal CMP,* is a logic ‘1’
then reference voltage DPOS is selected as an input to the summing
integrator 40 and reference voltage DNEG is selected as an input to the
summing integrator 41.

If output signal CMP, is a logic ‘1’ and output signal CMP,* is a logic
‘0’ then reference voltage DNEG is selected as an input to the summing
integrator 42 and reference voltage DPOS is selected as an input to the
summing integrator 43. Likewise if CMP, is a logic ‘0’ and CMP,* is a logic
‘I’ then reference voltage DPOS is selected as an input to the summing
integrator 42 and reference voltage DNEG is selected as an input to the
summing integrator 43.

Figure 15 is a timing diagram illustrating the timing relationships
between the following signals which are shown in Fig. 14: ®,, ®,, the output
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y,a(z) of integrator 40, the output y,b(z) of integrator 41, the output y,a(z) of
integrator 42, and the output y,b(z) of integrator 43.
The transfer function of summing integrator 40 in Fig. 14 can be

represented by the following equation:
y:a(z) = [(C/Cyx(z) - z(C,/Cy)y,(2)]z"*/(1-2")

Since the output of y,(z) is sampled on ®,, there is a 1/2 sample period
delay in the feed-forward path of the integrator which is represented by the
z" term in the above equation. The logic value of CMP, and CMP,*
determine whether DPOS or DNEG is connected to the input A of integrator
40 in Fig. 14. Since CMP, (which corresponds to y,(z) ) connects reference
voltage DNEG to the input A of integrator 40, an inherent negation is
performed on y,(z) as it is fed into input A of integrator 40. Thus the
summing integrator 40 acts to effectively calculate the scaled difference
between the input signal y,(z) and the output signal y,(z). Also, since the
actual value of y,(z), which is used in the subtraction process and whose
output is sampled during the ®, clock phase is actually the output y,(z) which
was calculated at the previous &, clock phase, an inherent unit delay exists in
the feedback path from y,(z) to the input A of integrator 40. This is
represented by the z* term before the y,(z) term in the above equation. Since
an inherent delay exists in the feedback path from y,(z) to the input A of
integrator 40, no explicit latch is required to perform this function.

The output y,(z), which is essentially y,b(z) that has been sampled
during the ®,, can be represented by the following equation:

¥.(2) = [(C,/Cpy,a(z) - (C/Cpz'"y,(2)]z""/(1-z")

There is an extra one-half sample delay in front of the y,(z) term in the
above equation which is represented by the z'” term. This is because the
actual value of y,(z) which is used is the value of y,(z) which existed during
the ®, cycle prior to the ®, cycle during which the output y,b(z) is sampled.

Referring to the block diagram in Fig. 12, it can be seen that the

desired equation for y,d,(z) is as follows:
y,d,(z) = (LVK)Ix(z) - 2"y,d,(2)1z"*(1-z")
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One can see that the above equation is of the same form as the
equation for y,a(z) given previously. In the above equation, the term 1/K, is
realized by the capacitor ratio C,/C, as well as the ratio C,/C, in Fig. 14.

Likewise, referring to Fig. 12, the desired equation for y,d,(z) can be
represented by the following equation:

¥.d,(2) = [(K/K)y,d(z) - (2/K,)z"%y,d,(2)1z**/(1-z")

This equation is of the same form given for the equation for y,(z), given
previously. In this case, the ratio K /K, is realized by the capacitor ratio C/C,
in Fig. 14. Likewise, the term 2/K, would be realized by the capacitor ratio
CJ/Cs. As explained previously in this disclosure, any effective scaling
immediately before the quantizer will have no effect on the overall transfer
function since a 1 bit quantizer only quantizes the sign of the signal at its
input. Thus, the second-order sigma-delta modulator shown in Fig. 14, which
includes integrator 40, integrator 41, and comparator 47, can be represented
by the following equation:
y:(z) = z'x(z) + E,(z)(1-z")?

In the above equation, y,(z) is the output of comparator 47, x(z) is the
sampled analog input to the sigma-delta modulator and E,(z) is the
quantization noise due to comparator 47.

Using similar arguments as have been used in the foregoing discussion,
appropriate equations for the second, second-order modulator shown in Fig.
14 which includes integrator 42, integrator 43, and comparator 49, can be
developed. Thus, it can be seen that the two sigma-delta modulators which
are shown in Fig. 14 are an appropriate practical embodiment of the two
sigma-delta modulators shown in block diagram form in Fig. 10.

A preferred method of implementing the analog portion of the
architecture is to utilize fully differential design techniques. Examples of
differential differencing integrators, which may replace the summing
integrators 40 - 43 shown in Fig. 14, are shown in Figs. 16 and 17. The
timing shown in Figs. 16 and 17 is preferred where the differential

differencing integrators shown therein replace summing integrators 40 and
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42 in Fig. 14. When the integrators of Figs. 16 and 17 are substituted for
integrators 41 and 43 in Fig. 14, the clocks ®, and ®, shown within hashed
area A of Figs. 16 and 17 are reversed (i.e., ®, clocks become ®, and vice
versa).

