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Abstract

Audio applications necessitate precise data conversion from analog to digital domain. This high
resolution conversion can be achieved by using Sigma-Delta architecture, which operates at over-
sampling rate and exhibits noise-shaping characteristics. The intent of this thesis involves design
of discrete-time and continuous-time Sigma-Delta modulator using Input Common Mode Com-
pensation Circuit. The proposed topology is 2nd order Sigma-Delta modulator, which employs
a Cascade of Integrators in Feed-forward manner (CIFF). The initial stage of this work involves
behavioral modeling of Sigma-Delta modulator, which is performed using VerilogAMS followed
by circuit level implementation of the architecture using CMOS 28nm technology. The important
aspect of the design involves compensation of input common mode variation on the performance
of the operational amplifier and improving the resolution of the converter in discrete time ADC.
The performance measurements achieved using proposed discrete-time modulator are SNR, 97dB
over signal bandwidth 28.8 K Hz and power dissipation of 0.3mW and performance measure-
ments achieved using proposed continuous-time modulator are SNR 92dB over signal bandwidth
28.8 K Hz and power dissipation of 270uW
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Chapter 1

Introduction

In today’s IC world, the majority part of signal which takes place in IC is of digital domain
because of fast working and very few voltage level. However, the external world signal is in
analog form which is interfaced to the system through an interface known as Analog to Digital
converter. The block diagram for Digital Signal Processing(DSP) system with interface is shown
in Fig. . ADC plays an important role in high precision audio devices which requires
high precision representation of analog data in digital format . The analog interface and digital
blocks reside on the same design chip, where digital blocks are generally operated at higher
speed, makes the design of ADC even more challenging. The important challenge which is faced
during designing of an ADC is trade-off between resolution and speed. The selection of speed or
resolution is addressed over the other parameter based on the requirement of the application for
example: Audio application requires lower bandwidth data conversion which is achieved by using

oversampling Sigma-Delta converters and we use Nyquist-rate converters for higher bandwidth.

s Digital signal
Anti-aliasing 8 g
. ADC processing
Filter
block

input (t)

Figure 1.1: Interaction of DSP with external world through ADC interface

1.1 Basic principle of Sigma-Delta ADC

In sound recording and reproduction systems, digital audio refers to a digital representation of
the audio waveform for processing, storage or transmission. This process requires conversion
of analog signal to digital data with high-precision. The digital audio applications generally
make use of sigma-delta converters as it provides better linearity and noise performance for a

low-frequency audio signal conversion which results in accurate representation of audio signal



[1]. Sigma-Delta architecture consist a modulator and an digital filter as shown in Fig. (|1.2).

The accuracy of the sigma-delta modulator is defined by analog circuits which are designed to

yield better noise performance and linearity. Sigma-Delta modulator belongs to the category

of oversampled converters where input signal is sampled at a frequency, F's > 2Fin. Using

oversampling rate relaxes the resolution requirements of the quantizer example:1-bit quantizer

results in high resolution modulator output.

The total resolution achievable can be further

enhanced by improving the noise shaping characteristics produced by the Sigma-Delta loop

i.e.,higher order loop filter produces better noise shaping within the input signal band.

Sigma-Delta
Medulator

input (t}

DECIMATION FILTER

LPF

Down

Sampler

Digital Qurt pat

-1

Figure 1.2: General block diagram of Sigma-Delta ADC

1.2 Literature Review

In recent years, many authors had proposed the different strategies to design discrete time and

continuous time Sigma-Delta and few of them are listed below:

e In this paper authors have presented a high resolution low power Sigma-Delta modulator

for 5 MHz band [2]. They have realised a 3rd order modulator working on 1Ghz sampling

frequency. In this paper a Discrete Time Switched Capacitor based design is implemented,
which achieves a Signal to Quantization Noise Ratio (SQNR) of 95.3dB, leading to a 15
bit resolution of the ADC with power consumption of 2.3 mW.

e This paper examines the design of full feed-forward Sigma-Delta modulator which is much

more suitable for the CMOS digital process with low supply voltage than the traditional

second-order feedback loop [3]|. The full feed-forward system reduces the modulator’s sen-

sitivity of the circuit non-idealities and decreases the internal signal swing to half the full

scale. An implementation in a 0.35um CMOS technology achieved dynamic range of 88dB,

bandwidth of 48 KHz and power consumption of 5mW. It can operate from supply voltages

ranging from 2.4v-3.3v. The architecture is quite useful for low voltage SOC applications,

such as portable biomedical system.



e This paper proposes a full differential and low-noise chopper-stabilized amplifier for in-
put signal amplification of Sigma-Delta analog to digital converter (ADC) [4]. Based on
chopper stabilizing and dynamic matching techniques, folded-cascode structure with class
AB output stage is adopted and chopper switches are used at low-resistance nodes in the
current paths to improve the signal bandwidth and output voltage swing. The simulation
results based on chartered 0.35um CMOS process show that with the power supply of 3.3V,
the chopper-stabilized amplifier has open-loop gain of 84 dB and gain bandwidth (GBW)
of 483 kHz. Between 1 Hz and 1 kHz, the input equivalent noise is 1.6uV /vhz without
chopper signals and is reduced to 40nV /vhz after chopper signals of 38.4 kHz are added.

e In this paper, a high-resolution medium-frequency single-loop fourth-order 1-bit Sigma-
Delta modulator is implemented in 0.18pum CMOS technology. The modulator has been
presented with an oversampling ratio of 50, clock frequency of 31.256MHz, 312.5 kHz band-
width, and achieves a peak SNR of 101.7dB, which is 16.6-bit resolution, 103dB dynamic
range [5]. The whole circuits consume 58.55-mW from a single 1.8V supply voltage. The
experimental results show a figure-of-merit (FOM) of 170.27dB. A system to circuit level
design is finished in this paper.

e A switched-capacitor low-distortion 15-level Selta-Delta ADC is described [6]. It achieves
third-order noise shaping with only two integrators by using quantization noise coupling.
Realized in a 0.18 mum CMOS technology, it provides 81 dB SNDR, 82 dB dynamic range,
and -98 dB THD in a signal bandwidth of 1.9 MHz. It dissipates 8.1 mW with a 1.5 V
power supply (analog power 4.4 mW, digital power 3.7 mW). Its figure-of-merit is 0.25
pJ /conversion-step, which is among the best reported for discrete-time delta-sigma ADCs

in wideband applications.

1.3 Thesis Contribution

This thesis presents a high resolution Sigma-Delta modulator with Cascade of Integrators in
Feed Forward (CIFF) architecture. It features a 2nd order discrete-time filter and low power
1 — bit quantizer using latch comparator. The different phases of clock needed are generated
by phase generator. The effect of input common-mode variation on the loop filter performance
is also discussed and an efficient way to minimize it is proposed. The design is most suited
for audio applications .i.e., input signal band of 28.8 K Hz , sampling frequency 14.4M H z and
oversampling ratio(OSR) of 270. It also features a continuous time Sigma-Delta modulator with

same specification but with less power.



1.4 Outline of Thesis

Chapter 1 gives the basic idea of Sigma-Delta data converter. It also discuss some work done in

the area of discrete time Sigma-Delta converter.

