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ABSTRACT

HIGH PERFORMANCE ADAPTIVE SIGMA DELTA MODULATOR
DESIGNS

Improvements in VLSI technology enabled data converters with increased speed.
When compared to conventional converters, sigma delta modulators have a higher

sampling speed for resolution; and they are less sensitive to analog circuit non-idealities.

Despite their advantages, sigma delta converters have their own challenges . As the
sampling frequency increases the second order effects such as parasitic poles in the loop
filter or delay of the quantizer affect the performance of the modulator. Another drawback
of the SD modulator is the saturation level limitation of the integrator which has a
degradation effect on resolution. To overcome these problems, architectural or circuit level

solutions should be studied.

In this thesis, saturation problem of the integrator block will be discussed. Saturation
problem of the Operational Amplifier that is used in the integrator block affects the
dynamic input signal range of Sigma-Delta modulators. This limitation results in
inaccurate outputs of the modulator. Consequently, the saturation effect should be
eliminated in such a way that the integrator block of the modulator should not enter the

saturated region. The analysis is carried out in two different levels.

First, analysis is carried out at behavioral level to see the performance of the
modulator excluding the transistor nonidealities. In this thesis, an adaptive modulator
structure is proposed. Also, the analysis with this adaptive architecture is done with
behavioral models to see the feasibility of the proposed structure before implementing it in

transistor level.



The adaptive architecture includes an additional logic circuitry. This logic circuitry is
triggered whenever the output of the integrator is getting close to the saturation levels and
connects an extra capacitance to the feedback of the integrator. By the help of this extra

capacitance, the gain of the integrator is decreased dependent on the size of this capacitor.

The proposed adaptive architecture is tested with behaviorally defined components
and the result turned out to be that the adaptive modulator has a better SNR performance

with respect to applied input signal range.

After verifying the improvement in performance with behavioral level analysis,

implementation is made with transistor level components using 0.35 um AMS technology.

All elements that compose the modulator are designed at transistor level and tested
individually. These transistor level designed elements are inserted to the modulator one by
one. Adaptive and non-adaptive architecture behavioral level analysis are repeated with

transistor level elements.

Finally, the analysis results of the analysis done at transistor level also supports that
adaptive architecture has a better SNR performance with respect to dynamic input signal
range compared to non-adaptive architecture. Thus, the proposed adaptive modulator

presents an alternative solution to the resolution degradation.
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OZET

VLSI teknolojisindeki gelismeler yiliksek hizda calisan veri doniistiiriiciilerin
gelistirilmesine imkan vermistir. Geleneksel veri doniistiiriiciileri ile karsilagtirildiginda,
sigma delta modulatorler ¢oziiniirliik i¢in yiliksek 6rnekleme hizlarina sahiptir ve analog

devre idealsizliklerine daha az duyarlidir.

Sigma delta doniistiiriiciiler avantajlarinin yani1 sira beraberinde zorluklar1 da
getirmektedir. Ornekleme frekansinim artist ile, dongii filtresindeki parazitik kutuplar veya
kuantalayicinin  gecikmesi gibi ikincil derece etkiler modiilatoriin performansin
etkilemektedir. Bir diger dezavantaj ise ¢Oziiniirliikte azalmaya sebep olan sigma delta
modulatdrlerin toplayicisindaki doyma siirlamasidir. Bu problemlerin iistesinden gelmek

icin mimari ya da devre seviyesinde ¢oziimler {izerinde ¢aligilmalidir.

Bu tezde, toplayici blogundaki doyum problemi tartisilmistir. Timlev alict blogu
icinde kullanilan iglemsel giiglendiricinin doyum problemi Sigma-Delta modiilatorlerinin
dinamik giris isaret araligimi etkilemektedir. Bu smirlama, hatali modulatér ¢ikislariyla
sonuglanmaktadir. Sonug¢ olarak, doygunluk etkisi Oyle bir yontem ile elenmelidir ki

tiimlev alic1 blogu doygun alana girmemelidir. Analizler iki farkli seviyede yapilmistir.

Ik &nce, modiilatoriin transistdr idealsizlikleri gdzardi edilip davranigsal seviyede
analizleri yapilarak performansi gozlenmistir. Bu tezde, uyarlanabilir bir modiilator yapisi
Onerilmistir. Ayrica, Onerilen yapmin dogrulanabilirligini 6nceden belirleyebilmek icin
transistor seviyesinde uygulanmadan Once bu uyarlanabilir mimarinin davranigsal

modellerle analizleri yapilmistir.

Uyarlanabilir mimari, i¢inde bir mantik devresi bulundurmaktadir. Bu mantik devresi
tiimlev alicinin ¢ikisi doygum seviyesine yaklastiginda tetiklenmekte ve fazladan bir
kapasitans1 tlimlev alicinin geri beslemesine baglamaktadir. Bu fazladan kapasitansin

yardimu ile, tiimlev alicinin kazanci kapasitansin biiyiikliigiine bagl olarak azalmaktadir.
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Onerilen uyarlanabilir mimari davramgsal tanimli bilesenlerle test edilmis ve
neticesinde uyarlanabilir modiilatoriin uygulanan giris isaret araligi go6zOniinde

bulundurularak daha iyi bir isaret-giiriiltii oranina sahip oldugu belirlenmistir.

Davranissal seviyede yapilan analizlerle performanstaki iyilesme dogrulandiktan
sonra, ikinci agama olarak uygulama transistor seviyesindeki bilesenler ile 0.35 um AMS

teknolojisi kullanilarak yapilir.

Modiilatorii olusturan tiim elementler transistor seviyesinde tasarlanmis ve ayri ayri
test edilmistir. Transistor seviyesinde tasarlanmis elementler modiilatore tek tek
eklenmistir. Davranigsal seviyede yapilmis uyarlanabilir ve uyarlanabilir olmayan mimari

analizleri transistor seviyesi elementler ile tekrarlanmustir.