Other integrators have been described in the literature, including
correlated-double-sampled and chopper stabilized integrators.  These
techniques may also be used to implement the aforementioned integrators.
Three-phase clocking may also be employed which would allow both the input
signal and the DPOS/DNEG signals to be double-sampled.

To reduce signal dependent charge injection and its accompanying
harmonic distortion, clock phases ®, and ®, can be implemented as four
clocks, as shown in Fig. 18. This technique is described by Kuang-Lu Lee and
Robert G. Meyer, IEEE JSSC, Dec. 1985, Vol. SC-20, No. 6, pp. 1103-1113,
entitled, Low-Distortion Switched Capacitor Filter Design Techniques,
incorporated herein for all purposes.

As shown in Fig. 19, utilizing the four clock technique of Fig. 18,
switches controlled by S, open slightly before switches controlled by S, and
switches controlled by S, open slightly before switches controlled by S,. When
switches controlled by S, open, charge is injected onto capacitors C,A and C,B.
Since switches controlled by S, previously connected one plate of C,A and one
plate of C,B to a reference point, the charge that is injected due to switches
controlled by S, opening is not input signal dependent. When switches
controlled by S, open, capacitors C,A and C,B already have one plate floating.
Thus, the action of switches controlled by S, cannot inject charge onto C,A or
C,B. Likewise, since before opening, switches controlled by S, were previously
connected to a virtual ground node, no input signal dependent charge is
injected onto capacitors C,A, C,B, C,A, or C;B. When switches controlled by
S, open, capacitors C,A and C,B already have one plate floating. Thus, the
action of opening switches controlled by S, cannot inject charge onto
capacitors C,A and C,B.

Fig. 20 graphically illustrates the plot of simulated signal to noise plus
distortion ratio levels (SNDR) for K =4, K,=8, K;=4, and K,=8 with an
oversampling ratio of 64. Zero dB is defined as a full-scale input voltage
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which is one-half the D/A converter reference voltage, which for a differential
implementation of Figs. 16 and 17 would be the voltage defined by DPOS-
DNEG.

In another embodiment, the invention disclosed herein may be used as
a digital noise shaper for a D/A converter implementation. In that case, the
two second-order sigma-delta modulators which are connected together in Fig.
10 would be implemented as digital circuitry comprised of appropriate adders,
subtractors, accumulators, multipliers, and quantizers. The post-quantizer
circuitry shown in Fig. 11 would be modified as shown in Fig. 21. Digital
signal y,(z) would be converted to an analog signal by D/A converter 32.
Likewise, digital signal y,(z) would be converted to an analog signal by D/A
converter 34. The resultant signals, y,a(z) and y,a(z), respectively would then
be summed together by an analog summing node 72. There are numerous
methods by which two analog signals may be summed together which are well
known by those skilled in the art. Likewise, there are numerous methods
which are known by those skilled in the art by which a digital signal may be
converted to an analog signal. Any such method would be appropriate for
D/A converters 32 and 34 in Fig. 21.

If the quantizer Q, in the second-order sigma-delta modulator 11
shown in Fig. 10 quantizes only the sign of the signal input to it, signal y,(z),
and thus signal y,(z), would be represented by a 1-bit digital signal. A D/A
converter which converts a 1-bit digital signal to an analog signal would
result in an analog signal with only two output voltage, or current levels,
possible. Such a D/A converter would be inherently linear and thus would
contribute no distortion terms to the final analog signal, You If the quantizer

- Q; in the second-order sigma-delta modulator 13 shown in Fig. 10 likewise

quantizes only the sign of the signal input to it, then signal ¥.(z) would also
be represented by a 1-bit digital signal. After being processed according to
the aforementioned equations as illustrated in the block diagram shown in
Fig. 21, it is clear that signal y,(z) would be represented by a plurality of bits
for any value of C greater than one. Thus, the D/A converter 34 would
convert a signal represented by a plurality of bits to an analog signal would



10

15

20

25

WO 96/18242

PCT/US95/14357
-16-

have a plurality of possible output voltages, or currents, which correspond to

any possible code represented by y,(z).
As stated previously herein, signal y,(z) can be represented by the

following equation:
v5(z) = -z'(1-2")°E,(z) + C(1-z")E,(2)

As shown in the above equation, y,(z) contains no terms which
represent the input signal, x(z). Thus, the D/A converter 34 in Fig. 21 will
add no terms which would cause harmonic distortion in the final output
signal y,, if there are any nonidealities in the D/A converter 34. If D/A
converter 34 is nonideal, signal y,a(z) may be represented by the following

equation:
ysa(z) = R[-z'(1-z")’E,(z) + C(1-z")'E,(2)]

In the above equation, R is a term which represents any nonidealities,
or nonlinearities, in D/A converter 34 in Fig. 21. If D/A converter 32 in
Fig. 21 is ideal, then the following equation would represent y,a(z):

yea(z) = z%x(z) + z'E,(z)(1-z")’

The final output signal, y,,(z) would then be the sum of y,a(z) and
yea(z) and would be represented by the following equation:
v.u(2) = 2°%(z) + E,(2)z'(1-2")’(1-R) + RCE,(z)(1-z")*

It can be seen by the above equation that if D/A converter 34 of Fig. 4a
is not perfect, then the quantization noise of the first, second-order sigma-
delta modulator would not be perfectly canceled and thus, some quantization
noise E,(z) would be present in the final output, y,,(z). Also, the quantization
noise E,(z) would be modified slightly. Thus, it can be seen that while
additional noise may be introduced due to nonidealities, additional harmonic
distortion will not be produced.