Chapter 2 presents origin of Sigma-Delta converters and its noise shaping property. It also

distinguishes between discrete time and continuous time sigma-delta modulators.

Chapter 3 includes the entire design methodology used for the high performance implementation
of the converter. The whole design of discrete time and continuous time modulator includes high
gain operational amplifier , comparator, phase generator and DAC. In this chapter we also discuss
the results of the each blocks of modulator and also final modulator output. Also performance

summary of the design is discussed here.

Chapter 4 presents the bias generation for modulator which has very low deviation with respect

to process, voltage and temperature(PVT) variation.

Chapter 5 presents the conclusion and also future scope of work related to Sigma-Delta modu-

lator.



Chapter 2

Basic principle of Sigma-Delta

modulator

2.1 Origin of Sigma-Delta modulators

The block diagram describing A to D conversion is shown in Fig.([2.1))

e(n)

Figure 2.1: Block diagram realizing A to D conversion



The STF for the system shown in Fig. (2.1)) is given by

A

NTF for the system shown in Fig. (2.1)) is given by

1
NTF = —F—— 2.2
1+ Az (2:2)

STF is measured from u(n) to y(n) with quantization error e(n)=0,with pole at z=A where as
the NTF is measured from e(n) to y(n) with u(n)=0. Here e(n) is assumed to be input signal
independent and has uniform PSD .i.e., white noise. The magnitude of the NTF can be reduced
to zero ,provided the gain of the amplifier is very high. However, from the stability point of view
with pole z=A, as gain of the amplifier increases, pole moves away from z=1. Hence, system
becomes unstable. In order to meet requirement in terms of stability and gain, a amplifier A
is replaced by a filter with low pass characteristics which provide high gain at low-frequency
d.e., Integrator which acts as low pass filter. This kind of modification leads to Sigma-Delta
modulator architecture which is shown in Fig.. The STF and NTF for the SDM descibed

e(n)

v

—>{ + > 11+ X

u(n) 'y y(n)

Figure 2.2: Basic Sigma-Delta modulator

in Fig. (2.2) can be derived as
STF =21 (2.3)

NTF=1-2"1 (2.4)



From the STF we can observe that gain of the system is unity whereas from the NTF it can be
seen that modulator behaves as high pass filter to noise components in the system which helps

in achieving noise shaping within desired signal band.

2.2 Noise shaping characteristics

Noise performance of the Sigma-Delta system can be further enhanced by shaping most of the
noise left in the signal band by increasing the OSR. This is achieved by using a decimation filter
consisting of digital low-pass filter and a down-sampler after modulator operating at oversampling

rate reduces the in-band noise further [3]. The NTF for an nth order system is given by

NTF =(1—-2z"1)" (2.5)
For a second order modulator n=2,

NTF = (1—271)? (2.6)

As ‘n’ increases , amount of noise power within signal band is reduced. The noise shaping curves

represented for higher order systems is as shown in Fig. (2.3). The in-band noise power for at

| 2" Order

Digital |
Filter |
..—.l 2" Order

fsf2 Kis/2

Figure 2.3: Output noise shaping characteristics for 1st and 2nd order modulator

the output of the Sigma-Delta system can calculated as

A21T2

360SR3 27)

Noise — power =

The noise-shaping and hence SNR can be further improved by increasing OSR and order of the

7



modulator. As OSR is doubled , Noise power is reduced by 8-times (9db) which increases overall
resolution by 1.5bits. The feedback configuration will give a NTF which behaves as a noise shaping

circuit and hence now doubling OSR, Noise is reduced by factor 8 i.e.,1.5bit improvement.

2.3 Discrete-time SDM

A general block diagram describing principle of SDM is shown in Fig. consisting of Integra-
tor, Comparator and a feedback DAC .Basic principle of working involves sampling of input signal
and the difference between the sampled and feedback signal is accumulated using an integrator.
The integrated signal is then quantized by a comparator .i.e., the output of the comparator is
high if integrator output is greater than zero and it is low when integrator output is less than

Zero.

500 Dutput
| Integrator ¥
u -

a:
N

Figure 2.4: Principle block diagram of SDM

The feedback configuration is used to achieve a NTF which is high pass in nature and STF which
has unity gain. The STF and NTF for a second order modulator is given by

STF = (z71)? (2.8)

NTF = (1—271)? (2.9)

From the STF it can be seen that input signal is delayed by two units(cycles) which is realized
by using cascade of two integrators. Hence increase in order results in better resolution but the
order of the system is chosen such that there is no overloading of the quantizer. Overloading is
a situation where the input amplitude to a quantizer is too high such that it is unable to resolve

properly to the precise levels.



2.4 Continuous-time SDM

A general block diagram describing principle of continuous time SDM is shown in Fig. (2.5).
The main difference between the continuous time and discrete time Sigma-Delta modulator is

sampling and realisation of integrator.

u:{f] : aln)
>
Pt S Dow
filter filter sampling
y(t)
EA modulator Decimator

Figure 2.5: Principle block diagrbm of CT-SDM

2.5 Differences between Discrete-time and Continuous-time Sigma-
Delta ADC

The block diagrams describing DT and CT SDM are shown in Fig. (2.6) and Fig. (2.7 respec-
tively

fs

(1) J x(n) loop filter Quantizer .| Detimation i

- Hiz) filter

DAC )

Figure 2.6: Discrete-time Sigma-Delta ADC

Loop filter is realized using switched-capacitor integrator in discrete time realization and in con-
tinuous time realization RC-integrators are used. Continuous-time realization requires physical
resistors whose values must be kept small to minimize resistor-noise (thermal noise). Since time

constant in continuous-time is dependent of product of R and C, it is more prone to process-



loop filter Quantizer Decimation y(n)
H(z) i filter 2

x(t)

DAC 3

Figure 2.7: Continuous-time Sigma-Delta ADC

variations where as in discrete-time implementation, time constant is defined by the ratio of
capacitance and sampling frequency. The variation of capacitance with respect to process in
less compared to that of resistors [4]. Discrete-time realization is less sensitive to clock-jitter
compared to that of continuous-time. The bandwidth requirement of op amp in continuous time
is very less compared to that of discrete time. Therefore , continuous time is said to power effi-
cient realization of SDM. Discrete-time modulator requires anti-aliasing filter at the input stage
where as Continuous-time system has inherent anti-aliasing feature and hence does not require
an anti-aliasing filter , where loop-filter attenuates the high-frequency components i.e., multiples
of sampling frequency responsible for aliasing. This leads to reduction in overall power consump-
tion.The advantages that we obtain by using continuous time(CT) and discrete time(DT) loop
filter are shown in Table (2.1]).

Discrete time Continuous Time
Low sensitivity to clock jitter Implicit antialiasing filter

Low sensitivity to excess loop delay Attenuated (noise shaped) S/H errors

Low sensitivity to DAC waveform Higher sampling frequency possible

Accurately defined integrator gains and transfer functions Relaxed OpAmp speed requirements

Highly linear SC integrator Reduced supply and ground noise impact
Capacitive loads only Less glitch sensitive and digital noise
Lower simulation time (High level) Lower simulation time (Circuit level)

Table 2.1: Advantages obtained by using CT and DT loop filter

10



Chapter 3

Design of Discrete-time and
Continuous-time Sigma-Delta

modulator

In this chapter we discuss design methodology involved in implementing second-order discrete
time SDM and a novel method to reduce the effect of input common-mode variation on the
op amp performance is discussed later. We have also discussed designing of continuous time

Sigma-Delta modulator.