Sonug olarak, transistor seviyesinde yapilan analiz sonuglari da 6nerilen uyarlanabilir
mimarinin uyarlanabilir olmayan mimariye kiyasla isaret-giiriiltii performans: agisindan
daha iyi oldugunu desteklemektedir. Bu nedenle, Onerilen uyarlanabilir modulator

¢Oziiniirliik bozulmasina alternatif bir ¢6ziim sunmaktadir.
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1. INTRODUCTION

All kinds of electronic equipment that we have already adapted to our lives mostly
process the data in digital form. Since the signals are mainly in the analog domain in real
world, conversion from analog to digital data is a must. Analog to digital converters are
implemented to serve this need. The challenge in designing these converters is to optimize

their performance.

Conventional converters are not truly compatible with VLSI technology. Since they
are not immune to noise and interference, they need precise analog components. They use
low sampling frequency. “Nyquist Rate Converters” are conventional converters which

have sampling frequency of twice the bandwidth.

The mentioned drawbacks of conventional converters directed research to look for
more accurate modulators with higher performances. Oversampling converters have the
advantage of digital signal processing, high compatibility with VLSI technologies and

robustness to mismatch of components.

Oversampling is a technique which improves the resolution obtained from the
straightforward Nyquist rate PCM conversion. Oversampling converters sample the analog
waveform significantly faster than conventional converters. The sampled data is quantized

with N-bit ADC.

First Sigma Delta modulator was proposed in 1962 [1]. It consists of a filter, a single-

bit quantizer at its forward path and a 1-bit DAC at the feedback.

A lot of research has been done about Sigma Delta modulators so far and these
studies have been collected and summarized in published books [2], [3]. Different noise
shaping techniques are discussed [4]. Orders of the modulators are examined to achieve the

optimized SNR performance [5].



One of the main issues with Sigma Delta modulators is the limited input dynamic
range which is a result of saturated integrator block. Several studies have been carried out

to overcome this problem; some of them are represented in [6], [7] and [8].

In this thesis, an adaptive structure is proposed to eliminate the effect of the

saturating problem.

In Chapter 2, a brief description and theory is given for Sigma Delta modulators. In
Chapter 3, statement of the problem is given. In Chapter 4, proposed adaptive system
architecture is analyzed in behavioral level and comparison is done with non-adaptive
structure. In Chapter 5, transistor level design of the modulator components are

implemented and tested individually.

Finally, in Chapter 6, transistor level adaptive and non-adaptive modulator

performances are compared. The results and conclusions are given briefly at the end.



2. THEORY OF SIGMA DELTA CONVERTERS

Among all types of analog to digital converters, sigma delta converters are chosen in
this thesis for implementation because of their robust structure to component non-idealities
and better SNR performance compared to other conventional converters. Also, sigma delta
converters are better suited for VLSI, which is easier to implement in digital circuits. Other

than that, it is better to have fast digital circuits than designing precise analog circuitry.

Sigma delta converters benefit from both noise shaping and oversampling at the
same time. Thus, desired speeds and resolution could be achieved using these modulators.
Relatively low frequency signals are oversampled with sigma delta converters which result

in better performances rather than conventional converters like “Nyquist Rate Converters”.

In Figure 2.1, there is a representation of the process of conventional converters [9].

Analog Digital

a .

Sianal | anti-Aliasing || Sampleand Hold || Multi-lever |93

% (1) Filter Circuit Quantizer ®(n)
Band-limiting

e.g.: Successive Approximation
Flash Conversion
Dual Slope Method

¥ (t)

Figure 2.1. Block diagram for conventional converters [9]



In Figure 2.2, the block diagram of sigma delta modulator is shown [9].
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Figure 2.2. Block diagram of sigma delta modulator [9]

The quantization noise is represented with N(s) in Figure 2.2. Sigma delta
modulators are suitable for digital audio and communication applications because of their
noise shaping property. Sigma delta modulators use simple comparators for quantization.
The quantizer encodes the integral of the signal so its sensitivity is dependent on the

change rate of the signal.
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Figure 2.3. S-domain analysis of sigma delta modulator [9]

Simplified s-domain analysis of sigma delta modulator is shown in Figure 2.3 [9].
The difference between the input and sampled signal is integrated. The loop low pass
filters the signal and high pass filters the noise. Input signal is unchanged unless its

frequency content does not exceed cut-off frequency. On the other hand, noise is pushed

into higher frequencies.

Since the signal is oversampled by sigma delta modulators, quantization noise is

spread over a wide bandwidth. This leads to a sharp decrease of the noise density in the

bandwidth of interest.
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Figure 2.4. Ideal integrator DC analysis

In Figure 2.4, an ideal integrator is simulated. Differential input voltages and
integrator output of the modulator is represented in the figure. Since the common-mode
voltage is defined as 1.65 V DC for the integrator the differential inputs 1.75 V and 1.55 V
DC are applied to test the integrator functionality. Integrator adds up the input DC voltage
to the output every clock cycle.
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Figure 2.5. Ideal 1-bit modulator AC analysis

In Figure 2.5, AC input is applied to ideal single bit modulator and its integrator

output and modulator output is represented.



Whenever input signal has a greater voltage value than the common-mode voltage,
mostly ‘ones’ appear at the output. When the input has a lower value than the common-
mode voltage, ’zeros’ appear more frequently. This behavior indicates that output is

tracking down the input signal.

2.1. Quantization Noise

When analog to digital conversion takes place, analog input signal is mapped to

predefined digital levels. Thus, quantization noise is dependent on the resolution of the

converter. In Figure 2.6 quantization step A is shown [10].

1a

FSR

~»

Figure 2.6. Uniform quantization [10]

Quantization step depends on the resolution of the modulator which is formulated in

equation 2.1.

FSR
A= NI

@.1)

In equation 2.1, FSR represents full scale range of the signal and N represents the
number of bits of the modulator. The smaller the quantization step is, the smaller the
quantization error will be that is introduced to the modulator. This dependency is shown in

equation 2.2.



e =

A
rms E (22)

For SNR calculation, input sine wave is also formulated depending on the
quantization step size and number of bits of the modulator. Finally, SNR can be given as in

equation 2.3.

(SNR),; = 6.02N +1.76 2.3)

During these calculations, oversampling effect of sigma delta converters was not
taken into account. Equation 2.3 is derived for conventional converters like Nyquist rate

converters.

In this thesis, the focus will be on SD converters which include the oversampling
effect on SNR performance. Thus, the derived quantization noise equation 2.3 will be

recalculated with oversampling parameter OSR included.