The foregoing disclosure and description of the invention are
illustrative and explanatory of the preferred embodiments, and changes in the

individual components, elements or connections may be made without



WO 96/18242 PCT/US95/14357

-17-

departing from the spirit of the invention and the scope of the following
claims.

What is claimed is:
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CLAIMS
1. A second-order sigma-delta modulator for an A/D converter,
comprising:

an analog input signal;

a digital output signal;

a first summing node, including a first input connected to said
analog input signal,

a second input connected to a unit delay feedback delay block,
and an output connected to an input of a first integrator, wherein said
first integrator includes a one-half unit delay associated therewith;

a second summing node, including a first input connected to an
output of said one-half unit delay first integrator, a second input
connected to an output of a one-half unit delay feedback delay block,
and an output connected to an input of a second integrator, wherein
said second integrator includes a one-half unit delay associated

therewith;
a quantizer, including an input connected to an output of said

one-half unit delay second integrator, and an output connected to an
input of said one-half unit delay feedback delay block, connected to an
input of said unit delay feedback delay block and connected to said

digital output signal.

2. The second-order modulator of claim 1, wherein said output of

said one-half unit delay feedback delay block is multiplied by a factor of 2
prior to being input to said second input of said second summing node.

3. A second-order sigma-delta modulator, for an A/D converter,

comprising:

a first summing integrator circuit, which includes:

a first switched capacitor selectively connected to one of
two reference voltages;

a second switched capacitor selectively connected to an

analog input signal, wherein said first and second switched
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capacitors are also selectively connected to a first input of a first
summing integrator and wherein a second input of said first
summing integrator is connected to ground;

a second summing integrator circuit, which includes:

a third switched capacitor selectively connected to one of
two said reference voltages;

a fourth switched capacitor selectively connected to an
output of said first summing integrator, wherein said third and
fourth switched capacitors are also selectively connected to a
first input of a second summing integrator and wherein a
second input of said second summing integrator is connected to
ground;

a comparator having a differential output, wherein an output of

said second summing integrator is input to said comparator.

4. The second-order modulator of claim 3, further comprising:

a first feedback capacitor connected between said first input of
said first summing integrator and said output of said first summing
integrator, and a second feedback capacitor connected between said
first input of said second summing integrator and said output of said

second summing integrator.

5. The second-order modulator of claim 4, wherein during a first
clock signal ®:

said first switched capacitor is connected to one of two said
reference voltages, said second switched capacitor is connected to said
analog input signal, said third switched capacitor is connected to said
one of two said reference voltages, and said third and said fourth
switched capacitors are connected to said first input of said second
summing integrator; and

wherein during a second clock signal ®,, where said second clock
signal @, has a leading edge that occurs subsequent in time to a leading

edge of said first clock signal ®:
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said first and second switched capacitors are connected to said
first input of said first summing integrator, said output of said first
summing integrator is connected to said fourth switched capacitor, and

said differential output of said comparator is valid.

6. A fourth-order sigma-delta modulator for an A/D converter,

comprising:

a first second-order sigma-delta modulator, including:

a first summing integrator circuit, which includes:

a first switched capacitor selectively connected to one of
two reference voltages;

a second switched capacitor selectively connected to an
analog input signal, wherein said first and second switched
capacitors are also selectively connected to a first input of a first
summing integrator and wherein a second input of said first
summing integrator is connected to ground;

a second summing integrator circuit, which includes:

a third switched capacitor selectively connected to one of two
said reference voltages;

a fourth switched capacitor selectively connected to an output
of said first summing integrator, wherein said third and fourth
switched capacitors are also selectively connected to a first input of a
second summing integrator and wherein a second input of said second
summing integrator is connected to ground;

a first comparator having a differential output, wherein an
output of said second summing integrator is input to said first
comparator,;

a second-order sigma-delta modulator, including:

a third summing integrator circuit, which includes:

a fifth switched capacitor selectively connected to one of
two said reference voltages;

a sixth switched capacitor selectively connected to said

output of said second summing integrator, wherein said fifth
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and sixth switched capacitors are also selectively connected to
a first input of a third summing integrator and wherein a
second input of said third summing integrator is connected to
ground;
a fourth summing integrator circuit, which includes:
a seventh switched capacitor selectively connected to one
of two said reference voltages;
an eighth switched capacitor selectively connected to an
output of said third summing integrator, wherein said seventh
and eighth switched capacitors are also selectively connected to
a first input of a fourth summing integrator and wherein a
second input of said fourth summing integrator is connected to
ground;
a second comparator, having a differential output, wherein an output
of said fourth summing integrator is input to said second comparator.

7. The fourth-order modulator of claim 6, further comprising:

a first feedback capacitor connected between said first input of
said first summing integrator and said output of said first summing
integrator, a second feedback capacitor connected between said first
input of said second summing integrator and said output of said second
summing integrator, a third feedback capacitor connected between said
first input of said third summing integrator and said output of said
third summing integrator, and a fourth feedback capacitor connected
between said first input of said fourth summing integrator and said

output of said fourth summing integrator.