3.1 Architecture of Sigma-Delta modulator

A Sigma-Delta modulator can be implemented in several ways which is defined by the use of
integrators in feed-forward or feedback manner depending on the requirement. For low-power
application, we prefer using CIFF over CIFB [5]. The advantages of using CIFF is low-swing

requirements of the op-amp and low-noise performance.

[lustration of swing requirement in both CIFF and CIFB structure:Consider Fig. 3.f1 and Fig.
which represents a SDM in both CIFB and CIFF configuration respectively. In both figures,
’x’ is the input signal, v’ is the feedback signal, e’ is the error signal given by e=x-v and ’q’ is
noise component introduced by the quantizer. Since it is a negative feedback loop, error will be
almost equal to zero. To make this happen, in CIFB structure feedback signal should contain
the input signal component 'x’. v’ gets signal component only from integrator/amplifier output
as 'q’ is assumed to be white noise . For the large input swing at the input of the op amp,
its output should follow large signal swing at its output terminals. This leads to variation in
gain as a result of which non-linearity occurs. Therefore, CIFB structure is more prone to non-

linearity and also consumes more power. In CIFF structure, the large-swing requirement of the

11



e \
N—O w —O— .

Figure 3.1: 2nd order SDM in CIFB configuration

. ! y
/\/——bo— H(z) | A Hiz) o + —

x(t)

Figure 3.2: 2nd order SDM in CIFF configuration

op amp is overcome as 'v’ and 'y’ gets input signal component from fixed point (feed forward
'x"). Therefore, amplifier does not need to have high swing/high slew rate in order to keep ’e’ to
nearly zero. The proposed SDM in CIFF configuration is described in Fig. (3.3)).

The values of coefficients will decide the power dissipation of operation amplifier and noise
transfer function of total architecture [6]. The value of al should be minimal to get low swing at

output of integrator but it cannot be very low because it will degrade stability due to overloading.

Thus coeflicient values are chosen such that its meets both stability and power dissipation require-
ment. The suitable coefficients values used in the proposed implementation are al = 7/8,a2 =
8/3,b0 = 1,b1 = 16/3 and b2 = 13/7. The values of coefficients can be more than 1 which
cannot be achieved with the help of passive circuit and hence active circuit(summation) is used
to achieve these values which will results in high SNR with slight increase in power consumption.
The NTF and STF of proposed model is found to be

STF = 0.428 + 1.14227" 4 0.285272 (3.1)

12
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"
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e > N Output
Integrator Integrator

Figure 3.3: Proposed CIFF structure

NTF =0.571(1 — 27 1)? (3.2)

3.2 Circuit design methodology for discrete time Sigma-Delta

modulator

In the proposed Sigma-Delta modulator a switch capacitor circuit for input common mode com-
pensation circuit is used. Also it has been proposed to use the double sampling |7] in the input
path to reduce the input capacitor non-idealities. The proposed model of Sigma-Delta modula-
tor following CIFF structure contains cascade of two integrators, comparator and an additional
operational amplifier for summing coefficients. The operational amplifier used for summation
does not require high gain hence it consumes much less power. The circuit level description of

the proposed Discrete-time Sigma-Delta modulator is shown Fig. (3.4)).

As the integrator is realized in SC-configuration, the requirement of S/H circuit prior to integra-
tion is avoided as sampling is done implicitly by integrator in first phase which will be discussed
later. The SC integrator includes sampling switches, capacitors, op amp.The sampling switches
are operated by non-overlapping clock signals generated by non-overlapping phase generator.
Clock generator is realized using a logic gates, where required non-overlapping time is achieved
by adjusting logic delays. 1-bit quantizer is implemented using Strong-Arm latched comparator.
Latched comparator is preferred over other implementation is due to its quick response time and
low power consumption. Also latched comparator is free from hysteresis effect. The reference

voltages for the integrator is selected by the 1-bit DAC based on the quantizer output.
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Figure 3.4: Discrete-time Second-order Sigma-Delta Modulator

3.2.1 Discrete-time Integrator

The switched-capacitor realization of loop filter is represented in Fig. (3.5)) |[8]. The SC integrator
shown in Fig. (3.5)) operates in two phases:

cf
|1
vem  VCM .
1d \2d Cs 1& 2
VINP —"—1+—{}—1 -~ - » VOUTP
VINN »>—"——7———F—7 —> VOUTN
ld 2d Cs 1
VCM VCM .

Figure 3.5: Switched Capacitor Integrator

In Phase 1, op amp is disconnected from the input and the charge on the feedback capacitor
Cr is retained to its previous value. The input signal is now sampled on to sampling capacitor

Cs. The charged stored in this phase is given by
Q=CsVin (3.3)
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Initial charge on the Cg can be assumed to be zero. This phase is known as Sampling phase.Integrator
operating in this phase is shown in Fig. (3.6))
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vCM I

Figure 3.6: Sampling phase of integrator
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Figure 3.7: Integrating phase of the integrator

In Phase 2, polarities of Cg is reversed as voltage on bottom-plate becomes higher than that of
top-plate.The charge stored during Phasel is now transferred to the feedback capacitor Cg. This
phase is know as Integrating Phase represented in Fig. (3.7))

Therefore,the Transfer function of the discrete time integrator can be derived as follows: Applying
charge conservation theorem at op amp virtual ground terminals, Total charge during phasel will
be equal to the total charge during phase2. V indicates the potential at op amp input terminal

assuming op amp has very high gain such both terminals are at same potential
— Cs(Vinpl = V)" Cp(Voutpl — V) =+Cs(V) — Cp(Voutp — V) (3.4)
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where Vinpl = 2= 'Vinp

On solving above equation,

CrVoutn(l — 271 = CsVinnz™! (3.5)
Similarly
Cs(Vinnl = V) —=CF(Voutnl — V) = +Cg(V) — Cp(Voutn — V) (3.6)
and
CrVoutn(l — z71) = CsVinnz ™! (3.7)
Therefore ,
~ Vouty(z) — Vout,(z) b Cs
H(z) = Ving(2) — Ving(z) A Crp (38)

Where Cg/Cr is the called the gain of the integrator and z! in the numerator indicates the

delay between input and output . With reference voltages the differential output voltages can

be related to its inputs and reference voltages as

Cg 271 Cs 1

————— — [Vrefp(z) = Vrefm(z)| == —
(3.9)

Voutp(z) — Voutn(z) = [Vinp(z) — Vinn(z)]

The negative sign associated with reference signal indicates the negative feedback voltage decided
by DAC. To overcome the charge-injection effect of the MOS switch, delayed version of the clocks
are used along the original phase.i.e., PH1D and PH2D. PH1D turns off after PH1 turns off. This
makes sampling capacitor floating at the end of phasel which avoids charge injection effect on

the load voltage.

3.2.2 Operational Amplifier

The noise transfer function of Sigma-Delta which is quantization noise shaping behaviour is
defined by transfer function of loop filter. The complete loop of Sigma-Delta consist several first
order filters which are realised with the help of switched capacitor integrator. The integrator
is realised with the help of operational amplifier so performance of operational amplifier is very

critical in Sigma-Delta loop [9].