2.2. Oversampling

Oversampling converters introduce the parameter OSR which defines the ratio of the

sampling with respect to Nyquist frequency. The OSR is referenced in equation 2.4.

£ f
OSR= i _ anping (2.4)
2f f

baseband Nyquist

When oversampling is taken into account, noise power density is decreasing as a
result of the widening spectrum. In Nyquist converters, quantization error was only
dependent on the number of bits used, but in oversampling converters the error is also

dependent on the OSR. The error could be derived using equation 2.5.

A2
120SR

2
€'ms =

(2.5)



It is obvious that when oversampling is applied to the modulator, quantization noise
decreases in parallel with the widening spectrum. This decrease in quantization noise will
have a positive effect on the SNR performance of the modulator. Since then, SNR

calculation will include OSR parameter as referenced in equation 2.6.

(SNR); = 6.02N +1.76 +3.01(OSR) (2.6)

Since SNR has a major effect on modulator’s performance oversampling is the major

specification for sigma delta converters.

2.3. Noise Shaping

Noise shaping filters the noise at high frequencies and this operation helps to shape

the noise out of the baseband.

In equation 2.7, transfer function of the modulator is derived.

Y(2) = S+.X(2) + Ny .[E(2) 2.7)

E(z) represents the quantization error. STF and NTF represent the signal and noise
transfer functions, respectively. Since the aim is to pass all the input signal and eliminate
the quantization error from the baseband, the transfer function of the filter H(z) should be

an all-pass filter for the input signal and a high-pass filter to the quantization noise.

To have a high SNR performance, STF should approach ‘one’ while NTF approaches
‘zero’. The desired effect could be realized using an integrator which has the transfer

function H(z) in equation 2.8.

2.8)
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Regarding equation 2.8 for z=1 H(z) goes to infinity. Since the transfer function of
the loop filter which will act as an integrator is H(z) the signal and noise transfer functions

became as in the equations 2.9 and 2.10, respectively.

Se=2" (2.9)

N =1-2" (2.10)

If we update the equation 2.7 with these calculations, the formula will become as in

equation 2.11.

Y(2)= X(2)z" +E(2)(1-27") 2.11)

As expected, the modulator will behave as a low-pass filter to the input signal and as

a high-pass filter to the quantization noise.

Modulators could also be categorized according to their orders. As the order of the
modulator increases, noise shaping property gets higher. In Figure 2.7, different orders of

modulator noise shaping property is shown [10].

3rd Order
2nd Qrder
J 1st Order
A ]
1 J

Figure 2.7. Noise shaping spectrum for different order of modulators [10]
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3. PROBLEM STATEMENT

In this chapter, problem statement will be indicated and its drawbacks will be

explained. The effect of the stated problem will be built up with simulation results.

While designing sigma delta modulators, the critical part is the integrator block,
because it is the analog part of the circuit and introduces the saturation effect to the
modulator. The integrator is implemented as a switched capacitor circuit which
accumulates the input signal to the output in every clock cycle. In Figure 3.1, there is an

example of a simple integrator circuitry.

Figure 3.1. Simple integrator circuit

As a first step of behavioral design, opamp is configured ideally. While defining

opamp, its small signal equivalent is used as a model. It is represented in Figure 3.2.

out

Figure 3.2. Small signal equivalent of OPAMP [25]

As a verification test, DC signal is applied to the input and confirmed that opamp

sums up the input signal to the output every clock cycle. The simulation results are
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represented in Chapter 3 in Figure 3.2. The SPICE netlist for the ideally designed opamp is
in Appendix A.1.

When a DC signal is applied through the input of the integrator, it will sum up the
input voltage of every cycle to the output. SPICE analysis is carried out to analyze the
behavior of the ideal integrator. In Figure 3.2, the input and output of the integrator is

shown.

40 ] T 0 T —

_________

_________

350 1 “{out) J—

_________

I R R e e

_______

_________

“otages [¥]

250 1

,,,,,,,,,

200 4

_________

T T T T T T T T
0.000000 2,000000u 4,000000u  Time [sec] 6000000y 8,000000u 10000000y 120000000

Figure 3.2. Ideal integrator behavior when input is DC

To simulate a non-ideal saturated integrator, an additional clipping circuit is included

in the behavioral design of the opamp.

— Ay —

widaal ot} Welippad

o {::} el 22 {::] Wnef2

Figure 3.3. Additional Clipped circuit

The additional circuit is added at the end of the integrator to simulate the saturation
effect. As shown in Figure 3.3, that output is limited with diodes according to the given

reference voltages.



13

In Figure 3.4, the same DC input in Figure 3.2 is applied through the integrator and

the output is represented.
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Figure 3.4. Saturated integrator behavior when input is DC

When we enable the ideal DACs at the feedback path and apply AC input signal
through the modulator, the output of the integrator block for ideal and non-ideal

modulators will be like in Figure 3.5 and Figure 3.6, respectively.
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Figure 3.5. Ideal integrator output with feedback and AC input
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Figure 3.6. Saturated integrator output with feedback and AC input
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Since for the non-ideal case the integrator output is going into saturation, the digital
levels at the output will be inaccurate. Thus, the conversion output will be manipulated.
Also, for the non-ideal case, the output data will not follow the analog input signal
properly which depends on the severity of the saturation. This will have a degradation

effect on the SNR performance over the dynamic input range of the modulator.

In the literature, several different solutions are proposed to overcome the saturation

effect of the integrator in SD modulators.

One of them is based on usage of feed-forward signals and an extra quantizer which
will lead up to 85% reduction of integrator swing [11]. This architecture also has a

degradation effect for the harmonic distortion based on the opamp non-linearity.

Another approach to overcome the clipping of the integrator output is based on an
adaptive adjustment for the feedback coefficient at the input node via an overload detector
and the design effectively bounds the integrator outputs and extends the unclipping input
level to full scale. [12] This leads into a significant increase in the maximum allowable
input range. Moreover, the unclipped dynamic range is extended and makes the

quantization noise less dependent on the input signals.