8. The fourth-order modulator of claim 7, wherein during a first

clock signal @,:

said first switched capacitor is connected to one of two said
reference voltages, said second switched capacitor is connected to said
analog input signal, said third switched capacitor is connected to one
of two said reference voltages, said third and said fourth switched
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capacitors are connected to said first input of said second summing
integrator, said fifth switched capacitor is connected to one of two said
reference voltages, said sixth switched capacitor is connected to said
output from said first comparator, said seventh switched capacitor is
connected to one of two said reference voltages, and said seventh and
eighth switched capacitors are connected to said first input of said
fourth summing integrator; and

wherein during a second clock signal ®,, where clock signal ®,
has a leading edge that occurs subsequent in time to a leading edge of
clock signal ®,:

said first and second switched capacitors are connected to said
first input of said first summing integrator, said output of said first
summing integrator is connected to said fourth switched capacitor, said
.differential output of said first comparator is valid, said fifth and
seventh switched capacitor are connected to said first input of said
third summing integrator, said output of said third summing integrator
is connected to said eighth switched capacitor and said differential

output of said second comparator is valid.

9. A fourth-order sigma-delta modulator for an A/D converter,
comprising:

an analog input signal,;

a first digital output signal;

a first summing node, including a first input of said first
summing node connected to said analog input sigﬁal;

a second input of said first summing node connected to a first
unit delay feedback block, and an output of said first summing node
connected to an input of a first integrator, wherein said first integrator
includes a one-half unit delay associated therewith;

a second summing node, including a first input of said second
summing node connected to an output of said one-half unit delay first
integrator, a second input of said second summing node connected to

an output of a first one-half unit delay feedback block, and an output
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of said second summing node connected to an input of a second
integrator, wherein said second integrator includes a one-half unit

delay associated therewith;
a first quantizer, including a first quantizer input connected to

an output of said one-half unit delay second integrator, and a first
quantizer output connected to: an input of said first one-half unit delay
feedback block, to an input of said first unit delay feedback block and
to said first digital output signal;

a second digital output signal;

a third summing node, including a first input of said third
summing node connected to said first quantizer input;

a second input of said third summing node connected to a
second unit delay feedback block, and an output of said third summing
node connected to an input of a third integrator, wherein said third
integrator includes a one-half unit delay associated therewith;

a fourth summing node, including a first input of said fourth
summing node connected to an output of said one-half unit delay third
integrator, a second input of said fourth summing node connected to
an output of a second one-half unit delay feedback block, and an
output of said fourth summing node connected to an input of a fourth
integrator, wherein said fourth integrator includes a one-half unit
delay associated therewith;

a second quantizer, including a second quantizer input
connected to an output of said one-half unit delay fourth integrator,
and a second quantizer output connected to: an input of said second
one-half unit delay feedback block, to an input of said second unit
delay feedback block and to said second digital output signal.

10.  The fourth-order sigma-delta modulator of claim 9, wherein:
the second-order system of claim 1, wherein said output of said

first one-half unit delay feedback block is multiplied by a factor of 2

prior to being input to said second input of said second summing node;

and
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wherein said output of said second one-half unit delay feedback

block is multiplied by a factor of 2 prior to being input to said second

input of said fourth summing node.

A second-order sigma-delta modulator for an A/D converter,

a first differential differencing integrator circuit, which includes:
a first switched capacitor selectively connected to one of

two reference voltages;

a second switched capacitor selectively connected to a
first analog differential input signal, wherein said first and
second switched capacitors are also selectively connected to a
first input of a first differential differencing integrator;

a third switched capacitor selectively connected to one of
two said reference voltages;

a fourth switched capacitor selectively connected to a
second differential analog input signal, wherein said third and
fourth switched capacitors are also selectively connected to a
second input of said first differential differencing integrator;

a second differential differencing integrator circuit, which

includes:

a fifth switched capacitor selectively connected to one of
two said reference voltages;

a sixth switched capacitor selectively connected to a first
differential output of said first differencing integrator, wherein
said fifth and sixth switched capacitors are also selectively
connected to a first input of a second differential differencing
integrator;

a seventh switched capacitor selectively connected to one
of two said reference voltages;

an eighth switched capacitor selectively connected to a
second differential output of said first differencing integrator,

wherein said seventh and eighth switched capacitors are also
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selectively connected to a second input of said second

differencing integrator; and
a comparator having a differential input and output,

wherein a differential output of said second differencing
integrator is input to said comparator differential input, and

wherein said comparator output is a one-bit digital signal.

12. The second-order sigma-delta modulator of claim 11, wherein

during a first clock signal ®,:

said first switched capacitor is connected to one of two said
reference voltages, said second switched capacitor is connected to said
first differential analog input signal, said third switched capacitor is

connected to one of two said reference voltages, said fourth switched

capacitor is connected to said second differential analog input signal,
said fifth and said seventh switched capacitors are connected to one of
two said reference voltages, said fifth and sixth switched capacitors are
connected to said first input of said second differencing integrator, said
seventh and eight switched capacitors are connected to said second
input of said second differencing integrator; and

wherein during a second clock signal ®,, where clock signal ®,
has a leading edge that occurs subsequent in time to a leading edge of
clock signal @,:

said first and second switched capacitors are connected to said
first input of said first differencing integrator, said third and fourth
switched capacitors are connected to said secondvinput of said first
differencing integrator, said first and second differential outputs of
said first differencing integrator are connected to said sixth and eighth
switched capacitors, respectively, and said differential output of said

first comparator is valid.