Performance metrics of Op amp Effects on SDM
Gain Noise Floor and Harmonic Distortion
Bandwidth Noise Floor and Stability of the Loop
Slew Rate Quantisation noise and Harmonic distortion
Thermal and Flicker noise Noise Floor

Table 3.1: Effect of op amp performance on SDM

16



The performance of Sigma-Delta modulator is related to various parameters of operational am-
plifier can be seen in the Table .So good performance Sigma-Delta loop, requires operational
amplifier which has high gain, bandwidth slew rate so the noise floor should be as low as it can
but it will increase our current requirement so power will increase so a trade-off exists between

power and all other parameters.

We used folded cascode architecture for operational amplifier because it has high swing (than
telescopic), high gain and single stage architecture so easy to stabilize. The main problem of
folded cascode is high input noise and offset which are compensated using one novel technique
which is discussed later. In the design of operational amplifier positive and negative slew rate

equal. The schematic of folded cascode is described in Fig. (3.8)).

Vdd

-, I

vnz—‘ l: :I |—v52
Vinp —| [: j |— Vinn

i T
A e

Figure 3.8: Schematic of folded cascade amplifier

In the fully differential amplifier [9] the output node is set with the help of common mode feedback
circuit. The sensing of output common mode is done with the help of switched capacitor sensing
circuit because with resistive sensing circuit there is problem of gain loss. The schematic for
sensing circuit is described in Fig. .

The biasing of operational amplifier is done in such a way that the main schematic will adapt all
the changes with process, voltage and temperature and operational amplifier is working across
all the corners. The biasing voltages are generated using reference current which is generated
with the help of band-gap reference. The schematic of biasing circuit is described in Fig. .
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Figure 3.10: Schematic of biasing circuit

3.2.3 MOS Switches

The design of sampling switches used in the ADC plays important role in the overall performance
of a converter. Switches are designed in such a way that,it resistances should match with that
of an ideal switch.i.e.,zero ON resistances and infinite OFF resistance. However, practically we
would be able achieve finite resistance when switch either on or off. Here MOS transistor are
used as a pass transistor which operates in linear region. There is also parasitic capacitance
associated with a MOS switch resulting in charge injection, clock feed through error, which
causes non-linearity in the output such as gain error and offset error. Therefore, design of
sampling switch proves to be more challenging in achieving high performance data converter.
The commonly used switch is a NMOS switch shown in Fig. (3.11]).The one of the important
issue to be addressed in NMOS switch is that it passes weak logic 1’s and PMOS switch passes

weak logic 0’s.
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Figure 3.11: NMOS switch

Another issue is that NMOS switch , ON-resistance is signal dependent.Ron for a MOS transis-

tor in linear region is given by

1
,Ufncox%(VGS - ‘/t)

Ron = (3.10)

For Voa=Vpp and Vg = Vin,

1
inCox ¥ (Vop — Vin — V3)

Ron = (3.11)

This variable resistance leads to non-linearity in the output. The voltage dependent resistance
problem of the NMOS switch along with its swing limit can be overcome by using a Transmission
gate as a switch which requires two control signals (normal and its complementary signal). It
consists of a NMOS and PMOS transistors connected in parallel form shown in Fig. .

5

Figure 3.12: Transmission-Gate Switch

This type of switch has minimum ON-resistance variation with respect with Vg and hence able
to produce rail-rail swings. The sizes of the PMOS is almost twice as that of NMOS such that
both the transistors operates at the same speed . Even we can increase a linearity of the switch
i.e.,Vys is constant using Boot-strap method at the same time achieve maximum swing, in the
proposed architecture we use Transmission gate switch as Boot-strap switch fails SOA test , with

gate voltage of MOS switch exceeding supply.
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3.2.4 Comparator

In the proposed Sigma-Delta modulator, 1-bit quantizer is realized using a Strong-Arm com-
parator [10]. This topology is chosen over others due to its less recovery time , high speed of
operation which is the main requirement for an oversampling converters as clock frequency is very
high. The other important advantage is low hysteresis effect . The strong-arm latch comparator
is described in Fig. and with node capacitance described in Fig.

vdd

T

CLK_‘ M7 Msjl[ {Eﬁs M8 I_CLK
U - .V
Cu ‘|: lel ||I»m l

I I

Cv

v_l l: M M2 :] |-

CLK _| M3

Figure 3.13: Latch comparator with node capacitances Cy and Cy

The topology consists of a pseudo-differential input pair transistors M1 and M2 across which the
inputs are applied . Transistors M3-M6 acts as cross-coupled inverters which forms a regenerative
latch. M7,M8 and M9 are switches operated by CLK. The circuit resolves the input difference
between rail-to-rail. When CLK=0 , this phase is known as pre-charge phase, M9 is turned off
so no current flows from Vpp to Ground . Hence M1 and M2 also remains off as their source

nodes are left floating. M7 and M8 are ON , which charges the node capacitors U and V to Vpp .
In second-phase, when CLK is high M7 and M8 are off. M9 is ON, But M5 and M6 is still off

as its Vg is zero. This causes the flow of differential current from Supply to Gnd, causing the
Capacitance at nodes U and V to discharge such that Vy-Vy is proportional to Vin-Vin_. This
phase is known as sampling phase as output capacitance discharges to a certain value determined
by the input difference. The discharging slope of the voltages Vi and Vv is dependent on the
amplitude of the input difference. If Vin, is higher than Vin_ , then Cy discharges faster than
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Cy. The timing diagram representing the Comparator operation in each phase is described in
Fig. (3.14).
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Figure 3.14: Timing diagram of latch comparator indicating different phases
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Figure 3.15: Strong-Arm latch comparator with RS latch

As Vy and Vy becomes less than Vpp-Vrp, M5 and M6 are turned on as its Vg is less than
Vrp. This leads to the formation of inverters connected in back to back manner. They function
as a regenerative latch with positive feedback. The input to these inverters are the sampled

values of Vyy and Vy obtained during sampling phase. The regenerative latch try to resolve the
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sampled output values to Vpp and Gnd. M3 and M4 are used to provide path between Vpp and
Gnd and also to avoid static current flow from Vpp and Gnd. M5 and M6 are used to reinstate
the output value to Vpp. Switches M7 and M8 are used to precharge nodes U and V to Vpp
so that pull-up transistors of the cross-coupled inverters are off during the sampling phase. This
latch will have its output in invalid state (i.e.,Vy = Vy= Vpp) during first half of clock cycle.
To translate the output the output of the regenerative-comparator , an RS latch is connected
after the differential stage through inverters . Inverter allow the RS latch to toggle only if output
nodes U and V falls. The complete circuit of Strong-Arm latch comparator with RS latch at its

output stage is shown in Fig. (3.15))
The power consumption in the strong-Arm comparator is contributed primarily by charging and

discharging of the capacitances which is approximately equal to
Power = VDDQfCLKCU,V (3.12)

where fori is the clock frequency and Cy vy is the node capacitance at U or V. The sizing of
the transistors are done in such a way that comparator operates with less response time. Input
transistors M1 and M2 should be large such that input signal is sensed faster at the same time
gate capacitance should not exceed to a large value. M3-Mb should be sized large enough such
that regenerative time is less , at the same time it does not slows down the comparator operation.
The output inverters are sized such that it is large enough to drive RS latch at the same time it
does not slows down comparator operation. The length of the M9 which is used as a switch is
kept high to avoid leakage current , as this causes flow of static current when clock is low. Lengths
of regenerative inverters should be kept low such that is trans-conductance is high which defines
the regenerative time and gain. Widths are decided according to lengths such that comparator

operates faster. Regenerative time-constant is given by,

o Cout (3.13)
9m3 + gm4
Regeneration gain is given by o
G, = exp—~—— (3.14)
Tr

where to-t; is regeneration time.