An alternative research is made for clipping integrator output which is based on
using a mixed mode integrator circuit. In this method, an overload estimator (OLE)
monitors both the input and output of the integrator in order to decide whether the
integrator output will be saturated or not. [13] If the integrator output is expected to exceed
the reference voltage and go into saturation region, a feedback signal double the size of the
reference voltage is safely subtracted from the integrator input in order to make sure that
integrator output stays in the unsaturated region. This approach needs adjustments in the
feedback coefficients and introduces a mismatch between analog and digital paths which
could diminish the advantage of mixed-mode integrators. On the other hand, with this

solution it is possible to have a better dynamic range up to 12 dB.

All the approaches are based on detecting the bounds and scaling the factors for

coefficients to avoid the clipping effect of the integrator. The limiting issue with these
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approaches is that the solutions are proposed within initial conditions or a restricted input
ranges. The criteria of stability and wide spectrum should be applicable for the provided

solution.

The proposal made in this thesis is to construct a detection mechanism at the output
of the integrator that will sense if the integrator output is getting close to the saturation
region or not. Then, if saturation region is close, the additional circuitry will help adjust the

integrator gain accordingly.

Serving this purpose, the gain of the integrator output should be adjusted. The
integrator gain is tunable by its capacitances. The gain revision will be triggered with an
additional logic circuitry at the output of the integrator which will sense it when the
integrator will go into saturation in advance and then it will enable the extra capacitance to
be introduced to the circuit. This extra capacitance will reduce the gain, so will be the step
size of the integrator output accumulation. At the output, the data should be processed and
filtered in such an appropriate way that the digital output bit stream will be reasonable. The

quantizer and DAC will be designed with a non-uniform structure to serve the need.
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4. ADAPTIVE AND NON-ADAPTIVE SYSTEM
ARCHITECTURES

In this Chapter, adaptive and non-adaptive system analyses are done in behavioral
level. Serving this aim, behavioral elements of the basic single-bit SD modulator is
designed and tested one by one. Saturation effect is discussed for single and multi-bit
modulators. Then, multi-bit modulator simulations are done to measure the SNR and

resolution performance.
4.1. Non-Adaptive System Analysis
First, non-adaptive sigma delta modulators are analyzed to understand the need of the

adaptive architecture. In Figure 4.1, a non-adaptive differential sigma delta modulator

structure is represented [10].
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Figure 4.1. Differential sigma delta modulator block diagram
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In SD modulators, the critical part is the integrator block which is realized as a
switched-capacitor integrator in this thesis. The opamp used inside the switched capacitor

structure has limitations for its output due to saturation levels of the opamp.

Other blocks which compose a 1st order SD modulator consist of a quantizer and
digital-to-analog converters. The number of levels of the quantizer defines the resolution
specification of the modulator. Digital-to-analog converter blocks are also adjusted
according to the level of quantization. The digital output of the quantizer is bonded to the
digital-to-analog converters. The DACs map this digital input to a proper voltage level at
the output and feed it back to the input of the modulator. By this way, the DACs at the

feedback path corrects the input according to the output to have a better performance.

The SPICE netlist of the sigma delta modulator in Figure 4.1 including non-ideal
opamp is listed in Appendix A.3.

The input signal frequency is chosen 8 kHz while oversampling frequency is 2 Mhz.

Eventually, OSR for the designed modulator is 125.

L2 500ns >
P+
L
- =< -
20ns 20ns tume
L]
P2 :
. : ~
ra
— 230ns "& time

Figure 4.2. Non-overlaping clock signals

In Figure 4.2, the sampling frequency of the clock signals are shown. They are

applied as non-overlapping signals to avoid inaccurate oversampling.
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To understand the non-adaptive architecture, transient analyses are carried out in the
behavioral level. As a first step, all SD modulator blocks are designed behaviorally and

tested one by one.

In Figure 4.3, the transient analysis outputs for ideal 1-bit behaviorally modeled

modulator is represented.
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Figure 4.3. Ideal behavioral 1-bit modulator transient analyses

Integrator output follows the input in Figure 4.3. Whenever the input is close to the
common-mode voltage 1.65 V DC, the frequency of the toggling at the output increases.
When the input is above common-mode voltage, ‘ones’ are seen at the output mostly and

when below ‘zeros’ are seen mostly. The SPICE netlist for this simulation is in Appendix

A3.

When the modulator is simulated with ideal sinusoids at the input, the SNR curve

gets unexpected spikes as in Figure 4.4.
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Figure 4.4. PSD plot of modulator without dither

To overcome the unwanted jumps in FFT analysis, several sinusoids with small
magnitudes at different frequencies are added up to the input signal. The result is shown in

Figure 4.5.
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Figure 4.5. PSD plot of modulator with dither

Single-bit modulators are the most robust architectures against the saturation effect.
Since there are two digital levels which consist of ‘zeros’ and ‘ones’, the signal which is
above the common-mode voltage will be denoted as ‘one’; and which is lower than the
common-voltage will be denoted as ‘zero’. So, even if the saturation levels are limiting the

signal going through the quantizer the upper and lower bounds of the digital data will not
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change, it will be ‘zero’ or ‘one’. Below is a presentation of the logic and saturation levels

for a single-bit modulator in Figure 4.6 [10].

- \ ~=--» Upper saturation level
1.65V \
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Figure 4.6. Saturation effect on single-bit modulator [10]

In Figure 4.7, 2-bit modulator quantization levels and saturation levels are

represented [10].
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Figure 4.7. Saturation effect on 2-bit modulator [10]

As can be seen in Figure 4.7, when the saturation effect is introduced, the digital
output could not go to the levels ‘11’ and ‘00°. This limitation will lead to a loss in digital

data accuracy and end up in a degradation of the SNR performance of the modulator.

Transient analyses are done as an ideal 2-bit behavioral modeled SD modulator. In

Figure 4.8, results are shown.
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Figure 4.8. Ideal 2-bit behavioral modulator transient analyses

For the given input in Figure 4.8, digital output oscillates between 0~3, so all four
states are monitored at the output. The same input is applied to 2-bit saturated non-adaptive

architecture as the transient analysis is represented in Figure 4.9.
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Figure 4.9. Non-Adaptive Saturated 2-bit behavioral modulator transient analysis

In the ideal case, the digital output oscillates between 0~3, but when saturation is

introduced, the oscillation is only present between O~1. It is quite clear from the ideal and

saturated modulator simulation results that clipping affects the accuracy of the modulator

output. This leads to corrupted digital data at the output, so the resolution decreases.

