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Abstract

This thesis is part of the difficult taskwork to improve the effectiveness of the signal con-
version between the complex analog world and the digital domain. A new switched-capac-
itor bandpass sigma-delta modulator structure, based on the sample-and-hold technique,
that pushes the limits of speed in a given process, has been proposed. A new and fast
switched-capacitor sample-and-hold resonator circuit has been presented. The A modula-
tor design is decomposed into Z-domain noise and signal transfer functions and further

into building blocks of amplifiers/resonators, etc.

The sample-and-hold circuits with *voltage driven at both ends’ capacitors are used. While
existing clock feedthrough cancellation techniques are not beneficial here. switch turn-off
transient simulations and a detailed analysis for different switch topologies are presented.
A new study of the charge injection dependence on clock turn-off slope and time delay

demonstrates the dummy switch technique as the best solution.
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Chapter 1 Introduction

The most recent analog to digital (A/D) converter architecture, sigma-delta (£A), maxi-
mizes the “performance/cost” ratio of an integrated circuit (IC) design (provides high res-
olution without trimming or high precision components, and reduces the cost of the
antialiasing filter), and also makes possible a cheap monolithic integration of a whole
radio circuit. For example, a bandpass £A modulator placed in the IF (intermediate fre-
quency) stage of a radio reduces the stringency of specifications on the analog filters. and

moves the digital signal processing closer to the front-end.

The key technical problem in this thesis is to use advanced circuit techniques and con-
verter architectures to get high performance (in terms of speed, power, and resolution)
from a low-cost technology. This work “scales” in the sense that it will guide later

attemnpts to push more advanced technologies to their limits.

Combining the circuits designed in this thesis with architectural work [Brandi9l,

Lewis92] done by others, a modulator was designed and implemented in a 1.5pm CMOS



3]

process [Mitel1.5]. It is sixth order and uses a tri-level quantizer rather than the two-level
structures generally used. The use of a double sampling technique reduced the clock fre-
quency by half. A two-delay loop was implemented with a single op-amp. and conse-
quently the modulator needed only three op-amps instead of six. The combination of the
above represents a novel architectural solution which allowed the best possible perform-

ance out of a given process at the expense of increased difficuity in design.

1.1 High-Order A modulators

Because it is easier to understand and implement and it is always stable. the fourth order
structure is preferred to higher orders in many practical applications of a bandpass ZA
modulator [Jantzi93, Norman96, Song95]. But with an analysis of the instability and tonal
behaviour, and with proper design, a robust sixth, or even higher order bandpass modula-

tor can be obtained.

The main advantages that high-order A modulators offer are the high signal to noise
ratios (SNR) for modest oversampling ratios and good tonal behaviour compared to low

order modulators.

Since 1977, when Ritchie [Ritchie77] proved that a £A modulator can be built with an
order greater than two, their performance has significantly increased, and commercial ICs
have been designed with as many as 24 bits of resolution [Fujimori97]. The main structure

for implementation of high-order £A modulators is the cascade of integrators with feed-



back signals from the digital to analog converter (DAC) at the input of each integrator to

insure stability. Figure 1.1 shows this.

icfvf?fﬁ»fwrfﬁ'h

Figure 1.1 Single-loop high-order XA modulator structure.

Another approach is the MASH (multi stage noise shaping) [Hayashi86, Longo88] struc-
ture, shown in Figure 1.2, that consists of two modulators, one for processing the signal
and the other one to digitize the quantization noise of the first one. The digital outputs of
the two modulators are combined such that the quantization error of the first stage is can-
celled. The problem here is the matching required between the filters in the two loops.
analog and digital, but stability is guaranteed (first and second order ZA modulators are
inherently stable [Hein93]). Further improvement can be achieved if instead of a lbit
quantizer for the above high-order £A modulator a multi-bit one is used [Larson89]. The
multi-bit modulators reduce the amount of quantization noise resulting in a much simpler
loop filter function.The difficulty here is given by the nonlinearity of the D/A (digital to
analog) part of the quantizer, compared to the one-bit quantizer that can be implemented
to be very close to ideal. A solution to DAC nonlinearity is the “dynamic element match-
ing” (or capacitor shuffling) technique [Carley89, Galton95, Schreier96] that consists of

randomizing or noise-shaping the digital to analog conversion error such that it looks like



noise and not harmonics. Consequently the harmonic distortion is reduced. Nevertheless,

multi-bit modulators require a more complex decimation filter.
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Figure 1.2 MASH XA modulator structure.

