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(57) The invention relates to a method of cascading two or more sigma-delta modulators by applying an error signal
representing the quantization error of a preceding modulator to a subsequent modulator 1n the cascade to be quantized
therein, the quantized error signal being thereafter differentiated and subtracted from the quantized output signal of the
preceding modulator. To improve the performance of the cascade, in the method according to the invention, the error
signal 1s scaled before said subsequent modulator by a first factor smaller than 1, and the quantized error signal 1s
scaled by a second factor substantially equal to the inverse of the first factor, before being subtracted from the

quantized output signal of said preceding modulator.
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Abstract

The invention relates to a method of cascading two or
more sigma-delta modulators by applying an error sig-
nal representing‘the quantization exrror of a preceding
modulator to a subsequent modulator in the cascade to
be quantized therein, the quantized exrror signal being
thereafter differentiated and subtracted from the
quantized output signal of the preceding modulator. To
improve the performance of the cascade, in the method
according to the invention, the error signal is scaled
before said subsequent modulator by a first factor
smaller than 1, and the quantized exroxr signal is
scaled by a second factor substantially equal to the
inverse of the first factor, before being subtracted
from the quantized output signal of sgaid preceding
modulator.
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A method of cascading two or more sigma-delta modu-
lators and a sigma-~delta modulator system

Field of the Invention

The invention relates to sigma-delta modulators
and in particular to a method of cascading two or more
sigma-delta modulators by applying an error signal re-
presenting the quantization error of a preceding modu-
lator to a subsequent modulator in the cascade to be
quantized therein, the quantized error signal being
thereafter differentiated and subtracted from the

quantized output signal of the preceding modulator.

Background of the Invention

As described, e.g., in "A Use of Double Inte-
gration in Sigma-Delta-Modulation" IEEE Trans. on
Comm., COM-33, p. 249-258, March 1985, the sigma-delta
modulator comprises at least one integration stage or
filter followed by a quantization stage (comparator)
and a feedback from the output of the comparator to
the input of the integration stage. Depending on the
number of integration stages, sigma-delta modulators
can be divided into second-order, third-order or
fourth-order sigma-delta modulators. Such high-order
sigma-delta modulators (SDM) have recently become in-
creasingly interesting in audio and ISDN applications.
This is due to the fact that the introduction of high-
order modulators increases the number of integrations
to be carried out, which results in a decrease in the
noise level of the pass band, the quantization noise
being shifted to a higher frequency 1level. This is
called quantization noise shaping through integration.

This technique provides improved signal-to-noise ratio
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and improved precision. Thus a high-order sigma-
delta modulator would offer an interesting application
in A/D or D/A converters.

However, the practical realization of a sigma-
delta modulator formed by conventionally series-con-
nected integrators is problematic due to the oscilla-
tion caused by the feedback loop. It is suggested in
"A 1l6-bit Oversampling A-to-~D Conversion Technology
Using Triple-~Integration Noise Shaping", IEEE Journal
of Solid State Circuits, Vol. SC-22, No. 6, December
1987, p. 921-9292, that this problem could be overcome
by means of a high-order sigma-delta modulator system
formed by cascading several stable first-order sigma-
delta modulators. This techﬁique'will be called a MASH
technique hereinafter. The quantization error of a
signal first in the cascade was applied to a sigma-
delta modulator second in the cascade to be quantized
into an error signal. The quantization exror signal
was differentiated by a digital differentiator which
performed digitally the noise transfer function of the
integrator of the first modulator. Thereafter the
quantized error signal was subtracted from the quant-
ized output signal of the first modulator, whereby
there remains only the quantization noise of the
second modulator. Correspondingly, the guantization
error of the second modulator was applied to a modu-
lator third in the cascade. The gquantized output of
the third modulator, in turn, was subtracted from the
quantized output signal of the second modulator, and
the quantized output signal was subtracted from the
output of the first modulator, whereby the third-order
quantization noise only remained at the output of the
system. In this way, a stable third-order sigma-delta
modulator was obtained. An A/D converter realized in

this way provides a 16-bit signal-to-quantization



2002359

3

noise ratio (S/Ng) within the audio band (24 kHz).