The SNR performances of the ideal and saturated architectures are measured for the

same given input. The PSD plots of these simulations are represented in Figure 4.10 and

4.11.
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Figure 4.11. Saturated 2-bit modulator PSD plot

As could be depicted from Figure 4.10 and 4.11, the saturation has a serious effect on

SNR performance in the baseband, because as the saturation limits the output, the signal

converges to square wave signal which has a bad SNR figure in the baseband.

The behavioral design is extended to 4-bit modulation. First transient analyses are

carried out for ideal and saturated cases. Results are shown in Figure 4.12.
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Figure 4.12. Ideal 4-bit modulator transient analysis
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When saturation is introduced to the modulator, the digital output is manipulated as

represented in Figure 4.13.
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Figure 4.13. Saturated 4-bit modulator transient analysis

In the ideal case, the output changes between 0~15 whereas it changes between 0~6

for the saturated case. This degradation leads to inaccuracy at the digital output data and to

a decrease in the resolution of the modulator.

SNR analyses are performed for ideal and saturated 4-bit behaviorally modeled

modulators with the same given input; and results are represented in Figure 4.14 and 4.15.
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Figure 4.15. Saturated 4-bit modulator PSD plot

Saturated 4-bit behaviorally modeled modulator has a dramatic decrease in the SNR
performance analysis. A lot of high spikes in the baseband are observed which result in a

poor SNR performance.
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Figure 4.16. Behavioral 4-bit modulator SNR performance comparison

In Figure 4.16, behavioral element modulator analysis of the SNR performance with
respect to input dynamic range is studied. For the ideal case, SNR value is increasing in

parallel to the applied input signal amplitude. But for saturated case after a level of input
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signal amplitude SNR performance decreases dramatically which is the side effect of the

clipping.

The aim of the adaptive design is to eliminate the drawbacks of the saturated

structure and improve the resolution, so is the SNR performance of the modulator.

4.2. Adaptive System Analysis

In Figure 4.17, the proposed architecture as a solution to the saturation effect is

represented [10].
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Figure 4.17. Adaptive System Block Diagram

In the proposed adaptive structure, an additional logic circuitry is inserted into the
modulator. The gain of the integrator is adjusted by an extra capacitance which this
additional logic circuitry activates whenever integrator output gets close to the saturation
level. A safe margin is defined by the reference voltage levels of the Schmitt triggers inside
the logic circuitry. Inside this safe margin, the extra capacitance Cx is disconnected from
the feedback of the integrator. Outside the safe margin, an extra capacitance is added to the
feedback path of the integrator and result in a decrease at the gain of the integrator which

could be calculated with equation 4.1 below.
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In Figure 4.7, integrator output for an open loop analysis of adaptive modulator is

represented.

The logic circuit that triggers the extra capacitance consists of Schmitt triggers and
logic gates. When the integrator works in the unsaturated region, logic circuit will
disconnect the extra capacitance by opening the switches I and II decreasing the gain of the
integrator; and when the edge of the saturation of these switches close, switches III and IV

will be opened. The logic control circuit is represented in Figure 4.18.
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Figure 4.18. Logic control circuit [10]

While designing the logic control circuit, reference levels of the Schmitt Triggers
should be defined according to the saturation levels. The leveling of the Schmitt triggers
are shown in Figure 4.19. When the edge of the saturation is sensed by the logic control

circuits, necessary signals are sent to the control switches.
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Figure 4.19. Schmitt Trigger levels
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Figure 4.20. Adaptive modulator integrator output without feedback

From Figure 4.20, it can be derived that when the control signal is on, the gain of the
integrator is smaller. And when the control signal is off, the integrator sums up with bigger

steps.

For the proposed adaptive structure, as a first step, the integrator output is
manipulated with the additional logic circuitry according to the saturation levels of the
integrator. To make this change meaningful, quantizer levels of the ADC should be

adjusted accordingly.



In Figure 4.21 and Figure 4.22, there are the representations for the outputs

uniform and non-uniform ADC which are applied to the adaptive structure.
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Figure 4.21. Uniform ADC output with adaptive structure
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The same inputs are applied for Figure 4.21 and 4.22. From the non-uniform
distribution, it can be easily seen that ADC output has a range between 0~15 while we
have the range of 2~13 when we applied the same input to the uniform ADC. It is obvious
that non-uniform quantization allows us to have a wider digital range which results in

higher resolution.

Transient analyses are done to see the difference in the performance of the adaptive

and non-adaptive modulators.
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Figure 4.23. Non-adaptive behavioral modulator transient analysis

The digital output of the non-adaptive modulator is presented in Figure 4.23. The
output oscillates between 5~8 for the given input. If we increase the applied input
magnitude even more, the output digital data will be converging to square like waveform.

Thus, the modulator will have degradation in its SNR performance.
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Figure 4.24. Adaptive behavioral modulator transient analysis

In Figure 4.24, the same input signal is applied but for the adaptive structure the
output oscillates between 4~8. Thus, adaptive architecture has a better resolution. Also the
adaptive model has a more ‘sinusoidal like’ output which will lead to better SNR

performance.

In Figure 4.25, the SNR characteristics for ideal, saturated and adaptive structures
with respect to input signal range are represented. All analyses are performed with

behavioral models.
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Figure 4.25. SNR performances of behavioral models

The ideal curve represents the ideally modeled modulator. The SNR analysis results
with respect to applied input range. Since all components are ideally modeled, the SNR

performance is linear and not limited.

The saturated 2 pF and 6 pF curves represent the clipped modeled modulator
performances which are simulated with 2 pF and 6 pF capacitances at the integrator
feedback path. As it can be predicted, the analysis curve which is done with 6 pF at the
feedback path has a lower SNR performance.

The adaptive curve represents the proposed adaptive structure performance with
respect to the applied input signal range. As it can be verified from the graph, this curve
follows the curve of a saturated modulator curve with 2 pF; and when saturation is

available, it gets close to the saturation modulator analysis done with 6 pF capacitance.