1.2 Clock Techniques

Given a particular CMOS technology, the performance of classical op-amps (DC gain,
cutoff frequency, phase margin) is limited, and the design difficulty of such an op-amp
depends on the particular circuit that it is used in. In switched-capacitor circuits one can
exploit the fact that, sometimes, the op-amp isn’t used on both phases of the clock. One
can therefore double the sampling frequency by finding a circuit architecture where the

op-amp processes signals on both clock phases.

Many switched-capacitor (SC) circuits known in the literature work as follows: a capacitor
is charged from the input signal on phase 1 of the clock, and on phase 2 is discharged to

create a signal sample at the output of an op-amp. The only thing that the op-amp did on



phase 1 was to store a previous charge, or worse yet, it did nothing. Figure 1.3.a shows

such a circuit.

An efficient way to double the speed of SC circuits without imposing any other require-
ments on op-amps is the double-sampling technique, as shown in Figure 1.3.b. This
implies the use of two capacitors such that, e.g. on phase | of the clock. one capacitor is
charged from the input signal, and the other one is discharged to create a sample at the op-
amp output. Phase 2 it is the same except that the two capacitors exchange their roles. The

trade-off is that harmonic distortion is introduced due to mismatch paths.

3,

,_p_p

(L]

4
@ﬂw

2 : — l
1 ﬁl ) 1T

T v j T
a) b)

Figure 1.3 Typical a) single-sampled integrator, b) double-sampled integrator.

1.3 Thesis Outline

The next chapter is a review of existing ZA modulator architectures and their constituent
cells (or block components). Their advantages and disadvantages are shown, along with

critical non-ideal effects and source of errors.



The noise transfer function (NTF) and signal transfer function (STF) for a sixth-order
BPZA (bandpass sigma-delta) modulator are studied and designed in chapter 3, and a
novel architecture is proposed. Novel contributions of this thesis and their effects on the
architecture’s performance are presented next. The modulator architecture consists of a
cascade of resonators that, in order to increase the bandwidth for a given OSR, has the fea-
ture of splitting the NTF zeros along the tangent to the unit circle, rather than along the
unit circle. These zeros, because they are slightly outside the unit circle, will introduce a
small amount of chaos into the modulator [Schreier93] and improve its tonal behaviour. A
tri-level quantizer is used along with the SC four-phase sampling technique. The novelty
consists in combining the double-sampling technique, the NTF zeros splitting technique

and the tri-level quantizer. These innovations improve the SNR and the stability.

Chapter 4 deals with the circuit implementation. A new four-phase SC resonator is pro-
posed together with a study of the component circuits (op-amps, quantizer, comparator.
etc.). The resonator’s novel structure doubles the sampling frequency without increasing

the demands on op-amp performance.

By reason of charge injection effects, switch design is critical at high clock rates. Because
sampling occurs at both ends of the sampling capacitors the conventional “bottom-plate
sampling” approach is inapplicable. Therefore we have to investigate new ways to mini-
mize charge injection effects. These effects are thoroughly studied in chapter 5. The trans-

mission gate (X-gate), the NMOS switch, and the NMOS with dummy switches are



compared. The NMOS with dummy switch is proposed for the implementation of ZA

modulator circuit. The clock generator is also presented in this chapter.

Appendix A shows some practical problems in designing an SC circuit layout, and how to
solve them. Only a carefully designed layout can ensure IC functionality close to the sim-
ulated behaviour. A chip has been submitted for fabrication (details in summary and final

conclusions chapter 6).



Chapter2  The State of the Art

The design of A modulators relies on basic circuits like delay cells to implement integra-
tors or resonators as building blocks. An integrator can be realized, when using a SC struc-
ture, by feeding back the output of a one-delay cell to its input. This way of realising an
integrator offers innovative design solutions as compared to the one-op-amp-feedback-
capacitor integrator. By using two delays and feeding back the inverted output. a resonator
is obtained. Integrators are used to design lowpass A modulators, and resonators for

bandpass.

2.1 BPZA, High-Order, (1.5(um CMOS)

The robust SC circuit technology was chosen for the sixth order modulator design in this
thesis, due to its compatibility with standard double-poly CMOS processes. The NTF pole
and zero locations are set by capacitor ratios, which are highly accurate (0.1% to 1%)

[Lakshmikumar86]. In SC circuits, as long as full signal settling occurs, the exact shape of



op-amp settling doesn’t matter, thus clock jitter is negligible except at the system input.
. i . kT . . .
By careful design and optimization, effects like rel noise, aliasing of out-of-band noise

because of the sampling nature of the SC circuits, and large spike currents drawn by the

capacitors, can be diminished.