Incrxease 1n the number of cascaded stages re-
quires (greater precision from each individual modu-
lator component if the bit resolution is to be in-
creased. Therefore the realization of a modulator
system of an order higher than that described above by
adding to the cascade a forth or fifth first-order
sigma-delta modulator easily causes problems. Modu-
lators are generally realized on integrated circuits,
whereby an increased number of modulators requires
more chip area. The area of the chip should also be
increased because the character of the first-order
modulator requires that the first modulator has to be
realized in differential form and a common-mode rect-
angular wave having a frequency outside the pass band
has to be connected to the input (dither).

summary of the Invention

The object of the present invention is to pro-
vide a high-order sigma-delta modulator system which
provides an improved signal-to-quantization noise
ratio, being nevertheless simpler in structure and re-
quiring less from the analog structures of the modu-
lator than previous systems.

This is achieved by means of a method according
to the invention, in which the error signal is scaled
before said subsequent modulator by a first factor
smaller than 1, and the quantized error signal is
scaled by a second factor substantially equal to the
inverse of the first factor, before being subtracted
from the quantized output signal of said preceding
modulator.

The invention is based on the finding that at
the output of the first modulator of the cascade, for
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instance, the combined level of the main signal and
the feedbacked quantization noise summed to the main
signal exceeds considerably the level of the signal at
the input of the modulator. As a result of this, the
level of the error signal to be applied to an input in
a subsequent modulator is also high. In the feedback
of the modulator, a plus or minus signed internal re-
ference voltage is summed to the input of the inte-
grator, depending on the output of the quantization
unit. These reference voltages define the maximum
modulator input levels. If the first modulator util-
izes its entire dynamic range, the level of an error
signal applied to a subsequent modulator is so high
that it exceeds the given reference levels at least
intermittently, causing malfunction of the second
modulator. In the present invention, this is avoided
by scaling the level of the error signal to be applied
~to the subsequent modulator by a predetermined scaling
factor so that the modulator will not be overdriven
whereas its maximum dynamic range will be utilized.
The error signal quantized by the modulator is then
multiplited in a digital multiplier by a second scaling
factor which is the inverse of the first coefficient
so that the level of the quantized error signal to be
subtracted from the quantized output of the first
modulator is equal to the level of the actual quan-
tization error. By using the scaling according to the
invention, each modulator operates over its optimal
dynamic range, which improves substantially the
signal-to-noise ratio of the system.

In a preferred embodiment of the invention,
second-order sigma-delta modulators each having a
transfer function substantially equal to one are cas-
caded. These modulators are preferably additionally
provided with two feedbacks, which improves the
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stability of the modulator. With second-~order modu-
lators, the above-mentioned scaling is even more im-
portant than with first-order modulators, because the
summed level of the noise and the main signal before
quantization is as high as about three to four times
the signal level at the input of the modulator. There-
by an integer preferably equal to or greater than 2 1is
selected as the second scaling factor because binary
multiplication by these integers is simple to carxry
out. The inverse of these factors is selected as the
first scaling factor. Particularly preferably, the
first factor is 0.25 and the second is 4.

Cascading two second-order sigma-delta modu-
lators according to the invention gives a system at
the output of which forth-~order gquantization noise
only occurs. Theoretically, this solution provides a
signal-to-quantization noise ratio (S/Ng) in excess of
18 bits at a sampling frequency of about 2.8 MH2z with-
in the audio band (24 kHz) and 13 bits within the
ISDN band (80 kHz). The present structure, however, is
simpler and utilizes the chip area more efficiently
than the above-mentioned MASH structure, because no
dither signal is reqguired and the precision required
frecm the gain of the operational amplifier and the

capacitors is smaller,

Brief Description of the Drawings

The invention will now be described in greater
detail by means of embodiments with reference to the
attached drawing, wherein

Figure 1 shows a block diagram of a system ac-
cording to the invention with two cascaded second-
order modulators: and

Figure 2 shows a block diagram of an alterna-
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tive second-order modulator for use in the system of