For adaptive modulator, when the integrator output gets close to the saturation level,
it functions with the integrator which has a three times smaller gain. By this way, as it can
be seen from the comparison graph, it is possible to better the dynamic range with respect

to SNR by the usage of the proposed architecture.
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5. TRANSISTOR LEVEL DESIGN

In this chapter, all blocks which have been modeled at behavioral level for the initial
analysis are designed in the transistor level. The goal is to replace all behavioral blocks
with the elements in the transistor level and re-analyze the modulator to have a more

realistic idea of the performance for the proposed adaptive structure.

5.1. Opamp Design
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Figure 5.1. Differential Folded Cascode Opamp Schematic

Folded cascade topology is selected among various types of opamp structures
regarding its simplicity and stability. AMS 0.35um technology is used for the transistor

level implementation. Transistor level opamp is designed in differential form.

In Figure 5.1, the transistors M10 and M11 represent the differential input pair. M9 is
the transistor which supplies the bias voltage and rails the differential input. M5, M7, M16,
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and M18 are the cascade pairs for positive and negative counterparts. M1, M2, M3, M4,
M12, M13, M14 and M15 are the current mirrors. And finally, M6, M8, M17 and M19 are
the transistors which supply the bias voltage through the cascode pairs.

The specifications of this opamp with a load capacitance 4 pF are as follows: Gain =
75.5 dB, BW = 200 MHz, cut-off frequency = 53 kHz, SR = 181.3 V/us. The opamp has a
1.65 V offset voltage. The saturation levels for the designed opamp are 0.7 V and 2.6 V.

5.2. Switch Design

While designing switch at the transistor level, transmission gate structure is chosen
with respect to its ability to eliminate the undesirable threshold voltage effects, which is
the case for logic. For pass-transistor logic, NMOS transistor passes a strong ‘zero’ but a
weak ‘one’ ,and for PMOS it is vice versa. By using the transistor-gate logic, we avoid

weak ‘zero’ and ‘ones’.

_f_
-1
A
Figure 5.2. Transmission-gate switch
In Figure 5.3, the performance of the switch with clock frequency 2 Mhz is

represented. When the switch is on, the output catches up the input; and when the switch is

off, it does not function.



5.3.1. Single-bit Quantizer Design
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5.3. Uniform and Non-Uniform Quantizer Design
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Initially, a single-bit quantizer is designed. The basic comparator design is shown

below in Figure 5.4.
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Figure 5.4. Single-bit quantizer schematic
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Comparator needs 0.75 V DC biasing voltage. The comparator is designed
differentially and clocked with the sampling frequency. When the clock is high, the circuit
compares the input with the applied reference voltage and generates the outputs 0 V or 3.3

V DC voltages accordingly. When the clock is low, the comparator does not function.
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Figure 5.5. Single-bit quantizer analysis

In Figure 5.5, transient analysis result graph for single-bit comparator is represented.
A ramp input is applied with frequency of 8 kHz. The clock frequency is set to 2 MHz
which is the sampling frequency for the modulator. Reference voltage is 1.65 V DC. The
comparator gives ‘1’ for the values above the reference voltage and gives ‘0’ for the values

below. With this analysis, comparator functionality is verified.
5.3.2. 4-bit Quantizer Design
At this step, 4-bit quantizer is designed using single-bit comparators. Mainly, the

reference voltages for 4-bit quantizer are adjusted with voltage division and these reference

voltages are fed to single bit comparators.
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Figure 5.6. 2-bit Quantizer Schematic

In Figure 5.6, a block diagram of 2-bit quantizer structure is illustrated. The input
signal is compared to reference voltages which are adjusted with resistors and gives the

digital data to the output.

For 4-bit quantizer design, the same topology structure is used and transient analysis

for this design is represented in Figure 5.7.
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Figure 5.7. Uniform 4-bit Quantizer Analysis

As can be detected from Figure 5.7, the output of the three comparators which have
the lowest three reference levels do not giving give the expected results which only take
the values 0 and 3.3. This is because the reference voltages for these three are lower than
the NMOS transistor threshold voltage. Since the designed opamp low saturation level

does not allow these voltage levels, this inaccuracy will have no effect on our analysis.
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Figure 5.8. Non-uniform Uniform 4-bit Quantizer Analysis

In Figure 5.8, non-uniform 4-bit quantizer transient analysis curves are illustrated. A
ramp waveform is applied to the input. The reference voltages for the non-uniform
structure are adjusted to the integrator output levels. When the integrator output gets close
to the saturation levels, the difference between the reference voltages becomes smaller.
The only physical difference between uniform and non-uniform structure is the used

reference resistors for voltage division.
5.4. Uniform and Non-Uniform DAC Design

The last step is the DAC design which is located on the feedback path of the

modulator.

The quantizer outputs will be the inputs for the DAC. In DAC design, the outputs of
the quantizer are fed to the transistor gate voltages which generate an amount of current

depending on the formula in 5.1.

nCOX W
ID = = T(VGS _Vth)2(1+/1VDs) (5.1)

2

The idea is to tune the transistors’ W and L’s to get the appropriate amount of current
and convert it to the voltages which will be the DAC reference voltage levels. In Figure

5.9, the schematic of the proposed DAC design is represented.
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Figure 5.9. DAC design schematic

Uniform 4-bit DAC structure is designed with 15 transistors in parallel which
composes the DAC reference output voltages. For the uniform structure, the current flow is

uniformly distributed.
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Figure 5.10. Uniform 4-bit DAC Analysis

For composing non-uniform DAC, width and lengths of the transistors are adjusted
to match the non-uniform reference voltages. In Figure 5.11, non-uniform 4-bit DAC

transient analysis is illustrated.
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Figure 5.11. Non- Uniform 4-bit DAC Analysis

5.4.1. Uniform and Non-Uniform ADC/DAC Comparison

After concluding with the designs of the transistor level ADC and DAC, comparison

analyses are performed.
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Figure 5.12. Uniform ADC-DAC Analyses

Reference to Figure 5.12, a ramp input is applied to the input of the uniform 4-bit
ADC and its output is fed to uniform 4-bit DAC and output follow the input as it is
expected to be. The levels below 600 mV are not properly mapped to a reference voltage,

the cause for that is already described in Chapter 5.3.2.
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Figure 5.13. Non- Uniform ADC-DAC Analyses

In Figure 5.13, the non-uniform ADC and DAC transient analysis output is
represented. Since the levels of ADC and DAC are non-uniformly distributed, the
reference voltage levels change more frequently when integrator output approaches

saturation level 0.7 V and 2.6 V DC.
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6. TRANSISTOR LEVEL PERFORMANCE ANALYSES

The analysis using ideal behavioral models are performed for initial analysis. Then,
transistor level models are designed and tested individually. For non-adaptive structure
analysis, uniform quantizer and DAC are used. And for adaptive architecture analysis, non-

uniform quantizer and DAC are used including the additional logic circuitry.