3.2.5 Non-overlapping phase generator

The phase generator circuit for producing non-overlapping clock phases used for control switches

is shown in Fig. (3.16).
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Figure 3.16: Non-overlapping clock generator

It is basically a cross-coupled NAND-gates along with inverters. The delayed versions of the
clocks are used to avoid charge injection is realized using Buffers. Also the complementary
clock phases of each delayed versions can be generated if necessary. The timing diagram of

non-overlapping phases and their delayed versions is given in Fig. (3.17))

CLK_IN

PH1

PH2

Figure 3.17: Timing diagram of non-overlapping phases

The sizes of the logic gates are chosen to achieve required delays which decide the non-overlapping
time. Non-overlapping time is defined as the time between the rising edge of phasel and falling
edge of phase2 or vice-versa. This time difference is chosen to be high such that it accommodates
PVT variation .The duty cycle of the generated phases remains almost same as input clock.i.e.,

50%.

3.2.6 Feedback-DAC

The 1-bit DAC is used in the feedback as the quantizer is of the resolution 1-bit .The DAC

is realized with the help of multiplier which will generate a positive reference if the output of
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the quantizer is high and it will generate negative reference if the output of the quantizer is
low. As the DAC has two-levels of resolution , It is highly linear and is very less subjective to
non-idealities such as DNL or INL.

3.2.7 Novel Implementation

The proposed Sigma-Delta architecture is resistant to variation in the input common mode.
Even though if the common-mode quantity vary from 0 to Vpp , the performance of the op
amp is unaffected by this disturbance .The novel Switched-capacitor technique which is used at
the input stage helps in tuning the common mode level of the op amp to a fixed value in the
presence variation in input common model level. This technique is known as Input common

mode compensation scheme. The proposed model of the compensation scheme is described in

Fig. (3.18).

VCM VCM
lp c1 lp
VINP -~ 1 I} I 7y o=V1
in l 2
2
VCM \
1n
VCM
_K c1
VINN-—" I} 3 —V2
1n

i 1
Yp E_IP

VCM VCM

Figure 3.18: Input common mode compensation circuit

This makes the design of input stage of operational amplifier to be of high input common mode
range (ICMR). Most of the reported architectures for high ICMR either have more current
consumption along with more area or have high non linearity. In this method the input common

mode cancellation is done by using the equalization method.
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PH2

Figure 3.19: Clock Phases used in compensation circuit

The main purpose of input common-mode compensation is to generate differential input signals
for op amp whose input common-mode is independent of the overall system. In conventional
implementation input common-mode of the system is directly applied to the input of operational
amplifier so any change in their common mode will directly reflect on the performance of op-
erational amplifier as shown in Fig. (3.4]). Using the proposed compensation circuit as shown
in Fig. , a differential voltage is produced from the input signal whose common-mode is
fixed and any variation in the input common-mode of the system will be will not affect system
performance. The working of the compensation circuit involves, discharging of both capacitors in
phase 1p and in phase 1n, inputs are applied across top-plates of both capacitors while bottom-
plates are shorted together. The different phases of clocks used are defined as shown in Fig.
. According to charge conservation rule, In phase 1p , Q=0. In phase 1n ,

Q = C(V — Vinp) + C(V — Vinn) (3.15)

Equating above two equations,
_ Vinp+ Vinn

v 2

(3.16)

This implies that at the end of phase In capacitors will be charged with C’W and

Vinn—Vinp
o Vinn_Vinp

fier which can be calculated as follows: In phase 2 ,

Now in phase 2 this charge will set the values of inputs for operational ampli-

Q =C(Vem — Voutn) (3.17)

and
Q = C(Vem — Voutp) (3.18)
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Now equating above two equations,

Vinp — Vinn

5 (3.19)

Voutp =

and
Vinn — Vinp

Voutn =
outn 5

(3.20)
Last two equations proves that operational amplifier's input common-mode is fixed and is insen-

sitive to variation in the input common-mode of the system.

3.3 Circuit design methodology for continuous time Sigma-Delta

modulator

The schematic of continuous time Sigma-Delta modulator is shown in Fig. (3.20]).The archi-
tecture used for this modulator is also CIFF architecture. In the schematic we can see that

integrator is realised with R and C. The coefficients b0, b1 and b2 are realised using resistances.

Ri2

A
VREFP VREFN
Q QB j\ﬁa‘
Rt “m “cs R7
] 11 At
R R3 RS —Q
VINP A My A
R2 R4 RS
VINN M M ns ——rAf, —Q_B
@ =N COMPARATOR
] i i
- R14 E‘R‘,\{
=\ \a
VREFP VREFN .
A

Figure 3.20: Schematic of CT Sigma-Delta modulator

The implemented architecture is fully differential in order to minimise even order harmonics
as well as common mode noise. The configuration of operational amplifier and comparator
is same as discrete time Sigma-Delta ADC. The feedback is applied with resistance and it is
controlled by the output of comparator () and @Qp. The advantage of CT Sigma-Delta modular

over DT Sigma-Delta modulator is that sampling operation takes place inside the loop so all
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the non-idealities of the sampling circuit will be applied to noise shaping circuit. The values of
resistances are determined by the power constraints so for low power constraints noise will be
also low. One more advantage of using this approach is high linearity. The operational amplifier
for the integrator shown in Fig. is folded cascode same as DT sigma-delta because of high

gain and slew rate.

VINF g,
AR - em—L« voute
AN + > mm——— VOUTN
VINN

Figure 3.21: Schematic of RC integrator

Effect of error induced by comparator like offset, non-linearities and hysteresis are negligible.
The comparator is located within the sigma-delta loop so these non-idealities are compressed by
loop gain. But the performance of CT Sigma-Delta can be affected by timing induced errors like
propagation and signal dependent delay, which are dependent on the input signal amplitude and

slope of comparator.

The main performance parameter for feedback DACs in CT Sigma-Delta modulators are linearity,
propagation delay and inter symbol interference. Fortunately, we have used 1-bit DAC which
is inherently linear. The architecture of CT-time has several advantages which are already

discussed. The results of CT Sigma-Delta are discussed later.