13. A fourth-order sigma-delta modulator for an A/D converter,

comprising:

a first second-order sigma-delta modulator, including:
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a first differential differencing integrator circuit, which includes:

a first switched capacitor selectively connected to one of two

reference voltages;

a second switched capacitor selectively connected to a
first analog differential input signal, wherein said first and
second switched capacitors are also selectively connected to a
first input of a first differential differencing integrator,

a third switched capacitor selectively connected to one of

two said reference voltages;
a fourth switched capacitor selectively connected to a

second differential analog input signal, wherein said third and
fourth switched capacitors are also selectively connected to a
second input of said first differential differencing integrator;

a second differential differencing integrator circuit, which

includes:

a fifth switched capacitor selectively connected to one of
two said reference voltages;

a sixth switched capacitor selectively connected to a first
differential output of said first differencing integrator, wherein
said fifth and sixth switched capacitors are also selectively
connected to a first input of a second differential differencing
integrator;

a seventh switched capacitor selectively connected to one
of two said reference voltages;

an eighth switched capacitor selectively connected to a
second differential output of said first differencing integrator,
wherein said seventh and eighth switched capacitors are also
selectively connected to a second input of said second
differencing integrator;

a first comparator having a differential input and output,
wherein a differential output of said second differencing

integrator is input to said first comparator differential input;

a second second-order sigma-delta modulator, including:



WO 96/18242

PCT/US95/14357
-21.

a third differential differencing integrator circuit, which

includes:

includes:

a ninth switched capacitor selectively connected to one of
two said reference voltages;

a tenth switched capacitor selectively connected to said
differential output of said second differencing integrator,
wherein said ninth and tenth switched capacitors are also
selectively connected to a first input of a third differential
differencing integrator;

an eleventh switched capacitor selectively connected to
one of two said reference voltages;

a twelfth switched capacitor selectively connected to said
differential output of said second differential integrator, wherein
said eleventh and twelfth switched capacitors are also selectively
connected to a second input of said third differential
differencing integrator;

a fourth differential differencing integrator circuit, which

a thirteenth switched capacitor selectively connected to
one of two said reference voltages;

a fourteenth switched capacitor selectively connected to
a first differential output of said third differencing integrator,
wherein said thirteenth and fourteenth switched capacitors are
also selectively connected to a first input of a fourth differential
differencing integrator; '

a fifteenth switched capacitor selectively connected to one
of two said reference voltages;

a sixteenth switched capacitor selectively connected to a
second differential output of said third differencing integrator,
wherein said fifteenth and sixteenth switched capacitors are also

selectively connected to a second input of said fourth

differencing integrator;
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a second comparator having a differential input and output,
wherein a differential output of said fourth differencing integrator is
input to said first comparator differential input, and wherein said

second comparator output is a one-bit digital signal.

14. The fourth-order sigma-delta modulator of claim 13, wherein

during a first clock signal @,:

said first switched capacitor is connected to one of two said
reference voltages, said second switched capacitor is connected to said
first differential analog input signal, said third switched capacitor is
connected to one of two said reference voltages, said fourth switched
capacitor is connected to said second differential analog input signal,
said fifth and said seventh switched capacitors are connected to one of
two said reference voltages, said fifth and sixth switched capacitors are
connected to said first input of said second differencing integrator, said
seventh and eight switched capacitors are connected to said second
input of said second differencing integrator, said ninth switched
capacitor is connected to one of two said reference voltages, said tenth
switched capacitor is connected to said differential output of said
second differencing integrator, said eleventh switched capacitor is
connected to one of two said reference voltages, said twelfth switched
capacitor is connected to said differential output of said second
differencing integrator, said thirteenth and said fifteenth switched
capacitors are connected to one of two said reference voltages, said
thirteenth and fourteenth switched capacitors are connected to said
first input of said fourth differencing integrator, said fifteenth and
sixteenth switched capacitors are connected to said second input of
said fourth differencing integrator; and

wherein during a second clock signal ®,, where clock signal ®,
has a leading edge that occurs subsequent in time to a leading edge of
clock signal ®,:

said first and second switched capacitors are connected to said

first input of said first differencing integrator, said third and fourth
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switched capacitors are connected to said second input of said first
differencing integrator, said first and second differential outputs of
said first differencing integrator are connected to said sixth and eighth
switched capacitors, respectively, said differential output of said first
comparator is valid, said ninth and tenth switched capacitors are
connected to said first input of said third differencing integrator, said
eleventh and twelfth switched capacitors are connected to said second
input of said third differencing integrator, said first and second
differential outputs of said third differencing integrator are connected
to said fourteenth and sixteenth switched capacitors, respectively, and

said differential output of said second comparator is valid.