2.1.1 Topologies

A TA converter is characterized by two transfer functions: the noise transfer function
(NTF), and the signal transfer function (STF). The number of topologies for a £A modula-
tor is given by the number of ways you can build a filter corresponding to the required

NTF and STF. Theoretically, this number is infinite.

Ut G2) —>(T4}—— H() ~Y

Figure 2.1 Structure of £A modulator (linear model).

By choosing the desired NTF for a particular application, one can verify that the STF

shares poles with the NTF. The equations of these transfer functions are

Y 1
NTF = — = — EQ 2.1
Q|U=O T+ H () Q
Y G(z)-H(2)
TF = — = e o 2.2
> U|Q=O 1 +H(z) EQ
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The NTF is defined by H(z), but the STF depends also on G(z) . The noise transfer func-
tion notch depth and its out-of-band gain are defined by the pole and zero locations. Once
those are set, the remaining degree of freedom for the signal transfer function is adjusted
by G(z). Depending on the modulator architecture, sometimes G(z) is L. Then the STF
zeros are determined only by H(z). and the STF cannot be controlled independently of
the NTF. This is not too stringent, because the main requirement for the STF is to be flat

over the band of interest.

Some BPZA topologies from the literature are presented next, where the modulator’s band
of interest is centered around 7/2, or a quarter of the sampling frequency. Their lowpass
versions can be obtained by replacing the resonators with integrators. The feedforward

and feedback coefficients. and the numerators of the resonator gain can generally be con-

sidered to be of the form C:‘"/“), where C is a constant, and # is an integer.

2.1.2 Cascade of Resonators with Feedforward Summation

For this type of structure, shown in Figure 2.2, the modulator has transfer functions given

by EQ 2.3 and EQ 2.4, where N is the number of resonators.

(1
+z
= = ')
NTF — N 3 EQ2.3
(1+z7) —o(1+27) ~0,(L+27) —. =0y
D e
o, (l+z + 0o, (l+z + ...+
1 < 2 < N
— 2
STF N SN N3 EQ24
(1+z7) —o(1+27) -0, (1+27) —..=Qly
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Figure 2.2 Cascade of resonators with feedforward coefficients.

The noise transfer function has all its zeros at /2, with their conjugates at 37/2, or z = 4.
In the design process, all the o coefficients are defined by the NTF only. and therefore the

STF will be fixed.

2.1.3 Cascade of Resonators with Feedforward Summation and Local Resonator
Feedback Coefficient [Welland89]

The difference between this topology and the previous one is the small coefficient, -Bg,

around a pair of resonators, as shown in Figure 2.3.

Consider a loop of resonators with the small feedback -Bg, where one of the resonators has
72
gain ——, as shown in Figure 2.4.
1+2z7
This is a bandpass version of an “LDI-phased” resonator{Singor94]. The overall Z-domain

function is:



Figure 2.3 Cascade of resonators with feedforward summation and local resonator
feedback coefficient.

-Br

_}_, L
L _z
1+

Figure 2.4 Cascade of resonators.

’—l
;F\k

2

R(z) = — < 5 EQ25
z +(2+BRlz +1

The NTF zeros, which are the poles of R(z), are split along the unit circle around 1/2 with

an angle equal to 0.5 cos™'(1+B/2). Coupling resonators this way in a BPZA modulator
will spread the NTF zeros around the band of interest, such that there will be an improve-

ment in SNR of several decibels [Jantzi91].
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a) b)

Figure 2.5 The NTF zeros split a) along the unit circle, b) along the tangent to the unit
circle.

If both of the resonators have two delays, as in Figure 2.3, then the NTF zeros are split
along the tangent to the unit circle at 7/2, and this case will be studied in detail in chapter

3. Figure 2.5 shows the way in which the NTF zeros can split.

2.1.4 Cascade of Resonators with Distributed Feedforward, Feedback and Local
Resonator Coefficients

With this type of structure, shown in Figure 2.6, the designer can choose the STF zeros
independently of the NTF [Chao90]. The feedback coefficients are given by the desired
noise transfer function, and the feedforward ones are calculated to flatten the signal trans-
fer function over the band of interest, and attenuate as much as possible the out-of-band

noise. The small coefficients, Bg, of the local resonators split the noise transfer function’s

zeros along the tangent to the unit circle. The NTF and STF have the following general

form:

2 N I N=-2
NTF = (L+27) ~(Bgy +Bra+--)(1 +27) EQ2.6

(1 +zl)N—Bl(l +zl)N-l—...—[3N_2(l +2.2)2+([3N_l +Bgy +Bra+ (1 +zz) +By
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k] a2 N-1
o+ (L+27)+ . +ay(l +27)

STF = N T N-1 2.2 3 EQ2.7
(1+27) B(1+2)  —cPBy_a(1+2) +(By_y +Bgy +Bra+ ---)(1 +2) + By
U
* (04] 05 * (13 Oy CLS .....
Bri Bro
1 1 1 /1 l Y

1+ZZ Z

A By B B3 Ba Bs

Figure 2.6 Cascade of resonators with distributed feedforward, feedback and local
resonator coefficients.

2.2 Delay Cells for A

SC circuits operate in discrete time, sampling an analog signal and then processing these

samples. An arbitrary transfer function can be made by interconnecting weighted sums of

unit delays, z!. An op-amp and at most a couple of capacitors can be sufficient to imple-

ment such a delay.

2.2.1 Half Delay Cell

There are many ways that a half delay cell can be realized. By using a two-phase non-
overlapping clock, a half delay is obtained if on phase I the input signal is sampled, and
on phase 2 the sample is delivered to the output. A particular delay circuit configuration is

chosen depending on its sensitivity to non-ideal effects.
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Two examples of half-delay cells are shown in Figure 2.7. The circuits are single ended to
show the idea, but fully differential versions are generally used [Gregorian81, Hsieh81,

Haug85, Ribner85, Roberts86].

[

—
|
¢

J 4
2
AL Vo T

Figure 2.7 SC half-delay circuits: a) offset cancelled, b) capacitor mismatch
insensitive.

The circuit type of Figure 2.7.a is used when offset-cancelling is needed (e.g. in lowpass

YA modulators). On phase | the sampling capacitor Cs, charges to (V; -V, ff) . where

V', is the input voltage and V £ is the op-amp offset. On phase 2 the charge transferred

on the holding capacitoris C¢(V; -V ff) +CV off ° The V off tETM cancels out and the

output voltage doesn’t depend on op-amp offset. If Cg = Cy;, the gain of this circuit is

-1/2 ) ) .
z . If we assume a finite op-amp DC gain, A, then the circuit’s gain is given by the

formula:
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_C_'§> ] _7-1/2
L+
A - CH

where Cjy is the sum of the parasitic capacitances at the op-amp input, plus the internal

op-amp input capacitance.
The half-delay cell of Figure 2.7.b is a capacitor-mismatch insensitive circuit. It flips the
same capacitor C from the input to the output, and this means a perfect match between

the two voltage samples. If one takes into account the finite op-amp DC gain, A, the cir-

cuit’s gain is:

1 12
G(z) = z - EQ 2.9
| Cs+Cry
+
A < CS

Comparing EQ 2.8 to EQ 2.9, the conclusion is that the delay cell of figure b) is less sen-

sitive to finite op-amp DC gain.

2.2.2 Full Delay Cell

Figure 2.8 shows a one-delay cell using a single op-amp and three capacitors [Longo93].

On phase 1, C is charged from the input voltage, on phase 2 this charge is transferred to
C;,and on next phase |, C; transfers its charge to the holding capacitor C, . The capaci-

tor C, is used to transfer the charge from Cg to Cp, and its value is solely defined by the

op-amp swing and settling and thermal noise considerations.
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Figure 2.8 A full-delay sample and hold.

If we don’t take into account the nonideal effects, the gain of the circuit is:

N ,
(z) = c.* EQ2.10
H

The finite op-amp DC gain and the non-zero input capacitance ;. introduce in the gain

G(z) an error component in both magnitude (/) and phase (6 )[(Bazarjani96]. The gain

formula that shows this, is

C .
G(z) = 5.7 -{m»eje} where EQ2.11
Cy
C,+C C COSCOT C C
+Cc+C Cy+C,+ 5
m=1-- STUIN G ZHT LT IV, 2 TN N EQ2.12
A C, Cy A C, Cg

.
Sin — C C
0 = 2 24 N TIN EQ2.13
¢ Cy
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For example, if A = 50dB, C [ = C s = C H= C IN and at frequency f/4 where the

passband is centered, we have m = 0.990 and 8 = —0.0089 . Therefore. for the full delay

cell, a 50dB DC gain op-amp causes a 1% gain error and 0.89% phase error.