3.4 Results and Discussion

In this chapter we have discussed about simulation results of the designs that we discussed
in the previous sections. Also we have analysed the results of behavior model of Sigma-Delta
modulator. Also we have analysed the performance measurements of each blocks such as Op
amp and Quantizer. We have discussed about different trade-off exists and how they can be
optimized to achieve better overall modulator performance in terms of resolution and stability.
Also we have discussed the result of proposed input common-mode compensation technique. At
the end of this chapter we have discussed the results of the second order discrete time Sigma-
Delta modulator using CIFF architecture and continuous time Sigma-Delta modulator. Different
performance metrics of the implemented modulator is illustrated in a table at the end of this

section.
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3.4.1 AMS modeling of the Sigma-Delta modulator

The block diagram of the second order discrete time modulator realized using Verilog AMS
model. The input signal is sine wave with amplitude 100mV and frequency 1kHz with Supply of
1.8V.The design is implemented in CIFB configuration i.e., Feedback decides reference voltage of
only first integrator. The 1-bit DAC is realized using a simple wire logic. Each blocks such as op
amp, comparator and elements such as resistance, switches, capacitors are described at behavioral
level using Verilog AMS language, which is used to describe behavior any AMS blocks [11]. The
input signal is processed through cascade of two integrators and is connected to output through

a comparator. Gain stages in the integrator is chosen to meet overall performance of the system.
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Figure 3.22: 2nd order Sigma-Delta modulator behavior model output

The second order modulator output is shown in Fig. (3.22) The output signal is sampled at
same oversampling rate. The number of simulation cycles for the modulator is chosen such that
the difference in sampled amplitudes will be averaged over the complete simulation period. This

reduces non-linearities in the output spectrum.

28



MG NITU

Freg in Ha

Figure 3.23: Output spectrum of 15* order SDM modulator

MAGNITUDE

dB

i

-120F |

10! 10t 10 10* 10
Freq in Hz

Figure 3.24: Output spectrum of 2"4 order SDM modulator

The Fast Fourier Transform(FFT) of the of the sampled output signal is performed using MAT-
LAB to measure the SNR of the modulator. The FFT spectrum of first order and second order
behavior model SDM is shown in (3.23) and Fig. (3.24]) respectively

The amplitude in log scale is plotted versus the frequency .The SNDR for 1st order modulator
is found to be 61.68 dB where as for the 2nd order modulator it is 77.6 dB.
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Op Amp Specification
Open loop gain 69.54dB
UGB 60MHz
Input Impedance 10GSQ2
Output Impedance 10092
Imax 100 A

Table 3.2: Op amp Behavioral model Specifications

Gain(dB) | SNR(dB) | UGB(MHz) | SNR(dB)
60 70.596 1 66.68
60 74.9 5 70.7836
80 77.91 10 70.78
90 78.12 30 71.12
100 78.39 40 72.34

Table 3.3: Variation of SNR with respect to Gain and UBW of the op amp

By comparing the output spectrum of both the 1st and 2nd order modulators, it can be observed
that the noise shaping in second order is improved where large amount of the noise is shifted
to the higher frequency bands.The specifications of the op amp used in this model is shown in
Table . The AMS model has been simulated for the effect of Gain and Bandwidth of the op
amp on the output SNR. The comparison table for the same is shown in Table (|3.3)).

3.4.2 Operational Amplifier

The folded cascode design is simulated for the values discussed earlier in this chapter and the
results are obtained as follows. The transient simulation of the Op amp is performed for sinusoidal
input signals of differential amplitude 200mVpp and frequency 7.2 kHz. The transient response
of the folded cascade op amp is shown in Fig. . The output common mode is adjusted to
0.9V which is half the supply voltage (1.8V), using Switched-capacitor CMFB circuit.

The AC simulation results of the OTA include open loop gain around 100dB and the unity
gain-bandwidth for this configuration was 99.68 MHz as shown in Fig. (3.26)).
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Figure 3.26: AC response including DC gain and phase results of OTA

The phase margin measured is around 23°. The performance metrics table for the OTA is given
in Table (3.4).

Performance parameter | Result
DC Gain 100dB
Unit gain bandwidth 99.68MHz
Phase margin 23°
Slew rate 3V/uS
Power Consumption 184puW
Lnax 80uA

Table 3.4: Performance matrix of Folded Cascode Op amp
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Noise Response
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Figure 3.27: Noise behaviour of operational amplifier

3.4.3 1-bit Quantizer

A 1-bit quantizer realized using Strong-Arm comparator, resolves the input difference voltage to
supply and gnd. The design methodology of the comparator is discussed in previous chapter.
The transient simulation result of the 1-bit quantizer is shown in Fig. for one input is
applied as sine wave varying around a DC of 0.9V and the other input is given as a DC of 0.9V.
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Figure 3.28: 1-bit Quantizer output
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Figure 3.29: Monte-carlo simulation for offset max deviation of 7T9uV

The output of the comparator is evaluated after each clock cycle. The offset of the comparator is
found to be around 100 pV.The monte-carlo simulation results for the offset extraction is shown
in Fig. (3.29)

3.4.4 Non-overlapping Phase generator

The results of the non-overlapping phase generator whose design discussed in previous chapter

is shown in Fig. (3.30)).
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Figure 3.30: Non-overlapping phase generator Output

From the Fig. (3.30) it can be seen that PH1 and PH2 are the Non-overlapping clocks with
non-overlapping time of 6ns. The input clock is the system clock with frequency 14.4MHz and
duty cycle of 50%. Delayed versions of PH1 and PH2 .i.e., PHID and PH2D are used to avoid

charge injection.
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3.4.5 Sigma-Delta Modulator

The simulation result for the second order discrete-time Sigma-Delta modulator described in Fig.

(3.6) using CIFF configuration is shown in Fig. (3.31)
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Figure 3.31: Discrete-time Second order Sigma-Delta modulator output

The modulator is simulated for input signals of 200mVpp and frequency of 7.2kHz.Vinp applied
to negative terminal of the integrator and Vinn to the positive terminal of the integrator such

that integrator has zero phase difference between its input and output.
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Figure 3.32: Output spectrum of 2nd order discrete time SDM
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From the simulation result shown in Fig. it can be concluded that the modulator can
successfully convert analog input into its digital equivalent.The FFT spectrum of the digital
output is carried out using MATLAB to calculate SNR and SNDR. The output spectrum of the
modulated output is shown in Fig. ([3.32). The performance metrics of the designed Sigma-Delta
modulator is shown in Table (3.6])

Technology cmos 28nm
Power Supply 1.8V
Order 2
Resolution 16
SNR 97dB
SNDR 86dB
Signal Bandwidth 28.8kHz
Power 0.3mW
Sampling Frequency | 14.4MHz
OSR 250

Table 3.5: Performance matrix of 2°¢ order Discrete-time SDM
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Figure 3.33: Output spectrum of 2nd order continuous time SDM
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Technology cmos 28nm
Power Supply 1.8V
Order 2
Resolution 15
SNR 92dB
SNDR 84dB
Signal Bandwidth 28.8kHz
Power 270uW
Sampling Frequency | 14.4MHz
OSR 250

Table 3.6: Performance matrix of 2° order Continuous-time SDM

3.4.6 Input Common mode Compensation

The result of proposed input common-mode compensation circuit is shown in Fig. (3.34) .
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Figure 3.34: Effect of Input common-mode compensation circuit

The circuit model was simulated with input common mode bias is varied from 0 to Vpp . As it
can be observed from Fig. input common-mode at the virtual-ground node of the op-amp
is almost remains at a fixed value of 0.9V with respect to variations in the common-mode at the
input of the SDM . Hence , the proposed circuit model can be used to compensate for the input
common mode variation. From the above discussion , the ICMR of the SDM can be increased

to a wider range.
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Chapter 4

Bias Generation

In our Sigma-Delta modulator we require reference voltage to define input and output DC level
and reference current for biasing of operational amplifier. These reference should have little

dependency on process, voltage and temperature.