First, the functionality of the overall modulator is tested with transistor level
elements and is verified with transient analysis. In Figure 6.1 and 6.2, there are illustrations
of the transient analysis integrator and digital output of a non-uniform modulator which is

designed in transistor level.
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Figure 6.1. Non-uniform 4-bit modulator integrator output
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Figure 6.2. Non-uniform 4-bit modulator integrator output
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In Figure 6.3, the graph on the left represents the SNR performance for a given input
which belongs to the behaviorally modeled modulator whereas the graph on the right

illustrates the SNR performance of the modulator designed in the transistor level.
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Figure 6.3. SNR comparison for behavioral and transistor level

FFT analyses of the modulator are performed for both behavioral and transistor
levels. As can be followed from Figure 6.3, the input signal PSD value is more or less the
same, but the noise floor is around 18 dB higher for transistor level simulation. This
degradation is expected since modeling transistors and other equipment at transistor level

will introduce the noise effect to the modulator.
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With this SNR analysis, it has been shown that adaptive system architecture allows a
wider input dynamic range so it has a better SNR performance than non-adaptive structure.

Thus, the resolution of the adaptive structure is higher.
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7. CONCLUSION AND FUTURE WORK

7.1. Conclusion

When proposed adaptive modulator design is applied, the gain of the integrator
decreases. Through the edge of saturation levels, the clipping effect is avoided. This
design has a healing effect on the SNR performance with respect to the dynamic input

range.

Since the sampling frequency is chosen, 2 MHz and baseband frequency 8 kHz, the
applied OSR is 125. The BW of the designed opamp is around 100 kHz.

It is observed that after locating the transistor level components, there is a
remarkable decrease in the SNR performance of the modulator, which is around 15~18 dB.

This degradation is due to the included transistor logic.

Conclusively, the proposed variable gain structure senses the saturation on the edge
of saturation and decreases the gain of the integrator by the help of an additional digital
circuitry, which will result in the non-stopping conversion with the real time integrator
gain adjustment. Also, the proposed architecture optimizes the non-clipping input to the

full-scale range.

7.2. Future Work

In this research, we focused on the performance of first order SD modulators. This
should be spread to higher order modulators and their performances should be evaluated

and compared accordingly.

In this study, all components are modeled in both behavioral and transistor levels.
Although we have good results for the proposed adaptive structure, the modulators should
be simulated in the layout level to see the real life effect of the adaptive structure, and

examine if it is feasible to implement it.



APPENDIX A: SPICE NETLISTS

A.l. Behavioral level ideal opamp subcircuit definition

.subckt idealopamp inp inn outpl outnl cm
eopml outp cm inp inn 5k

eopm2 cm outn inp inn 5k

rinl inp cm 100meg

rin2 inn cm 100meg

routl outp outpl 10

rout2 outn outnl 10

.ends

A.2. Behavioral level saturated opamp subcircuit definition

.subckt idealopamp inp inn outn3 outp3 cm
eopml outp cm inp inn 10k

eopm2 cm outn inp inn 10k

rinl inp cm 100meg

rin2 inn cm 100meg

routl outp outpl 10

rout2 outn outnl 10

k% Clipping Partt# s sstksks
d1 outpl m1 dmod

vlml 01.45

d2 outnl nl1 dmod

v2nl 01.45

rl outpl outp2 3

r2 outnl outn2 3

r3 outp2 outp3 3

46



r4 outn2 outn3 3
d3 m2 outp2 dmod
v3im2 0 1.85

d4 n2 outn2 dmod
v4n201.85
.model dmod d

sk sk sfe sk sk skeoske stk sk sk skeske sk sk

.ends

A.3. Spice code for behaviorally modeled non-ideal modulator

.option post

*EXAC inputs***
vinl inl 0 sin(1.65 600m 8k)
vin2 in2 0 sin(1.65 -600m 8k)

*#*[deal switches™**
xswtl inl 2 clk1 idswt
xswt2 in2 4 clk1 idswt
xswt3 3 cm clkl1 idswt
xswt4 5 cm clk1 idswt
xswt5 3 intp clk2 idswt
xswt6 5 intn clk2 idswt
xswt7 dacl 2 clk2 idswt
xswt8 dac2 4 clk2 idswt

***]deal opamp & comparator subcircuit calling®**
xopamp intp intn intop inton cm idealopamp

xcomp intop inton outp outn idealcomparator

xdacl outpx dacl bitlogic

xdac2 outnx dac2 bitlogic
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***delay elements™**
xdelayp outp outpx delayel

xdelayn outn outnx delayel

*EXcapacitors™**
cl231p
c2451p
cfl intp intop 2p

cf2 intn inton 2p

*#*clock voltages™**
Vclkl1 clkl 0 pulse(3.3 0 On In 1n 270n 500n)
Vclk2 clk2 0 pulse(0 3.3 20n 1n 1n 230n 500n)