2.3 Double-Sampling S/H

Figure 2.9 shows a double sampling circuit derived from the single-sampled version of

Figure 2.7.b.

L]
9 Cep 1
_-/__‘ -
A
LSt 1
lé -1 g
< &

Figure 2.9 A full-delay double-sampling S/H (sample and hold).

Cs, and Cy, exchange their roles on each phase of the clock. As a result, an output sam-

ple is available on both phases. The maximum sampling frequency for this circuit is given

by 1/Teyer Where Teeqe is the op-amp settling time. This sampling rate is twice as fast as

the single-sampled S/H of Figure 2.7.b.
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A limitation of this type of circuit is that finite op-amp gain combined with non-zero input
capacitance C,,; causes magnitude and phase error in the output signal. This is due to the

charge stored by the input capacitance at the end of each phase. Because the charge is con-

served on the op-amp input node this charge contributes to the output on the next phase.

Using the double sampling technique, a second signal path is introduced. Mismatch
between the two paths causes an inband image of the signal [Hurst90]. This can be

reduced if architectural solutions are explored as in [Hurst92].

2.4 Switches and Charge Injection

The accuracy of SC circuits is limited due to charge injection [Gray80]. When the switch

is on, it connects the signal-source node to the data-holding node, represented by the
capacitor C,,; of Figure 2.10. When the switch turns off, a significant part of the charge
stored in the transistor channel is transferred to the holding capacitor, creating an error

component, AV, in the voltage sample. Other parts of the channel charge go to the source

and to the substrate.

o
VinT ics ‘LCH

!

Figure 2.10 One-switch sample and hold circuit.
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If the channel carrier intrinsic transient time is much smaller than the clock transient fall
time, then the charge flow to the substrate is unsubstantial. The carrier intrinsic transient
time is on the order of the gate capacitance times the on-resistance of the channel. Practi-

cal values for this are fractions of nanoseconds. The channel charge distribution between

source and drain depends on the total values of C¢ and Cpy [Vittoz85]. the fall-time of the

clock, and also on the input source resistance [Shieh87]. For a slow fall time, the potential
of the source and drain will be equalized, and the amount of charge on each side strongly
depends on their impedances: more charge will leak into the low impedance side. For a
fast clock the channel charge is equally distributed to both sides of the switch
[Wegmann87]. If we define B, the switching parameter. as in EQ 2.14 below. then the

dependence of the amount of injected charge on B is depicted in Figure 2.11.

equal charge split equal voltage drop
- — e

C,/Cy=100

[k

0.8

as

Q.4p

AQ,
AQ+AQ,

03k

02

B

Figure 2.11 Vittoz curves.



B = (Vpp-V,,-V)) /alé where B = ;,LCM% and a = slope(V/ns) EQ2.14

Taking into account that the channel charge is . = C, WL(V 55—V ). and only a frac-

tion o is transferred to the drain, the voltage across the holding capacitor is

14 = VEH—AVor:

ot

C WL(Von-V. =V)
0x DD in t -
V.out = Vin -« CH EQ2.15

AV is the accuracy error from the ideal of V,,,, = Vj,,.

To diminish the effects of charge injection, different type of switches and techniques can

be used:

1. NMOS switches for low voltages, PMOS for high voltages. and transmission-
gates (complementary switches) for voltages around Vpp/2 (this reduces the
charge injection by minimizing the sizes of switches needed)

2. dummy switches for signal dependent charge injection [Eichenberger89]

3. bottom plate sampling [Gregorian86] with an early version of the clock signal

4. and, as a general rule, choose the minimum size switch that satisfies the set-

tling requirements

These will be studied in chapter 5.
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2.5 Conclusions

This chapter discussed several structures for BPZA modulators and formulae for their
transfer functions were provided. The cascade of resonators topology with distributed
feedforward, feedback and local resonator coefficients allows one to design the STF inde-
pendently of the NTF. The function of the local resonator is to split the NTF zeros in the

band of interest thereby improving SNR by several dBs.

>A modulator building blocks were presented and, taking into account circuit non-ideali-

ties, their gain formulae were given.

Charge injection was outlined and the way it influences circuit performance was pre-

sented. A brief list of possible solutions to charge injection effects was given.