15. A second-order sigma-delta modulator for an A/D converter,

comprising:

afirst differential differencing integrator circuit, which includes:

a first switched capacitor selectively connected to one of

two reference voltages;

a second switched capacitor selectively connected to a
first or a second analog differential input signal, wherein said
first and second switched capacitors are also selectively
connected to a first input of a first differential differencing
integrator;

a third switched capacitor selectively connected to one of
two said reference voltages;

a fourth switched capacitor selectively connected to said
first or second differential analog input signal, wherein said
third and fourth switched capacitors are also selectively
connected to a second input of said first differential differencing
integrator;

a second differential differencing integrator circuit, which
includes:

a fifth switched capacitor selectively connected to one of

two said reference voltages;
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a sixth switched capacitor selectively connected to a first
or second differential output of said first differencing integrator,
wherein said fifth and sixth switched capacitors are also
selectively connected to a first input of a second differential
differencing integrator;

a seventh switched capacitor selectively connected to one
of two said reference voltages;

an eighth switched capacitor selectively connected to said
first or second differential output of said first differencing
integrator, wherein said seventh and eighth switched capacitors
are also selectively connected to a second input of said second
differencing integrator; and

a comparator having a differential input and output,
wherein a differential output of said second differencing
integrator is input to said comparator differential input, and

wherein said comparator output is a one-bit digital signal.

16. The second-order sigma-delta modulator of claim 11, wherein

during a first clock signal ®,:

said first switched capacitor is connected to one of two said
reference voltages, said second switched capacitor is connected to said
first differential analog input signal, said third switched capacitor is
connected to one of two said reference voltages, said fourth switched
capacitor is connected to said second differential analog input signal,
said fifth and said seventh switched capacitors are connected to one of
two said reference voltages, said fifth and sixth switched capacitors are
connected to said first input of said second differencing integrator, said
sixth switched capacitor is connected to said second differential analog
input signal, said seventh and eight switched capacitors are connected
to said second input of said second differencing integrator, and said

eighth switched capacitor is connected to said first differential analog

input signal; and
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wherein during a second clock signal ®,, where clock signal @,
has a leading edge that occurs subsequent in time to a leading edge of
clock signal ®,:

said first and second switched capacitors are connected to said
first input of said first differencing integrator, said second switched
capacitor is connected to said second differential analog input signal,
said third and fourth switched capacitors are connected to said second
input of said first differencing integrator, said fourth switched
capacitor is connected to said first differential analog input signal, said
first and second differential outputs of said first differencing integrator
are connected to said sixth and eighth switched capacitors,
respectively, and said differential output of said comparator is valid.
17. A fourth-order sigma-delta modulator for an A/D converter,

comprising:

a first second-order sigma-delta modulator, including:
a first differential differencing integrator circuit, which includes:

a first switched capacitor selectively connected to one of

two reference voltages;

a second switched capacitor selectively connected to a
first or a second analog differential input signal, wherein said
first and second switched capacitors are also selectively
connected to a first input of a first differential differencing
integrator;

a third switched capacitor selectively connected to one of
two said reference voltages;

a fourth switched capacitor selectively connected to said
first or second differential analog input signal, wherein said
third and fourth switched capacitors are also selectively
connected to a second input of said first differential differencing
integrator;

a second differential differencing integrator circuit, which

includes:
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a fifth switched capacitor selectively connected to one of
two said reference voltages;

a sixth switched capacitor selectively connected to a first
or second differential output of said first differencing integrator,
wherein said fifth and sixth switched capacitors are also
selectively connected to a first input of a second differential
differencing integrator;

a seventh switched capacitor selectively connected to one
of two said reference voltages;

an eighth switched capacitor selectively connected to said
first or second differential output of said first differencing
iﬁtegrator, wherein said seventh and eighth switched capacitors
are also selectively connected to a second input of said second
differencing integrator;

a first comparator having a differential input and output,
wherein a differential output of said second differencing
integrator is input to said first comparator differential input,

wherein said first comparator output is a one-bit digital signal;

a second second-order sigma-delta modulator, including:

a third differential differencing integrator circuit, which
includes:

a ninth switched capacitor selectively connected to one of
two reference voltages;

a tenth switched capacitor selectively connected to a first
or a second analog differential input signal, wherein said ninth
and tenth switched capacitors are also selectively connected to
a first input of a third differential differencing integrator;

an eleventh switched capacitor selectively connected to
one of two said reference voltages;

a twelfth switched capacitor selectively connected to said
first or second differential analog input signal, wherein said

eleventh and twelfth switched capacitors are also selectively



WO 96/18242

PCT/US95/14357
-33-

connected to a second input of said third differential

differencing integrator;
a fourth differential differencing integrator circuit, which

includes:

18.

a thirteenth switched capacitor selectively connected to
one of two said reference voltages;

a fourteenth switched capacitor selectively connected to
a first or second differential output of said third differencing
integrator, wherein said thirteenth and fourteenth switched
capacitors are also selectively connected to a first input of a
fourth differential differencing integrator;

' a fifteenth switched capacitor selectively connected to one
of two said reference voltages;

a sixteenth switched capacitor selectively connected to
said first or second differential output of said third differencing
integrator, wherein said fifteenth and sixteenth switched
capacitors are also selectively connected to a second input of
said fourth differencing integrator; and

a second comparator having a differential input and
output, wherein a differential output of said fourth differencing
integrator is input to said second comparator differential input,
and wherein said second comparator output is a one-bit digital

signal.