*#*common-mode voltage™**

Vemem 0 1.65

***************Subcircuits*********************

***Delay element™***

.subckt delayel in out

Edel out 0 DELAY in 0 TD=0.25us SCALE=1 NPDELAY=25
Rout out 0 100meg

.ends

*** Ideal 1-bit comparator ***

.subckt idealcomparator inl in2 outl out2
el ¢l 0inl in2 max=3.3 min=0 999k

rl ¢l outl 100

e2 c2 0 in2 inl max=3.3 min=0 999k

r2 c2 out2 100

.ends
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***Differential non-ideal opamp***
.subckt idealopamp inp inn outn3 outp3 cm
eopml outp cm inp inn 10k

eopm2 cm outn inp inn 10k

rinl inp cm 100meg

rin2 inn cm 100meg

routl outp outpl 10

rout2 outn outnl 10

##5Clipping circuitry***##sks
d1 outpl m1 dmod
vlml 0 1.45

d2 outnl nl dmod
v2nl 0 1.45

rl outpl outp2 3
r2 outnl outn2 3
r3 outp2 outp3 3
r4 outn2 outn3 3
d3 m2 outp2 dmod
v3im2 0 1.85

d4 n2 outn2 dmod
v4n2 0 1.85
.model dmod d

sk s sfe sk sk sk sk skeoske sk sk skoske sk sk

.ends

***Ideal SWitCh***************

.subckt idswt vin vout phi

g1 vin vout VCR pwl(1) phi 0 0,100g 3.3,1m

.ends

***[deal 1bit DAC***
.subckt bitlogic in out
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Gswitchl biasl out VCR PWL(1) in 0 1.649,1000meg 1.65,1m

Gswitch2 out bias2 VCR PWL(1) in 0 1.649,1m 1.65,1000m

Vbiasl bias1 0 2.15

Vbias2 bias2 0 1.15

.ends

st ok ek sk sk ko ok ok ok stk sk ko ok ok ok kb e ok ok ks ko o ok ok sk sk ok ok ok ok ok ok ok ok
.tran 0.1u 125u

.end

50



51

REFERENCES

. Inose, H, Y. Yasuda, and J. Murakami, “A telemetering system by code
modulation---A-Y’ modulation, ” IRE Trans. Space Electron. Telemetry, vol. SET-8,
pp- 204-209, Sept. 1962.

. Norsworthy, S. R., R. Schereier and G. C. Temes, (Editors):”Delta-Sigma Data
Converters: Theory, Design and Simulation”, IEEE Press, 1996.

. Medeiro, F., A. Perez-Verdu and A. Rodriguez-Vazquez, “Top-Down Design of

High-Performance Sigma-Delta Modulators”, Kluwer Academic Publishers, 1999.

. Zhang, Y., Y. Jiang, “Noise Shaping Sigma Delta Modulation Techniques and
Models Simulation”, IEEE Solid State and Integrated Circuit Technology, pp. 23-
26,0ct. 2006.

. Tsang, K. S. H., T. S. Ng, “ Straightforward transient and noise analysis for ZA
PLL-based synthesizers of multiple feedback and feed forward structures”,
Microwave Symposium Digest IEEE MTT-S International, vol. SET-1, pp. 8-13,
June 2003.

. Farell, R. and O. Freely, “Bounding the Integrator Outputs of Second-Order Sigma-
Delta Modulators” IEEE Transactions on Circuits and Systems, Vol. 45, pp. 691-
702, 1998.

. Motamed, M., “The Double Loop Sigma Delta Modulator with Unstable Filter
Dynamic: Stability Analysis and Ton Behavior”, IEEE Transactions on Circuits
and Systems, Vol. 43, pp. 549-559, 1996.

. Wang, H., “A Geometric view of Sigma Delta Modulations”, , IEEE Transactions
on Circuits and Systems, Vol. 39, pp. 402-405, 1992.



10.

11.

12.

13.

14.

15.

16.

17.

52

Park, S., “Priciples of Sigma-Delta Modulation for Analog-to-Digital Converters”,

Motorola Digital Signal Processors, Apr. 2008.

Gokdel, Y. D., “ High Performance Adaptive Sigma Delta Modulator Designs”,
MSc. Thesis, Bogazi¢i University, Jan. 2007.

Kwon, S. and F. Maloberti, “Opamp Swing Reduction in Sigma Delta Modulators”,
ISCAS 2004, Vancouver, Canada, May 23-26 2004, Vol.1, pp. 525-528, 2004.

Shim, J.H., I. Park and B. Kim, “A third order Sigma-Delta modulator in 0.18 um
CMOS with calibrated mixed-mode integrators” IEEE Journal of Solid
StateCircuits, Vol. 40, No.4, pp. 2329-2329, April 2005.

Sun, X. and K.R. Laker, “Adaptive Integrator-Output Bounding (AIB) for Second
Order Sigma-Delta ADC”, IEEE International Conference On Signal Processing
Proceedings, Beijing, China, August 21-25 2000, Vol. 1, pp. 631-634, 2000.

Aldajani, M. A., A H. Sayed, “An Adaptive Structure for Sigma Delta Modulation
with Improved Dynamic Range”, MWSCAS 2000, Lansing Michigan, USA, August
8-11 2000, Vol.1, pp. 390-394, 2000.

Ramesh, M. C. and K. S. Chao, “Sigma Delta Analog to Digital Converters with
Adaptive Quantization”, MWSCAS 1997, Sacramento, USA, August 3-6, Vol.3, pp.
22-25,1997.

Malcovati, P., 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, Vol. 50, Issue 3, March
2005.

Talay, S., “High Level Modeling of Sigma Delta A/D Converters”, Guided Reseach,
Bogazici University, June 2002.



18.

19.

20.

21.

22.

23.

24.

25.

53

Sansen, W., “Comparison of MOST and Bipolar Transistor models”, KULeuven,
ESAT-MICAS, Leuven, Belgium, 2005.

Candy, J.C., G. C. Temes, “Oversampling Delta-Sigma Data Converters”, IEEE
Press, 1992.

Saglamdemir, M. O., “Implementation and Performance Analysis of Sigma-Delta
Modulators”, MSc. Thesis, Bogazi¢i University, 2005.

Yetik, O., “An Automatic Architecture Generator for Sigma-Delta Modulators

Considering Component Non-Idealities”, MSc. Thesis, Bogazigi University, 2005.

Gray, R. M., ”Quantization noise spectra,” IEEE Transactions on Information
Theory, vol.36, no.6, pp.1220-1244, Nov 1990.

Franco, S., Design with Operational Amplifiers and Analog Integrated Circuits,

Mc- Graw Hill, 2002.

Sedra, A. S. and K. C. Smith, ”Microelectronic Circuits 4« Edition”, Oxford
University Press, New York, 1998.

http://en.wikipedia.org/wiki/Opamp