Chapter 3 The >A Design

Two questions that have no precise answer concern the idle tones and the stability of a A
modulator. For low-order A modulators the main limitations are due to idle tones and low
theoretical SNR, and for high-order modulators there are more sources of error due to cir-
cuit complexity, and/or the stability is critical. Practical implementations for lowpass sec-
ond to sixth order, and second to sixth order bandpass A modulators have been reported

[Feldman98, Hairapetian96].

Although the sampling frequency is limited by the given process, using the high-order
approach helps increase the SNR and/or the bandwidth of the A modulators, and the idle

tones are also reduced close to the noise floor level or even below.

The modulator of this thesis is intended to work at a sampling frequency of 20MHz (lim-
ited to this value by the slow 1.5um CMOS process) and for a bandwidth of 200kHz
(proper for GSM or FM broadcast specifications). This results in an oversampling ratio

(OSR) of 50.
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3.1 SNR vs OSR

Table 3.1 presents the performance of other SC bandpass (BP) or lowpass (LP) ZA modu-
lators of different orders and using different number of quantizer levels (Q-levels). We can
notice the complexity vs performance trade-off. The performance was improved by
increasing the order of the modulator and/or the number of quantizer levels, which trans-
lates into increasing the circuit complexity. Increasing the oversampling ratio is not always

a solution because of the limited clock frequency in a given process.

Table 3.1 Complexity vs performance of other art.

Order- Q- SNR OSR BW fs Vpp CMOS paper
Type levels (dB) (kHz) (MHz) (V) process
4-BP 2 72 200 200 80 3.3 0.6um [Ong97]
6-BP 2 62 32 200 13 3 0.8um [Hairapetian96]
3-LP 9 79 25 100 5 2.7 0.6um [Yasuda98]
4-LP 2 90 24 1000 48 5 lum [Marques98]
4-LP 16 78 16 250 8 5 1.2um [Baird96]
6-LP 2 72 16 700 224 33 0.72um  [Feldman98]
6-BP 3 >90 50 200 20 5 1.5um this thesis

Figure 3.1 shows SNR vs OSR curves collected from previous simulation results

[Singor94]. They are for bandpass high-order A modulators of order 4, 6, and 8 that use

either a two-level or a tri-level quantizer. For oversampling ratios around 50, the 6" order
tri-level quantizer YA modulator gives a signal-to-noise ratio comparable to the 8th order

two-level one. This SNR value is around 90 dB. These curves were found for optimized
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noise transfer functions with zeros placed across the band of interest {Ouslis90, Jantzi91].

The gain in SNR due to the optimized placement of zeros is several decibels.

N=8. Q=3

30 - ~ N=8,Q=2
_ N=6. Q=3
m p—
Z 90 —
= _ _ _ —~N=4,Q=2
%) -7 _ - -
70 4 - S,
50 1- T |
33 75 150

OSR

Figure 3.1 SNR versus oversampling ratio of a 4t gth and 8t order SA modulator
with a 2, respectively tri-level quantizer.

3.2 NTF, STF Design

From the previous section, from circuit complexity reduction considerations, the order of
the modulator has been chosen to be six. The next step is to find the noise transfer func-
tion, as it is the function that will determine the SNR, and finally the signal transfer func-

tion will be set to the extent of its remaining degrees of freedom.

The noise transfer function design is restricted by causality and stability constrains. The

system is causal if the loop around the quantizer doesn’t contain any delay-free loops. This

means that the loop gain, H(z) = 7\/—;7’_ 1, (see Figure 2.1, and EQ 2.1) must have at



26
least a z'! delay, or its first discrete-time impulse response must be at t = 1 [Adams91].
This further implies that [im H(z) = 0,or [lim NTF = 1 [Jantzi93]. Increasing the

T—>oo Z— oo

notch depth the NTF out-of-band gain accordingly increases, as shown in Figure 3.2.

100
90 —
m 80
=
~
> 70 -
n )
60 —
50 4

4 5 6 7 8 9 10
NTF out-of-band gain(dB)

Figure 3.2 SNR vs NTF’s out-of-band gain for a 6"-order tri-level quantizer YA
modulator(OSR=50).

If the noise transfer function out-of-band gain is high, the quantizer input becomes large,
and consequently the quantizer gain drops (because the quantizer output levels are fixed, O
or +1, while its input is increasing). This moves the NTF poles outside the unit circle and
makes the modulator unstable [Ritoniemi90]. Due to the “pushing to the limits” nature of
this thesis, the noise transfer function out-of-band gain has been chosen to be 7 dB. A
small margin of safety was still maintained such that the high-risk stability edge is 1.5dB

of dB away.