The fourth-order sigma-delta modulator of claim 13, wherein

during a first clock signal ®,:

said first switched capacitor is connected to one of two said

reference voltages, said second switched capacitor is connected to said
first differential analog input signal, said third switched capacitor is
connected to one of two said reference voltages, said fourth switched

capacitor is connected to said second differential analog input signal,
said fifth and said seventh switched capacitors are connected to one of
two said reference voltages, said fifth and sixth switched capacitors are
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connected to said first input of said second differencing integrator, said
sixth switched capacitor is connected to said second differential analog
input signal, said seventh and eight switched capacitors are connected
to said second input of said second differencing integrator, said eighth
switched capacitor is connected to said first differential analog input
signal, said ninth switched capacitor is connected to one of two said
reference voltages, said tenth switched capacitor is connected to said
differential output of said second differencing integrator, said eleventh
switched capacitor is connected to one of two said reference voltages,
said twelfth switched capacitor is connected to said differential output
of said second differencing integrator, said thirteenth and said fifteenth
switched capacitors are connected to one of two said reference voltages,
said thirteenth and fourteenth switched capacitors are connected to
said first input of said fourth differencing integrator, said fourteénth
switched capacitor is connected to said second differential analog input
signal, said fifteenth and sixteenth switched capacitors are connected
to said second input of said fourth differencing integrator, said
sixteenth switched capacitor is connected to said first differential
analog input signal; and

wherein during a second clock signal ®,, where clock signal @,
has a leading edge that occurs subsequent in time to a leading edge of
clock signal @,:

said first and second switched capacitors are connected to said
first input of said first differencing integrator, said second switched
capacitor is connected to said second differential analog input signal,
said third and fourth switched capacitors are connected to said second
input of said first differencing integrator, said fourth switched
capacitor is connected to said first differential analog input signal, said
first and second differential outputs of said first differencing integrator
are connected to said sixth and eighth switched -capacitors,
respectively, said differential output of said first comparator is valid,
said ninth and tenth switched capacitors are connected to said first

input of said third differencing integrator, said tenth switched
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capacitor is connected to said second differential analog input signal,
said eleventh and twelfth switched capacitors are connected to said
second input of said third differencing integrator, said twelfth switched
capacitor is connected to said first differential analog input signal, said
first and second differential outputs of said third differencing
integrator are connected to said fourteenth and sixteenth switched
capacitors, respectively, and said differential output of said second

comparator is valid.

19. A post-quahtization network for a fourth-order sigma-delta

modulator for an A/D converter, comprising:

a first digital input, output from a first second-order sigma-delta
modulator;

a second digital input, output from a second second-order sigma-
delta modulator; and

a digital output;

wherein said first digital input is connected to an input of a
delay block and said second input is multiplied by a constant;

wherein an output of said delay block is connected to a first
input of a first summing node and to a first input of a second summing
node;

wherein said multiplied second input is connected to a second
input of said first summing node;

wherein an output of said second summing node is provided to
an input of a differentiator;

wherein an output of said differentiator is provided to a second
input of said second summing node; and

wherein said digital output is provided by an output of said

second summing node.

20.  The fourth-order modulator of claim 9, further comprising:
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a first post-quantization network input, output from said first
quantizer output;

a second post-quantization network input, output from said
second quantizer output; and

a post-quantization network digital output;

wherein said first network input is connected to an input of a

network delay block and said second network input is multiplied by a

constant;
wherein an output of said network delay block is connected to

a first input of a first network summing node and to a first input of a

second network summing node;
wherein said multiplied second network input is connected to a

second input of said first network summing node; ‘
wherein an output of said second network summing node is

provided to an input of a differentiator;
wherein an output of said differentiator is provided to a second

input of said second network summing node; and
wherein said network digital output is connected to an output

of said second summing network node.

21. A post-quantization network for a fourth-order sigma-delta

modulator for a D/A converter, comprising:

a first digital input, output from a first second-order sigma-delta
modulator;

a second digital input, output from a second second-order sigma
delta modulator; and

an analog output;

wherein said first digital input is connected to an input of a
delay block;

wherein said second digital input is multiplied by a constant and

is then provided to a first input of a first summing node;
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wherein an output of said delay block is provided to a second
input of said first summing node and to an input of a first D/A

converter;
wherein an output of said first summing node is connected to an

input of a differentiator;
wherein an output of said differentiator is input to a second D/A

converter;
wherein an output of said first D/A converter is provided to a

first input of a second summing node and an output of said second D/A

converter is provided to a second input of said second summing node;

and
wherein said analog output is connected to an output of said

second summing node.

22. The network of claim 21, wherein said first D/A converter is a

one-bit D/A converter.

23.  The network of claim 21, wherein said second D/A converter is

a multi-bit D/A converter.