AVDD INCURR
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ouT
VCM »>—pin3
L1
AGND VSACN
VSACP
AVDD INCURR
INM
VCM »—pin3 ouT
L1
AGND VSACN
VSACP
AVDD
Pin3
PD— Pt (—INCURR

AGND

Figure 4.1: Bias generation circuit for Sigma-Delta modulator
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Our bias circuit as shown in Fig. (4.1) consist of bandgap reference for current and two opera-
tional amplifier as buffer for common mode voltage generation for reference and input common

voltage respectively. We will now study these three configuration in detail.

4.1 Bandgap Reference

The main operating principle of bandgap reference voltage is that if we add two quantities
with opposite temperature coefficients(TCs) with proper weighting then we can generate zero

temperature coefficient quantity.

4.1.1 Negative-TC voltage

The forward voltage of a p-n junction diode has negative temperature coefficient. Expression of

TC can be obtained with the help of some readily-available quantities.

We can write I. for any bipolar device as

I. = Isexp(Vgp/Vr) (4.1)
where LT

The saturation current I is proportional to ,uKTn? where p is proportional to T(%?’) and nf is

proportional to T exp Kb;g. Thus

—E
Is = bT?*? exp KI{’ (4.3)

Where b is propotionality constant. We have
Ve = Vrin(=—) (4.4)

When we calculate TC using (4.1]),(4.3) and (4.4) then we can write

8VBE _ VBE — 2.5VT — %
orT T

(4.5)

Equation (4.5)) gives TC of Vg for given T and revealing dependence on the Vpp itself. With
Vee ~ 750mVandT = 3000 K

(4.6)
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4.1.2 Positive-TC voltage

The positive TC voltage quantity can be generated using difference of Vpp of two identical

transistors(Ig; = Ig2) having different current densities.

1 1
AVip = Vep1 — Vegs = Veln =0 — Vpln —% = Ve lnn (4.7)
Is1 Iso
Thus positive TC will be
OAVpE  k
= -1 4.
orT q nn (4.8)

4.1.3 Bandgap Reference

Equations (4.6) and (4.8) represent negative and positive TC respectively. So if we add both

with weighing then we can get

Vrer =~ 1.25V (49)

AVDD AVDD

Pil||3 - PinE
Pinl
in2 Banpgap PNl L R Pin5 |
PD —fpin2 5 i IBIAS

Pind PD—Fin3 pin7
| |

AGND AGND

Figure 4.2: Bandgap and Buffer

In Fig. we can see after bandgap there will be one buffer to prevent loading and output of
buffer will be reference current. The schematic of bandgap reference is shown in Fig. , it can
be seen that output of bandgap is V BG and it is applied to positive input of buffer. Schematic
of bandgap can be divided in three part, first one is bandgap reference which is realised with
pnp transistors and second part is start up circuit which is required to start working of bandgap
and last one is rectifier from where we are taking output. The buffer is realised with two stage
operation amplifier in feedback architecture. The operational amplifier is compensated using RC
compensation. The output of buffer is VREF and a PTAT bias current.
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Figure 4.4: Schematic of buffer

The variation of reference voltage with temperature is shown in Fig. (4.5). It can be seen that
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reference voltage is almost constant around temperature and there is only 3mV variation. The
variation of Ibias with temperature is shown in Fig. (4.6) and it is constant with respect to

temperature.
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Figure 4.5: Variation of reference voltage with temperature
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Figure 4.6: Variation of output current with temperature

The variation of output for any circuit with supply is represented by power supply rejection
ratio(PSRR). The PSRR of our circuit is shown in Fig. (4.7). It can be seen from figure that
PSRR of our circuit is 80 dB. This output current is applied as biasing current for operation

amplifier used in our modulator.
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Figure 4.7: PSRR of bandgap with buffer

4.2 VDC generation for DC bias

Input signal for our modulator is AC signal so we require a DC bias across which we can apply
our main signal. The DC bias is generated using resistor ladder as shown in Fig. but if we
apply this DC level direct to our modulator then there will be loading effect and this DC level
will change abruptly so we add one buffer. Schematic of operation amplifier used in realisation
of buffer is shown in Fig. . In the figure, biasing of operational amplifier is also given. We
require two biasing voltages for NMOS and these are generated with help of current mirror and
NMOS load. The buffer works on principle of virtual ground which is achieved by very high
gain amplifier so we have used two stage operational amplifier. There are two stages so we have
used RC compensation so that phase margin is positive and our system is stable. First stage
of operational amplifier is simple five transistor circuit and second stage of operational amplifier
is class B stage. The AC response of this operational amplifier is shown in Fig. . We are
getting gain of 75 dB with unity gain bandwidth around 55M H z.
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Figure 4.8: Schematic of operational amplifier used as buffer for DC level generation

The phase margin of operational amplifier is around 74°. In the Fig. (4.10)), variation of offset
which is difference of level generated using ladder circuit and output level of operational amplifier
is shown using Monte-Carlo simulation. The mean of offset is 0.20535mV and standard deviation

of 3.20 mV. Monte-Carlo simulation is done for 100 samples. Maximum and minimum values of
offset are 6.86495 mV and -9.58651 mV respectively.
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Figure 4.9: AC response of operational amplifier used as buffer for DC level generation
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Figure 4.10: Gaussian spectrum of offset for operational amplifier used as buffer for DC level generation
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4.3 VCM generation for DC Reference

In discrete time Sigma-Delta modulator we require a reference voltage for switch capacitor circuits
so that variation of voltage swing can be minimised. This VCM is connected in main modulator
so noise of VCM generation circuit should be low as well as it should also have high swing so we
have used class-AB operational amplifier with Monticelli biasing. The schematic of operational

amplifier is shown in Fig. (4.11). The biasing of this operational amplifier is done as shown in

wdd
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Figure 4.11: Schematic of class-AB operational amplifier

Fig.. The biasing of this operational amplifier is also a big challege as there are three same
type of transistors are connected in series. In the schematic of opamp transistor M10 and M11
called as Monticelli transistors require bias level of Vs + 3V} so we are generating bias for this
transistors by two NMOS and PMOS load so this level will have 2V, + 2V}, and we can adjust

aspect ratio such that it can be equal to Vs + 3 x Vyy, value.
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Figure 4.12: Bias generation circuit for class-AB operational amplifier

The AC response of this operational amplifier is shown in Fig. (4.13]). It has DC gain of 107 dB
and unit gain bandwidth around 22 M hz with phase margin of 64°.
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Figure 4.13: AC response of class-AB operational amplifier

In the Fig. (4.14]), variation of offset which is difference of level generated using ladder circuit
and output level of operational amplifier is shown using Monte-Carlo simulation. The mean of
offset is 1.18783mV and standard deviation of 3.92mV. Monte-Carlo simulation is done for 100

samples. Maximum and minimum values of offset are 9.97mV and -9.60402 mV respectively.
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Chapter 5