Figure 1.
Preferred Embodiments of the Invention

The system of Figure 1 comprises two substan-
tially identical second-order sigma-delta modulators A
and B. For facilitating the understanding of the in-
vention, corresponding parts in the modulators A and B
are indicated with the same reference numerals. Each
modulator A and B comprises a series-connection of the
following components in this order: a summing means 1,
an integrating méans 2 (or filter), a summing means 7,
an integrating means 4 (or filter) and a quantization
unit or comparator 6 at the output of which a final
quantized signal Dl or D2 occurs. Each modulator A and
B comprises a two=-part negative feedback. The feedback
comprises a switching unit 10 having an input to
which the quantized output signal Dl oxr D2 is applied
and an output connected through a scaling means 8 to
one input in the summing means 1 to be subtracted from
the 1nput signal and through a scaling means 9 toc one
input in the summing means 7 to be subtracted from
the output signal of the first integrator 2. The
switching unit 10 connects either a positive reference
voltage +REF or a negative reference voltage -REF to
its output, depending on the state of the quantized
output signal D1 and D2. The first scaling means 8
scales the output of the switching unit 10 with the
number 1 while the second scaling means 9 scales the
output of the switching unit 10 with the number 2.
The blocks 3 and 5 in Figure 1 illustrate the delay
contained in the integrating means 2 and 4, respec-
tively. Since both integrators 2 and 4 comprise a de-

lay in this specific case, the transfer function of
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the modulators A and B will be equal to one when the
ratio of the scaling factor of the first scaling means

8 to that of the second scaling means 9 is 1:12.
Figure 2 shows an alternative second-orderx

sigma-delta modulator, which can replace either one ox
both of the modulators A and B of Figure 1. In Figure
2, corresponding parts are indicated with the same
reference numerals as in Figure 1. Mainly the differ-
ences only will be described hereinbelow. The delayed
first integrator 2 of Figure 1 has been replaced with
an undelavyed integrator 23. The second integrator ¢
has the delay 5 in this case as well. Thereby one of
the delays 13 and 14 shown in Figure 1 is left out.
Because of the undelayed integrator 23, the scaling
factor of both scaling means 9 and 10 is equal to one
in order that the transfer function of the modulator
would be 1. An advantage of this alternative modulator
is the lower noise level because its feedback factors
are equal. This means that the whole available dynamic
range of the integrator can be utilized with less
capacitor scaling. An advantage of the delayed modu-
lator structure described in Figure 1 is that the out-
put impedances of the reference voltage sources +REF
and -REF may be higher than in the case of Figure 2
‘because no Miller capacitance 1is connected to the
reference voltage source at the sampling stage. The
techniques used in the manufacture of the integrated
circulits 1in each particular case determine which one
of these alternatives is selected.

The quantized output signal D1 of the modulator
A in Figure 1 can be presented by the equation:

Dl = X + (1-2=1)2 . o1 (1)
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where

X 18 an analog input signal applied to the sys-
Tem;

Q1 is the quantization noise of the comparator
6, and

(l«-«Z"’l)2 describes the effect of second-order
integration on the noise signal Ql.

An input signal X2 in the comparator 6 of the
modulator A 1is applied to one input in the summing
means l1ll. An output signal X2+Q1 from the switching
unit 10 is applied to another input in the summing
means ll1 and subtracted from the signal X2. In this
way, a quantization error signal -Q1 is formed which
is the difference between the quantized signal D1 and
the unquantized signal X2. The quantization error sig-
nal -~Q1 is applied to the scaling means 12, which
scales the signal by a scaling factor 1/C smaller
than one, thus reducing its level so that it suits the
subsequent modulator B.

The function of the second modulator is to
quantize the quantization error of the first modulator
so that it can be subtracted digitally from the guan-
tized output D1l. The second modulator B is scaled by
the scaling means 12 because it 1s preferable that
both modulators A and B are overdriven at substantial-
1y equal input levels.

The second modulator B forms a quantized output
signal D2 from the scaled error signal, which can be
expressed as the equation:

D2 = (1/C) * (-Q1) + (1-z2-1)2 . Q2 (2)

wherein
Q2 is the quantization error of the comparator
6 of the modulator B: and
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(1—2“1)2 represents the effect of second-order
integration on the error signal -Q1 in the modulator
B.

The quantized output signal D2 of the modulator
B is applied to a differentiator unit 16 which sub-
jects the guantized error signal to the same noise
transfer function as the integrating means 2 and 4 of
the modulator A. The differentiator unit 16 comprises
two series-connected digital differentiators, which in
a mannex known per se are formed by a summing means 18
and 19, respectively, and a delay 17 and 24 of one
clock period, respectively. An output D3 in the dif-
ferentiator unit is applied to a digital scaling means
21 which scales the signal D3 by a scaling factor C
which 1is substantially equal to the inverse of the
scaling factor 1/C of the scaling means. The value of
the quantized error signal D4 at the output of the
scaling means 21 thus corresponds to the actual level
of the quantization error signal -Ql appearing at the
input of the scaling means 12. The signal D4 can be
described by the following equation:

D4 = -Q1 + (1-2"1)2 + ¢ - (1-2-1)% . Q2 (3)

Thereafter the signal D4 is summed at the summing
means 15 to the quantized output signal D1 of the
modulator A, which is delayed with two clock period,
illustrated with the delay blocks 13 and 14. These de-
lay blocks 13 and 14 compensate for the delays 3 and 5
of the integrating means 2 and 4.