24. A fourth-order sigma-delta modulator system for a D/A

converter, comprising:

a digital input signal;

an analog output signal;

a first summing node, including a first input connected to said
digital input signal,

a second input of said first summing node connected to a first
unit delay feedback block, and an output of said first summing node
connected to an input of a first integrator, wherein said first integrator
includes a one-half unit delay associated therewith;

a second summing node, including a first input of said second
summing node connected to an output of said one-half unit delay first
integrator, a second input of said second summing node connected to
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an output of a first one-half unit delay feedback block, and an output
of said second summing node connected to an input of a second
integrator, wherein said second integrator includes a one-half unit
delay associated therewith;

a first quantizer, including a first quantizer input connected to
an output of said one-half unit delay second integrator, and a first
quantizer output connected to: an input of said first one-half unit delay
feedback block, to an input of said first unit delay feedback block and
to said first digital output signal;

a second digital output signal;

a third summing node, including a first input of said third
summing node connected to said first quantizer input;

a second input of said third summing node connected to a
second unit delay feedback block, and an output of said third summing
node connected to an input of a third integrator, wherein said third
integrator includes a one-half unit delay associated therewith;

a fourth summing node, including a first input of said fourth
summing node connected to an output of said one-half unit delay third
integrator, a second input of said fourth summing node connected to
an output of a second one-half unit delay feedback block, and an
output of said fourth summing node connected to an input of a fourth
integrator, wherein said fourth integrator includes a one-half unit
delay associated therewith;

a second quantizer, including a second quantizer input
connected to an output of said one-half unit delay fourth integrator,
and a second quantizer output connected to: an input of said second
one-half unit delay feedback block, to an input of said second unit
delay feedback block and to said second digital output signal;

a first post-quantization digital input, output from said first
quantizer;

a second post-quantization digital input, output from said second

quantizer;
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wherein said first post-quantization digital input is connected to
an input of a post-quantization delay block;

wherein said second post-quantization digital input is multiplied
by a constant and is then provided to a first input of a first post-
quantization summing node;

wherein an output of said post-quantization délay block is
provided to a second input of said first post-quantization summing
node and to an input of a first post-quantization D/A converter;

wherein an output of said first post-quantization summing node
is connected to an input of a differentiator;

wherein an output of said differentiator is input to a second

post-quantization D/A converter;
wherein an output of said post-quantization first D/A converter

is provided to a first input of a second post-quantization summing node

and an output of said second post-quantization D/A converter is

provided to a second input of said second summing node; and
wherein said analog output signal is provided at an output of

said second post-quantization summing node.

25. A fourth-order sigma-delta modulator system comprising:

a first second-order sigma-delta modulator having an input and
an output;

a second-order sigma-delta modulator having an input and an
output;

a post-quantization network having a first network input
connected to said output of said first modulator and a second network
input connected to said output of said second modulator; and

wherein said first and second modulators each include a first
and a second integration stage, wherein each said integration stage

includes an integrator with a 1/2 unit delay associated therewith.

26.  The fourth-order modulator system of claim 25, wherein said

first modulator further comprises a first modulator quantizer, said first
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modulator quantizer being connected to an output of said second integration
stage in said first modulator, and wherein an output of said first modulator

quantizer is connected to said output of said first modulator.

27.  The fourth-order modulator system of claim 26, wherein said
second modulator further comprises a second modulator quantizer, said
second modulator quantizer being connected to an output of said second
integration stage in said second modulator, and wherein an output of said

second modulator quantizer is connected to said output of said second

modulator.

28. The fourth-order modulator system of claim 26, wherein a
feedback path having a 1/2 unit delay associated therewith connects between
said first modulator output and an input to said second integration stage in
said first modulator, wherein a second feedback path, having a unit delay
associated therewith, connects between said first modulator output and an

input to said first integration stage in said first modulator.

29. The fourth-order modulation system of claim 27, wherein a
feedback path having a 1/2 unit delay associated therewith connects between
said second modulator output and an input to said second integration stage
in said second modulator, wherein a second feedback path, having a unit
delay associated therewith, connects between said second modulator output

and an input to said first integration stage in said second modulator.

30. A fourth-order modulator system for a A/D converter,
comprising:
an analog input signal;
a digital output signal;
a first second-order modulator comprising: a first switched
capacitor selectively connected to either a positive or a negative
reference voltage, said first switched capacitor also being selectively

connected to a first input of a first op amp;
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a first feedback capacitor connected between said first op amp
first input and an output of said first op amp;

an analog input signal selectively connected to a second switched
capacitor, wherein said second switched capacitor is selectively
connected also to said first op amp first input;

a third switched capacitor selectively connected to either said
positive or said negative reference voltage, said third switched
capacitor also being selectively connected to a first input of a second
op amp;

a second feedback capacitor connected between said second op
amp first input and an output of said second op amp;

a fourth switched capacitor selectively connected to said output

of said second op amp and selectively connected to said first

input of said second op amp;

a first latching comparator, having a differential output, wherein
a first input of said first latching comparator is connected to an output

of said second op amp; and
a second second-order modulator, wherein an input of said

second modulator is connected to said output of said second op amp.

31.  The system of claim 30, wherein a second input of said first and

said second op amp is connected to ground.

32.  The system of claim 30, wherein said second modulator includes

a second latching comparator having a differential output.

33.  The system of claim 32, wherein said differential output of said

first and said second latching comparators are digital control signals used to
control switches which selectively connect said positive and said negative

reference voltages to said first and third switching capacitors.
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