Conclusion and future scope

5.1 Conclusion

In this thesis work an effcient discrete-time and continuous-time Sigma-Delta modulator de-
sign has been presented, which met the desired performance specifications suitable for audio-
applications. The differential mode discrete-time and continuous -time second-order modulator
design was implemented in 28nm for a supply voltage of 1.8V. The design was able to meet the
required specifications of SNR 97dB, Resoultion of 16-bits and power consumption of around
0.3mW for Sampling frequeny of 14.4MHZ and Bandwidth of 28.8KHz in discrete-time and SNR
of 92dB, Resoultion of 15-bits and power consumption of around 250 uW for Sampling frequeny
of 14.4MHZ and Bandwidth of 28.8KHz in continuous-time. The behavioral modeling simula-
tions gives the importance of behavioral modeling in any Analog and Mixed signal design. The
simulation of the model with added non-idealities and noise gives an intuition of circuit behavior
and suitable modifications can be be made before starting with the circuit design. Behavioral
model simulation of the SDM was performed using Verilog-AMS. From the circuit simulation of
the modulator, it was analysed that loop filter performance plays vital role in the overall perfor-
mance Sigma-Delta modulators. The integrator output has dependency on the reference voltage
and input voltage variations. This dependency leads to the harmonics in the output spectrum
which may degrade the modulator performance if the issue is not addressed. Also the OTA gain
used in the integrator is chosen to be high such that noise floor at the output is limited. The
non-linearity in the output due to input-common mode variation can be compensated by the

proposed model of input common-mode compensation technique.
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5.2 Future scope

Future scope of work is to address the non-linearities [10] in the design and to optimize it. The
non-linearities are Reference voltage variation causing distortion in the output and harmonics
introduced by the Transmission gate switches whose ON resistance varies with the input signal.
So a switch with full-swing, constant ON resistance is necessary with reduce harmonics. Also

the current design can optimized for higher resolution.i.e., by using multi-bit ADC and DAC.

Table 5.1: Comparison of proposed Sigma-Delta ADC with state-of-the-art designs

Work | Process | Frequency| ENOB Power(mW) | Order FOM(dB)

(nm) Band-
width
(MHz)

12] CMOS 5 15 9 3 177
130nm

WE] CMOS | 312 17 58.5 4 168
180nm

[4] CMOS 6 10 6 4 150
180nm

W& CMOS | 1.92 10 2.8 3 148
180nm

WG CMOS | 1.9 13 8.1 3 161
180nm

7 CMOS |5 15 2.3 3 183
180nm

This CMOS 0.03 16 0.3 2 186

work, 28nm

DT

This CMOS 0.03 15 0.27 2 188

work, 28nm

CT

SNR: Signal to noise ratio, sim: Simulated results FOM: Flgure of Merit

49



Bibliography

1]

2]

3]

4]

[5]

(6]

7]

8]

19]

A. CS, “High resolution discrete -time sigma-delta adc for audio application,” in Press, pp.
1-77, May 2017.

M. A. Sohel, K. C. K. Reddy, S. A. Sattar, and S. Jabeen, “A 15 bit 95 db low power discrete
time sigma delta modulator,” in 2012 International Conference on Computing Sciences, Sept
2012, pp. 245-248.

H. Li, Y. Wang, S. Jia, and X. Zhang, “A 16-bit 312.5-khz bandwidth fourth-order one-
bit switched-capacitor sigma-delta modulator,” in 2009 IEEE International Conference of
FElectron Devices and Solid-State Circuits (EDSSC), Dec 2009, pp. 170-173.

C. Zhu, Y. Zhang, W. Ma, H. XiaoP, H. Liu, and J. He, “An 88db 48 khz full feed-forward

)

sigma-delta modulator,” in 2009 Asia Pacific Conference on Postgraduate Research in Mi-

croelectronics Electronics (PrimeAsia), Jan 2009, pp. 329-332.

H. Deng and Z. Wang, “A chopper-stabilized amplifier for input signal amplification of
sigma-delta adc,” in 2014 International Conference on Anti-Counterfeiting, Security and
Identification (ASID), 2014, pp. 1-4.

K. Lee, M. R. Miller, and G. C. Temes, “An 8.1 mw, 82 db delta-sigma adc with 1.9 mhz
bw and —98 db thd,” IEEE Journal of Solid-State Circuits, vol. 44, no. 8, pp. 2202-2211,
Aug 2009.

T. Suguro and H. Ishikuro, “Low power dt delta-sigma modulator with ring amplifier sc-
integrator,” in 2016 IEEE International Symposium on Circuits and Systems (ISCAS), May
2016, pp. 2006-2009.

M. Kim, G. C. Ahn, P. Hanumolu, S. H. Lee, S. H. Kim, S. B. You, J. W. Kim, G. Temes, and
U. K. Moon, “A 0.9v 92db double-sampled switched-rc sd audio adc,” in 2006 Symposium
on VLSI Circuits, 2006. Digest of Technical Papers., 2006, pp. 160-161.

N. N. Prokopenko, I. V. Pakhomov, A. V. Bugakova, and N. V. Butyrlagin, “The method of
speeding of the operational amplifiers based on the folded cascode,” in 2016 IEEE East- West
Design Test Symposium (EWDTS), Oct 2016, pp. 1-4.

50



[10] B. Razavi, “The strongarm latch |a circuit for all seasons|,” IEEE Solid-State Circuits Mag-
azine, vol. 7, no. 2, pp. 12-17, Spring 2015.

[11] P. Malcovati, S. Brigati, F. Francesconi, F. Maloberti, P. Cusinato, and A. Baschirotto,
“Behavioral modeling of switched-capacitor sigma-delta modulators,” IEEE Transactions
on Circuits and Systems I: Fundamental Theory and Applications, vol. 50, no. 3, pp. 352—
364, Mar 2003.

51



	Certificate
	Abstract
	Acknowledgements
	List of Figures
	List of Tables
	List of Abbreviations
	Introduction
	Basic principle of Sigma-Delta ADC
	Literature Review
	Thesis Contribution
	Outline of Thesis

	Basic principle of Sigma-Delta modulator
	Origin of Sigma-Delta modulators
	Noise shaping characteristics
	Discrete-time SDM
	Continuous-time SDM
	Differences between Discrete-time and Continuous-time Sigma-Delta ADC

	Design of Discrete-time and Continuous-time Sigma-Delta modulator
	Architecture of Sigma-Delta modulator
	Circuit design methodology for discrete time Sigma-Delta modulator
	Discrete-time Integrator
	Operational Amplifier
	MOS Switches
	Comparator
	Non-overlapping phase generator
	Feedback-DAC
	Novel Implementation

	Circuit design methodology for continuous time Sigma-Delta modulator 
	Results and Discussion
	AMS modeling of the Sigma-Delta modulator
	Operational Amplifier
	1-bit Quantizer
	Non-overlapping Phase generator
	Sigma-Delta Modulator
	Input Common mode Compensation


	Bias Generation
	Bandgap Reference
	Negative-TC voltage
	Positive-TC voltage
	Bandgap Reference

	VDC generation for DC bias
	VCM generation for DC Reference

	Conclusion and future scope
	Conclusion
	Future scope