The final output signal Dout of the system can
be presented by the following equation:

Dout = X + C - (1-z-1)4 . g2 (4)
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As appears from Equation 4, the final output
signal Dout comprises only the original signal and the
forth-order noise.

It is to be understood that when the system is
applied in practice, all the blocks shown in the at-
tached drawings cannot be separated as separate cir-
cuit components. For example, when using so called
switched capacitors, the summing means 11, the scaling
means 12, the summing means 1 and the scaling means 8
can be realized by different capacitance values con-
nected to the input of the integrator 2, as is well-
known to those skilled in the art. The other summing
and scaling means at the inputs of the integrators can
be realized in the same manner. It is thereby not
possible to clearly distinguish between all signals
described as separate above.

The invention can be applied particularly in
A/D converters. Thereby a digital filter is connected
after the modulator system.

The modulators A and B of Figure 1 can be re-
placed with fully digital modulators, the inputs of
which are multi-bit digital signals: correspondingly,
the summing means 11 and the scaling means 12 may be
realized in digital form, which provides a system
which converts the multi-bit input into one-bit out-
put. To be accurate, the signal Dout is not a one~bit
signal, so a means converting the output into one-bit
form has to be provided at the output of the system.
Otherwise the same matters as disclosed in connection
with Figure 1 apply to this kind of digital modulator
system. It is particularly suited to a D/A converter,
whereby its output comprises an analog filter.

It i1s further to be understood that the figures
and the description related thereto are only intended
to illustrate the operation of the present invention.
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In their details, the method and the system according
to the present invention may vary within the scope of
the attached claims.
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WHAT 1S CLAIMED IS:

1. A method of cascading at least two sigma-
delta modulators, comprising the steps of

applying an error signal representing the quan-
tization error of a preceding modulator to a subse-
quent modulator in the cascade to be guantized there-
in;

differentiating the quantized error signal}

subsequently subtracting it from a quantized
output signal of the preceding modulator;

scaling said error signal by a first factor
smaller than 1, before being applied to said subse-

quent modulator;
and scaling said quantized error signal by a

second factor substantially equal to the inverse of
the first factor, before being subtracted from the
quantized output signal of said preceding modulator.

2. A method according to c¢laim 1, wherein the
second factor is an integer equal to or greater than
2, the first factor being its inverse.

3. A method according to claim 1 for cascading
two second-order sigma-delta modulators each having a
transfer function substantially equal to 1, comprising
the step of differentiating the error signal quantized
by the modulator positioned second in the cascade
twice before it is subtracted from the quantized out-
put signal of the first modulator.

4. A method according to claim 3, wherein the
second factor is an integer equal to or greater than
2, the first factor being its inverse.

5. A sigma-delta modulator system comprising

a first sigma-delta modulator for quantizing a
main signal:

a means for producing an error signal repre-
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senting the quantization error of the first sigma-delta

modulator;

a second sigma-delta modulator for quantizing said error
signal;

a first means for scaling the error signal by a first
scaling factor smaller than one before the second modulator;

a means for differentiating the quantized error signal;

a second means for scaling the quantized error signal by
a second scaling factor which is substantially equal to the
inverse of the first factor;

a means for subtracting the differentiated quantized error
signal from the quantized main signal.

6. A system according to claim 5, wherein the second
scaling factor is an integer equal to or greater than 2, the
first scaling factor being its inverse.

7. A system according to claim 5, wherein each modulator
1s a second order sigma-delta modulator having an output from
which a first feedback is connected to the input of the
modulator and a second feedback between integration stages in
the modulator, feedback factors being selected so that the
transfer function of each modulator is substantially equal to
one.

8. A system according to c¢laim 7, wherein both
integration stages of each sigma-delta modulator are delavyed,
the feedback factors of the first feedback and the second
feedback being 1 and 2, respectively.

9. A system according to claim 7, wherein the first
integration stage of each sigma-delta modulator is undelayed
and the second integration stage is delayed, the feedback

factors of the feedbacks being equal.
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